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FOREWORD 
I t was noted in the last Reactor Physics Division Annual Report, ANL-7610, 

that the name of the Division was changed to Applied Physics at a date subsequent 
to the period reported in ANL-7610. Thus, this becomes the first issue of the Applied 
Physics Division Annual Report. However, the material presented is totally con
cerned with reactor physics, as was true of all preceding issues. As in previous annual 
reports, this report emphasizes work performed by members of the Division, rather 
than integrated programmatic accomphshments. When reasonable and possible, 
papers related to a given subject are grouped together within a Section. 

In order to assist those who may wish to pursue a given subject more extensively, 
a list of pertinent references is included in each article. A catalog of open literature 
and report publications and of abstracts prepared by staff of the Applied Physics 
Division during the reporting period is appended in Section V to further aid those 
who may be interested in having additional information concerning work done in 
this Division. 

In February 1970, the Laboratory combined all reactor safety work within one 
organization—the Reactor Analysis and Safety Division—, thus removing from 
several Divisions reactor safety work for which each had been previously responsible. 
Thus this issue of the Annual Report—unlike those of past years—includes no work 
on reactor safety. 



Table of Contents 

SECTION I 
FISSION PROPERTIES AND CROSS SECTION DATA 

I-l. Fast Neutron Total and Scattering Cross Sections of Bismuth 3 
A. B. SMITH, J. F. WHALEN, E . BARNARD, J. A. M. DE VILLIEKS AND 
D. REITIIANN 

1-2. Fast Neutron Total and Scattering Cross Sections of Ho-165 4 
J. MEADOWS, A. B. SMITH, J. WHALEN AND T . D . BEYNON 

1-3. Fast Neutron Total and Scattering Cross Sections of the Even IMolybdenum Isotopes 5 
P. LAMBROPOULOS, J. WHALEN AND A. B. SMITH 

1-4. Fast Neutron Total and Scattering Cross Sections of Elemental Titanium 7 
E. BARNARD, J. A. J\I. DB VILLIERS, D . REITMANN, P. MOLDAUEK, A. B. SMITH 
AND J. W H A L E N 

I-o. Fast Neutron Total and Scattering Cross Sections of U-238 9 
P. LAMBROPOULOS 

1-6. Fast Neutron Total and Scattering Cross Sections of Pu-240 from 0.1 to 1.5 M e V . . . . 11 
P. LAMBROPOULOS, J. WHALEN AND A. B. SMITH 

1-7. Fast Neutron Total Cross Sections 12 
J. WHALEN AND J. MEADOWS 

1-8, The Fission Cross Section of U-233 Relative to U-235 from 500 to 1500 keV 13 
J. W. MEADOWS 

1-9. Fast Neutron Inelastic Gamma Ray Studies of Arsenic and Sodium 15 
D. L. SMITH 

I-IO. The Level Scheme of U-238 24 
W. P . POENITZ 

I - l l . Some Remarks on Prompt Fission Neutron Spectra 26 
A. B. SMITH 

1-12. Analysis of Intermediate Structure in the Fission Cross Section of Pu-239 28 
YASUYUKI KIKUCHI 

1-13. Analysis of Intermediate Structure in the Fission Cross Section of Pu-241 31 
YASUYUKI KIKUCHI 

1-14. Recent Experimental Data for Heavy Nuclei 33 
W. P. POENITZ 

1-15. Spin Determination of Resonances in Ho'** (n, y) from Low Level Occupation Prob
ability Ratios 44 

W. P. POENITZ AND J. R. TATARCZUK 
1-16. Statistical Distribution of Nuclear Shell Model Matrix Elements 48 

K. TAKEUCHI AND P . A. MOLDAUER 
1-17. R-Matrix Shell-Model Calculations of Scattering and Reaction Cross Sections . . . . 49 

K. TAKEUCHI AND P. A. MOLDAUER 
1-18. Developments Relating to the ENDF/B Project 50 

E. M. PENNINGTON AND J. P. REGIS 

SECTION II 
FAST REACTOR PHYSICS 

II- l . The FTR-2 Program on the Zero Power Plutonium Reactor (ZPPR) 55 
W. P. KBENEY, J. C. YOUNG AND A. TRAVELLI 

II-2. ZPR-9 Assembly 26, FTR-3 58 
J. W. DATJGHTRY, R . B . POND, C . D . SWANSON AND R . M . FLEISCHMAN 

II-3. Central Reaction Ratios in ZPR-9 Assembly 26, FTR-3 63 
A. B. LONG AND C . D . SWANSON 

II-4. INIeasured Reaction Rate Distributions in ZPR-9 Assembly 26, FTR-3 65 
A. B. LONG AND C , D . SWANSON 

II-5. Small Sample Reactivity Worth Measurements in ZPR-9 Assembly 26, F T R - 3 . . . . 70 
J. W. DATJGHTRY AND R . M . FLEISCHMAN 

II-6. Plutonium and U-238 Doppler Measurements in ZPR-9 Assembly 26, F T R - 3 . . . . . . 73 
R. B. POND, J. W. DAUGHTRY, C . E . TILL, E . F . GROH, C . D . SWANSON AND 
P . H. KlER 

i n 



Contents 

II-7. Analytical Studies hi Support of the Fast Flux Test Facility (FFTF) Critical Ex
periments on ZPPR and ZPR-9 77 

A. TRAVELLI, A. J. ULRICH AND J. C. BBITEL 
II-8. Doppler-Effect, Heterogeneity, and Sodium-Voiding Experiments in ZPR-3 As

semblies 48 and 48B 97 
J. M. GASIDLO, A . M . BROOMFIELD, R . L . MCVEAN AND W . P. KEENBY 

II-9. Neutron Spectra and Spectra Indices in ZPR-3 Assemblies 53 and 54 100 
R. 0 . VosBURGH, R. E. KAISER, J. M. GASIDLO, J. E. POWELL AND N . A. HILL 

II-IO. Analysis of Reactivity Doppler Experiments for ZPR-3 Assembly 53 109 
R. E. KAISER AND J. M. GASIDLO 

I I - l l . Pu-239, U-235 and U-238 Capture-to-Fission Ratios in ZPR-3 Assembly 57 Measured 
by the Reactivity-Reaction Rate Method 112 

M . M . BEETSCHER, J. M. GASIDLO AND W . C . REDMAN 
11-12. An Integral INleasurement of Pu-239 and U-233 Alpha. 122 

W. Y. KATO, R . J. ARMANI, R . P. LARSEN, P. E. MORELAND, L . A. MOUNTFORD, 
J. M. GASIDLO, R . J. POPBK AND C D . SWANSON 

11-13. Experimental Results for ZPR-3 Assemblies 58 and 59 128 
J. M. STEVENSON, J. M. GASIDLO AND R . 0 . VOSBURGH 

11-14. The E B R - I I Critical Assembhes—ZPR-3 Assemblies 60, 61, and 62 137 
W. P. KEBNEY, R . O . VOSBURGH, J. M. GASIDLO AND D . MENEGHBTTI 

11-15. Critical Mass Evaluation in ZPPR Assembly 2, a Demonstration Reactor Bench
mark Assembly 140 

R. E. KAISER AND R . J. NORRIS 
11-16. Heterogeneity and Criticality Studies on the Zero Power Plutonium Reactor (ZPPR) 

Assembly 2, a Demonstration Reactor Benchmark Critical 146 
ABNE P . OLSON AND NAM CHIN PAIK 

11-17. Zero Power Plutonium Reactor (ZPPR) Assembly 2 Noise Studies. 155 
W. K. LEHTO 

11-18. Fast Neutron Spectrum Measurements in the Zero Power Plutonium Reactor (ZPPR) 
and ZPR-3 Critical Assemblies 157 

G. G. SIMONS 
11-19. ZPR-9 Assembly 25: Description and Experimental Results. 165 

L. G. LBSAGE AND W . R . ROBINSON 
11-20. Gamma Spectrum in ZPR-6 Assembly 6 173 

R. GOLD 
11-21, ZPR-6 Assembly 6A, A 4000-Liter UO2 Fast Core 175 

R. A. KARAM, W . R . ROBINSON, G . S . STANFORD AND G . K . RUSOH 
11-22. Measured Neutron Spectra in ZPR-6 Assembly 6A, ZPR-9 Assembly 25, and ZPR-9 

Assembly 26, FTR-3 183 
T. J. YULE, E . F . BENNETT AND I. K. OLSON 

11-23. The Variable Temperature Rodded Zone (VTRZ) Project 189 
R. A. LEWIS, K . D . DANCE, J. F. MEYER AND E . F . GROH 

11-24. Analysis of Time-of-Flight IMeasurements 197 
BURT A. ZOLOTAR 

11-25. Conditional Variances Pertinent to Doppler Effect Studies 200 
R. N. HWANG AND L . B . MILLER 

11-26. Typical Absolute Activation Measurements ia Zero Power Reactor (ZPR) Cores. . . 201 
D . W . JNIADDISON AND L . S . SELLER 

11-27. /3e£i Measurements in Two Fast Reactor Critical Assemblies 202 
S. G. CARPENTER, J. M. GASIDLO AND J. IVI. STEVENSON 

11-28. Rod Drop jNIeasurements of Subcriticality 206 
S. G. CARPENTER AND R . W . GOIN 

11-29. Experimental Determination of the Perturbation Denominator ia Fast Critical 
Assemblies 209 

W. C. REDMAN AND M . M . BRETSCHER 
11-30. The Effects of Gaps and Foils on the Measured Fission and Capture Rates ia De

pleted and 16.4 % Enriched UO2 Fuel Rods 214 
A. B. LONG, W . R . ROBINSON AND G . S. STANFORD 

11-31. IMeasurement of the Fission Yields of Mo-99 and Ba-140 from Pu-239 in Past Neu
tron Spectra 219 

R. J. ARMANI, RAYMOND GOLD, R . P. LARSEN AND J. H. ROBERTS 
11-32. Reactivity Effects in Critical Facilities Due to Fissile Isotope Decay 222 

R. G. MATLOCK, R . E . KAISER AND J. ]M. GASIDLO 
11-33. A Postanaljrtical Study of Eight ZPR-3 Benchmark Criticals Using ENDF/B Data. 224 

A. L . HESS, R . G . PALMER AND J. M. STEVENSON 



Contents 

11-34. A Study of IMethods of Cross Section Error Identification Utilizing Integral Data 
from Fast Critical Assemblies 227 

K . O . OTT, R . B . POND AND J. M. KALLFELZ 
11-35. lue l Management Design With the REBUS System 230 

J. HOOVER AND D . A. IMENELEY 
11-36. Alternative Neutron Energy Group Collapsing Schemes Applied to Fuel Cycle 

Calculations 235 
J. HOOVER AND D . A. MENBLEY 

11-37. Neutronics of Advanced Liquid Metal Fast Breeder Reactors With Refractory-Clad 
Fuel 238 

D. A. JNIENELEY, E . L . FULLER AND A. E. MCARTHY 
11-38. Parametric Study of Neutronic Characteristics of LMFBR Types 242 

J. T. MADELL AND R . ABINGTON 
11-39. Effect of Subassembly Clearances on Some Performance Characteristics of 1000 

:\IWe LMFBR Designs 252 
J. T. INIADELL AND H . H . HUMMEL 

11-40. A Dual Spectrum Concept for Liquid Metal Fast Breeder Reactor (LMFBR) Fuel 
Assay 259 

C. N. KELBER 
11-41. Calculated Gamma-Ray Heating in an Assemblj'^ for Irradiating Fast Reactor Fuel 

Elements in the Center of the Engineering Test Reactor (ETR) Core 260 
A. E. MCARTHY 

SECTION III 

EXPERIMENTAL TECHNIQUES AND FACILITIES 

I I I - l . The Fast Neutron Generator (FNG) Facility 265 
S. A. Cox 

III-2. Klystron Buncher for Pulsed FNG Single-Ended Operation 266 
D . L. SiiiTH 

III-3. Time-of-Flight Errors in Pulsed Neutron Measurements 269 
J. W. IMEADOWS 

III-4. Time Resolution of a Ge(Li) Detector in (n, n'7)Experiments 269 
W. P. POENITZ 

III-5. Variation of Efficiency of a Ge(Li) Detector as a Function of Source Distance 271 
D. L. SMITH 

III-6. On-Line and Interactive Computer System 273 
J. WHALEN, P. GUENTHEK AND W. P. POENITZ 

III-7. Critical Reactivity Measurement Techniques at the Zero Power Plutonium Reactor 
(ZPPR) 274 

R. W. COIN AND C . L . BECK 
III-8. Zero Power Plutonium Reactor (ZPPR) Computer Interfaces 277 

J. E. HuTTON, R. J. FORRESTER AND D . L . HALL 
III-9. Precision Efficiency Calibration Procedures for Ge(LI) Detectors 283 

D. W. IMADDISON AND L . S. BELLER 
111-10. Contamination Determination with Lithium-Drifted-Germanium [Ge(Li)] Detectors 285 

L . S. BELLER AND D . W^ IMADDISON 
I I I - l l . Detector for B^''(n, Q:)-to-Fission Ratio IMeasurements 288 

L. S. BELLER 
III-12. Thermoluminescent Dosimetry Applied to Gamma Ray Dose IMeasurements in Criti

cal Assemblies 289 
G . G . SixMONS 

III-13. Non-Perturbing Fission Counter for Use in Plate-Type Critical Assemblies 294 
A. B. LONG AND E . M . BOHN 

111-14. Development of an Improved Tritium Counting Facility 296 
A. D B VOLPI AND iM. BRETSCHER 

111-15. Pulse Selector 297 
J. IM. JJARSON 

III-16. High Energy Limitation of Proton-Recoil Proportional Countei-b for Neutron Spec
troscopy 300 

T. J. YULB 
III-17. Electronics for Proton-Recoil S\'stems Using l^roportional Counters . . . 304 

J. ;M, LARSON 



vi Contents 

III-18. Developments m the Electronic Sjstem for Neutron Spectroscopy uith Proton-Recoil 
Proportional Counters 308 

T. J. YULE AND E . F . BENNETT 
III-19. Comparison of Neutron Spectra from Proton-Recoil Counters ^Measured %\ith the 

Idaho and Illmois Conhgurations 314 
T. J. YULE AND G . G . SniONs 

III-20. A Precision dc Baseline Restorer for Proton Recoil Proportional Counting 316 
J . IM. L\RSON 

III-21. Spectrum Anah'sis for a Silicon Fission-Fragment Detector 318 
E. ;M. BOHN AND A. B . LONG 

III-22. He-3 Gas Scintillator for Time-of-Flight Neutron Aleasurements 321 
RAY'MOND GOLD AND DALE M . SMITH 

III-23. Stati'itical Fluctuations and the False Alarm Frequency of Safety Channels 323 
K. G . A . PORGES 

III-24. Fluctuation-^ of Count Rate IMeter Signals 325 
K. G. A. FORGES AND W . CORWIN 

III-25. Neutron Source Self-Absorption and Cavity-Wall Absorption 327 
A. D E VOLPI 

III 26. Neutron Escape from Water-Moderated Tanks 328 
A. D E VOLPI 

III-27. Digital Delay AMth Substantially Reduced Deadtime 331 
A. D E VOLPI, G . E . CAYA, C . J. RUSH AND S. J. RUDNICK 

III-28. Deadtime Correction in Counting Rapidly Decajang Sources 332 
K. G. A. PORGEb AND A. D B V O L P I 

III-29. Speed Tests on Some Small-to Medium Computers 334 
CHARLES ERWIN COHN 

I I I 30. The Optimum Evaluation of Series of Measurements by IMaximum Likelihood, as 
Applied to Nuclear Source Counting 338 

K. G. A. PORGBb AND A. D E V O L P I 
III-31. Estimates of Variance trom Pleasured Quantities of Fluctuating Origin and Inherent 

Correlation 340 
A. D E VOLPI 

III-32. Random Numbers from Electronic Noise . 342 
CHARLES ERWIN COHN 

III-33. Gamma-Ray Spectral Aleasuiements at JANUS 344 
RAY-\IOND GOLD AND K . E . FREESE 

III-34. A Neutron Spectrum Alap of the JANUS Irradiation Facility Using Proton-Recoil 
Proportional Counters 350 

E . F . BENNETT AND T . J. YULE 
III-35. A Code for Calculating the Temperatures of Effluent Air from the ZPR-6 and -9 

Sand Filters 358 
G. K. RUSCH 

III-36. A Sodium Vapor ^Monitor 359 
J. F. AIEYER, T . W . JOHNSON AND J. E. SUSTMAN 

III-37. Fast Neutron Hodoscope Progress 362 
A. D E VOLPI 

SECTION IV 
REACTOR COMPUTATION METHODS AND THEORY 

IV-1. yiC^ Capability in the Argonne Reactor Computation (ARC) System 367 
C. G. STBNBERG AND H . HENRYSON, II 

IV-2. Plans for the New Mc^ Code, AIC2-2 . 371 
B. J. TOPPED 

IV-3. Heterogeneous Formulation of the Resolved Resonance Broad-Group Reaction Cross 
Section 373 

W. M. STACBY, JR . AND B . A. ZOLOTAR 
IV-4. Inelastic Matrices m Alultigroup Calculations 374 

JM. SBGBV 
IV-5. Higher-Order Transport Approximations for JMC^-2 381 

C. N. KELBER, H . HENRYSON, II , E. M. PENNINGTON AND W . M . STACBY, JR . 
IV-6. Preliminary Investigations of the Resolved Resonance Algorithms for the New 

Mc2 Code 387 
R. N. HWANG 



Contents vii 

IV-7. Heteiogeneity Algorithms for MC^ 2 393 
R. G. PALMER AND B . A. ZOLOTAR 

IV-S. Calculation of Elastic Scattering Matrices 395 
H. HENRYSON, II, C. G. STENBBRG AND B . J. TOPPED 

IV-9. Calculation of Heterogeneous Fluxes and Reactivitj'^ Worths . 403 
W. IM. STACEY, JR . 

IV-10. Continuous Slowmg-Down Theory for the Elastic ^Moderation of Neutrons 404 
W. AI. STACBI, JR . 

IV-11. An Integral-Attenuation Factor Treatment of Resolved Narrow Resonance Ab
sorption . . . 407 

W. IM.STACEI, JR. 
IV-12. General Multigroup and Spectral Synthesis Equations 408 

W. IM. STACEI, JR . 
IV-13. Applications oi Spectral Sjnthesis to Fast Reactor Dynamics 409 

W. IM. STA.CE1, J R . 
IV-14. Some Variational iModels for Flux Synthesis in Space-Time 410 

W. L. WOODRUFF AND V. Luco 
IV-15. Formulation of Space-Energy-Time Iterative Synthesis . 417 

E. L. FULLER 
IV-16. Further Studies on the Use of the Alethod of Undetermined Parameters to Inte

grate the IMultimode Kinetics Equations 426 
E. L. FULLER 

IV-17. Spuiious Eigenvalues in Flux Synthesis 428 
V. Luco AND W. W O O D R U F F 

IV-18. Modihcation of the Multiregion Resonance Absorption Code RABBLE 433 
P . H . KlER 

IV-19. Further Developments m Integral Transport IMethods for Resonance Region Calcu
lations m Plate-Type-Lattices Using the RABID Code 434 

ARNE P . OLSON 
IV-20. Testing of the Perturbation Modules m the Argonne Reactor Computation (ARC) 

System 437 
P . H. KlER 

IV-21. Modifications to the Integral Transport Heterogeneitj Code CALHET-2 440 
ARNE P. OLSo^ AND P. H. KIER 

IV-22. The Improved Spatial Cross Section Homogenization Capabilitj- of the Double So 
Transport Theory Code TESS . 441 

J. P. PLUMAIBR AND R . W . GOIN 
IV-23. Self Shielding of Annular and Solid Cylinders 443 

R. B. NICHOLSON 
IV-24. An Extended Equivalence Relation 445 

C. N. KELBER 
IV-25. A Fast Exponential Subroutine for Calculating Collision Probabilities on the IBM/ 

360 . 446 
ARNE P. OLSO\ 

IV-26. Improved Subroutine Efficiency Through Calling-Sequence Modification . 447 
CHARLES ERWIN COHN AND IMARK H . ELFIELD 

IV-27. Softw are IMethods of Data Acquisition on a Small Computer 449 
D. W. MADDISON AND C . L . BECK 

IV-28. New Features in the NURF Foil-Data Program 450 
G. S. STANFORD 

IV-29. The Effects of S/N Ratio on the Results of Polarity Correlation Experiments 451 
W. K. LEHTO AND R . W . GOIN 

IV-30. MATDIAG, A Program for Computing Multilevel S-Matrix Resonance Parameters 453 
P. A. MOLDAUER, R . N . HWANG AND B . S. GARBOW^ 

IV-31. Shielding Study for the University of Chicago Experiment in Pioneer F/G 456 
C. N. KELBER AND A. E. MCARTHY 

SECTION V 

PUBLICATIONS 
June 1, 1969 to June 30, 1970 

Open Literature 465 
Reports 466 
Abstracts 466 



Section I 

Fission Properties and Cross Section Data 

In close support of the reactor program, experimental and theoretical studies of 
neutron interactions with those nuclei found in the structural and fuel components 
of reactor systems continue to be carried out. This work is performed principally 
to provide information necessary for optimal reactor physics design. The major 
portion of the effort is devoted to studies of fast neutron induced processes, espe
cially those which are important in fast reactors. The studies are directed toward 
neutron elastic and inelastic scattering, neutron induced reactions including 
capture, and to characteristics of the fission process. 





I - l . Fas t N e u t r o n Tota l and Scatter ing Cross Sect ions of B i s m u t h 

A. B. SMITH, J. F. WHALEN, E . BARNARD,* J. A. M. DE VILLIERS* and D. REITMANN* 

Total neutron cross sections of bismuth were meas
ured with resolutions > 1 keV over the energy range 
0.2 to 1.4 MeV. Differential elastic scattering cross 
sections were determined at intervals <50 keV from 
0.3 to 1.5 MeV with resolutions of approximately 20 
keV. The inelastic neutron excitation of a state at 896 
— 1 keV was observed and the respective differential 
excitation cross sections determined with incident reso
lutions >10 keV. Partially resolved resonance struc
ture was evident in all the measured values as illus
trated in Fig. I - l - l . The experimental results were 
assayed for possible intermediate structure and were 
compared with the results of optical model and sta
tistical calculations. The model calculations were cog
nizant of the fluctuation and correlation of compound-
nucleus resonance widths and of the shell closure at 
iV = 126. 

The experiments reasonably achieved the objective 
of providing well-defined total, elastic, and inelastic 
neutron scattering cross sections of bismuth up to inci
dent neutron energies of approximately 1.5 MeV. The 
energy-averaged total and elastic scattering cross sec
tions were well described by a surface absorption opti
cal potential and statistical theory. Best agreement 
between experiment and calculation was achieved with 
a surface absorption smaller than that found widely 
applicable in other mass regions. This reduced absorp
tion was attributed to the effects of the shell closure at 
Z = 82 and N = 126 and is consistent with similar 
effects reported elsewhere. The optical potential and 
statistical theorj^ led to calculated inelastic scattering 
cross sections approximately 15% larger than observed 
experimentally. Fluctuation corrections to the calcu
lated inelastic scattering led to only marginally im
proved agreement with experiment. The optical poten
tial derived from the present measurements was ex
tended to a wider energy range and found qualita-

FiG. I - l - l . Differential Cross Sections for the Excitation of 
the 896 keV State in Bismuth at a Scattering Angle of 90 deg. 
Crosses Indicate the Results of the Present Fine Resolution 
Measurements . Solid Circles Are the Result of the Angle 
Integral of Fine Resolution Differential-Angular Distr ibutions 
Divided by iw. Solid Squares Denote the Results of Broad 
Resolution Measurements. Vertical Bars Indicate Cross Sec
tion Uncertainties. The Triangular Da tum Point Indicates the 
Value Given in Ref 2. The Solid Curve Indicates the Result of 
Hauser-Feshbach Calculations^ and the Dashed Curve Indi
cates Calculated Values Inclusive of Correction Factors as 
Described in Ref 4 AKL Keg. Ko. 113-2541 Rev. 1. 

tively descriptive of reported experimental values. 
However, the potential was not unique. Considerable 
energy-dependent structure was observed in the meas
ured cross sections. A quantitative assay of the struc
ture observed in the total cross sections led to results 
consistent with well-known compound nucleus reso
nance structure and the experimental resolution. 
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/ . Fission Properties and Cross Section Data 

1-2. Fas t N e u t r o n Tota l and Scatter ing Cross Sect ions of Ho-165"' 

J. MEADOWS, A. B. SMITH, J. WHALEN and T. D. BEYNON* 

Total neutron cross sections of Ho-165 were meas
ured from 0.1 to 1.5 MeV with resolutions of <2.5 
keV. The observed total cross sections varied slowly 
with energy and displayed no significant structure. 
Differential neutron elastic and inealistic scattering 
cross sections were determined at intervals < 5 0 keV 

En, MeV 
F I G . 1-2-1. Summary of Measured Differential Elast ic 

Scattering Cross Sections of Ho-165 Expressed in Format of 
the I l lustra ted Legendre Expansion. Curves Indicate the Re
sults of Spherical and of Deformed Potent ia l . ANL Neg. No. 
116-173. 

from 0.3 to 1.5 MeV with results illustrated in Fig. 
1-2-1. The inelastic excitation of states in Ho-165 at 
98, 214, 371, 460, 517, 586, 712, 824, 995, 1104 and 1143 
keV was positively observed with probable identifica
tion of several additional states. (See Fig. 1-2-2.) The 
prominent excitation cross sections were correlated 

.5 

0 

.5 

0 
1.0 

.51-

0 

X3 .5 

CD 

.5 

f = 1104 
i = tt43 

-L 
J-

- 9 9 5 

J L 
J-i'^-

- 8 2 4 

J L J. i 

-712 
/ 

/ 
I / I 

^"Ttrt^^-
J L 

•586 

J L 
/ 

X 
>—Hnt]tt 
J _ l__ L 

- 5 1 7 "+-4-~i4lU{i 

* Universi ty of Birmingham, Birmingham, England 

En,MeV 
F I G . I-2~2. Measured Inelastic Cross Sections of Ho-16J 

Crosses Show the Results of the Present Experiments witn 
the Vertical Bars Indicat ing UncertaintJ^ Dashed and Solid 
Curves Indicate the Results of Calculations Using Spherical 
and Deformed Optical Potent ials and Statistical Formalism. 
ANL Neg. No. 116-177. 



IWv 
S. Lambropoulos, Whalen and Smith 

ith known single-particle and collective states and 
with excited structure postulated from systematics. 

The experimental values extended over an apprecia
ble energy range and included consistent total and par
tial cross sections. Calculations based upon a simple-
spherical optical-potential and statistical concepts^ 
were reasonably descriptive of the experimental re
sults. Interpretation based upon a more physically ac
ceptable deformed-potential and coupled-channel 
formalism^ led to a good agreement with measured 
total neutron cross sections and gave a better descrip
tion of elastic scattering processes than obtained with 
the spherical model. The potential parameters of the 
spherical and the deformed potential models were in
dependently selected and not particularly similar, indi
cating a lack of uniqueness. Inelastic neutron scatter
ing cross sections calculated from the Hauser-Fesh
bach formalism^ and spherical potential qualitatively 
agreed with experimental observation but quantita
tively deviated from measurement. Use of the de
formed-potential and the introduction of channel-cou
pling did not appreciably improve the agreement be
tween measured and calculated inelastic excitation 

cross sections. Generally, at the energies of the present 
experiments direct-inelastic processes were calculated 
to be < 10% of the observed inelastic cross sections. 

The effects of resonance-width fluctuations and cor
relations were examined and found to be small.* The 
experimental results indicated that the structure of 
Ho-165 at excitations >700 keV was considerably 
more complex than previously reported. A speculative 
structure was suggested consistent with the present ex
perimental observation and with a logical extension of 
established systematics. 
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1-3. Fas t Neutron Tota l and Scatter ing Cross Sect ions of the 
Even M o l y b d e n u m Isotopes 

P. LAMBBOPOULOS, J. WHALEN and A. B. SMITH 

m 

Molybdenum is a structural material used in reactorb 
and critical assemblies. Macroscopic molybdenum dis
placement experiments in fast critical assemblies have 
led to anomalous results. Thus from both the applied 
and physical points of view the interaction of fast 
neutrons with molybdenum is of interest. For this 
reason the elastic and inelastic scattering cross sections 
and the total cross sections of the isotopes Mo-92, 94, 
96, 98 and 100 were determined for incident neutron 
energies from 0.1 to 1.6 MeV.* Typical results are the 
total and elastic scattering cross sections of Mo-98 
shown in Fig. 1-3-1 and the inelastic excitation cross 
sections of Mo-98 illustrated in Fig. 1-3-2. 

The even isotopes of molybdenum belong to a large 
class of even-even nuclei in the mass region 66 < 4̂ < 
150 whose low lying excited states are of a collective 

ature but cannot be rigorously assigned to either pure 
tation or vibration configurations. This was pointed 

out by Scharff-Goldhaber and Weneser,'^ and a theoret-

* The experimental measurements are complete and the 
numerical da ta are available on request from the authors 

ieal interpretation based on the collective model was 
given by Davydov and Filippov.^ These authors con
sidered the Bohr collective Hamiltonian for axially-
symmotric even-even nuclei. By solving directly the 
Schroedinger equation, they showed that the low lying 
collective excitations of such nuclei can be classified 
into two types: excitations which do not involve an 
appreciable change in the nuclear quadrupole moment, 
and excitations in which the quadrupole moment 
changes considerably. As a result, the first excited 
state tends to be a 2+, although in some cases it can be 
aO+. 

A detailed analysis of these experimental results has 
been undertaken. The present analysis has shown that 
Mo-98 is one of these few cases where the first excited 
state is at 0.75 MeV with spin 0+. The second excited 
state of this type of nucleus can have spin* 0" ,̂ 2^ or 
4" . The ratio of the energy of the second excited state 
to that of the first fluctuates about 2.0, and it can be as 
low as 1.07 as is the case for Mo-98. 

The fast neutron scattering cross sections for Mo-94, 
Mo-96, Mo-98 and Mo-lOO have been interpreted on 
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the basis of the Davydov-Filippov model. The cross 
sections have been calculated using the optical model 
computer code ABACUS-2. Typical preliminary re
sults are indicated by Figs. 1-3-1 and 1-3-2. Spins have 
been assigned to the experimentally observed excited 
states. The results are consistent with the theoretical 
model as well as with y-ray experimental results and 
analyses recently reported by other authors. Several 
new levels have been found. Some of these levels have 
also been identified in Refs. 3 and 4, while others have 
apparently been identified for the first time in the 
present experiment. Further analysis of the experimen
tal results is in progress. 
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1-4. Fas t N e u t r o n Total and Scatter ing Cross Sect ions of Elementa l T i t a n i u m 

E. BARNARD,* J. A. M. DE VILLIERS,* D . REITMANN,* P. MOLDAUER, A. SMITH and J. WHALEN 

9t 

Fast neutron cross sections of titanium have long 
been of reactor interest. Furthermore, the element is of 
considerable physical interest due to its complex reso
nance structure and known deformation. Studies of 
fast neutron interactions with this element provide a 
good test of the statistical theories or resonance struc
ture and of the effect of nuclear deformation in an 
intermediate nucleus near the peak of the s-wave 
strength function. In order to provide information of 
both applied and structure interest these studies of fast 
neutron interactions with titanium were undertaken. 

Total, elastic scattering, and broad resolution inelas
tic scattering neutron cross sections were measured at 
ANL and fine resolution inelastic neutron cross section 
measurements were made at Pelindaba. The methods 
employed at both laboratories have been extensively 
described elsewhere.^"^ The total cross section values 
were deduced from transmission measurements. Mono-
energetic source techniques were employed to deter
mine total cross sections over the incident neutron en
ergy ranges 0.1 to 0.45 MeV and 1.025 to 1.475 MeV, 
with incident energy resolutions of <2.0 keV. From 
0.45 to 1.025 MeV tinie-of-flight techniques were uti-
hzed with a velocity resolution of -^0.01 nsec/m. The 
experimental results were consistent with previously 
reported values but displayed a great deal more struc
ture due to improved experimental resolution. Reso
nances were evidently interfering when from a single 
isotope, overlapping when from various isotopes, and 
merged when averaged to give the appearance of an 
intermediate resonance structure. 

Differential elastic scattering cross sections were 
measured at incident neutron energies from 0.3 to 1.5 
MeV and at eight scattering angles distributed be
tween 25 and 165 degrees. The incident neutron energy 
resolution was ?«20 keV. The elastic scattering results 
are relatively consistent with the measured total neu
tron cross sections when the different resolutions and 
small variations in absolute energy scale are consid
ered. Representative angular distributions are shown 
in Fig. 1-4-1. 

The inelastic neutron excitation of states at 889 ± 4 
and 987 ± 0.7 keV was clearly observed and attributed 
to known 2+ states in Ti-46 and Ti-48 respectively. In 

dition, the excitation of a 150 ± 10 keV state was 

tentatively observed and associated with known 160 
keV (I —) state of Ti-47. The corresponding excita
tion cross sections were small ( < 3 mb/sr) and only 
marginally observable. The excitation energies were 
determined from the observed velocities of the inelasti-
cally scattered neutrons and, in the case of the 987.5 
keV state, from the energies of the subsequent gamma-
ray emission as determined in an auxiliary experi
ment using a calibrated Ge(Li) detector. 

The angular distributions of inelastically scattered 
neutrons were determined with incident neutron reso
lutions of ^^20 keV. Generally these distributions were 
isotropic to within the experimental uncertainties as 
illustrated in Fig. 1-4-1. Differential inelastic cross 
sections were determined with "fine'' incident resolu
tions (5 to 10 keV) at a scattering angle of ninety 
degrees. In view of the observed isotropy the inelastic 
excitation cross sections were obtained from the aver
aged angular distribution measurements or fine resolu
tion ninety degree values by multiplying by 47r. The 
results are summarized in Fig. 1-4-2. The broad and 
the fine resolution results are relatively consistent. 

The experimental values were compared with those 
calculated from optical model and statistical theories.* 
The majority of the calculations employed a spherical 
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potential consisting of a Saxon-Woods real form, a 
Gaussian surface-imaginary form, and a Thomas 
spin-orbit term. Non-locality was approximated with 
energy dependent parameters. The effects of deforma
tion and direct reactions were assayed using a non-
spherical optical potential inclusive of two-channel 
coupling to the first excited state. The calculated total 
neutron cross sections were descriptive of energy-aver
aged experimental values. The agreement between cal
culated and measured elastic angular distributions 
varied as the structure of the measured results changed 
with energy. For example, calculated and measured 
values were similar at 1.0 MeV, but differed apprecia
bly at 1.45 MeV, as indicated in Fig. 1-4-1. Over the 
full measured energy range the calculated elastic scat
tering generally followed the measured elastic cross 
sections. 

Inelastic neutron excitation cross sections were cal
culated using the above "selected" potential and the 
Hauser-Feshbach formalism.^ The calculations explic
itly considered the excitation of the 987 (Ti-48), 889 
(Ti-46), and 160 (Ti-47) keV states, assuming the 
former two are 2-1- configurations and the latter is a 
7/2 state. These states made the only observed contri
bution to the measured inelastic scattering cross sec
tions. The calculated cross sections for the excitation 
of the 2+ states tended to be slightly smaller than the 
experimental values as shown in Fig. 1-4-2. The calcu
lated excitation of the 7/2— state, corrected for iso-
topic abundance, was •~'3 mb/sr, consistent with the 
marginal experimental observation. Calculated inelas
tic angular distributions were nearly isotropic and 
qualitatively consistent with the measured values as 
illustrated in Fig. 1-4-1. 

The even isotopes of titanium are deformed with 
two-phonon (2-f) vibrational first-excited states.® Of 
these the 987 keV state in Ti-48 was the major con
tributor. The excitation of these vibrational states and 

the effect of deformation was examined using a non-
spherical optical-model with two-channel coupling. 
The form factors and the parameters of the non-spher
ical potential were identical to those employed in the 
numerical calculations above. The nuclear deformation 
was varied between 0.0 and 0.3, with 0.2 being selected 
as consistent with the present experiments and with 
values reported in the literature. Elastic angular distri
butions obtained from the deformed potential differed 
from those from the spherical potential and tended to 
be in better agreement with experiment as indicated in 
Fig. 1-4-1. The calculated inelastic angular distribu
tions showed a small asymmetry about ninety degrees 
(a few mb/sr). Throughout the energy range of the 
present measurements the calculated direct excitation 
of the 2-1- vibrational states was less than 15 mb and 
could not be detected experimentally as it was less 
than the uncertainties in the measured values. 

The Evaluated Nuclear Data File-B (ENDF/B) ' 
contains titanium (material 1016). This evaluation 
was prepared by Pennington and was largely based 
upon prior evaluated data sets.''' In order to make 
available the results of the present work and other 
recent experimental values in a readily usable form the 
titanium ENDF file was modified and updated. Modi
fications were confined to incident energies above 0.1 
MeV and values at all lower incident energies were 
retained in the original form. The modification empha
sized experimental values and used model-calculations 
to extrapolate the measured values where necessary. 
Internal consistency was sought. However, measured 
partial cross sections were not always available with 
equivalent resolutions. Thus, while energv-averaged 
consistency was relatively good, the consistency M H I 
specific isolated energies was less satisfactory. ^ ^ 

Following the above precepts a modified evaluation 
was constructed in ENDF format.*' The results have 
been communicated to the National Neutron Cross 
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ection Center (NNCSC). The housekeeping of this 
evaluation has been verified using CHECKER''' and 
the physical content examined using several ad-hoc 
graphical procedures. I t is hoped that the present mod
ification has resulted in a significant improvement in 
the titanium-ENDF evaluated file at energies above 
0.1 MeV. It is inclusive of the most recent and accu
rate experimental results. 

REFERENCES 

1. ,4. Smith, Nuclear Research with Low Energy Accelerators, 
Ed. ,1. Marion and D . Van Pa t t e r (Academic Press , New 
York, 1967). 

2. E. Barnard et al., High Resolution Fast Neutron Cross Sec
tions of Iron, Nucl. Phys . A118, 321 (1968). 

3. .4. Smith, P . Guenther, R. Larson, C. Nelson, P. Walker and 
J. F . Whalen, Multi-Angle Fast Neutron Time-of-Flight 
System, Nucl. Ins t . Methods 50, 277 (1967). 

4. P. Hodgson, Optical Model of Elastic Scattering, (Oxford 
Press, London, 1963). 

5. W. Hauser and H. Feshbach, The Inelastic Scattering of 
Neutrons, Phys. Rev. 87, 366 (19S2). 

6. Nuclear D a t a Sheets, National Academy of Science, Na
tional Research Council, U.S. Government Print ing 
Office, Washington D.C. 

7. Evaluated Neutron D a t a File-B, National Neutron Cross 
Section Center, Brookhaveu National Laboratory (1970). 

1-5. Fas t Neutron Total and Scatter ing Cross Sect ions of U-238 

P. LAMBROPOULOS 

Neutron total and scattering cross sections of U-238 
have been interpreted from 0.1 to 10.00 MeV in terms 
of a local energy-dependent, spherical optical potential 
with spin-orbit coupling. The analysis was based upon 
experimental data to energies of 10.0 MeV selected 
from the literature. Where possible, numerical data 
were obtained from the files of the NNCSC.*^* The 
selection was subjective, employing judgements of the 
reported quality of the result, the appropriateness of 
the method, and the consistency of the results both 
internally and with respect to related physical values. 
Where necessary, measured values were evaluated to 
provide readily comparable cross section values. In ad
dition, new experimental results were explicitly ob
tained for this work including a precision determina
tion of total neutron cross sections to 1.5 MeV,<^' an 
extension of elastic and inelastic scattering measure
ments,^ and level structure information from the obser
vation of the gamma-ray emission following the ine
lastic scattering process.* Calculated results were com
pared with measured total neutron cross sections to 
10.00 MeV, with measured scattering cross sections to 
1.5 MeV, at 2.0 MeV and at 7.0 MeV. Particular at
tention was given to cross sections at energies of less 
than 1.3 MeV where detailed comparisons between 
measured and calculated inelastic excitation cross sec
tions were possible. 

The theoretical calculations were primarily based on 
je spherical optical model with spin-orbit coupling.^ 
feaction cross sections were calculated using the Hau

ser-Feshbach formalism." Most of the computation 
procedures employed the computer program 
ABACUS-2.*''' The effect of fission and capture proc

esses, and of resonance interference effects was com
puted using the program NEARREX.'*' The contribu
tions of deformation and direct reactions were esti
mated using the non-spherical optical model computer 
program 2-PLUS.'^' Uranium is known to be deformed 
and a spherical optical potential would not be ex
pected, a priori, to suitably describe the experimental 
results. However, it was found that a simple spherical 
model could give a satisfactory representation of the 
experimental results and was very useful in the param
eterization of the neutron cross sections. The use of 
more complex formulations, such as coupled channel 
calculations, was generally not required by the availa
ble experimental information. 

Satisfactory agreement was obtained between the 
calculated and experimental total and total elastic 
cross sections (Figs. 1-5-1 and 1-5-2). The calculated 
total inelastic cross section (Fig. 1-5-3) also agrees 
well with the experimental data above 0.6 and below 
1.4 MeV. The disagreement below 0.6 MeV can be 
reasonably attributed to width fluctuation and correla
tion effects which tend to lower the cross section. Cal
culations with NEARREX tend to support this expla
nation. There is also the possibility that the experi
mental values are somewhat too low, this being an 
experimentally difficult energy range. The disagree
ment above 1.4 MeV is due to the unobserved excita
tions which are not included in the calculated curve. 
With the above qualifications, the Parker (see Fig. 
1-5-3) total inelastic cross section may also be consid
ered to be in general agreement with the present calcu
lation. There is, however, rather substantial disagree
ment with the ENDF/B curve before revision (Fig. 
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'1-5-3). This curve gives cross section values considera
bly larger than the calculated as well as the experi
mental results of this paper above 1.3 MeV. The pres
ent analysis does not justify such large values nor does 
it seem probable that deformed model calculations 
would do so. The analysis of reactivity, central reac
tion ratio and other macroscopic parameters in various 
fast critical assemblies^" has also indicated that the 
ENDF/B inelastic cross section values before the re
cent revision were too large. 

The ENDF/B-revised curve gives total inelastic val
ues closer to the results of the present analysis (see 
Fig. 1-5-3). I t does seem, however, that even these 
values may be somewhat too large. Further details on 
the present analysis can be found in Ref. 13. 
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1-6. Fas t N e u t r o n Tota l and Scatter ing Cross Sect ions of Pu-240 from 0.1 to 1.5 MeV 

P. LAMBROPOULOS, J. WHALEN and A. B. SMITH 

Experimental determination of the total cross sec
tions and of the elastic and inelastic scattering cross 
sections of Pu-240 has been completed for neutron en
ergies from 0.1 to 1.5 MeV. Theoretical interpretation 
of the experimental results is in progress. 

Mono-energetic neutron source techniques were em
ployed to determine the total neutron cross sections at 
approximately 1 keV intervals with resolutions of 

about 2 keV.i Nano-second time-of-flight techniques 
were used to measure elastic and inelastic scattering 
cross sections.^ Scattered neutron resolutions were ap
proximately 1.5 nsec/m and measurements were made 
at incident neutron energy intervals of 50 keV or less. 
All measurements utilized a unique sample of high-
purity Pu-240, made available by the Los Alamos Sci
entific Laboratory. The material was compressed foil 
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of plutonium-aluminum alloy. Corrections were made 
for aluminum content (about 10 a/o). 

Representative experimental results are shown in 
Fig. 1-6-1. The total cross section displays appreciable 
structure. This effect is believed anomalous, arising 
from the contribution of aluminum resonances. Correc
tions were applied but small differences in energy reso
lution and/or incident energy calibration can easily 
lead to the structured behavior. Averages over energy 
intervals large compared with that of the structure 
should result in reliable average cross section values. 
The figure also indicates the measured elastic scatter
ing cross sections. These, combined with the measured 
inelastic scattering cross sections, are consistent with 
the observed total cross sections. A preliminary result 
of theoretical interpretation based on the optical-
model is indicated on the figure.^ Further analysis now 
in progress is based upon the compound nucleus proc
esses,* channel coupling effects,^ and resonance inter

ference properties.® The measurements and the inter-" 
pretation constitute the only known detailed study of 
fast neutron processes in Pu-240, a major constituent 
of many fast reactor systems. 
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1-7. Fas t N e u t r o n Tota l Cross Sect ions 

J. WHALEN and J. MEADOWS 

Neutron total cross section measurements made with 
monoenergetic neutrons have been extended to include 
the elements of paladium, thorium, copper and the sep
arated isotope Li-6. These measurements were made as 
part of a continuing experimental program previously 
reported,^ using the automated on-line computer sys
tem. The resulting total cross sections are shown in 
Fig. 1-7-1. 

The Li-6 data shown in the figure were measured 
with a sample fabricated at Los Alamos Scientific 
Laboratory. Another similar set of measurements was 

made with a sample fabricated in England and made 
available by Dr. E. Rae, AERE, Harwell; the values 
agree within 1% at the peak of the resonance. The 
location of the resonance indicated by each of two 
data sets agree within 2 keV. 

REFEEENCES 

1. J . F . Whalen and J. W. Meadows, Extension ofTAutomated 
Neutron Cross Section Measurements to Higher Energies, 
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1600 

1-8. T h e Fiss ion Cross Sect ion of U-233 Relative to U-235 from 500 to 1500 keV 

J. W. MEADOWS 

INTEODUCTION 

The available data on the ratio O-;(U-233)/(T/(U-

235) show differences far larger than the errors 
claimed for the individual measurements. The results 
of Lamphere,^ Allen and Ferguson^ and Pfletschinger 

and Kaeppeler^ disagree by as much as 10% near 1 
MeV neutron energy. This is far too large if the ratio 
is to be useful in reactor calculations or in providing a 
check on the reliability of absolute cross section meas
urements. Therefore a new effort was made to get ad-
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ditional measurements. The following paper reports 
the initial results of a series of measurements between 
0.5 and 1.5 MeV. 

EXPERIMENTAL METHOD AND PROCEDURE 

Known amounts of fissile materials were deposited 
on thin plates, placed back-to-back in a fission detec
tor, and irradiated with pulses of monoenergetic neu
trons. The neutron bursts were approximately 30 nsec 
wide and were obtained from a Van de Graaff acceler
ator and the L f (p,«.) Be'̂  reaction. The data were 
stored in two arrays (32 time channels by 128 energy 
channels) for later examination and processing. 
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TABLE I-8-I. IsoTOPic COMPOSITION OF THE 
S.^MPLES IN A T O M % 

Isotope 

U-232 
U-233 
U-234 
U-235 
U-236 
U-238 

U-233 Sample 

0.8 ppm 
99.54 

0.184 
0,062 
0.013 
0 203 

U-23S Sample 

0 856 
93.25 

0.332 
5.562 

The fission fragments were detected by an ion cham
ber of low mass construction and a plate separation of 
0.6 cm. I t was flushed continuously with methane gas 
at 1 atm. With a bias of 300 V the pulse rise time was 
'~20 nsec. The pulse was clipped after 5 nsec to ob
tain an acceptable time spread and to reduce alpha 
pile-up. A time spectrum is shown in Fig. 1-8-1. The 
energy spectra are shown in Fig. 1-8-2. 

The U-235 deposits were prepared by vacuum evap
orating UF4 on to 0.025 cm stainless steel plates. De
posits covered an area 2.54 cm in diam and had thick
nesses of ~70 to ^350 /xg/cm^. The one used for most 
of the measurements had a thickness of 196 fcg/cm^. 
The U-233 deposits were similar but were prepared by 
electrolytic deposition. The mass analysis of the sam
ples is given in Table I-8-I. 

The mass determination of the U-235 plates was 
based on low geometry alpha counting and chemical 
analysis. The final value for the specific activity was 
based on data from 10 plates. The U-233 sample 
masses were determined solely by alpha counting and 
isotopic analysis. 

CORRECTIONS AND ERRORS _ 

All the data were subjected to the following c o r r a H p 
tions: ^ " ^ 

1. Background. The time intervals used for the data 
and the background are shown in Fig. 1-8-1. Alpha 



•particles made up the greater part of the background. 
The correction to the fission yield was '-'0.5%. 

2. Extrapolation under the alpha peak. A linear ex
trapolation was made from the alpha cut-off to zero. 
The correction was typically 1.0% for U-235 and 0.3% 
for U-233. The larger correction for U-235 was due to 
the thicker deposit. 

3. Deposit thickness. This correction was deter
mined experimentally by measuring the specific fission 
rates of U-235 deposits of several thicknesses. The 
correction was 2.1 ± 0.1%. 

4. Detector geometry. The U-235 deposit was 
slightly closer to the neutron source due to the thick
ness of the backing plates. The correction is 1.6 ± 
0.3%. 

5. Transmission. The relative fission rate of the U-
233 foil was reduced by scattering in the backing 
plates. The fission rate was increased by 1.2 i : 0.3% to 
correct for this. 

6. Second neutron group and other isotopes. The 
contribution of the second group from the Li'''(p,n) Be^ 
reaction was based on the data of Bevington et al.® 
This correction was combined with the one due to the 
isotopic composition of the samples.^ The maximum 
correction was 0.8 ± 0.1%. 

The errors indicated in the above corrections were 
generally small and of minor importance. The princi
pal uncertainties were counting statistics (^^1.0%) 
and the masses of the fission deposits. The error for the 
U-235 mass was small, only 0.3%, but the correspond
ing error for U-233 was 1.4%. The TJ-233 mass was 
strongly dependent on its half life. There are several 
measurements available but they differ by as much as 
6%. The value used here was (1.591 ± 0.021) X 10^ 
years. I t is a simple average of five independent 
measurements.'"® 

INTEODUCTION 

Measurement of the energies and intensities of 
gamma rays produced by the inelastic scattering of 
fast neutrons provides data which is complementary to 
l ^ t resulting from direct measurement of the energies 
^ d intensities of the inelastically scattered neutrons. 
Lithium drifted germanium detectors can be used to 
determine the gamma ray energies—and thus, by de
duction, the nuclear level energies—to within a few 
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DISCUSSION 

The results are shown in Fig. 1-8-3. The energy 
spread is 25 to 30 keV for all points. The error bars 
include both systematic and random errors. 

The results of three other measurements would have 
several points in the energy range we indicated in Fig. 
1-8-3 for comparison. The results of Allen and 
Ferguson^ differ by 6 to 10% and that of Pfletschinger 
and Kaeppeler* differ by about 4%. The agreement 
with the Lamphere^ data is reasonably good. 
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kilovolts. In principle, the neutron inelastic scattering 
cross sections can be deduced from the gamma-ray 
production cross sections if all the gamma rays result
ing from transitions to or from the various levels are 
accounted for, and the internal conversion coefficients 
are known. In practice, this is quite difficult for all but 
the simplest level schemes. Nevertheless, the inelastic 
gamma ray measurements provide important informa
tion about nuclear level structures and the neutron 

1-9. Fas t N e u t r o n Inelast ic G a m m a Ray Studies of Arsenic and S o d i u m 

D. L. SMITH 
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inelastic scattering process which may be very difficult 
or impossible to deduce from direct inelastic neutron 
measurements. The usefulness of this technique has 
been reviewed in an article by McEllistrem.^ 

The production of gamma rays by inelastic scatter
ing of fast neutrons from samples of arsenic (As-75) 
and metallic sodium (Na-23) has been the object of a 
recent study in the Applied Nuclear Physics Group. A 
knowledge of pertinent cross sections for sodium is of 
critical importance because of the role played by this 
element in the LMFBR program. Both the 'Na^^{n,n') 
and Na^^(n,n'y) cross sections have been measured 
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F I G . 1-9-1. Schematic Diagram of the Apparatus Employed 
in Inelastic Gamma-Ray Measurements . ANLNeg.No. 116-150. 

previously and the data have been compiled.^ A surve^ 
of these data reveals considerable disparity among the 
different cross section measurements. Consequently, an 
additional measurement was felt to be entirely justi
fied. Much of the available data on the level scheme of 
As-75 comes from radioactivity and coulomb excita
tion studies (e.g., see Refs. 3-5). No recent studies of 
neutron inelastic scattering from As-75 were found in 
the literature at the time the present work was under
taken. 

EXPERIMENTAL PROCEDURE 

Short (-^1 nsec) bursts of monoenergetic neutrons 
with energies in the range 300 keV < Ej/ < 1600 keV 
were generated by bombardment of approximately 25 
keV thick lithium targets with pulsed and bunched 
proton beams from the Applied Physics Division 3-
MeV Van de Graaff accelerator." Small ('~'l in. diam X 
1 in. height) cylindrical samples of metallic arsenic 
and sodium (sealed in thin-walled stainless steel con
tainers) were irradiated with neutrons and in turn 
viewed by a Ge(Li) detector which was shielded from 
the direct flux of neutrons by lead bricks and hydrog
enous material. The detector and shielding were sup
ported on a cart which rotated about the sample posi
tion permitting gamma-ray angular distribution meas
urements over the angular range 50-110 deg in the 
laboratory system (see Fig. 1-9-1). A 7.2 cm^ planar 
Ge(Li) detector and a 30 cm^ modified coaxial Ge(Li) 
detector were used in the measurements. 
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Standard fast-slow electronics were employed in 
data acquisition. Background neutron and gamma ray 
interference was partially eliminated by employing 
time-of-flight techniques.^ Fig. 1-9-2 is a block dia
gram of the electronics. Some of the data were accu
mulated by a 512-channel analyzer and the remainder 
in 512-channels with the Applied Nuclear Physics 
Group on-line computer facility.'' The separation of 
prompt gamma-rays from neutrons is illustrated by 
the sample time-of-flight spectrum in Fig. 1-9-3. 

The current study consisted entirely of relative 
measurements. The intensities of the As-75 transitions 
were normalized relative to either the 198.8 keV tran
sition or the 820.1 keV transition. The yield of the 440 
keV gamma ray from Na-23 was measured relative to 
the yield of the 670 keV gamma ray from Cu-63 in a 
sample of natural copper. Copper was chosen to nor
malize the sodium measurements for four reasons: 

1. There are several reasonably consistent sets of 
cross section data available for Cu-63'^'. 

2. The total and inelastic neutron scattering cross 
ggctions for Cu-63 are relatively smooth and free of 

larp resonances. 
3. The experimental environment was relatively free 

of copper which would contribute background prob
lems. The same could not be said of iron, which is the 

TABLE I-9-I. ASSUMED CROSS SECTIONS FOB 

PHODTJCTION OF THE 670 keV G A M M A - R A T 

FROM Cu-63 

Neutron 
Energy, 
keV 

700 
725 
750 
775 
800 
825 
850 
875 
900 
925 
950 
975 
1000 
1025 
1050 
1075 
1100 
1125 

mb 

51 
68 
82 
93 
102 
108 
114 
118 
122 
125 
128 
130 
133 
135 
136 
137 
138 
139 

Neutron 
Energy, 
keV 

1160 
1175 
1200 
1225 
1250 
1276 
1300 
1325 
1360 
1375 
1400 
1425 
1460 
1475 
1500 
1525 
1560 

mb 

140 
141 
141 
142 
142 
143 
143 
143 
143 
143 
143 
143 
143 
144 
144 
144 
144 

most commonly used standard for measurements of 
this sort.^ 

4. The 670 keV level of Cu-63 has spin 14 so that 
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the inelastic neutron gamma ray production is iso
tropic. 

Table I-9-I is a tabulation of the assumed gamma-
ray production cross section versus neutron energy as 
deduced from an "eye guide" to the ENDF-B data 
compilation.2 The available data for Cu-63 (670 keV) 

is generally consistent with this table to within ±15f 
for El, < 800 keV and ±10% for 800 keV < Ej^ < 
1500 keV. Additional spectra were accumulated at cer
tain energies using a carbon sample. Carbon isotopes 
have no low lying excited states which can be excited 
by inelastic neutron scattering in the energy range in-
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estigated. Consequently, these measurements served 
to monitor the background under conditions closely 
resembling those for sodium, arsenic and copper runs. 

Corrections to the data were made for gamma atten
uation in the samples and for Ge(Li) detector 
efficiency. The attenuation correction factors were 
computed from tabulated photon cross section 
information.* The relative efficiencv curves for the 
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Ge(Li) detectors were measured using radioactive 
sources of Ba-133, Na-22, Sc-46, Co-60 and Eu-154 
placed at the sample position.® These data were fitted 
by a smooth semi-empirical curve according to a 
method described by Paradellis and Hontzeas.^'' The 
relative efficiency curve for the 30 cm^ detector ap
pears in Fig. 1-9-4. 

The relative measurements were normalized against 
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a long counter at each chosen neutron energy. The 
counts in the gamma-ray full energy peaks were deter
mined by subtracting assumed linear backgrounds 
from beneath the peaks. Although no detailed correc
tions were made for neutron attenuation and multiple 
scattering by the samples, an estimate was made of the 
error which might be incurred by neglect of neutron 
attentuation. Compiled total and elastic scattering 
data were employed in this evaluation.^ It was con
cluded that in the worst set of circumstances, the dif
ference in the effective primary fluxes for sodium and 
copper, averaged over the sample volumes, was about 
12%. This number was arrived at by assuming that the 
neutrons which interact elastically as well as inelasti-
cally are effectively lost from the primary neutron 
beam. In reality, small angle elastic scattering tends to 
diminish the deficit in primary neutron flux on the 
shadowed sides of the samples. This effect has been the 
object of some study and it has been concluded that 
the elastic scattering portion of the total neutron cross 
section can be disregarded in making sample attenua
tion corrections in {n,n'y) work.^^ Inelastic processes 
account for a small portion of the total cross sections 
in the energy region in question (certainly less than 
30% in all instances). Consequently, it appears that 
the neglect of the sample attenuation correction cannot 
induce an error of more than ~ 5 % in the measured 
cross sections. The effect of the second group of neu
trons from the hi'{'p,n)'S>Q'' reaction was also consid
ered. This correction was computed to be •~1.6% for a 
worst case and, in fact, is negligible over most of the 
range. The effect of the corrections which have been 
discussed are minimized considerably by the fact that 
the measurements are relative rather than absolute so 
that there is a tendency toward cancellation. 

The energies of the gamma rays were determined 
from a quadratic polynomial calibration curve fitted to 
calibration data acquired with the aid of radioactive 

gamma-ray sources.-^ 

ARSENIC 

RESULTS 

Inelastic neutron scattering gamma-ray production 
measurements for As-75 were made at several neutron 
energies between 300 and 1500 keV with the Ge(Li) 
detector at 90 deg to the incident neutron flux. Figs. 
1-9-5 and 1-9-6 are examples of the measured spectra 
with the most prominent transitions appropriately la-

eled. 
Fig. 1-9-7 shows the As'^^(»,n'y) transitions identi

fied and the As-75 level scheme deduced from the data. 
This scheme is in good agreement with those deduced 

by other methods.̂ "® The transition energies also agree 
with reported values to within the assigned uncertain
ties. The existence of a level at 864.2 ± 0.7 keV is still 
in question. More extensive measurements will be re
quired at higher neutron energies to resolve this uncer
tainty and to unravel the level scheme at higher exci
tation energies. This region is not accessible in ra
dioactivity studies because of enei'gy limitations. 

The relative intensities of the As^^(nXy) transitions 
are presented in Table I-9-II. These data have not 
been reduced to absolute cross sections. One of the 
valuable features of {n,n'y) reactions is the rapid in
crease of the intensity of a transition with increase of 
neutron energy above threshold. This generally permits 
unambiguous assignment of transitions within the level 
scheme. 

TABLE I-9-III . MEASUKED RBL.'VTIVE INTENSITIES 

POR PRODUCTION OP THE 440 keV GAMMA R A Y 

FBOM Na-23 AND THE 670 kev GAMMA R.-VY 
FROM C u - 6 3 v i . \ THE (» n'y) R E A C T I O N 

En, 
keV 

750 
775 
780 
800 
825 
850 
875 
900 
910 
925 
950 
975 
1000 
1025 
1050 
1070 
1075 
1100 
1125 
1150 
1175 
1230 
1250 
1275 
1300 
1325 
1350 
1375 
1400 
1425 
1450 
1475 
1500 
1525 
1550 

{da/d9i)fj{d>T/dQfC 

3.94 

2.30 
2.80 

2.39 
2.46 
1.68 
2.81 

3.48 

3.27 
3.05 
2.83 
2.79 

-2.12 

1,89 

2.30 

5.13 ± 0.59 
4.68 ± 0.55 
4.70 ± 0.76 

± 0.46, 5.20 ± 0.74 
3.28 ± 0.62 
3.14 ± 0.46 

± 0.32, 2.06 ± 0.25 
± 0.32, 2,18 ± 0.28 
2.50 d= 0.30 

± 0.28, 2.79 ± 0.40 
± 0.29, 1.69 ± 0.22 
± 0.20, 1.64 ± 0.19 
± 0.35, 3.30 ± 0.38 
3.19 ± 0.43 

± 0.41, 3.39 ± 0.44 
3.25 ± 0.36 

± 0.37, 3.20 ± 0.37 
± 0.33, 3.09 ± 0.33 
± 0.36, 2.92 ± 0.33 
± 0.32, 2.94 ± 0.33 
3.42 ± 0.40 
3.19 ± 0.40 
3.38 d= 0.45 
3.82 ± 0.47 
2.89 ± 0.42 
1.85 d= 0.27 

dz 0.34, 1.70 ± 0.19 
1.23 ± 0.17 
1.53 ± 0.22 

± 0.27, 1.98 ± 0.24 
1.76 ± 0.28 

± 0.38, 1.73 ± 0.26 
1.57 ± 0.25 
1.77 ± 0.24 
2.22 ± 0.36 

mb 

402 

276 
341 

295 
315 
218 
373 

473 

448 
420 
394 
390 

304 

271 

332 

420 ± 48 
436 ± 51 
442 ± 72 
± 47, 531 ± 76 
355 ± 56 
358 ± 53 

± 38, 243 ± 30 
± 39, 265 ± 34 
307 ± 37 

dz 34, 348 ± 50 
± 37, 216 ± 28 
± 26, 213 ± 26 
± 46, 440 ± 51 
430 d= 58 

± 56, 461 ± 60 
446 ± 49 

d= 51, 439 ± 51 
± 45, 426 ± 46 
± 50, 406 ± 46 
± 45, 411 ± 46 
482 ± 56 
454 ± 57 
480 ± 63 
546 ± 68 
414 ± 60 
264 ± 38 
± 49, 243 ± 27 
176 ± 24 
218 ± 32 
± 39, 283 ± 34 
250 ± 40 
± 66, 247 ± 37 
225 ± 36 
255 d= 34 
320 ± 63 
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rsoDIUM 

The average of a number of independent measure
ments of the energy of the first excited state of Na-23 
is 440.2 ± 0.6 keV. The measured relative cross sec
tions for the production of the 440 keV gamma ray by 
the 'Na,^^in,n'y] reaction and the 670 keV gamma ray 
by the Cu^^(w,n'y) reaction are presented m Table I-
9-III. Duplicate measurements were made at several 
neutron energies. The assumed gamma production 
cross sections in Table I-9-I were then used to arrive 
at a set of cross sections for sodium. Table I-9-III 
contains these computed values of 47r(do-/dn)Na. The 
cross sections measured in the present work agree well 
with the Na^^(n,w') time-of-flight measurements re
ported by Chien and Smith^^ in the energy ranges 
800-1050 keV and 1300-1500 keV, but are systemati
cally lower by as much as 30% in the range 1100-1250 
keV.^^ Tabulated ring geometry measurements on the 
reaction 'Na^^{n,n'y) tend to support the values of 
Chien and Smith in this region, but are systematically 
high in the two regions where the values of Chien and 
Smith are in agreement with those from the present 
work.i*"^^ Measurements of the Ka^^(n,n'y) reaction 
at the Texas Nuclear Corporation facility^'' agree with 
the present results; however, no data are available 
from this source for the energy range 1100-1250 
keV.<^̂ > Fig. 1-9-8 shows typical spectra required dur
ing exposures with sodium, copper and carbon samples. 
The lines used in computing cross sections were clearly 
resolved from background peaks. 

Angular distribution measurements were made for 
the 440 keV gamma ray from the Na-*(n,n'7) reaction 
at neutron energies of 780, 910, 1070, 1150 and 1230 
keV. These data were then fit by even-order Legendre 
polynomial expansions by the method of least squares. 
The results of this fitting procedure are shown in Fig. 
1-9-9. No significant improvement in the fit was 
achieved by inclusion of the second- and fourth-order 
poljmomials. I t was therefore concluded that the dis
tributions were essentially isotropic, although addi
tional data at larger and smaller angles would have 
been very helpful in establishing this point. The essen
tial isotropy of the angular distributions, as deduced 
from the present work, is supported by angular distri
bution measurements made at a neutron energy of 
1000 keV by the group at Texas Nuclear 
Corporation.^^ However, Towle and Gilboy measured 
the angular distribution of the 440 keV gamma ray at 
1500 keV neutron energy and observed a measurable 

2(cos (9) contribution (i.e., A2/A0 i^ 0.14).<is) 
arthermore, anisotropy measurements [TF(137'')/ 

17(90°)] at other neutron energies exhibit considerable 
fluctuations in magnitude and sign.^" These angular 
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FIG. 1-9-9. Angular Distributions of the 440 keV Gamma 
Ray from the Na^Hw.w'T) Reaction. ANL Neg. No 116-147 
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distribution effects are still not sufficient to resolve the 
discrepancies in the various data. 

I t is not clear at this point what effects may be 
responsible for the discrepancies between the various 
sets of data on the production of the 440 keV gamma 
ray by the reaction Na^^(n,?i'y). The various assump
tions and corrections employed in reducing the data 
reported in the present paper are being re-examined for 
possible systematic errors. Furthermore, a new series 
of measurements on sodium are planned and will be 
carried out with improved apparatus at the FNG facil
ity. 
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I-10. T h e Level S c h e m e of U-238 

W . P . POBNITZ 

The level scheme of U-238 is of practical importance 
due to the application of uranium in fast reactors. A 
knowledge of the level scheme allows the theoretical 
evaluation of the inelastic scattering cross sections 
which are needed to supplement experimental values. 
Different techniques are in use to investigate the level 
schemes of heavy nuclei. Measurements of a- and y-
spectra associated with the a-decay of radioactive iso
topes has contributed largely to the determination of 
level schemes of heavy nuclei. For U-238 this tech
nique is difficult to apply because of the long half life 
of the parent isotope Pu-242. Coulomb excitation with 
heavy ions has been used instead ;̂ '̂  however, not all 
levels which contribute to the inelastic neutron scatter

ing process were excited by this method. In neutron 
timc-of-flight measurements^-* new levels were re
vealed. However, the resolution was insufficient to re
solve the levels existing in the higher energy range. 

In the present investigations the y-rays emitted in 
the (n,n'y) process have been detected using a Ge-
(Li)-detector. The Li''(p,K.)Be'^ reaction has been uti
lized as a neutron source. The sample (2 mm thick, 5 
cm diam) has been positioned 10-15 cm from the tar
get with the Ge(Li) detector at a 45 degree angle and 
40-50 cm from the sample. The time-of-flight metho< 
has been used to suppress the background. Backgrou: 
has been further reduced by storing the y-spectra f ro3 
an equal range in the time spectrum adjacent to the 

o i ^ 
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I G F 
( r-RAYS 

U-238 

trated in Fig. 1-10-3 where the intensity of the 885 keV 
y-ray is related to the sum of the intensities of the 679 

En=l5 MeV 
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F I G . I-lO-l. Time of Flight Spectrum for Gamma Rays of 
U-238. ANL Neg. No. 116-107. 

prompt y-peak for later subtraction. A time-of-flight 
spectrum is shown in Fig. I-lO-l. A y-spectrum with 
the background subtracted is shown in Fig. 1-10-2. 

Measurements of the intensity at different neutron 
energies yielded additional information as to the ap
proximate origin of an observed y-ray. This is illus-
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and 634 keV y-rays. The main y-lines observed in the 
present experiment are shown in the level scheme in 
Fig. 1-10-4. The basic scheme consisting of ground 
state rotational band, octupole, and /i- and y-vibra-
tional bands had been suggested by F. S. Stephens et 
al.^'2 Three, possibly even four, levels were observed 
between 930 and 970 keV where only one had been 
reported before.* More important is the observation of 
a strong 848 keV y-ray which can be attributed to the 
de-excitation of the 997 keV level. This casts strong 
doubts on the validity of the assumption of this level 
as the base of the vibrational band. Several additional 
levels remain which cannot be assigned to any of the 
suggested bands.® 
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I-11. S o m e Remarks o n P r o m p t Fiss ion Neutron Spectra 

A. B. SMITH 

Recent macroscopic and spectrum-averaged meas-
urements^"^ and the analysis of fast critical experi
ments* suggest an uncertain knowledge of the prompt 
fission-neutron spectrum. This uncertainty is of con
cern in reactor design.* 

* Expressed by European-American Committee on Reactor 
Physics, for example. 

In view of the above situation an experimental de
termination of the prompt fission neutron spectra of 
U-235 and Pu-239 was undertaken. The primary goal 
was to test the validity of U-235 and Pu-239 spectra 
determined by microscopic measurement and as d^ 
duced from macroscopic experiments. The secondary" 
objective was to determine the relative average spectral 
energies of U-235 and Pu-239. It was not the intent to 



11. Smith 27 

F I G . I - l l - l . Maxwellian Fission Spectra Corresponding to 
Average Energies of 2.4 MeV (Macroscopic Results) and 2.0 
MeV (Microscopic Results) . ANL Neg. No. 116-487. 

undertake a comprehensive spectral measurement for 
neutron energies from 0 to oo. 

With this objective in mind, one seeks sensitive in
dexes commensurate with experimental capability and 
precision. Figure I - l l - l shows two spectral distribu
tions generated assuming a Maxwellian shape. The 
distribution with an average energy of 2.4 MeV is con
sistent with macroscopic results; that with an average 
energy of 2.0 MeV is descriptive of the results of a 
number of microscopic measurements. The two distri
butions do not differ by large amounts, perhaps 25% 
near 4.0 MeV. Such differences are very difficult to 
determine when dealing with continuum spectra in the 
interval 3-5 MeV. A more suitable area for investiga
tion occurs at energies below 2.0 MeV. As shown in 
Fig. 1-11-2, there are differences at low energies and 
these become considerable when compared with the 
results of macroscopic interpretation carried out by 
McElroy.^ Further, at these low energies good relative 
spectral measurements are possible. Thus this work 
primarily emphasized a careful determination at neu
tron energies below 2.0 MeV. 

Pulsed beam time-of-flight techniques were em
ployed throughout the work. Spectra were observed 
concurrently at eight scattering angles between ^^25 
and ~'155 deg and at incident neutron energies of 
between 100 and 450 keV. Sixteen detector energy 
biases were employed with selection such as to void 
scattered neutrons. Effective time resolutions were 1.5 
to 2.0 nsec/m. Samples were U-235 (enriched to 

95%) and Pu-239 (enriched to --97%). Detector 
^sensitivity was carefully determined to energies of 

1.6 MeV using scattering from a carbon standard 
corrected for multiple scattering, flux attentuation, etc. 

Approximately fifty spectral determinations were 
made. The initial measurements were qualitative, made 

2,0 
En MeV 

F I G . 1-11-2. Comparison of Maxwellian Fission Neutron 
Spectra Over a Lower Neutron Energy Range. ANL Neg. No. 
116-486. 

E = 2.0 MeV 

F I G . 1-11-3. Relative Spectrum of Neutrons from the Fission 
of U-235 Induced by 125 keV Neutrons. No Sensitivity Correc
tions Have Been Made to the Da ta . ANL Neg. No. 116-485. 

in an effort to establish a best set of experimental con
ditions. Only these initial measurements have been 
reasonably reduced to energy spectra at this time. A 
typical result is shown in Fig. 1-11-3 where relative 
counting rate is given as a function of energy. The 
sample was U-235 and the incident neutron energy 125 
keV. No detector sensitivity correction has been ap
plied to these results. More complete data, now being 
processed, have an uncertainty --^Vb that of this illus
tration. 

Generally, at this point, the results are entirely con
sistent with the previous microscopic results. 
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1-12. A n a l y s i s o f I n t e r m e d i a t e S t r u c t u r e i n t h e F i s s i o n C r o s s S e c t i o n o f P u - 2 3 9 

YASUTUKI KIKUCHI 

The intermediate structure observed in recent Pu-
239 fission cross section data is considered to be caused 

TABLE I-12-I. INTERMEDIATE RESONANCE PABAMETEBS 

£., 
eV 

83 
264 
490 
791 
995 
1145 
1335 
1608 
1801 
2301 
2450 
2677 
2788 
2953 
3160 
3256 
3683 
3800 
3930 
4192 
4444 
4563 
4695 
4900 
5098 
5236 
5517 
5610 
5815 
6200 
6546 
6699 
6799 
7042 
7394 
7543 

Mean 

r,-, 
eV 

22 
32 
33 
25 
40 
10 
52 
17 
16 
36 
16 
19 
55 
70 
30 
10 
110 
40 
54 
60 
43 
91 
21 
200 
15 
52 
76 
57 
63 
23 
55 
28 
17 
23 
132 
51 

53 

wl 
[evy 

5.0 
1 
6 
1 
4 
1 
2 
0 
0 
0 
0 
0 
1 
0 
2 

0 
2 
0 
0 
0 
4 
3 
1 
6 
3 
0 
8 
0 
1 
8 
4 

2 

3 
2 
2 
2 
0 
7 
12 
65 
5 
7 
5 
5 
3 
6 
4 
8 
1 
0 
0 
8 
9 
3 
3 
2 
5 
3 
6 
6 
2 
6 
.7 
8 
.0 
.4 
.3 

.15 

Peak Value, 
eV 

0.909 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

163 
752 
192 
420 
400 
208 
028 
163 
056 
181 
105 
109 
017 
347 
560 
065 
110 
074 
067 
074 
127 
057 
006 
053 
346 
174 
112 
419 
056 
044 
.529 
184 
174 
.255 
.337 

.163 

by structure in the fission width of the 1+ state because 
of the existence of a quasi-stable state at the second 
minimum point of a double-humped fission potential. 

The formulation of the fission width with a double-
humped potential has been developeed by Lynn^ and 
Weigmann.2 According to these authors, the mean 
value of the fission width at energy E is expressed as 

( r / w ) — Z-, wlrl 
(E ~ E,y -{-}iirn t \ 2 ' 

and the statistical distribution is a x^-distribution with 
one degree of freedom.^ Ei, r | and Wl are the energy, 
the decaying width into fission, and a measure of the 
coupling with Class I states of the ith Class I I state 
respectively, and these are defined as the intermediate 
resonance parameters of the tth Class I I state. 

In the present analysis, the Petrel data* for the fis
sion cross section were used. The actual procedure was 
as follows. 

First, the Petrel data were averaged over several 
energy intervals. After a trial and error procedure, 
averaging over intervals between 50 and 100 eV was 
found most appropriate. In the actual calculation, 100 
eV intervals which overlap each other (0-100, 50-150, 
100-200, • • • eV) were mainly used but some 50 eV 
intervals were also used. 

Secondly, the contributions from the states other 
than the 1+ state were calculated with resonance 
parameters from the ENDF/B version I I compilation. 
These contributions were then subtracted from the 

TABLE I-12-II. T H E ESTIMATED PABAMETEBS 

F I S S I O N B A K E I E B O F Pu-240, MeV 
FOB THE 

EB (neutron binding energy) 
VA (the first barrier height) 

Vii (the second minimum point) 
VB (the second barrier height) 

6.5 
6.6 (for A« = 0.3 MeV) 

2.9-2.9 
6.2 
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faverage cross section deduced from the Petrel data to 
obtain the cross section of the 1+ state. The statistical 
uncertainty due to the small sampling was also con
sidered.* 

Finally, an initial guess of the intermediate reso
nance parameters was made, based on an inspection of 
the structure in the fission cross section of the 1+ state. 
A least squares fitting method was then employed to 
obtain the final values of the intermediate resonance 
parameters. (Further discussion of the overall pro
cedure is presented in Refs. 6 and 7.) 

The intermediate resonance parameters thus ob
tained are tabulated in Table I-12-I. From these values 

the barrier height of the double-humped potential can 
be estimated. The results are shown in Table I-12-II. 
The fission widths obtained from the intermediate 
resonance parameters are compared with ENDF/B 
values in Fig. 1-12-1. With these fission widths, the 
fission cross sections were calculated and compared 
with the Petrel data in Fig. 1-12-2. 

The intermediate structure in the fission cross sec
tion can be described very accurately with 36 sets of 
intermediate resonance parameters. Hence, this inter
mediate resonance parameter representation will re
duce the computer memory requirement for input data 
for reactor calculations. 

1000 

100 

•1000 

100 

^ ^ 1 

I I I I I I I I 1 I I I I 1 I 

4.0 4.5 5.0 5.5 6.0 
E n . k e V 

6.5 7.0 7.5 8.0 

FIG. 1-12-1. Fission Width of the 1+ State. The Solid Line is Calculated from the Intermediate Resonance Parameters. The Point 
nd the Dashed Line Indicate the Evaluated Values in the ENDF/B File and the Recommended Interpolation (Linear-Linear). 

ANL Neg. No. 116-209. 
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1-13. Analysis of Intermedia te Structure i n the Fiss ion Cross Sect ion of Pu-241 

YASUTUKI KIKUCHI 

Recent Pu-241 fission cross section data show an 
intermediate structure similar to that of Pu-239. This 
structure is expected because of the effect of the dou
ble-humped fission potential, since the structure of 
Pu-239 can be explained very well by assuming a dou
ble-humped fission potential (see Paper 1-12). Hence 
the same procedure was employed to analyze Pu-241 
as was used to analyze the structure of Pu-239. 

The following two points are, however, considered 
differently in the two cases. First, it is not clear for 
Pu-241 which state, the 2+ or the 3+ state, has the 
intermediate structure. According to the analysis by 
Kikuchi and An from channel theory,^ the 2+ state has 
one completely open channel. The second channel of 
the 2+ state and the first channel of the 3+ state be
long to the same vibration band (a gamma-vibration) 
and can be considered to be subthreshold channels. 
Therefore we assume that the 3+ state has the structure 
because the intermediate structure is predominant in a 
subthreshold channel. Expressions for vf^"^ and F)̂ "*"' 

averaged over many intermediate states are 

.(2 + ) 

T A B L E I-13-I. INTEEMEDIATB RESONANCE PABAMETEBS 

ff = ̂  (1 + P) 

^(3+) _ D 
1 / — ? 

(3+) 

P. 

^ l u i 

where D is the mean level spacing and P is the pene
trability of the gamma vibration channel. 

Secondly, the s-wave strength function evaluated by 
Yiftah et al.^ (so = 1.3 X 10"*) upon which the 
ENDF/B value depends, was found to be too small to 
obtain the peak values of the structure. Hence we used 
the larger value from the total cross section measure
ment by Craig and Westcott* (so = 1.9 X 10-*). 

The intennediate resonance parameters thus ob
tained and the parameters of the fission potential shape 
estimated from these intermediate resonance param
eters are tabulated in Tables I-13-I and I-13-II, re
spectively. The fission widths obtained from these 
intermediate resonance parameters are compared with 
ENDF/B values in Fig. 1-13-1. The present calculated 
value is smaller because of the assumed large strength 
function. The calculated fission cross sections are com-

red with the Petrel data in Fig. 1-13-2. The inter-
ediate structure is very well described with the 

intermediate resonance parameters. (A more detailed 

£ . , 
eV 

246 
404 
534 

1050 
1540 
1707 
1921 
2280 
2491 
2806 
3031 
3247 
3401 
3771 
3900 
4164 
4298 
4641 
4947 
5260 
5471 
5903 

Mean 

rr, 
eV 

33 
30 
25 

109 
170 

11 
173 
95 
80 
10 

110 
22 
10 

182 
27 
32 
20 

102 
72 
18 

107 
106 

70 

m, 
(eVf 

5.5 
2.9 
1.3 
1.8 
2.5 
0.3 
0.6 
0.62 
1.2 
2.1 
9.0 
3.1 
0.6 
4.5 
0.64 
1.3 
1.9 
2.1 
3.2 
1.1 
1.5 
2.1 

2.3 

Peak Value, 
eV 

0.667 
0.387 
0.208 
0.066 
0.059 
0.109 
0.014 
0.026 
0.060 
0.840 
0.327 
0.564 
0.240 
0.099 
0.095 
0.163 
0.380 
0.082 
0.178 
0.244 
0.056 
0.079 

0.129 

TABLE I-13-II. T H E ESTIMATED PABAMETEBS 
FISSION B A B B I B B OP Pu-240, MeV 

FOB THE 

EB (neutron binding energy) 
VA (first barrier height) 
Vij (second minimum point) 
VB (second barrier height) 

5.62 
5.6 

2.6-3.0 
4.5-5.0 

discussion of the procedures employed is presented in 
Ref. 5.) 
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FIG. 1-13-2. Fission Cross Section. The Points Designated by Triangles with Horizontal Lines are the Petrel Data Averaged 
over 100 eV Intervals. The Points Designated with Closed Circles Connected with a Solid Line are Calculated from the Interme
diate Resonance Parameters. The Data Points Designated by Open Circles Connected with a Dashed Line are Obtained from the 
ENDF/B Compilation. ANL Neg. No. 116-207. 

1-14. Recent Experimental Data for Heavy Nucle i 

W. P. POENITZ 

^Pl. 

The present knowledge of experimental nuclear data 
for fertile and fissile nuclei above the resonance energy 
•egion has been reviewed for presentation at the Second 
AEA Conference on Nuclear Data for Reactors. Be

cause of the large amounts of data involved the review 
has been restricted to those heavy nuclei and their 

properties which have the strongest influence on the 
neutronics of fast reactors. Therefore, the considera
tion for nuclear data of U-235, U-238 and Pu-239 
has been emphasized. The capture and fission cross 
sections as well as v, of these nuclei represent the nega
tive and positive sources of neutrons in a reactor and 
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F I G . 1-14-1. The Tota l Cross Section of U-238. ANL Neg. No. 118-100. 

are thus of predominant importance. The importance 
of the inelastic scattering cross sections lies in their 
influence on the neutron energy spectrum in a reactor. 

FAST NEUTRON TOTAL AND SCATTERING 

CRO.SS SECTIONS 

THE T O T A L C R O S S SECTION OP URANIUM 

^Measurements of absolute total cross sections have 
always been considered to be relatively easy because 
no determination of the absolute neutron flux or the 
detector efficiency has to be carried out. However, even 
with this consideration, discrepancies up to 15 percent 
exist between different measurements. Particularly 
notable were the low total cross section data reported 
for uranium and thorium in Ref. 1 and some new high 
resolution data for several elements in Ref. 2 which 
are discrepant up to 15 percent compared to previous 
measurements which had been considered to be reliable. 

Data of the total cross section of U-238 are shown in 
Fig. 1-14-1 for the energy range 100-^1200 keV. The 
data of Divadeenam' are about 10-15% higher and 
replace the previous results given in Ref. 1. They agree 
very well with measurements by Henkel* and by Adair. ̂  
Measurements by Meads,* Uttley et al.'' and Whalen^ 
yield values which are up to 6% higher in the energy 
range from 200-400 keV. The data from both groups 

agree at 100 keV, the energy at which values were also 
measured by Hibdon and Langsdorf.^ Above 500 keV 
both groups are also in agreement. Recent measure
ments by Smith" in the higher energy range confirm 
both the measurements by Henkel* and by Uttley 
et al.' which are, however, discrepant at lower energies. 
On the basis of the data shown in Fig. 1-14-1 it seems 
feasible to suggest values for the total cross section 
for uranium mth an approximate uncertainty of 3 %. 

INELASTIC SCATTERING CROSS SECTION OF U-238 

The inelastic scattering cross section of U-238 ap
pears to be the best measured of any nuclei with A > 
220. Extensive measurements have been reported by 
Barnard et al." These measurements have been carried 
out with sufficient resolution to resolve most of the 
important levels up to about 1.1 MeV. An appreciable 
contribution to the inelastic scattering process has been 
observed from two levels, 930 and 960 keV,—levels 
unknown from Coulomb-excitation experiments. Recent 
Ge(Li)-detector measurements confirmed the existence 
of these levels (930.5 and 966.6 keV) and showed the 
presence of a third level at 950.6 keV. '̂-^ For energiei 
above 1.1 INIeV Barnard et al." reported several leveli 
which contribute about 1.2 fe to the total inelastic cross 
section at 1.6 MeV. 

The measurements by Barnard et al." have been 
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FIG. 1-14-2. Inelastic Scattering Cross Sections of U-238. ANL Neg. No. 116-. 

carried out at 90 deg only. The cross sections reported 
at that angle have been multiplied by 47r, and are 
shown in Fig. 1-14-2. The energies given in Fig. 1-14-2 
are from Ge(Li)-detector7-ray measurements.'^ Recent 
measurements by SmitW at 8 angles showed that the 
anisotropy does not exceed 10%. These new measure
ments by Smith are also sho\^m in Fig. 1-14-2. In 
addition, Smith measured cross sections for the sum 
of several levels which indicate that the values obtained 
by Barnard et al." at 1.6 AleV for several cross sections 
might be too high. The agreement between the two 
sets of measurements shown in Fig. 1-14-2 is good. 
This may, however, be deceptive because the sum of 

e elastic and inelastic scattering cross section as 
easured by Barnard et al." exceeds the total cross 

section by 10-30%. A comparison for the total inelastic 
cross section at 1.6 MeV has been given in Table I-14-I. 
The values given by Barnard et al." are based upon 

an analysis by Schmidt." The values measured by 
Smith*^ have been corrected for missing levels above 
1.3 JMeV as indicated in Table I-14-I. The sum of the 
total inelastic scattering cross section and the elastic 
scattering cross section as measured by Smith is 6.57 b, 
which compares very well with 6.60 b for the total 
scattering cross section as measured by Lane et al.'* 
and Langsdorf et al." Adding 0.40 b for the fission cross 
section and 0.08 b for the capture cross section, one 
obtains 7.05 b which compares well with the total 
cross section of 7.10 b as measured by Henkel et al."* 
and Leroy et al." The values obtained from Barnard 
et al." do not fit the total cross section data quite as 
well, though they agree within the error bars. 

CAPTURE CROSS SECTION RATIOS 

Next to a of Pu-239 the ratio of the capture cross 
section of U-238 to the fission cross section of U-235 
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TABLE I-14-I. 

I . Fission Properties and Cross Section Data 

I N E L . V S T I O Sc.luTTERING C B O S S SECTIONS OF 

U-238 AT 1.6 MeV 

Q, 
keV 

45 
149 
310 
680 
731 
829 

930-966 
977 

1038-1061 
1100-1300 
1300-1500 
1600-1600 

Barnard et al."* 
(see Ref. 11) 

b 

0.16 
0.06 
0.17 
0.17 
0.09 
0.45 
0.21 
0.55 
0.84 
0.44 
O.IO'' 

3.24 

Smith 
(see Ref, 10) 

b 

0.18 
0.05 
0.17 
0.15 
0.08 
0.34 
0.22 
0.41 
0.81 
0.36" 
O.lO'i 

2.87 

" Analysis by Schmidt." 
b Values cannot be obtained from measurements. 0.0 b is an 

extrapolated value (Ref. 14). 
" Value has not been measured. The value given by Barnard 

et al. has been used and it was corrected for an assumed error in 
the detector efficiency. 

<* Value is from analysis of other available data given in 
Ref. 14. 

is the most important capture cross section ratio fo: 
fast reactor applications. Direct measurements of 
cr.XU-238)/(r/(U-235) were carried out in 1944 by 
Linenberger et al.̂ ^ using the activation method. 
Additional values for this ratio can be obtained from 
measurements of the U-238 capture cross section rela
tive to the capture and fission cross section of U-235 
by De Saussure et al. ' ' and by Diven et al..^" if one 
corrects for the contribution of the capture in U-235 
using a-measurements. Measurements reported by 
Barry et al.^' as relative to the hydrogen scattering 
cross section should be considered as ratio measurements 
relative to the fission cross section of U-235 if one uses 
the fission cross section reported by White,^^ since 
Barry et al. sandwiched U-238 foils between two of 
White's fission counters and did not measure recoil 
protons. They measured the Np-239 activity of the 
U-238 sample after chemical separation, using a 4Tr|8-
counter. 

The chemical separation was avoided in a recent 
measurement of the ratios o-.y(U-238)/(r/(U-235) and 
(rT.(U-238)/o-/(Pu-239) by Poenitz^' using a high resolu
tion Ge (Li)-detector to measure the 228 keV and 278 
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.ceV 7-rays which occur in the decay of Np-239. Values 
for the ratio cr.y(U-238)/<r/(U-235) are shown in Fig. 
1-14-3. The available values below 100 keV are too 
few to draw a conclusion about the shape as well as the 
amplitude. Above 130 keV the ratios measured by 
Barry et al.^' and Poenitz^^ are in good agreement; 
the values measured in 1944 by Linenberger et al.'^ 
agree within error bars or at least overlap the foi'mer 
two with their error bars. Therefore, there is no justi
fication to renormalize these data as had been done 
recently. Above 1 MeV the values measured by Barry 
et al. are somewhat higher than those measured by 
Poenitz. The latter still overlap the results by Linen
berger et al.'* The figure indicates a clear need for addi
tional data in the lower keV energy range where data 
are most important for fast power reactors. Such meas
urements should be carried out with a prompt capture 
7-ray detector as the activation method may not sup
ply accurate data in a region where background from 
scattered neutrons is usually high. 

One of the most exciting nuclear data problems of 
recent times was the measurement of the capture-to-

fission ratio of Pu-239 in the energy range 0.1 to 30 
keV. There have been many direct and indirect meas
urements made after Schomberg et al.̂ * presented, in 
1967, preliminary results which indicated much higher 
values than had been previously assumed. In Fig. 
1-14-4 some recent measurements of a(Pu-239) are 
shown. The difference between the values measured by 
Gwin et al.̂ '̂  using a large liquid scintillator, and by 
Schomberg et al.^" using a low efficiency counter in 
the energy range above 10 keV is obvious. It had been 
suggested that this difference might be due to a differ
ent normalization of the two data sets. Because of the 
good agreement of the data measured by Hopkins and 
Diven^' and by De Saussure^* in the higher keV energy 
range it would be reasonable to renormalize in the 20-30 
keV energy range to these data. The advantage of such 
renormalization would be that the data measured by 
Schomberg et al.^' would then agree for energies above 
0.5 keV with the new data measured by Ryabov et al.^', 
as well as with the measurements by Czirr.^" The data 
measured by Gwin et al.^" would be exceedingly large 
compared to these other renormalized values. 
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FISSION CROSS SECTION RATIOS 

The overwhelming majority of the fission cross sec
tions have been measured relative to the U-235 fission 
cross section. Of major importance are the ratios of 
U-233, U-238, and Pu-239 to U-235. 

In Fig. 1-14-5 some data for the ratio (r/(U-233)/ 
(7/(U-235) are shown. A comparison shows differences 
which exceed by far the given error bars. The values 
reported by White et al.,^' which are in good agree
ment with the results by Allen and Ferguson,^^ had 
been generally accepted and were the basis of sug
gested cross sections. Such selected cross section ratios 
have been revised in the energy range above 1 MeV 
after the measurements by White and Warner^^ were 
reported. The measurements by White et al.'''=*5 have 
been considered as very reliable because the same 
fission counters have been used in the U-235 fission 
cross section measurement relative to the H(n,n) cross 
section of White. '̂̂  However, the new measurements by 
Nesterov and Smirenkin'^'' support the data of Lam-
pherc^* with the exception of one low value at 500 keV, 
which is outside error bars. Time-of-flight measure
ments by I'fletschinger and Kaeppeler^'' are, with the 
exception of the 100-250 keV range, about 3 per cent 

lower than the results from Lamphere.^'* A similar dis? 
crepancy of the Karlsruhe data can be noted for the 
Pu-239 to U-235 ratio. A good agreement with the 
Lamphere data at the low energy side is obtained in 
measurements by Lehto,^' and in the energy range 600-
1500 keV in measurements by ^^leadows.^* The latter 
are time-of-flight measurements using monoenergetic 
neutrons and a two-dimensional recording of fission 
fragment energy versus neutron time-of-flight. Special 
care has been taken to obtain an accurate mass assign
ment. In the energy range considered in Fig. 1-14-5 the 
values measured by Lamphere^' seem to be strongly 
supported by the newest results. A possible reason for 
the low value derived from the absolute measurements 
by Perkin et al.'* using an Sb-Be source might be fluc
tuations in the fission cross sections of U-233 and U-235; 
however, it is hard to suggest a reason for the dis
crepancy of the values reported by White et al.^'-'^ by 
up to 5 times their error bars and the similarly low 
values for data reported by Allen and Ferguson.'^ 

The ratio of the Pu-239 to the U-235 fission cross 
section in the energy region 100 keV-10 MeV is shown 
in Fig. 1-14-6. A recent time-of-flight measurement by 
Poenitz^' using back-to-back scintillation counters con-
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firmed previous dc measurements by Allen and Fergu
son,'^ Smirenkin et al.,^" and White et al." in the energy 
range below 1 MeV. In the energy range from 1 to 2 
AleV these measurements are in good agreement with 
the new results reported by Nesterov and Smirenkin.'* 
The new Karlsruhe measurements by Pfletschinger 
and Kaeppeler"* are lower by about 3-4%). The step 
in the cross section ratio at 900 keV is due to a 10% 
step of the U-235 fission cross section at that energy. 

The agreement in measured ratios is not as good in 
the lower as in the higher keV energy range. A value 
reported by White et al.'^ at 40 keV is lower than the 
results of measurements by Allen and Ferguson'^ by 
4 to 6 times the associated error. The latter measure
ments are better supported by the new measurements 
from Pfletschinger and Kaeppeler"^ and Szabo et al.*' 
than those from White et al." 

An interesting question in connection with the re
sults for U-233 arises if one considers the ratio for 
<r/(U-238)/(T/(U-235). This ratio has also been measured 

y Lamphere.'^ ^Measurements by Stein et al.** using a 
me-of-fiight method and monoenergetic neutrons are 

about 8% lower than Lamphere's measurements. A 
measurement by Smirenkin et al.*" strongly supports 
the results of Lamphere; however, less accurate data 

by Kalinin and Ponkratov,*' as well as revised data by 
Hanson et al.,** agree better with the results reported 
by Stein et al.** Measurements by White and Warner" 
agree with Stein et al.,** and have led to the values 
reported by Lamphere being multiplied by 0.94 in some 
cross section compilations. This procedure may be 
questionable in view of the situation for U-233. 

ABSOLUTE CAPTURE AND FISSION CROSS SECTIONS 

Only very few absolute measurements of the capture 
cross section of U-238 are available. Other data based 
on reliable features of certain reference cross sections 
supplement these data. Results of this type are pre
sented in Fig. 1-14-7. 

Measurements by Macklin et al.*= and Lyon and 
Mackhn*" are based on calibrated photo neutron 
sources. Hanna and Rose*' used the H{n,n) cross sec
tion as a reference cross section. The mieasurements by 
Barry et al.*' are based on the calibration of a fission 
detector by White** and therefore must be considered 
a cross section ratio. Alenlove and Poenitz*' measured 
the shape of the capture cross section using a large 
liquid scintillator tank and a beam catcher-flux inte
gration type neutron-detector. Tolstikov et al.*' used the 
activation technique for measurements in the energy 
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range 5-200 keV. They utihzed the shape of the W\n,a) 
reaction and normalized to the result from a shell 
transmission experiment by Belanova et al.'" for which 
a new IVIonte Carlo evaluation had been carried out 
recently by IVIiUer and Poenitz.5' Measurements by 
Moxon^* essentially confirmed the absolute values of 
their older results. The values shown in Fig. 1-14-7 
allow the suggestion of a cross section which satisfies 
essentially all sets of measurements with the exception 
of the values reported by Barry et al.*^ which are 
systematically higher below 700 keV. It should be 
noted that the shapes measured by Moxon,'* Tolstikov 
et al.,** and by Menlove and Poenitz,*^ adjusted to the 
values measured by Barry et al.,** lead to higher values 
for U-238 at low energies than those determined in an 
absolute cross section experiment. 

Fig. 1-14-8 shows the fission cross section of U-235 
in the energy range from 10-100 keV. Recent measure
ments by Bowman et al.*' showed strong fluctuations 
of this cross section in the low keV energy range. 

Measurements using absolutely cahbrated Sb-Be 
sources by Perkin et al.'* and by Doroffeev and Do-
brynin** are in very good agreement with the value 
obtained by Knoll and Poenitz*' using the associated 
activity method. The latter measurement has been 
extended by Poenitz"' to the higher energy range using 
a shape measurement based on a beam catcher neutron 
flux integration detector. A very good confirmation of 
these measurements in the lower keV energy range is 
given by recent absolute measurements by Szabo et al.*' 

Barry*'' measured the ratio of the Li(n,a) cross section 
relative to the U-235 fission cross section in the energy 
range 25-100 keV. His results are in good agreement 
with older measurement by Bame and Cubitt.** In 
the energy range up to 100 keV independent and ab
solute measurements of the Li(n,a) cross section are 
available from measurements by Schwarz et al.*' and 
from total cross section measurements by Uttley.*" 
These values are in good agreement with a single 
point at 100 keV measured by Cond6.''' <r/(U-235) 
values obtained from the measured ratios and the ab
solute Li(n,a) cross sections are shown in Fig. 1-14-8. 
Values obtained relative to the H{n,n) cross section 
suffer from the disagreement between different meas
urements of the ratio o-/(U-235)/(7„(iJ). 

Figure 1-14-9 shows the higher energy part of the 
U-235 fission cross section. At 100 keV the value rela
tive to the Li(n,a) cross section has been indicated. 
Measurements relative to the hydrogen scattering 
cross section are also inconsistent in this energy range. 
Measurements by Diven** essentially confirm the re
sults from Allen and Ferguson;'^ however, the results 
reported by White** agree better with the absolute 
measurements by Gorlov et al.*' and Leroy.'' Prelimi
nary measurements by Poenitz** resulted in still lower 
values which are, however, in agreement with the re
sults by Gorlov et al.*' and compatible with the abso^^^^ 
lute values for U-238(n,7) and the Au(n,7) standarcMB 
cross section. I t is noticeable that the cross sect ion^^^ 
for U-238 capture and gold capture which have been 
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used to derive the U-235 fission cross sections in Fig. 
1-14-9 are well supported or are based on measure
ments relative to the H(n,n) cross section. 

FISSION PROPERTIES 

In previous compilations the energy dependence of 
v{E) has usually been considered hnear. In Fig. 1-14-10 
v{E) measurements by a number of experimenters are 
shown. These are normalized values discussed by 
Fillmore** in a recent review. Straight lines have been 
drawn between several points of each experimenter. 
This procedure may be very rough, but it clearly 
demonstrates the need for a very different approach 
to the energy dependence of V. I t is remarkable that the 
deviation from a linear dependence of V, as established 
by measurements at higher energy, is about 2 -3% 
in the region around 400 keV. It is surprising that the 
observed nonlinearity has apparently never been taken 
into account in data compilations, although the effect 
is well known and has been discussed in the field of 
fission physics for nearly 10 years. Values of v{E) in 
nuclear data sets like the ENDF(B) data file are clearly 
underestimated in this region which contributes appre
ciably to the neutronics of fast reactors. This under-
evaluation of 'P in the energy region around 400 keV 
is independent of the problem of absolute 'v values of 
Cf-252 for which two different groups of values are 
available and which disagree by more than their error 
bars. 

CONCLUSIONS 

In consideration of discrepancies up to a factor of two 
in some nuclear data, tremendous improvements have 
been achieved in the last ten years. This was essentially 
possible because of the introduction of new experi
mental methods and techniques. Unfortunately, dis
crepancies still exist for different magnitudes of un
certainties. 
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1-15. Spin D e t e r m i n a t i o n of Resonances i n HO"X»^?T) f rom 
Low Level Occupat ion Probabil i ty Rat ios 

W. P. POENITZ and J. R. TATARCZUK* 

The determination of spins, J, of neutron resonances 
is of considerable interest in the field of neutron 
spectroscopy. The knowledge of J is necessary for the 
determination of the spin dependence of the nuclear 
level density, of the neutron strength functions, and 
for the paramaterization of the observed resonances. 
Considerable effort has been devoted to the investiga
tion of techniques based on certain features of the y-
rays emitted in the de-excitation of the resonance state. 
Two methods based on the statistical behavior of y-
cascades which occur in the de-excitation of a com
pound state have been discussed recently.^'* The 
method of interest here makes use of the compound 
state spin sensitivity to the occupation probabilities of 
low lying levels known from the investigation of iso
meric cross section ratios.^'^-®'''' The dependence of 
such ratios on the spin of the initial compound states 
has beeen quantitatively analyzed by Vandenbosch 
and Huizenga^ and by Poenitz .̂  Draper et al.® have 
related the differences of the intensities of the low 
energy -y-spectra observed in different resonances of 
indium to the same mechanism which determines the 

* Rensselaer Polytechnic Institute, Troy, New York. 

formation of the isomeric cross section ratios. Later 
Keisch* attempted to assign spins of negative energy 
resonances by observing the isomeric cross section 
ratio in the thermal and subthermal energy range. The 
measurement of prompt y-transitions from low lying 
levels, as done by Draper et al.® and with a high resolu
tion spectrometer by Schult et al.,^* extends this 
method for determining spins of resonances in the 
(n,y) processes to the majority of medium and heavy 
weight nuclei. In connection with the present experi
ment a Ge (Li)-detector was used in time-of-flight 
measurements at the Rensselaer electron-linear ac
celerator to determine spins of resonances in the reac
tion Hoi«5(?i,y)Ho"«. 

CASCADE STATISTICS AND LOW LEVEL OCCUPATION 

PEOBABILITY RATIOS 

A y-cascade model has been described previously^ 
which combines and extends the different a p p r o a c l ^ ^ ^ 
of Huizenga and Vandenbosch^ and of Troubetzkoy!^|P 
In this model the level scheme of a nucleus is presented 
in a "continuum" range described by the level density 
p{J{,Tn,Ei),i=: 1,2 • • •, where J is the spin of a level, 
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F I G . 1-15-1. Schematic of the Level Scheme and Behavior of 7-Cascades for Ho-166. ANL Neg. No. 113-3179. 

ir the parity of this state, and E is the energy. The de-
excitation of the compound states are assumed to take 
place by dipole or quadrupole transitions to the low 
lying levels or, more probably, to states in the "con
tinuum" range. In the first step, levels with spins differ
ing by zero, one, or two from the spin of the initial 
compound state can be occupied. Subsequent de-excita
tions spread out these transition cascades in the E-J-w 
space. Toward the lower energy part of the level-
scheme transitions take place most probably with the 
smallest difference in spins to the low lying levels. 

Figure 1-15-1 shows the level scheme of Ho-166 in 
terms of the above described model. Parts of two 
cascades are shown starting from initial compound 
states with spins 3 and 4. This figure qualitatively 
shows that a higher occupation probability of low 
lying levels with spins larger than 4 is expected for an 
initial compound state with spin 4 than for 3. The oc
cupation probability for levels with spins smaller 
than 3 is expected to be larger for the initial spin value 
3 than for 4. 

Many data are available for the level scheme of 
0-166 and have been collected by Groshev et al.^^ 
he 14 lowest levels have been used in calculations 

using the computer program CASCADE.^ Table I-15-I 
shows the occupation probabilities Ti of these levels for 
the two spins, J = 3 and 4 of the initial state (which 

TABLE I-16-I. R E S U L T S FOE THE L O W L E V E L OCCUPATION 

PROBABILITIES USING CASCADE 

{a == 18.4 MeV-i, <r = 6.6, q = 0.06) 

Ei, 
MeV 

0.000 
0.009 
0,053 
0.082 
0.135 
0.168 
0.181 
0.191 
0.198 
0.260 
0.264 
0.283 
0.294 
0.330 

Jt 

0 
7 
2 
1 
8 
3 
4 
3 
3 
4 
5 
6 
6 
5 

TTi 

— 
— 
— 
— 
_ 
_ 
_ 
— 
+ 
+ 
+ 
+ 
— 

lyl 

V = i, 
therm. 

2 
5.1 

25. 
4.1 

11. 
3 . 
1. 
1.5 

Til 
10-4 

7 = 3, 
p = 1 

_ 
1.5 
0.1 
— 
1.5 
1.4 
1.4 
1.4 
2.4 
2.3 
— 
— 

0.1 

Til 
10-4 

/ = 4. 
.. = 1 

— 
0.1 
— 
— 
1.3 
1.3 
1.3 
1 
2 
2 
2 
2 
1 

3 
1 
1 
0 
0 
2 

Ti 

/ = 3, 
j ; s : SO 

0.039 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

028 
153 
079 
004 
109 
121 
096 
092 
116 
072 
028 
026 
037 

Ti 

/ = 4, 

0.016 
0.074 
0.099 
0.041 
0.013 
0.092 
0.134 
0.081 
0.068 
0.121 
0.096 
0.054 
0.060 
0.064 

'^ Gamma intensity per capture event. 

can be reached by s-wave capture), for the y-cascade 
multiplicities v = 1, and v — 00. In the same table the 
y-intensities, I^^, are given for high energy transitions 
to these states for thermal neutron capture. The latter 
values are comparable to the occupation probabilities 
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with the multiplicity v = 1. The ratio of the occupation 
probabilities with v = oo of the 0.330 MeV-5- and the 
0.168 MeV-3"- levels is 0.34 for the resonance spin 3 
and 0.58 for the resonance spin 4. All parameters of 
the model have been used as described previously,^ the 
level density parameters o and o- having been adjusted 
to obtain the level density in the eV energy range as 
observed in total cross section measurements and com
piled in BNL-325.<^^' The expected behavior of the 
low level occupation probability ratio as a function of 
energy has been discussed in Ref. 14. In the present 
experiment, the measured data have been integrated 
over single resonances to improve counting statistics. 

MEASUREMENTS AND RESULTS 

The low level occupation probability was measured 
by observing y-rays de-exciting the considered levels. 
This was done by detecting the low energy part of the 
capture y-ray spectra using a Ge (Li)-detector in a 
time-of-flight experiment with a pulsed neutron source. 
The time-of-flight spectra of the 115 and 149 keV 
photopeaks and three appropriate background regions 
were recorded instead of setting windows on neutron 
resonances and recording the y-spectra. This approach 
had the advantage of better background subtraction for 
small resonances occurring between large resonances. 
In addition, the background due to the isomeric state 
was properly subtracted. 

The 116 keV y-ray de-excites the 3"- level at 168 
keV and the 149 keV y-ray de-excites the 5~ level at 
330 keV.^2 xheir branching ratios are 98.5 percent 
and 98.0 percent, respectively.^^ 

The Linac was operated at 540 pulses per secon 
with a pulse width of 100 nsec producing an average 
current of 100 juamp at a beam energy of 60 JMeV. The 
experimental arrangement is shown in Fig. 1-15-2. 
Neutrons were produced in a water cooled tantalum 
target that was shielded so as to be out of the line-of-
sight of the detector stations. A 2.5 cm thick polyethyl
ene moderator scattered the neutrons in the direction of 
the sample. A cadmium overlap filter was used before 
the large shielding wall to remove thermal neutrons. 
The detector was a 25 cm^ lithium drifted germanium 
crystal positioned at 90 deg relative to the neutron 
beam at a flight path of 12.65 m. The holmium sample 
was positioned in front of the crystal at an angle of 
45 deg relatiA'e to the neutron beam direction. A 10 cm 
thick lead shield lined with 4 cm of lithium carbonate 
enclosed the detector and sample. The crystal was also 
shielded by 2.5 cm of lithium loaded polyethylene to 
reduce background in the crystal due to neutrons 
scattered from the sample. 

The measured intensity of a y-photopeak is given by 

0 

f 
rty^Tttttat I exp (—/ijx) 

• Qy(x,E) clEdx, 
(1) 

where -q^. is the photopeak efficiency for the observed 
y-ray, T", the occupation probability of the level from 
which this y-ray is originated, a, the branching ratio, 
ttj the conversion coefficient, ^, the y-ray attenuation 
coefficient, d the effective thickness of the sample, and 
El and E2 the integration limits for the neutron reso-

WATER COOLED 
To TARGET 

LEAD 
SHIELD 

POLYETHYLENE 
MODERATOR 

LITHIUM LOADED 
POLYETHYLENE 

SHIELD 
2.4 meters 
CONCRETE 

/SHIELDING 
WALL 

Ge (Li) 
DETECTOR 

BEAM 
STOP 

SAMPLE 

EVACUATED FLIGHT TUBE 
WITH COLLIMATORS 

12.65 meters 

F I G . 1-15-2. Schematic of the Experimental Arrangement. ANL Neg. No. 116-10. 
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ance. The capture rate at a neutron energy E and at 
the sample thickness x is given by 

Qy{x, E) = 4>'{x)Nay{E) 

+ i r f ^\y)NaXE) exp '\x - y\Nat(Ey 
cos d 

dy 

•c-JE)N 
dx 

cos 6 
d(cosd). 

The first term represents the contributions from the 
primary neutron flux c}>{0) which, at a thickness z, is 
attenuated to 

^'(z) ,(0) exp i-zNatiE)). 

The second term represents contributions from scat
tered neutrons. The integration over the scattering 
angle 0 leads to the exponential integral Ei. The neu
tron cross sections are given by 

yiE) <ro'^^(0,x) 

: ) -I- (Tp 

a,{E) = M(e,x) + A/<To<x^gjY^^^^^^ + "^ 

where il/{0,x) and Xi6,x) are the Doppler broadened 
line shapes for absorption and scattering. 

The ratio of the photopeak intensities integrated 
over a resonance is 

'Cy(U9keVy i]y(U9 keV) a(149 keV) 
.C^(116keV)j£„ r;^(116keV) a(116 keV) 

a(149keV) 
a(116keV) 

•kR(J; 168 keV , 3^; 330 keV, 5"). 

flue 

R is the occupation probability ratio of the levels at 
168 and 330 keV. The correction k for y-ray attenua
tion is given by the appropriate ratio of the integrals 
given in Eq. (1). Values for k have been evaluated 
using appropriate parameters as given in BNL-325.'i^' 
Values for the branching ratio as given by Groshev 
et al.i- have been used. The photopeak efficiencies of 
the present system have been determined using recent 
calculations and measurements by Aubin et al.̂ ® Val
ues for the internal electron conversion coefficients 
have been obtained from the tables given by Sliv and 
Band.̂ ** The corrections for the branching ratios, the 
internal conversion, and the detector efficiencies in-

uence only the absolute values of the ratios for the 
'erent resonances, but they do not change the rela-

Ve ratios from resonance to resonance. Therefore, the 
determination of values for the compound state spins 
is not influenced by errors in these corrections but only 

o 
40 60 

NEUTRON ENERGY, eV 
00 

F I G . 1-15-3. Comparison of Experimental Resul ts of the 
Low Level Occupation Probabil i ty Ratio with Theoretical 
Values. The Spin Values Shown in the Figure are Recom
mended in BNL-325."«) ANL Neg. No. 113-3178. 

the comparison with values calculated with CAS
CADE. 

The final results are shown in Fig. 1-15-3. The theo
retical ratios for the two different spins evaluated from 
Table I-15-1 are shown in the figures as dashed lines. 
The error bars represent the statistical uncertainties 
only and do not include the errors of the corrections 
discussed above. The spin values sho%vn in the figure 
are recommended values from BNL-325.'^^' The spins 
assigned according to Fig. 1-15-3 are listed in Table 

T A B L E I-15-II. EXPERIMENTAL R E S U L T S FOB THE L O W 
L E V E L OCCUPATION PROBABILITY RATIOS AND 

ASSIGNED S P I N VALUES 

ER, 
eV 

18.3 
21.2 
36.6 
37.4 
39.8 
48.0 
51.7 
54.5 
65.6 
69.1 
72.2 
80.3 
84.3" 
84.7" 
86.0 

R 

0.42 
0.65 
0.40 
0.68 
0.66 
0.34 
0.39 
0.71 
0.67 
0.66 
0.51 
0.76 
0.47 

0.38 

AR 

0.08 
0.09 
0.09 
0.27 
0.03 
0.04 
0.04 
0.10 
0.04 
0.27 
0,04 
0.22 
0.11 

0.06 

Spin 

Pre
sent 

3 
4 
3 
4 

4 
3 
3 
4 

« , 

4 
(3) 

3 

Alfi-
men-
kov" 

3 
4 
3 
3 
4 
3 
3 
3 

Asg-
har'« 

(3,4) 
(3,4) 

3 
(3,4) 

4 

3 
(3,4) 

4 
(3, 4) 
(3,4) 
(3,4) 

(4) 
(3,4) 

Brun-
harti» 

3 
3 

BNL-
32513 

recom. 

8 
4 
3 

4 

3 

" See Ref. 13. 
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I-15-II. The value for the resonance at 84.3 eV con
tains a contribution from a smaller resonance at 84.7 
eV<î >, which has not been resolved in the present 
measurements. 
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1-16. Stat is t ical Dis tr ibut ion of Nuclear Shel l Model Matrix E l e m e n t s 

K. TAKEUCHI and P. A. MOLDAXJER 

The statistical theory of spectra assumes that the 
distribution of off-diagonal shell model matrix ele
ments is symmetric about zero. Furthermore, discus
sions of the distributions of partial reaction widths are 
based on arguments which imply that the distribution 
of off-diagonal shell model matrix elements is Gaussian. 

In the course of carrying out E-matrix shell model 
calculations, some 20 shell model submatrices with dif
ferent sets of spin, parity, and isospin quantum num

bers were evaluated for a system of two particles and 
a core. The numbers of independent off-diagonal ele
ments in these matrices ranged from 45 to 1128, with 
the majority exceeeding 500. 

The distributions of these matrix elements were 
analyzed. I t was found that symmetry about zero is 
very well satisfied in all cases. However in most cases 
the Gaussian distribution could be excluded. 
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'1-17. 1?-Matrix Shel l -Model Calculat ions of Scatter ing and React ion Cross Sec t ions ' 

K. TAKEUCHI and P. A. MOLDAUER 

The Wigner-Eisenbud i?-matrix theory has been ap
plied to the calculation of neutron total and inelastic 
scattering cross sections for a system consisting of two 
neutrons interacting with an inert 0-16 core through 
a spherically symmetric Wood-Saxon potential and in
teracting with each other through a S-function force. 
The calculational method employed has the advantages 
that it includes the effects of shell model configurations 
in which both neutrons are unbound, that it presents 
no obstacles to inelastic or reaction calculations, that 
it permits antisymmetrization of the compound space 
wave functions, and that it requires only one shell 
model diagonalization for the computation of cross 
sections up to 5 MeV neutron energy. 

Particular emphasis was placed upon the develop
ment and critical evaluation of the calculational 
method. Thus it was shown that the use of antisym-
metrized wave functions reduced substantially the 
number of compound nucleus resonances and also the 
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FiG. 1-17-1. Total and Inelastic Scattering Cross Sections 

T Neutrons Scattered by 0-17, Calculated with Antisym-
etrized Wave Functions. ANL Neg. No. 116-17. 

FIG. 1-17-2. Total and Inelastic Scattering Cross Sections 
for Neutrons Scattered by 0-17, Calculated without Antisym
metrization. ANL Neg. No. 116-16. 

magnitude of the inelastic cross section. These effects 
are demonstrated in Figs 1-17-1 and 1-17-2. The fre
quently mentioned difficulty of a channel radius de
pendence of i?-matrix cross sections was removed by a 
simple and practical scheme for the evaluation of the 
distant resonance contribution to the E-matrix. Gen
eralizations of the method to more complex systems 
and to the inclusion of direct reaction effects were also 
included in this study. 
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1-18. Deve lopments Relat ing to the ENDF/B Project 

E. M. PENNraGTON and J . P . R E G I S 

The ENDF/B system of neutron cross section data 
and associated processing codes is used at Argonne to 
produce library data for both the CDC-3600 and IBM 
360 ARC system versions of the multigroup cross sec
tion code MC^ * '̂. Summaries of earher work on codes, 
data processing, and cross section compilation have 
been presented in previous annual reports.^"® More re
cent work is described here. 

ENDF/B DATA COMPILATIONS 

Preparation of a revised version of ENDF/B data, 
to be referenced as Version II, was started in the sum
mer of 1969 and released in the spring and summer of 
1970. The preparation of this version involved many 
people at various laboratories throughout the country. 
The Argonne contribution consisted of a revision of 
the earlier ENDF/B molybdenum cross sections^'"' and 
the preparation of unresolved resonance parameters 
for U-235 and Pu-241. 

MOLYBDENUM 

The original ENDF/B molybdenum has a capture 
cross section which is too high, especially in the range 
from about 1 to 20 keV. This leads to high values of 
calculated central worths for fast assemblies. Thus 
recent experimental capture cross section data were 
examined in detail. New resolved parameters were pro
vided for the energy range below one keV, based on 
measurements of several experimenters. Unresolved 
parameters with some smooth background were sup
plied for the range from 1 to 100 keV to replace the 
original data, which were entirely smooth. Thus self-
shielding and Doppler calculations can be carried out 
over the resonance range. The unresolved parameters 
were based on Ref. 8. The background capture cross 
section, which is to be combined with that calculated 
from unresolved resonance parameters, was chosen to 
produce recommended cross sections in the 1-100 keV 
range. These recommended cross sections were based 
on a large selection of experimental data summarized 
in Refs. 9-11, and evaluated curves by Schmidt®-^^ and 
Poenitz.!•* Above 100 keV, the capture cross section 
was based on Refs. 9, 10 and 12. 

u - 2 3 6 UNRESOLVED RESONANCE PARAMETERS 

Unresolved resonance parameters for U-236 were de
rived by fitting capture and fission cross sections, gen
erally averaged over quarter-lethargy intervals, over 

the energy range from 64.504 eV to 24.788 keV. 
FORTRAN program UR*®-"' was used for this purpose, 
with both neutron and fission widths for s-wave states 
being varied to fit the data. The trial parameters used 
in the fitting were chosen as described in Ref. 5. The 
data to be fitted were chosen by other members of the 
Cross Section Evaluation Working Group, and are 
based on the data of G. deSaussure et aP^ below 3 keV, 
an evaluation by Schmidt^* from 3 to 15 keV, and an 
evaluation by Alter and Dunford^'' above 15 keV. 

PU-241 UNRESOLVED RESONANCE PARAMETERS 

Unresolved resonance parameters for Pu-241 were 
determined over the range from 49.5 eV to 52.4 keV. 
Petrel fission data,^® averaged over half- or quarter-
lethargy intervals by E. 0. Ottewitte,^^ were fitted us
ing program UR. The capture cross sections to be fitted 
were determined below 1 keV with some guidance from 
measured total cross sections^* and considerations of 
plausible statistical variations. Above 1 kcV the cap
ture cross sections to be fitted were a times the corre
sponding fission cross sections, where a, the ratio of 
neutron capture-to-fission cross sections, was calcu
lated from the trial resonance parameters without 
iteration. The trial resonance parameters were based 
on those in Ref. 19, except that two degrees of freedom 
rather than one were used for the fission width distri
butions and a capture width of 0.030 eV was used in
stead of 0.040 eV. This capture width was suggested by 
fitting the resolved resonance data below 49.5 eV.< *̂" 
The neutron and fission widths for the s-wave states 
were varied in program UR to fit the capture and fis
sion data. 

Since there are no capture cross section data avail
able above the resolved resonance region, the capture 
cross sections calculated from the unresolved resonance 
parameters are highly uncertain. The fission cross sec
tions should be much more reliable than the capture 
cross sections. 

FORTRAN CODES 

Version II ENDF/B data involves several changes 
of formats from those used with Version I. Thus all 
processing codes had to be modified to accept the new 
formats. New versions of the codes CHECKER**' and 
DAMMET*^' were received from Brookhaven a 
made operational on both the CDC-3600 and IBM-31 
computers. Since the new formats necessitated changes 
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I the format of the MG" library in the unresolved 
"resonance region, the code MERMC2<^> was revised to 
accommodate these changes. Extensive changes in 
ETOE<^' were required to handle the new formats. 
These changes are outlined in the section below. 

The MAGIC code,® which plots selected data from 
an MC^ library, was converted from the CDC-3600 to 
the IBM-360 system. Some differences in the versions 
for the two computers were necessitated by the differ
ences in the binary plotting packages for the two sys
tems. An Argonne topical report^^ was written which 
describes the CDC-3600 versions of both MAGIC and 
MERMC2. 

REVISIONS IN ET0E FOR VERSION II E N D F / B DATA 

Format changes^^ made for ENDF/B Version II 
data pertain to inelastic scattering, unresolved reso
nance parameters, minimum ENDF/B File 2 data for 
materials without resonance parameters, and fission 
spectra. 

In the case of inelastic scattering, cross sections for 
scattering to various resolved levels and the continuum 
may now be given in File 3, with only the nuclear 
temperature for continuum scattering being given in 
File 5. Formerly the total inelastic cross section was 
given in File 3, and probabilities for scattering to in
dividual levels and the continuum were given in File 
5. Also new reaction type (MT) numbers for individual 
level and continuum scattering were introduced. ET0E 
can now treat inelastic scattering data presented in 
either the old or new formats. 

Unresolved resonance parameters may now be given 
in a format in which all widths and level spacings are 
functions of energy. Originally only the fission widths 
could be energy-dependent. Changes were made in 
ET0E to handle this format, which necessitated 
changes in the format of the MC^ library. Changes 
were also made to allow 50 energies per isotope in the 
unresolved region, 7 isotopes per material, and the 
treatment of unresolved parameters for / = 2. 

For materials which have no ENDF/B resolved or 
unresolved resonance parameters, a scattering length, 
a, has been introduced into ENDF/B File 2. ET0E 
will now calculate the potential scattering cross sec
tion, cTp , as o-j, = 47râ  rather than using an input value. 

The MC^ code can use only ENDF/B fission spectra 
with laws^^ LF = 6 or 8 in which nuclear temperatures 
are constant. New ENDF/B data contain spectra with 
laws LF — 7 and 9, which correspond to LF — 6 and 8 
^cep t that the nuclear temperatures are energy-de-

dent. For such materials E T 0 E treats the nuclear 
liiperature as being constant and having the value 

at the lowest energy of the tabulation. 

exc( 

1 

The new E T 0 E code was made operational only on 
the IBM-360 system because it would have been very 
difficult to prepare a version which would fit into the 
core of the CDC-3600. This space difficulty arises from 
the changes in the unresolved resonance region. Thus 
a Version I I MC^ library will be prepared only for the 
IBM-360 ARC system version of MC^. 

Version II ENDF/B tape 201, which contains data 
for ten fissionable materials, was received from Brook-
haven. These data were processed through DAMMET 
and the new E T 0 E to produce a 10-material MC^ fi-
brary. A test MC^ problem was run using these data. 
This problem was the Godiva assembly, which con
tains only U-235, U-238 and U-234, and is one of the 
ten assemblies specified for ENDF/B data testing. The 
IMC^ output cross sections were then used in an ARC 
system &m sphere transport theory calculation. The 
resultant hen was 1.0012. 
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Section II 

Fast Reactor Physics 

The section on Fast Reactor Physics is concerned with the analyses and meas
urements of liquid metal fast breeder reactor characteristics and parameters. The 
measurements are generally made on the critical facilities ZPPR (Zero Power Plu
tonium Reactor), ZPR-3, ZPR-6 and ZPR-9, and are often performed to check 
calculated results and hence to evaluate the analytical methods and the nuclear 
constants used in the calculations. Again, the critical assemblies may be constructed 
to permit measurements on mockups of liquid metal fast breeder power reactors. 
The results may possibly be extrapolated to aid in the design of the originally con
ceived reactor. The work reported in this section is of value in understanding the 
fundamentals of the liquid metal fast breeder and in developing analytic methods 
for predicting with accuracy the performance of such reactors. 





I I - l . T h e FTR-2 Program on the Z 

W. P. KEENEY, J. C. 

INTRODUCTION 

In the period of June to December 1969, the entire 
effort on the Reactor Physics Division's Zero Power 
Plutonium Reactor (ZPPR) was directed toward ex
periments in support of the Fast Flux Test Facility 
(FFTF). These experiments had begun at ZPPR in 
March of 1969 with the construction of the FTR-1, 
which had previously been constructed on ZPR-3 as 
Assembly 56B<i'2'. The FTR-1 was then modified on 
ZPPR by the addition of a two-drawer-thick simulated 
boron control ring at the core/radial reflector interface, 
thus constructing the ZPPR Assembly 1 which is 
referred to as Assembly 2 of the Fast Test Reactor 
Resumed Phase B Critical Experiments Program, or 
FTR-2»'2'. 

The experimental program of the FTR-2 was de
signed to supply data for the evaluation of calcula
tional models used for the design of the Fast Test Re
actor (FTR). These experiments, which were designed 
as a result of discussions among Pacific Northwest 
Laboratories (PNL), Westinghouse Electric Corpora
tion, and Argonne National Laboratory, were primar
ily directed toward investigations of critical mass, 
peripheral control worth studies, power density distri
butions, shielding requirements, in-vessel fuel storage, 
neutron spectra, and neutron and gamma flux distribu
tions. 

The reference critical configuration, assembly com
position, and drawer loadings are given in Refs. 1 and 
2. The detailed experimental results are described in 
Refs. 3, 4, 7-9. 

EXPEEIMENTS IN REFERENCE CORE 

The primary experiments conducted in the reference 
core were an extensive set of "edge worth" measure
ments in which the worths of core composition, control 
ring composition, and radial reflector composition were 
measured at the boundaries of these zones with ex
changes of materials of adjacent zones, and a set of 

3ro Power P l u t o n i u m Reactor (ZPPR) 

YOUNG AND A. TBAVELLI 

radial reaction rate traverses with U-238, Pu-239 and 
B-10 counters.^ 

FTR SHIELDING EXPERIMENT 

Starting with the reference core, the boron-contain
ing control ring was removed from the assembly in 
steps and the resulting reactivity effects compensated 
for by alternately substituting depleted uranium for 
the plutonium fuel plates in the central region of the 
core. The worths of these alternate steps were measured 
to provide for analytical methods and reactor counter 
evaluations.*"' With the removal of the boron-contain
ing control ring completed, the sodium-stainless steel 
shield was added to the assembly as shown in Fig. 
II-l-l.**' Proton recoil neutron spectrum measure
ments were made close to the axial midplane of the 
assembly at radial positions near the center of the 
reflector and shield annuli.^ A simulated fuel storage 
zone was then installed in the shield as shown in Fig. 
II-1-2 and the effect upon the reactivity of the system 
and test reactor counters was measured.* A series of 
radial traverses at three different axial elevations with 
Pu-239, U-238, and B-10 counters were made with and 
without the simulated fuel zone, and activation pro
files of sodium and manganese were made throughout 
the system.*'® These data, in conjunction with thermo
luminescent gamma detectors irradiated for PNL, were 
obtained to supply information for the shield design 
of the FTR. 

Following the fuel storage portion of the shielding 
experiment, the boron-containing control ring was re
placed in the assembly and plutonium fuel plates re
loaded in place of the depleted uranium plates pre
viously installed, bringing the reactor to critical again, 
while the effect of the approach to critical upon the 
test reactor counters was recorded.* In this configura
tion, with the boron-containing control ring and the 
shield in place, central fission ratios were measured.* 

The assembly was then unloaded in order to permit 
the program to continue at ZPR-9. 
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II-2. ZPR-9 Assembly 26, FTR-3 

J. W. DAUGHTEY, R . B . POND, C . D . SWANSON AND R . M . FLEISCHIMAN* 

INTEODUCTION 

FTR-3 is the third of a series of three assembhes 
built for the purpose of obtaining data to evaluate 
neutronics models being used to design the Fast Test 
Reactor (FTR) which is to be a part of the Fast Flux 
Test Facihty (FFTF). The FTR-1 core geometry was 
a simple reflected right circular cylinder.^ FTR-2 was 
similar to FTR-1 but had a continuous ring of boron 
control material surrounding the core.^ FTR-3 is 
slightly more complex, having a two zone PUO2-UO2 
core and a ring of sixteen simulated control rods in 
place of the continuous ring of control material. The 
experiments currently underway in ZPR-9 in the 
FTR-3 core are designed to yield data for the assess
ment of the uncertainties in the preliminary design pa
rameters of the FTR related to critical mass, neutron 
spectrum, Doppler effects, absolute flux level, power 
density distribution, in-core and peripheral control 
worth, test loop worth, sodium-void effects, and neu
tron lifetime. In addition, the FTR-3 will serve as a 
reference for the Engineering Mockup Critical (EMC) 
that will be assembled upon completion of the FTR-3 
experiments. 

Approximately half of the experiments scheduled 
for FTR-3 have been completed in this reporting pe
riod with the remainder scheduled to be completed be
fore the end of 1970. The experiments that have been 
completed include measurements of neutron spectrum, 

* WAD CO Corporation, a Subsidiary of Westinghouse 
Electric Corporation, Richland, Washington. 

Doppler effect, small sample central worths, radial 
worth traverses, radial and axial reaction rate traverses 
and central reaction rate ratios. All of these experi
ments are being reported in other papers (referenced 
below) in this annual report. 

The purpose of this paper is to provide a detailed 
description of the assembly including the worths of 
the ZPR-9 control and safety rods, the temperature 
coefficient of reactivity, the critical mass, and worths 
of core boundary adjustments. 

DBSCEIPTION OP THE ASSEMBLY 

Figures II-2-1 and II-2-2 show the matrix loading 
pattern for the assembly. Table II-2-I lists the major 
dimensions and core volumes. The radii given are the 
radii of area-equivalent circles. The peripheral control 
zones have the same axial height as the inner and 
outer cores. Each control zone is made up of four 
drawers in each half of the assembly. The atom den
sities for each region of the assembly are listed in Table 
II-2-II. Drawer loading patterns are shown in Figs. 
II-2-3 through II-2-10. Some minor deviations from 
the piece-size distributions shown were required be
cause of inventory limitations. The inner core zone has 
a two drawer cell; each of the other regions has a one 
drawer cell. The inner core Type A drawers are in the_ 
even-numbered matrix columns, the Type B drawei 
are in the odd-numbered columns. The radial shieP 
consists of 224 tubes of material. As used here, a tube 
of material is 2 x 2 x 60 in., i.e., the contents of a matrix 
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' b e extending through both halves of the reactor. The 
inner ring of the radial shield, consisting of 128 tubes, 
is loaded as shown in Fig. II-2-9. The outer ring of the 
radial shield, consisting of 96 tubes, is loaded as shown 
in Fig. II-2-10. The spring gaps indicated in Figs. 
II-2-7 and II-2-8 are 0.79 cm. In the radial shield 
the gap is 0.47 cm. 

CONTEOL AND SAFETY RODS 

Five fuel-bearing dual-purpose control/safety rods 
were installed in each half of the reactor. The locations 
of these rods could be changed to meet the require
ments of the experimental program. When located in 
the inner core region they were always assigned a Type 
B location and loading. When partially or fully with
drawn a void was left in the core region. The stroke of 
this type rod from full-in to full-out is approximately 
61 cm. Table II-2-III gives the measured worth for 
full travel of the fuel bearing rods as a function of the 
radial location of the rod in the core. 

In addition to the fuel rods there were five or six 
poison rods in each half of the reactor. The flexibility 
for locating the poison rods is somewhat limited. With 
a core the size of FTR-3 there are only twelve loca
tions for poison rods within the boundaries of the fueled 
zones. Four of these locations are at a radius of 38.7 
cm and the other eight are at 42.9 cm from the core 
axis which is at the center of tube 23-23. The poison 
rods contain boron powder, and the loading varies sig
nificantly from rod to rod. The average is about 160 g 
of B-10 in each rod. The active length of the rods is 

RADIAL SHIELD RADIAL REFLECTOR 

PERIPHERAL CONTROL 
ZONES 

9 7 4 

85 4 

714 

60.3 

37.6 

n 

— 

— 
— 

UNLOADED MATRIX 

RADIAL SHIELD 

RADIAL REFLECTOR 

~ PERIFHERAL "1 
CONTROL ZONE 1 

OUTER CORE 

INNER CORE 

AXIAL 
REFLECTOR 

1 1 1 
45.8 77.2 

AXIAL HALF HEIGHT, Cm 

F I G . II-2-2. Side View of FTR-3 in ZPR-9. ANL Neg. No. 
116-525. 
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Inner zone radius, cm 
Outer zone radius, cm 
Radial reflector outer radius, cm 
Radial shield outer radius, cm 
Core height (excluding axial reflector), cm 
Axial reflector thickness, cm 
Core volume, liters 

Iiuier core 
Outer core 

Tota l 

37.6 
60.3 
85.4 
97.4 
91.6 
31.4 

406.3 
638.9 

1045.2 

F I G . I I -2-1. FTR-3 Reference Configuration. ANL Neg. 
No. 116-526. 

61 cm and they have a stroke of 76 cm. The average 
worths of the rods were determined to be about 140 Ih 
at the 38.7 cm radius and 120 Ih at the 42.9 cm radius. 

TEMPEEATUEE COEFFICIENT 

The temperature coefficient of reactivity for FTR-3 
was determined by making repeated observations of 
the critical control rod configuration in the reference 
core to determine the excess reactivity at different core 
temperatures. 

The data consisted of the average position of a pre
viously cahbrated control rod required to maintain a 
specified power level and the readings from 21 thermo
couples distributed throughout the reactor core. Al
though the average of the thermocouple readings did 
not truly represent the core average temperature, it 
did give a consistent sampling of the temperature dis
tribution and provided a relative gauge of changes of 
core temperature. 



60 II. Fast Reactor Physics 

TABLE II -2-I I . FTR-3 ATOM D E X S I T I B S , W"^ ATOMS/CM^ 

Isotope or Element 

Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 

Pu-239 -f Pu-241 
Pu-240 H- Pu-242 

Pu 
U-235 
U-238 

U 
Mo 
N a 
C 
0 
Fe 
Cr 
Ni 
Mn 
Al 

B-10 
B-11 

B 

Inner Core 
Type A 
Drawer 

0.0006 
0.8814 
0.1167 
0.0181 
0.0019 
0.8995 
0.1186 
1.0187 
0.0125 
5.7811 
5.7936 
0.2340 
9.1731 
0.0257 

14.454 
13.363 
2.7593 
1.3166 
0.2026 

— 
— 
___ 
— 

Inner Core 
Type B 
Drawer 

— 
1.0690 
0.0510 
0.0049 
0.0001 
1.0739 
0.0511 
1.1250 
0.0069 
3.2769 
3.2838 
0.0123 

11.208 
0.0356 
8.7577 

13.234 
3.8193 
1.8224 
0.2804 
0.1109 

— 
— 
— 

Inner Core 
Avg" 

0.0003 
0.9784 
0.0827 
0.0113 
0.0010 
0.9897 
0.0837 
1.0737 
0.0096 
4.4864 
4.4960 
0.1194 

10.225 
0.0308 

11.509 
13.296 
3.3073 
1.5781 
0.2428 
0.0574 

_̂ 
— 
— 

Outer Core 

0.0006 
1.4669 
0.1723 
0.0227 
0.0022 
1.4896 
0.1745 
1.6647 
0.0125 
5.9000 
5.9125 
0.4412 
8.7013 
1.0686 

12.717 
15.906 
3.1571 
1.5064 
0.2318 

— 
— 
— 
— 

Outer Core 
Drawer 

Next 
to B-10 
Rods 

0.0006 
1.4466 
0.1704 
0.0225 
0.0022 
1.4691 
0.1726 
1.6423 
0.0114 
4.9970 
5.0084 
0.4338 
6.2784 
1.0684 
8.0809 

14.124 
3.1204 
1.4889 
0.2291 

— 
— 
— 
— 

Peripheral 
Control 
Zones 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

0.0105 
4.1257 

14.043 
— 

11.320 
3.2536 
1.5525 
0.2389 

— 
10.698 
43.387 
54.085 

Radial 
Reflector 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

0.0078 
6.7544 
0.1646 

— 
8.4575 
2.432 

48.072 
0.2864 

— 
— 
— 
— 

Axial 
Reflector 

__̂  
— 
— 
— 
— 
— 
— 
— 
— 
,— 
— 

0.0079 
9.2102 
0.0231 

— 
8.5898 
2.4614 

38.1013 
0.2789 

— 
— 
— 
~ 

Radial 
Shield 

„ 

— 
— 
— 
— 
— 
— 
— 
— 

— 
0.036 
6.754 
0.105 
— 

39.022 
11.258 
5.372 
0.827 
—. 
— 
— 
— 

140 Type A drawers and 150 Type B drawers. 
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Neg. No. 116-438. 
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F I G . II-2-4. Irmer Core Drawer-Type B Loading Pa t t e rn . 
ANL Neg. No. 116-523. 

F I G . II-2-6. Peripheral Control Zone Drawer Loading Pa t 
tern. ANL Neg. No. 116-439. 
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The core excess reactivity appeared to be a linear 
function of temperature over the range of the measure
ments. A least squares analysis gave a value of 3.39 ± 
0.04 Ih/°C for the temperature coefficient of reactivity 
for the reference core. 

EDGE WORTH MEXSUEEMENTS AHD CRITICAL 

MASS ADJUSTMENT 

The worths of outer-core drawers relative to radial 
reflector material and the worths of inner core drawers 
relative to outer core material were measured at se
lected locations along the outer core- -reflector and 
inner core- -outer core boundaries of FTR-3. Each 
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ANL Neg. No. 116-440. 
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TABLE II-2-IIL F U E L - B E A K I ^ G R O D WORTH 

Radius, 
cm 

5.53 
15.64 
22.80 
42.12 
44.59 

Worth, 
Ih 

95.0 
93.6 
87.4 
81.7 
76.5 

Type 

Inner Core, Type B 
Inner Core, Type B 
Inner Core, Type B 
Outer Core 
Outer Core 

worth was measured by determining the position of a 
previously calibrated control rod necessary to main
tain a specified power level. Corrections were made for 
temperature differences and for the reactivity effect of 
the decay of Pu-241. The measured worths of the 
drawer exchanges are listed in Table II-2-IV. The last 
column of the table gives the worth of the exchange 
divided by the net gain or loss of fissile mass (Pu-
239 -f Pu-241 + U-235). The estimated uncertainty 
in the worth does not include uncertainties due to 
inaccuracy in the calibration of the control rods used 
in making the measurements. 

All outer core drawers were loaded the same except 
for different sizes of plutonium plates used to make up 
the fuel columns in the drawers. The type of outer core 
drawer used in these exchanges was designated Outer 
Core C. The atom densities for this type drawer are 
given in Table II-2-V. The atom densities for the inner 
core and radial reflector drawers are given in Table 
II-2-II. 

The specific worths of drawer exchanges were an
alyzed as a function of radius (core center to drawer 
center) using a linear least-squares analysis. Each 
point was weighted by the inverse of its uncertainty. 
At the outer core- -radial reflector boundary the specific 
worth can be represented by: 

P ± 3.54(Ih/kg) = -2.05(Ih/kg-cm) r (cm) 

-f 144.88 (Ih/kg) 

for the range 55 cm < r < 63 cm. Evaluating this at 
the average outer core radius (60.27 cm) gave 21.33 ± 
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TABLE II-2-IV. SUMMARY OF 

Type of Drawer 
Removed 

Inner Core A 
Inner Core A 
Outer Core C 
Outer Core C 
Inner Core B 
Inner Core B 
Inner Core B 
Outer Core C 
Outer Core C 
Outer Core C 
Radial Reflector 
Radial Reflector 
Radial Reflector 

Boron Control 0-10 in. 

Type of Drawer 
Added 

Outer Core C 
Outer Core C 
Inner Core A 
Inner Core A 
Outer Core C 
Outer Core C 
Outer Core C 
Inner Core B 
Radial Reflector 
Radial Reflector 
Outer Core C 
Outer Core C 
Outer Core C 

Radial Reflector 0-10 in 

MEASUREMENTS OF D R A W E R EXCHANGE W O R T H IN FTR-3 

Matrix 
Position 

M-19-28 
M-17-26 
M-18-28 
M-16-26 
M-17-23 
M-18-27 
M-20-29 
M-18-28 
M-23-33 
M-16-31 
M-23-34 
M-23-34 
M-15-31 
S 20-11 
S 20-12 
S 21-11 
S 21-12 

Radius, 
cm 

35.41 
37.1 
39.11 
42.12 
33.19 
35.41 
37.1 
39.11 
55.31 
58.79 
60.84 
60.84 
62.51 

Worth of Exchange,'* 
Ih 

39.24 
37.41 

- 3 8 . 2 7 
- 3 3 . 6 9 ± 0.96 

21.33 
20.10 
19.78 

- 2 0 . 5 2 
- 2 6 . 1 9 
- 2 1 . 7 4 

14.47 
13.66 
16.82 
90.41 

^ 

Specific Worth,'' 
Ih/kg 

124.38 
118.58 
121.30 

106.79 ± 3.04 
96.25 
90.70 
89.26 
92.60 
31.84 
26.43 
17.59 
16.60 
20.45 

» The est imated error equals ±0.68 Ih unless otherwise s ta ted . 
b The est imaied error equals ±2.16 Ih /kg , ±3.07 Ih /kg , and ±0.83 I h / k g for ICA-OC, ICB-OC, and OC-KR types of exchange, 

respectively, unless otherwise s ta ted. 

TABLE II-2-V. ATOM D E N S I T I E S FOR O U T E R C O R E 

D R A W E R — T Y P E C 

Isotope or Element 

Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
U-235 
U-238 

Mo 
Na 
C 
0 
Fe 
Cr 
Ni 
Mn 

Atom Densities, 
10» atoms/cm' 

0.0006 
1.4445 
0.1702 
0.0225 
0.0022 
0.0122 
5.8008 
0.4332 
8.7013 
1.0686 

12.7174 
15.9273 
3.1633 
1.5094 
0.2325 

line was minimized with respect to the normalization 
constant. The fitted slope and weighted average specific 
worth and radius were then used to determine fitted 
lines for both sets of data. An average of these two 
lines weighted by the total number of A or B drawers 
in the inner core is the best representation of the aver
age specific worth function across the boundary: 

4.05 (Ih/kg) -1.624 (Ih/kg-cm) r (cm) 

165.27 (Ih/kg) 

3.54 Ih/kg for the conversion factor from outer-edge 
fissile mass to reactivity. (The average radius is the 
radius of a cylinder having the cross-sectional area of 
the core.) 

At the inner core- -outer core boundary the fissile-
mass normalization did not completely account for the 
difference between A- and B-type drawers. I t was as
sumed, however, that the slopes of the curves of spe
cific worth versus radius were the same for both sets 
of data. A fit to the data was made by carrying an 
additive normalization constant through the weighted 
least-squares analysis. The root-mean-square devia
tion of the normalized specific worths about the fitted 

for the range 33 cm < r < 43 em. Evaluating this at 
the average inner core radius (37.58 cm) gave 104.24 ± 
4.05 Ih/kg for the conversion factor from inner-bound
ary fissile mass to reactivity. 

The final entry at the bottom of Table II-2-IV gives 
the results of a substitution of radial-reflector material 
for peripheral boron control material. This substitution 
was made in a cluster of four drawers of one peripheral 
control zone. The volume in which the substitution was 
made extended 10 in. into the stationarj' half from the 
midplane of the assembly. 

The FTR-3 critical mass is summarized in Table I I -
2-VI. The average specific worth of fissile-mass ex
change at the two boundaries was used to determine 
the fissile-mass adjustment for fully inserting control 
rod No. 9 and correcting for the fact that the core was 
subcritical at the reference power level. Adjustment a_^ 
the inner core-outer core boundary effectively increasi 
the inner core radius. Adjustment at the outer core* 
radial reflector boundary effectively decreases the outer 
core radius. I t should be noted that the corrected criti-
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TABLE II-2-VI. CRITICAL M A S S OF ZPR-9 ASSEMBLY 26 (FTR-3) 

Reference Conditions of FTR-3 As Bruit 

1) Temperature 30°C 
2) No . 9 Control rod withdrawn 57.18 cm 

(all others fuUj' inserted) 
3) All B-10 blades fully withdrawn 
4) Subcritical by 0.99 Ih 
5) 541.948 (kg of Pu-239, Pu-241, U-235) 

Adjustment for: 

Control rod No. 9 par t ia l ly withdrawn 
Reference core subcritical a t reference power level 

Reactivity effect 
of adjustment,' 

Ih 

- 8 0 . 2 7 ± 0.48 
4-0.99 ± 0.08 

Adjusted critical mass of unsmoothed, heterogeneous cjdinder 

Fissile-mass adjustment 
at outer core-inner 

core boundary 
(kg of Pu-239 + 
Pu-241 -f- U-235) 

- 0 . 7 7 1 ± 0.031 
-1-0.010 ± 0.001 

541.19 

Fissile-mass adjustment 
at outer core-radial 
reflector boundary 

(kg of Pu-239, 
Pu-241, U-235) 

- 3 . 7 6 8 ± 0.626 
-1-0.046 ± 0.009 

538.23 

» 1% Akik = 1064 Ih . 

cal mass includes no corrections for smoothing of the 
boundaries, for the reactivity effect of the interface gap 
between assembly halves, or for the effect of core het
erogeneity. I t should be noted that the core-average 
thermocouple reading (30°C) is not a true representa
tion of the core-average temperature. 

F T R - 3 PB0GB.4.M OF EXPERIMENTS 

The material covered in the previous sections of this 
paper represents Step No. 1 of the Detailed Plans for 
FTR-3 Experiments. Steps 1 through 7 were completed 
in this reporting period. Steps 2 through 7 are reported 

in other papers in this annual report as follows: 

Step No. Paper No. 

2 
3 

4 and 5 
6 
7 

REFEEEN 

Paper 11-22 
Paper II-6 
Paper II-5 
Paper I I-5 
Paper II-3 

3ES 

Reactor Development Program Progress Report , ANL-755S, 
pp. 12-13 (1969). 

Reactor Development Program Progress Report , ANL-
7595, pp. 21-26 (1969). 

II-3 . Central React ion Rat ios i n ZPR-9 Assembly 26, FTR-3 

A. B. LONG AND C D . SWANSON 

The seventh step of the FTR-3 Phase B Critical Ex
periments Program consisted of measuring fission and 
capture ratios at the center of ZPR-9 Assembly 26. The 
fission ratios of Pu-239/U-235, U-238/U-235, and Pu-
240/U-235, as well as the U-238 capture to U-235 fis
sion ratios were measured and are reported here. 

The fission ratio measurements were made with gas 
flow fission counters of the Kirn design.^ The U-238 
capture to U-235 fission ratio was determined by ra-
diocheiriical means.^ 

EXPEBIMBNTAL METHOD 

The reaction ratio measurements were performed in 
loading Xo. 69 of Assembly 26. This loading was a 

sfightly modified version of the reference core configu
ration. (See Paper II-2). The modifications included 
the fine autorod in matrix position 24-16 and two Kirn 
counters. One Kirn counter was used as a monitor to 
normalize different reactor runs to the same power 
level and it was located in position M 28-19. The sec
ond Kirn counter was used for the actual fission rate 
measurements and it was located in a 2 x 2 x 2 in. void 
at the front of matrix position M 23-23. A diagram of 
the detector position, drawer loading, and cable void 
is shown in Fig. II-3-1. 

All of the different fission rates were measured by 
placing the proper source foil in the central Kirn 
counter and counting the fissions while the reactor was 
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SOURCE 

2 in 

. ^ 3 ^ 

Na 

s's. 

V////////////77/A^^^V///////////////////. 
NO 

'-'sOs . 

I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 

inches 

F I G . 11-3-1. Load Diagram of Drawer Containing a Kirn Fission Counter. ANL Neg. No. 116-379. 

TABLE II-3-I . CoMPOsiTiox AND M A S S OF F I S S I O N DETECTOR SOURCES AND F I S S I O N F O I L S 

Source or Foil 

U-235 detector source 
U-238 detector source 
Pu-239 detector source 
Pu-240 detector source 
U-235 foils 
U-238 foils 

Total 
Mass 

79.43 Mg 
98.72 Mg 
82.29 Mg 
60.78 Mg 

0.1093 g 
0.5123 g 

Weight Percent 

U-234 

0.03 

1.03 

U-235 

99.86 
0.01 

93.06 
0.22 

U-236 

0.06 

0.26 

U-238 

0.05 
99.99 

5.63 
99.78 

Pu-239 

98.94 
0.77 

Pu-240 

1.01 
98.58 

Pu-241 

0.05 
0.54 

TABLE II-3-II . ^IE.ASURED FISSION AND CAPTURE R A T I O S 

Ratio and Measurement Technique 

289Pu//2"U/ by detector 
^^Pu/Z^sU/ by detector 
2i'8U//2"U; by detector 
^^HJf/'^''''Uf by radiochemistry 
^^*Uo/^°^U/ by radiochemistry 

Value 

0.984 ± 0.022 
0.256 ± 0,006 

0 0250 ± 0.0006 
0.0234 ± 0.0013 
0.161 ± 0.009 

at a predetermined power. The following six reactor 
runs were performed: 

1. U-235 fission 
2. U-235 fission—test of reproducibility 
3. Pu-239 fission 
4. U-238 fission 
5. Pu-240 fission 
6. U-235 fission 4- foil irradiation to determine 

U-235 fission and U-238 capture rates. 
During each run several scaler counts were taken of 
both the central detector and the monitor detector. In 
addition a fission or alpha spectrum was recorded for 
both detectors in coincidence with the discriminator 
output that was counted by the scalers. 

The fission rates were determined by correcting the 
scaler counts for deadtime and then for background 
using the recorded spectra. Because of small long-term 
drifts in the reactor instrumentation it was necessary 
to normalize the fission rates measured in different re
actor runs with the corrected monitor count rate. 

During the sixth reactor run, two U-238 foils (H in. 
diam by 0.0055 in. thick) and two U-236 foils (%6 in. 
diam by 0.0044 in. thick) were attached to the front 
face of the central counter. Following the irradiation 
the total number of fissions which occurred iu each foil 
was determined by radiochemical separation and 
counting of Mo-99.<2> In addition, the total number of 
captures which occurred in the U-238 foils was deter
mined by radiochemical separation and counting of 
Np-239.(2' 

RESULTS 

The isotopic compositions of the various fission 
sources and fission foils are given in Table II-3-I. The 
thickness of each of the fission sources was about 20 
/ig/cm^. For this reason any error in the absolute fis
sion rate which was produced by finite source thick
ness, cancels when the ratio of two fission rates is 
determined. The fission in the U-235 counter and foils 
which were due to the U-238 impurities, and the fis
sions in the U-238 counters and foils which were due 
to the U-235 impurities were corrected for by solving 
the simultaneous equations using the corrected data 
and the isotopic concentrations. The same type of cor
rection was made for the Pu-240 impurities in the P 
239 counter and the Pu-239 impurities in the Pu-2 
counter. 

The values for the fission ratios of Pu-239/U-235, 
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-238/U-235 and Pu-240/U-235 and for the U-238 
"capture to U-235 fission ratio are given in Table 
II-3-II. In the case of the detector measurements, the 
errors can be attributed mostly to the uncertainty in 
the mass of the fission foils. The errors due to counting 
statistics and background correction were always less 
than 1%. The standard deviations in the three detector 
measurements of the U-235 fission rate which were 
made on different days, was less than 0.2%. The errors 
associated with the radiochemical analysis were some
what larger (6%). This larger error and the possible 
effect of foil thickness on fission rate probably account 

for the difference between the radiochemical and the 
detector values for the fission ratio of U-238/U-235. 

REFERENCES 

1. F. S.K.im, Neutron Detection with an Absolute Fission Coun
ter, Proc. Symposium on Neutron Detection, Dosimetry 
and Standardization, International Atomic Energy 
Agency, Harwell, England, December 1962, Vol. 2, pp. 
497-512. 

2. R. J . Armani, Absolute Determination of Fission Rates in 
U-235 and U-238 and Capture Rates in U-238 by Radio
chemical Techniques, Proc. Symposium on the Standardi
zation of Radionuclides, International Atomic Energy 
Agency, Vienna, 1966, pp. 613-620. 

II-4. Measured React ion Rate Dis tr ibut ions i n ZPR-9 Assembly 26, FTR-3 

A. B. LONG AND C . D . SWANSON 

The sixth step of the FTR-3 Phase B Critical Ex
periments Program consisted of measuring the Pû ^® 
(n,/), JJ^^^inJ) and fii" («.,«) reaction rate distribu
tions in ZPR-9 Assembly 26. Two sets of radial distri
butions were measured, the first near the center plane 
of the reactor and the second close to the core-reflector 
interface; and two sets of axial distributions were 
measured, the first along the axis of the inner core and 
the second along the middle of the outer core. The per
turbation produced by the traverse void and detector 

was investigated by comparing the U^^®(n,/) detector 
measurements with foil activation data taken before 
the traverse void was installed. The effect of neutron 
streaming in the void was studied by placing stainless 
steel plugs in front of the detectors. 

EXPEBIMENTAL P E O C E D U E E 

For each of the four sets of traverse measurements, 
modifications were made to the reference core configu
ration. (See Paper II-2). In addition to the void intro-

TABLE II-4-I . RADIAL T R A V E R S E NEAR MIDPLANE 

Radial Distance 
From Center, 

in. 

0.000 
2.177 
4.534 
6.531 
8.708 

10.885 
13.062 
15.239 
17.416 
19.593 
20.681 
21.770 
22.858 
23.947 
26.124 
28.301 

^^ 30.478 
m 32.655 
W 34.832 

37.009 

Relative Reaction Rate 

Pu2»(«,/) 

17062 d= 144 
17282 ± 187 
17048 ± 186 
16795 ± 184 
15908 ± 178 
15092 ± 166 
14004 ± 154 
12940 ± 142 
11128 ± 125 
9731 ± 113 

8300 ± 61 
8205 ± 81 
8215 ± 82 
8032 zt 82 
7656 ± 81 
7037 ± 77 
5493 ± 65 
3862 ± 44 
2520 ± 30 

Ptf' '(»,/) 
With SS Plug 

17565 ± 142 
17473 ± 188 
17211 ± 186 
16843 ± 184 
16955 ± 137 
14990 ± 168 
14036 =t 159 
12700 ± 147 
10984 d= 109 
9418 ± 77 

8166 ± 85 
8125 ± 84 
8144 ± 83 
8022 ± 81 
7721 ± 77 
7026 ± 49 
5425 ± 60 
3721 ± 41 
2387 ± 27 

U»8(«,/) 

2686 ± 29 
2645 ± 44 
2651 ± 44 
2582 ± 43 
2480 ± 28 
2423 ± 42 
2348 ± 42 
2227 ± 41 
1979 ± 38 
1686 ± 24 

1212 ± 30 

698 ± 23 
368 ± 15 
248 ± 12 
100 dz 5 
57 ± 3 
30 ± 2 
47 ± 3 

V^'«(n,f) 
with SS Plug 

2610 ± 28 
2539 ± 43 
2576 ± 44 
2508 ± 43 
2392 ± 30 
2304 ± 41 
2243 ± 40 
2181 ± 39 
1948 ± 36 
1597 ± 21 

1213 ± 21 

665 ± 14 
347 ± 7 
172 dz 4 
93 ± 2 
54 ± 2 
28 ± 1 
13 =fc 1 

Bi»(«,a) 

19032 ± 73 
19009 ± 146 
18907 zb 146 
18115 ± 142 
17238 zt 69 
16302 ± 135 
14435 zb 127 
13068 ziz 121 
11259 zfc 113 
9784 zt 37 
9276 zfc 72 
9192 zt 71 
9666 zfc 72 

10720 zfc 75 
12269 zt 79 
12942 zt 81 
12410 zfc 39 
9794 zfc 70 
6706 zt 58 
4193 zfc 46 
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TABLE II -4-I I . RADIAL T R A V E R S E NEAR CORB-RBFLECTOR 

INTERFACE 

Radial 
Distance 

From 
Center, 

in. 

0.000 
2.177 
4.354 
6.631 
8.708 

10.885 
13.062 
15.239 
17.416 
19.593 
20.682 
21.770 
22.858 
23.947 
26.124 
28.301 
30.478 
32.655 
34.832 
.37.009 

Relative Reaction Rate 

Pu2='9(»,/) 

13605 
13073 
13037 
12261 
11961 
11118 
10339 
9011 
7703 
6640 

5894 

5719 
6691 
5622 
5041 
3975 
2956 
2148 

zfc 
dz 
dz 
zt 
dz 
dz 
dz 
dz 
dr 
zt 

dz 

dz 
dr 
dz 
dr 
dz 
dr 
dr 

171 
197 
198 
190 
163 
174 
162 
144 
111 
85 

89 

88 
89 
89 
74 
64 
50 
36 

V^'Hn,f) 

1715 dz 26 
1711 dz 36 
1666 dr 36 
1640 dz 35 
1586 dr 24 
1664 dz 35 
1514 dz 34 
1413 dz 33 
1240 dz 31 
1031 dr 20 

787 dr 20 

456 dz 14 
231 d: 6 
127 dz 4 
70 dz 2 
42 r t 1 
23 dz 1 
16 dr 1 

U » ( M , / ) 

With Hole 
Mat. in 

Refl. 

1716 dr 26 

1596 dz 24 

1025 dr 21 

460 ± 12 
237 dz 6 
120 dz 4 
69 dz 1 
39 d: 1 
22 dz 1 

Bw(M,a) 

21350 dz 56 
21229 dz 160 
20686 dr 168 
20214 dz 156 
18991 dr 76 
17737 dz 147 
15991 dz 140 
13638 dz 131 
11316 dz 120 
10096 dr 56 
9513 dz 108 
9581 dr 107 
9643 dz 106 

10663 ± 77 
11772 dr 79 
12265 dr 79 
11765 dz 38 
9512 zt 69 
6743 dz 58 
4463 dr 47 

T A B L E I I -4 - I I I . A X I A L T R A V E R S E , I N N E R CORE 

Axial Dis
tance From 
Midplane, 

in. 

0.0 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
17.0 
18.0 
19.0 
19.5 
20.0 
21.0 
22.0 
24.0 
26.0 
28.0 
30.0 

Vu.^\n,f) 

17152 
17071 
16967 
16296 
16585 
15173 
14124 
13413 
13572 
14109 
15405 
17343 
18836 
20496 
21042 
21630 
20543 
17714 
13908 
9966 

zfc 
dz 
dz 
dr 
dz 
dr 
dz 
dz 
dz 
dz 
rfc 
dz 
dz 
dz 
dz 
dz 
dr 
dz 
dr 
dr 

200 
209 
215 
197 
221 
219 
210 
204 
183 
212 
225 
245 
260 
268 
278 
259 
223 
227 
186 
143 

Relative Reaction Rate 

V^^(n,f) 

2849 dr 33 
2836 dr 49 
2774 dz 48 
2733 ± 36 
2576 dz 47 
2369 zfc 46 
2213 dz 44 
1987 zt 42 
1690 dr 28 

1256 dz 31 
994 dz 32 

752 dr 24 
607 dz 21 
464 dz 16 
309 dr 12 
213 dz 8 
134 dz 6 
83 dz 3 

V^Hn,f) 
with SS 

Plug 

2832 d: 32 
2819 dz 46 
2769 dr 46 
2703 dz 32 
2476 dz 36 
2439 dz 44 
2161 dz 41 
1952 dz 39 
1670 dz 25 

1233 dz 28 
1000 ± 30 

778 d: 21 
641 dz 21 
488 dz 16 
292 dz 11 
245 dz 9 
139 dz 5 

Bi»( 

19614 
19726 
19301 
18631 
18152 
17397 
17103 
17423 
18951 

24471 
28980 

34348 

39430 
39161 
35226 
27930 
19011 

n,a) 

dz 48 
d: 145 
d: 143 
d: 140 
dz 98 
dz 136 
dz 67 
d: 135 
dz 140 

dz 158 
d: 171 

dz 186 

dz 199 
d: 99 
± 187 
dr 167 
dz 138 

duced for the detectors to move through, the autorod 
remained in matrix position 24-16 and a Kim^ counter 
was installed in position M 28-19. The Kirn counter 
was to have been used as a flux monitor, although this 
was later found to be unnecessary. The reactivity 

changes caused by these modifications were compe 
sated by adjusting the inner-outer core boundary. 

The central radial traverses were made by moving 
the various detectors through a 2.8 cm diam hole ap
proximately 4.4 cm from the reactor midplane using 
the radial sample changer. The radial traverses near 
the core-reflector interface were made in the same man
ner except that the cross section of the traverse hole 
was 3.8 x 5.1 cm and it was located 38.1 cm from the 
reactor midplane. Both voids extended from the edge 
of the reflector to 14 cm past the core center. 

TABLK 

Axial Dis
tance From 
Midplane, 

in. 

0.0 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
17.0 
18.0 
19.0 
20.0 
21.0 
22.0 
23.0 
24.0 
26.0 
28.0 
.30.0 

II-4-IV. . 

Pu239(,j 

10226 dz 
10411 dz 
9923 dr 
9794 dr 
9274 dz 
9343 dz 
8111 d: 
7681 dz 
7364 d: 
7577 dz 
8327 d: 
9847 dz 

10974 dr 
12036 dz 
13118 dr 
12383 dr 
12087 dz 
10686 ± 
8190 dz 
6870 d: 

4.XIAL TE.VVBRSE, OUTER CORE 

Relative Reaction Rate 

/) 

147 
161 
176 
176 
157 
160 
135 
144 
138 
140 
135 
170 
184 
196 
187 
196 
165 
171 
138 
107 

U2=8(»,/) 

1999 dz 24 
2009 dz 37 
2013 zt 31 
1924 dr 37 
1882 d: 30 
1765 dr 29 
1626 dz 24 
1444 dz 35 
1227 dz 36 

890 dz 31 

489 dz 17 

308 dz 14 

181 dz 8 
117 dr 6 
80 dz 4 
71 dr 3 

BIO 

28751 
28291 
27429 
27423 
25681 
24770 
23672 
23165 
25470 

34458 
43468 
62853 

63071 
65099 
63751 
57776 
45781 
32922 

(«,«) 

dz 63 
dz 176 
dz 174 
dz 174 
dr 168 
dz 165 
dr 80 
dz 159 
dz 164 

d: 189 
dz 210 
dz 231 

dz 261 
dz 255 
dz 126 
± 240 
d: 214 
dz 181 

INNER CORE 

* * « 
1 * 

* 

J—_ . , 

OUTER CORE 

« 

S 
5? J 

—i ' i—• 

REFLECTOR 

WITHOUT S3 PLUG 

WITH SS PLUG 

« " » 

n 

• 

% 

i 
0 S 10 15 20 25 30 3S 

RADIAL DISTANCE FROM CENTER. IN. 

F I G . I I -4-1 . Fn^^'>(n,f) Reaction Rate , Radial Traverse 
Near Reactor Midplane. ANL Neg. No. 116-401. 
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The axial traverses were made using a special "L" 
'shaped drawer which provided a 2.7 x 2.7 cm void ex
tending the entire length of the core. The different de
tectors were placed in a 2.6 x 2.6 cm drawer which was 
then traversed through the void using the Doppler 
oscillator equipment. The inner core axial traverse was 
done in the central matrix position S/M 23-23. The 
axial traverse in the outer core was done in matrix po
sition S/AI 15-24. In both cases the "L" drawer was 
loaded to provide atom density ratios as close as pos
sible to those of the surrounding drawers. 

The Pu^^^(re,/) and U^^*(n,/) measurements were 
made with a 2.54 cm diam gas flow counter similar in 
design to F. S. Kirn's design.^ The fissionable material 
with electrolytically deposited to a thickness of 20 
/xg/cm^ on a polished stainless steel disk. The disk 

CORE I REFLECTOR 

^ • 

8 12 16 20 24 
AXIAL DISTANCE FROM CENTER. IN. 

F I G . II-4-2 Pu^^H^,/) Reaction Rate , Axial Traverse, Inner 
Core. ANL Neg No. 116-399. 

INNER CORE OUTER CORE REFLECTOR 

^ 10 15 20 25 30 
RADIAL DISTANCE FROM CENTER. IN. 

35 

F I G . II-4-3. B^'>(n,a) Reaction Rate , Radial Traverse Near 
Reactor Midplane. ANL Neg No. 116-402. 

CORE 

8 12 IS 20 
AXIAL DISTANCE FROM CENTER 

F I G . II-4-4. B"(«>a) Reaction Rate , Axial Traverse, Inner 
Core. ANL Neg. No. 116-398. 
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H 
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UJ 
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i 
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";°.^«?) " A 1 FOILS NEXT TO DILUENT • 

r • • " - • ^ 

'— 

~ 
_ 

INNER CORE 

— 

•tvs 

^ 
\ 

-

\ 
OUTER • _ 
CORE 

-
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1 1 - L _ 

REFLECTOR 
t) — 
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F I G . II-4-5. Comparison of Fod and Counter Da ta for U™ 
(n,/) Radial Traverse Near Reactor Midplane. ANL Neg. No. 
116-140 Rev. 1. 

served as one end of the detector and was positioned 
perpendicularly to the direction of traverse. The com
position of the Pu-239 foil was 98.94% Pu-239, 1.01% 
Pu-240 and 0.05% Pu-241. The composition of the 
U-238 foil was 99.99% U-238 and 0.014% U-235. Be
cause of the high purity of the foils no corrections were 
made for isotopic composition. The counting results 
were corrected for background as a function of detector 
position. This was accompfished by recording fission 
spectra at different points along the traverse and de
termining the background correction from these spec
tra. 
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Oistanre 
from 
Core 

Centerline, 
cm 

3.0 
14.0 
25,1 

4.9 
15.9 
27.0 

5.8 
16.9 
27.9 

7.4 
18.5 
29.5 

10.4 
21.4 
32.5 

0.3 
10.7 
21.8 
32.8 

11.0 
22.1 
33.1 

12.9 
24.0 
35.0 

36.7 
42.3 
47.8 
53.3 

TABLp] 

Relative 
Fission 

Activity, 
Counting 

Error < 1 % 

0.772 
0.750 
0.708 

0.824 
0.794 
0.734 

0.858 
0.828 
0.779 

0.771 
0.741 
0.690 

0,864 
0.805 
0,753 

1,000 
0,981 
0,940 
0,858 

0,987 
0,918 
0,852 

0.783 
0.736 
0.697 

0 712 
0.645 
0,552 
0,432 

II-4-V. U-238 RADIAL F I S S I O N DISTBIBCJTION NEAB M I D P L A N E M E A S U R E D WITH F O I L S 

Foil Location 

Drawer 
Type 

Inner Core 
Type A 

Inner Core 
Type B 

Outer Core 

Intra Cell Plate 
Components 

Left Plate 

SS Drawer 

Right Plate 

Na 
I 

Na 

Pu-U-Mo 

Fe203 

FejOs 
i 

Na 

Na 

SS 

UiOs 

SS 

Pu-AI 

Pu-Al i Na 

Na 

NaCOs 

UaOs 

Pu-SEFOR 

Distance 
from 
Core 

Centerline 
cm 

37.4 
42.9 
48.4 
53.9 

37.7 
43.2 
48.7 
54,2 

39.3 
44.8 
50.3 
55.8 

40.9 
46,4 
51,9 
57,4 

60,1 
65,6 
71,1 
76,6 
82,2 
87,7 
95,7 

61.3 
66.9 
72,4 
77,9 
83,4 
90,2 

62.6 
68,1 
73,7 
79,2 
84,7 
90,2 
95,7 

Relative 
Fission 

Activity, 
Counting 

Error < 1 % 

0.717 
0.638 
0.538 
0.410 

0.689 
0.618 
0.514 
0.389 

1 
Foil Location 

Drawer 
Type 

Intra Cell Plate 
Components 

Left Plate 

Pu-SEFOR 

FezOs 

1 
0.716 
0.635 
0.516 
0,389 

0.641 
0.556 
0.445 
0.296 

0.219 
0.118 

Radial Re

FejOs 

N a 

N a 
flector i 

0.0706 1 
0.0471 
0.0309 
0.0180 
0.0105 

0,177 
0,101 
0,0624 
0,0417 
0.0262 
0.0154 

0.155 
0.0894 
0.0576 
0.0378 
0.0231 
0.0137 
0.0066 

Ni or SS 

N a 

Right Plate 

FejO, 

Na 

Pu-U-Mo 

UaOs 

Ni or SS 

Ni or SS 

Ni or SS 

The B^^Crija) measurements were made with a back-
to-back cylindrical gas flow proportional counter de
signed by L. S. Beller.^ The detector was divided along 
its length to form two half cylinders, one containing 
the B-10 source and the other a blank. The source cov
ered an area 6.5 x 0.95 cm^ and was positioned paral
lel to the direction of traverse. The B-10 data were 
corrected for background, using the counts from the 
blank half of the detector. 

A detailed U-238 foil irradition was performed to 

measure the perturbation of the counters and the tra
verse void. The irradiation consisted of a radial tra
verse near the reactor midplane in which the foils were 
placed between a number of different plates in each 
drawer, and a central axial traverse which consisted of 
placing foils between three different types of plates 
along the full length of the core and reflector. T l « l | 
depleted foils which were used were 0.012 cm thick a n s l B ' 
1.59 cm in diam. After irradiation the foils were 
counted for fissions and the data analyzed according to 
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andard techniques.^ The foil irradiations were carried 
out in the reference core configuration without any 
traverse void and without the autorod. 

RESULTS 

The results of the Pu^^^(n,/,) W^^inJ) andB"(n ,a ) 
counter reaction rate traverses for the central radial 
traverse, the core-reflector interface traverse, the inner 
core axial traverse, and the outer core axial traverse 
are given in Tables II-4-I through II-4-IV, respec
tively. In addition, the data for the central radial and 
axial inner core traverses are plotted in Figs. II-4-1 
through II-4-6. The traverse data have not been cor
rected for the efliciency of the detectors or for the mass 
of the foils; therefore, the results of traverses with 
different foils cannot be compared directly. 

In order to check the effects of neutrons streaming 
down the void a 1 in. long by 1 in. diam stainless steel 
plug was placed in front of the fission detector. Stain
less steel of this thickness has an attenuation of ap
proximately 0.6 for the mean energy neutron in the 
core. With this plug in place the Pu^^^(n,/) and 
U^^®(n,/) central radial traverses and the U^^*(n,/) 
inner core axial traverse were remeasured. The results 
are included in the appropriate tables and it is appar
ent that any difi^erence is less than the statistical un
certainty of the data. A comparison of the Pu^^^(n,/) 
data with and without the plug is shown in Fig. II-4-1. 

Because of the misalignment of the reactor matrix 

0.9 i 

0 4 

0,3 

° o $ 

a " • A 
D O 

D <s • 

o 

REFLECTOR 

• TRAVERSE COUNTER 
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CORE REFL 

A 
O 

02 h- D 

0 I 

Pu-Na N l - N l 
Na -SS Na-N i 
Na - UjOg » 
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A X I A L D I S T A N C E FROM CENTER,cm 

F I G . II-4-6. Comparison of Foil and Coimter J)a ta for 
U258(n,/) Axial Traverse, Inner Core. AKL Keg. Xo. 116-400. 

TABLE II-4-VI, U-238 .AXIAL Fisbio-\ DISTKIHL-TION, 
INNEK COKE, MEASUKED WITH F O I L S 

Distance from 
Core Center-

line, 
cm 

!l,9 
5,7 
9,5 

13,3 
17,2 
21,0 
24,8 
28.6 
32,4 
36,2 
i40,0 
43,8 

47,6 
51,4 
55,3 
59,1 
62.9 
66.7 
70.5 
74.3 

Relative Fission Activity, Counting Error < 1%; 
Inner Core Type B Drawer—Intra Cell 

Foil Locations 

Left Plate—Na 
Right Plate-^SS 

0.865 
0.804 
0,852 
0,827 
0,802 
0.773 
0,734 
0,690 
0,643 
0,592 
0,534 
0,460 

Left Plate— 
Pu-Al 

Right Plate—Na 

0,998 
0,992 
0,972 
0.952 
0,927 
0,891 
0,848 
0,796 
0,744 
0,684 
0,628 
0.543 

Left Plate—Na 
Right Plate — 

UaOs 

0,816 
0,814 
0,799 
0,770 
0.752 
0,720 
0,681 
0,636 
0,594 
0,536 
0,482 
0,399 

Axial Reflector—Intra Cell Foil Locations 
(continuation of above traverses) 

Left Plate—Na 
Right Plate—Ni 

0,292 
0,221 
0,179 
0,143 
0,112 
0,085 
0,060 
0,039 

Left Plate—Ni 
Right P l a t e - N i 

0.290 
0,218 
0,175 
0,141 
0,106 
0,081 
0,058 
0,039 

Left Plate—Na 
Right Plate—Ni 

0,304 
0,230 
0,189 
0,150 
0,109 
0.083 
0,060 
0,039 

it was necessary to make the void used for the radial 
traverse near the core-refiector interface larger than 
the size required by the detector. The effect of this in
creased void on neutron streaming was measured by 
using plates having the proper size traverse hole in the 
reflector region. The U^^*(n,/) counter traverse was 
then rerun in the modified region and the count rate 
decreased by approximately 6% as indicated in Table 
II-4-II. 

The results of the central radial and axial Û *® (w,/) 
foil traverses are presented in Tables II-4-V and II-
4-VI respectively. A comparison between these two 
foil traverses and the similar counter traverses, is pre
sented in Figs. II-4-5 and II-4-6. From a traverse with 
a fission counter across the center drawer it was found 
that the counters were insensitive to the intra-cell flux 
distribution. The foils, on the other hand, do not pro
duce signiflcant flux perturbations and they are very 
sensitive to the changes in the intra-cell flux distribu
tion produced by the surrounding plates. This fact 
should be remembered when measured counter distribu-
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tions are interpreted in terms of the actual distribution 
in a heterogeneous assembly. 
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II-5. Small Sample Reactivity Worth Measurements in ZPR-9 Assembly 26, FTR-3 

J. W. DAUGHTRY .\XD R . M . FLEISCHMAN* 

INTKODDCTION 

The central reactivity worths of Pu, U, B-10 and an 
assortment of other materials of interest were meas
ured in ZPR-9 Assembly 26. In addition, radial reac
tivity worth traverses were made with samples of Pu, 
U-238, and B-10. These measurements were done as 
part of the FTR-3 critical experiments program. The 
plutonium and boron data are of particular interest 
due to problems that exist in calculating the worths of 
these materials. The traverse data should prove useful 
in investigating computational difficulties encountered 
at core-reflector boundaries and zoned core interfaces. 

REACTOR CONFIGURATION 

For these experiments a number of modifications 
were made to the FTR-3 reference configuration de
scribed in Paper II-2. The modifications were: 1) the 
insertion hole for the radial sample changer, 2) the in
stallation of the autorod, and 3) adjustment at the 
inner core-outer core boundary to compensate for the 
reactivity losses due to 1 and 2. The insertion hole was 
approximately 2.86 cm in diameter located 4.45 cm 
axially from the core midplane and extended radially 
along matrix row 23 from the center of the core to the 
outer edge of the radial shield. 

EXPERIMENTAL METHOD AND EQITPMENT 

The measurements reported here were made bj^ mon
itoring the position of the calibrated autorod while 
pneumatically oscillating the sample in and out of the 
core. A diagram illustrating the sample oscillation and 
autorod control systems is shown in Fig. II-5-1. Two 
boron ion chambers connected in parallel and located 
above the stationary half of the reactor continuously 
monitored the neutron population at that location and 
the servo-control system positioned the autorod to 
maintain a constant current from these chambers. 

* WADCO Corporation, a Subsidiary of Westinghouse 
Electric Corporation, Richland, Washington. 

The sample changer can hold up to eight samples 
which can be selected remotely from the reactor con
trol room. The sample transfer tube is of double wall 
stainless steel construction. A two inch long stainless 
steel plug at the end of the tube was provided to mini
mize neutron streaming effects for the off-center meas
urements. Neutron streaming with this equipment is 
discussed in Ref. 1. The transfer tube is attached to the 
sample changer which in turn is mounted on a carriage 
that can be moved horizontally to position the samples 
at any point along the radius of the core. 

The samples used in these measurements are de
scribed in detail in Tables II-5-I and II-5-II. All sam
ples were contained in stainless steel capsules. The re
activity worths of empty capsules were measured in 
order to make the necessary stainless steel subtrac
tions. 

EXPERIMENTAL RESULTS 

The integral worth of the autorod was determined 
by two calibration methods. Both methods utilized 
computer acquisition of reactor flux data from an ion 
chamber located on top of the ZPR-9 matrix. The first 
method was a computer code based on the Hurliman-
Schmidt^ period evaluation. This method gave a value 
of 5.83 ± 0.12 Ih for the total autorod worth. The sec
ond method used inverse kinetics and gave a result of 
5.848 ± 0.009 Ih for the worth. This is the average and 
standard deviation obtained from thirteen measure
ments. The results obtained by the two methods were 
in agreement within the accuracy of the measurements. 
The second result was used in analyzing the data since 
it was more accurate and because the inverse kinetics 
method was considered more reliable for the conditions 
of these calibrations. 

The linearity of the autorod was checked by osc 
fating a sample, worth about 2.4% of the total autorJ 
worth, with the autorod at different positions along its 
total travel. The results of 34 observations of the sam-
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le worth indicated no significant deviation from line
arity. 

The gross reactivity effect of each sample was deter
mined from the difference in the average position of 
the calibrated autorod with sample-in and sample-out 
as the autorod maintained a constant power level dur
ing oscillations. The autorod position, p(t), was elec
tronically integrated over a 180 or 300 sec interval to 
give an average position pi. The difference in autorod 
position corresponding to the sample worth was ob
tained by grouping the p/s in the form: 

A ^ i - i~iy-~'[pi - Vt{pi+x + p._i)], 

(i = 2, • • • 

where M is the number of pi. There are Â  

,M -1), 

^ M - 2 
values of Dj, . Treating the data in this manner results 
in the cancellation of errors caused by linear and sec
ond order drift in p{t), when one obtains the average: 

D 
1 " 

ly 4=1 

Several position integrations were made with the 
autorod at its most reactive position, A, and at its 
least reactive position, B. The gross worth, W, of a 
sample as a fraction of the total autorod worth, is 

W 
D 

B ~ A 

TWO PARALLEL 
IONIZATION 
CHAMBERS 

b ' 6 1 

1 

^ELECTROMETER 

F I G . II-5-1. Radial Sample Changer and Autorod Control 
Diagram. ANL Neg. No. 116-437. 

TABLE II-5-I . PEBTUKBATION SAMPLE DESCRIPTIONS 

Sample 

Ta-4 
Ta-5 
Fe-1 
Fe203-2 
Al-1 
AUO3-3 
B-7 
Poly-1 
Pu-7 
Fu-9 
Pu-11 
Pu-13 
Pu-15 
Pu-17 
Pu-19 
Pu-21 
Pu-23 
MB-20 
MB-21 
MB-23 
MB-24 
MB-26 
D-1 
D-29 
D-33 
D-37 
MB-19 

Material 
Element or 

Isotope 

Tan ta lum 
Tan ta lum 
Iron 
Iron Oxide 
Aluminum 
Aluminum Oxide 
B-10 
Polyethylene 
Plutonium 
Plutonium 
Plutonium 
Plutonium 
Plutonium 
Plutonium 
Plutonium 
Plutonium 
Plutonium 
U-235 
U-235 
U-238 
U-238 
U-238 
304 SS 
304 SS 
304 SS 
304 SS 
304 SS 

State 

Solid 
Solid 
Solid 
Powder 
Solid 
Solid 
Powder 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Solid 
Dummy 
Dummy 
Dummy 
Dummy 
D u m m y 

Geometry 

Annulus 
Annulus 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Annulus 
Cylinder 
Annulus 
Annulus 
Annulus 
Annulus 
Annulus 
Annulus 
Annulus 
Annulus 
Annulus 
Annulus 
Annulus 
Annulus 
Annulus 
Annulus 

Dimensions, 
in. 

CD 

0.378 
0.378 
0.389 
0.401 
0.390 
0.376 
0.400 
0.390 
0.390 
0.390 
0.390 
0.390 
0.390 
0.390 
0.390 
0.390 
0.390 
0.836 
0.835 
0.835 
0.835 
0.835 

Thickness 

0.021 
0.011 

— 
— 
— 
— 

0.0094 
— 

0.005 
0.015 
0.025 
0.006 
0.015 
0.025 
0.005 
0.016 
0.026 
0.005 
0.015 
0.005 
0.015 
0.030 

Length 

2.174 
2.175 
2.172 
2.169 
2.173 
2.174 
2.1733 
2.173 
2.175 
2.173 
2.173 
2.172 
2.173 
2.1725 
2.173 
2.173 
2.172 
1.6875 
1.6875 
1.6875 
1.6875 
1.6875 

Sample 
Wt, 

g 

13.859 
5.893 

33.277 
6.265 

11.437 
15.061 
0.4968 
4.024 
2.7059 
8.8533 

15.1219 
3.0306 
8.5102 

13.9392 
3.4424 
8.6079 

18.9231 
5.23061 

15.77801 
6.31491 

19.07423 
38.16314 

Sample 
Com

position 

Natura l 
Na tura l 
Na tura l 
Natura l 
Natura l 
Na tu ra l 
Enriched" 
Natura l 
R-524i> 
R-524 
R-524 
R-528 
R-528 
R-528 
R-529 
R-529 
R-529 
Enriched <= 
Enriched "̂  
Depleted' ' 
Depleted' ' 
Depleted' ' 

" 92.88 w/o B-10. 
t Melt N o . ; see Table I I -6 - I I . 
•̂  0.661759 w/o U-234, 93.17648 w/o U-235, 0.317281 w/o U-236, 5.844484 w/o U-238. 
<« 0.232774 w/o U-236, 99.767225 w/o U-238. 
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and 

bw — 
SD 

TABLE I I -5 - I I I . R E S U L T S OF SMALL SAMPLE CENTRAL 

WoBTH M E A S U R E M E N T S 

B - A 

where Sw is the uncertainty in W and Ss is obtained 
by the method of Bennett and Long.^ 

An independent method for obtaining the difference 
in the autorod position with sample-in and with sam
ple-out of the core was developed. This method consists 
of a least squares analysis of the pi's versus time with 
the sample-out p/s carrying on additive normalization 
constant that is determined from the fitting process. 
This normalization constant is the difference in autorod 
position that gives the sample worth. 

The results of the two independent methods of analy
sis did not differ significantly; however, the calculated 
uncertainty using the least squares technique was gen
erally slightly less. The results that are given in the 
accompanying tables are based on the method of Ben
nett and Long since this method was used in reporting 
results obtained in past FTR cores. 

The gross sample worths were converted to inhours 
by multiplying W by the worth of the autorod. The 
worth of the sample material was obtained by sub
tracting the worth of the stainless steel. The specific 

TABLE II -5-I I . 

Melt No. R-

524 
528 
529 

524 
528 
529 

524 
528 
529 

PLUTONIUM S.AMPLF 

Major Elements, 
w/o 

Pub 

98.96 
98.39 
97.67 

Al» 

1.10 
1.27 
1.20 

COMPOSITIONS 

Gas Analysis," 
ppm 

m 
1 
4 
2 

O2 

72 
224 
340 

N2 

84 
54 
35 

Isotopic Composition,"! 
w/o 

Pu-238 

0.005 
0.002 
0.191 

Pu-239 

86.273 
73.502 
40.964 

Pu-240 

11.461 
22.033 
42.258 

Pu-241 

2.084 
3.841 

12.090 

Pu-242 

0.178 
0.625 
4.688 

Am-241 

0.134 
0.624 
0.946 

Minor Elements," 
ppm 

Fe 

150 
100 
100 

Ni 

50 
10 
50 

Or 

1 
1 

3 
3 
5 

Y 

1 

400 
200 
300 

C 

380 
230 
230 

« ±5 .00%. 
t ±0 .30%. 
" ±5 .00%. 
•i Within 0.01%. 
« Factor of two. 

Sample Iden
tification 

Ta-4 
Ta-5 
Fe-1 
Fe203-2 
Al-1 
AI2O3-3 
B-7 
B-7 
Poly-1 
Pu-7 
Pu-9 
Pu-11 
Pu-11 
Pu-11 
Pu-13 
Pu-15 
Pu-17 
Pu-19 
Pu-21 
Pu-23 
MB-20 
Mb-21 
MB-23 
MB-24 
MB-26 
MB-25 
MB-25 
D-1 
D-1 
D-29 
D-29 
D-33 
D-37 
MB-19 

Stainless 
Steel 

Weight, 
g 

20.579 
20.302 
20.740 
20.878 
20.668 
20.391 
31.033 
31.033 
20.824 
21.107 
20.983 
31.370 
31.370 
31.370 
20.814 
21.561 
21.174 
21.159 
21.069 
21.214 
48.404 
48.240 
48.370 
48.345 
48.185 
48.185 
48.185 
21.069 
21.069 
30.809 
30.809 
28.258 
27.522 
48.295 

Sample 
Worth 

Standard 
Devi
ation 

Ih 

-1 .1604 
-0 .5617 
-0 .1809 
-0 .0302 
-0 .0925 
-0 .1354 
- 2 . 2 6 2 1 
-2 .2468 

1.7746 
0.600 
1.9734 
3.3925 
3.4364 
3.436 
0.5916 
1.6845 
2.8145 
0.5226 
1.3149 
2.1709 
0.955 
2.876 

-0 .1112 
- 0 . 3 0 7 
- 0 . 5 8 3 
-0 .5715 
- 0 . 5 7 4 
-0 .1433 
-0 .1433 
-0 .2240 
-0 .2143 
- 0 . 2 0 3 5 
-0 .1842 
-0 .3234 

0.0032 
0.0045 
0.0044 
0.0061 
0.0089 
0.0089 
0.0094 
0.0074 
0.0042 
0.010 
0.0099 
0.0079 
0.0080 
0.011 
0.0072 
0.0065 
0.0057 
0.0050 
0.0058 
0.0089 
0.017 
0.011 
0.0095 
0.010 
0.015 
0.0096 
0.012 
0.0052 
0.0017 
0.0041 
0.0081 
0 0046 
0.0070 
0.0070 

Specific 
Worth 

Standard 
Devi
ation 

Ih/kg 

- 8 3 . 7 3 
- 9 5 . 3 3 
- 5 . 4 4 
- 5 . 7 
- 8 . 0 9 
- 8 . 9 9 

- 4 5 3 3 
-4523 

441.0 
221.7 
223.0 
224.34 
227.24 
227.13 
196.2 
197.93 
201.91 
161.8 
164.56 
155.92 
182.5 
182.30 

- 1 7 . 6 
- 1 6 . 1 1 
- 1 5 . 2 7 
- 1 4 . 9 8 
- 1 5 . 0 3 
- 6 . 8 0 
- 6 . 8 0 0 
- 7 . 2 7 
- 6 . 9 6 
- 7 . 2 0 
- 6 . 6 9 
- 6 . 7 0 

0.23 
0.78 
0.13 
1.1 
0.78 
0.59 

19 
15 
1.0 
3 
1 
0 
0 
0 
2 
0 
0 
1 
0 

0 
3 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

7 
1 
53 
53 
75 
4 
77 
42 
5 
69 
64 
2 
71 
5 
62 
39 
25 
32 
26 
083 
13 
27 
16 
26 
15 

worth was then obtained by dividing the sample worth 
by the weight of the sample material. The empty cap
sule worth measurements were used to give a specific 
worth for stainless steel which in turn was multiplied 
by the weight of stainless steel in each of the other 
capsules to give the appropriate stainless steel worth 
to be subtracted from the measured gross worth. A 
radial worth traverse was made with sample MB-19 to 
provide a stainless steel subtraction for the U-238 
traverse made with sample MB-25. The traverse data 
obtained with sample D-29 was used to obtain the 
stainless steel subtractions for both the B-10 and Pu 
traverses since these capsules were of similar design, j ^ ^ 

The results of the radial worth traverses are sho'w|| | |^ 
in Fig. II-5-2. The results of the central worth meas
urements are given in Table II-5-III. 
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F I G . II-5-2. Radial Worth Traverses, ZPR-9 Assembly 26, FTR-3 : (A) Pu; (B) B-7; (C) MB-25. ANL Neg. No. 116-520. 
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II-6. P l u t o n i u m and U-238 Doppler M e a s u r e m e n t s in ZPR-9 Assembly 26, FTR-3 

R. B. POND, J. W. DAUGHTRY, C . E . TILL, E . F. GROH, C . D . SWANSON and P. H. KIER 

INTRODUCTION 

The Doppler effects of plutonium and U-238 have 
been measured in the plutonium-fueled Assembly 26 
of ZPR-9. This assembly was one of a series specifi
cally planned to provide physics information needed 
in the design of the Fast Test Reactor (FTR). A com
plete description of this assembly (also designated 
FTR-3 in the series of FTR criticals) is given in Paper 
II-2. 

DOPPLEE MEASUREMENT TECHNIQUE 

The Doppler measurement method used at ANL is 
the sample oscillation-reactivity difference technique. 
In this technique, a Doppler sample and a reference 
sample are periodically exchanged at the point in the 
reactor where the Doppler efî ect is to be measured. 
A calibrated servo-controlled autorod is used to main
tain the reactor critical with either sample in place in 
the reactor. The difference in these autorod positions 
gives the reactivity worth of the sample relative to the 

ference. This oscillation procedure is repeated for 
Irious Doppler sample temperatures to obtain the 

eactivity change as a function of Doppler sample 
temperature. 

EXPERIMENTAL EQUIPMENT 

DOPPLER-OSCILLATOR DRAWER 

A Doppler-oscillator drawer, running through both 
reactor halves, was substituted for the normal central 
matrix drawers of the reactor. This drawer was at
tached to a train arrangement which periodically os
cillated the Doppler and reference samples to a posi
tion at the reactor midplane. The drawer construction 
was such that when either sample was at the midplane, 
the other sample was entirely outside the critical re
actor. The remainder of the drawer in line with the 
sample positions was loaded to be as nearly identical 
to the normal core drawer loading as was consistent 
with the requirement of maintaining a maximum of a 
few inhours reactivity swing as the Doppler and refer
ence samples were oscillated. The oscillator platform 
also held the associated equipment for heating the 
sample and monitoring its temperature, and the vac
uum and cooling systems used to thermally isolate the 
heated sample from the cool reactor. 

AUTOEOD DRAWEE 

An autorod drawer, also running through both re
actor halves, was substituted for the usual matrix 
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drawers 15.4 in. from the center of the reactor. This 
drawer contained a servo-controlled, wedge shaped 
polyethylene blade, the length of which exceeded the 
active core length of the reactor. Over the total travel 
of the blade, the amount of polyethylene in the core 
at any time was a linear function of the relative rod 
position. On either side of the blade, the drawer was 
loaded with the reactor constituent materials of the 
region in which the drawer was located. 

The autorod position was indicated by electronically 
integrating the voltage across a linear helipot attached 
directly to the rod. Figure II-6-1 is a block diagram of 
the Doppler oscillator and autorod systems. 

DOPPLEB SAMPLES 

Three Doppler samples were used in these measure
ments: (1) a freely expandable (FE) 2^*U02 sample; 
(2) a freely expandable PuOg sample; and (3) a con
strained expansion (NNE) Pu02 sample. The samples 
were of a reduced density ceramic form, nominally 1 
kg in weight, 12 in. long and 1 in. in diam. 

The expansion reactivity effect has been found to 
be negligible for the ̂ ^^UOg sample; however, for fissile 
materials the expansion effect cannot be ignored. The 
two PuOa samples were designed with different expan
sion characteristics in order to investigate this effect. 
The sample's radial expansion characteristics are de
termined by the jacket material used to can the vari
ous samples and the axial characteristics by the end 

TABLE II-O-II. D O P P L E R CAPSULE 
DIMENSION SPECIFICATIONS 

AUTO ROD 
DRIVE MOTOR 

OSCILLATOR 
DRIVE MOTOR" 

ROD POSITION INDICATOR 

MASTER 

CONTROLLER 

OSCILLATOR CONTROLLER H 

REACTOR HALVES 

F^x:i 

Thermocouple probe 
Wires 
Sheath 

Thermocouple well 
Sample material 

Inner jacket" 

Heater coil'' 
Outer tube 

Silver lining 
Stainless steel 

Capsule cover 
Oscillator drawer 
Matrix tube 

Dimensions, 

O.D. 

0.075 
0.126 
1.010' 
1.050'' 
1.150 
1.150 
1.200 

1.474 
1.566 

2.000 
2.173 

Wall 
Thickness 

0.020 

0.050 
0.070 

0.005 
0.046 
0.050 
0.050 
0.040 

iV-i ate rial 

Chromel-Alumel 
Inconel 
Inconel 
UO2 or PuOz 

Inconel 
Invar 
Inconel 

Polished silver 
Stainless steel 
Stainless steel 
Stainless steel 
Stainless steel 

F I G . I I -6-1. Doppler Oscillator and Autorod Systems. ANL 
Neg. No. 116-416. 

» Outside diameter of sample material in Invar jacket . 
•> Outside diameter of sample material in Inconel jacket . 
" Jacket threaded on outer surface to a depth of 0.030 in. to 

accommodate a 0.055 in. o.d. co-axial heater coil. 
•' Heater is an Inconel wire inside an Inconel sheath with 

AUO3 insulation. 

supports. The FE samples were canned in Inconel 
which has a thermal expansion coefficient larger than 
that of the sample material. The NNE sample was 
canned in Invar which has a thermal expansion coeffi
cient smaller than that of the sample material over a 
temperature range of 300-500°K. Above 500°K the ex
pansion of Invar parallels that of Inconel. The FE 
samples had spring loaded end supports and the NNE 
sample had rigidly fixed end supports in order to pre
vent any axial expansion. A complete description of 
the PUO2 samples and the expansion characteristics of 
these types of samples are given in Refs. 1 and 2. 

Tables II-6-I and II-6-II give the Doppler capsule 
specifications and Fig. II-6-2 shows a cross section of 
the capsule as loaded in the oscillator drawer in a 
reactor matrix tube. 

TABLE II-6-I . 

Sample 
Iden
tifica

tion 

N-1 
INC-5 
INV-3 

Expan
sion 

Type 

F E 
F E 
N N E 

D O P P L E R S.VMPLE M A T E R I 

Sam-
pie 

Mate
rial 

UO2 
PuOj 
PUO2 

Form 

Pellets 
Powder 
Powder 

Total 
Sample 
Weight, 

kg 

1.26629 
1.04122 
1.05928 

\L SPECIFICATIONS 

Heavy 
Metal 

Weight,'' 
kg 

1.11687 
0.92351 
0.92822 

Active 
Sample 
Length, 

in. 

12.0000 
12.7600 
12.1875 

" N - l : 99.28 w/o U-238; 0.72 w/o U-236; 0.01 w/o U-234. 
INC-5 and INV-3: 86.92 w/o Pu-239; 11.46 w/o Pu-240; 2.43 
w/o Pu-241; 0.18 w/o Pu-242. 

REACTOR ENVIRONMENT 

The Doppler measurements were made in a reactor 
environment slightly different from the usual core 
drawers surrounding the Doppler oscillator drawer. 
Figure II-6-3 shows the reactor materials in the core 
drawer loadings of the drawers immediately surround
ing the oscillator drawer. 

The contents of the drawers immediately above ^^Bk 
below the oscillator were rotated 90 deg, and in Wl^ 
drawers the Yi in. of UgOg nearest the oscillator was 
replaced with stainless steel. In effect, a !4 in. stain-
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^ss steel ring or filter, extending the entire active axial 
length of the core, was inserted between the sample 
and the reactor core. The purpose of this filter was to 
reduce the hot sample-cold reactor resonance inter
action effect. A previous detailed study* of this effect 
indicated that this additional amount of stainless steel 
should reduce the interaction effect to insignificant 
proportions. 

EXPEEIMENTAL RESULTS 

A probe containing 5 thermocouples was used to 
measure the axial temperature profile of the Doppler 
samples during the reactivity measurements. The ther
mocouples were located approximately 0.5, 2.5, 6.0, 
9.5 and 11.5 in. into the nominally 12 in. long samples. 

During each oscillation in which the Doppler sample 
was in the reactor, the temperature profile was re
corded. An effective average sample temperature was 
then calculated from the function of a 5 coefficient 
polynomial fitted to the profile. These effective average 
temperatures were then averaged over the period of 
data taking in which the reactivity difference measure
ments between the Doppler and reference samples were 
also being made. The reactivity data analysis was done 
by the method of Ref. 4 which allows elimination of 
both first- and second-order reactor reactivity drifts. 

DOPPLER-EFFECT MEASUREMENTS 

Table II-6-III lists the results of the Doppler meas
urements. The listed reactivity changes are per kilo
gram of heavy metal in each sample from the reference 
temperature to the indicated temperature. For the 
uranium sample, the reference temperature was 293°K; 
for the plutonium samples, due to self-heating of the 
sample, the reference was approximately 305°K. 

Figure II-6-4 shows a plot of the tabulated data. 

MATRIX CAPSULE OUTER TUBE OSCILLATOR 
COVER (SS-SILVER LINED) DRAWER 

VACUUM 

HEATER COIL 

INNER JACKET 

DOPPLER OSCILLATOR DRAWER 

24 

THERMOCOUPLE 

THERMOCOUPLE 
WELL 

DRAWER 

U , 0 . 

SS. 

Na 

PU-AI 

PU-U-MO 

MATERIAL 

t \ 

V//\ 

WA 

- COOLANT AIR 

F I G . II-6-2. Cross Sectional View of Doppler Capsule. ANL 
Neg. No. 116-417. 

F I G . II-6-3. Modified Core Surrounding Doppler-Osoilla-
tor Drawer. ANL Neg. No. 116-418. 

The curves are a result of a least squares fit of the 
data to the function Sp/&TaT~'', where y is a con
stant. For N-1, the U-238 sample, y was 0.8, a result 
similar to previous work on uranium cores. 

The plutonium data, INC-5 and INV-3, have also 
been fitted to this form, although the resultant value 
of y is not expected to have the same physical signifi
cance it has for the U-238 data, because of the presence 
of expansion effects. The value of y was found to be 
0.0 for INC-5 and 0.5 for INV-3, but the latter data 
could be fitted almost as well with a straight line. In 
the fit of the INV-3 data shown in the figure, the 
359°K point was deleted and the dotted curve from 
800-1100°K is an extrapolation of the data with y 
equal to 0.5. In case of a linear fit, the extrapolated 
value at 1100°K is approximately 10% larger than the 
value shown. 

DISCUSSION OP RESULTS 

The freely expanding Pu02 sample indicates that 
the plutonium Doppler effect is negative and is ap
proximately linear over the temperature range of these 
investigations. The constrained expansion PUO2 sample 
indicates that the expansion reactivity effect is rela
tively small and negative. 
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TABLE I I -6 - I I I . FTR-3 E X P E R I M E N T A L D O P P L E K R E S U L T S 

Sample 

N-1 

INC-5 

INV-3 

Average 
Tempera

ture, 

293.2 
782 

1071 
783 

303 
792 

1064 

307 
359 
392 
382 
413 
438 
473 
521 
572 
615 
599 
634 
653 
679 
694 
718 
785 

8 
0 
4 

0 
1 
3 

7 
0 
8 
7 
1 
6 
9 
5 
1 
1 
5 
7 
3 
5 
4 
3 
1 

Standard 
Deviation 
in Average 
Tempera

ture, 

0.0 
0.6 
0.2 
1.0 

0.0 
0.4 
0.3 

0.0 
0.4 
1.9 
0.7 
0.4 
0.6 
0.9 
0.7 
0.7 
1.5 
1.8 
1.5 
0.8 
1.9 
2.2 
0.9 
3.0 

Average 
Reactivity 

Worth," 
Ih/kg 

0.000 
- 1 
- 1 
- 1 

0 
- 0 
- 0 

0 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 
~ 0 
- 0 
- 0 
- 0 
- 0 
- 0 

006 
371 
002 

000 
527 
837 

000 
013 
071 
073 
097 
108 
144 
199 
253 
295 
270 
314 
311 
322 
345 
359 
411 

Standard 
Deviation 
in Average 
Reactivity 

Worth, 
± I h / k g 

0.010 
0 
0 
0 

0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

004 
002 
006 

007 
003 
007 

009 
004 
008 
004 
005 
006 
004 
004 
006 
005 
008 
003 
013 
007 
004 
006 
003 

1% Afc/fc = 1064 Ih . 

-140 

-130 

-120 
-I 10 

.S^ -100 

~. -090 

I -080 
" -070 

t -060 

o -050 

K -040 

-030 

-020 

-0 10 

-000 

SIZE OF DATA POINTS 
INDICATES EXPERIMENTAL PRECISION ^ 
A N-1 (FE) UOg 
• INC-5 (FE) Pu02 

O I 

500 600 700 800 

SAMPLE TEMPERATURE OK 

900 1000 1100 

F I G . II-6-4. FTR-3 Experimental Doppler Resul ts . ANL 
Neg. No. 116-410. 

The two major Doppler-effect contributions in the 
Pu02 samples come from Pu-239 (85.9 w/o) and Pu-
240 (11.5 w/o). The separate contributions from these 
two isotopes have not been assessed. Previous Pu-239 
measurements^'® have indicated a near-zero Doppler 
effect over the same temperature range as these meas 

urements. However, the previous Pu-239 measurement 
relied heavily upon the calculated expansion reactivity 
effect in ^sspuOg samples and the prorating of the 
U-238 component in 2^^U^8^Pu02 samples. The present 
measurements could also be interpreted as showing a 
small plutonium Doppler effect for the constrained 
Pu02 sample over the first fifty degree change in tem
perature, but the remainder of the data up to 500°K, 
where the expansion is expected to be minimal, ap
pears to be inconsistent with this one data point. 

For the uranium data, the curve shown in the figure 
is essentially the U-238 Doppler effect since expansion 
effects have previously been shown to be negligible and 
since the Doppler effect due to the small percentage of 
U-235 in natural uranium is not expected to be of any 
significant consequence. 

A Doppler effect calculation for this sample was 
made and the results, shown in Table II-6-IV, under
estimated the two experimental measurements by ap
proximately 3%. This agreement is better than the 
25% underestimate, for similar calculations in uranium 
fueled reactors, using the same set of prescriptions for 
both Doppler effect calculations. Briefly, the pre
scription used to calculate these Doppler effects is the 
following. Homogeneous cross sections for each re
gional composition of the reactor are generated with 
MC ,̂f'̂ ' using ENDF/B, version 1, data, and then cor
rected for spatial resonance self-shielding using equiv
alence theory. These cross sections are then flux- and 
volume-weighted using unit-cell S„ calculated fluxes to 
generate effective homogenized unit-cell cross sections. 
The UO2 sample cross sections are generated with MC^ 
using a fine-group weighting spectrum characteristic of 
the reactor core. For the U-238 resolved resonance re
gion, RABBLE^-generated U-238 capture cross sec
tions are substituted for the corresponding MC^ cross 
sections. The cross sections for the reactor are then 
used with two-dimensional diffusion theory to generate 
real and adjoint fluxes for the reactor when it is unper
turbed by the Doppler sample and its surrounding 

TABLE II-6-IV. COMPARISON OF CALCULATED AND 

M E A S U R E D REACTIVITY CHANGE FOR UO2 

D O P P L E R SAMPLE 

WB^ 

T^atn Pnint 

1 
2 
3 

4» 

5 

Temperature, 

293.2 ± 0.0 
782.8 ± 0.6 
783.4 ± 1.0 
783.1 ± 0.5 

1071.0 ± 0.2 

Reactivity Change, 
Ih/kg 

Measured 

0.0 ± 0.010 
- 1 . 0 0 6 ± 0.004 
- 1 . 0 0 2 ± 0.006 
- 1 . 0 0 4 i t 0.003 
- 1 . 3 7 1 ± 0.002 

Calcu
lated 

i 
- 0 . 9 7 9 
- 1 . 3 2 0 

- Da ta point 4 is the average of the da ta for points 2 and 3. 
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'ructure. The reactivity effect due to the change in 
sample temperature is obtained from two-dimensional 
perturbation theory using effective U-238 broad-group 
capture cross sections which include sample flux per
turbation and resonance interaction effects, which are 
obtained by the procedure described by Lewis and 
Johnson.* 
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II-7. Analytical Studies in Support of the Fast Flux Test Facil ity (FFTF) 
Critical Experiments on ZPPR and ZPR-9 

A. TRAVELLI, A. J. ULRICH and J. C. BEITEL 

Wnr 

INTRODUCTION 

The Applied Physics Division is involved in a con
tinuing effort to provide basic physics information 
needed for the design of the Fast Test Reactor (FTR), 
which is an integral part of the Fast Flux Test Fa
cility (FFTF). The overall responsibility for managing 
the FFTF project, previously vested with the Pacific 
Northwest Laboratories (PNL), is now vested with the 
WADCO Corporation, a subsidiary of the Westing-
house Electric Corporation in Richland, Washington. 
The Advanced Reactors Division of the Westinghouse 
Corporation (WARD) in Pittsburgh, Pennsylvania, is 
the core designer. 

One activity of the Applied Physics Division in this 
connection consists of planning and evaluating a series 
of critical experiments to be performed on ANL fa
cilities according to the needs of the FTR manager 
(WADCO) and designer (WARD), and in performing 
computational studies to evaluate the results of the 
experiments. Long range planning, as well as detailed 
and operational planning, are carried out by personnel 
of Argonne's Applied Physics Division in close co
operation with WADCO and WARD personnel. 

The experiments planned and evaluated in the cur-
t reporting period were performed in the FTR-2 

Whd FTR-3 assemblies. These experiments are part of 
the resumed Phase B of the FFTF critical experiments 

program, and they are a continuation of other studies 
previously reported (Ref. 1). 

FTR-2 ON ZPPR 

The FTR-2 assembly was built on ZPPR. It com
prised a cylindrical core with an axial length of 36.08 
in. and a volume of about 1000 liters, surrounded by a 
BiC-Na-SS control annulus and by radial and axial 
reflectors. Figure II-7-1 shows the critical configura
tion on ZPPR and Fig. II-7-2 gives the dimensions of 
the volume-equivalent cylindrical loading. The assem
bly had the same core and reflector compositions as 
FTR-1, which are given in Table II-7-I. The control 
ring compositions are given in Table II-7-II. 

CALCULATION OF REACTION RATE TRAVERSES IN Z P P B / 

FTR-2 

The radial variations of Pu-239 and U-238 fission 
and B-10 capture detector responses in ZPPR/FTR-2 
have been calculated and compared with the experi
mental results. 

The flux distribution was obtained using the 29-
group cross-section set 29004.2*^' in one-dimensional 
cylindrical-transport theory in the S-4 approximation. 
The SNARG-ID*^' code was used in the calculations 
with the transport approximation for the anisotropic 
scattering. 
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FIG. II-7-1. ZPPR/FTR-2 Reference Critical Configuration (Loading 1-70). ANL-ID-103-A1107S. 
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The axial leakage was simulated by a DB^ absorber. 
The transverse buckhng (6.077 X lO^Vcm^) was ob
tained through a series of cylindrical and slab calcula
tions converging by iteration to a pair of calculations 
corresponding to the same k and to transverse buck-
lings adding up to the material buckling (1.778 X 
lO^Vcm^)- The value of k obtained through this pro
cedure was 0.9935. 

Two reaction rate traverses were computed for each 
of the three detector types from the neutron flux dis-

1 I 

AXIAL 
REFLECTOR 

BuC COHTROL RIWG 

• 18.011 

• 23.011 

• 30.04 

inC CONTROL RING 

AL 
ECTOR 

RADIAL 
REFLECTOR 

RADIAL 
REFLECTOR 

ALL DIMENSIONS ARE 
IN INCHES. 

-SPRING GAP SPACE (0.28") 
WHICH IS NOT INCLUDED 
IN DIMENSIONS. 

FIG. II-7-2. Equivalent Cylindrical Loading for ZPPR/ 
FTR-2 Reference Loading (Loading 1-70). ANL-W-103-
AIIO74. 

tribution. The calculation of the first reaction rate tra
verse used the 29-group cross sections obtained from a 
2,100-group fundamental mode MC-<'' flux averaging 
for the core composition at criticality. The flux was 
normalized so that the reaction rate obtained in this 
calculation was unity at the core center. Calculation 
of the second reaction rate traverse used the 29-group 
cross sections obtained from a 2,100 fundamental 
mode MC^ flux averaging for the reflector composition 
with zero buckling. The same flux, with the same nor
malization, was used as in the calculation of the first 
reaction rate traverse. 

The computed responses for the three types of de
tectors are compared in Fig. II-7-3 with the experi
mental values.* The experimental data are indicated by 
crosses, the reaction rates obtained in the first calcula
tion (core spectrum averaging) are indicated by the 
dotted curves labeled " 1 " , and the reaction rates ob
tained in the second calculation (reflector spectrum 
averaging) are indicated by the dotted curves labeled 
"2". Thus, type-1 curves are valid close to the core 
center, and type-2 curves are valid in the regions well 
inside the reflector. 

Comparison of the Pu-239 and B-10 radial detector 
response curves with the analogous curves for As
sembly 56B<i' shows clearly that the B4C control ring 
depresses the Pu-239 and B-10 reaction rates in the 
reflector and in the outer 20-30 cm of the core. Agree
ment between calculated and measured responses is 

TABLE I I -7-I . A S - B U I L T C O M P O S I T I O N — F T R - 1 ON ZPPR, LOADING 

Core 

Nuclide 

Pu-239 
Pu-240 
Pu-241 
Pu-242 
U-238 
U-236 

0 
Na 
C 
Fe 
Ni 
Cr 
x\In 
Mo 

Ik 

1-Column Pu 
Drawer" 

0.0008491 
0.0001126 
0.0000168 
0.0000017 
0.0055684 
0.0000122 
0.0150075 
0.107196 
0.0021888 
0.0087888 
0.0011626 
0.0025337 
0.0002025 
0.0002322 

2-Column Pu 
Drawer' 

0.0016983 
0.0002251 
0.0000337 
0.0000035 
0.0063849 
0.0000139 
0.0154338 
0.0063408 

0.0162589 
0.0011636 
0.0026368 
0.0002027 
0.0004475 

Cell Average 

0.0012737 
0.0001688 
0.0000252 
0.0000026 
0.0059766 
0.0000131 
0.0152206 
0.0085302 
0.0010944 
0.0125238 
0.0011631 
0.0026348 
0.0002026 
0.0003398 

Movable Fuel 
Rod" 

0.0016983 
0.0002261 
0.0000337 
0.0000035 
0.0063849 
0.0000139 
0.0137617 
0.0063610 
0.0032026 
0.0180022 
0.0023373 
0.0061353 
0.0004248 
0.0004567 

Drawer 
Adjacent to 

Poison Safety 
Rod"* 

0.0008491 
0.0001125 
0.0000168 
0.0000017 
0.0055684 
0.0000122 
0.0150075 
0.0062787 
0.0021888 
0.0097186 
0.0012671 
0.0027964 
0.0002204 
0.0002355 

17, atoms/b-cm 

Axial Reflector 

0.0133588 
0.0000284 
0.0079227 
0.0189744 
0.0022823 
0.0002295 
0.0000161 

Radial Reflector 

0.0065078 
0.0001547 
0.0068787 
0.0460037 
0.0019747 
0.0002639 
0.0000154 

Occupies even-numbered matrix columns. 
^ Occupies odd-numbered matrix columns (center column is odd-numbered). 
" Both fuel safety and control rods of this composition. 
'' Poison rod withdrawn during operation. 
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TABLE II-7-II . As-BuiLT COMPOSITION OP CONTROL R I N G 

FOR ZPPR/FTR-2 R E F E R E N C E CONFIGURATION 

{Loading 1-70) 

Nuclide Composition, 
atoms/b-cm 

Na 
C 
Fe 
Ni 
Cr 
Mn 
Mo 
B-10 
B-11 

0.0082408 
0.0089729 
0.0094642 
0.0012605 
0.0027303 
0.0002167 
0.0000174 
0.0069348 
0.0281204 

1.0 
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F I G . II-7-3. Radial Reaction Rate Traverses in ZPPR/ 
FTR-2 . ANL Neg. No. 116-560. 

within 10% for Pu-239 and B-10, except near the outer 
edge of the radial reflector of ZPPR/FTR-2. 

The calculated curves are based^ on the approxima
tion that the outer edge of the radial reflector is bare, 
which causes the calculated detector responses to rap
idly approach zero at that boundary. Actually, a con
siderable amount of neutron back-scattering was 

caused by the stainless steel matrix structure outsio 
the reflector. This effect explains why the calculated 
detector responses for Pu-239 fission and B-10 cap
ture, both of which are more sensitive than the U-238 
fission detector responses to the relatively slow back-
scattered neutrons, are especially low near the outer 
edge of the reflector. The contribution of back-scatter
ing by the matrix is almost negligible in the radial de
tector responses for Assembly 56B, where there was no 
B4C control ring. 

The calculated U-238 fission response in ZPPR/ 
FTR-2 shows a depression in the B4C control ring and 
in the outer 20-30 cm of the core, which is not re
flected in the results of experiments; the measured 
U-238 fission response shows little change in shape 
from that found in Assembly 56B(^'. 

CALCULATION OF THE U - 2 3 5 / B - I O K E A C T I O N RATE 

RATIO IN Z P P R / F T R - 2 

The value of the reaction rate ratio P^°U(n,/)/ 
^'*B(n,a)] described in Ref. 5 was calculated for com
parison with the experimental result. The neutron 
spectrum was derived through a DS4 calculation by 
means of the SNARG-ID Code with the cross sections 
of set 29004.2. The calculation corresponded to fc = 
0.9935. The cross sections of B-10 were also taken 
from set 29004.2, while the U-235 cross sections were 
taken from an equivalent set in which no heterogeneity 
correction was applied to the U-235 cross sections. The 
calculation yielded a value of 0.772 for the P^^U(n,/)/ 
"̂B («.,«)] reaction rate ratio at the center of the core. 

When compared with the experimental result (0.893 ^ 
0.037), this result corresponds to a C/E (calculated/ 
experimental) value of 0.865. 

FTR-2 SHIELD CONFIGURATION 

A sector of radial shield was added to FTR-2 on 
ZPPR outside the radial reflector in order to perform 
shielding experiments. Its axial length was equal to 
that of the radial reflector, and the transverse conflgu-
ration of the assembly is shown in Fig. II-7-4. A cylin
drical zone surrounding the axis of the core was de
pleted of plutonium in steps to reduce reactivity so 
that the B4C-Na-SS control annulus could be gradu
ally replaced by radial reflector. The removal of the 
control annulus made it possible to perform shielding 
experiments in the shield sector in the presence of a 
greater neutron flux. The composition of the shield 
zone and depleted matrix locations are given in Table 
II-7-III. The shielding experiments included the eval
uation of the effect of storing fuel in a zone in the 
fleeter on the reaction rate profiles of a number of ii 
topes within the core, the radial reflector, and the 
shield. The position of the stored fuel, when used, is 
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TABLE II-7-I I I . As-BuiLT COMPOSITION OF SHIELD AND 

D E P L E T E D COKE ZONES FOR THE Z P P R / F T R - 2 SHIELD 

CONFIGURATION, atoms/b-cm 

Nuclide 

U-238 
U-235 

0 
Na 
C 
Fe 
Ni 
Cr 
Mn 
Mo 

Shield Zone 

0.0059617 
0.0000264 
0.0371696 
0.0045539 
0.0102972 
0.0005741 
0.0000269 

Depleted Core Zone 

Drawer with 
One J-^-in.-

column 
U-238'' 

0.0078084 
0.0000164 
0.0150075 
0.0107196 
0.0021888 
0.0078562 
0.0010273 
0.0022623 
0.0001829 
0.0000161 

Drawer with 
Two Vi-in.-

columns 
U-238'' 

0.0108669 
0.0000223 
0.0154338 
0.0063408 

0.0143938 
0.0008931 
0.0019930 
0.0001635 
0.0000154 

" Located in even-numbered matrix columns. 
*> Located in odd-numbered matr ix columns. 

shown in Fig. II-7-4. The matrix locations containing 
fuel and corresponding to odd-numbered columns con
tained two plates of plutonium, while those correspond
ing to even-numbered columns contained one plate of 
plutonium. The compositions of the 1- and 2-plutonium 
plate loadings are given in Table II-7-I. The fuel-
storage zone had the same height as the core, and 
therefore extended 18.04 in. from the assembly axial 
midplane in both axial directions. 

EVALUATION OF FISSILE DEPLETION AND BORON REMOVAL 

E X P E R I M E N T S IN Z P P R / F T R - 2 

The FTR-2 experiments in which the B4C ring was 
gradually removed from the periphery of the core 
while a central region was depleted of fissile material 
have been analyzed. Figure II-7-5 shows the assembly 
configurations that were built on ZPPR in all the main 
steps of the experiments. Every region in the figure is 
labeled with the number of the loading which was ob
tained from the previous loading by depleting that re
gion (if the region belongs to the central zone of the 
core) or by replacing its control composition with re
flector composition (if the region belongs to the con
trol ring). Thus, the depleted zone of any loading in
cludes all the central regions labeled with numbers 
smaller than or equal to the loading number, while the 
control zone includes all the control ring regions la
beled with numbers larger than the loading number. 

In general, the progressive removal of boron from 
the ring corresponded to removing ring sectors with 
areas equal to the area of four matrix drawers from 
a control ring which was virtually complete at the be
ginning while it was devoid of boron at the end. Thus, 

the ring looked like a complete ring with two-drawl 
gaps at the beginning of the experiments and like an 
empty ring with two-drawer fillings at the end. The 
computational model was chosen according to these 
considerations and is depicted in Fig. II-7-6. The sym
bols R and D are defined, respectively, as the fraction 
of the initial complete ring and of the final depleted 
zone present in any loading. The reactor is represented 
in {R, 6) geometry, with the outer radii of the core and 
of the reflector chosen so that their areas correspond 
to the effective midplane areas of the experimental as
sembly. The central depleted zone is represented by a 
circle of radius r, whose area also corresponds to the 
effective experimental value. The intermittent control 
ring is represented by a series of sectors (half of one 
sector is shown shaded in Fig. II-7-6) whose thickness 
equals the effective thickness of the complete experi
mental ring. When less than half of the ring is present 
{R < 0.5) the half-thickness of each control section 
{61) is chosen so that the area of the sector is equal to 
the area of four matrix drawers; the half-thickness of 
the reflector sector that separates two control sectors 
(̂ 2) is chosen so that the total ring area occupied by 
control regions equals the experimental value. When 
more than half of the ring is present, B2 is chosen so 
that the area of each reflector sector between control 
sectors is equal to the area of four matrix dra%vers, 
while 1̂ is chosen so that the desired amount of boron 
is represented in the reactor. Obviously, both methods 
yield the same values for both angles when half of the 
ring is present {R — 0.5). For the number of control 
sectors present in the ring, this approach yields a value 
close to the number that was actually used in all of the 
loadings built during the experiments in question. The 
computational model that has been described does not 
take into account the jagged outlines of the core and 
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the control regions. Only a two-dimensional {X,Y) 
calculation could do this adequately. However, the fact 
that only a very small fraction of the core volume 
needs to be considered in the {R, 0) geometry makes it 
possible to use a large number of energy groups and a 
largo number of mesh points. Since the change of the 
energy spectrum of the neutron flux in the reflector and 
in the boron regions is very important in establishing 
the worth of the boron region, and since a large number 
of energy groups and of mesh points was deemed more 
important than a rigorous geometric representation in 
achieving the correct spectrum, the {R,6) geometry 
was chosen over the (X, Y) geometry. 

The cross sections used in the calculations were 
taken from the 29-group Argonne cross section set 
29004.2. The calculation was run in diffusion theory 
by means of the DIF2D code.® 

The value of the axial buckling was assumed to be 
independent of radius, energy, and azimuthal angle, 
and it was calculated for four cases (no ring, no deple
tion ; no ring, full depletion; full ring, no depletion; full 
ring, full depletion) so that it would yield the same 
value of the effective multiplication constant in a one-
dimensional {R) calculation as obtained in a two-
dimensional {R-Z) calculation. The values of the 
buckling for all other intermediate values of R and D 
were calculated by interpolation. 

The interference effects between boron ring and de
pleted zone were calculated by expanding the effective 
multiphcation constant of the reactor in power series 
of the fraction (R) of the control ring and of the frac
tion {D) of the depleted zone: 

k{R,D) = E E 
w=0 n~0 dR'"dD« 

irir 
H=o mini 
D=0 

=E dR'^R-o 
D=0 

IT 
ml 

z 
K=0 

'd"k' 
dD^' 

+ E E 

B=o n ! 
0 = 0 

' d'"+"k ' 
dR^'dD'' 

fc(0,0) 

R'-P)" 

(1) 

R-Q mini 

= k(R,0) -^k(0,D) - fc(0,0) 

-^RD • C{R,D), 

r+"+% R^D" 
CiR,D) _ E E 5 „̂+,a2)»+' (m l)!(n + l ) r ^̂ ^ 

s shown in Eq. (1), the function C{R,D) makes it 
^ssible to infer exactly any value of the effective 

multiplication constant of any loading from the knowl
edge of the effective multiplication constants of two 

^ ^ s s 

loadings which have, respectively, the same ring and 
no depleted zone or the same depleted zone and no 
ring. The C{R,D) function corresponds to the inter
ference effects between the ring and the depletion. 

Table II-7-IV shows the results obtained from a 
series of calculations run for five different values of R 
and D. In particular, the values obtained for C{R,D) 
show that the function has generally a small value 
(i.e., the interference effects between ring and deple
tion are small), smoothly varying, and separable in 
the two variables. The values of C shown in Table 
II-7-IV were then used to obtain by interpolation the 
values of C for any other (R ,D) combination. 

Figure II-7-7 shows the values of (fcg// — 1) in % as 
a function of R for every configuration having no de-

R< 0.5 

0|=Tr/3O 
92=7r{l-R)/30R 

R> 0.5 

irR/[30 (l-R)] 
17-/30 

1 4 / 0 

BLACK BOUNDARY 

REFLECTING BOUNDARY 

89.346 80 70 60 ' 50 40 30 
REFLECTING BOUNDARY, cm 

20 10 

F I G . II-7-6. The Model Used in the Computations. ANL 
Neg. No. 116-558. 

TABLE II-7-IV. VALUES OF THE AXIAL BUCKLING, OP THE 

EFFECTIVE MULTIPLICATION CONSTANT, .AND OF THE 

INTEEFEHENCB FUNCTION AS CALCULATED FOE 

VARIOUS V.VLUES OF R AND D 

Bl X 10* cm-2 
k 1.0 

0.75 

D 

0.50 

0.25 

0.0 

5.920 
0.987 

5.922 
1.001 

5.924 
1.015 

5.926 
1.031 

6.928 
1.048 

5.946 
0.959 

- 0 . 0 1 8 

5.949 
0.974 

- 0 . 0 1 9 

5.952 
0.990 

- 0 . 0 2 0 

5.955 
1.007 

- 0 . 0 2 1 

5.958 
1.025 

5.972 
0.937 

- 0 . 0 1 7 

5.976 
0.953 

- 0 . 0 1 7 

5.980 
0.969 

- 0 . 0 1 8 

6.984 
0.987 

- 0 . 0 1 9 

6.988 
1.007 

6.998 
0.925 

- 0 . 0 1 4 

6.002 
0.941 

- 0 . 0 1 4 

6.006 
0.958 

- 0 . 0 1 6 

6.010 
0.976 

- 0 . 0 1 6 

6.014 
0.997 

6.024 
0.914 

- 0 . 0 1 2 

6.028 
0.930 

- 0 . 0 1 3 

6.033 
0.948 

- 0 . 0 1 3 

6.037 
0.967 

-0 .014 

0.042 
0.988 

0.0 0.25 0.50 
R 

0.75 1.0 
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F I G . II-7-7. Comparison of Calculations with Experimental 
Values (Corrected and Uncorrected) of the Effective Multipli
cation Constant of a Reactor with No Depletion and a Fraction 
(R) of the Control Ring, and of a Reactor with No Control Ring 
and a Fraction {D) of the Depleted Zone. ANL Neg. No 
116-557 

pleted zone and a fraction R of the control ring, and 
the values of (k^ff - 1) in % as a function of D for 
every configuration having no ring and a fraction D of 
the depleted zone. The uncorrected experimental points 
are obtained by adding all the measured reactivity 
changes corresponding, respectively, to ring (or de
pleted zone) changes in a series of experiments lead
ing to the reactor in question from a reactor with full 
ring (or full depletion). However, the experiments 
were usually performed with both depletion and ring 
present in the reactor; the corrected experimental 
points were obtained from the uncorrected points by 
using the calculated values of C to correct for this dif
ference. Every reactivity change observed in the ex
periments was modified so that it would correspond to 
what would have been found had there been no deple
tion (or ring) in the reactor. The solid curves show 
the results of direct calculations. 

The comparison shown in Fig. II-7-7 indicates that 
experiments and calculations are in good qualitative 
agreement with each other. The B-10 and Pu-239 
worths are overestimated in the calculations by ap
proximately 8% and 12%, in this order; these values 
are almost exactly the same as those found in previous 
comparisons between experimental worths of B-10 and 
Pu-239 in FTR-1 and calculations using the same cross 
section set.'' The correction of the experimental data 
is always rather small, and never exceeds 12% of their 
value; even though the correction is based exclusively 
on calculations, the fact that it is small and little de
pendent on the reactor details makes it possible to 

place reasonable confidence on the values of the co 
rected experimental data plotted in Fig. II-7-7. The 
data indicate that the total worth of the control ring 
in FTR-2 is close to 5.5% of the effective multiplication 
constant. 

Reducing the measured reactivity changes to the 
corresponding values that would be obtained in the 
absence of different types of perturbations (as in Fig. 
II-7-7) offers the advantages of a clear physical mean
ing and of a more regular behavior of the curves. 
However, it is also interesting to investigate how ac
curately the calculations matched the results of the 
experiments that were actually performed. This pro
cedure does not offer a clear physical interpretation, 
but it removes the uncertainty inherent in the appli
cation of a calculated correction to the experimental 
data. 

The results of this comparison are shown in Fig. 
II-7-8 and in Table II-7-V. The curve calculated for 
keff in Fig. II-7-8 has been shifted upwards by 0.017. 
This value was chosen so that the best agreement be
tween calculations and experiments could be found, 
but is also very close to the amount by which the cal
culations may be expected to underestimate k^ff be
cause of the combined effects of using diffusion theory 
and of neglecting high-energy heterogeneity effects. 

Table n-7-V shows in condensed form the main 
properties of the various loadings and the calculated 
and experimental values of fc,/;. In addition, the table 
lists both for fissile and for control exchanges the ex
perimental k-changes, the calculated k-changes, and 
their ratios. The results are consistent with those shown 
graphically in Fig. II-7-7 and previously discussed. 
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F I G . II-7-8. Comparison of Calculations with the E x p J H W 
mental Values of fc,// as Measured for the Various Loadings. 
ANL Neg. No. 116-550. 
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TABLE II-7-V. Di.bCRiPTioN OF THE M A I N P R O P E K T I E S OF TUB VARIOUS LOADINGS AND COMPARISON 

OF CALCULATIONS V I T H E X P E R I M E N T S 

Loading 
Number 

96 
97 
99 

100 
102 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 

Fissile 
Mass, 

kg 

627.041 
525.043 
525.043 
619.050 
519.050 
519.060 
516.054 
515.054 
515.064 
607.064 
507.064 
503.068 
603.008 
495.077 
496.077 
498.073 

BiC 
Drawers 

240 
240 
224 
224 
176 
144 
144 
112 
96 
96 
64 
64 
32 
32 
0 
0 

k{E) 

1.00086 
0.99522 
0.99841 
0.98408 
0.99206 
0.99774 
0.98658 
0.99397 
0.99880 
0.98338 
0.99158 
0.98425 
0.99700 
0.98503 
0.99696 
1.00167 

HC) 

0.98776 
0.98266 
0.98493 
0.96727 
0.97613 
0.98062 
0.97062 
0.97743 
0.98254 
0.96433 
0.97615 
0.96780 
0.98134 
0.96597 
0.98164 
0.98697 

k(E)-kiC) 
% 

1.310 
1.267 
1.348 
1.681 
1.693 
1.712 
1.606 
1.654 
1.626 
1.905 
1.643 
1.646 
1.666 
1.906 
1.641 
1.470 

Fissile Exchanges 

JoAk{E) 

- 0 . 5 6 4 

- 1 . 4 3 3 

- 1 . 1 1 6 

- 1 . 5 4 2 

- 0 . 7 3 3 

- 1 . 1 9 7 

4-0.472 

%A^C) 

- 0 . 5 2 1 

- 1 . 7 6 6 

- 1 . 0 1 0 

- 1 . 8 2 1 

- 0 . 8 3 5 

- 1 . 5 3 6 

H-0.644 

C/E 

0.924 

1.233 

0.905 

1.181 

1.140 

1.284 

1.152 

Control Exchanges 

%Mi{E) 

0.319 

0.798 
0.668 

0.739 
0.483 

0,820 

1.276 

1.192 

%A*(C) 

0.238 

0.786 
0.549 

0.691 
0.511 

1.182 

1.354 

1.656 

C/E 

0.747 

0.985 
0.966 

0.935 
1.058 

1.442 

1.062 

1.306 
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CALCULATION OP REACTION RATE TRAVERSES IN Z P P R / 

FTR-2 SHIELDING CONFIGURATION 

The radial variation of B-10 capture, U-238 fission, 
Pu-239 fission, and N'a-23 capture rates have been 
computed for axial positions at 7.62, 35.56 and 55.88 
cm from the dividing plane in ZPPR/FTR-2 in the 
shield configuration (loading 130). The neutron fluxes 
used in the computations were obtained from a DIF2D 
diffusion solution in R, Z geometry. In order to simu
late the leakage in the direction perpendicular to the 
plane in which the three radial traverse measurements 
were made, fictitious DBl absorbers were added at 
each radial mesh point for all axial values closer to 
the midplane than the core half-height. The B] values 
were group-dependent and jR-dependent. They were 
derived from the flux solutions of an R, 0 representa
tion of the reactor and shield sector with stored fuel. 
Thus, the solution of the R, Z problem has meaning 
only in the plane of the measurements, but includes 
the effect of the azimuthal finiteness of the fuel stored 
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FIG. II-7-11. B-10 Capture Rate versus Radial Position in 
ZPPR/PTR-2 Shield Configuration at Axial Position 55.88 cm 
from Center. ANL Neg. No. 116-656. 
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FIG. II-7-12. U-238 Fission Rate versus Radial Position in 
ZPPR/FTR-2 Shield Configuration at Axial Position 7.62 cm 
from Center. ANL Neg. No. 116-551. 

in the shield and of the shield itself. The 29 energy 
group cross section set 29004.2 was used, giving keff = 
0.9946. 

The reaction rates were also calculated for the case 
of no stored fuel using R, Z flux solutions obtained by 
the same technique, where the Bl were derived from 
the solutions of an R, 6 representation of the reactor 
and shield sector without stored fuel. These reaction 
rates agreed with other simpler calculations assuming 
zero ^-leakage, with a relative discrepancy of 7% or 
less. 

The traverses at 7.62 and 35.56 cm passed through 
the depleted zone, core, radial reflector, shield, and 
5.63 cm of iron which simulated the heavy clamp that 
held the matrix tubes in position. The core-axial re
flector interface was at 45.811 cm from the midplane 
and the axial reflector ended at 76.302 cm. Thus, the 
traverse at 55.88 cm passed through the axial reflecta||^ 
for radii smaller than the core radius, then through « H B 
radial reflector, shield, and iron clamp. 

Two reaction rate curves were computed for each 
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F I G . II-7-13. U-238 Fission Rate versus Radial Position in 
ZPPR/FTR-2 Shield Configuration at Axial Position 36.66 cm 
from Center. ANL Neg. No. 116-565. 

traverse at 7.62 and 35.66 cm. The calculation of the 
first reaction rate used the 29-group cross sections ob
tained from a 2100-group fundamental mode MC^ 
flux averaging for the core composition at criticality. 
Calculation of the second reaction rate traverse used 
the 29-group cross sections obtained from a 2100-group 
fundamental mode MC^ flux averaging for the radial 
reflector composition with zero buckhng. The flux was 
normalized so that the B-10 capture and U-238 fission 
rates for the first calculation and the Pu-239 fission 
rate from the second calculation were unity at zero 
radius. 

Two reaction rate curves were also computed for 
each traverse at 55.88 cm. The calculation of the first 
reaction rate used cross sections averaged for the 
axial reflector composition with zero buckling. The 

^ ^ normahzation was chosen so that the reaction 
H n s of B-10 capture, U-238 fission, and Pu-239 fis

sion were unity at zero radius for the first calculation. 
The calculation of the second reaction rate traverse 

used cross sections averaged for the radial reflector 
composition. The same flux, with the same normaliza
tion, was used as in the calculation of the first reac
tion rate traverse. 

In the case of Na-23 capture the flux to be used for 
all traverses was normahzed so that the Na-23 capture 
rate for the first calculation was unity at zero radius 
in the 7.62 cm traverse. 

In Figs. II-7-9 through II-7-20 computed reaction 
rates are compared on a logarithmic scale with meas
ured values*'^ with stored fuel in the upper graph 
(radial position indicated by dotted lines) and with
out it in the lower graph. 

In Figs. II-7-15 and II-7-16 (Pu-239 fission) and 
Figs. 11-7-18 and II-7-19 (Na-23 capture) reaction 
rates computed with core-averaged cross sections (1) 
differ enough from the rates computed with the radial 
reflector-averaged cross sections (2) so that labels are 
provided. In all other traverses through the core the 
difference is almost indistinguishable. The reaction 
rates computed with the axial reflector-averaged cross 
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ZPPR/FTR-2 Shield Configuration at Axial Position 7.62 cm 
from Center. ANL Neg. No. 116-564. 

sections at an axial position 55.88 cm from the center 
are also almost identical with their radial counterpart. 

In the radial reflector the calculated B-10 capture 
reaches a peak which is too great by about 20% for the 
traverses at 7.62 and 35.56 cm (see Figs. II-7-9 and 
II-7-10). The calculated B-10 capture rate along a 
radial traverse near the dividing plane in ZPR-3 As
sembly 56B was found by S4 transport theory to be 
about 12% higher than the measured value in the radial 
reflector.! In the case of Assembly 56B the boundary of 
the problem was at the outer edge of the reflector rather 
than at the outer edge of the matrix tube clamp. The 
calculated peak of the Pu-239 fission rate using re
flector averaged cross sections is higher than the meas
ured one by about 8% in the radial reflector for the 
7.62 and 35.56 cm traverses (see Figs. II-7-16 and 
II-7-16). This compares to a value of about 6% for 
the case of Assembly 66B, mentioned previously. 

The relatively soft flux components which activate 
B-10 and Pu-239 are depressed by the presence of 
stored fuel in the shield (see Figs. II-7-9, II-7-10, 

II-7-15 and II-7-16). These depressions do not exteu' 
far enough to be seen in the 66.88 cm traverse. Notice 
that a soft flux component appears to be present (possi
bly due to room backscatter) which increases the ex
perimental reaction rate near the outer radius of the 
shield, but which is not present in the computation. 

On the other hand, the relatively hard flux which 
activates U-238 shows a maximum in the stored fuel 
which extends far enough to be seen in the 55.88 cm 
traverse (see Figs. II-7-12 through II-7-14j. Stored 
fuel has only a small net depressing effect on the flux 
components which activate Na-23 (see Fig^. II-7-18 
and II-7-19). 

In general, the qualitative agreement between cal
culated and experimental data is satisfactory when 
one considers the approximate nature of the computa
tions. In particular, the method used to take into ac
count the azimuthal finiteness of the shield and of the 
stored fuel appears to be quite satisfactory. The main 
discrepancy is found in the negative gradient of the 
computed reaction rate curves, which is usually more 
negative than the slope of the corresponding experi-
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mental curves in the shield region. This difference de
pends on the particular reaction and on the axial posi
tion and may be attributed to the deficiencies of 
diffusion theory, to angular dependence of the scatter
ing matrices, or to the cross sections used. The effect 
could also be due to flux streaming down the channel 
through the assembly in which the traverse tube was 
placed; however, the Na-23 curves for no fuel stored 
in Figs. II-7-18 through II-7-20 seem to contradict this 
explanation, because there was no channel for stream
ing in these cases and the effect is still present. 

The method of normalizing the radial variations of 
the B-10 capture, U-238 fission, and Pu-239 fission 
rates does not give a comparison of computed and 
measured reaction rates as a function of axial position. 
In order to evaluate this effect, the fluxes from the 
DIF2D solution were also used to calculate each of the 

iree reaction rates at zero radius and axial distances 
' 35.56 and 55.88 cm from the dividing plane when the 

reaction rate at an axial distance of 7.62 cm was unity. 

These rates are compared with measured values* in 
Table II-7-VI. 

FTR-3 ON ZPR-9 

The next assembly in phase B of the FFTF critical 
experiments program was FTR-3, built on ZPR-9. This 
assembly was similar to FTR-2, but its core had two 
zones of different enrichment and the control annulus 
was replaced by a ring of sixteen control clusters sur
rounding the core and located in the radial reflector. 
The volume of each control cluster was very close to 
the volume of an FTR control rod, so that the sixteen 
control clusters corresponded closely to the fifteen-rod 
peripheral control system of the FTR even though 
maintaining 45 deg symmetry. 

The matrix loading pattern for the first FTR-3 
critical assembly is shown in Fig. II-7-21. The dimen
sions of the assembly when all zones are transformed 
into cylinders or cylindrical annulii preserving volume 
are given in Fig. II-7-22. The atom densities for the 
zones are given in Table II-7-VII. Type A drawers 
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were loaded into matrix positions corresponding to 
even numbered columns and type B drawers were 
loaded into matrix positions corresponding to odd num
bered columns. 

In order to supply nickel for another program the 
reactor underwent a slight modification after achieving 
first criticality, so that some nickel could be made 
available for the EBR-II mockup studies which were 
simultaneously under way in ZPR-3. The reflector was 
made thinner while a radial shield with a large volume 
fraction of stainless steel was added around the re
flector. The atom densities in the radial shield are 
given in Table II-7-VIII. The resulting FTR-3 Refer
ence configuration is shown in Fig. II-7-23. 

The critical mass of the FTR-3 assembly was pre-
calculated for a large number of core compositions 
which were considered during the planning phase of the 
assembly. The large number of calculations needed 
made it necessary to develop an approximate and 
economical procedure to evaluate the critical mass of 
the assembly by means of a series of one- and two-

dimensional configurations using the DIFID, DIF21 
and MACH-1 diffusion codes.®-!** 

A first simplification of the basic problem was the 
replacement of the sixteen peripheral control rods with 
a fictitious annular region of control composition lo
cated between the core and the radial reflector with 
the same worth as the control rods. The FTR-3 refer
ence configuration was defined in R^ geometry in a 
problem in which the sixteen control rods were pres
ent, using the cross section set 29004.2. The control 
annulus was represented in a similar problem in one-
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TABLE II-7-VI. R E L A T I V E REACTION R A T E S 

AT ZERO RADIUS 

B-10 capture 
U-238 fission 
Pu-239 fission 

7.62 cm 

Calc. 

1.00 
1.00 
1.00 

Meas. 

1.00 
1.00 
1.00 

35.56 cm 

Calc. 

0.821 
0.639 
0.767 

Meas. 

0.847 
0.619 
0.808 

55.88 cm 

Calc. 

1.599 
0.221 
1.064 

Meas. 

1 . 3 | ^ 
O.2H 
1 . 0 9 ^ 
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dimensional cylindrical geometry. The same axial 
buckling, selected on the basis of experience with 
FTR-2 computations,! was used for both the R^ and 
cylindrical problems. The thickness of the one-dimen
sional ring was then adjusted to give the same multi
plication constant as that of the R6 problem. This 
thickness was found to be rather insensitive to the 
choice of the axial buckling. 

A value of the axial buckling that could be used in 
a one-dimensional cylindrical model of the FTR-3 was 
taken to be the weighted average of the axial bucklings 
associated with the inner and outer core compositions. 
The axial buckling for each core composition was de
termined from a radial buckling search in a slab prob
lem in which the core composition was reflected by 
axial reflector slabs. The axial buckling was taken to 
be the core material buckling minus the radial buck
ling obtained in the search. 

The weighting factors were determined by a com
parison of a series of FTR-3 problems solved with set 
29601,'!!* a collapsed six energy group cross section 
set. Axial buckhngs to be associated with each core 
composition were obtained in six groups by the method 
described above. A six-group FTR-3 problem in BZ 
geometry using the control annulus yielded a value 
for the multiplication constant. Next, one-dimensional 
calculations with the same multiplication constant and 

ith the same cross sections yielded the value of axial 
kling required for a cylindrical representation of 
R-3. The cyUndrical representation contained a 

control annulus with the thickness found previously. 

Weighting factors for the six-group buckhngs for each 
of the core compositions were then chosen so that the 
weighted average was equal to the six-group buckling 
required in the one-dimensional cylindrical represen
tation of FTR-3. 

These weighting factors were then used to obtain a 
weighted average 29-group axial buckling for use in 
the 29-group one-dimensional cylindrical representa
tion of FTR-3 which contained the control annulus. In 
this final problem the outer boundary of the outer core 
was varied until the multiplication constant equaled 
that of the FTR-2 assembly. The thicknesses of the 
control annulus, radial reflector, and radial shield were 
held constant. The multiplication constant of FTR-2 
was chosen because that assembly was the one of the 
phase B series which was most similar to FTR-3. 

On the basis of the above computational procedure 
the critical mass of FTR-3 with the core compositions 
that were eventually chosen was calculated to be 539.6 
kg of fissile materials (Pu-239, Pu-241. U-235). The 
experimental fissile critical mass was 538.23 kg (see 
Paper II-2). 

C.-VLCULATION OF EDGE WOKTHS IN THE Z P K - 9 / F T R - 3 CORE 

The worth of modifying slightly the boundary be
tween the inner core and the outer core of FTR-3 was 
calculated and compared with the results of experi
mental edge worth measurements (see Paper II-2). 

The calculations were performed in cylindrical ge
ometry by means of the diffusion program MACH-l 
with the aid of the Argonne cross section set 29004.2. 
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F I G . II-7-22. Side View of FTR-3 iu ZPR-9. ANL Neg. No. 
116-553. 
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TABLE II-7-VII. FTR-3 ATOM D E N S I T I E S 

Isotope or Element 

Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 

Pu-239 4- Pu-241 
Pu-240 -f Pu-242 

Pu 
U-235 
U-238 
U 
Mo 
Na 
C 
0 
Fe 
Cr 
Ni 
Mn 
Al 
B-10 
B-11 
B 

Inner Core 
Type A 
Drawer 

0.0006 
0.8814 
0.1167 
0.0181 
0.0019 
0.8995 
0.1186 
1.0187 
0.0125 
5.7811 
5.7936 
0.2340 
9.1731 
0.0267 

14.454 
13.363 
2.7593 
1.3166 
0.2026 

— 
— 
— 
-— 

Inner Core 
TypeB 
Drawer 

— 
1.0690 
0.0510 
0 0049 
0.0001 
1.0739 
0.0511 
1.1250 
0.0069 
3.2769 
3.2838 
0.0123 

11.208 
0.0356 
8.7577 

13.234 
3.8193 
1.8224 
0.2804 
0.1109 

— 
— 
— • 

Atom Densities 

Inner Core 
Avg." 

0.0003 
0.9784 
0.0827 
0.0113 
0.0010 
0.9897 
0.0837 
1.0737 
0.0096 
4.4858 
4.4960 
0.1194 

10.225 
0.0308 

11.5076 
13.296 
3.3076 
1.5781 
0.2428 
0.0574 

^ 
— 
— 

Outer Core 

0.0006 
1.4669 
0.1723 
0.0227 
0 0022 
1.4896 
0.1745 
1.6647 
0.0125 
5.9000 
5.9125 
0.4412 
8.7013 
1.0686 

12.717 
15.906 
3.1571 
1.5064 
0.2318 

— 
— 
— 
— 

10̂ 1 atoms/cm 

Outer Core 
Drawer Next 
to B-10 Rods 

0.0006 
1.4466 
0.1704 
0.0225 
0.0022 
1.4691 
0.1726 
1.6423 
0.0114 
4.9970 
5.0084 
0.4338 
6.2784 
1.0684 
8.0809 

14.124 
3.1204 
1.4889 
0.2291 

— 

— 

5 

Peripheral 
Control 
Zones 

— 
— 
— 

_ _ „ 

— 

— 
— 
— 
— 

0.0105 
4.1257 

14.043 
— 

11.320 
3.2536 
1.5525 
0.2389 

— 
10.698 
43.387 
54.085 

Radial 
Reflector 

— 
— 
— 
— 
— 
— 

— 
-— 
— 
— 

0.0078 
6.7544 
0.1646 

—-
8.4575 
2.432 

48.072 
0.2864 

—-
— 
_ „ 

— 

Axial 
Reflector 

— 
— 
— 
— 
— 
— 

—-
— 
— 
- -

0.0079 
9.2102 
0.0231 

— 
8.5898 
2.4614 

38.1013 
0.2789 

— 
— 
— 
— 

*• 140 Type A drawers and 150 Type B drawers. 

TABLE II -7-VIII . ATOM D E \ S I T I L S IN THE RADIAL 

SHIELD, 10" atoms/cm* 

Element Atom Density 

the perturbation worth of the substitution at the loca
tion of the interface. 

The same computational method was used to deter
mine edge worths at the outer-core/reflector interface. 

Na 
Fe 
Cr 
Ni 
Mn 
C 
Mo 

6.754 
39.022 
11.258 
5.372 
0.827 
0.105 
0.036 

RADIAL SHIELD RADIAL REFLECTOR 

The compositions and radial sizes of the reactor con
sidered in the calculations corresponded exactly to the 
values given in Figs. II-7-22 and II-7-23 and Tables 
II-7-VII and II-7-VIII, with the exception of the 
radius of the inner core/outer core interface. The axial 
buckling was chosen to be B\, = 5.435 X lO^Vwn^ in 
all regions and for all energy groups; this corresponded 
to fc = 0.9841. 

The radius of the inner-core/outer-core interface was 
chosen to equal the average radius of the region where 
the change in composition had occurred in the experi
ments. Then, according to the procedure described in 
Ref. 1, the calculated worth of the substitution was in
ferred from perturbation calculations as the limit of 

PERIPHERAL CONTRQ 
ZONES 

F I G . II-7-23. FTR-3 Reference Configuration. ANL Neg. 
No. 116-397 T-1. 
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'The experiments involved the interchange of an 
outer core drawer near the inner-core/outer-core inter
face either with an inner core type A drawer or with 
an inner core type B drawer (see Paper II-2). The 
outer core drawer used in the interchanges was of type 
C and its composition differed slightly from the aver
age composition of the outer core. The compositions of 
the three drawers used in the interchanges are listed in 
Table II-7-IX. 

The results of the calculations are compared with 
the experimental data in Tables II-7-X and II-7-XI. 
The calculations tend to overestimate the worth of the 
fuel additions that result from the substitutions. The 
excess of the calculations as compared with the ex
periments ranged from 10 to 18%, with an average 
close to 14%. The excess is probably enhanced by (a) 
the use of perturbation theory as described, and (b) 
the fact that cross section set 29004.2 does not take 
properly into account low-energy heterogeneity effects 
in the various zones of FTR-3. 

The overall results are consistent with previous ex
perience with the cross sections of set 29004.2, which 
have been found to lead to over-estimate by approxi
mately 10% of the fuel worth in various assemblies of 
the FTR critical experiments program. 

CALCULATION OF T H E NEUTRON SPECTRUM AT T H E 

C E N T E H " * O P Z P R - 9 / F T B - 3 

A preliminary calculation of the neutron spectrum as 
measured at a location near the center of ZPR-9/ 
FTR-3 was obtained by means of the MC^ code. The 
experimental results and the details of the experiment 
appear in another section of this report (see Paper 
11-22). 

The calculation used the ENDF/B-I nuclear data 
and an ultrafine group structure which included the use 
of 1980 groups of equal lethargy width and spanning 
over the energy range from 10 MeV to 0.68 eV. 

The calculation of the spectrum was based on a 
fundamental-mode model in the Pi approximation. 
This simple model may be applied with some confi
dence to the analysis of the experiment in question 
because (1) the neutron spectrum was measured at a 
location very close to the center of the inner zone of 
the core; (2) the size of the inner-core zone is such 
that it may be safely assumed that the spectral per
turbations arising from the inner-core/outer-core 
interface do not extend to the center of the core; (3) 
the material buckling of the inner-core zone is rela-
iivelv small (1.06 X lO^'Vcni^); (4) the measurement 

^ H K performed in an assembly that was very close to 
^ R t i c a l {k — 0.979), so that the excitation of higher-

order modes could be neglected. 
The homogeneous composition used in the calcula-

TABLE II-7-IX. COMPOSITIONS OF VAKIOUS D R A W E E S U S E D 

IN EDGE WOBTH ME.4SUREMENTS, 10'^ atoms/cm^ 

Pu-238 
Pu-239 
Pii-240 
Pu-241 
Pu-242 
U^235 
U-238 

Mo 
Na 
C 
0 
Fe 
Cr 
Ni 
Mn 
AI 

Inner Core 
Type A 

0.0006 
0.8814 
0.1107 
0.0181 
0.0019 
0.0125 
5.7811 
0.2340 
9.1731 
0.0257 

14.4670 
13.3630 
2.7593 
1.3166 
0.2026 

Inner Core 
TypeB 

1.0690 
0.0510 
0.0049 
0.0001 
0.0009 
3.2769 
0.0123 

11.2080 
0.0356 
8.7577 

13.2340 
3.8193 
1.8224 
0.2804 
0.1109 

Outer Core 
TypeC 

0.0006 
1.4445 
0.1702 
0.0225 
0.0022 
0.0122 
5.8008 
0.4332 
8.7013 
1.0686 

12.7174 
15.9273 
3.1633 
1.5094 
0.2323 

— 

TABLE II-7-X. WORTHS OE SUBSTITUTING AN I N N E R CORE 

T Y P E B D R A W E R WITH AN OUTER CORE T Y P E C 

D R A W E R AT VARIOUS R A D I I 

Radius, 
cm 

33.19 
35.41 
37.10 
39.11 

Calculated, 
Ih 

23.99 
23.62 
23.29 
22.80 

Experimental, 
Ih 

21.33 
20.10 
19.78 
20.52 

C/E 

1.12 
1.17 
1.17 
1.11 

TABLE II -7-XI . WORTHS OF SUBSTITUTING AN I N N E R COKE 

T Y P E A D R A W E E WITH AN OUTER CORE T Y P E C 

D R A W E R AT VARIOUS R A D I I 

Radius, 
cm 

35.41 
37.10 
39.11 
42.12 

Calculated, 
Ih 

45.88 
44.30 
42.36 
28.69 

Experimental, 
Ih 

39.04 
37.41 
38.27 
33.69 

C/E 

1.16 
1.18 
1.10 
1.15 

tion was the composition of the inner core of FTR-3. 
The effect of the heterogeneous structure surrounding 
the counter was partially considered by using the het
erogeneous MC^ option that corresponded to a modified 
Bell approximation for a structure resembling, to some 
extent, the plate arrangement around the counter. The 
calculation did not account in any way for the effect 
on the neutron spectrum measured by the counter due 
to the presence of the counter itself. 

The results of the direct MG^ calculation are com
pared with the experimental results in Fig. II-7-24. 
The continuous curve that corresponds to the calcula
tion is normalized so that its integral over the energy 
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FIG. II-7-24. Comparison of the Neutron Spectrum Measured at the Center of ZPR-9/FTR-3 with the Result of a 1980-Group 
MC^ Calculation. ANL Keg. Xo. 116416. 

range considered in the experiments is equal to the 
corresponding integral of the experimental data, which 
are indicated by vertical bars. The average energy of 
the measured spectrum is in good agreement with the 
calculation, and so is the location of the main oscilla
tions of the spectrum. These oscillations, which corre
spond to resonances in the cross sections, have much 
wider amplitudes in the calculation than in the ex
periments. The effect is due to the finite energy resolu
tion of the counter. 

If the counter is tentatively assumed to have a 
lethargy resolution corresponding to a gaussian window 
with a standard lethargy deviation of 0.15, the energy 
response j{u) of the counter can be calculated easily 
on the basis of the following expression r̂ ^ 

/ ( M ) 
\/2 

0.15V^ 
<i){u ) exp -9, 

0.15 
du , 

where </>(M') is the MC^ spectrum. Figure II-7-25 
shows a comparison of the measured spectrum with 
the calculated MC^ spectrum smoothed by the gaussian 
window mentioned above. The calculated curve is 
normalized according to the same method used for the 
normalization in Fig. II-7-24. 

The agreement between measured and calculated 
counter responses, as depicted in Fig. 11-7-25, is very 
good. Every measurable oscillation in the calculated 
curve is found to correspond closely in energy, width, 
and amphtude to a similar oscillation of the experi

mental data. Minor discrepancies are found in the 
energy ranges from 15 to 50 keV and from 1.5 to 2 
MeV, where the calculation is respectively higher and 
lower than the experimental data. 

A more accurate analysis of the experiment, taking 
into account the energy-dependence of the counter-
resolution is reported in Paper 11-22. 

PREPARATION OF A CROSS-SECTION SET FOR ANALYSIS OF 

THE FTR-3 EXPERIMENT 

A 29-group cross section set, designated 29006, was 
prepared from ENDF/B nuclear data, version I re
vised Category 1, for computational analysis of the 
FTR-3 critical experiment. The energy-group struc
ture of set 29006 is the same as that of set 29004.2. 
Inner and outer core 29-group cross sections were ob
tained by averaging in a 2100-group fundamental mode 
MC^ flux spectrum at criticality for the inner and outer 
core compositions, respectively. The two-region hetero
geneous treatment of JNIC^ was used to obtain cross 
sections for the isotopes present in the fertile and 
fissile plates (see Paper II-2) in the inner and outer 
core. Cross sections for the other isotopes in the inner 
and outer core were obtained through the homogeneous 
treatment. Axial reflector cross sections were averaged 
in the 2100-group flux spectrum for the axial reflec 
composition with zero buckling and using the homo 
neous treatment. Radial reflector cross sections were 
taken from set 29004.2 because of the almost identical 
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FIG. II-7-25. Comparison of the Neutron Spectrum Measured at the Center of ZPR-9/FTR-3 with the Result of a 1980-Group 
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composition of the radial reflector used in the genera
tion of that set. 

C A L C U L A T E D B A M A L A N D AXIAL REACTION RATES IN 

FTR-3 

Using the 29006 cross-section set the variations of 
Pu-239 fission, U-238 fission, and B-10 capture have 
been computed along the central axis of the inner core 
of FTR-3 and in the midplane of FTR-3 along a radius 
which passes halfway between two of the 16 peripheral 
B4C control clusters. The 29-group flux distribution 
for the computation of the radial variations were ob
tained from the DIF2D diffusion theory solution of a 
representation of FTR in R9 geometry. For this solu
tion a Z-buckling of 5.39 X lO^Vcm- was used in a 
DB^ absorber simulation of the axial leakage giving a 
k of 0.977. An auxiliary to the RO problem was the 
computation by DIFID, in a one-dimensional radial 
problem with the same axial buckling, of the thickness 
of an annular control zone which gave the same k as 
that of the Rd problem. The annular control zone there
fore had the same control worth as that of the sixteen 
peripheral control zones of the problem in R0 geometry. 
The 29-group flux distribution used for calculation of 
the axial variations were obtained from the DIF2D 
solution of a model of FTR-3 in RZ geometry, also 

/ing a A" of 0.977. In this model the 16 peripheral 
;on control clusters were replaced by the control 

annulus whose thickness has previously been com

mon 

puted. An auxiliary to the RZ problem was the search 
for that Z-buckling which was required in the ID 
cylindrical problem with the control annulus to give 
the same k as that of the problem in RZ geometry. 
This buckling was then entered into the problem in R6 
geometry. The RS solution and the RZ solution were 
made self-consistent by iterating in this manner 
through the two auxiliary calculations. 

The radial reaction rate traverses were calculated 
for each of the detector types. The calculation of the 
first traverse used cross sections averaged by MC^ with 
the homogeneous treatment in the 2100-group funda
mental mode flux spectrum of the inner core composi
tion at criticality for Pu-239 fission and U-238 fission, 
and of the outer core composition at criticality for B-10 
capture. These cross sections do not depend much on 
whether the averaging has been done in the inner or 
outer core composition. The flux was normalized to 
give a reaction rate of unity at the center. The calcu
lation of the second traverse used cross sections aver
aged by MC^ with the homogeneous treatment in the 
2100-group flux spectrum of the radial reflector com
position with zero buckling. The same flux with the 
same normalization was used as in the calculation of 
the first reaction rate. 

Two axial reaction rate traverses were also com
puted for each of the detector types using the same 
method. In Figs. II-7-26 and II-7-27 the computed re
action rates for each of the detectors in the radial and 



96 II. Fast Reactor Physics 

1.0 -
/EXP. 

— +: , . 
*; • 

: / * • • 
CALG. (D1F2D) 

_ 
— 
— 
_ P u - 2 3 9 FISSION 

1 1 1 

\ 
+ , 

' + 
'•+. + K .+ 

K 

I l l ) 

2 

/ , / 
• ' + 

• + 

1 

+ 

. • , + 

1.0 -

CC — 

2 

INNER 
CORE 

_ U - 2 3 8 FISSION 

_ J I L_ 

+ . 

OUTER ' 
CORE 

REFLECTOR 

1 I I \- • .-^l*. 

SHIELD 

U - i 

0 — • + • / < • . . 

B ' ° CAPTURE 

10 20 3 0 4 0 5 0 6 0 7 0 80 

RADIAL POSITION FROM CENTER, Cm 

90 
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axial directions, respectively, are compared with the 
experimental values (see Paper II-4). The computed 
curves are dotted while the experimental data are rep
resented by crosses. The reaction rates from the first 
calculation with reflector averaged cross sections, are 
labeled " 1 " . The reaction rates from the second calcu
lation, with reflector averaged cross sections, are la
beled "2" or " 3 " to designate the radial or axial re
flector, respectively. The type-1 curves are valid in 
the inner core and outer core far from the reflector 
boundary. The type-2 and type-3 curves are valid well 
within the radial and axial reflector regions, respec
tively. 

The radial variations of the Pu-239 fission and B-10 
capture rates near the midplane of FTR-3 represent a 
transition between those of ZPPR/FTR-2 which has a 
continuous peripheral B4C control ring, and ZPR-3 
Assembly 56B(i' which has no peripheral B4C control 

ring. The reaction rates for ZPPR/FTR-2 and ZPR. 
Assembly 56B were computed using neutron fluxes ob 
tained from solutions of the ID-cylindrical transport 
equation in the S4 approximation. However, the reac
tion rates calculated in this way for ZPPR/FTR-2 and 
ZPR-3 Assembly 56B were found to differ very little 
from other calculations using diffusion theory fluxes. 

In FTR-3, the Pu-239 fission rate and B-10 capture 
rate are both under-calculated near the outer edge of 
the shield. This effect has been observed also in con
nection with FTR-2 and ZPR-3 Assembly 56B, and has 
been discussed previously.^ The separation of calcu
lated curves 1 and 2 for the Pu-239 fission rate has 
also been discussed previously. 

Comparison of the radial variation of the U-238 
fission rate with that of ZPPR/FTR-2 and ZPR-3 
Assembly 56B shows most clearly the effect of flux 
flattening in the two zone core of FTR-3. 
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P The behaviour of the axial variations of the Pu-239 
Ission, U-238 fission, and B-10 capture in FTR-3 are 
very similar to those of ZPR-3 Assembly 56B. How
ever, the computation of reaction rates in FTR-3 used 
fluxes from an RZ problem instead of fluxes from a 
slab problem. Over-calculation of the Pu-239 fission 
and B-10 capture rates in the axial reflector in FTR-3 
are the most prominent dissimilarities between the 
two sets of calculations. Again, the effects at the edge 
of the reflector have been previously discussed. 
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INTRODUCTION 

ZPR-3 Assembly 48 was a small, dilute plutonium-
fueled fast critical assembly which in neutron-spectral 
character simulated the large fast reactors envisaged 
for power production. Assembly 48B was a modifica
tion of Assembly 48 in which the isotopic fraction of 
Pu-240 in the plutonium fuel was increased from 6.01 
to 17.2% in a small zone at the center of the core. 
Among the measurements conducted in these two sys
tems which relate importantly to the design of fast 
power reactors and to the understanding of the critical 
experiments were the Doppler effects in plutonium and 
uranium, the worth of sodium voiding, and the effects 
of fuel-cell plate rearrangements (heterogeneity ef
fects) . 

DoppLEE EFFECT MEASUBEMENTS IN ASSEMBLIES 

48 AND 48B 

H f h e uranium-oxide and plutonium-oxide materials 
^ e d consisted of 70%-theoretical-density glass-bonded 

* UKAEA, Winfrith, Dorchester, Dorset , England. 

and ZPPR Operations and Analysis, Mockup Critical 
Experiments, ANL-7606, 24-30 (1969). 

5. Reactor Development Program Progress Report , Experi
mental Reactor Physics, Development of Experimental 
Techniques, ANL-7688, 9 (1970). 

6. B . J . Toppel, The Argonne Reactor Computation (ARC) 
System, ANL-7332 (1967). 

7. Reactor Development Program Progress Report , ZPR-3 
Operations and Analysis, Mockup Studies, ANL-7577, 33 
(1969). 

8. Reactor Development Program Progress Report , ZPR-3 
and ZPPR Operations and Analysis, Mockup Critical 
Experiments, ANL-7655, 29-37 (1969). 

9. Reactor Development Program Progress Report , Experi
mental Reactor Physics, Development of Experimental 
Techniques, ANL-7661, 6-7 (1970). 

10. D . A. Meneley, L. C. Kvitek and D . M. O'Shea, Mach-1, 
A One-Dimensional Theory Package, ANL-7223 (1966). 

11. D . Meneghett i , A. J . Ulrich, P . J . Persiani and J . C. Beitel, 
Calculational Studies in Support of the Fast Flux Test 
Facility (FFTF) Critical Experiments on ZPR-3, Reactor 
Physics Division Annual Report, July 1, 1967 to June 30, 
1968, ANL-7410, pp. 221-227. 

12. A. Travelli , A Comment on the Comparison of Theoretical with 
Experimental Neutron Spectra in Fast Critical Assemblies, 
Proc. International Conference on Fas t Critical Experi
ments and Their Analysis, ANL-7320, 481 (1966). 

pellets, 1.27-cm diam by 1.27-cm long, stacked into 
stainless steel capsules. Sample elements for each 
material contained 12 pellets for a total stack length 
of 15.24 cm. Additional details on the design and 
compositions of the samples can be found in Ref. 1. 

The Doppler samples used in Assembly 48 consisted 
of two elements separated axially by 12 cm located 
with the core midplane at the center of the gap. The 
Doppler sample used in the Assembly 48B measure
ments consisted of a single element centered at the 
midplane because of the limited length of the high 
Pu-240 core zone. The core drawers surrounding the 
Doppler sample were loaded to simulate an "average" 

TABLE II-8-I . REACTIVITY CHANGE DUE TO HEA TING O X I D E 

SAMPLES IN ASSEMBLIES 48 AND 48B 

Assembly 

48 
48 
48B 

Sample 

N a t U 
Pu 
Na t U 

300 to 1100 
355 to 1100 
300 to 1100 

Ih/kg of Metal 
Component 

- 2 . 0 3 ± 0.03 
- 0 . 5 0 ± 0.03 
- 2 . 5 7 ± 0.17 

II-8. Doppler-Effect, Heterogenei ty , and Sodium-Void ing Experiments 
i n ZPR-3 Assembl ies 48 and 48B 

J. M. GASIDLO, A. M. BEOOMFIBLD,* R . L . MCVEAN and W. P. KEENEY 
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core environment. The only change between the two 
assemblies was the change in the core fuel composition. 
Additional details on the experimental technique can 
be found in Ref. 2. 

The experimental results uncorrected for expansion 
effects are given in Table II-8-I. Expansion effects for 
the natural uranium samples are very small while the 
expansion and Doppler effects for the plutonium 
sample are similar in magnitude. The larger measured 
natural uranium Doppler effect in Assembly 48B is 
due in large part to the sample being located in a 
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TABLK II -8-I I . W O R T H OF F U E L IlKTEROGENLrTY CHANGES 

IN ASSEMBLY 48 

Core 
Location 

Midplane" 
Midplane 
Axial Edge' ' 

Effective 
Radii, 

cm 

0-9.37 
0-14 31 
0-14.31 

Ih/Liter of Core 

XJnbunched 

- 1 . 4 8 ± 0.18 
- 1 . 5 3 ± 0.08 

Bunched 

5.92 ± 0.26 
5.75 ± 0.08 
1.28 ± 0.08 

* Region extended axially from 0.08 to 10.24 cm on 
sides of the core midplane (midplane = 0.0). 

•̂  Region extended from 28.02 to 38.18 cm, where 38.1 
the core-axial blanket interface. 

B 
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TABLE I I -8 - I I I . SODIUM VOID C O E F F I C I E N T S M E A S U R E D IN ASSEMBLIES 48 AND 48B 

Core Location 

Midplane" 
Midplane 
Axial Edge"" 
Radial Edge° 

Effective Radii, 
cm 

0-9.37 
0-14.31 
0-14.31 

31.2-36.8 

Sodium Void Coefficient, Ih/kg of Sodium Removed 

Assembly 48 

Unbunched" 

5.7 ± 0.3 

Normal'' 

7.9 ± 0 8 
5.2 ± 0.3 

- 2 0 . 7 ± 0.3 

Bunched* 

3.1 ± 0,3 
- 2 3 . 6 ± 0.30 

Standard 

5.6 ± 0.3 
- 2 0 . 5 ± 0.3 
- 1 8 . 5 ± 0.6 

Assembly 48B 
Standard 

8.4 ± 1.1 
7.8 ± 0.5 

» Fuel heterogeneity loaded in sodium voiding region only. 
>> This is the s tandard cell composition \sith the yi in. fuel alloy plate replaced with two H in. plates. 
•= Region extended axially from 0.08 to 10.24 on bo th sides of the midplane. 
d Region extended from 28.02 to 38.18 cm, where 38.18 cm is the core-axial blanket interface. 
" A similar experiment with the remaining fuel in the sodium-voided drawers bunched to provide streaming paths gave a result 

of - 2 3 . 5 ± 0.3. 

position of higher average worth than the sample in 
Assembly 48. 

HETEROGENEITY EXPERIMENTS IN ASSEMBLY 48 

Four variations of the core basic cell—the pattern of 
material columns loaded across the 2-in. wide drawers 
—were involved in the Assembly 48 heterogeneity and 
sodium-worth experiments. The column arrangement 
called ''Normal Fuel Loading" in Fig. II-8-1 differed 
from the standard core drawer only by having two 
V% in. thick columns of Pu-U alloy in place of a single 
M-in. column of fuel alloy. These loadings extended 
only for the first 4 in. of core for the midplane measure
ments, or the last 4 in. of core for the axial edge 
measurements. The remainder of the drawer contained 
the standard loading. 

The drawer patterns used to establish the radial 
geometry are shown in Figs. II-8-2 and II-8-3. The 
regions of radii 0 to 9.37 cm and 0 to 14.31 cm cor
respond to the drawers marked A, and A plus B, 
respectively. At the start of the core-center experi
ments, the front 4 in. only of all the A and B drawers 
were reloaded from the standard to the normal cell 
pattern. Then, the measurements were performed by 
changing first the A and then the B drawers. Then 
for the measurements at the axial edge of the core, the 
4 in. normal cell sections of the A and B drawers were 
moved to the rear. 

The results of the fuel heterogeneity changes are 
given in Table II-8-II. 

SODIUM VOIDING EXPERIMENTS 

Sodium voiding experiments were performed with 
the same drawer loadings in the same drawer patterns 
as the fuel heterogeneity experiments at the core 
centerline. An additional measurement was made near 
the radial edge of the core (drawers marked C and D 
in Fig. II-8-2). Sodium-filled cans were replaced with 
stainless steel picture frames with negligibly small 
differences in steel mass. The results are given in 
Table II-8-III for both assemblies. 

The comparison between the sodium void coefficients 
in the two assemblies should be viewed with caution 
since the high Pu-240 zone was not sufficiently large to 
obtain an equilibrium spectrum throughout. 

Except for an additional experiment performed at 
the axial edge of Assembly 48 to determine the effects 
of streaming, all other sodium voiding experiments 
were performed with fuel heterogeneity changes in the 
sodium voided region only. In this case, the entire core 
drawer fuel columns were bunched before the sodium 
was voided. The result of —23.5 ± 0.3 Ih/kg agrees 
well with the value of —23.6 ± 0.3 obtained when the 
fuel was bunched in the sodium voided region only. 

REPEEENCES 

1. G. J . Fischer, D . A. Meneley, R. N . Hwang, E. F . Groh and 
C. E . Till, Doppler Effect Measurements in Plutonium-
Fueled Fast Power Breeder Reactor Spectra, Nucl . Sci. Eng. 
25, 37-46 (1966). 

2. J. M. Gasidlo, Results of Recent Doppler Experiments in 
ZPR-3, Proo. International Conference on Fas t Critical 
Experiments and Their Analysis, October 1-3, 1966, ANL-
7320, pp . 345-349. 
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II-9. N e u t r o n Spectra and Spectral Indices i n ZPR-3 Assemblies 53 a n d 54 

R. 0 . VosBURGH, R. E. KAISER, J. M. GASIDLO, J. E. POWELL* and N. A. HiLLf 
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INTRODUCTION 

ZPR-3 Assemblies 63 and 54 were depleted uranium 
and iron reflected versions, respectively, of the fourth 

* Sandia Corporation, Albuquerque, New Mexico. 
t Student , Universi ty of Washington, Seattle, Washington. 

in a series of basic physics cores beginning with Assej 
blies 48, 49 and 50. This report includes a descriptS 
of the measurements of the central neutron spectrum 
in Assembly 53 and central fission ratios and reaction 
rate traverses from both Assemblies 53 and 54. 
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4.BL1 I I 9 I ^lOM D J Nsirii s IN I H I Si i CTBOMI Ttii Z O M 
OF Z P R 3 ASSEMBIY 5 3 " 

Element 

Pu 239 
Pu 240 
Pu 241 
U 2 3 5 
U 2 3 8 

Fe 
N i 

Cr 
fei 

Al 
C 
Mo 

102« atoms/cm3 

0 001658 
0 000107 
0 0000114 
0 0000061 
0 002610 
0 009582 
0 001137 
0 002383 
0 000116 
0 000103 
0 055822 
0 000208 

• Low gamma background zone at core center 

PROTON-RECOIL SPECTRUM MEASLREMEISTS IN 

ZPR-3 ASSEMBLY 53 

Seveial count late checks were made during the ap-
proach-to-critical m order to determine the lowest 
degiee of subcriticality at which the measurement 
could be made Since these checks indicated a rela
tively high gamma ray background from the fuel, a 
special zone was built into the center of the leactor 
using nickel-clad fuel plates which had not been ex
posed to a significant neutron flux for an appreciable 
length of time This low gamma-ray zone extended 9 
m m depth m the half containing the counter and 6 m 
m depth m the half opposite the counter The con
figuration IS shown m Fig II-9-1 The atom den-ities, 
which differ only slightly from the standard core, are 
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F I G . II-9-4. Measured Neutron Spectrum in ZPR-3 Assembly 53. ANL-ID-103-A2061 Rev. 1. 
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\ 

given in Table II-9-I. After completion of the spectrum 
measurement, the original fuel was replaced so that 
the nickel-clad fuel was not present in the reference 
core. 

The measurement was made over the energy range 
308 eV to 1.5 MeV with the reactor approximately 
6.6% A/c subcritical. Two cylindrical proportional 
counters were used to obtain the proton-recoil data. 
One counter had a predominantly hydrogen gas filling 

at 5 atm total pressure and was used below 130 keV. 
The gas filling also included methane as a quenching 
gas and a small amount of nitrogen for calibration. A 
6 mm thick lead sleeve surrounded the effective count
ing length and provided a decrease in gamma sen
sitivity (approximately a factor of 2) with no signii 
cant effect upon the neutron spectrum, as demonstrat" 
by Bennett.^ 

The second counter was filled with methane to a 
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Energy 

2026. keV 
1929. 
1837. 
1750. 
1G67. 
1587. 
1512. 
1440. 
1371. 
1306. 
1244. 
1184. 
1128. 
1074. 
1023. 
974.5 
928.1 
883.9 
841.8 
801.7 
763.5 
727.2 
692.5 
659.5 
628.1 
598.2 
569.7 
542.6 
516.8 
492.2 
468.7 
446.4 
425.2 
404.9 
385.6 
367.3 
349.8 
331.1 
317.3 
302.1 
287.8 
274.1 
261.0 
248.6 
2.36.7 

Flux, 
(per unit 
lethargy) 

946.8 
1013. 
1073. 
1135. 
1172. 
1226. 
1284. 
1325. 
1376. 
1352. 
1437. 
1475. 
1528. 
1526. 
1498. 
1590. 
1567. 
1592. 
1614. 
1588. 
1659. 
1664. 
1678. 
1694. 
1666. 
1604. 
1612. 
1625. 
1681. 
1681. 
1701. 
1722. 
1751. 
1593. 
1588. 
1625. 
1625. 
1540. 
1516. 
1475. 
1475. 
1451. 
1424. 
1423. 
1390. 

TABLi : 

Flux 
Error 

17.0 
18.2 
17.8 
19.0 
19.8 
20.8 
21.9 
20.9 
22.1 
23.2 
22.2 
20.8 
22.0 
20.6 
21.6 
23.5 
21.6 
20.4 
18.6 
17.6 
18.4 
33.1 
33.3 
33.7 
34.2 
31.7 
29.4 
29.8 
30.5 
31.5 
29.1 
30.5 
28.2 
21.2 
20.3 
19.8 
19.1 
18.9 
19.9 
18.3 
17.5 
16.7 
17.1 
16.5 
16.9 

11-9-11. PKOTON R E C O I L SPKCTBUM DATA 

Energy 

225.5 keV 
214.7 
204.5 
194.8 
185.5 
176.7 
168.2 
160.2 
152.6 
145.3 
138.4 
131.8 
125.5 
119.6 
113.9 
108.5 
103.3 
98.4 
93.7 
89.2 
85.0 
80.9 
77.1 
73.4 
69.9 
66.6 
63.4 
60.4 
57.5 
54.8 
52.2 
49.7 
47.3 
45.0 
42.9 
40.9 
38.9 
37.1 
35.3 
33.6 
32.0 
30.5 
29.0 
27.7 

Flux, 
(per unit 
lethargy) 

1410. 
1388. 
1382. 
1369. 
1356. 
1370. 
1430. 
1448. 
1355. 
1277. 
1225. 
1245. 
1280. 
1262. 
1287. 
1288. 
1241. 
1208. 
1288. 
1392. 
1299. 
1214. 
1148. 
1201. 
1165. 
1120. 
1143. 
1117. 
1102. 
1037. 
1039. 
1044. 
990.2 
960.3 
965.8 
959.8 
957.2 
934.9 
818.2 
788.7 
701.2 
673.7 
738.3 
850.2 

Flux 
Error 

24.7 
22.7 
23.5 
21.6 
22.7 
24.1 
19.3 
20.6 
18.9 
20.2 
17.6 
16.4 
15.2 
16.6 
61.7 
61.5 
47.3 
61.9 
48.2 
48.6 
44.6 
45.5 
42.2 
38.8 
32.7 
28.8 
29.4 
29.9 
27.4 
28.5 
27.0 
25.7 
24.5 
23.3 
23.8 
22.0 
23.4 
36.4 
33.3 
30.6 
24.1 
24.3 
24.9 
23.6 

Energy 

26.4 keV 
25.1 
23.9 
22.8 
21.7 
20.6 
19.7 
18.7 
17.8 
17.0 
16.2 
15.4 
14.7 
14.0 
13.3 
12.7 
12.1 
11.5 
10.9 
10.4 
9.93 
9.46 
9.01 
8.68 
8.17 
7.78 
7.41 
7.06 
6.72 
6.40 
6.10 
5.81 
5.53 
5.27 
5.02 
4.78 
4.55 
4.33 
4.13 
3.93 
3.74 
3.56 
3.40 
3.23 

FOE 0.05 LETHAKOY 

Flux, 
(per unit 
lethargy) 

885.2 
874.6 
860.0 
817.3 
800.6 
830.0 
742.4 
743.8 
745.6 
769.9 
780.9 
749.1 
727.2 
723.9 
733.5 
731.4 
809.9 
774.4 
725.5 
688.1 
659.5 
622.1 
603.0 
629.9 
596.8 
629.3 
685.1 
702.3 
683.8 
633.6 
591.8 
573.0 
532.5 
531.7 
485.7 
441.6 
435.1 
442.7 
451.9 
476.5 
439.1 
447.2 
433.9 
428.7 

Flux 
Error 

21.8 
22.3 
21.5 
20.4 
21.4 
20.6 
20.8 
30.2 
27.9 
28.5 
29.0 
26.7 
20.6 
18.2 
18.1 
17.5 
18.0 
18.3 
16.8 
16.1 
16.6 
15.4 
16.0 
23.5 
21.7 
23.9 
22.2 
22.7 
20.9 
19.3 
14.6 
13.8 
13.8 
13.4 
12.3 
12.4 
11.8 
12.0 
18.0 
17.7 
16.2 
16.2 
16.0 
14.8 

SPACING 

Energy 

3.08 keV 
2.93 
2.79 
2.66 
2.53 
2.41 
2.30 
2.19 
2.08 
1.98 
1.89 
1.80 
1.72 
1.63 
1.56 
1.48 
1.41 
1.34 
1.28 
1.22 
1.16 
1.10 
1.05 
1.00 
954 e\ 
909 
866 
825 
786 
748 
712 
678 
646 
615 
586 
558 
532 
506 
482 
469 
437 
416 
397 
378 

Flux, 
(per unit 
lethargy) 

360.0 
374.4 
388.0 
347.2 
337.5 
321.6 
333.1 
309.4 
318.4 
306.3 
322.1 
322.3 
313.5 
301.4 
290.5 
285.2 
289.5 
290.0 
279.1 
285.3 
291.2 
296.2 
279.6 
226.7 
222.4 
215.7 
220.7 
228.6 
244.5 
271.5 
264.0 
250.8 
239.1 
228.1 
215.2 
218.5 
223.4 
217.7 
199.7 
193.9 
197.0 
185.6 
174.3 
168.1 

Flux 
Error 

14.6 
13.7 
13.7 
12.5 
9 5 
8.8 
9.5 
8.9 
8.4 
8.3 

11.8 
11.6 
11.4 
11.0 
10.1 
9.8 
9.6 
9.6 
9.4 
9.3 
8.5 
8.4 
8.4 
5.7 
5.4 
5.3 
6.3 
7.3 
7.3 
7.0 
6.7 
6.4 
6.2 
6.2 
5.8 
5.7 
5.5 
6.3 
5.1 
4.7 
4.6 
4.4 
4.3 
4.0 
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TABLE I I - 9 - i n . 
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REACTION R A T E DATA FOR P U - 2 3 9 AND 

U-235 IX ASSEMBLY 53 

Trans
verse 
Posi
tion," 
in. 

29 
31 
32 
33 
34 
34.5 
35 
36.6 
36 
36.5 
37 
37.5 
38 
39 
40 
41 
43 
45 
47 
48 
49 
50 
61 
52 
53 
54 
65 
57 

Pu-239 

Total Counts'' 

47437 
54194 
66074 
58078 
59052 
60011 
60122 
61005 
60820(6) 
61679 
60267 
60184 
69380(2) 
59653(2) 
57398(2) 
66314 
49992 
42280 
33736 
30026 
24256 

Count 
Time, 
sec 

30 

18721 1 
28737 1 60 
22107 1 
17050 ' 
12482 ' 
9469 
5494 

Trans
verse 
Posi
tion," 
in. 

29 
31 
32 
33 
34 
34.5 
35 
35.6 
36 
36.6 
37 
37.5 
38 
39 
40 
41 
43 
45 
47 
48 
49 
50 
51 
62 

i 53 
55 
57 

L ! 

U-23S 

Total Counts^ 

44409 
50262(2) 
51162(2) 
63972 
54417 
56659 
56684 
67156 
56595(5) 
56664 
66929 
57519 
56440 
56625 
56112(3) 
53936 
48471 
44310 
37768 
31622(2) 
29428 
21957 
16620 
12462 
19066 
11060 
6698 

Count 
Time, 
sec 

60 

• 

120 

» Center line is at 36 in. 
•> (N) indicates tha t the listed number is the average of 

N measurements. 

pressure of 5 atm and was used over the energy range 
of 100 keV to 1.5 MeV. As in the hydrogen counters, 
some nitrogen was included to aid in calibration and 
the sensitive volume was covered with a 0.6 mm thick 
lead cylinder. A typical counter arrangement in a 
ZPR-3 drawer is shown in Fig. II-9-2. 

A block diagram of the electronics system is shown 
in Fig. II-9-3. I t is similar to one that has been 
previously reported^, except that the preamplifier^ is 
a charge-sensitive device and the linear amplifier* is 
pole-zero corrected and matched to the preamplifier. 

Results of the measurements are shown in Fig. 
II-9-4. The spectrum is relatively soft, refiecting the 
high carbon content of the core. Except for the 
depressions at 9, 30 and 100 keV, which are attributed 
to iron resonances, there is little structure in the 

spectrum. Tabulated results of the measurement ari 
included in Table II-9-II. 

REACTION RATE TRAVERSES 

Reaction rate traverses along the radial center line 
were made with small chambers using Pu-239, U-238, 
U-235, and B-10 as the sensitive materials. Similar 
experiments were performed in the previous assemblies 
of this series. The experiment was performed in both 
Assemblies 53 and 54 and include data in the reflector 
as well as in the core. 

Reaction rate traverses were made by positioning 
the small traverse counters in a stainless steel guide 
tube. The tube was located in the fixed half with its 

TABLE II-9-IV. RE.ICTION R A T E D A T A FOB U-238 AND B-10 

IN ASSEMBLY 63 

U-238 

Trans
verse 
Posi
tion," 
in. 

29 
31 
32 
33 
34 
34.6 
36 
36.6 
36 
36.5 
37 
37.5 
38 
39 
40 
41 
43 
45 
47 
48 
49 
60 
51 
52 
53 
54 
56 
57 

Total Counts'' 

36586 
41321 
43063 
43917 
45502 
45326 
44390 
44357 
44834(5) 
44420 
45220 
46901 
46533(3) 
44762(2) 
44383(2) 
41456 
37629 
32038 
25665 
21253 
17227 
12304 
16412 
12050 
7427 
4914 
3457 
1680 

Count 
Time 
sec 

30 

Bi«F, 

Trans
verse 
Posi
tion," 
in. 1 

29 
31 
32 
33 
33.5 
34 
34.5 

, 36 

60 

-

35.6 
36 
36.5 
37 
37.6 
38 
38.6 
39 
40 
41 
43 
45 
47 
48 
49 
50 
51 
52 
53 
54 
55 
57 
69 

Total Counts'' 

66470 
74360 
77022 
80192 
80638 
81001 
82195 
82673 
83179 
83326(9) 
83229 
83173 
82637(2) 
81450 
81060 
80795 
79621 
76651 
68922 
59580 
47230 
40717 
33018 
26332 
36740 
27424 
20224 
14966 
11330 
6490 
3629 

Count 
Time, 
sec 

30 

1 

A 
" Center line is at 36 in. 
^ (N) indicates tha t the 

measurements. 
isted number is the average of P 
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BLE II-9-V. REACTION R A T E D A T A FOR Pu-239 AND 

U-235 IN ASSEMBLY 54 

Trans
verse 
Posi
tion," 
in. 

29 
30 
31 
32 
33 
34 
35 
36 
38 
40 
42 
44 
45 
46 
47 
47.5 
48 
48.5 
49 
49.5 
50 
51 
52 
53 
54 
56 
58 
60 

Pu-239 

Total Count'' 

59186 
62260 
65329 
68820 
70407 
71624 
73226 
72488(7) 
71063 
68512 
63658 

Count 
Time, 
sec 

30 

57061 1 
52121 
50465 
47269(2) 
46053 
47701 
49022 
48284(2) 
47662 
47060 
44538 
41197 
37601 
34370 
28030 
21626 
16767 

Trans
verse 
Posi
tion," 
in. 

29 
30 
31 
32 
33 
34 
36 
36 
38 
40 
42 
44 
45 
46 
47 
47.5 
48 
48.5 
49 
49 5 
50 
50.5 
61 
62 
53 
54 
56 
60 

U-235 

Total Count'' 

73315 
77563 
81123 
83718 
87044 
88116 
88962 
89659(7) 
87851 
83556 
77518 
69198 
64098 
60019 
56050(2) 
54760 
53731(2) 
53263 
52655 
51337 
60083 
48332 
46171 
42293 
38279 
33662 
25419 
10989 

Count 
Time, 
sec 

30 

-

" Center line is at 36 in. 
•> (N) indicates that the listed number is the average of N 

measurements. 

axis 1 in. back from the interface. The drawer con
figuration was the same as for the perturbation meas
urements, Fig. II-9-5, and included the 2 x 2 x 2 in. 
cavity at the front of the fixed half central drawer. 
After every few measurements, the measurement at 
the core center was repeated to check for counter or 
electronic drift. 

The chambers used included a stainless-steel clad 
BFs proportional counter and three brass, gas-filled 
fission counters employing Pu-239, U-238 or U-235 as 
the sensitive material. 

During the measurements, the autorod was used to 
maintain constant reactor power, so that no reference 
M&s required to correct for counter variations. All 

• H a n t rates were corrected for dead time effects, which 
^'irere small (0.5% or less). The errors in the measure

ments are thus primarily due to count rate statistics, 

with the exception of U-235 and U-238, where an 
additional error of slightly less than 1% is caused by 
the relative constituent ratios in the uranium platings 
and the small fission ratio of U-238 to U-235. The 
fission profiles obtained with the plutonium counter are 
roughly those for the average plutonium isotopic mix
ture of the core. 

The results of the four traverses, in terms of total 
counts over a stated interval, are given in Tables 
II-9-III through II-9-VI, for Assemblies 53 and 54. 
Count rate data normalized to 1.0 at the reactor center-
line are shown graphically in Figs. II-9-6 through 
II-9-13 for each traverse made in the two assemblies. A 
shght dip can be seen at core center on some of these 

TABLE II-9-VI. REACTION- R A T E DATA FOR U-238 AND 

B-10 IN ASSEMBLY 54 

U-238 

Trans
verse 
Posi
tion," 
in. 

29 
31 
32 
33 
34 
34.6 
35 
35.5 
36 
36.6 
37 
37.5 
38 
39 
40 
41 
43 
46 
47 
48 
49 
50 
51 
53 
57 

Total Counts" 

23132 
26123 
27061 
27912 
28933 
28248 
28187 
28160 
28387(8) 
28247 
28342 
28718 
28760 
27880(2) 

Count 
Time, 
sec 

30 

27334 i 
25737 
23234 
19125 
27458 
20110 
13949 
10078 
7066 
3493 
1838 

60 

120 

\ 

"BFs 

Trans
verse 
Posi
tion," 
in. 

29 
30 
31 
32 
33 
34 
36 
36 
38 
40 
42 
44 
46 
46 
47 
47.5 
48 
48.5 
49 
49.5 
50 
60.5 
51 
61.5 
52 
53 
54 
55 
56 
57 
68 
60 

Total Counts'-

55660 
59040 
61733 
63775 
66178 
67143 
68327 
67917(6) 
66843 
64002 
59306 
63463(2) 
50167 
48845 
48234(2) 
48269 
49961 
60831 
61450 
51876 
52296 
51901 
51842 
50202 
48304 
44000 
40051 
34652 
29831 
25373 
20419 
11730 

Count 
Time, 
sec 

30 
1 

1 

" Center line is a t 36 in. 
^ (N) indicates that the listed number is the average of N 

measurements . 
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F I G . II-9-14. Back-to-Back Fission Chamber Configuration. 
ANL-ID-103-A2080. 
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curves, which is attributed to the presence of the 
2 X 2 X 2 in. void in the center drawer. 

Differences in spectral effects between the two 
assemblies are particularly apparent in the graphs of 
Pu-239 and B-10 reaction rates. In both cases, the 
greater slowing down in the iron blanket is demon-

TABLE II-9-VIII . CENTRAL FISSION R A T I O S IN Z P l 

ASSEMBLES 50 AND 63 

TABLE II-9-VII . F ISSION R A T I O F O I L COMPOSITIONS 

AND M.ASSES 

11 

8, 9, 22, 23, 
25, 27 

29 

28 

30 

72 

65 

Primary 
Isotope 

U-238 

U-235 

U-236 

U-234 

U-233 

Pu-240 

Pu-239 

Total Mass, 
Mg 

124.86 

see below 

101.22 

98.93 

104.03 

116.44 

108.88 

U-235 Foil Weights 

No. 

8 
19 
22 
23 
26 
27 

Wt, Mg 

88.12 
112.46 
109.81 
108.65 
113.06 
111.61 

Composition 

Isotope 

U-234 
U-235 
U-238 

U-235 
U-234 
U-236 
U-238 

U-236 
U-234 
U-235 
U-238 

U-234 
U-235 
U-236 
U-238 

U-233 
U-234 
U-235 
U-236 
U-238 

Pu-240 
Pu-239 
Pu-241 
Pu-242 

Pu-239 
Pu-240 
Pu-241 
Pu-242 

w/o 

0.006 
0.713 

99.282 

93.28 
1.046 
0.287 
6.38 

93.21 
0.047 
4.57 
2.17 

79.68 
15.08 

5.34 

95.597 
0.063 
4.042 
0.012 
0.286 

95.505 
4.290 
0.186 
0.019 

94.414 
5.264 
0.307 
0.016 

Atomic Masses 

U-233 
U-234 
U-235 
U-236 
U-238 
Pu-239 
Pu-240 

233.0396 
234.0409 
236.0439 
236.0467 
238.0508 
239.0522 
240.0540 

Pu-241 ! 241.0564 
Pu-242 242.0687 

Ratio 

U-233/U-235 
U-234/U-236 
U-236/U-235 
U-238/U-236 

PU-239/U-235 
PU-240/U-235 

Assembly 50 

1.412 d= 0.014 
0.158 ± 0.002 
0.054 ± 0.0006 

0.0251 ± 0.0003 
0.903 ± 0.009 
0.159 ± 0.002 

Assembly S3 

1.454 ± 0.014 
0.146 d= 0.002 
0.053 ± 0.0005 

0.0254 ± 0.0002 
0.928 ± 0.009 
0.174 ± 0.002 

strated by the marked increase in reaction rate as the 
detector enters the reflector, a phenomenon that does 
not occur with the uranium blanket. The curve for 
U-235 shows the same property, though to a lesser 
degree, since it is not as sensitive to a softening of 
the spectrum as are Pu-239 and B-10. 

CENTRAL FISSION RATIOS 

Central fission ratios were measured in Assembly 53 
for U-233/U-235, U-234/U-236, U-236/U-235, U-238/ 
U-235, PU-239/U-235, and Pu-240/U-235. Spherical 
gas-flow chambers, containing plated foils of the dif
ferent isotopes, were used as in the previous assemblies 
of this series (see Fig. II-9-14). 

Spherical gas-flow counters, containing back-to-
back fission foils, were placed in a 2 x 2 x 4 in. voided 
section in the front of a standard core drawer as shown 
in Fig. II-9-15. Two ratios were measured during a 
single reactor run, each at a position one drawer 
diagonally away from the core center which is at 
matrix position P-16. No changes were made in the 
orientation of plates in the neighboring drawers. De
scriptive data on the foils used is included in Table 
II-9-VIL 

Count rates for each isotope were obtained sepa
rately for a given ratio; two counts were obtained for 
each foil for a given ratio. Four counter-rate ratios 
were then determined using different combinations of 
individual count rates, and the average given as the 
count-rate ratio for that particular pair of isotopes. 
Reactor power was held constant during the measure
ment by the autorod. Each of the count-rate ratios was 
then normalized to the same U-235 foil mass, and the 
resulting values were fed into a computer code which 
corrected for isotopic impurities. 

The fully corrected, pure-isotope fission ratios which 
were obtained in Assembly 53 are listed in Table II-9-
VIII along with corresponding values from Assembly 
50, which was very similar in design. Although no 
rigorous conclusions can be drawn without a deta^jflfci 
analysis, the comparison does appear to accura t l^ i^ 
reflect the reduction in inelastic scattering due to the 
reduction in the U/Pu ratio (4.1/1.6), and the in-
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"reased scattering at low energies due to the addition 
of extra carbon, which constitutes the principle dif
ference between the two assemblies. 
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11-10. Analysis of Reactivity Doppler Experiments for ZPR-3 Assembly 53 

R. E. KAISEB and J. M. GASIDLO 

INTKODUCTION 

Reactivity Doppler experiments were performed in 
ZPR-3 Assembly 53<i', using PUO2 and UO2 samples 
1/2-in. in diameter by 6 in. in length. This type of 
experiment is performed by oscillating the heated 
sample in and out of a cold reactor and measuring the 
reactivity change as a function of sample temperature 
as described by Gasidlo^. The analysis of these experi
ments involved the use of the RABBLE'^ code to 
generate group cross-sections and 2-D diffusion-per
turbation calculations* to determine the reactivity 
effects. 

RESONANCE DATA 

Resonance parameters in the resolved region were 
taken from Schmidt^ for U-238 and for Pu-239. In the 
natural UO2 sample, the U-235 was assumed to be of 
essentially infinite dilution (ap > 10^), so that only 
the U-238 resonances were treated. Similar assump
tions were made regarding the higher isotopes of 
plutonium in the PUO2 sample, as this was almost pure 
Pu-239. Each broad group was calculated in separate 
runs on RABBLE so as to avoid any possible accumu
lation of round-off errors in the computer calculation. 
Resonances were used extending to energies slightly 
below and above the broad group limits, so that the 
broadened tails would be included where significant. 
The energy width of the fine groups in each broad 
group was determined such that the Doppler broadened 
width. 

A = 
2{kTEm) 

M 

1/2 

^BBir 
room temperature was equivalent to at least five 

:ne groups. 
The unresolved resonance region was treated by 

generating a statistical ladder of resonances based on 

given average parameters. The average parameters 
for U-238 were obtained from Schmidt,^ and those for 
Pu-239 from Durston and Katsuragi.* Each ladder was 
selected according to the given averages in such a way 
that the original average value was reproduced exactly, 
and resonance spacings were assigned according to a 
Wigner distribution. 

Each broad group in the unresolved region was sub
divided into three to five sub-groups about 400 eV 
in width and equally spaced. A resonance ladder was 
then obtained and separate RABBLE problems run 
for each sub-group. 

GROUP CROSS-SECTION CALCULATIONS 

The calculation of broad group sample cross sections 
was performed with the RABBLE code for each in-

TABLE II-IO-I. ENERGY G E O U P STKUCTUBB ITSED IN 

ASSEMBLY 53 D O P P L E R ANALYSIS 

Group 

1 
2 
3 
4 

b-

5 
6 
7 
8 

9 
10 
11 
12 
13 

.14, 
16 

>a 

EL 

1.35 MeV 
302 keV 

67.4 
24.8 
15.0 
9.12 
5.53 
3.35 
2.03 

961 eV 
454 
275 

61.4 
13.7 
0.682 

AU 

2.0 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
3 

5 
5 
0 
5 
5 
5 
6 
5 
76 
75 
6 
5 
5 
0 

a—Groups used in PuO^ RABBLE calculations 
b—Groups used in UO2 RABBLE calculations 
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dividual group at temperatures of 300, 500, 800 and 
1100°K. The calculations followed the group struc
ture shown in Table II-IO-I, with the groups involved 
in the RABBLE calculation indicated. The lower limit 
of the RABBLE calculations was dictated in part by 
the resonance data and in part by the relative con
tribution to the total effect of the resonances in that 
group. The relative contribution from a given group 
was assumed proportional to ^^*((T2> — 0-300), where 
or is the cross-section at some higher temperature 
and 4> and <̂ * are real and adjoint fluxes at the core 
center as obtained from a one-dimensional diffusion 
problem. If the product <̂ </)*A(T for any one broad group 
were less than one percent of the sum over all groups, 
that group was not included in the calculation. 

The p-wave resonances were included for both the 
PUO2 and UO2 samples, and parameters were obtained 
as described above. The s-wave RABBLE calculations 
were programmed first, assuming no constant back
ground cross section for the resonance material. The 
average cross-section obtained from the s-wave cal
culation was then used as the constant background 
cross-section in the p-wave calculation. The two Pu-

239 p-wave sequences were run together, thus alio 
ing for interference between the sequences. 

In the resolved region the values of ara, (and CT/ for 
Pu-239) obtained from the RABBLE runs were used 
as the broad group sample cross sections. In the un
resolved region, the average of the sub-group values, 
assuming constant flux across the broad group, was 
used. The complete set of sample cross sections was ob
tained from the MC^ code®, with the oxide sample 
treated as the fuel pin surrounded by a diluent region 
of stainless steel, and using fluxes calculated with the 
homogeneous core composition. The purpose of the 
steel diluent was to represent the structural material 
in the capsule, heater, vacuum can, Doppler rod, and 
Doppler rod guide tube. The values of oa and o-y ob
tained from the RABBLE problems at 300° were then 
inserted into the MC^ cross-section set for each sample. 
Appropriate adjustments were made to the transport 
cross sections in the modified groups in order to main
tain a consistent set. Thus sets of cross sections were 
obtained which were characteristic of U-238 and Pu-
239 at 300°, and consistent with the RABBLE cal
culations at higher temperatures. A homogeneous MC* 

m 

z 

n 
61.0 

30.5 

7.62 

0.159 ) i .729 
0.635 2.866 

BLANKET 

CORE 

STEEL-VOID 

DOPPLER SAMPLE 

THERMOCOUPLE TUBE 

37.1 65.0 

RADIAL DISTANCE, era 

FIG. II-lO-l. 2-D Geometry for Assembly 53 Doppler Calculations. ANL-ID-103-A2U3. 
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Ilculation was run to produce core cross sections for 
use in the final calculation, and a zero-buckhng MC^ 
calculation provided the blanket cross sections. All 
MC^ cases used the ENDF/B-68 cross sections as 
input. 

REACTIVITY CALCULATIONS 

The final calculations of the reactivity worth of the 
samples as a function of temperature were performed 
using the 2-D diffusion module of the ARC system 
to generate real and adjoint fluxes for the configuration 
shown in Fig. II-lO-l. These fluxes were than used in 
the perturbation module to determine the reactivity 
effect of the substitution of the higher temperature 
cross sections for the sample material. The values ob
tained were then reduced to Ih/kg based on the amount 
of material in the computer representation, and an 
Ih/percent hk/k conversion of 1038.7. The total 
worths of the capsules were calculated by reducing the 
atom densities by 10 percent and multiplying the value 
of that perturbation by 10. The rod extension section 
shown in Fig. II-lO-l consisted of stainless steel plus 
some depleted uranium (or plutonium for the Pu02 
sample) used in balancing the reactivity swing of the 
rod. The buffer region was a graphite zone about ^2 in. 
thick around the Doppler rod, which served as an 
anti-Dancoff region. Cross sections for carbon from the 
homogeneous core MC^ case were used in the buffer 
region. 

COMPAKISON OF RESULTS 

The results of the LTO2 calculations, shown in Table 
II-IO-II, were quite close to the experimental values, 
including the total sample worth. In all cases, the 
calculation predicted a higher result than was actually 
measured, a phenomenon that is consistent with most 
calculations of material worths. No corrections were 
made to the UO2 results to account for thermal ex-

TABLK II-IO-II. COMPARISON OF KXPKKIMENTAL AND 
C.VLCUL.VTION.ILL R E S U L T S FOB THE UO2 DOPPLKK 

EXPEKIMENT IN Z P R - 3 ASSEMBLY 53 

T A B L I , I I - 1 0 - I I I . COMP.VRISON OF P)XPEHIMLNTAL ,IND 

CALCULATIONAL R E S U L T S FOR THE P U O J D O P P L E R 

ExPLRiMLNT I^ ZPR-3 ASSEMBLY 63 

AT 
°K 

300-600 
300-800 

_ ^ 300-1100 

P e t a l sample at 
300°K 

Ap, Ih/kg of U-238 

Experiment 

- 4 . 4 3 ± 0.04 
- 9 . 5 4 ± 0.04 

- 1 3 . 6 2 ± 0.04 

- 5 9 . 1 ± 1.2 

Calcu
lation 

- 4 . 7 6 
- 9 . 7 2 

- 1 4 . 5 6 

- 6 7 . 6 

C/E 

1.047 
1.019 
1.069 

1.144 

AT, 
°K 

300-500 
300-800 
300-1100 

Total sample at 
300 °K 

Ap, Ih/kg of Pu-239 

Experiment 

- 2 . 4 7 ± 0.05 
- 6 . 0 3 ± 0.06 
- 8 . 5 2 ± 0.05 

-1-661.8 ± 1 . 7 

Calc. 
(No. 

Expan
sion) 

- f l .30 
-f2.76 
4-3.54 

998.1 

Calc. 
(Cyl. 

Exp)" 

- 6 . 8 2 
- 1 7 . 5 5 
- 2 9 . 1 1 

— 

Calc. 
(Rat. 

Approx)** 

- 5 . 0 4 
- 1 3 . 0 8 
- 2 1 . 9 3 

— 

"Expans ion calculation based on Case, de Hoffmann and 
Placzek. 

^ Expansion calculation based on the rational approxima
tion. 

pansion, as this has been found to be negligible for 
non-fissile oxide samples. 

The analysis of the Pu02 experiment was com
plicated by the fact that thermal expansion does con
tribute significantly to the result. The technique used 
to determine an expansion correction is described by 
Till,* and is based on a collison probabihty analysis. 
Two approaches were used, one using flat-source 
collison probabilities given by Case, de Hoffmann 
and Placzek,® and the other employing the rational 
approximation. The results for both cases, including 
the measurement results, are presented in Table 
II-IO-III. 

The PUO2 Doppler calculations indicate a small, 
positive Doppler effect which is more than balanced by 
a large, negative expansion effect. Although the com
parison with experiment is poor, the relative contribu
tions of Doppler and expansion effects appear reason
able. The known inaccuracies in the ENDF/B cross 
sections, and the somewhat approximate nature of the 
expansion calculation are likely contributors to the 
discrepancy, as is the lack of precise data on the ex
pansion properties of 70% theoretical density, sintered 
PUO2 p e l l e t s . 
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M e a s u r e d b y t h e R e a c t i v i t y - R e a c t i o n R a t e M e t h o d 

M. M. BEETSCHER, J. M. GASIDLO and W. C. REDMAN 

INTRODUCTION 

In spectra characteristic of large dilute fast reactors, 
the effective Pu-239 capture-to-fission ratio (alpha), on 

low flux reactors. Since the method has been described 
elsewhere," only the final equation, which forms the 
basis of the measurements, will be repeated here: 

(! + «) = 
RaU){ip/Rf)(l - Ps/p) - (f/S)p'{Cmf*/^f*(Cima*(A)/^,* 

p(A)[l - pJA)/p(A)] (1) 

which the breeding ratio depends, is largely determined 
by the differential alpha values in the 0.1-30 keV 
range. The initial data of Schomberg' suggested that 
the plutonium alpha values in this range should be in
creased by an average of about 30%. Recently, a num
ber of new differential measurements of the Pu-239 
capture and fission cross sections, and their ratio, cover
ing this energy interval have been reported.^'* 

To test the differential data, integral Pu-239 alpha 
values were measured in two different reactor cores, 
both designed to emphasize the 0.1-30 keV range. For 
ZPR-9 Assembly 24, the results for the null-zone meas
urement* and those obtained by the reactivity-reaction 
rate technique" have been reported. In ZPR-3 Assem
bly 57, Kato etal." made a direct integral measurement 
of the Pu-239 capture-to-fission ratio using a combina
tion of mass spectrometer techniques and fission track 
recorders. 

This report is concerned with an independent, but 
less direct, determination of Pu-239, U-235 and U-238 
capture-to-fission ratios measured in ZPR-3 Assembly 
57. These integral alpha values, obtained by a com
bination of relative reactivity and absolute reaction 
rate measurements, are compared with those deter
mined by other experimental techniques and with 
values calculated from differential cross section data 
using both measured and calculated neutron spectra. 
The values given here supersede the preliminary results 
reported earlier.^^ 

METHOD 

The reactivity-reaction rate technique provides an 
integral measurement of capture-to-fission ratios (a) in 

The measured quantities are the relative reactivities 
of the fissile material (p) and the Li-6 absorber [p(A)]; 
the relative apparent reactivity of a californium source 
p'(Cf); the absolute fission and absorption rates Rf and 
Ra{A); and the neutron emission rate S from the cali-
foi'nium soiu'ce. The remaining factors in this equation 
must be calculated from fundamental nuclear data, v is 
the average number of neutrons emitted per fission in 
the sample. Note that (1 — ps/p) corrects for the scatter
ing contribution to the total reactivity, fa*iA)/^a* ac
counts for the small difference in neutron importance 
between neutrons absorbed in the Li-6 sample and those 
absorbed in the fissile material, while ^/*/^/*(Cf) cor
rects for the difference in importance between neutrons 
from induced fission in the sample and from spontane
ous fission in the source. These correction factors are 
generally small, but do depend somewhat on the neu
tron spectrum used in the calculation. 

Equation (1) was derived from first-order perturba
tion theory and applies to measurements made at the 
center of a reactor where flux gradients are essentially 
zero. For the equation to be valid, the measured values 
of Rf , Ra{A) and p'(Cf) must be normalized to a com
mon power level. Rf and p [and similarly Ra(A) and 
p(A)] refer to samples of identical dimensions so that 
self-shielding effects will be the same. 

The reactivity-reaction rate method for determining 
integral alpha values is somewhat indirect in that the 
results depend on a calculated value of v. However, the 
measurements can be made at power levels of the ord| 
of 60 W or less, which are at least two orders of magnitui 
lower than those required by the mass spectrometer 
technique. This is an important consideration for ZPR 
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TABLE l l - l l - l . ZPR-3 ASSEMBLY 57 

113 

Region 

Core 
Core" 
Inner reflector 
Outer reflector 

Outer 
Radius, 

cm 

20.60 

61.92 
81.61 

U-235 

0.4081 
0.4130 

0.0083 

U-238 

0.6347 
0.6408 

3.989 

Be 

3.901 
3.934 

Atom Density, W^ 

0 

3.901 
3.941 

Al 

0.6546 
0.570 

atoms/era^ 

Fe 

7.654 
0.4640 

Cr 

0.1129 
0.1129 

Ni 

0.0494 
0.0494 

Mn 

0.0047 
0.0047 

TABLE II-11-III . PBKTUKB.4.TIOX\ 

Material-' 

Pu(Al) 
Pu(Al) 
Pu(Al) 

n(E) 
U(E) 
U(E) 
U(D) 
Li(E) 
Li(E) 
Li(D) 
304-SS 
Al 

Geometry 

Annulus 
Animlus 
Annulus 
Annulus 
Annulus 
Annulus 
Annulus 
Cjdinder 
Cylinder 
Cylinder 
Annulus 
Cylinder 

SAMPLE DESCRIPTIONS 

Dimensions 

O.D. 

0.835 
0.836 
0.836 
0.835 
0.836 
0.835 
0.836 
0.300 
0.623 
0.623 
0.866 
0.866 

Wall 
Thick

ness 

0 005 
0.015 
0.030 
0.005 
0,015 
0.030 
0.031 

-
^ 

0.015 

in. 

Length 

1.250 
1.250 
1.250 
1.688 
1.688 
1.688 
1.688 
1 360 
0.850 
1.700 
2.000 
2.000 

Mass, 
g 

3.524 
9.956 

21.409 
5.2306 

15.7780 
30.8380 
38.1631 

0.6047 
1.8300 
4.2532 

13.8070 
53.0630 

'• Core composition for Gulf General Atomic Subcritical Time-of-Flight Spectrum Facility, Assembly lA. 

installations where shielding is limited and fuel changes 
frequent. 

CEITICAL ASSEMBLY 

Assembly 57 of ZPR-3 was a cyhndrical three region 
reactor. The compact 54 hter core contained plates of 
enriched and depleted uranium and berylHum oxide. 
Surrounding the core was an inner reflector of stainless 
steel and an outer reflector of depleted uranium. 
Regional radii and average homogeneous atom concen
trations are shown in Table II- l l - I . Table I I - l l - I I 
gives the drawer loading pattern for the core. Excluding 
the axial reflectors, the core height was 40.8 cm with a 
20.5 cm radius. A more complete description of As
sembly 57 is given elsewhere.*^ This core was designed 
to give a rather soft spectrum so that integral Pu-239 
alpha measurements would be sensitive to capture 
events in the 1-30 keV range. 

SAMPLES AND MEASUKEMENTS 

All of the samples used in these measurements were 
contained in thin-walled stainless steel cans 2 in. long 
and J/g in. in diameter. Table 11-11-III gives a descrip
tion of the physical dimensions of the samples and 
Table 11-11-IV lists their isotopic composition. The 
plutonium was alloyed with 1.2 w/o aluminum and 
rolled into foil thicknesses of 5, 15, and 30 mils. 

Samples of identical dimensions were used for both 
reactivity and reaction rate measurements so that self-
shielding effects would be the same. A pneumatic de
vice^* was used to transfer the samples to and from the 
center of the reactor core along a radius of the cylin
drical assembly. 

TABLE lI-ll-II. DR.V^\EH LO VDING CONFIGLR.VTION FOR 
CORE or ZPR-3 ASSEMBLY 57-' 

Vs BeO, 1̂ 6 n, 2(M)Be0, Ke D, H E, 2(M)BeO, Ke », 2(30-
BeO, Ke D, 2(i/̂ )BeO, M E, Ke D, 2(> )̂BeO 

Drawer Loading Configuration for GGA-STSF Assembly lA 
BeO, He I>, 2(}^)BeO, % E, 2(M)BeO, Kg D, % BeO, 
U U, % BeO, Ke D, 2(}-^)BeO, 3^ E, M BeO, He B, % BeO 

jun 

" Plate thicknesses in inches; D = depleted uranium, E s 
enriched uranium, BeO = beryllium oxide. 

" E = enriched, D = depleted, Al = aluminum alloy. 

Relative reactivities were measured with an autorod 
which held the flux level constant as the sample was 
periodically driven into and out of the reactor core. 
The integral worth of the autorod, as well as that of the 
0.623 in. diam Li-6 sample, was determined by the in
verse kinetics method. Photoneutrons, primarily from 
the beryllium in the core, affect the kinetic behavior of 
the reactor and make the absolute calibration of the 
autorod somewhat uncertain. Fortunately, reactivities 
appear only as ratios in Eq. (1) and so the measured 
integral alpha values are independent of the absolute 
calibration of the integral worth of the autorod. For 
the case of the californium source, measurements were 
made at several different power levels in order to sep
arate the apparent reactivity of the extraneous source 
neutrons from the true reactivity of the container. 

Figure I I - l l - l shows a typical set of measurements 
made with the californium source plotted as a function 
of a quantity inversely proportional to the reactor 
power level. Three such sets of measurements were 
taken and adjusted to a common date to account for 
the decay of the californium source. The reactor power 
was monitored by a fission counter and with gold foils 
located in the reflector region. A" = 1.00 corresponds to 
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TABLE I I - H - I V . ISOTOPIC COMPOSITION OP SAMPLES 

Sample Isotope—Weight Percent 

Pu 
U(E) 
U(D) 

Li (E) , 0.300 in. 
Li (E) , 0.623 in. 

Li(D) 

2''sPu-98.9316 
2S4U-0.6632 

"«Pu-1.0123 
236U-93.1075 
2«5U-0.2106 

«Li-99.2077 
•'Li-94.9397 
«Li-0.0060 

2«Pu-0.0528 
2«U-0.3186 

'Li-0.7923 
'Li-5.0603 
'Li-99.9940 

««Pu-0.0034 
2''«U-6.9107 
22'*U-99.7894 

6 40 

5,60 — 

4.80 

400 

3 20 —• 

2 40 

0 80 — 

0 5 10 15 20 

I/(NORMALIZED POWER N) 

F I G . I I - l l - l . Apparent React ivi ty of Cf-252 Spontaneous 
Fission Source. ANL Neg. No. 116-404. 

Armani'* reported a precise measurement (±0.9%) of 
the Mo-99 yield in the fast fission of Pu-239. This 
measurement was made in ZPR-3 Assembly 57, using 
a combination of solid state track recorders (SSTR) 
and radiochemistry techniques. So as not to ignore 
other, but less precise, measurements of this fast fission 
yield, we have used the weighted mean of the values 
given in Ref. 18 in the analysis of the Pu-239 fission 
rates. However, this mean value (5.82 d= 0.05) % is 
strongly dominated by the SSTR measurement. 

Unfortunately, an accurate value for the Mo-99 yield 
in U-235 fast fission is not available at this time. Lar
son" has determined a value of (5.80 ± 0.20) % for this 
yield in EBR-II. His value was obtained from measured 
Tc-99/Cs-137 yield ratios of 0.930 (EBR-I) and 0.940 
(EBR-II) and the Cs-137 yield of (6.20 ± 0.16)% 
determined by Idaho Nuclear Corporation.^" 

From measurements made in ZPR-3 Assembly 57, 
one can obtain a value for the ratio of Mo-99 yields for 
U-235 and Pu-239 fast fission. The Pu-239 to U-235 
fission ratio was measured with a back-to-back fission 
counter.2i Using the CALHET code^^ (see Paper IV-21) 
to obtain the detailed flux distribution in the unit cell, 
a small correction (-^1 %) was applied to this fission 
ratio to account for the fact that the fission chamber 
viewed a different portion of the unit cell than that 

the power level (about 50 W) to which all the reaction 
rate data have been normahzed. The intercept of the 
graph is the reactivity of the source container while the 
slope divided by N is the apparent reactivity, p'(Cf). 
The californium source was calibrated by the man
ganese bath technique." To correct for decay, a Cf-252 
half life of (2.621 ± 0.006) yr'"^ was used. The source 
strength, together with its apparent reactivity at a 
power level corresponding to Â  = 1.00, is given at the 
bottom of Table 11-11-V. 

Samples for reaction rate measurements were ir
radiated at the same location used for the reactivity 
determinations. Fission rates were measured radio-
chemically" by determining the absolute activity of the 
JMO-99 fission product in the irradiated sample. Thus, 
the accuracy of the fission rates is limited by imprecise 
knowledge of the yield of Mo-99 in fast fission. Recently, 

TABLE I I - l l -V . M E A S U R E D ISOTOPIC SPECIFIC RE..VCTIVITIES 

AND NORMALIZED REACTION R A T E S " 

Isotope 

Pu-239 
Pu-239 
Pu-239 
U-235 
U-236 
U-235 
U-238 
Li-6 
Li-6 

O.D. or 
Wall 

Thickness, 
in. 

0.005 
0.015 
0.030 
0.005 
0.015 
0.030 
0.031 
0.300 
0.623 

Ih/g 

0.6124 ± 0.0012 
0.6272 ± 0.0009 
0.6397 ± 0.0030 
0.4291 ± 0.0012 
0.4302 ± 0.0005 
0.4313 ± 0.0020 

- (0 .03322 ± 0.00015) 
- (11 .692 ± 0.030) 
- (11 .100 ± 0.030) 

Rf or Ra, 
lO'/g-sec 

2.093 ± 0.022 
2.068 ± 0.020 
2.000 ± 0.020 
2.161 ± 0.049 
2.116 ± 0.042 
1.970 ± 0.038 

0.0690 ± 0.0018 
41.94 ± 0.32 
40.49 ± 0 . 3 | j 

" p(Cf) = (0.21000 ± 0.00063) Ih 
S(Ct) = (9.206 ± 0.027) 10« n/sec 
Spadioohemical = 3.715 ± 0.129 



11. Bretscher, Gasidlo and Redman 115 

en" by the irradiated foils. Combining this adjusted 
fission ratio with the measured Mo-99 activities from 
thin (0.005 in.) foils of plutonium and enriched uranium 
gives a yield ratio of 

236F(Mo-99)/239F(Mo-99) = 1.005 ± 0.017. 

From this ratio and the above value for the yield in 
Pu-239 fission one obtains (5.85 ± 0.11) % for the yield 
in U-235 fission, in excellent agreement with Larson's 
value. 

The yields used in the evaluation of the various fission 
rates are summarized in Table II-ll-VI. For U-238 
fission we have used the same yield as before." 

U-238 capture rates were also measured radiochem-
ically" by determining the absolute activity of Np-239 
resulting from the decay of U-239. Combining this with 
the corresponding fission rate gives the radiochemical 
value for the U-238 capture-to-fission ratio shown at the 
bottom of Table II-ll-V. 

The Li-6 absorption rate was measured by determin
ing the amount of tritium induced in irradiated sam-
ples.̂ ^ Tritium was removed from the lithium samples 
by an isotopic dilution method using normal hydrogen 
as the carrier gas. After converting the hydrogen to 
water, liquid scintillation counting methods were used 
to determine the tritium activity. The counting system 
was calibrated in terms of a tritiated water standard 
obtained from the National Bureau of Standards. 

The results of the reactivity and reaction rate meas
urements (normalized to a power level corresponding to 
N = 1.00), together with the cahfornium data, are sum
marized in Table II-ll-V. Since the capture-to-fission 
ratio depends on reactivity quotients, the errors quoted 
for the reactivity measurement do not include uncer
tainties associated with the integral worth of the auto
rod. Errors in the reaction rate measurements cor
respond to the standard deviation in the mean of several 
measurements and include estimates of the uncertainties 
in power normahzations, fission yields, and the calibra
tion of the N"BS tritiated water standard. 

XEUTKON SPECTRA 

Central flux and adjoint distributions are needed to 
calculate v and the various correction factors appearing 
in the reactivity-reaction rate expression (Eq. 1) for 
alpha. Multigroup cross sections were generated from 

TABLE II-ll-VI. Mo-99 FAST FISSIOK YIELDS 

Isotope 

W U~235 
U-238 
Pu-239 

Yield, 
e, 
't 

5.86 ± 0.11 
6.29 ± 0.15 
5.82 ± 0.06 

102 

CALCULATED-CALICT 

PROTON-RECOIL 

TIME-OF-FLIGHT 

10-' lOO 
ENERGY (KEB 

103 lO* 

FIG. II-11-2. Central Neutron Spectra Calculated from the 
CALHET Code and Measured by Proton-Recoil and Time-of-
Flight Techniques. ANL Neg. No. 116-347. 

ENDF/B data using the JNIĈ  code.̂ * Slab geometry 
equivalence theory was used in this calculation to cor
rect the L'-238 cross sections for spatial self-shielding. 
To account for the heterogeneous plate structure of the 
core, the perturbation code CALHET,^^ (also, see Paper 
IV-21) which is based on a collision probability ap
proach, was used to calculate the detailed flux variations 
across the plates of the unit cell. Flux and volume-
weighted cell-averaged cross sections were also eval
uated by CALHET. These cross sections, together with 
the atom densities given in Table II-l l-I , were used in a 
diffusion-theory calculation to determine the central 
adjoint distribution. 

To account for the small perturbation in the flux dis
tribution resulting from the double-walled stainless 
steel oscillator tube and sample holder, an *S„ transport 
calculation in cylindrical geometry was made using the 
CALHET flux distribution, integrated over the axial 
extent of the sample, as the input shell source. This 
shghtly softened flux distribution together with the 
central ad joints was used to calculate v and the impor
tance-dependent correction terms. 

Figure 11-11-2 shows a comparison of the calculated 
neutron flux distribution with spectra measured by 
proton-recoil (P-R) and time-of-fiight (T-O-F) tech
niques. The P-R measurements^^ were made in ZPR-3 
Assembly 57, whereas the T-O-F data^ '̂̂ ^ were taken 
on the Subcritical Time-of-Flight Spectrum Facihty 
(STSF) at Gulf General Atomic for Assembly lA whose 
composition^' nearly duplicated that of Assembly 57. 
A comparison of the atom densities and drawer loading 
configurations for the cores of Assembhes 57 and lA is 
provided in Tables II- l l -I and II- l l - I I . The flux dis
tributions shown in Fig. II-11-2 were normalized by 
equating the integrals, evaluated over the energy range 
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of the measurement, for the measured and calculated 
spectra. Note that the time-of-flight spectrum rises 
above the calculated spectrum for neutron energies 
above 0.3 MeV and below 2 keV. The proton-recoil and 
CALHET spectra are in reasonable agreement. 

For the T-O-F measurements the re-entrant tube of 
the STSF "viewed" a BeO plate near the center of the 
drawer. Thus, the T-O-F spectrum is expected to be 
somewhat softer than the CALHET distribution which 
refers to the extended sample position which spanned 
most of the plate widths of the imit cell. The CALHET 
spectrum for the same BeO region viewed by the STSF 
is compared with the T-O-F spectrum in Fig. 11-11-3. 
Also included in this figure is the calculated spectrum 
integrated over the 1.25 in. length of the plutonium 
samples. No attempt has been made to modify the 
T-O-F spectrum for the small differences in atom densi
ties for the cores of Assemblies lA and 57 and for spec
tral differences between the BeO region and the regions 
covered by the samples used for the reactivity-reaction 
rate measurements. 

To characterize the spectrum, the fraction of the total 
number of Pu-239 capture and fission events for several 
energy intervals is shown in Table II-11-VII. These 
calculations refer to the CALHET distribution using 

102 
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F I G . II-11-3. CALHET—Calculated Neutron Spectra for 
BeO Region and Regions Spanned by Pu Samples Compared 
with Time-of-FIight Distr ibution. ANL Neg. No. 116-403. 

TABLE II-11~VII. Pu-239 SPECTRAL D E P E N D E N C E 

Energy Interval, 
keV 

>25 
1-26 

0.1-1 
< 0 . 1 

Fraction of Total 
Captures 

0.187 
0.607 
0.277 
0.029 

Fraction of Total 
Fissions 

0.667 
0.216 
0.100 
0.018 

TABLE II-11-VIII . CALCUL iTED QUANTITIES FOB CALK 
FLL'X DISTRIBUTION 

• 

Isotope 

Pu-239 
Pu-239 
Pu-239 
Pu-239 
U-236 
U-235 
U-235 
U-235 
U-2.38 
Li-6 

Thick
ness, 

in. 

0.000 
0.005 
0.016 
0.030 
0.000 
0.006 
0.015 
0.030 
0.031 
0 300 

1 — pjp 

0.9960 
0.9962 
0.9963 
0.9966 
0.9932 
0.9934 
0.9936 
0.9939 
1.2079 
1.0084 

f*f 
0*/(Cf) 

0.9955 
0.9956 
0.9956 
0.9966 
0.9926 
0.9926 
0.9925 
0.9926 
0.9940 

<?»* (Li-6) 
0«* 

1.0011 
1.0042 
1.0086 
1.0140 
0.9891 
0.9919 
0.9969 
1.0008 
1.0246 

2.9503 
2.9539 
2.9592 
2.9668 
2.4709 
2.4732 
2.4766 
2.4809 
2.7963 

TABLE I I - l l - I X . CALCUL.vrED QUANTITIES FOB CALHET, 
P-R AND T-O-F SPECTRA 

Isotope 

Pu-239 
Pu-239 
Pu-239 
U-236 
U-236 
U-235 
U-238 
U-238 
U-238 
Li-6 
Li-6 
Li-6 

Thick
ness, 
in. 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.031 
0.031 
0.031 
0.300 
0.300 
0.300 

Spectrum 

CALHET 
P-R 

T-O-F 
CALHET 

P-R 
T-O-F 

CALHET 
P-R 

T-O-F 
CALHET 

P-R 
T-O-F 

1 - Ps/p 

0.9960 
0.9960 
0.9963 
0.9932 
0.9930 
0.9934 
1.2079 
1.2149 
1.2617 
1.0084 
1.0084 
1.0071 

4>f* 
.?/*(Cf) 

0.9956 
0.9965 
0.9966 
0.9926 
0.9926 
0.9925 
0.9940 
0.9940 
0.9940 

*a*(Li-6) 

^«* 

1.0011 
1.0036 
1.0004 
0.9891 
0.9902 
0.9883 
1.0246 
1.0258 
1.0361 

2.9503 
2.9516 
2.9561 
2.4709 
2.4712 
2.4745 
2.7956 
2.7962 
2.8032 

ENDF/B (Version I) cross sections modified by the 
ORNL data^ in the 0.1-30 keV range. 

CALCULATED QUANTITIES 

Following the procedures described in Ref. 10, v and 
the correction factors for scattering reactivity effects 
and differences in neutron importance were evaluated 
on the basis of the calculated and measured neutron 
spectra using the central adjoint distribution obtained 
from the CALHET ceU-averaged cross sections. These 
cross sections were generated from ENDF/B (Version 
I) but for the case of Pu-239 were modified in the 0.1 to 
30 keV range to incorporate the ORNL^ differential 
data.* A typical set of calculated parameters is given in 
Tables 11-11-VIII and II- l l -IX. Table 11-11-VIII 
refers to the CALHET spectrum and shows how these 
parameters vary as a function of sample thickness; per-

* The ORNL cross sections were measured by both a fissi' 
chamber and with metal foils. To obtain the modified E N D F / ' 
cross sections, the weighted mean of these two measurements 
was used. 

# 
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rbed fluxes were obtained from a self-shielding cal
culation. This self-shielding calculation was not ap
plied to the U-238 sample since its thickness was chosen 
to be approximately equivalent to the thickness of the 
depleted uranium plates in the unit cell. Therefore, the 
U-238 cell-averaged cross sections account for self-
shielding effects in this sample. The quantities shown in 
Table II- l l - IX have been evaluated using the calcu
lated, proton-recoil, and time-of-flight neutron spectra. 

In general, these numerical quantities are not very 
sensitive to the neutron spectrum used in the calcula
tion, as can be seen from Table II- l l - IX. For Pu-239 
and L'-236, corrections for differences in neutron im
portance and scattering contributions to the total re
activity are very small, amounting to about 1 % or less. 
In the case of U-238, however, the corrections are 
larger, particularly that for scattering which amounts 
to 21 %. Since the magnitude of the calculated ratio 
ps/p is very sensitive to the adjoint distribution, the 
reactivity-reaction rate value of o?^^ is much more sensi
tive to errors in the adjoint fluxes and elastic and in
elastic transfer cross sections than is the case for either 
^236 QJ. g,239_ 

INTEGRAL ALPHA VALUES 

The reactivity-reaction rate integral alpha values for 
Pu-239 and U-235 are listed in Table II- l l -X as a func
tion of sample thickness. It will be recalled that fission 
rates and reactivities were measured for hollow-cylin
drical samples having wall thicknesses of 5, 15 and 30 
mils. These results were extrapolated to zero thickness 
and then substituted into Eq. (1) to obtain the infinitely 
dilute alpha values. The correction factors (Table 
II-11-VIII), as well as the calculated capture-to-fission 
ratios, were evaluated on the basis of the theoretical 
(CALHET) neutron spectrum using ENDF/B cross 
sections. For Pu-239, however, the absorption and fis
sion cross sections were modified in the 0.1 to 30 keV 
range to incorporate the ORNL data.' The quoted errors 
are the standard deviations in the measurements. They 

TABLE I I - l l - X . Pu-239 AND U-235 CAPTURE-
TO-FissioN RATIOS 

Thickness, 
m. 

0.000 
0.006 
0.015 
0.030 

g239 

Calc. 

0.351 
0.343 
0.331 
0.316 

Measured 

(0.380 ± 0.030)-
0.367 ± 0.030 
0.339 ± 0.030 
0.291 ± 0.031 

3235 

Calc. 

0.294 
0.291 
0.286 
0.278 

Measured 

(0.289 ± 0.029)-
0.289 ± 0.029 
0.283 ± 0.028 
0.237 ± 0.029 

- By extrapolation of Rf and p to zero thickness. 

include estimates of the uncertainties in v, the Mo-99 
fast fission yields, and the cahbration of the NBS 
tritiated water standard. However, no error has been 
assigned to the calculated correction factors. 

Except for the 30 mil sample the U-235 results agree 
with the calculated quantities. The low alpha value for 
the 30 mil sample results from an abnormally small 
value for ii;/-235 (see Table II-ll-V), suggesting an 
error in the radiochemistry determination of this par
ticular fission rate. For the thin Pu-239 samples the 
measured capture-to-fission ratios are somewhat larger 
than the calculated ones. Also, the measured Pu-239 
alpha values decrease with sample thickness more 
rapidly than theory predicts. This may be due to a 
deficiency in the code^" used to evaluate the perturbed 
fluxes. However, the code adequately predicted the 
thickness variation in 5^ '̂ in the somewhat softer spec
trum of ZPR-9 Assembly 24.»" 

Table II-11-XI shows the results of the plutonium 
zero-thickness data evaluated on the basis of the calcu
lated, proton-recoil, and time-of-fiight spectra using 
ORNL,''^ U K " ^ , and ENDF/B (Version I) cross sections. 
The small variation in the measured alpha values re
flects the weak dependence of the calculated quantities 
on the spectrum and cross sections used in the calcula
tion. 

Using a combination of mass spectrometer techniques 
and fission track recorders, Kato et al." made a direct 

Spectrum 

CALHET 
P-R 

T-O-F 

TABLE I I - l l - X I . D I L U T E P U - 2 3 9 INTEGBAL ALPHAS 

ORNL <r's 

Calc. 

0.361 
0.344 
0.366 

Measured 

0.380 ± 0.030 
0.386 ± 0.030 
0.386 ± 0.030 

Calc. 

0.293 
0.288 
0.308 

UKtr's 

Measured 

0.388 ± 0.030 
0.391 ± 0.031 
0.391 ± 0.030 

ENDF/B o-'s 

Calc. 

0.267 
0.263 
0.266 

Measured 

0.390 ± 0.030 
0.393 ± 0.031 
0.393 ± 0.031 

^Pr 
spectrometer measurement:- a**' = 0.363 dz 0.024. 

Ified result to account for spectral differences:'' 5**' 0.350 ± 0.023. 

- See Ref. 11. 
•> See text . 
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TABLE II-11-XII . D I L U T E U - 2 3 5 AND U - 2 3 8 (0.031 in.) I N T B G B I L ALPHAS 

{Radiochemical a^ss = 3.7I6 ± 0.129) 

Neutron 
Spectrum 

Calculated 

Proton-Recoil 

Time-of-Flight 

Adjoint 
Distrib. 

FW» 
UWt 

F W 
UWb 

F W 

uw 

^235 

Calc. 

0.294 
0.294 

0.294 
0.294 

0.300 
0.300 

Measured 

0.289 ± 0.029 
0.293 ± 0.029 

0.291 ± 0.029 
0.295 ± 0.029 

0.292 ± 0.029 
0.296 ± 0.029 

g238 

Calc. 

3.806 
3.805 

3.830 
3.830 

3.254 
3.254 

Measured 

3.499 ± 0.071 
3.644 ± 0.074 

3.518 ± 0.071 
3.665 ± 0.075 

3.654 ± 0.074 
3.866 ± 0.079 

a FW = flux-weighted cross sections used in evaluation of 4>*{E). 
b UW = unweighted cross sections used in evaluation of ^* {E). 

measurement of the Pu-239 capture-to-fission ratio for 
an ultra thin sample irradiated in a BeO region at the 
center of ZPR-3 Assembly 57. This result is shown at the 
bottom of Table 11-11-XL To compare the mass spec
trometer value with the reactivity-reaction rate result 
one must account for the fact that the two measure
ments were made in different regions of the unit cell. 
Using the region-dependent CALHET spectrum to
gether with ENDF/B cross sections modified by the 
ORNL data,^ the calculated alpha ratio for the cell 
regions covered by the reactivity-reaction rate samples 
to the BeO region in which the mass spectrometer 
sample was exposed is 0.965. For purposes of compari
son, the mass spectrometer alpha value should be re
duced by this factor. This modified value is also given 
in Table 11-11-XL Although the reactivity-reaction 
rate result is somewhat larger than the modified mass 
spectrometer value, the errors do overlap. Integral 
alpha values calculated from the Oak Ridge data' are 
in best agreement with the experimental ones. 

The sensitivity of the U-235 and U-238 capture-to-
fission ratios to spectrum-dependent correction factors 
is illustrated in Table 11-11-XII where the results have 
been evaluated on the basis of the theoretical, proton-
recoil and time-of-flight spectra. The U-235 values are 
for a sample of zero thickness whereas the U-238 results 
correspond to a thickness approximately equivalent to 
the width of the depleted uranium plates in the unit 
cell. For purposes of comparison, the radiochemical 
value for U-238 alpha is given at the top of the 
table. To illustrate the sensitivity of the results to the 
adjoint distribution used to evaluate the importance-
dependent correction terms, the alpha values were cal
culated for adjoint distributions obtained from 
CALHET flux-weighted (FW) cell-averaged cross sec
tions and from unweighted (UW) cross sections. 

For U-235 the reactivity-reaction rate alpha value is 
quite insensitive to the neutron spectrum and adjoint 

distribution used in the evaluation of the various cor
rection terms and is in good agreement with the calcu
lated value. The situation is quite reversed, however, 
for the U-238 sample, as Table 11-11-XII shows. Be
cause the calculated ratio pjp is very sensitive to the 
adjoint distribution and is quite large for U-238, c?^^ 
changes by about 5% in going from one adjoint spec
trum to the next. From a theoretical point of view, it 
is not clear what adjoint distribution should be used for 
evaluating neutron importances. Perhaps, for example, 
adjoint-weighted rather than flux-weighted cross sec
tions should be used for this purpose. Fortunately, the 
U-235 and Pu-239 measured alphas are very insensitive 
to the detailed nature of the adjoint distribution. The 
U-238 values quoted in Table II-11-XII clearly favor 
the adjoint spectrum calculated from un-weighted cross 
sections. Because of the high fission threshold for 
U-238('~0.5 MeV), the calculated value of alpha is 
very sensitive to the shape of the neutron spectrum 
above 1 MeV. In this region the T-O-F spectrum 
rises above the CALHET and P-R distributions, as 
Fig. 11-11-2 shows, and is the reason why the calculated 
value of o?^^ for the T-O-F spectrum is so much lower 
than the others. The radiochemistry result favors the 
CALHET flux distribution. 

It was mentioned earlier that a transport correction 
was applied to account for the stainless steel tube and 
holder surrounding the sample. The elTect of the stain
less steel is to soften the spectrtun some^what, which 
tends to increase the Pu-239 and U-235 alpha values by 
about 0.6%. For U-238, however, the effect is larger. 
The calculated value of o?^^ is increased by nearly 5 % 
while the measured value decreases by less than 0.5%. 

ALPHA SENSITIVITIES AND EKEOKS 

The sensitivity of the reactivity-reaction rate integ' 
alpha values to errors in both measured and calculated 
quantities is illustrated in Table II-11-XIII. For ex-

^^r 
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iple, a 1 % increase in the Li-6 absorption rate results 
in increases of 3.6, 4.5 and 1.3% in the alpha values for 
Pu-239, U-235 and U-238, respectively. A 1 % increase 
in the fission rate will increase a^^^ by 2.7%. Note that 
the results are very sensitive to the value used for P. 
If V is increased by 1 %, a^ '̂ increases by 6.3% and 
2̂35 jjy g_9 %_ -pĵ g importance term for fission neutrons 

depends on the Maxwellian temperature parameter T 
used to characterize the primary fission neutron dis
tribution. Only small changes in a result from 1 % varia
tions in T. 

The errors assigned to the various quantities and the 
corresponding uncertainties in 5 are shown in Table 
II-11-XIV. These values apply to the 5 mil Pu-239 and 
U-235 samples, but are typical of the errors for the 
other thicknesses. The error in the Li-6 absorption rate 
includes an estimate of 0.5 % in the calibration of the 
NBS tritiated water standard.'^ Uncertainties of 0.9, 
1.9 and 2.4% in the :MO-99 yields for Pu-239, U-235 
and U-238 fast fission respectively, contribute most of 
the errors in Rf and contribute a large fraction of the 
total uncertainty in a. Reactivities appear only as ratios 
in the basic equation [Eq. (1)] for alpha. Therefore, the 
errors quoted in Table II-11-XIV are the uncertainties 
associated with the relative reactivity values and do not 
include the error in the absolute calibration of the 
autorod. 

Table II-11-XIII shows that the Pu-239 and U-235 
alphas are very sensitive to the values used for v. For 
the purpose of estimating the error in v, it was assumed 
that v(E) varies linearly with energy: viE) = a + bE. 
Then, 

TABLE II-11-XlII . ALPHV SENSITIVITIES 

I v{E)af{E)<t>{E) clE 

f af{E)<p{E) dE 

= a + bE. 

Since bE contributes only about 2 % to the total value 
of V, almost all the imcertainties in v result from the 
energy-independent term a. Estimates of the uncer
tainties associated with a and b are given in Ref. 32, but 
they do not include the error in i'(Cf-252) to which the 
data have been normalized. In view of the uncertainty 
in ?(Cf-252), an error of 1 % has been assigned to the 
V values used in the alpha evaluations. Most of the error 
in the Pu-239 and U-235 capture-to-fission ratios re
sults from the uncertainties in v, as Table II-11-XIV 
indicates. 

^ • J t has already been pointed out that the calculated 
•^Brect ion factors for differences in neutron importance 

and for the component in the total reactivity due to 
scattering depend on the neutron flux and adjoint dis
tributions. Except for the scattering correction in U-238, 

/2<.(Li-6)0*(Li-6)/0* 

p(Li-6)[l - p,(Li-6)/p(Li-6)] 
(v/S)p' (Cf-252)0;/,?; (Cf-252) 

(1 - pJp)/R, 
T-252 

T-2S9, r-235, r-238 

Causes Per Cent Increase In 

^239 

3.63 

6.33 
- 2 . 7 0 
- 0 . 4 8 

0.41 

3235 

4.46 

6.88 
- 2 . 4 1 
- 0 . 5 2 

0.39 

3238 

1.28 

0.67 
0.61 

- 0 . 0 5 
0.04 

TABLE II-11-XIV. EKKORS 

Quantity 

RaiLi-d) 
Rf : 239, 235, 238 
S (Cf-252) 
p(Li-6) 
p: 239, 235, 238 
p'(Cf-252) 
i>: 239, 235, 238 
r (Cf-252) 
T: 239, 235, 238 

% Error 

0.76 
1.04, 2.27, 2.57 
0.29 
0.26 
0.2, 0.3, 0.4 
0.30 
1.0, 1.0, 1.0 
2.0 
2.0, 1.0, 3.0 

Combined Error 

% Error In 

3239 

2.77 
2.81 
1.83 
0.94 
0.51 
1.90 
6.33 
0.96 
0.82 

8.08 

3235 

3.40 
5.46 
1.99 
1.15 
0.65 
2.06 
6.88 
1.04 
0.39 

10.0 

g238 

0.98 
1.57 
0.19 
0.33 
0.27 
0.20 
0.67 
0.10 
0.12 

2.04 

these calculated corrections are very small and no error 
has been assigned to them. 

POSSIBLE SYSTEMATIC ERHOBS IN V 

Integral alpha values measured by the reactivity-re
action rate technique depend, in a very sensitive way, 
on the calculated value of v, the average number of neu
trons per fission. For the Pu-239 and U-235 measure
ments reported here a 1.0% change in v results in 
changes of 6.3 and 6.9%) in a^^^ and a '̂̂  respectively 
(Table 11-11-XIII). I t is therefore appropriate to ex
amine the possibilities for systematic errors in the 
evaluation of V for the fast reactor spectrum. 

The best measured values of v{E) and va are made 
relative to y(Cf-252) or are normahzed to this value. 
Thus, the v values used in these capture-to-fission ratio 
measurements are related to V for Cf-252. Unfortun
ately, the experimental values for ?(Cf-252) tend to lie 
in two groups differing by about 2%.*^'' Generally 
speaking, measurements using a large liquid scintilla
tion detector he close to 3.8 while those using a man
ganese bath give values close to 3.7. An accurate meas
urement has been reported recently by De Volpi and 
Porges"* and their value (3.725 ± 0.015) supports the 
lower data. The value adopted for ENDF/B (Version 
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'̂ ^̂  Thus, V values calculated from I) is 3.772 ± 0.015 
ENDF/B may be somewhat large (^^1 %). 

In fast reactor calculations one commonly assumes a 
linear energy dependence for v{E) in the lower energy 
range and a similar dependence, but with different 
slope, at higher energies where the (n,n'f) reaction is 
possible.^^ In effect, this assumes a I'-value in the fission 
resonance region equal to the thermal value. The meas
urements of Weinstein et al. indicate that this may 
not be a good approximation for Pu-239. They found 
that the f-values for Pu-239 in the energy range 0.01 to 
100 eV fall into two groups, differing by about 3%, 
depending on the spin states ( / = 0,1) of the individual 
resonances. For example, at 0.198 eV they found v to 
be 1 % lower than the thermal value. Similar, but less 
pronounced, effects exist for U-235. At 0.3 eV they 
found v^^^ to be 0.6% higher than the thermal value. 
Preliminary data reported by Cond6 suggest that the 
actual value of v for Pu-239 in a fast reactor spectrum 
is somewhat less than what one calculates assuming 
v{E) varies linearly with energy with the intercept cor
responding to vtk- In view of these considerations, it 
seems likely that too large a value of v was used in the 
analysis of a^^^ and that this is the most important rea
son for the difference between the reactivity-reaction 
rate and mass spectrometer determinations of a^ '̂. 

The experiments of Aleadows and Whalen show 
that for U-235 v{E) has structure and varies non-linearly 
in the several hundred keV region, where a significant 
part of the neutron spectrum lies in a fast reactor. 
Davey^" points out that at 300 keV this structure effect 
results in a value of v{E) which is 2 % larger than one 
would calculate assuming a linear energy dependence. 
All things considered, it is not clear whether the spec
trum-weighted value of v'^^^ calculated from ENDF/B 
is too large or too small. 

SUMMARY 

Integral capture-to-fission ratios for Pu-239, U-235 
and U-238 have been measured by the reactivity-reac
tion rate method in a fast reactor spectrum tailored to 
emphasize Pu-239 capture events in the 0.1-30 keV 
range. For Pu-239 and U-235 uncertainties in v con
tribute most of the error to the measured capture-to-
fission ratios. The measured Pu-239 alpha values are 
somewhat larger than those calculated from funda
mental nuclear data, but are best described by 
ENDF/B cross sections modified in the 0.1-30 keV 
range by the recent ORNL-data.^ This conclusion ap
plies whether one uses the theoretical neutron flux dis
tribution or spectra measured by proton-recoil and 
time-of-flight techniques. 

Although the errors overlap, the infinitely dilute 

KIQF value of d?^^ is about 8 % larger than an independ 
value measured in a direct way using a combination of 
mass spectrometer techniques and fission track re
corders." The reactivity-reaction rate value of 5^ '̂ 
depends very sensitively on the calculated value for v. 
For reasons discussed in the previous section, it seems 
likely that the value of v calculated from ENDF/B is 
too large by 1-2%. This would account for the differ
ence between the two independent measurements of 
a^ '̂ and would also provide good agreement between the 
measured and calculated values. By combining the mass 
spectrometer result with the measurements reported 
here one can derive a value for v corresponding to a 
zero-thickness sample of Pu-239 in the fast reactor 
spectrum. This evaluation gives v'^^^ = 2.913 ± 0.036 
which is 1.3% lower than the calculated value of 2.950. 

The measured Pu-239 alpha values decrease as a 
function of sample thickness much more rapidly than 
theory predicts. This may be due to a deficiency in the 
code used to calculate the perturbed fluxes. However, 
this code adequately accounts for the thickness effect 
in U-235 and for the earlier Pu-239 measurements made 
in another core.^" 

For U-235 the measured alpha values are in excellent 
agreement with those calculated from ENDF/B. How
ever, the results are dependent on a rather tentative 
value for the Mo-99 yield in the fast fission of U-235. 

Unhke Pu-239 and U-235 the U-238 alpha values vary 
significantly depending on the flux and adjoint distribu
tions used. The calculated value of 5̂ *̂ is very sensitive 
to that portion of the neutron spectrum above the fast 
fission threshold ('~0.6 ^leV). The high energy portion 
of the time-of-flight spectrum rises above the theoretical 
CALHET distribution and this is the primary reason 
why the calculated value of 5 '̂̂  based on CALHET is 
17% larger than the result evaluated from the T-O-F 
data. A large scattering correction must be applied to 
obtain the reactivity-reaction rate value of a^^^. The 
magnitude of this correction depends rather sensitively 
on the adjoint distribution. The use of the CALHET 
fluxes and adjoints calculated from MC^ cross sections, 
without cell-averaging, leads to good agreement among 
the calculated, radiochemical and reactivity-reaction 
rate U-238 alpha values. 
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W. Y. KATO, R . J. ARMANI, R . P. LARSEN*, P. E. MORELAND**, L . A. MOUNTFORD,f 

J. M. GASIDLO, R . J. POPEK* and C. D. SW^ANSON 

INTEODUCTION 

A number of differential capture and fission cross 
sections for Pu-239 have been reported.^"^ Because of 
the discrepancy between the reported values, an ex
periment has been performed on ZPR-3 to measure 
directly the integral value of the Pu-239 capture-to-
fission ratio (alpha) in a fast spectrum to attempt to 
determine the correct differential values. In addition, 
an attempt was made to measure the U-233 and U-235 
alphas. The experiment basically consisted of irradiat
ing highly purified samples of Pu-239, U-233, and 
U-235 near the center of a special uranium-fueled 
assembly whose spectrum was tailored to enhance the 
1-50 keV neutron energy region and measure the num
ber of fissions and captures which had occurred in the 
sample during the irradiation. The experimentally 
determined values of the integral alpha were then com
pared with theoretically calculated values using vari
ous differential cross sections and measured and calcu
lated spectra. 

DESCRIPTION OE ASSEMBLY 

Since the ZPR-3 facility was limited to a maximum 
power level of 5 kW, it was necessary to design a core 
which was as small as possible to maximize the neutron 
flux and whose fast spectrum enhanced the 1-50 keV 
region to as high a degree as possible. I t was also 
desirable to minimize the number of neutrons below 
about 100 eV. An additional limitation was imposed by 
the available inventory of materials. 

ZPR-3 Assembly 57 was designed to meet these cri
teria. I t is a three-region assembly, with a central core 
of U-235, U-238, beryllium oxide, and aluminum 
surrounded by an inner reflector of iron and an outer 
reflector of depleted uranium. The core composition 
of this assembly was the same as that of the Gulf 
General Atomic STSF-lA**' whose central spectrum 
had been measured by time-of-flight techniques. Fur
thermore, Assembly 57 had a depleted uranium reflec
tor to provide additional radiation shielding. The core 
drawers contained two %-in. columns of enriched 
uranium, five M.6-in. columns of depleted uranium, 
and eleven %-in. columns of beryllium oxide as shown 

* Chemical Engineering Divison, Argonne Nat ional Lab
oratory. 

** Chemistry Division, Argonne National Laboratory. 
t Atomics In ternat ional , a Division of Nor th American 

Rockwell Corporation, Canoga Park , California. 

in Fig. II-12-1. Instead of the standard ANL-ZPR 
enriched uranium fuel plates, enriched uranium fuel 
from the former CANEL project was used. This was 
done so that the fuel could be stored for an indefinite 
period after the high-power irradiation without affect
ing the normal ZPR fuel inventory. In addition, the 
1.75-in. height of the CANEL plates, which is less than 
the standard ZPR fuel plates, provided a Yi-in. channel 
above the fuel columns which was used as a cooling 
channel. In order to take maximum advantage of this 
as a cooling channel during the high-power run, the 
axial reflector columns behind the fuel were also made 
shorter. The central 13 drawers in each half had this 
composition. The remaining axial reflector and the 
radial reflector consisted of solid blocks of iron and 
depleted uranium. The core control and safety drawers 
had the same loading as shown in Fig. II-12-1, except 
for the removal of one column of beryllium oxide, iron, 
and depleted uranium required by the thicker drawer 
walls. 

The vertical cross-section geometry of Assembly 57 
is shown in Figs. II-12-2 and II-12-3. Figure II-12-4 
shows the geometry of the equivalent cylindrical load
ing for this assembly. The atom densities correspond
ing to the regions shown in Fig. II-12-4 are listed in 
Table II-12-L The breakdown of the assembly into 
regions is complicated by four characteristics of the 
assembly which were brought about because of the 
desire to reproduce the atom densities of STSF-IA as 
closely as possible: 

(1) Each half of the reactor in the central region 

TYPICAL CORE DRAWER,ASSEMBLY 57 
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F I G . II-12-1. Typical Core Drawer, Assembly 57. 4iVZ^ A'* 
No. 116-S56T-1. 
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tains a 7 X 7 array of aluminum tubes which were 
placed in the normal matrix assembly of stainless steel 
tubes. The reactor core and the axial reflector are 
loaded in aluminum matrix tubes, while the radial 
reflector is, in general, loaded in stainless steel matrix 
tubes. 

(2) The core drawers, containing some axial reflec
tor, are aluminum. The drawers containing the 
remainder of the axial reflector, which consists of sohd 
blocks of iron and uranmm, are stainless steel. 

(3) The central axial reflector has cooling channels, 
which gives them lower atom densities than the solid 
reflector regions. 

(4) The radial reflector in the aluminum matrix is 
in drawers. In the stainless steel matrix the pieces 
are loaded directly into the matrix. 

The critical loading of Assembly 57 is shown in Figs. 
II-12-2 and II-12-3. The assembly was built off center 
in the matrix to provide additional matrix locations on 
the control room side for shielding materials. This 
loading contained 85.59 kg U-235, and was critical 
with one control rod withdrawn 4.35 in. and all other 
rods fully inserted. The integral worth of the control 
rod at this position was 152 Ih, which is equivalent to 
1.12 kg of U-236. The critical mass is then 84 5 kg 
of U-235. When corrected for core differences, this com
pares weU with the extrapolated critical mass of 89 kg 
U-235 for the STSF-IA, and a calculated value of 88 
kg U-235 using ENDF/B microscopic cross sections, 
MC=̂ ,<̂ ' and a one-dimensional diffusion code 
DIFID.<«' 

MEASUREMENTS 

In order to calculate the integral values of alpha for 
Pu-239, U-233, or U-235 for comparison with a meas
ured value it is necessary to know the neutron spectrum 
at the point where the samples are irradiated in addi
tion to having the differential captuie and fission cross 
sections as a function of energy for these isotopes. To 
verify the theoretically calculated spectrum, measure
ments of the neutron spectrum were made at the loca
tion where foils were to be irradiated using a proton-
recoil spectrometer.'^ Neutron spectra obtained using 
time-of-flight techniques'^'^ on the Gulf General Atomic 
STSF-IA assembly were also available for comparison. 

As an additional check on the calculated spectrum 
of Assembly 57, a series of central fission ratios were 
measured relative to U-235 using "back-to-back" gas-
flow spherical counters.i"* The counters were placed 

^ l ^ a 2 X 2 x 2-in. cavity in the front of the central 
flBtver in Half No. 1 (l-P-14). The cavity extended 
^ f f the r toward the rear of the drawer in the central sec

tion to accommodate the connectors and cables. The 
drawer-loading diagram is shown in Fig. II-12-5. The 
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F I G . II-12-2 Vertical Cross Section of Half No 1 ANL 
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foil orientation was perpendicular to the horizontal 
plane of the reactor material plates. The fission rates 
of materials in which one of seven fissionable materials 
(U-233, U-234, U-235, U-236, U-238, Pu-239, and 
Pu-240) was dominant, were measured by placing 
pairs of foils in counters. These four counters were 
placed in the cavity m succession in four reactor runs. 
The fission rates were normalized for power variations 
among the runs using the counting rates of a gas-flow 
fission counter positioned in the radial blanket. 

The data for all of the detectors were taken with a 
pulse-height analyzer. The differential spectra were 
converted to fission rates with a computer code using 
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Outer reflector 
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Safety rod—core 
Safety rod—reflector 

TABLE II-12-I. ( 

U-23S 

0.4081 
0.4065 

__. 
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0.0078 
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0.0076 
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F I G . II-12-5. Core Drawer Location of Fission Counter . 
ANL-ID-10S-A11075. 

an identical integration technique for all of the detec
tors. The detector fission rates were then reduced to 
isotopic fission rates using the masses and isotopic 
concentrations of the foils. The reduced isotopic fission 
ratios are given in Table II-12-II. Calculated values 
are also given in Table II-12-11 for comparison. 

In order to measure the change in the Pu-240 con
tent in a Pu-239 sample or U-234 content in a U-233 
sample or U-236 content in a U-235 sample after an 
irradiation in a critical facility where neutron jMk 
levels are relatively limited, it is necessary to irrac^HB 
samples of Pu-239, U-233, or U-235 which have excep
tionally low Pu-240, U-234, and U-236 contents, re-
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pectively. The original intent in this irradiation ex
periment was to measure the integral capture-to-fission 
ratio for Pu-239, U-233, and U-235. With starting 
materials of 10 mg of Pu-239 and 10 mg of U-233 
containing 8 ppm of Pu-240 and 1 ppm of U-234, 
respectively, approximately 500 ̂ g of Pu-239 contain
ing 25 ppb of Pu-240 and 500 /xg of U-233 containing 
64 ppb of U-234 were prepared by J. L. Lerner* using 
the Argonne Chemistry Division's mass separator. The 
attempt to obtain U-235 having exceptionally low 
U-236 content was not successful, probably because of 
cross contamination during the chemical processing 
stage. Although U-235 containing about 1 ppm U-236 
was irradiated, meaningful capture rate determination 
was not possible because of the high U-236 content. 
The highly purified samples of Pu-239 and U-233 were 
used only for capture rate determinations. Conven
tional plutonium with 4% Pu-240 and 93% enriched 
U-235 were used for the fission rate determinations. 
Since appropriate metallic U-233 foil material was not 
available at the time of the experiment, the U-233 
fission rate in the long irradiation was established, in 
part, by means of the U-235 and Pu-239 foils. 

The total number of fissions occurring in the Pu-239 
and U-235 foils during the long-term irradiation were 
determined by measuring the fission product Ba-140 
gamma activity. Because of the uncertainty in the 
fission yield for Ba-140 in a fast spectrum, a short-term 
irradiation (80 min) for an integrated power of about 
4 kWh was carried out to establish a calibration factor 
(Ba-140 counts/min-fission) for the long-term irradia
tion. 

This calibration factor was estabhshed in the short-
term irradiation by simultaneously irradiating nano
gram amounts of Pu-239, U-233, and U-235 in contact 
with mica fission track recorders and Pu-239 and 
U-235 foils. The total number of Pu-239, U-233, and 
U-235 fissions occurring during the short irradiation 
was determined by counting the fission tracks in mica 
track recorders using the technique developed by Gold 
et a l . " The amounts of Pu-239, U-233, and U-235 in 
contact with the track recorders were determined by 
alpha counting in a calibrated alpha counter. (The 
specific activity of the U-235 was enhanced by a factor 
of 10* by the addition of U-232.) The Ba-140-La-140 
fission product activity was measured by gamma-ray 
spectrometry using a lithium-drifted germanium diode 
multichannel analyzer system. The 1.59-MeV gamma 
ray emitted by the La-140 was used for the assay. 

^ H ^ t this gamma ray was due entirely to La-140 and 
| B K the La-140 was in equilibrium with the Ba-140 at 

tne time of analysis was demonstrated by the fact 

* Chemistry Division, Argonne Nat ional Laboratory. 

TABLE II-12-II . COMPARISON OF MEASURED AND 
CALCULATED FISSION R A T I O S a-f(i)/9f (U-235) 

IN ZPR-3 ASSEMBLY 57 

U-233 
U-234 
U-236 
U-238 
Pu-239 
Pu-240 

Measured" 

Counter 

1.447 
0.201 
0.0741 
0.0351 
0.973 
0.228 

Foils 

1.39 

0.0323 
0.998 

Calculatedi-

Spectra 

Homog. 

1.410 
0.211 
0.082 
0.040 
0.919 
0.247 

Hetero. 

1.399 
0.193 
0.075 
0.036 
0.907 
0.227 

Time-of-
Flight 

1.391 
0.229 
0.091 
0.044 
0.939 
0.264 

" The experimental uncertainty is approximately ± 1 % for 
the fission counter measurements. 

•> Calculations were based on using infinitely dilute cross 
sections from E N D F / B Version 1 and spectra obtained from 
a homogeneous and a heterogeneous (CALHET) calculation 
and time-of-flight measurement. 

that this gamma ray decayed with a half-life of 12.8 
days, the half-life of Ba-140. The plutonium and 
uranium foils were analyzed for their fissile nuclide 
content by weighing coupled with chemical analysis 
and mass spectrometry. 

Two capsules were used in the long-term irradiation. 
Each of these capsules contained four plutonium foils, 
four enriched uranium foils, and four 50-f<.g samples 
each of the high isotopic purities U-233, U-235, and 
Pu-239. The fissile samples were evaporated from a 
nitrate solution onto thin stainless steel disks. Each 
disk was then placed inside thin aluminum double-
walled containers to prevent cross contamination. The 
aluminum containers, each of which contained the 
various samples, were then placed inside a 2-in. diam 
!4-in. thick thin-walled (approximately 13-mil) stain
less steel capsules. The capsules were irradiated in the 
center column of drawers 1P14 and 2P14 which were 
located in the center of the core. The centerlines of 
the two capsules were located approximately 3 in. 
from the front face of the drawer as shown by dotted 
lines in Fig. II-12-1. The long-term irradiation was 
carried out continuously from 1340 MDT, August 25, 
1969, to 0004 MDT, August 29, 1969, on ZPR-3 at a 
power level of about 5 kW. 

The relative fluences in the short- and long-term 
irradiations as determined by the Ba-140-La-140 
measurements on the plutonium foils from two samples 
in the same capsule were 86.7 ± 1 . 2 and 90.0 ± 1.3. 
The relative fluence in the short- and long-term irra
diations obtained from the U-235 foils was 89.4 ±: 1.3. 

These numbers were calculated by dividing the 
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average Ba-140-La-140 activity/mg ratio obtained 
in the long irradiation by that obtained in the short 
irradiation. The Ba-140-La-140 activities were cor
rected for in-pile and out-pile decay of the Ba-140. 
The relative standard deviation of the activity-to-
weight ratio for a single foil in a set of four was ±2.0% 
and for the average ±1.0%. The relative standard 
deviation of the relative fluence measurements is, 
therefore, ±1.4%. The use of this technique for the 
total fission determination has two major advantages: 
it is unnecessary to know the fission yield of Ba-140 
and it is unnecessary to make an absolute efficiency-
geometry calibration of the detector. (Both the short-
term and long-term foils were counted at the same 
geometry.) 

With the short-term irradiation sample giving a 
value of (9.63 ± 0.06) X lO^^ fissions/g of Pu-239, the 
number of fissions per 10® Pu-239 atoms in the long-
term samples were 331 ± 5 (Sample No. 133) and 
344 ± 5 (Sample No. 134). 

The U-233 sample in the short-term irradiation gave 
a value of 1.375 X 10^^ fissions/g U-233. Assuming an 
average value of 89.7 for the ratio of fluence of the 
long-to-short-term irradiations from the Pu-239 and 
U-235 samples irradiated in the two irradiations, a 
value of 477 fissions per 10^ U-233 atoms was obtained. 

Mass spectrometric analyses of the highly purified 
Pu-239 and U-233 samples were carried out using the 
Argonne Chemistry Division tandem mass spectrom
eter. Two irradiated and two control (unirradiated) 
Pu-239 samples were analyzed using the mass spec
trometer. These samples gave the following results: 

o i x ^ 

I r radiated Sample No. 9-2 
I r radia ted Sample No. 9-3 
Control Sample No. 2 
Control Sample No. 1 

Pu-240/Pu-239 

142 ± 7 ppb (8 measurements) 
153 ± 8 ppb (3 measurements) 
25 ± 3 ppb (4 measurements) 
24 ± 5 ppb (1 measurement ) . 

The irradiated plutonium isotopic ratios were ob
tained by measuring ion currents with an electron 
multiplier and introducing a calibrated gain of 10'' to 
measure the Pu-240 ion current. Voltage-to-frequency 
conversion and integration of multiple scans with a 
multiscaler were used to improve the signal-to-noise 
ratio. The isotopic ratio for the control samples was 
obtained by monitoring the Pu-239 ion current with a 
Faraday cup-slit plate while pulse counting the Pu-240 
ions reaching the electron multiplier. Integration of 
multiple scans was again used. In both cases, instru
mental discrimination effects were determined and 
corrected by alternating measurements of a stand
ardized isotopic mixture of uranium with the plutonium 
measurements. The uranium mixture used for this 
internal calibration consisted of U-233 + (120 ± 2 

ppm) U-234 + (220 ± 3 ppm) U-236. An acid so. 
tion of this mixture was used to dissolve the plutonium 
from the irradiation sample plates and transferred to 
the mass spectrometer sample filament, insuring that 
the analysis of the two elements took place under 
identical conditions. Precautions were taken through
out to insure that no 2^^PuH+ would be observed. 

The tandem mass spectrometer gave the following 
results for the U-233 samples: 

Irradiated U-233 No. 3-1 
Unirradiated Control Samples 

U-234/U-233 
99 ± 7 ppb 
64 ± 7 ppb 

This results in a value of 35 ± 10 atoms of U-234 
per 10» U-233 atoms. 

RESULTS AND ANALYSIS 

Fission sample No. 133 was located next to capture 
sample No. 9-2 and sample No. 134 next to sample 
No. 9-3 within the stainless steel capsule. Because of 
the axial neutron flux distribution, it appeared appro
priate to take the ratio of sample No. 9-2 to sample 
No. 133 and sample No. 9-3 to sample No. 134 and 
average the two results. This gave a value of 0.363 ± 
0.024 for the Pu-239 capture-to-fission ratio in this 
spectrum. 

The ratio of the capture and fission measurements 
for the U-233 samples gave a value of 0.10 ± 0.04 for 
the capture-to-fission ratio for U-233. The large un
certainty in this value results from the fact that it was 
not possible to obtain a lower U-234 content U-233 
sample than the 64 ppb of U-234. 

Theoretical calculations of the Pu-239 capture-to-
fission ratio have been made using the ENDF/B (Ver
sion 1), Gwin,^ preliminary revised Gwin,^- Schom
berg^ and revised Schomberg''* cross-section data in 
the 0.1 to 25-keV energy range and the ENDF/B 
cross-section data above 25 keV. The calculations 
were carried out using these cross sections and spectra 
obtained from theoretical calculations, proton-recoil 
spectrometer, and time-of-flight technique.*-® Two 
types of theoretical calculations of the neutron spec
trum were made. The first involved the use of the 
ENDF/B cross-section set, MC^,'^' and DIFID, the 
one-dimensional diffusion code of the ARC^^' system. 
Since the reactor core had plate-type geometry, a 
calculation using slab geometry with the CALHET 
code^* was carried out in order to determine the effects 
of heterogeneity on the spectrum. The calculation of 
alpha was carried out on a 31-group basis with 
region below 25 keV divided into groups which mati 
the experimental differential cross-section measr 
ment energy grouping. The values of the flux from the 
homogenized calculation and the heterogenous cal-

isu!^^ 
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tion, proton-recoil, and time-of-flight measure
ments are tabulated in units of flux per unit lethargy 
in Table II-12-III after being normalized to the total 
number of neutrons between 100 eV and 10 MeV. The 
calculated values of the Pu-239 alpha based on the 
various spectra and the five different cross-section sets 
are tabulated in Table II-12-IV. Although there is 
some discrepancy between the time-of-flight spectrum 
and the calculated spectrum there is good agreement 
of the alpha values calculated using the five different 
cross-section sets and the CALHET proton-recoil and 
time-of-flight spectra. The best agreement between the 
experimental value of alpha of 0.363 results from using 
the revised Gwin capture and fission cross sections. 
Table II-12-V lists the fraction of fissions occurring 
in the various energy regions for this assembly. Since 
a large fraction of the captures occurs below 25 keV 
the alpha calculations given in Table II-12-V are par
ticularly sensitive to the uncertainties in this region. 

Using the ENDF/B microscopic cross sections for 
U-233 and the three spectra listed in Table II-12-III, 

TABLE 1I-12-III . F L L X P E R U N I T LBTHAEGY 

EL, 

keV 

3670 
2230 
1350 
825 
500 
300 
180 
110 
67 
41 
25 
15 
10 

9 
8 
7 
6 
5 
4 
3 
2 
1 
0.9 
0 .8 
0.7 
0.6 
0.5 

A »'' • W 0.3 
0.2 
0.1 

Theoretical 

DIFID 

16.850 
69.24 

109.9 
103.1 
133.4 
119.1 
130.8 
116.3 
101.4 
89.59 
75.89 
66.89 
55.30 
54.30 
46.90 
46.25 
40.48 
38.62 
35.35 
33.55 
24.64 
16.66 
11.15 
10.12 
8.957 
7.752 
6.085 
5.010 
3.723 
2,199 
0.927 

CALHET 

15.88 
66.32 

106.4 
98.59 

130.3 
117.5 
130.7 
115.9 
102.1 
90.97 
76.42 
68.40 
57.06 
55.74 
45.97 
45.97 
45.97 
40.93 
36.46 
33.32 
27.35 
18.66 
13.70 
13.70 
11.45 
8.90 
8.90 
7.04 
5.45 
3.55 
1.97 

Proton-
Recoil 

15.44 
64.46 

108.00 
123.9 
134.0 
114.9 
122.1 
155.9 
104.9 
88.95 
71.60 
62.04 
65.05 
53.26 
61.78 
49.74 
44.39 
36.11 
30.85 
28.11 
23.47 
19.13 
13.32 
13.32 
11.13 
8.65 
8.65 
7.00 
5.30 
3.45 
1.92 

T-O-F 

23.27 
77.45 

120.4 
122.5 
153.2 
126.5 
122.9 
104.8 
84.84 
69.81 
59.33 
55.46 
47.67 
42.69 
39.92 
38.12 
51.19 
35.23 
33.51 
29.45 
24.39 
19.07 
17.53 
8.96 

12.00 
10.77 
9.16 
7.97 
7.03 
5.76 
4.04 

TABLE II-12-IV Pu-239 A L P H I COMPARISON BETWEEN 
E X P E R I M E N T AND THEORY 

{Integral Experiment = 0.363 ± 0.024) 

Cross Sections 

<25 keV 

E N D F / B 
Gwin^ 
Gwin 

(Rev.)i2 
Schomberg' 
Schomberg 

(Rev.)« 

>25 keV 

E N D F / B 
E N D F / B 
E N D F / B 

E N D F / B 
E N D F / B 

Spectra 

Homo
geneous 
(DIFID) 

0.243 
0.296 
0.317 

0.373 
0.275 

Hetero
geneous 

(CALHET) 

0.266 
0.330 
0.348 

0 406 
0 302 

Proton-
Recoil 

0.257 
0.318 
0.335 

0..389 
0.291 

T-O-F 

0.266 
0.335 
0.349 

0.401 
0.307 

TABLE II-12-V. FRACTION OF CAPT[ RES AND FISSIONS WITH 

G W I N REVISED DVTA. 

Reaction 

Capture 

Fission 

Spectra 

THEO-CALHET 
T-O-F 
THEO-CALHET 
T-O-F 

O . H 1 1-25 
keV keV 

0.28 
0.37 
0.11 
0.14 

0.54 
0.48 
0.24 
0.21 

>25 
keV 

0.18 
0.15 
0.65 
0.65 

values of 0.12, 0.12, and 0.12 were obtained for the 
capture-to-fission ratio for U-233. The experimental 
value of 0.10 ± 0.04 is within experimental error and 
in reasonable agreement with the theoretical values. 

CONCLUSIONS 

On the basis of the experimental value of alpha, the 
following conclusions may be drawn: 

(1) The values of the capture-to-fission ratios as 
deduced from the capture and fission cross sections for 
Pu-239 in the ENDF/B Version 1 files are too low. 

(2) The revised Gwin^^ (jata give the best agree
ment with the integral value. I t does appear that the 
revised Schomberg^^ data are now also low. 
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11-13. Experimental Results for ZPR-3 Assembl ies 58 and 59 

J. M. STEVENSON,* J. M. GASIDLO and R. 0 . VOSBUBGH 

INTEODUCTION 

The essential purpose of these two assemblies was to 
study the discrepancy between calculated and meas
ured central reactivity worths, and nearly all of the 
experiments had some bearing on this discrepancy. The 
assemblies were constructed with a single drawer cell 
containing two plutonium-aluminum fuel columns and 
fourteen graphite columns, thus forming a natural con
tinuation of the series of benchmark physics assem
blies (ZPR-3 Assemblies 48, 49, 50, 53 and 54). The 
core contained no uranium. Assembly 58 had a de
pleted uranium blanket while Assembly 59 had a lead 
reflector. The depleted uranium preserved the continu
ity of the series, and lead was chosen because of its 
small capture cross section and its lower moderating 
effect compared with possible alternatives, such as 
steel or graphite which would modify the spectrum in 
the core to a greater extent than lead. 

Brief descriptions of the experiments carried out in 
these two assemblies—except the measurement of the 
central neutron spectrum using proton recoil counters 
(see Paper 11-18)—are given here. Further details can 
be found in Ref. 1. 

DESCEIPTION OE THE ASSEMBLIES 

The standard core drawer loadings for Assembly 58 
are shown in Fig. II-13-1. A back drawer contained the 
remaining 8 in. of axial reflector in Half 1. The draw
ers for control and safety rods had an inside width of 
1.875 in. and differed from the standard drawer in that 

one graphite column in the core was omitted, leaving a 
symmetrical loading. The asymmetric loading on the 
reactor matrix was used because the lead blocks for the 
reflector in Assembly 59 were available only in 4-in. 
lengths. The critical loadings are given in Figs. II-13-2 
and II-13-3. The half drawer in Assembly 59 was used 
to keep the excess reactivity below the maximum al
lowed. The numbers in the matrix positions refer to 
slightly different drawer loadings, but here only the 

Pu METAL,, 

Pu METAL 

HALF 2 

0 9" 2, 

1^ 

^ 1 C 
Pu METAL 

c 
c 
C 
C 
c 
c 

Pu METAL 
c 
c 
c 
? 

U238 I 

M H 

m 

* UKAEA, Winfrith, England. 
F I G . II-13-1. Core Drawer Loading for Assembly 58. ANL-

ID-lOS-2990. 
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TABLE II-13-I. AvEKiGE COKE AND REFLECTOR 

COMPOSITIONS OF ZPR-3 ASSEMBLY 58 

Isotope 

Pu-239 
Pu-240 
Pu-241 

Region Composition, lO^' atoms/cm' 

Core Axial Reflectorl 

2 1024 
0.1001 
0.0058 

Radial 
Reflector 

Al 
C 
Fe 
Cr 
Ni 
Mn 
Si 

U-238 
U~235 

0.213 
59.07 

7.689 
1.912 
0.928 
0.0798 
0.0937 

— 
— 

5.593 
1.391 
0.609 
0.0581 
0.0682 

39.05 
0,080 

— 

4.540 
1.129 
0.494 
0.0471 
0.0553 

38.71 
0.086 

TABLE II-13-II . AvERVGB CORE VND REFLECTOR 

COMPOSITIONS OF ZPR-3 ASSEMBLY 59 

Isotope 

Pu-239 
Pu-240 
Pu-241 

Al 
C 
Fe 
Cr 
Ni 
Mn 
Si 
Pb 

Region 

Core 

2.1030 
0.1003 
0,0056 
0.217 

59.02 
7.717 
1.919 
0.875 
0.0801 
0.0941 

— 

Composition, 10^' 

lAxial Reflector 

1 

-
j ^ 

1 — , 
5,593 

1 1.391 
1 0.609 
1 0.0581 
1 0.0682 
1 28.16 

itoms/cm^ 

Radial 
Reflector 

-. 
4.540 
1.129 
0.494 
0.0471 
0.0553 

28.24 

core average compositions together with the reflector 
average compositions are given (Tables II-13-I and 
II-13-11). 

An equivalent cylindrical loading for Assembly 58 is 
shown in Fig. II-13-4. The equivalent cylindrical 
loading for Assembly 59 differed only in the core ra
dius which was 23.83 cm. The fissile contents were 
101.9 kg (Pu-239 + Pu-241) in Assembly 58 and 76.1 
kg (Pu-239 + Pu-241) in Assembly 59. The control 
rod calibration curves showed that the excess reactivi
ties of the loadings in Figs. II-13-2 and II-13-3 were 
0.020% Afc/fc and 0.080% Ak/k, respectively. Exami
nation of the final stages of the approaches to critical 
and use of the rod worth curves enabled these reactivi
ties to be converted to equivalents of 0.07 kg and 0.22 
kg of edge fuel respectively. 

FISSION RATE DISTBIBTJTIOKS 

Fission rate distributions were measured radially in 
Assembly 58 and both radially and axially in Assem

bly 59. Cylindrical counters containing Pu-239 ( ^ ^ H B 
Pu-240) and U-238 (20 ppm U-235) with a c o a t e l B ^ 
length of 0.8125 in. were used. The axial traverse tube 
was inserted through drawers where the plates had 
been rotated and special small graphite pieces used to 
leave a 0.5 in. square hole as shown in Fig. II-13-5. 
For the radial traverses, the front two inches of all the 
Half 1 core drawers in row P were rotated and ar
ranged in the same way. The results of the six tra
verses are seen in Figs. II-13-6 through 11-13-11. Two 
points are worth noting: 

a. The radial traverses in both assemblies show a 
marked fine structure. The Pu-239 fission rate was 
higher when the coimter straddled two drawers, 
whereas the U-238 count rate was higher when the 
counter was centered on a drawer. 

SPRING GAP (0.66 CM.) ALL DIMENSIONS IN CM. 
NOT INCLUDED IN DIMENSIONS 

F I G . 11-13-4. Equivalent Cylindrical Dimensions for 
Assembly 68. ANL-ID-103-2989. 

Pu ME TAL 

y^UBE^ 

-f Pu METAL 

FRONT VIEW 0 - 1 1 

F I G . II-13-5. Axial Traverse Drawer Loading in Half 1 of 
Assembly 59. ANL-ID-103-A20U. 
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F I G . 11-13-17. Cf-252 Source-Perturbation Axial Traverse 
in Assembly 59. ANL-ID-103-A2019. 

position P-20/21 appears to be associated with the au
torod in position 0-22. 

PERTXJBBATION DISTRIBUTIONS 

The radial perturbation distributions of a Pu-239 
annulus and a U-238 cylinder in Assembly 58 and the 
radial and axial perturbation distributions of the Pu-
239 annulus in Assembly 59 were measured, all at a 
power level of about 10 W. The environments were the 
same as for the fission rate traverses. The results of the 

sample perturbation traverses are shown in Figs. I I -
13-12 through 11-13-15. Because the samples are 2 in.^ 
long, almost the length of the horizontal unit cell, no 
significant fine structure is seen in the radial traverses. 

In Assembly 59, radial and axial perturbation distri
butions with a Cf-252 source were measured as part of 
the determination of fieff (see Paper 11-27). The envi
ronment was the same as that for the sample perturba
tion traverses. Measurements were made at two power 
levels (50 and 8 W approximately) to separate the 
neutron source and material reactivity contributions. 
All the source worths in Figs. 11-13-16 and 11-13-17 
correspond to a fission rate of 632.1 fissions/sec in a 
108.9 p.g foil (94.4 w/o Pu-239, 5.3 w/o Pu-240 and 0.3 
w/o Pu-241) positioned 2 in. back from the interface 
in matrix position 2-P-16. 

CENTRAL FISSION RATIOS 

Thin walled aluminum, spherical back-to-back fis
sion counters^ were used in Assembly 59. The counters 
were positioned at the center of the cavity shown in 
Fig. 11-13-18, in matrix position l-P-16. Thus the foils 
(which were in a horizontal orientation) were ex
tremely close to the core center. Each foil was paired 

|I5" 0" 2" 5" |6' 
C 
c 
c 

Pu METAL 
c 

c 
c 
c 

• HIGH 
• H16H 

1 c 
f 

c 
Pu METAL 

C 
C 
C 

11" I 

LEAD WITH 
•f" HOLE 

F I G . 11-13-18. Core Drawer for Back-to-Back Fission 
Counter. ANL-ID-103~-

TABLE II-13-III . CENTRAL F I S S I O N R A T I O S 

IN ZPR-3 ASSEMBLY 59 

Ratio to U-235 

U-233 
U-234 
U-236 
U-238 
Pu-239 
Pu-240 

Result 

1.466 
0.183 
0.068 
0.0325 
0.942 
0.207 

Error," % 

1.0 
2.0 
1.7 
1.8 
1.0 
1.0 

» Error arises mostly from uncertainty in the calibration of 
foils. (Assumed error was - ^ 1 % for all foils except U-238 wh 
error was -^1.5%.) The errors in some of the fission ratios 
higher to allow for the significant fraction of fission in t" 
U-235 present in the foils. 
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with a U-235 foil. The results are shown in Table 
ii-13-ni. 

CBNTEAL PBETUBBATIONS 

The small-cylinder sample changer (described in de
tail in Ref. 3) was used to measure the worth of series 
of samples against dummy cans or matched holders. 
A reactor power of about 10 W was used. The standard 
environment, used in both assemblies, was the same as 
that used for the radial traverses. A voided environ
ment, seen in top view in Fig. 11-13-19, was also used 
in Assembly 59. The three sets of results are given in 
Table II-13-IV. Ratios of results from Table II-13-IV 
are found in Table II-13-V. The ratio of perturbations 

I" 1.5" 11.5" f" 

in the standard environment in the two assemblies 
(59/58) is a constant for the Pu-239, U-235, and B-10 
samples. The ratios for the U-238 cylinders are some
what less. The differences in Assembly 59 between the 
results for the standard environment, where the sam
ples were in a graphite modified spectrum, and the 

TABLE II-13-V. CENTRVL PERTURBATION RVTIOS 

IK ZPR-3 ASSEMBLIES 58 AND 59* 

Sample 

Pu-239 annulus 0.010 in 
Pu-239 annulus 0.007 in. 
U-235 annulus 0.010 in. 
U-235 annulus 0.005 in. 
U-235 annulus 0.003 in. 
U-238 cylinder 0.42 in. diam 
U-238 cylinder 0.2 in. diam 
U-238 cylinder 0.1 in. diam 
B-10 cylinder 0.06 in. diam 
C cylinder 0.4 in. diam 
T a annulus 0.003 in. 

Assembly 59 
Standard 

Environment 
Assembly 58 

Standard 
Environment 

1.256 ± 0.004 
1.248 ± 0.010 
1.252 ± 0.006 
1.251 ± 0.006 
1.257 ± 0 012 
1.118 ± 0.004 
1.139 ± 0.018 
1.180 ± 0.044 
1.240 ± 0.005 

Assembly 59 
Voided 

Environment 
Assembly 59 

Standard 
Environment 

0.932 ± 0.005 
0.936 ± 0.009 
0 938 ± 0.005 
0.945 d= 0.009 

1 060 ± 0.004 
1.041 d= 0.017 
1.043 ± 0.049 
0.989 ± 0.005 
0.957 ± 0.012 
0.985 ± 0,011 

» The errors quoted are s tandard errors calculated from the 
spread of the perturbation measurements. In comparing the 
s tandard environments in the two assemblies, systematic un
certainties of 1% from the autorod calibration in each assem
bly must be added. 

TABLE II-13-IV. 

Sample'^-" 

Pu-239 annulus 0.010 in. 
Pu-239 annulus 0.007 in. 
U-235 annulus 0.010 in. 
U-235 annulus 0.005 in. 
U-235 annulus 0.003 in. 
U-238 cylinder 0.42 in. diam 
U-238 cylinder 0.20 in. diam 
U-238 cylinder 0.10 in. diam 
B-10 cylinder 0.06 in. diam 
C cylinder 0.4 in. diam 
Pb cylinder 0.4 in. diam 
SS cylinder 0.4 in. diam 
Ta annulus 0.005 in. 
T a annulus 0.003 in. 
Ta annulus 0.002 in. 

CENTRAL PERTURBATION R E S U L T S I » 

Mass, 
g 

4.801 
2.761 
7.128 
3.638 
2.327 

85.76 
19.63 
4.908 
0.0988 
6.910 

51.36 
35.90 

3.300 
1.888 
1.317 

ZPR-3 ASSEMBLIES 58 AND 59 

Sample Worth, 
Ih/kg« 

Assembly 58 Standard 
Environment 

875.7 ± 1.7 
862.0 ± 2 
566.4 ± 1 
552.4 ± 1 
554.0 ± 3 

- 5 4 . 8 ± 0 
- 7 2 . 0 ± 0 
- 8 8 . 3 ± 2 

9 
6 
1 
4 
1 
5 
0 

-39710 ± 110 
-— 
— 
— 
— 
-^ 
— 

Assembly 59 Standard 
Environment 

1100 ± 3 
1076 ± 7 

709.0 ± 2.8 
691.0 ± 3.6 
696.6 ± 4.6 

- 6 1 . 3 ± 0.2 
- 8 2 . 0 ± 1.3 

- 1 0 4 . 1 ± 2.9 
-49230 ± 180 

333.4 ± 3.2 
^ 
_ 
— 

-1322 ± 13 
— 

Assembly 59 Voided 
Environment 

1025 ± 4 
1007 ± 5 

665.0 ± 2.2 
653.1 ± 5.5 

— 
- 6 5 . 0 ± 0.2 
- 8 5 . 4 ± 0.7 

- 1 0 8 . 6 ± 4.3 
-48710 ± 190 

319.2 ± 1.9 
6.9 ± 0.3 
4.9 ± 0.6 

-1205 ± 5 
-1302 ± 6 
-1374 ± 8 

• Errors quoted are s tandard errors calculated from spread of inhour determinations. Not included are errors in sample masses. 
^ All samples are 2 in. long. The annuli have outside diameters of approximately 0.40 in. 

' Sample compositions—Pu-239: 98.78 w/o P u ; 95.05 w/o Pu-239; 4.50 w/o Pu-240; 0.45 w/o Pu-241—U-235: 0.010 in. annulus 93.20 
"vf/o U-235; others 93.10 w/o U-235—U-238: 0.21 w/o U-236—B-10: 92.8 w/o boron; 92.1 w/o B-10 in boron—others: no significant 
contaminants . 
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TABLE II-13-VI. CENTRAL SUBSTITUTION E X P E R I M E N T S IN 

ASSEMBLY 59 

Substitution 
(in l-P-16) 

Remove one 2 X 1 X J^ P u 
plate and seven 2 X 1 X J^ 
in. C plates (i.e., front one 
inch of half a drawer) 

Replace front 2 inches of cen
tral column of graphite by 
2 X 2 X J^ in. B-10 p la te 
(i.e., midway between fuel 
plates) 

Replace front 2 inches of cen
tral column of graphite by 
four 1 X 1 X J^ in. U-235 
pla tes 

Replace front 2 inches of cen
tral column of graphite by 
2 X 2 X M in- Pu plates 

Replace two front 2 X 2 X M 
in. Pu-239 plates by four 
2 X 1 X J^ in. Pu-239 plates 
(using boxes) 

Changes in Mass, 
g 

Pu-239 - 3 0 . 6 4 
Pu-240 - 1 
Pu-241 - 0 
Al - 0 
Steel - 9 
N i - 1 
C - 4 0 

43 
08 
37 
37 
2 
406 

B-10 4-3.1 
B-11 (4-impu-

rities) 
4-0.5 

Steel 4-33.3 
C - 1 3 . 1 

U-235+133.77 
U-238 +9 .67 
C - 1 3 . 1 

Pu-239+65.72 
Pu-240 + 3 . 1 8 
Pu-241 + 0 . 1 8 
Al +0 .76 
Steel +16.77 
C - 1 3 . 1 

Pu-239 - 9 . 0 5 
Pu-240 - 0 . 4 4 
Pu-241 - 0 . 0 1 
Al - 0 . 0 7 
Steel + 1 . 5 4 
C + 0 . 0 8 

Reactivity, 
Ih 

- 4 6 . 3 ± 2.0 

- 1 4 4 . 7 ± 2.0 

103.4 ± 2.0 

77.7 ± 2.0 

- 1 0 . 0 ± 0.2 

Note: For discussion of errors see text. 

voided environment, where the samples were in an ap
proximate cell average spectrum, demonstrate the per
turbation uncertainties associated with the sample en
vironment chosen. 

CENTRAL SxjBSTiTxmoN MEASUREMENTS 

A series of alterations to the front of the core drawer 
in position l-P-16 in Assembly 59 were made. The 
reactor was shut down for each alteration. The changes 
in reactivity were determined from the balance posi
tions of control rod 5. Temperature readings on ten 
thermocouples attached to the reactor matrix were 
taken at each balance. Reference loadings (with the 
plate arrangement in the core drawer chosen to make 
the substitution simple) were repeated before and after 
each substitution experiment, and the change in the 
average temperature allowed a temperature coefi&cient 
to be obtained to correct all the results for drifts. The 

actual substitutions and the reactivity changes are de-1 
tailed in Table II-13-VI. For the last substitution ex
periment, (the replacement of two 2-in. fuel plates by 
four 1-in. fuel plates), the front 2 in. of each set of 
core material was loaded into small 2-in. cube boxes to 
prevent movement of the rest of the contents of matrix 
position l-P-16, (loaded in a standard 21-in. drawer). 
The two boxes were interchanged for the measurement. 
The small differences in the graphite plate and steel 
box masses, as well as the fuel plate mass changes, are 
included in the table. 

The errors quoted in Table II-13-VI arise from esti
mates of the uncertainties in the temperature correc
tions, the effect of opening and closing the reactor 
halves, and in the repositioning of the drawers. 
Whereas the other perturbed measurements were made 
only once, the boxes were interchanged several times 
(and only the front 2 in. were moved), hence the sig
nificantly reduced error for the last measurement. The 
uncertainty in the autorod calibration (—•1%) is not 
included. 

DOPPLER REACTIVITY EFFECT— 

NATURAL URANIUM OXIDE 

The temperature coefficient of reactivity for a single 
6 in. natural 1102 sample was measured at the center 
of Assembly 59. The rod traverse mechanism has been 
described elsewhere.* The annular sample has an inner 
radius of 0.16 cm and an outer radius of 0.63 cm. The 
mass of UO2 is 137.2 g. The drawer through which the 
traverse mechanism passed is shown in Fig. 11-13-20. 

The total worth of the single sample was —9.34 ± 
0.09 Ih at cell temperature. Measurements were made 
at a power of about 10 W with the sample at 300, 600, 
800 and 1100°K approximately. The results (without 
corrections for expansion effects) are given in Table 
II-13-VII. 

S.S. TUBE 

FRONT VIEW 
PIG. 11-13-20. Core Drawer for Doppler Sample in Assem 

59. ANL-ID-103-A2016. 
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LE II-13-VII. REACTIVITY CHANGES OF N A T U B . I L UO2 

SAMPLE 

Temperature, Reactivity Change,' 
Ih 

295 
500 
800 

1099 

0 
- 0 . 9 9 4 ± 0.014 
- 1 . 9 8 0 ± 0.010 
- 2 . 7 8 5 ± 0.007 

» Errors quoted are s tandard errors calculated from the 
spread of the per turbat ion measurements only. 

SUMMARY 

Measurements of several parameters have been 
made in the last two of the series of the benchmark 
physics assemblies in ZPR-3. Most of these have rele
vance to the central perturbation worth discrepancy. 

Only a comparison between the experimental results 
and a detailed calculational analysis will show whether 
the study has proved successful in isolating any rea
sons for this discrepancy. 
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11-14. T h e EBR-II Critical Assemblies—ZPR-3 Assemblies 60, 61, and 62 

W. P. KEBNEY, R . O . VOSBUBGH, J. M. GASIDLO and D. MENEGHETTI* 

INTRODUCTION 

ZPR-3 Assembhes 60, 61, and 62 were a set of criti
cal assemblies having cores whose compositions ap
proximate an homogenization of representative subas
sembly types encountered in the EBR-II core loadings. 
Assembly 60 had a radial blanket, approximating in 
composition the current EBR-II blanket which is rich 
in depleted-uranium. Assemblies 61 and 62 had the 
internal half of this blanket replaced by a nickel-rich 
and by a steel-rich reflector, respectively. 

Using the three types of reflectors, these homoge
neous-core assemblies were constructed to obtain inter-
comparison experimental data on the critical masses, 
spatial-dependence of spectra, activation of dosimetry 
foils, and fission rate variations. These data, coupled 
with calculational analyses, will enable a more confi
dent prediction of the effects of a nickel or a steel 
reflector contemplated for use in the EBR-II system. 

DESCRIPTION OP ASSEMBLIES 

All three assemblies were constructed with a single 
ZPR-3 matrix element comprising a unit cell. The ini
tial composition of Assembly 60, Table II-14-I, was 
Resigned to simulate a typical homogenized 91 element 

|R-I I loading with U-235 replacing the Pu-239 in 
critical assembly. The Assembly 60 core-radial 

blanket boundary was quasi-hexagonal with a radial 
depleted uranium blanket similar to that of EBR-II. 
The top and bottom axial reflectors were asymmetric, 
each consisting of two regions representing a sodium-
rich gap and a stainless steel-rich reflector. These axial 
regions were retained in all three assemblies. The com
positions of the reflector and blanket regions are listed 
in Table II-14-II. 

Assembly 61 consisted of three loadings. In the first 

TABLE II-14-I. AVERAGE COKE COMPOSITIONS OF ZPR-3 

ASSEMBLIES 60, 61, AND 62, atoms/cm*'"' 

Element 

U-235 
U-238 

Na 
Fe 
Cr 
Ni 
Mn 
Si 
0 

Assembly 60 
and 61'' 

0.005594 
0.004570 
0.01033 
0.01337 
0.00343 
0.00149 
0.000172 
0.00013 
0.002135 

Assembly 61 
Final Step and 
Assembly 62 

0.005080 
0.005053 
0.01033 
0.01337 
0.00343 
0.00149 
0.000172 
0.00013 
0.002135 

Control/Safety 
Rods 

e 

e 

0.01033 
0.01462 
0.00364 
0.00159 
0.000152 
0.00017 
0.002135 

* E B R - I I Project, Argonne National Laboratory . 

* Represents weighted core average not including control 
and safety rods. 

^ Assembly 61, first and second step. 
" The weighted average of the U-235 and U-238 content is 

identical to tha t of the average for each assembly. 
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TABLE IT-14-II. REFLECTOR AND B L A N K E T COMPOSITIONS OF ZPR-3 ASSEMBLIES 60, 61, AND 62, 10^* a toms/cm' 

Element 

U-235 
U-238 

N a 
Fe 
Cr 
Ni 
Mn 
Si 
Mo 
C 

(Rl) 
Upper Gap 

^ 
— 

0.01480 
0.01844 
0.00480 
0.00209 
0.000260 
0.00015 
0.00001 

— 

(R2) 
Upper 

Reflector" 

— 
0.01029 
0.02802 
0.00762 
0.00331 
0.000501 
0.00012 
0.00003 

— 

(R3) 
Lower Gap 

— 
0.01199 
0.02332 
0.00622 
0.00271 
0.000379 
0.00014 
0.00002 

— 

(R4) 
Lower 

Reflector" 

0.00898 
0.03175 
0.00881 
0.00382 
0,000626 
0.00007 
0.00004 

— 

(R5) 
Ni Reflector 

— 
0.00205 
0.00662 
0.00164 
0.06615 
0.000216 
0.000136 

„ . . 

0.000226 

(R6) 
SS Reflector 

— 
0.00203 
0.04982 
0.01337 
0.00581 
0.000835 
0.000265 

— 

(R7) 
Radial Blanket, 

Half 1" 

0.000055 
0.026505 
0.00457 
0.00964 
0.00254 
0.00111 
0.000146 
0.00007 

— 
— 

(R7) 
Radial 

Blanket, 
Half 2" 

0.000054 
0.026548 
0.00455 
0.00963 
0.00253 
0.00110 
0.000145 
0.00007 

— 
_ 

^ Spring gap (0.66 cm wide) is located 21.03 in. from the interface in Half 1 and the core region of Half 2 and is 15.03 in. from the 
interface in the radial blanket of Half 2. I t s composition is (lO^^ atoms/cm^): Fe 0.01685, Cr 0.00419, Ni 0.00184, Mn 0.000175, Si 
0.00020. This composition includes the spring, the back of the front drawer, and the front of the back drawer. 

-24.01-

-R7---

R2 18 

-CORE I • 
6 

234 

R 4 20 

-I746-M 

• - R 7 — -

61.06 

-•-REACTOR 
MIDPLANE 
(0.06 GAP) 

NOTE' ALL DIMENSIONS IN INCHES. 
SEE TEXT FOR EXPLANATION 
OF DIMENSIONS. 

F I G . II-14-1. Assembly 
103-A202S. 

60, Horizontal Section. ANL-ID-

step a nickel-rich reflector region, nominally two ma
trix elements thick, replaced the depleted uranium 
radial blanket adjacent to the core of Assembly 60. 
The nickel-rich reflector, R5 of Table II-14-11, was the 
height of the core, and a stainless steel-rich region, R6 
of Table II-14-II, was loaded axially above and below 
the nickel region to complete the full assembly height. 
In the second step of Assembly 61, the nickel-rich re
gion was expanded to a radial thickness of four matrix 
elements. The final loading of Assembly 61 (Table I I -
14-1) was an adjustment of the U-235 concentration of 
the core to produce an assembly closer to that of EBR-
II . 

In Assembly 62 the modified core composition was 
retained and a full-height stainless steel-rich inner 
radial reflector, R6, was added to a fully depleted ura
nium blanketed core in two steps. 

Figure II-14-1 is a horizontal section of Assembly 60 
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Fio . II-14-2. Reference Loading, Assembly 60. ANL-ID-
lOS-

showing the zone dimensions. All radial dimensions are 
in inches across the flats of the quasi-hexagon. The 
interface views of the critical loadings for the reference 
cores of each assembly are shown in Figs. II-14-2 
through II-14-7 and the physical data for each assem
bly is listed in Table II-14-III. 

EXPERIMENTAL PROGRAM 

The experimental program for Assembly 60 inclul _ 
an extensive set of radial and axial reaction rate tra
verses with counters. The axial traverses, in addition 
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to being done along the flat of the core, included the 
effect on the central traverses of modifications of the 
composition of the top central axial reflector from R2 
to R l composition. Irradiations of thermoluminescent 

mma detectors and foils throughout the core and 
nket were done to determine the gamma energy 

eposition and reaction rates. The foil reaction rates, 
in addition to proton recoil neutron spectrum measure-
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ments at the core center, core edge, and in the axial 
blanket, were measured to verify neutron distribution 
calculations of the EBR-II Project. The experiments 
of Assembly 61 included these experiments as well as 
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TABLE II-14-III . PHYSICAL D A T A FOR ZPR-3 ASSEMB: 

60, 61 AND 62 # 

Assembly 

60 
61 first s tep 
61 second step 
61 final s tep 
62 first s tep 
62 final s tep 

Critical Data 

U-23S 
Loading, 

kg 

221.93 
194.29 
188.63 
208.58 
229.63 
221.61 

Available 
h., 

%Ak/k 

-1-0.187 
-fO.259 
H-0.258 
-1-0.110 
4-0.142 
+0.146 

Neutronic Parameters 

0e/f , 
io-« 

7.04 
6.89 
6.89 
6.94 
6.96 
6.96 

Jh/%\h/li 

434.0 
433.5 
433.5 
433.5 
433.0 
433.0 

radial traverses in the intermediate transition steps 
between assemblies. Assembly 62 will repeat the exper
iments of Assembly 61 plus a set of core edge and 
central simulated boron control rod studies. This as
sembly program also includes tantalum core edge 
worth measurements as a function of axial position 
and sample size to assist in the analysis of design 
calculations for an EBR-II drop rod. 

The detailed experimental measurement for Assem
blies 60 and 61 have been reported in the Reactor 
Development Program Progress Reports, January-
through June, 1970. 

11-15. Critical Mass Evaluat ion i n ZPPR Assembly 2, a D e m o n s t r a t i o n 
Reactor Benchmark Assembly 

R. E. KAISEH and R. J. NORBIS 

INTEODUCTION 

ZPPR Assembly 2 is a benchmark core which repro
duces many of the essentials of current demonstration 
reactor concepts. The reactor configuration and experi
mental program are based on the current needs of in
dustry for information applicable to the design of 
300-500 MW demonstration plants. The central zone 
of the two-zone system matches in composition both 
the standard rodded zone experiments and the Variable 
Temperature Rodded Zone (VTRZ) experiments de
signed for Argonne reactors. 

Assembly 2 was conceived as a two-zone core with 
an enrichment ratio (outer zone/inner zone) of 1.5 and 
equal zone volumes. Since the preliminary calculations 
of critical mass, on which the initial loadings were 
based, were not exact, the initial critical configuration 
did not have equal zone volumes but instead had a 

volume ratio of 52/48 (inner zone/outer zone). Reac
tivity calibrations and edge worth measurements were 
performed, in sufficient number to allow evaluation of 
the critical mass of this configuration, and the zone 
volumes were then adjusted to a 50/50 proportion, and 
the full experimental program was begun. Both the 
initial critical (52/48) and the equal-zone (50/50) 
configurations are described in this report. 

ASSEMBLY DESCEIPTION 

ZPPR Assembly 2 was designed to have an approxi
mate core composition of 32% oxide fuel equivalent, 
40% sodium, 19% steel, and 9% void. The inner core 
was built with a one-drawer cell and the outer core 
with a two-drawer cell, as shown in Fig. II-15-1, whe 
the Type A drawer contains two fuel columns and 
Type B drawer contains one fuel column. Loading p ^ 

l e ^ ^ 
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STOW] 

for the radial and axial blanket drawers are also 

INITIAL CEITICAL COEB 

The actual configuration of the initial critical 52/48 
version of the assembly is shown in the interface dia
gram for half one. Fig. II-15-2. Locations of B4C poi
son safety blades and fueled control rods are shown 
along with the general reactor configuration. The 
radial reflector consisted of AISI C1018 mild steel 
(99.25% Fe) block placed directly into the matrix 
tubes. The axial reflectors are different, primarily due 
to material considerations. Half one, where the counter 
traverses and reactivity traverses will be performed, 
has an 8-in. reflector that is half sodium and half steel. 
The reflector behind half two is 5 in. thick and is all 
mild steel. Atom densities for the 52/48 configuration 
are given in Table II-15-I, and cylindrical dimen
sions of the as-built core are shown in Figs. II-15-3 
and II-15-4. 

EQUAL-ZONE COEE 

The equal zone (50/50) version of the assembly was 
identical to the 52/48 version except that some inner 
core drawers were exchanged for outer core drawers to 
equahze the volumes. This resulted in a significant 
reduction of the critical mass, since the outer zone was 
more highly enriched. The interface diagram for the 
50/50 core is shown in Fig. II-15-5, and the cylindrical 
dimensions of the as-built core in Figs. II-15-6 and 
II-15-7. Both versions had two spiked control rods to 
insure sufficient control margin, and these are included 
in the table of atom densities, Table II-15-11. 

The calculations of atom densities included the 
stainless steel drawer fronts, making the core half-
height 18.035 in., the extra 35 mils representing the 
thickness of the drawer fronts. The axial dimensions 
given in the figures reflect this consideration. 

Three different references were obtained for the 50/ 
50 core: (1) the original 50/50 version, (2) a modified 
50/50 version with a slightly higher sodium atom den
sity in the inner core, and (3) a 50/50 version without 
spiked control rods which was built after installation 
of a shim-control rod system in August 1970. 

The increase in sodium atom densities between the 
first and second references was accomplished by re
placing pairs of quarter-inch plates with single half-
inch plates, which was necessary to provide a better 
match with the pin-calandria compositions. The switch 
also caused a slight reduction in steel density, which 

«3 compensated for by adding a 304 SS shim at the 
tom of each drawer. The extra 1/2 in. sodium was 
ained from the radial reflector, which then had two 

CORE ZONE I CO 
3 

(d 
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1 
n 
VI 
XA 

<0 
0 
CO 

CORE ZONE 2 

V 
TYPE A TYPE B 

BLANKET 

ro 

301 SS o r Fe20g 

RADIAL AXIAL 

^H^Z - I/Bin. 

DEPLETED U - 1/8 in 

FIG. II-15-1. ZPPR Assembly 2 Drawer Configurations. 
ANL-ID-10S-A11278 Rev. 1. 

zones, with small differences in steel and sodium con
tent between them. The atom densities of the two 
zones and the average over the whole reflector are 
given in Table II-15-II. 

The third reference configuration for the 50/50 core 
differed from the second only in the absence of the 
spiked control drawers. Three of the B4C blades which 
had previously been designated as poison safety rods 
now served as shim-control rods, which has no effect on 
the critical mass. The as-built number densities given 
in Table II-15-II are not applicable to the third 50/50 
reference. Instead, the values without spiked rods 
should be used. 

CRITICAL MASS CORRECTIONS 

In order to state a critical mass for a smooth cylin
drical core of uniform (though not necessarily homoge
neous) composition, certain corrections must be made 
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3-A11548. 

to the as-built critical mass. These corrections include 
allowances for temperature, interface gap, excess reac
tivity, spiked control rods and smoothing of the core 
outline. 

EDGE SMOOTHING CORRECTIONS 

Edge smoothing corrections were determined usi| 
calculated values of Pu-239 worth versus radius noi 
malized to the edge drawer worths at the outer radial 
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TABLE II-15-I. A S - B U I L T ATOM D E N S I T I E S FOR THE I N I T I A L - C R I T I C A L CORE OF Z P P l l ASSEMBLY 2, lO** atoms/cm« 

" B ^ Isotope 

Pu-239 
Pu-240 
Pu-241 
U-235 
U-238 

Na 
C 

o 
Mo 
Fe 
Ni 
Cr 
M n 
Si 

Inner Core 

0.0008450 
0.0001120 
0.0000174 
0.0000123 
0.0055591 
0.0081095 
0.0000235 
0.0131172 
0.0002318 
0.0120898 
0.0011777 
0.0025604 
0,0002043 
0.0001145 

Outer Core 

0.0012768 
0.0001691 
0.0000261 
0.0000115 
0.0052063 
0.0093980 
0.0000233 
0.0117802 
0.0003420 
0.0144059 
0.0012387 
0.0026808 
0.0002133 
0.0001206 

Axial Blanket 

0.0000150 
0.0070447 
0.0087263 
0.0000297 
0.0139529 
0.0000144 
0.0094453 
0.0011108 
0.0024500 
0.0002078 
0.0001131 

Radial Blanket 

0.0000245 
0.0110903 
0.0063669 
0.0010134 
0.0201416 
0.0000143 
0.0069781 
0.0009057 
0.0020075 
0.0001605 
0.0000893 

Na-Steel 
Axial Reflector 

0.0089848 
0.0001914 

0.0000014 
0.0332218 
0.0019245 
0.0044841 
0.0005107 
0.0002365 

Steel Axial 
Reflector 

0.0005380 

0.0727580 
0.0007971 
0.0016304 
0.0006247 
0.0000888 

Radial Reflector 

0.0005398 

0.0717099 
0.0005904 
0.0012001 
0.0005934 
0.0000636 

POSITION, 

AXIAL REFLECTOR (STEEL-SODIUM) 

Jl 
AXIiL BUKKET 

SPRING GAP 

AXIAl BLANKH 

IHHER CORE ZONE 
OUTER 
CORE 
ZONE 

RMIAL 
8LAKKET 

RADIAL 
BLANKET 

131.893 143.1121* 

RADIAL 
-» POSITION, INTERFACE -*. : 

AXIS 

• INaUDES DR4WER FRONTS 

F I G . II-15-3, ZPPR Assembly 2 Init ial Critical Con
figuration—Half 1, ANL-ID-103-An549. 

boundaries of the inner and outer core zones. This 
information was then used to calculate the reactivity 
effect of replacing the stepped outline by a circle of 
equal area. 

EXCESS REACTIVITY AND SPIKED EODS 

The amount of excess reactivity in a reference core, 
defined as Ak/k with all control rods in, was easily 
determined from the control rod calibration curves. 
The additional worth of a spiked rod was determined 
as the difference in calibrated rod worth before and 
after spiking, which was 38.7 Ih/rod for the 50/50 
cores. This number was then multiplied by the ratio of 
the total rod worth in the 52/48 core to that in the 

50 core, which gave a value of 37.6 Ih/rod for the 
'/48 configuration. 

tne 

INTEBFACE GAP 

The interface gap has been measured (with a pre
loaded core) around the edges with feeler gauges and 
found to be reasonably uniform at 5 mils. If it is 
assumed that a slight bulging of the matrix toward the 
center was preventing closure to less than 5 mils at the 
edge, an average gap of 2.5 mils is a reasonable as
sumption. The worth per mil of half-closure was meas
ured during a table scram (no rod motion) using in
verse kinetics techniques, and was found to be linear 
for the first inch of separation at 0.78 Ih/mil and 0.73 
Ih/mil for the 52/48 and the 50/50 cores, respectively. 
No additional correction was determined for the effect 
of homogenizing the stainless steel drawer fronts, as 
this may be considered part of the overall heterogene
ity problem. 

AXIAL 
POSITION, * 

» . S 7 

8T.1Y 

AXIAL REFLECTOR (STEEL) 

_ir 

AXIAL BLANKET 
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INNER CORE ZONE 

INTERFACE H j ; 
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• maUDES DRAWER FRONTS 

OUTER 
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131.893 1113.4211 

F I G . II-15-4. ZPPR Assenably 2 Initial Critical Con
figuration—Half 2. ANL-ID-103-A11550. 
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AXIAL 
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AXIAL REFLECTOR (STEEL-SOOIOM) 
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SPRING CAP ^ — SPRI 

AXIAL BLANKET 

AXIAL 

POSITION, • 

99 .87 

87.17 
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• SPRI NO GAP ^ 5KKI 
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F I G . II-15-6. As-Built ZPPR Assembly 2 Equal Zone Con-
figuration-^Half 1. ANL-ID-103-AllUl-

INCLUDES DRAWER FRONTS 

F I G . II-15-7. As-Built ZPPR Assembly 2 Equal Zone Con
figuration—Half 2. ANL-ID-lOS-AllW. 

TABLE II-15-II . ATOM D E N S I T I E S FOR THE M O D I F I E D EQUAL-ZONE CONFIGURATION OF Z P P R ASSEMBLY 2, 10^' atoms/c 

Isotope 

Pu-239 
Pu-240 
Pu-241 
U-235 
U-238 
Na 
0 
Mo 
Fe 
Ni 
Cr 
Mn 
Si 
C 

Inner Core 

As-Built 

0008477 
0001123 
0000174 
0000123 
0055723 
0088143 
0131489 
0002188 
0125475 
0013168 
0027001 
0002083 
0001472 
0000061 

w/o Spiked 
Rods 

.0008456 

.0001120 

.0000173 

.0000123 

.0056702 

.0088203 

.0131476 

.0002182 

.0125377 

.0013156 

.0026995 

.0002082 

.0001472 

.0000061 

Outer Core 

.0012757 

.0001689 

.0000260 

.0000116 

.0052068 

.0085986 

.0117808 

.0003285 

.0138252 

.0012556 

.0025239 

.0002008 

.0001296 

Radial Blanket 

Inner 

.0000243 
,0110242 
.0063641 
.0200210 
.0000014 
.0070048 
.0009984 
.0020113 
.0001573 
.0001061 
.0009860 

Outer 

.0000243 

.0110242 

.0059302 

.0200220 

.0000018 

.0076214 

.0010878 

.0021910 

.0001743 

.0001139 

.0009864 

Average 

.0000243 

.0110242 

.0061297 

.0200216 

.0000016 

.0073379 

.0010467 

.0021084 

.0001665 

.0001103 
,0009862 

Axial Blanket 

.0000153 
,0069369 
.0086369 
,0137264 
.0000014 
,0101762 
.0012837 
.0026491 
.0002174 
.0001436 
.0000133 

Radial 
Reflector 

.0717099 

.0005904 

.0012001 

.0005934 

.0000636 

.0005398 

Axial Reflector 

Steel 
(5 in.) 

.0727580 

.0007971 

.0016304 

.0006247 

.0000888 

.0005386 

Na-Stee! 
(8 in.) 

0089848 

0000014 
0332218 
0019245 
0044841 
0006167 
0002365 
0001914 

TBMPEEATtFEE COERECTIONS 

The temperature coefficients of the reference cores 
were determined by shutting off the cooling air flow 
and allowing the temperature to rise slowly. The reac
tivity as a function of time was followed with inverse 
kinetics during this period, and the temperature coeffi
cients were thus found to be constant at a value of 
—2.9 ± 0.2 Ih/°C. These values were then used to 
correct the loaded masses to a temperature of 22°C. 

COEBBCTED C K I T I C A I . M A S S 

The corrected critical masses for the two versions of 
Assembly 2 were obtained from the corrections de

scribed above by expressing the reactivity effect of 
each in terms of edge fuel worths. The resulting values 
give the expected critical mass for a heterogeneous, 
smooth, cylindrical reactor at 22°C and with no inter
face gap. The individual corrections for each version 
are Usted in Tables 11-15-111 and II-15-IV. The 
corrections for edge smoothing and interface gap can 
be seen to be quite small, primarily due to the large 
core volume (2372 liters for the 50/50 version) and the 
fact that a loading pattern was used whereby the best 
approximation to a circle, based on rectangles 2.173 in. 
wide and 2.273 in. high, could be obtained. 

The three different reference cores for the 50/50 ver-
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TABLE II-15-III . CRITICAL M A S S AND M A S S CORRECIONS 

IN ZPPR ASSEMBLY 2, INITIAL CRITICAL CONFIGURATION 

(52/48) 

Correction 

Excess reactivi ty 
Control-rod spiking 

Amount of fuel 
Worth of spike 

Edge smoothing 
IC /OC 
OC/RB 

Interface gap worth 
Temperature correction to 22°C 

PI 

Ih 

87.4 

— 
75.2 

- 0 . 7 4 
+ 0 . 2 3 
+2 
-f-4.88 

Am (equiv.), 
kg 

- 6 . 1 

- 1 . 0 
-1-4.4 

-1-0.044 
- 0 . 0 1 4 
- 0 . 1 
- 0 . 3 

Loaded Pu-239 -f- 241 mass = 1067.3 ± 1.1 kg 
Total correction = -2 .07 ± 0.1 kg 
Correction critical mass = 1065.2± 1.1kg of Pu-239-f 241 (het

erogeneous cylindrical reactor a t 22°C) 

TABLE II-15-IV. CRITICAL M A S S AND M A S S CORRECTIONS 

IN ZPPR ASSEMBLY 2, E Q U A L - Z O N E CONFIGURATION 

(50/50) 

Correction 

Excess reactivi ty 
Control-rod spiking 

Amount of fuel 
Worth of spike 

Edge smoothing 
IC /OC 
O C / R B 

Interface gap worth 
Temperature correction to 22°C 

p, 
Ih 

79.62 

— 
77.42 

- 0 . 0 3 
+0 .04 

+1 .74 

Am (equiv.), 
kg 

- 4 . 7 5 

- 1 . 0 
+ 4 . 6 2 

+0.002 
- 0 . 0 0 2 
- 0 . 1 1 
- 0 . 1 

Loaded Pu-239 + 241 mass = 1019.7 ± 1.0 kg 
Total correction = —1.34 ± 0,1 kg 
Corrected critical mass = 1018,4 ± 1,0 kg Pu-239 + 241 (het
erogeneous cylindrical reactor at 22°C) 

TABLE II-15-V. CORRECTED INVENTORY OP F I S S I L E ISOTOPE 

IN CORE ZONES OF ZPPR ASSEMBLY 2, INITIAL CRITIC-^^L 

CONFIGURATION, kg 

Isotope 

Pu-239 
Pu-241 
U-235 
U-235 

Total Pu-239 + 241 
Total fissile 

Plate 

Fuel 
Fuel 
Fuel 
UaOs 

Inner Zone 

437,34 
8,86 
2.73 
3.52 

446.20 
452.45 

Outer Zone 

606.56 
12.45 
3.78 
1.63 

619.01 
624.42 

Total 

1043,90 
21.31 
6.51 
5.15 

1066.21 
1076.87 

TABLE II-IS-VI. CORRECTED INVENTORY OF F I S S I L E I S O 

TOPES IN CORE ZONES OF ZPPR ASSEMBLY 2, E Q U A L - Z O N E 

CONFIGURATION, kg 

Isotopes 

Pu-239 
Pu-241 
U-235 
U-235 

Total Pu-239 + 241 
Total fissile 

Plate 

Fuel 
Fuel 
Fuel 
UsOs 

Inner Zone 

398.33 
8.07 
2.47 
3.21 

406.40 
412.08 

Outer Zone 

599.70 
12.31 
3.75 
1.61 

612.01 
617.37 

Total 

998.03 
20.38 
6.22 
4.82 

1018.41 
1029.45 

sion all gave consistent results to within a small frac
tion of the uncertainty in the total loaded mass. This 
uncertainty was based on the manufacturer's specifica
tions for the isotopic content of the fuel plates (±0 .1% 
in Pu-239 and ±1.0% in Pu-241), and the error in the 
correction term is based upon typical errors for each 
component. The value of the loaded mass was not 
based on average plate weights, but was calculated 
from individual plate weights as a result of computer
ized fuel inventory procedures. 

The total masses of all fissile isotopes in the two 
versions are presented in Tables II-15-V and II-15-VI, 
where the values have been adjusted to correspond to 
the corrected critical mass. Calculations of heterogene
ity effects in Assembly 2 may be found in Paper 11-16. 

11-16. Heterogenei ty and Criticality S tudies o n the Zero Power P l u t o n i u m Reactor 
(ZPPR) Assembly 2, a D e m o n s t r a t i o n Reactor B e n c h m a r k Critical 

AENE P . OLSON and NAM CHIN PAIK* 

INTEODUCTION 

ZPPR Assembly 2 is a large, zoned critical assembly 
designed to simulate the compositions and configura-

* Westiughouse Electric Corporation, P i t t sburgh , Pennsyl-
yania. 

tions of the LMFBR demonstration plants. The initial_ 
critical configuration had a volume ratio of 5 2 / | 
(inner core/outer core). Some postanalysis resul 
have been obtained for this configuration. These will 
be described together with a description of the methods 
and approximations used in the preanalysis. 
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CROSS SECTION DATA AND DATA PROCESSING 

The ENDF/B (1968) nuclear data set was used in 
the criticality determination of the ZPPR-2 core. 

Since it was felt that a fast and simple calculational 
method other than the "ARC" System'- would be useful 
during the interim period while the ARC System was 
being made operational at ANL-Idaho, the calcula
tional method using the IDX-PERT 5 combination^ 
was introduced. The main effort on data generation 
and processing was done by the MC^ code with the 
ENDF/B (1968) data. For each reactor region of 
ZPPR-2, 27-energy-group cross sections (Au = 0.5 for 
groups 1 through 21, Aw = 1.0 for groups 21 through 
25, AM = 2.0 for 26 and a thermal group—see Table 
II-16-1 for the energy group structure) were generated 
using the MC^ code. The options used were: consistent 
Bi, ultrafine groups, isotropic scattering, homogeneous 
resonance self-shielding, the critical buckling search 
for the two core regions, and essentially zero bucklings 
for axial and radial blanket regions. For each core 
zone (the inner and the outer zones), three heteroge
neous resonance self-shielding MC^ treatments were 
made in order to correctly self-shield the plutonium 

TABLE II-16-I. E F F E C T OF HETEROGENEITY ON THE CENTRAL 

RB'iL F L U X SPECTRA 

Energy 
Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

^ 23 

P24 
^ 25 

26 
27 

Lower Energy 
Limit, 

eV 

6.066 X 10« 
3.679 
2.23 
1.35 
0.821 
0.498 
0.320 
0.183 
0.111 

6.738 X 10* 
4.087 
2.48 
1.603 

9.12 X 10^ 
5.53 
3.355 
2.035 
1.234 

7.485 X 102 
4.54 
2.754 
1.013 
0.3727 
0.1371 

6.04 X 10« 
0.683 

Thermal 

Flux-Weighted, 
Heterogeneous 

Resonance 
Self-Shielding 

2.87677 X 10-3 
1.16148 X 10-2 
2.81316 X 10-2 
3.93748 X 10-2 
4.92492 X 10-2 
9.61827 X 10-2 
9.09784 X 10-2 
1.18963 X 10-1 
1.12613 X 10-1 
1.02244 X 10-1 
8.46264 X 10-2 
6.85669 X 10-2 
6.00180 X 10-2 
4.36260 X 10-2 
2.62165 X 10-2 
1.64634 X 10-2 
5.60875 X lO-" 
1.67233 X 10-2 
1.15109 X 10-2 
7.35031 X 10-3 

3 384017 X 10-3 
3.18741 X 10-3 
4.66664 X 10-* 
2.47740 X 10-ii 

6.16 X 10- ' 
3.61 X 10-8 

1.75702 X 10-12 

No Flux-Weighting, 
Homogeneous 

Resonance 
Self-Shielding 

2.94917 X 10-3 
1.188204 X 10-2 
2.88261 X 10-2 
4.02043 X 10-2 
4.97773 X 10-2 
9.69462 X 10-2 
9.14794 X 10-2 
1.19876 X 10-1 
1.13474 X 10-1 
1.03176 X 10-1 
8.53785 X 10-2 
6.89643 X 10-2 
6.01540 X 10-2 
4.36478 X 10-2 
2.59631 X 10-2 
1.69138 X 10-2 
6.49253 X 10-3 
1.64943 X 10-2 
1.01522 X 10-2 
5.92782 X 10-3 
2.43762 X 10-3 
1.77372 X 10-3 
2.03936 X 10-* 
7.5747 X 10-» 

1.885 X 10-' 
1.03 X 10-8 

1.7137 X 10-12 

CORE ZONE I O 
CO 

u 
CO o 
CO 

CORE ZONE 2 

3£ 1 / 

= > ^ CO 
OO 

o 
CO 

3 

CO 

TYPE A 

BLANKET 

TYPE B 

a c t SS o r Fe203 

RADIAL AXIAL 

\ \ \ \ \ V \ Fe203 . i/g,. 

VWW«W DEPLETED U - 1/8" 

F I G . II-16-1. ZPPR Assembly 2 Drawer Configurations. 
ANL-iT)-mn-Aim&. 

and the U-238 in the oxide plates and the molybdenum 
and U-238 in the Pu-U-Mo plates in the resonance 
region. 

The heterogeneous perturbation theory code CAL-
HET,* based on the collision probability approach, 
was used to obtain fiux- and volume-averaged cross 
sections over each core cell. The isotopic cross sections 
generated for the axial blanket and the radial blanket 
were used for the isotopes in the axial and radial re
flectors (sodium, carbon, iron, chromium, nickel, and 
manganese), respectively. 

The generalized configurations intended for ZPPR 
Assembly 2 are given in Fig. II-16-1. As it turned out, 
a large number of the inner core drawers were loaded 
with two i^-in. pieces of canned sodium replacing the 
!/i-in. pieces shown in Fig. II-16-1. The inner core 
zone, the axial blanket, and the radial blanket have 
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ZPPR HALF I 
FIG. II-16-2. Interface Diagram, ZPPR Assembly 2, Initial Critical Configuration. ANL-ID-lOS-AllBOS. 

single-drawer cells. The outer core zone has a two-
drawer cell with Types A and B drawers shown in 
Figs. II-16-1 and II-16-2. Further descriptions of typi
cal drawer plates are given in Table II-16-II. The 

0.015 and 0.019 in. stainless steel claddings on 
nominally Yi in. ZPPR fuel plate and 14 in. sodium 
plate, respectively, were smeared with the diluent in 
the heterogeneity effect study. Typical isotopic compo 
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ABLE II-16-II . DESCRIPTIONS OP ZPPR ASSEMBLY 2 C E L L 
P L A T E S 

Plate Type 

li in. Pu-U-Mo 

Vi in. Fe^Os'"' 

J-l in. Na* 

M in. Xa" 

]i in. U3O 8 

Standard Drawer 
Plus Matr ix 

Thickness, 
cm 

0.558810 

0.403860 

1.221750 

0.586740 

0.635000 

0.434340 

Isotope 

Pu-239 
Pu-240 
Pu-241 
U-235 
U-238 

Mo 

Fe 
0 
Cr 
Ni 

Na 
Fe 
Cr 
Ni 

Na 
Fe 
Cr 
Ni 

U-238 
U-235 

0 

Fe 
Cr 
Ni 
Mo 

Composition 
Within Plate, 

10^^ atoms/cm^ 

0.0102358 
0.001356 
0.0002034 
0.00006255 
0.0289379 
0.002596 

0.0366 
0.03774 
0.00331 
0.00165 

0.02334 
0.00228 
0.00066 
0.00033 

0.02003 
0.00668 
0.00165 
0.000826 

0.015687 
0.00003442 
0.041779 

0.03622 
0.01041 
0.0456 
0.0000975 

» Includes a Pu-U-Mo plate cladding (0.015 in.) and a sodium 
plate cladding (0.019 in.) . 

•> Includes a 0.019 in. sodium plate cladding (one side only). 

sitions within each plate and the actual plate thick
nesses are given in Table II-16-II. 

ACCURACY OF THE TWO-REGION 

EQUIVALENCE PRINCIPLE 

The present MC^ code uses an equivalence principle 
to compute resonance self-shielding for a repetitive 
two-region cell. The cells in the inner and and the 
outer core zones of ZPPR-2 are in fact a multi-region 
type as shown in Fig. II-16-1. For example, consider 
the inner core zone cell in Fig. II-16-1. The single 
drawer cell basically consists of four regions: the fuel 
region A (two !4-in. UgOg plates with the standard 

_drawer and matrix lumped together), the moderator 
kion (V2-in. sodium and %-in. or %-in. Fe203 plates 

wnogenized, including the two 0.019 in. stainless steel 
claddings on the sodium plate and one 0.015 in. stain
less steel cladding on the Pu-U-Mo ZPPR plate), the 

fuel region B (the Pu-U-Mo plate without the clad
dings) , and a repetition of the moderator region. 

Because of the U-238 in the two different fuel re
gions, the Dancoff correction factor appropriate for the 
four-region cell heterogeneous resonance self-shielding 
may not be the same as that for the two-region cell. 
The question is therefore raised as to the adequacy 
and accuracy in the use of the MC^ code for heteroge
neous resonance self-shielding (for U-238, in particu
lar) . The heterogeneous resonance self-shielding treat
ment of plutonium isotopes is rather straightforward, 
because the simple two-region equivalence principle is 
directly applicable in this case. 

A general investigation'' of the limitations and accu
racy of the simple two-region equivalence principle 
has shown that a complicated four-region equivalence 
principle is not necessary, and that subdivision of the 
four-region cell into several two-region subcells is suf
ficient. First-order corrections for the finite plate size 
are also found to be mostly small. This correction is 
negligible except for the case of heterogeneous reso
nance self-shielding of U-238 (in two adjoining !4-in. 
U3O8 plates) in the inner core zone. 

Heterogeneous and homogeneous resonance self-
shielded capture and fission cross sections of Pu-239 in 
each core region are given in Tables II-16-III and 
II-16-IV. The resonance self-shielding heterogeneity 
effect of three plutonium isotopes on the eigenvalue of 
the system is —0.2% k. In Table II-16-V, capture 
cross sections of U-238 in the resonance energy region 

TABLE II-16-III . COMPARISON o r HETEROGENEOUS AND 
HOMOGENEOUS RESONANCE SELP-SHIELDING OP Pu-239 IN 

THE I N N E R CORE ZONE 

Group 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

Heterogeneous 
Self-Shielding 

Cc 

0.2206 
0.2952 
0.5017 
0.7233 
0.9620 
1.211 
1.492 
2.077 
2.590 
3.227 
4.720 
3.865 
6.418 
4.960 
7.875 

19.11 
2.603 

265.7 

» • / 

1.506 
1.464 
1.606 
1.809 
2.060 
2.372 
2.690 
3.443 
4.146 
6.118 
7.418 
6.831 

13.79 
23.04 
9.414 

30.36 
11.46 

742.40 

Homogeneous 
Self-Shielding 

O-C 

0.2189 
0.2937 
0.4992 
0.7197 
0.9676 
1.210 
1.607 
2.167 
2.763 
3.558 
5.352 
5.095 
8.391 
7.103 

11.16 
28.11 

2.663 
265.7 

0-/ 

1.513 
1.476 
1.623 
1.832 
2.094 
2.425 
2.781 
3.644 
4.449 
6.591 
8.179 
8.114 

16.00 
27.30 
13.33 
42.69 
11.61 

742.4 
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T A B L E II-16-IV. COMPARISON OP HETEROGENEOUS AND 

HOMOGENEOUS RESONANCE SELF-SHIELDING OF Pu-239 IN 

THE O U T E R CORE Z O N E 

Group 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

Heterogeneous 
Self-Shielding 

" • « 

0.2192 
0.2919 
0.4976 
0.7164 
0.9527 
1.198 
1.473 
2.062 
2.524 
3.104 
4.402 
3.669 
6.105 
4.237 
7.212 

17.78 
2.903 

265.7 

<^f 

1.515 
1.477 
1.622 
1.827 
2.083 
2.402 
2.727 
3.499 
4.172 
5.113 
7.187 
6.667 

13.65 
22.11 
8.381 

27.97 
12.14 

742.40 

Homogeneous 
Self-Shielding 

ff» 

0.2190 
0.293 
0.4989 
0.7180 
0.9561 
1.208 
1.502 
2.152 
2.714 
3.461 
6.022 
4.708 
7.755 
5.758 
9.756 

24.63 
2.963 

265.7 

<^f 

1.513 
1.476 
1.622 
1.830 
2.091 
2.422 
2.773 
3.626 
4.392 
5.493 
7.793 
1.1 il 

16.43 
25.44 
11.34 
37.13 
12.30 

742.40 

TABLE II-16-V. U-238 SELF-SHIELDED CAPTURE CROSS 

SECTION IN THE I N N E R CORE ZONE 

Group 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
20 
27 

Heterogeneous 
<r£-238 (Oxide 

Plate) 

0.3317 
0.4372 
0.5493 
0.6592 
0.7663 
0.8234 
0.9658 
0.8356 
1.016 
0.8501 
0.8007 
1.087 
1.295 
4.695 
0.7224 
1.468 
2.720 

Heterogeneous 
a-.-238 (Pu-U-

Mo Plate) 

0.3314 
0.4359 
0.5466 
0.6645 
0.7508 
0.8194 
0.9854 
0.8236 
0.9760 
0.8165 
0.7722 
1.129 
1..381 
4.686 
0.7946 
1.547 
2.720 

Homogeneous 
Self-Shielding 

0.3338 
0.4431 
0.5611 
0.6818 
0.8008 
0.8817 
1.162 
0.9804 
1.195 
1.072 
1.166 
1.453 
1.645 
6.264 
0.9059 
1.512 
2.720 

are given for the inner core zone. The first and second 
columns list the capture cross sections for U-238 in the 
UgOg plate and in the Pu-U-Mo plate, respectively, 
which are to be compared with the values in the last 
column of homogeneous resonance self-shielding MC^ 
results. Similar results for the outer core zone are given 
In Table II-16-VI. 

Capture cross section of U-238 obtained from MC^ 
by heterogeneous resonance self-shielding are signifi

cantly lower than capture cross sections obtained usiuj 
the homogeneous MC^ option. These differences are 
responsible for the heterogeneous resonance self-shield
ing effect of about +0.8% k, as depicted in Table 

TABLE II-16-VI. U-238 SELF-SHIELDED CAPTURE CROSS 

SECTION IN THE OUTER CORE ZONE 

Group 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

Heterogeneous 
<7«-238 (Oxide 

Plate) 

0.3317 
0.4396 
0.6644 
0.6708 
0.7802 
0.8601 
1.046 
0.9075 
1.110 
0.9567 
0.9122 
1.238 
1.413 
5.360 
1.407 
1.394 
2.720 

Heterogeneous 
ff.-238 (Pu-U-

Mo Plate) 

0.3310 
0.4359 
0.5465 
0.6662 
0.7521 
0.8197 
0.9797 
0.8261 
0.9869 
0.8274 
0.7879 
1.146 
1.380 
4.743 
0.9852 
1.421 
2.720 

Homogeneous 
Self-Shielding 

0.3335 
0.4441 
0.6628 
0.0869 
0.8113 
0.8962 
1.178 
1.018 
1.265 
1.161 
1.258 
1.621 
1.756 
6.995 
1.444 
1.404 
2.720 

TABLE II-16-VII. SUMMARY OF HETEROGENEITY EFFECTS 

ON THE E I G E N V A L U E k 

Resonance self-shielding 
heterogeneity effect, Ak 

Spatial heterogeneity ef
fect, Ak 

Inner zone 
Outer zone 
Core average 

Total heterogeneity effect 
(approximate resul t ) : 
spatial heterogeneity 
effect est imate by 
C A L H E T plus res
onance self-shielding 
ing heterogeneity ef
fect 

Tota l heterogeneity effect 
(best est imate)- MC^-
fiux weighting by 
CALHET-2 dimensional 
diffusion p a t h 

Heterogeneity Effects on * in % 

ETOX-IDX Path 

A «n P « : - 0 - 2 4 
O-*̂ *̂  U-238: 0.84 

ETOX-IDX-
C A L H E T Path 

0.96 
0.90 
0.94 

1.54 

MC2-2D Diffusion 
Path 

0.6 

MC='--CALHET 
Path 

0.90 
0.93 
0.95 

1.55 

t 
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TABLE n-16-VI I I . A S - B U I L T ATOM D E N S I T I E S FOR THE INITIAL CEITIC.VL CORE OF ZPPR ASSEMBLY 2 

Isotope 

Pu-239 
Pu-240 
Pu-241 
U-235 
U-238 

Na 
C 
0 
Mo 
Fe 
Ni 
Cr 
Mn 
Si 

Inner Core 

0.00084688 
0.00011450 
0.00001694 
0.00001244 
0.00556942 
0.00809837 
0.00000687 
0.01316710 
0.00021587 
0.01204720 
0.00127074 
0.00255229 
0.00021672 
0.00014058 

Outer Core 

0.00127960 
0.00017310 
0.00002592 
0.00001165 
0.00621791 
0.00844749 
0.00000699 
0.01181889 
0.00032662 
0.01402619 
0.00127927 
0.00267191 
0.00021839 
0.00014169 

Axial Blanket 

0.00001506 
0.00693322 
0.00869637 
0.00001486 
0.01376330 

0.00964698 
0.00123316 
0.00247898 
0.00021034 
0.00013623 

W^ atoms/cm" 

Radial Blanket 

0.00002376 
0.01101576 
0.00565222 
0.00100288 
0.02011209 

0.00705480 
0.00100584 
0.00202443 
0.00017158 
0.00011039 

Radial Reflector 

0.00053979 

0.07172669 
0.00059039 
0.00120005 
0.00069358 
0.00006364 

Na-Steel Axial 
Reflector 

0.00898490 
0.00014497 

0.03276590 
0.00208898 
0.00448536 
0.00048507 
0.00024356 

Steel A.xial 
Reflector 

0.00063718 

0.07241600 
0.00076764 
0.00153349 
0.00061867 
0.00008182 

II-16-VII. However, the differences between the cap
ture cross sections of U-238 for the oxide plate and for 
the Pu-U-Mo plate are about one-tenth of the differ
ences between the average heterogeneous and homoge
neous resonance self-shielded cross sections. It is clear, 
therefore, that the error which results from the use of 
the two-region equivalence principle for U-238 reso
nance self-shielding must be of the second order. 

HETEROGENEITY EFFECTS ON EIGENVALUE 

AND REAL FLUX SPECTRA 

Because ZPPR-2 is a large, zoned core with a differ
ent cell structure in each core zone, it is not as simple 
as other small, single zone critical assemblies for the 
spatial heterogeneity effect analysis. A reasonable 
method for the heterogeneity study is: (a) to generate 
flux-weighted isotopic cross sections over the inner core 
zone cell and the outer core zone cell, separately, by 
using either the »S„ transport code TESS^ or the hetero
geneous perturbation code CALHET-3. The assump
tion here is that most cells in each zone have flux 
spectra which are not too much different from the fun
damental mode spectra, (b) The resulting flux- and 
volume-weighted cross sections are then used in one-
or two-dimensional diffusion theory calculations of the 
as-built core compositions and dimensions. The as-
built compositions are given in Table II-16-VIII, and 
the dimensions are shown in Figs. II-16-2 through I I -
16-4. 

The differences in eigenvalues and flux spectra ob-
ined from two 2D calculations, one with flux-

ghted heterogeneous resonance self-shielded cross 
tions, the other with unweighted homogeneous reso

nance self-shielded cross sections, are the total hetero
geneity effects on the eigenvalue and flux spectra. 

lair 

INTERFACE -*, -

AXIAL REFLECTOR (STEEL-SODIUM) 

^ 

AXIAL BLANKET 

SPRING GAP 

AXIAL BLANKET 

INNER CORE ZONE 
OUTER 
CORE 
ZONE 

RADIAL 
BLANKET 

RACIAL 
BLANKET 

RADIAL 
a, „ • - • POSITIM, 
93.235 131.893 113.^2^ CM 

F I G . II-16-3. ZPPR Assembly 2 Initial Criticality Con
figuration—Half 1. AKL-ID-103-A11299. 

AXIAL 
POSITION, 

99.781 

8 7 . 0 8 * 

59. IW 
58.707 

INTERFACE-HI-

AXIAL REFLECTOR (STEEL) 

Jl 

AXIAL BLANKET 

SPRING GAP 

AXIAL BLANKET 

INNER CORE ZONE 
OUTER 
COKE 
ZONE 

RADIAL 
BLANKET 

RADIAL 
BLANKET 

131.893 Its tZ* 

RADIAL 
- • POSITION, 

AXIS 

F I G . 11-16-4. ZPPR Assembly 2 Initial Criticality Con
figuration—Half 2. AKL-ID-lOS^AllSOO. 
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TABLE II-16-IX. E N E R G Y BRE.VKDOWN OF SPATIAL H E T E R O 

GENEITY E F F E C T FOR THE I N N E R CORE ZONE CALHET-3 

STUDY 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
26 
26 
27 

Lower Energy, 
eV 

8.065 X 10« 
3.679 
2.23 
1.36 
0.821 
0.498 
0.320 
0.183 
0.111 

6.738 X 10« 
4.087 
2.48 
1.503 

9.12 X 10« 
5.53 
3.355 
2.035 
1.234 

7.485 X 10^ 
4.54 
2.764 
1.013 
0.3727 
0.1371 

5.04 X 10 
0.683 

Thermal 

Tota l 

Heterogeneous 
Flux Spectra 

Pu-U-Mo 
Plate 

0.004 
0.014 
0.032 
0.043 
0.053 
0.097 
0.091 
0.117 
0.110 
0.102 
0.084 
0.068 
0.060 
0.043 
0.026 
0.015 
0.005 
0.015 
0.010 
0.006 
0.0027 
0.0023 

1.00 

Diluent 
Plate 

0.0027 
0.0107 
0.0268 
0.038 
0.047 
0.093 
0.088 
0.117 
0.112 
0.102 
0.085 
0.069 
0.062 
0.044 
0.027 
0.016 
0.006 
0.017 
0.012 
0.007 
0.003 
0.006 

0.99 

Spatial 
Heterogeneity, 

0.10 
0.23 
0.31 
0.30 
0.26 
0.14 
0.10 
0.004 

- 0 . 0 2 5 
- 0 . 0 2 5 
- 0 . 0 3 2 
- 0 . 0 3 0 
- 0 . 0 4 6 
- 0 . 0 4 2 
- 0 . 0 3 2 
- 0 . 0 4 0 
- 0 , 0 1 0 
- 0 . 0 4 6 
- 0 . 0 4 6 
- 0 . 0 4 7 
- 0 . 0 1 9 
- 0 . 0 5 0 

0.965% 

Two-dimensional perturbation theory calculations are 
required if one is interested in the detailed energy and 
region breakdown of the heterogeneity effect on the 
eigenvalue. The CALHET-3 code gives a good qualita
tive energy breakdown of the heterogeneity effect on 
the eigenvalue. 

A typical CALHET-3 result for the energy break
down of the heterogeneity effect on the eigenvalue is 
given in Table II-16-IX. I t is evident that the total 
flux in diluent plates is about 1% lower than the total 
flux within the fuel-bearing plate. The high-energy ef
fects are shown to be predominant compared with the 
negative contributions in the energy range below 183 
keV. Above 183 keV, the heterogeneity effect is posi
tive due to the peaking of both the real and adjoint 
fluxes in this energy range. 

The flux weighting coefficients for all isotopes in 
inner and outer core regions are given in Tables I I -
16-X and II-16-XI, respectively. The values in the 

first column in both tables, denoted simply by Pu, a: 
the weighting coefficients for all isotopes that exist 
within the Pu-U-Mo plate. The isotopes within the 
Pu-U-Mo plates are Pu-239, Pu-240, Pu-241, Mo, and 
U-238 (43% of the inner core zone U-238 and 70% of 
the outer core zone U-238 comes from the Pu-U-Mo 
plates). 

A summary of the various heterogeneity effects is 
given in Table II-16-VII. The table shows that either 
data processing method, the ETOX-IDX combination 
or the MC^ method, gives about the same resonance 
self-shielding and high-energy spatial heterogeneity ef
fects. The resonance self-shielding heterogeneity effect 
was calculated to be 0.6% k. An approximate calcula
tion of the spatial heterogeneity effect was obtained 
from the transport perturbation code CALHET-3, 
which considers a unit cell and not the whole reactor 
system. The result obtained in this way, therefore, 
cannot be as accurate as the difference in two eigen
value calculations using 2D diffusion theory: one with 
flux-weighted (by CALHET-3) and heterogeneous res
onance self-shielded cross sections, and the other with 
homogeneous resonance self-shielded cross sections. 
The best estimate of the total heterogeneity effect ob
tained in this way was 1.9% k. 

COMPARISON OF CALCULATED AND 

MEASUEED CRITICAL MASS 

A summary of the calculated eigenvaluve for the 
as-built ZPPR Assembly 2 is given in Table 11-16-
XII. The resonance self-shielding and spatial cell het
erogeneity effects were calculated to be 0.6% k and 
1.30% fc, respectively, for a total heterogeneity effect 
of 1.9% fc. The transport effect correction on the eigen
value was found to be 0.35% fc. 

The calculated critical mass for this initial ZPPR-2 
core was 1095 kg of Pu-239 -1- Pu-241, which is about 
3% higher than the measured value of 1066 kg. The 
volume of the inner core zone was 1300 liters and the 
volume of the outer core zone was 1197 hters. The 
agreement between the measured critical mass and the 
calculated mass with the ENDF/B (1968) data is 
probably fortuitous and a result of the cancellation of 
errors in data, because the ENDF/B (1968) data are 
known to be less accurate than the present case seems 
to indicate. 

MISCELLANEOUS INFORMATION ON THE 

ZPPR-2 PREANALYSIS 

Some available additional information is given hi 
for documentation which may become useful later 

1) The axial group- and region-independent bu? 
ling (BI) that gives the identical fce// from 2D 

^QP 

i c ^ ^ 



TABLE 11-16 X F L U X W E I G H T I N G C O E F F I C I E N T S FOR ISOTOPES IN T H E I N N E R CORE ZONE 

[|[k Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

Pu 
(Pu-U Mo) 

1 262 
1 239 
1 156 
1 115 
1 099 
1 033 
1 027 
1 001 
0 994 
0 994 
0 990 
0 989 
0 977 
0 974 
0 970 
0 973 
0 918 
0 928 
0 927 
0 913 
0 906 
0 873 
0 831 
0 844 
0 738 
0 887 
1 200 

U-238 

Average 

1 078 
1 072 
1 044 
1 026 
1 027 
1 010 
1 007 
1 001 
0 998 
0 999 
0 998 
0 997 
0 991 
0 992 
0 992 
1 006 
0 964 
0 964 
0 972 
0 969 
0 964 
0 957 
0 948 
0 930 
0 904 
0 962 
0 705 

UsOa 
Plate 

0 933 
0 936 
0 953 
0 963 
0 968 
0 992 
0 991 
1 001 
1 001 
1 002 
1 004 
1 004 
1 002 
1 007 
1 010 
1 034 
1 002 
0 994 
1 Oil 
1 018 
1 021 
1 028 
1 062 
1 022 
1 069 
1 024 
1 180 

U23S 

1 079 
1 070 
1 043 
1 025 
1 027 
1 010 
1 007 
1 001 
0 998 
0 999 
0 998 
0 997 
0 991 
0 992 
0 992 
1 007 
0 965 
0 964 
0 974 
0 971 
0 969 
0 959 
0 954 
0 943 
0 922 
0 963 
0 709 

Na 

0 972 
0 974 
0 986 
0 994 
0 989 
0 995 
0 998 
0 999 
1 002 
1 000 
1 001 
0 999 
1 007 
1 003 
1 002 
0 980 
1 036 
1 032 
1 016 
1 014 
1 016 
1 015 
1 019 
1 031 
1 039 
1 017 
1 115 

0 

0 979 
0 980 
0 986 
0 984 
0 991 
0 999 
0 996 
1 001 
0 999 
1 001 
1 001 
1 002 
0 999 
1 002 
1 005 
1 021 
0 982 
0 985 
0 999 
1 005 
1 006 
1 009 
1 017 
1 004 
1 025 
1 006 
1 076 

Fe 

1 005 
1 005 
1 006 
1 006 
1 007 
1 004 
1 001 
1 000 
0 999 
1 000 
0 999 
1 002 
0 995 
1 000 
1 001 
1 013 
0 974 
0 984 
0 995 
0 998 
0 997 
1 000 
0 992 
1 006 
0 988 
0 996 
1 000 

CrNi 

0 969 
0 969 
0 980 
0 985 
0 992 
0 999 
0 998 
0 999 
1 000 
1 001 
1 001 
1 003 
1 000 
1 006 
1 004 
1 023 
0 986 
0 989 
1 002 
1 008 
1 009 
1 017 
1 017 
1 021 
1 030 
1 010 
1 068 

Group 

1 
2 
3 
4 
6 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Wk 23 P '' 
^ 26 

26 
27 

TABLE II-16-XI F L U X WEIGBTING COEFFICIENTS FOR ISOTOPES IN THE O U T E R C O B B Z O N E 

Pu 
(Pu U Mo) 

1 168 
1 162 
1 096 
1 063 
1 059 
1 021 
1 018 
0 999 
0 994 
0 995 
0 991 
0 990 
0 977 
0 977 
0 974 
0 989 
0 929 
0 931 
0 933 
0 923 
0 915 
0 898 
0 866 
0 936 
0 783 
0 906 
0 022 

U-238 

Average 

1 099 
1 092 
1 056 
1 032 
1 032 
1 012 
1 010 
1 000 
0 996 
0 997 
0 996 
0 994 
0 987 
0 985 
0 984 
0 996 
0 966 
0 952 
0 956 
0 949 
0 942 
0 930 
0 919 
0 930 
0 848 
0 939 
0 418 

UsOs 
Plate 

0 940 
0 942 
0 968 
0 966 
0 966 
0 990 
0 989 
1 002 
1 003 
1 004 
1 007 
1 003 
1 012 
1 007 
1 Oil 
1 012 
1 030 
1 013 
1 023 
1 028 
1 033 
1 035 
1 083 
0 973 
1 086 
1 029 
1 373 

U-235 

1 103 
1 091 
1 055 
1 032 
1 032 
1 012 
1 010 
1 000 
0 996 
0 997 
0 996 
0 994 
0 987 
0 986 
0 985 
0 996 
0 969 
0 965 
0 959 
0 954 
0 950 
0 938 
0 929 
0 947 
0 873 
0 942 
0 420 

Na 

0 957 
0 960 
0 975 
0 985 
0 983 
0 993 
0 996 
0 999 
1 003 
1 001 
1 002 
1 000 
1 010 
1 006 
1 006 
0 984 
1 046 
1 040 
1 026 
1 024 
1 027 
1 030 
1 040 
1 027 
1 069 
1 027 
1 247 

0 

0 991 
0 991 
0 994 
0 992 
0 995 
1 000 
0 997 
1 001 
1 000 
1 001 
1 001 
1 002 
1 001 
1 000 
1 004 
1 016 
0 984 
0 986 
0 999 
1 003 
1 004 
1 007 
1 014 
1 003 
1 017 
1 004 
1 109 

Fe 

0 999 
0 999 
1 001 
1 004 
1 005 
1 003 
1 001 
1 000 
0 999 
1 000 
0 999 
1 002 
1 000 
1 001 
1 002 
1 019 
0 971 
0 982 
0 995 
0 999 
0 999 
1 003 
0 990 
1 012 
0 997 
1 002 
1 017 

Cr-Ni 

0 982 
0 982 
0 990 
0 998 
1 001 
1 001 
1 000 
0 999 
0 999 
1 000 
0 999 
1 003 
0 995 
1 004 
1 004 
1 020 
0 981 
0 991 
1 001 
1 007 
1 008 
1 013 
1 004 
1 022 
1 022 
1 012 
1 067 
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diffusion theory: 

Bl = 6.0095 X 10^* (EXDF/B 1968 Data) 

ABl _ Ak.ff ^ 7 AM , 
2) - ^ - 7 ^ - - — (edge loading) 

3) The 2D results presented here were obtained with 
27 groups and 30 x 19 mesh points [R-Z). The 
change in eigenvalue due to doubling the number 
of mesh points in either direction was found to be 
only of the order of a few hundredths percent fc. 

4) The change in Pu-239 alpha (capture-to-fission 
cross section ratio) from the low to the high val
ues resulted in 1.5% change in eigenvalue. The 
alpha change was made according to Gwin's 
data," keeping the sum of the capture and fission 
cross sections constant. 

5) Two-dimensional calculations of the prompt neu
tron lifetime /p, the effective delayed neutron 

TABLE II-16-XII . T W O - D I M E N S I O N A L D I F F U S I O N THEORY 

CRITICALITY CALCULATION OF ZPPR ASSEMBLY 2, THE 

DEMONSTRATION REVCTOR BENCHMARK 

ENDF/B (1968) Data 

Homogeneously self-shielded cross sections from 
MC^ 

Heterogeneously self-shielded cross sections from 
MC^ (Pu-239, Pu-240, Pu-241, Mo, U-238) 

Cell flux-weighted heterogeneously self-shielded 
cross sections from MC^ (the best est imate 
possible) 

The best est imate including the transport effect 
correction 

Eigenvalue of 
the System, k 

0.9725 

0.9782 

0.9912 

0.9947 

TABLE II -16-XIII . REACTIVITY W O R T H S 

Region Description 

Core center 
Axial average near core axis 
Inner zone radial average near the core midplane 
Inner core zone average 
Outer core zone average 
Inner zone radial average near the core-axial blanket boundary 
Inner zone axial average near the two core zone boundary 
Outer zone axial average near the core radius, 80 cm 
Outer zone radial average near the core midplane 
Outer zone radial average near the core-axial blanket boundary 

» k = 0.9725. 

fraction /J^//, and the conversion factor of M 
hours to percent reactivity are: ^ 

fi,„ = 0.003180 

/p = 5.578 X 10-"^ sec 

Ih/%fc = 1015.7. 

PERTURBATION CALCULATIONS 

Two-dimensional perturbation calculations were 
made to obtain reactivity worths for Pu-239, Pu-240, 
U-235, U-238, and sodium. The compositions and di
mensions of the ZPPR-2 were the same as described 
elsewhere in this report. The perturbation calculations 
used homogeneous resonance self-shielded cross sections 
from MC^. These results are given for the convenience 
of experimentalists prior to the actual measurements of 
reactivity traverses. 

Although the assembly used in the calculation was 
the initial critical core (not the official ZPPR Assem
bly 2 with 50/50 core volume), the results given in 
Table II-16-XIII are not much different from those for 
two later cores. The calculated central reactivity 
worths of Pu-239, Pu-240, and U-235 given in Table 
II-16-XIII were found to be about 15% higher than 
the earlier MACH-1 calculations which used the 
MC^-generated cross sections for the inner core zone 
everywhere in the ZPPR-2 mockup regions. Consider
ing the one-dimensional approximation and the cross 
sections generated for a single zone for the MACH-1 
calculations, a difference of this magnitude is not sur
prising. In fact, the reactivity worth of U-238 at the 
core center (in Table II-16-XIII) is 6% higher than 
the MACH-1 value, but the central sodium worth was 
found to be 50% higher than the MACH-1 value. In 

OF PLUTONIUM, URANIUM, VND SODIUM 

Reactivity Worth of Isotope, 
10--4A*/>fe2-kg» 

Pu-239 

14.0 
9.8 

10.97 
7.74 
3.40 
3.07 
5.6 
3.74 
5.62 
1.06 

Pu-240 

4-1.356 
4-0.93 
4-1.13 
4-0.79 
4-0.71 
4-0.20 
4-0.704 
4-0.645 
4-0.734 
-F-0.132 

U-235 

11.76 
8.3 
9.13 
6.5 
2.4 
2.82 
4.47 
2.82 
3.96 
1.14 

U-238 

- 0 . 9 1 
- 0 . 5 8 
- 0 . 6 9 
- 0 . 4 5 
- 0 . 1 2 
- 0 . 0 9 6 
- 0 . 3 0 
- 0 . 1 4 
- 0 . 2 2 
- 0 . 0 2 

Na 

- 0 . 4 1 
- 0 . 0 6 6 
- 0 . 3 0 
- 0 . 0 4 
4-0.19 
4-0.31 
4-0.01 
4-0.18 
- 0 . 1 7 
4-0.22i 



widition to the central reactivity worth, the inner zone 
and outer zone average reactivity worths near the core 
axis and near the core radius of 80 cm are also given. 
The outer core zone is split into equal volumes at a 
core radius of about 80 cm. The reactivity worths near 
the core and axial blanket boundary averaged radially 
over the inner zone and over the outer core zone are 
also given in Table II-16-XIII. 

CONCLUSIONS 

From the foregoing discussions and the information 
available to date, the following conclusions are made: 

1) The cells chosen for the ZPPR-2 can be ade
quately approximated by the simple two-region 
equivalence principle for heterogeneous reso
nance self-shielding. The resonance self-shielding 
heterogeneity effect was calculated to be 0.6% fc. 

2) The transport flux-weighting over the core cells 
in ZPPR-2 resulted in a spatial heterogeneity on 
the eigenvalue, fc, of 1.3%. The total heterogene
ity effect in ZPPR-2 is, therefore, 1.9% fc. 

3) The calculated eigenvalue of the system using 
ENDF/B (1968) cross sections was 0.994 which 
includes heterogeneity effects and 0.35% trans
port effect correction. The good prediction in the 
two-dimensional criticality calculation with the 

A polarity correlation system which utilizes the 
SEL-840 computer has been implemented to do noise 
studies on the ZPPR critical assemblies. The system 
samples the instantaneous sign of the analog signal 
from each of two detectors and calculates the polarity 
cross-correlation function. The system is patterned 
after Cohn's^ system and is shown schematically in 
Fig. II-17-1. Data from each detector are used as 
input to trigger circuits which sense the level of the 
input (positive or negative) and generate a corre
sponding logic signal. The logic signals are time sam
pled by a computer-controlled shift register. After 
input of a set number of 24-bit words, the correlation 
function is calculated and displayed as a printout and 

!

^ t h e CRT. The dual registers and exclusive-or in-
Hnctions of the computer permit a considerable re-
uction in calculational time over that required in 

computers not similarly equipped. The cross-correla-

Lehto 155 

ENDF/B (1968) data for ZPPR-2 is fortuitous 
and must be due to the cancellation of errors, 
because the capture-to-fission cross section ratio 
alpha in Pu-239 alone can change the eigenvalue 
by 1.5% if the high alpha values are used instead 
of the low values in the ENDF/B (1968) data. 

4) The measured critical mass in the initial as-built 
ZPPR-2 was 1066 kg (Pu-239 4- Pu-241), which 
is to be compared with the calculated critical 
mass of 1095 kg using the ENDF/B (1968). 
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tion function is calculated for 24 delays from 1000 
input words sampled at a bit rate of up to 20 /isec/bit, 
with continuous updating. 

Additional flexibility has been incorporated into this 
system by the addition of an ex-or gate and a revers
ing scaler which allows measurements of the polarity 
coherence function.^ The positive and negative signals 
from the trigger circuits are compared by the ex-or 
gate which provides a positive logic signal whenever 
the inputs are in phase and a negative signal when 
they are out of phase. These signals instruct a revers
ing scaler to count external clock pulses up or down. 
The net result is related to the coherence function by 

p = sin ^ C(t) 

where p is the coherence function and C (t) is the ratio 

11-17. Zero Power P l u t o n i u m R e a c t o r (ZPPR) Assembly 2 Noise Studies 

W. K. LEHTO 
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of the scaler counts to the total number of clock pulses. 
The coherence function is related to reactivity. This 
system is expected to be used to supplement other 
methods of measuring large negative reactivities. 

Typical measured polarity correlation functions are 
shown in Fig. II-17-2 for several degrees of subcritical-
ity. The decay constant at critical, ac = ^etf/t, was 
extracted from the data by a least squares fit of the 
function CI2(T) = .Ai 4- 42e~'"' to the data. The ex
perimental critical alpha was 6003 ± 120 sec-^. Cal
culated values of 6340 sec~^ and 6280 sec~^ were 
obtained from a MACH-1 spherical geometry calcula
tion, and from a two-dimensional diffusion theory per
turbation calculation, respectively. ENDF/B cross 
sections were used for both calculations. 

The agreement between the calculation and meas
urement is considered adequate. I t should be noted 
that the calculated value is higher than the experimen
tal value, consistent with other studies.^ 
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11-18. Fast Neutron S p e c t r u m M e a s u r e m e n t s i n the Zero Power P l u t o n i u m 
Reactor (ZPPR) and ZPR-3 Critical Assemblies 

G. G. SIMONS 

INTRODUCTION 

A description of previously unreported fast-neutron 
spectrum measurements completed at the ZPPR and 
ZPR-3 reactors are presented in chronological order. 
Both the data acquisition system and the analysis 
methods were improved during this period. Each spe
cific spectrometer configuration and analysis technique 
used for the critical assemblies are reported. Moreover, 
each counter/drawer arrangement used is shown. 

EXPERIMENTAL EQUIPMENT 

Two pairs of cylindrical proportional counters, two 
different electronic configurations, and four counter/ 
drawer configurations were used to complete these 
spectrum measurements. Standardization of the basic 
associated electronics is nearing completion (see Paper 
III-17). However the optimum choice of counter pair 
and counter/drawer configurations depends on the spe
cific reactor environment in which the neutron spectra 
are being studied. The various counter/drawer config
urations used for each spectrum measurement are dis
cussed under Fast Neutron Spectra Measured. 

One pair of proportional counters used included a 5 
atm total pressure, predominately hydrogen-filled 
counter, 1.59 cm in diam, and a 5 atm total pressure, 
predominately methane-filled, 2.54 cm diam counter. 
The other pair of counters consisted of a 0.953 cm 
diam hydrogen-filled counter containing 10 atm of 
total pressure and a 1.59 cm diam methane-filled 
counter with 8.2 atm of predominantly methane gas. 
All four counters had a 0.70 mil anode and a sensitive 
length of two diameters. Each counter also contained a 
small amount of nitrogen gas for calibration. 

Data were generally obtained with the hydrogen-
filled counters using either five or six high-voltage set
tings. The number of high voltages used depended 
upon the desired fractional overlap between data sets 
and on the total energy range spanned by the chamber. 
Typically, for six high voltages, proton recoil data of 
the hydrogen chambers covered the energy range from 
about 0.4 to 110 keV with a 30% overlap. 

Three high voltage settings were used to cover the 
energy range from about 90 keV to 2.4 MeV with the 
methane-filled chambers. 

•

'he smaller pair of counters was used for the ZPPR 
embly 2 and the ZPR-3 EBR-2 series of spectra 

studies. Advantage was taken of the reduced counter 
efficiency to measure neutron spectra under more se

vere gamma ray background conditions and in a higher 
neutron field than was possible with the larger cham
bers. It was therefore possible to diminish the problems 
associated with exceeding the count-rate limitations 
imposed upon the electronics. 

All of the reported spectra were measured with the 
associated electronics operating in a dual-parameter, 
gamma ray discrimination mode with a Data Ma
chines 622 on-line, 18-bit, 8K computer. However, the 
associated electronics used to obtain the ZPPR-1/ 
FTR-2 and ZPR-3 Assembly 58 data consisted of a 
basic system similar to that shown in Fig. III-17-1 
without the pulse selector and two linear gates. For all 
measurements following ZPR-3 Assembly 58 measure
ments, the improved high-count-rate electronics shown 
in Fig. III-17-1, including pulse pile-up rejection cir
cuitry, were used. Proper operation of this new spec
trometer at count rates exceeding 30,000 cps for the 
methane counter and 10,000 cps for the hydrogen 
counter was verified in the Argonne Fast Source Reac
tor (AFSR). The maximum possible count rate limit 
has not been determined for this system. The upper 
limit will be set by the saturation-inducing events in 
the hydrogen counter. 

DETECTOR CALIBRATION 

Both the hydrogen and the methane-filled counters 
were calibrated in the AFSR thermal column just prior 
to each neutron spectrum measurement. This was a 
standard calibration procedure, which used the mono-
energetic protons from the N^*(n.,p)C'^* reaction in
duced by thermal neutrons in the nitrogen gas within 
the detector chambei's to determine a relationship be
tween gas multiplication {A) and voltage (F) for each 
counter. The calibration data were reduced on the 
Data Machines 622 computer using a new FORTRAN 
code (see Ref. 1). This code performs a least-squares fit 
to the straight-line relation (In A)/V versus F, where 
X is a variable parameter chosen to minimize the sum 
of the squared errors associated with the fit. 

During data acquisition, a precision reference pulser 
was used to determine recoil proton keV per channel 
based on settings obtained during calibration. 

DATA REDUCTION 

Two codes, the original PSNS<^' and a newer code 
PSNS-Xd), both operational on the ZPPR SEL 840MP 
computer, are available for data analysis. Raw pro-
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ton-recoil data for ZPPR-l /FTR-2 and ZPR-3 Assem
bly 58 (data accumulated with the larger pair of 
counters) were analyzed with PSNS since PSNS-X was 
not operational at that time. The PSNS-X code was 
used to analyze the other reported data. 

The two data sets analyzed with PSNS wore cor
rected for detector response distortions using measured 
response functions. They were also corrected for car
bon recoils. However W (energy loss per ion pair) for 
hydrogen and methane was assumed constant for all 
proton energies. 

The PSNS-X code corrected the raw proton data for 
distortions induced by non-uniform electric fields at 

the counter ends and for carbon recoils. These elect: 
field corrections were based on calculated responl 
functions for each detector.^ Also, the energy-depend
ent variation in W for the low-energy hydrogen-filled 
counter data was included in the analysis according to 
a prescription based on data taken by Werle et al.^ 

FAST NEUTRON SPECTRA MEASURED 

ZPPR-I/FTH-2 

Neutron spectrum measurements were made over the 
energy range from 329 eV to 2.37 MeV in both the 
reflector and shield. The spectra were measured close 

.•1? 
••3 
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FIG. II-18-1. Matrix Drawer Containing the 1.59 cm diam Hydrogen Proportional Counter and Preamplifier. ANL-ID-lOS-Al 

FIG. II-18-2. ZPPR-l/FTR-2 Reflector Neutron Spectrum at Matrix Position 137-23. ANL-ID-103-A11184. 
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the axial midplane in matrix positions 137-23 and 
137-15. This corresponded to locations near the center 
of the reflector and shield annuli, respectively. 

Figure II-18-1 shows the detector drawer containing 
the 1.59 cm diam hydrogen-filled counter and pream
plifier. As shown, the counter was encased in a 0.25-
in.-thick lead sleeve. 

The neutron spectrum measured in the reflector is 
shown in Fig. II-18-2. For this measurement, the 
fueled safety, control, and poison safety rods were 
completely withdrawn. Under these conditions, the re
actor was 1.67% Ak/k subcritical. 

During the shield-spectrum measurement (see Fig. 
II-18-3) the reactor was 0.0896% Ak/k subcritical. All 

the poison rods were completely withdrawn. Also, Con
trol Rods No. 1 at (135-39), No. 3 at (139-43), and 
No. 4 at (239-43) were completely withdrawn. Control 
Rods No. 2 at (239-35) and No. 5 at (139-35) and all 
fueled safety rods were completely inserted, while 
Control Rod No. 6 at (235-39) was withdrawn 1.704 
in. 

The data in the reflector spectrum clearly indicate 
the presence of the nickel, which has large cross-sec
tion resonances at 15.5 and 65 keV. The cross-section 
minima in the nickel and iron at about 30 keV and 
slightly above 100 keV are evident, as well as the 
sodium resonance at 2.8 keV. 

Since the shield was composed primarily of stainless 

ENEfiCT OCEV) 

FIG. II-18-3. ZPPR-l/FTR-2 Shield Neutron Spectrum Measured at Position 137-16. ANL-ID-lOS-Al 

EHEHCr (KEV) 

FIG. II-18-4. ZPR-3 Assembly 58 Neutron Spectrum Measured at Position l-P-16. ANL-ID-103-AWn. 
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steel, the major spectrum shape in the shield is a result 
of the large iron cross-section resonances. However, the 
chromium resonance at 53 keV and the sodium reso
nance at 2.8 keV account for the flux depressions at 
these energies. 

EFIJON SLEEVE / S . S . COUNTER SUPPORT! 

0" ^ / 5'" 

ZPE-3 ASSEMBLY 58 

The fast neutron spectrum was measured over the 
energy range 0.33 keV to 2.37 MeV near the center of 
Assembly 58 (see Fig. II-18-4). For this measurement, 
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e counter pair and matrix/drawer configuration were 
both the same as those used in ZPPR-l /FTR-2. The 
counters were positioned in matrix position l-P-16 
with their centers of active volumes four inches from 
the reactor interface. 

The rate of ionization in the detectors from neutrons 
plus gamma rays in the critical configuration with all 
control and safety rods withdrawn was too high for 
proper operation of the spectrometer system. There
fore, some of the outermost core drawers were removed 
from the reactor and replaced by radial reflector. The 

core outline at the loading used contained 70 matrix 
positions in Half 1 and 69 matrix positions in Half 2. 
The measurements were made with no core material in 
position l-P-16, and all the control and safety rods 
withdrawn, i.e., at close to 7% Ak/k subcritical. 

This relatively soft neutron spectrum clearly reflects 
the presence of the iron in the core, especially at ap
proximately 30 and 85 keV which correspond to two 
large iron resonance regions. Similarly, other flux de
pressions may be attributable either to further iron 
resonances or to nickel, chromium and aluminum reso-

FiG. 11-18-7. ZPPR Assembly 2 Neutron Spectrum from Lead-Covered Detectors in Matrix Position 137-37. ANL-ID-IOS-AII41O 

FIG. II-18-8. ZPPR Assembly 2 Experimental and Smoothed MC^ Calculated Spectra at Matrix Location 137-37. ANL-ID-
103-A1141S. 
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nances. I t is difficult to truly evaluate the causes of 
these flux depressions because of the basic overall lack 
of structure present in the spectrum. 

ZPPR-2 

Three fast-neutron spectrum measurements were 
made over the energy range 0.9 keV to 1.8 MeV at two 
locations in ZPPR Assembly 2. This was the first as
sembly in which the neutron spectra were measured 
with the smaller pair of proportional counters. The 
counters positioned with their centers of active vol
umes five inches from the reactor interface were con

tained in partially voided drawers in matrix positioi^ 
137-37 and 127-47. Figure II-18-5 shows these drawer" 
configurations containing the two counters, preampli
fiers, and reactor materials. 

The central measurement configuration, made at ap
proximately 2% Ak/k subcritical, consisted of replac
ing the core drawer in position 137-37 with the counter 
drawer and withdrawing all control and poison rods. 
For the outer-core measurement, poison rods Nos. 5, 7, 
10, and 18 and all control rods were withdrawn. The 
reactor was 1.4% Ak/k subcritical. 

An auxiliary experiment was run in location 137-37, 

FIG. II-18-9, ZPPR Assembly 2 Experimental and Ultrafine MC^ Calculated Spectra at Matrix Location 137-37. ANL-ID-
AII4IS. 

£N6BGV(f;EVJ 

FIG. 11-18-10. ZPPR Assembly 2 Experimental and Ultrafine MC« Calculated Spectra at Matrix Location 127-47. ANL-ID-
AII4II. 
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ENERGY (KEV) 

F I G . 11-18-12. ZPR-3 Assembly 61 Neutron Spectrum Measured in Location l-P-16 (Core Center) with the Proton-Recoil Propor
tional Counters. ANL-ID-103-AS146. 

using the detector configurations shown in Fig. II-18-6 
^ « ascertain the effect of encasing the detectors in Vi 
n A p f lead. Calculations were made which showed that 
^Witron scattering in a lead sleeve would not apprecia

bly change the neutron spectrum from 1 keV to 1 
MeV.̂ *> The results of this experiment were required to 

determine if the lead would modify the neutron angu
lar distribution such that the heterogeneity effect of 
the drawer loadings around the detectors would be de
creased. 

The two spectra measured at 137-37 are shown in 
Figs. II-18-7 and II-8-8. (Note that the smooth curve 

file:///HleH
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ErCRGr CKEVJ 

F I G . 11-18-13. ZPR-3 Assembly 61 Neutron Spectrum Measured in Location 1-P-ll (Core Center) with the Proton-Recoil Pro
portional Counters. ANL-ID-103-A11407. 

ENEPGr CttEV) 

F I G . 11-18-14. ZPR-3 Assembly 61 Neutron Spectrum Measured in Location l-P-9 (Reflector) with the Proton-Recoil Proportional 
Counters . ANL-ID-IOS-AII4O6. 

superimposed on the measured points in Fig. II-18-8 is 
the MC^ calculated spectrum discussed below.) No 
measurable change resulted from encasing the detec
tors in 1/2 in. of lead. Thus the presence of lead did not 
aid in overcoming the heterogeneity of the plate-type 
environment in which the measurement was made. 
However, the lead sleeves could be used to decrease the 
gamma-ray background in this environment if the 
gamma-ray flux were too severe for otherwise proper 
operation of these detectors. 

Figures II-18-9 and 11-18-10 compare the measured 
spectra and a preliminary fundamental-mode, 1980-
group calculation using the MC^ code. The calculated 

flux at location 137-37, smoothed with an energy-de
pendent Gaussian window function, are shown in Fig. 
II-18-8. This fundamental-mode model should be valid 
near the core center. In the outer-core position (147-
27), the actual neutron spectrum would be softer than 
the theoretical spectrum, as shown in Fig. 11-18-10. 

ZPB-3 ASSEMBLY 61 

Neutron spectra were measured in matrix posit 
l-P-16, 1-P-ll and l-P-9. The counter/drawer conl 
uration is shown in Fig. 11-18-11, except that the voids 
at the back of the drawers contained reactor materials. 

o n H ^ 
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m. 
^pi' 

y removing the drawer ends, it was possible to posi-
ion the center of the active detector volumes closer to 

the centerline of this small core. Thus the counter tips 
were extended into a void in matrix positions 2-P~16, 
2-P-l l and 2-P-9. The three spectra are shown in Figs. 
11-18-12 through -11-18-14. The relatively hard spec
trum combined with the high residual gamma-ray 
background present at the core center (l-P-16) made 
it impossible to measure the neutron spectrum below 
2.2 keV. 
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11-19. ZPR-9 Assembly 25: Descript ion axd Experimental Resul ts 

L. G. LESAGE and W. R. ROBINSON 

INTEODUCTION 

Assembly 25 of ZPR-9 was a small, fast, uranium-
fueled, zoned assembly with a null reactivity (i.e., fc^ 
= 1) central test zone. The central zone, which was 
composed almost entirely of enriched and depleted 
uranium, had a relatively hard neutron energy spec
trum with few resonance energy neutrons. 

Assembly 25 was the third in a series of assemblies 
with null central zones. The other two, ZPR-9 Assem
bly 24 (a uranium assembly) and ZPR-3 Assembly 55 
(a plutonium assembly), had relatively soft spectra 
due to about 50 volume percent graphite in the null 
zone; they were designed primarily for Pu-239 and 
U-235 capture-to-fission ratio measurements. The cal
culated broad group spectra for Assemblies 24 and 25 
are shown in Fig. II-19-1 for comparison. The spectra 

of Assemblies 24 and 55 were similar. The results of 
the Assembly 24 and Assembly 55 measurements and a 
discussion of the null reactivity technique are included 
in Ref. 1. 

From the measurements of the null composition and 
the various capture and fission ratios for U-235, U-238, 
and Pu-239 on Assemblies 24 and 55, it appeared that 
both the Pu-239 and U-238 fission rates were signifi
cantly underpredicted by the ENDF/B cross sections 
while the U-238 capture and the U-235 fission and 
capture rates were predicted correctly. Possible errors 
in the fission cross sections or a spectral effect resulting 
from an error in the U-238 inelastic scattering cross 
section^ are suggested by these results. The soft spectra 
in Assemblies 24 and 55 made interpretation of the 
results difiicult, however, because of the uncertainty in 
the resonance region heterogenity correction and the 
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uncertainty in the alpha of Pu-239. The measurements 
planned for Assembly 25 were aimed at resolving some 
of the uncertainties in the U-238 and Pu-239 cross 
sections and, in addition, they were designed to com
plement the earlier measurements on Assemblies 24 
and 55 in order to better isolate the energy regions of 
cross section uncertainty. 

A description of Assembly 25 and the available ex
perimental results are included in the following sec
tions. The reaction rate measurements are currently 
being re-evaluated, however, so they are not included. 
Since these are the key measurements for evaluating 
the cross section uncertainties discussed above, neither 
a comparison of the results with analysis nor a de
tailed discussion of the results is included in this 
paper. 

DESCRIPTION OF ASSEMBLY 25 

ZPR-9 Assembly 25 was a small, fast, cylindrical 
zoned critical assembly with a null central zone sur
rounded by concentric buffer, driver, and reflector re
gions as shown in Figs. II-19-2 and II-19-3. 

Drawer plate loading arrangements are shown in 
Fig. 11-19-4. The initial null central zone was com
posed primarily of enriched and depleted uranium with 
a small amount of 45% dense aluminum to fill out the 
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drawers, and the stainless steel in the matrix and 
drawers. The calculated neutron spectrum in the cen
tral zone was relatively hard, with over 95% of the flux 
above 25 keV. The high energy part of the spectrum 
(>1 MeV) was also somewhat depleted due to the 
inelastic scattering in U-238. 

The enriched uranium-fueled driver contained about 
64 volume percent graphite to make it more reactive 
and to reduce the required critical loading. The buffer 
contained about 74 volume percent depleted uranium 
and 11 volume percent aluminum. Its effect was to 
considerably harden the relatively soft spectrum enter
ing from the driver and better match it to the charac
teristic spectrum of the null zone. The ratios of en
riched uranium to graphite in the driver and of de
pleted uranium to aluminum in the buffer were varied 
considerably in the design studies in order to balance 
the competing demands of low critical mass and opti
mum spectral matching in the null zone. 

An elevation drawing of the assembly is shown in 
Fig. II-19-5. Thickness of the stainless steel drawer 
ends and of the spring gap are included in the axiaJj 
dimension. Nickel plates in the axial reflector weiH 
included to further reduce the critical loading and to 
slightly flatten the axial power. The thickness of nickel 
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Two additional null composition zones, designated as 
zones 2 and 3, were constructed inside the initial null 
zone loaded into Assembly 25, as indicated in Fig. 
II-19-6. The unit-cell loading in the first null zone, 
designated as zone 1, contained four 3^2 in. enriched 
uranium plates distributed uniformly in the drawer. 

TABLE II-19-I. ZPR-9 ASSEMBLY 25 PARAMETERS 

Atomic Concentrations, 10" atoms/cm^ 

AXIS 25.87 
Radial position, cm 

F I G . II-19-5. Elevation Drawing, ZPR-9 Assembly 26. 
ANL Neg. No. 116-527. 

in the axial reflector was limited by the available sup
ply at the time of Assembly 25. 

Table II-19-1 lists the regional averaged homogene
ous atomic concentrations, the critical mass, measured 
control rod worths, and the calculated kinetic parame
ters for Assembly 25. The void caused by a partially 
inserted control rod at the critical condition has been 
averaged over the entire driver region, thus reducing 
the critical mass and the atomic concentration. 

Material 

U-234 
U-235 
U-236 
U-238 
C 
Al 
Fe 
Cr 
Ni 

Null Zone 
1 

0.020 
2.140 
0.010 

33.233 

-— 
1.649 
6.837 
1.952 
0.864 

Buffer 

— 
0.073 
— 

33.959 

_ 
6.255 
6.837 
1.952 
0.864 

Driver 

0.044 
4.474 
0.021 
0.255 

61.218 
— 

12.907 
3.684 
1.631 

Stainless 
Steel 

Reflector 

, 
— 
— 
— 
— 
— 

66.472 
16.115 
7.136 

Depleted 
Reflector 

0.081 
— 

39.930 
— 

4.332 
1.140 
0.540 

Critical mass, kg U-235 
Measured dual purpose fuel bearing 
control rod worths, % Ak/k 

control rods 1, 2, 3, 4, 6, 7, 8, 9 
control rods 6, 10 

Prompt neutron lifetime, sec 
Effective delayed neutron fraction 
lh/%Ak/k 

475.3 

0.24 
0.29 

2.95 X 10-' 
7.09 X 10-3 

432.8 
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The entire central region was loaded as zone 1. In zone 
2 the four %2 hi. enriched plates were bunched to
gether at the center of the unit-cell. The measured 
change in the null composition between zones 1 and 2 
was designed as a test of the analytical techniques 
used to predict plate heterogeneity corrections. Zone 2 
was loaded in the central 21 drawers in each half. The 
part of the central zone outside of the zone 2 region 
remained loaded as zone 1. Zone 3 consisted of a very 
small plutonium-aluminum alloy and depleted ura
nium null zone at the center of zone 2 as indicated in 
Fig. II-19-6. Zone 3 contained less than 1 kg of pluto
nium, the maximum amount of plutonium allowed in 
ZPR-9 at the time of Assembly 25. The exact plate 
loadings of the null samples for each of the three null 
zones are given in the following section. 

Calculations indicate that the equilibrium spectrum 
characteristic of the null material was achieved rea
sonably well in both zones 1 and 2. The spectral 
matching in zone 3 was, of course, not as good, and 
this must be considered when evaluating the zone 3 
results. 

ASSEMBLY 25 EXPEEIMENTAL RESULTS 

The available experimental results for Assembly 25 
are contained in this section. This includes the null 
composition measurements, reactivity worth measure
ments of the materials in the central zone unit-cell 
using the axial oscillator, central and radial reactivity 
measurements using the radial sample changer, the 
normalization integral measurement using a Cf-252 

source, and additional special measurements to test the 
null reactivity technique. The reaction rate results are 
currently being re-evaluated and will be published at a 
later date. 

NULL COMPOSITION 

The null zone was loaded initially with the calcu
lated null composition. Measurements were then made 
to experimentally determine the null composition. An 
axial oscillator (see Fig. III-22-2 of Ref. 3) and a 
calibrated autorod were used in making reactivity 
worth measurements of small samples of representative 
null zone material with respect to void at the zone 
center. The autorod was a thin tapered polyethylene 
spear which was controlled to hold the reactor power 
constant. Ap/Aa; for the spear was constant so that the 
change in reactivity associated with sample insertion 
was proportional to the change in the autorod position, 
and the average rod position was obtained by integrat
ing over a preset time interval, the output from a po
tentiometer whose voltage was proportional to rod po
sition. The constant Ap/Aa; value for the autorod spear 
was experimentally confirmed by making several 
measurements of the worth of a small sample with the 
autorod adjusted to several locations spanning its total 
travel. The results are given in Table II-19-11. The 
sequence of operation for the reactivity measurements 
was as follows: sample inserted to core center by oscil
lator; waiting time of 1 to 2 min for reactor to stabj 
lize; autorod integration time of 2 to 5 min; oscillati 
driven out; sample removed and oscillator driven bacE" 
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-BLE II-19-II. WORTH OF SMALL SAMPLE AS A FUNCTION 

OF AUTOROD POSITION" 

Average Autorod Insertion 
(% distance from in to out) 

12 
28 
54 
65 
78 

Sample Worth, 
Ih 

0.232 ± 0.004 
0.233 ± 0.002 
0.235 ± 0.003 
0.236 ± 0.003 
0.232 ± 0.002 

" The sample was worth about 6% of the autorod worth so 
tha t at 12%, for example, the autorod moved between 9 and 
15% insertion when the sample was oscillated. 

TABLE II-19-III . ASSEMBLY 25 N U L L COMPOSITION W E I G H T 

R A T I O S " 

Null Composition 
Relative Weights 

Enriched uranium'' 
Plutonium" 
Depleted uranium^ 
304 Stainless steel 
Aluminum 

Zone 1 

1.000 

15.155 ± 0 . 0 4 
1.009 
0.0909 

Zone 2 

1.000 

15.354 ± 0 . 0 6 
1.009 
0.0753 

Zone 3 

1.000 
22.165 ± 0 . 0 6 

2.465 
0.2192 

" The quoted values are based on the measurement of the 
sample closest to null and corrected to the exact null using the 
measured material worths. 

^ The isotopic composition of the enriched uranium was 
0.91 w/o U-234, 93.24 w/o U-235, 0.44 w/o U-236 and 5.41 w/o 
U-238. 

" The isotopic composition of the plutonium was 95.08 w/o 
Pu-239, 4.55 w/o Pu-240, 0.44 w/o Pu-241 and 0.006 w/o Pu-242. 

<• The isotopic composition of the depleted uranium was 0.21 
w/o U-235 and 99.79 w/o U-238. 

into core; waiting time (as before); integration time 
(as before). The cycle is repeated several times to 
improve statistics and to cancel drift.* 

The samples consisted of plates of enriched and de
pleted uranium and low-density aluminum (similar to 
the unit cell drawer loadings in the null zone) and they 
were contained in thin wall 2 X 2 X 2 in. stainless 
steel boxes. The ratio of depleted uranium to alumi
num was varied in the samples in order to predict the 
exact null composition. The entire null zone was then 
loaded to this composition and the null composition 
rechecked, since the reloading may have caused a 
change in the spectrum which, in turn, would affect the 
worth of the null box. It was found in all three null 
zone assemblies, however, that the worth of the null 
sample did not change significantly after the reloading 
and that one reloading of the null zone was all that 

!

| | necessary. 
Bhe null composition results for zones 1, 2, and 3 of 
ssembly 25 are given in Tables II-19-III through 

II-19-V. Table II-19-III gives the null composition 
weight ratios. Table II-19-IV gives the unit-cell plate 
arrangements, and Table II-19-V gives the null atomic 
concentrations for zones 1, 2, and 3. The data in Ta
bles II-19-III through II-19-V are based on the meas
urement of the sample or samples closest to null and 
corrected to the exact null using the measured material 
worths. The uncertainty in the null measurement has 
been lumped into the weight ratio of depleted uranium 
to enriched uranium or plutonium, as indicated in 
Table II-19-III, while the weights of stainless steel 

TABLE II-19-IV. U N I T - C E L L P L A T E ABBANGEMENTS F O E 

THE N U L L SAMPLES" 

Zonel 

Material 

SS 
Al 
D 
E 
D 
E 
D 
Al 
D 
E 
D 
E 
D 
Al 

Thickness, 
cm 

0.366 
0.152 
0.635 
0.0793 
0.953 
0.0793 
0.635 
0.063 
0.565 
0.0793 
0.953 
0.0793 
0.635 
0.152 

Zone 2 

Material 

SS 
Al 
D 
E 
D 
Al 

Thickness, 
cm 

0.366 
0.152 
2.222 
0.3175 
2.222 
0.152 

Zone 3 

Material 

SS 
Void 
D 
Pu" 
D 
Al 

Thickness, 
cm 

0.457 
0.850 
1.587 
0.3175 
1.746 
0.476 

« The symbols used in the tables are SS—304 Stainless Steel, 
Al—45% dense aluminum, E—enriched uranium and D—de
pleted uranium. 

•• Pu is for the Pu-Al alloy plate canned in stainless steel. 
The plate and can includes 61.64 g of Pu, 16.19 g of SS and 0.73 
g of Al. The isotopic composition of the Pu is indicated in foot
note c of Table II-19-III . 

TABLE II-19-V. SUMMABY OF ATOMIC CONCENTBATIONS IN 

THE N U L L SAMPLES, lO^̂  atoms/cm^ 

Material 

U-234 
U-23S 
U-236 
U-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 

Fe 
Ni 
Cr 
Al 

Zone 1 

0.0206 
2.173 
0.0099 

33.765 
— 
— 
— 
^ 

6.839 
0.864 
1.952 
1.785 

Zone 2 

0.0206 
2.174 
0.0099 

34.208 
— 
— 
—-
— 

6.839 
0.864 
1.952 
1.477 

Zone 3 

— 
0.0536 

— 
25.127 

1.075 
0.0513 
0.0049 
0.00006 
8.638 
1.079 
2.437 
2.197 
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TABLE II-19-VI. MEJLSUEED M A T E E I A L WOBTHS IN THE N U L L SAMPLE P L A T E ENVIBONMENT IN ZPR-9 ASSEMBLY 25"' ' ' i 

Zone 1 

Material 

Enr . U 
Depl. U 
304 SS 
Al 
U-23S 
U-238 

Weight, g 

5.17 
218.6 
85.9 
35.7 
—. 
— 

Ih/kg 

-f53.5 
- 3 . 2 3 
- 3 . 4 6 
- 6 . 7 9 
57.6 

- 3 . 3 6 

Zone 2 

Material 

Enr . U 
Enr . U 
Depl. U 
304 SS 
U-235 
U-238 

Weight, g 

5.17 
10.08 

147.7 
27.7 
— 
— 

Ih/kg 

54.4 
53.6 

- 3 . 2 2 
- 3 . 3 3 
58.1 

- 3 . 3 5 

Zone 3 

Material 

Pu 
Depl. U 
304 SS 
Al 
Pu-239 

— 

Weight, g 

7.41 
146.2 
58.6 

8.60 
— 
— 

Ih/kg 

86 71 
- 3 . 3 0 
- 3 . 4 1 
- 6 . 2 5 
90.3 
— 

*• The values for U-235 and U-238 are derived from the Enr . U and Depl. U values. The value for Pu-239 was calculated from the 
Pu value using the calculated worths of Pu-240 and Pu-241. 

TABLE II-19-VII. ME.ASUEED W O B T H S OF CYLINDBICAL 

SAMPLES IN ZPR-9 ASSEMBLY 25 ZONE 1 USING THE RADIAL 

SAMPLE C H A N G E S " 

Material 

Enr . U 
Depl. U 
P u 
Pu 
B (nat.) 
C 
Na 
Al 
304 SS 
U-235 
U-238 
Pu-239 
Pu-239 

Weight, 
g 

3.084 
25.99 

3.482 
21.152 

0.5653 
33.44 
17.04 
53.07 
43.82 

— 
— 

3.445'' 
20.926'' 

SS Plug 
Length, 

in. 

0 
0 
2 
2 
2 
2 
2 
2 
0 
— 
— 
__ 

Ih/kg 

52.9 
- 3 . 3 4 
80.4 
82.3 

- 1 3 6 . 0 
- 2 2 . 4 
- 7 . 4 8 
- 6 . 9 6 
- 3 . 4 7 
56.9 

- 3 . 4 7 
81.1 
83.0 

" Footnotes a and b of Table II-19-VI apply. 
*' Listed values are the weights of Pu-239 in the Pu samples. 

TABLE II-19-VIII . MEASUBED M.4.TEEIAL WOETHS VEESUS 

RADIAL POSITION FOE ZPR-9 ASSEMBLY 25", Ih /kg 

Radial 
Position, 

cm 

0 
5.52 

11.05 
16.56 
22.10 
27.60 
33.12 
38.63 

Material and Weight 

Enr. U, 
3.084 g 

52.88 
60.16 
49.06 
48.83 
67.07 
43.19 
37.42 
38.65 

Al, 
53.07 g 

- 5 . 9 6 
- 5 . 7 4 
- 6 . 2 7 
- 4 . 6 9 
- 3 . 2 9 
- 0 . 8 8 
-1-6.89 

— 

SS, 
43.82 g 

- 3 . 4 7 
- 3 . 4 6 
- 3 . 3 7 
- 3 . 0 2 
- 1 . 5 7 
- 1 . 8 4 
4-2.57 
+4 .38 

" Footnote a of Table II-19-VI applies. 

and aluminum are held constant. This is a convenient 
way to characterize the null composition, since it is the 
capture and fission in these isotopes that overwhelm
ingly determine the null composition. 

REACTIVITY WOETH MEASUREMENTS 

Two different sets of reactivity worth measurements 
were made on Assembly 25. The worths of the null 
zone constituent materials were measured at the zone 
center using the axial oscillator, calibrated autorod, 
and 2 X 2 X 2 in. plate-loaded samples. These meas
urements, which were made in all three zones, were 
used to make the small corrections from the measured 
null samples to the exact null composition. The proce
dure for these measurements was to measure the reac
tivity worth of a plate-loaded sample box, then remove 
a small part of one of the materials from the sample 
box and remeasure the sample worth. In this manner 
the worth of the material in its normal plate environ
ment is obtained. The sample box reactivity measure
ments were made using the procedure described in the 
previous section. The results of these plate-environ
ment worth measurements are included in Table 11-19-
VI. 

The other set of reactivity worth measurements on 
Assembly 25 were made with the pneumatic radial 
sample changer, the calibrated autorod, and cylindri
cal, annular samples. The samples were 2.0 in. long, 
0.87 in. in diam and had varying wall thicknesses. 
Both the radial sample changer and the cylindrical 
samples and holders are described in Ref. 5. Measure
ments were made, in zone 1 only, both at the center of 
the null zone and along a radius at the axial midplane. 
These results are given in Tables 11-19-VII and II-
19-VIII. The ratios of aluminum worth and stainless 
steel worth to enriched uranium worth as a function of 
radius are plotted in Fig. II-19-7. The ratios are both 
normalized to 1.0 at the core center for better compari
son of the radial shapes. 

The primary purpose of the radial worth measure
ments in Assembly 25 was to experimentally confirm 
that the spectrum in the null zone had converged 
the center to the equilibrium spectrum characteristJ 
the null composition. As discussed in Ref. 5, an indica
tion of zone spectrum convergence is obtained if the 
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ratio of the worth of a scattering material, such as 
aluminum or stainless steel, to worth of an absorber 
like enriched uranium is relatively constant near the 
center of the zone. Comparison of the worth ratio 
curves given in Fig. II-19-7 to those shown in Figs. 
III-17-3, III-17-4 and III-17-5 of Ref. 5, suggests good 
spectral convergence in Assembly 25. Poor spectral 
convergence would result in a measured null that 
would diifer slightly from the true infinite medium null 
composition. 

SPECTRUM MEASUEEMENT 

The results of the Assembly 25 proton recoil counter 
central spectrum measurement are included in Paper 
11-22. They are compared with a spectrum calculated 
by the MC^ code using ENDF/B data. The measured 
spectrum appears to be significantly greater than the 
calculated spectrum above approximately 1 MeV and 
slightly lower from 200 keV to 1 MeV. This result is 
consistent with the suggestion that the inelastic scat
tering cross section for U-238 in ENDF/B is too large. 

Cf-252 SOURCE MEASUREMENTS 

The apparent reactivity worth of a calibrated Cf-
'52 source was measured as a function of reactor 

wer using the radial sample changer and the cali-
ated autorod. The source was enclosed inside an alu

minum container which was placed inside one of the 
regular stainless steel sample holders used with the 
radial sample changer.^ The source was calibrated to 

have a strength of (7.548 ± 0.030) X 10" neutrons/sec 
in April 1968. Using a half hfe of 2.621 yr for Cf-252, 
this gave a source strength of (5.07 ± 0.02) X lO** 
neutrons/sec at the time of the Assembly 25 measure
ments. 

The results of the Cf-252 reactivity measurements 
are shown in Fig. II-19-8. The curve is of the form (a 
-I- h/P), where a represents the power-level-independ
ent absorption and scattering terms (due to the source 
container) and h is the coefficient of the source term, 
which is inversely proportional to the power level, P. 

The Cf-252 measurements were made for two rea
sons: (1) to determine the Assembly 25 normalization 
integral (the denominator of the perturbation expres
sion) by the method described in Ref. 6, and (2) to be 
used in the reactivity-reaction rate Pu-239 and U-235 
capture-to-fission ratio (alpha) measurements. The 
preliminary value for the Assembly 25 normalization 
integral, using preliminary fission rate results, was 
(3.92 ± 0.15) X IQP. This value has been normahzed 
such that both the source rate ( ^3 i^^f)i'l>i) and the 

fission spectrum weighted adjoint (X x̂*<̂ *) are unity 

at the center of Assembly 25. 

!.0 2.0 3.0 4.0 5.0 

i/Power i(I/Amps) lo from channel 4 

FIG. II-19-8. Apparent Reactivity of Cf-252 Source in ZPR-9 
Assembly 25. ANL Neg. No. 116-534. 
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SPECIAL MEASUREMENTS TO CHECK THE 

NULL REACTIVITY TECHNIQUE 

A number of special measurements were made on 
Assembly 25 to evaluate some possible sources of ex
perimental error in determining the null compositions. 
These measurements are described in the following 
paragraphs. 

SAMPLE BOX SIZE 

Measurements were made to determine if the meas
ured null composition was a function of the size of the 
null sample. The null composition was determined 
using the full 2 X 2 X 2 in. samples and using 2 X 2 
X 1 in. and 2 X 1 x 1 in. samples as indicated in 
Table II-19-IX. These measurements were made in 
both zone 1 and zone 2. The null composition is char
acterized by the depleted uranium to enriched uranium 
weight ratio (DU/EU) while the ratios of aluminum 
and stainless steel to enriched uranium are held con
stant. The maximum spread in the DU/EU ratio, be
tween the full and quarter boxes on zone 2, is less than 
one percent and the uncertainties on the two values 
are overlapping. These results suggest that the null 
composition is not strongly affected by the sample 
size; however, they should not be considered conclu
sive since the range of sample sizes tested was not 
very great. The spectrum in Assembly 25 was rather 

TABLE n -19 - IX . VABIATION OE THE N U L L E N E I C H E D TO 

D E P L E T E D UEANIUM W E I G H T R A T I O AS A FUNCTION OF 

SAMPLE B O X SIZE FOE ZPR-9 ASSEMBLY 26 

3sP^ 

Box 
Size 

Full 
Half 
Half 
Quar ter 

Box Dimension, in. 

Radial, 
Parallel 

to 
Plates 

2 
1 
2 
1 

Radial, 
Perpen
dicular 

to 
Plates 

2 
2 
1 
1 

Axial 

2 
2 
2 
2 

Wt Depl. U 
Wt Enr. U 

Zone 1 

15.16 ± 0.04 
15.11 ± 0.12 
15.14 ± 0.12 
15.13 ± 0.24 

Zone 2 

16.35 d= 0.06 
15.43 ± 0.12 
16.41 ± 0.12 
15.49 ± 0.24 

T A B L E II-19-X. W O E T H OP 304 STAINLESS STEED AS A 

FUNCTION OF P O S I T I O N I N THE SAMPLE B O X F O E 

ZPR-9 ASSEMBLY 25 

Position of SS in Box" 

A—Distr ibuted between plates 
B—horizontal 
C—vertical a t side of box 

Worth, 
Ih/kg 

- 3 . 7 8 
- 3 . 5 6 
- 3 . 2 6 

^ See Fig. II-19-9. 

hard, so that sample size effects associated with rei 
nance region heterogeneities were expected to be less in 
Assembly 25 than in an assembly with a softer spec
trum. 

PLATE O R I E N T A T I O N IN SAMPLE BOX 

A measurement was made to determine the change 
in worth of the null sample box when the plates were 
placed in the box horizontally rather than in normal 
vertical position (a 90 deg rotation of the sample 
plates about the cylindrical axis of the assembly). The 
object of this measurement was to determine if the 
capture and fission rates in the depleted and enriched 
plates in the core adjacent to the sample position were 
affected when the sample box is removed, due to the 
small increase in the surface-to-volume ratio of these 
plates. When the plates in the box are rotated 90 deg 
the continuous columns of plates in the core and sam
ple are broken and the surface-to-volume ratios for the 
adjacent plates are also increased. Therefore, the 
measurement of the sample with the plates rotated 90 
deg simulates the effect which is being investigated. 

The measured reactivity difference between the sam
ples with vertical and horizontal plates was less than 
0.004 Ih, which was the accuracy of the measurement. 
This represents a difference in the characteristic DU/ 
EU null weight ratio of only about 0.05 percent. These 
measurements, therefore, tend to indicate that the 
measured null composition is not strongly affected by 
any change in capture or fission rate in the adjacent 
plates due to sample removal. As before, however, 
these results are not conclusive for all null cores, 
partly because the effect being investigated was not 
simulated exactly and partly because the effect being 
investigated is primarily a resonance effect which is 
minimized by the hard spectrum of Assembly 25. 

CORRECTION FOB MATRIX STAINLESS STEEL 

If the null sample boxes are loaded with exactly the 
same plate arrangement as the core, the weight ratios 
among the materials will all be approximately correct 
except that there will not be enough stainless steel. 
This is because most of the stainless steel in the core is 
in the matrix and drawers. Therefore, slightly under-
size plates were used in the sample boxes and stainless 
steel shims were added to the boxes. Part of the matrix 
and drawer stainless steel is in horizontal columns and 
part in vertical columns and it was necessary to deter
mine the relative worths of the horizontal and vertical 
stainless steel so that it could be properly simulated 
the sample boxes. The results of these measureme: 
are given in Table II-19-X and Fig. II-19-9. Since 
was not possible in most of the sample boxes to include 

3 iF^ 
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E - Enriched uranium o-Depleted uraniunn s-Stainless Steel (304) 

D E D E D E D E D D E O E D E O E O S D E D E D E O EDS 

rr T 

^xx<vx;sx><;<>w 

Thin SS Plates 
Distributed between 
Other Plates in 
Sample Box ( | ) . 

B 

SS Horizontal 
in Sample Box 
between Cut Pieces 
of E and D. 

SS vertical 
next to Side of 
Sample Box. 

F I G . II-19-9. Stainless Steel Loadings in. Special Sample Boxes (See Table II-19-X). ANL Neg. No. 116-6 

horizontal stainless steel, it was simulated by a combi
nation of distributed vertical plates and side vertical 
plates. 
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11-20. G a m m a S p e c t r u m i n ZPR-6 Assembly 6 

R. GOLD 

Compton recoil gamma-ray spectroscopy^'^ has been 
used to measure the in-core gamma spectrum in a fast 
critical facility. Electron measurements were carried 
out near the core center of ZPR-6 Assembly 6, a 4000-
liter uranium oxide fast neutron critical assembly.^ 
Atom density concentrations for the central core region 
of ZPR-6 Assembly 6 can be found in Table II-20-I. 

The electron recoil spectrum observed at low reactor 
power is shown in Fig. II-20-1. For this irradiation, 
both halves of the ZPR-6 split-table facility were to
gether and the assembly was nearly critical. The 
gamma continuum corresponding to this measurement 

displayed in Fig. II-20-2. 
The critical assembly gamma spectrum varies quite 

slowly below 1 MeV, with the exception of two distinct 

peaks, which occur at approximately 0.5 and 0.85 
MeV, respectively. The peak in the neighborhood of 

TABLE II-20-I. COMPOSITION OF ZPR-6 ASSEMBLY 6 

{Central Core Region) 

Element 

U-235 
U-238 

Na 
0 
Fe 
Ni 
Cr 

Atom Density" 

0.001150 
0.005796 
0.009142 
0.01465 
0.01410 
0.001365 
0.002788 

" Atoms per cm'' X 10". 
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'5 MeV corresponds to a contribution from annihila
tion radiation. In addition to the peak near 0.85 MeV, 
note the existence of two other peaks in the vicinity of 
1.8 and 2.1 MeV, respectively. These three peaks may 
correspond to gamma transitions in Fe-56, produced 
principally by inelastic fast neutron scattering. 

The experimental error exhibited in the ZPR-6 
gamma continuum becomes quite large at high energy. 
This high energy behavior arises directly from the 
process of unfolding data of poor statistical quality 
(i.e. low total count) and thereby emphasizes the soft

ness of the critical assembly spectrum (see Fig. 11-20-
1). 
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11-21. ZPR-6 Assembly 6A, A 4000-Liter UO2 Fast Core 

R. A. KARAM, W . R . ROBINSON, G . S . STANFORD and G. K. RUSCH 

ZPR-6 Assembly 6A differed only slightly in mate
rial arrangement and concentrations from Assembly 
6,< "̂*' the 4000 liter UO2 core, which was shutdown 
prior to the completion of the planned experiments so 
that modifications required for plutonium usage could 
be made on the ZPR-6 and -9 facilities. The resumed 
series of experiments followed largely from the pre
vious program, but the resumed 6A program was di
rected at specific points in the overall program for the 
investigation of the effects of plates, rods and tempera
ture. 

The programmatic aims of Assembly 6A were ac
complished as follows: 

1. The critical size of a uniform single zone core and 
blanket system was experimentally established. 

2. The unit-cell reaction rate fine structure was 
measured at various positions in the assembly so that 
the true plate- and cell-averaged values of the ratios 
of U-238 fission and capture to U-235 fission were es
tablished over the total of core and blanket. Addition
ally, unit-cell spectral index fine structure was meas
ured by determining the U-238 fission rate as a func
tion of position in the U-235 plate. 

3. The 25 cm radius central region had materials 
chosen to match as accurately as possible calandria 
and rod compositions. This zone is the reference with 
which the comparisons of the Variable Temperature 
Rodded Zone (VTRZ) configurations will be made. 

4. Measurements of central reactivity worths and of 
prmalization integral were made to provide the nor-

lization for the various VTRZ configurations. 
5. Central reactivity worths of those materials that 

were not precisely matched between the rod and plate 

m 

configurations were made in the appropriate geometry 
to allow corrections to be made for small differences. 

6. Doppler and spectrum measurements were made 
to provide additional normalizations. 

7. The unit-cell reaction rate fine structure, the cen
tral reactivity measurements, and the Doppler and 
spectrum measurements were repeated in a 40 cm, so
dium-voided region. 

8. Activation distributions indicative of the power 
distributions were made throughout the system. 

The critical size, the central reactivity worths, the 
normalization integral, and the overall activation dis
tributions are given in this paper. The rest of the ex
perimental results will be reported when they become 
available. 

DESCRIPTION OF ASSEMBLY 6A 

Assembly 6A was built with as uniform a composi
tion as was consistent with inventory and certain ex
perimental requirements. A cross sectional view of the 
system is shown in Fig. II-21-1. The average material 
concentrations are given in Table II-21-I. The axial 
height of the core was 152.4 cm and the depleted ura
nium blanket was 30 cm thick. 

Although Assembly 6A is described as a uniform, 
single-zone core system, it actually had four regions 
differing slightly in composition: 

REGION I 

The composition of the central substitution region 
was carefully selected to match the pin-calandria com
position. The position and serial number of each en
riched plate in every drawer were recorded so that the 
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FUEL BEARING CONTROL ROD; BORON CONTROL RODS; t l 

F I G . II-21-1. Cross Sectional View of ZPR-6 Assembly 6A. 
ANL Neg. No. 116-490 T-1. 

TABLE II-21-I. ATOMIC D E N S I T I E S IN ASSEMBLY OA, ' "* 

10^* atoms/cm« 

Isotopes 

Na 
O 
Fe 
Ni 
Cr 

U-238 
U-235 

Mn 

Region I 

0.009294 
0 
0 
0 
0 
0 
0 
0 

01380 
013535 
001229 
002842 
005796 
001154 
0002174 

Region I I 

0.009142 
0.01465 
0.01410 
0.001365 
0.002796 
0.005796 
0.001151 
0.0002174 

Region I I I 

0.009376 
0.001465 
0.01410 
0.001365 
0.002788 
0.005796 
0.001143 
0.0002174 

Region IV 

0.009376 
0 
0 
0 
0 
0 
0 
0 

01465 
01408 
001364 
002786 
005796 
001116 
0002174 

Region V 

, 
— 

0.004224 
0.0005086 
0.001176 
0.04008 
0.0008270 
0.00008997 

" Stainless steel compositions: Fe = 71.08%, Cr = 18.43%, 
Ni = 9.00%, Mn = 1.-

spatial variation in the density of the fissile material 
could be obtained. Similar records were kept for the 
sodium cans. The weight of the other diluents, Fe203, 
type 304 stainless steel, depleted UsOs, depleted ura
nium, and the stainless steel in the drawer, were ob
tained for each drawer. The equivalent outer radius of 
Region I was 24.35 cm. The drawer loading pattern is 
shown in Fig. II-21-2. 

REGION H 

The drawer loading pattern in this region was iden
tical with that in Region I. Average weights for all the 
materials in all the drawers were used. The equivalent 
outer radius of Region II was 77.30 cm. 

REGION III 

A top view of the drawer loading pattern is shown in 
Fig. II-21-3. Although this loading pattern is different 
from that shown in Fig. II-21-2, the material concen
trations were very similar. The equivalent outer radius 
of this region was 85.65 cm. 

REGION IV 

The drawer loading pattern was very similar to that 
used in Region III, except that 2 X 2 X % in. en
riched plates were used instead of the 2 X 3 x % 
in. plates used in Region III. The exact loading pattern 
in this region is shown in Fig. II-21-4. The experimen
tal equivalent outer radius in this region was 90.44 cm. 

SS PLATE (1/16) 
F e g O g d / S ) 

U - 2 3 5 (1/16) 

0 - 2 3 8 ( 1 / 8 ) 
' „ , , , „ , SECTION OF 
FegOj ( 1 / 8 ) / g s MATRIX 

0 .040 

ALL DIMENSIONS IN INCHES 

F I G . II-21-2. Unit Cell Drawer Loading Pa t t e rns in Regions 
I and I I of Assembly 6A. ANL Neg. No. 116-488, Rev. 1. 
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F I G . II-21-3. A Top View of the Drawer Loading Pa t t e rn 
in Region I I I , Assembly 6A. ANL Neg. No. 116-492. 
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F I G . II-21-4. A Top View of the Drawer Loading P a t t e r n 
in Region IV, Assembly 6A. ANL Neg. No. 116-491. 

EBGION V 

This region comprises the depleted uranium blanket. 
Depleted uranium blocks were placed in the matrix to 
form the 30 cm thick blanket. 

CRITICAL MASS 

The critical mass of the as-built system (Fig. I I -
21-1) was 1760 kg of U-235. To establish the correc
tion to a fully uniform system with the drawer loading 
pattern of Regions I and II , sufficient %6 in. enriched 
plates were held aside to load a complete quadrant. 

The reactivity difference between the loading pat
terns in Regions I I I and IV and that in Regions I and 
II was measured in 15-deg sector steps up to the full 
quadrant. These data were then used to obtain the 
critical mass of the clean, fully uniform core. The crit
ical mass determined in this manner was 1798 kg of 
U-235. The uncertainty associated with the extrapola
tion is considered to be less than one kilogram. 

SoDIUM-VoiD 

Three types of sodium-void measurements were 
made: 

1. The sodium in a central region, 39.36 cm equiva

lent radius, was voided primarily to provide the 
asymptotic spectrum of the sodium-free core. 

2. The sodium void coefficient was mapped as a 
function of position along the axial height to provide 
the reference data for the VTRZ measurements. 

3. The avoid coefficient was mapped as a function of 
radius to complement those measurements performed 
on ZPR-6 Assembly 6. All the sodium in a drawer was 
voided as a function of radius in Assembly 6, whereas 
the first 7 inch sections about the midplane were voided 
in each half of Assembly 6A. 

The reactivity worth of the sodium in the 39.36 cm 
radius central region was -239.81 ± 0.50 Ih (458.0 Ih 
= 1% Ak/k). A summary of the experimental results 
is given in Table II-21-II. 

The sodium cans in the first 122 drawers in Region I 
were 6 in. long with the average sodium weight per can 
of 82.51 ± 0.38 g. The maximum deviation from this 
average was 0.65 g. The rest of the drawers were 
loaded with cans 7 and 8 in. long. In all cases sodium 
removal was achieved by replacing sodium-filled cans 
with identical empty cans. The uncertainties in the 
sodium weight and reactivity worths were incorporated 
in the standard deviations. 

The void coefficient in the central 18 drawers in As
sembly 6A (Table II-21-II) was -0.882 ± 0.005 Ih; 
the comparable coefficient in Assembly 6'̂ ^ was —0.861 
± 0.014. The average void coefiicient in Region I 
(same size as VTRZ) was -0.934 ± 0.005 Ih. 

The results of the void coefficient measurements as a 
function of position along the axial height are given in 
Table II-21-III. The measurements were performed in 
the central 3 x 3 drawers in sections 6 in. long (12 in. 
total) in each half of the reactor. The values obtained 
confirm the values obtained on Assembly 6.'^' 

The void coefficient as a function of radius was 
measured in rings involving several drawers about the 
center of the core in the uniform quadrant. The axial 
length of the voided section was 14 in. in both halves 
of the ZPR-6 machine. The results are shown in Table 

No. of Drawers Voided 
(Full Length) 

18 
104 
64 
64 

Ik 69 

'^ Total 319 

TABLE II-21-II . SoDiUM-VoiD C O E F F I C I E N T IN CBNTR.VL R E G I O N " 

Ri-Ro 

0.0-9.35 
9.36-24.36 

24.35-30.06 
30.06-34.86 
34.85-39.36 

kg of Na 

14.85 ± 0.07 
85.31 ± 0.39 
51.96 ± 0.52 
51.96 ± 0.52 
56.02 ± 0.66 

260.60 

Na Worth, 
Ih 

- 1 3 . 0 8 ± 0.20 
- 8 0 . 9 6 ± 0.20 
- 4 7 . 6 0 ± 0.02 
- 4 7 . 7 2 ± 0.20 
- 6 0 . 5 1 ± 0.20 

-239 .86 

Void Coefficient, 
Ih/kg Na 

- 0 . 8 8 2 ± 0.005 
- 0 . 9 4 3 ± 0.005 
- 0 . 9 1 6 ± 0.010 
- 0 . 9 1 8 ± 0.010 
- 0 . 9 0 2 ± 0.010 

- 0 . 9 2 0 

" The size of the void region was increased in the sequence indicated. 
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TABLE 11-21-111. SODIUM-VOID C O E F F I C I E N T AS A FUNCTION OP AXIAL H E I G H T IN THE CENTRAL 3 X 3 D R A W E R S IN ASSEMBLY eS'^ 

Section Voided" 

1st 6 in. 
2nd 6 in. 
3rd 6 in. 
4th 6 in. 
5th 6 in. 

Coordinate 

0.0-15.24 
15.24-30.48 
30.48-45.72 
45.72-60.96 
60.96-76.20 

Weight of Sodium, 
kg 

2.968 
2.966 
2.966 
2.966 
2.966 

Reactivity Change in System,'' 
Ih 

- 0 . 0 6 1 ± 0.141 
- 0 . 8 4 6 ± 0.141 
- 2 . 1 3 7 ± 0.141 
- 4 . 0 5 2 ± 0.141 
- 4 . 9 0 9 ± 0.151 

Void Coefficient, 
Ih/kg Na 

- 0 . 0 1 7 ± 0.048 
- 0 . 2 8 5 ± 0.048 
- 0 . 7 2 0 ± 0.048 
- 1 . 3 6 6 ± 0.048 
- 1 . 6 5 6 ± 0.048 

" Only section indicated was voided in each half of the reactor. 
*> 1% Afc/fc = 458 Ih ; uncertaint ies are based on reproducibility of reference runs . 

TABLE II-21-IV. SoDiUM-VoiD C O E F F I C I E N T AS A FUNCTION 
OF R A D I U S IN ZPR-6 ASSEMBLY 6 A 

Average 
Radius, 

cm 

4.68 
25.60 
40.90 
48.60 
58.06 
68.43 
79.04 
89.14 

Weight of 
Sodium 

Removed, 
kg 

2.966 
4.164 
3.058 
3.058 
3.068 
3.058 
3.096 
3.095 

Reactivity 
Change in System," 

Ih 

- 0 . 0 5 1 ± 0.141 
- 0 . 8 5 7 ± 0.140 
- 1 . 1 5 8 ± 0.140 
- 2 . 1 8 6 ± 0.140 
- 2 . 5 4 4 ± 0.140 
- 2 . 7 6 3 ± 0.140 
- 2 . 9 5 4 ± 0.140 
- 2 . 6 4 0 ± 0.140 

Radial 
Void Coefficient, 

Ih/kg Na 

- 0 . 0 1 7 ± 0.048 
- 0 . 2 0 6 ± 0.034 
- 0 . 3 7 9 ± 0.046 
- 0 . 7 1 3 ± 0.046 
- 0 . 8 3 2 d= 0.046 
- 0 . 9 0 4 ± 0.046 
- 0 . 9 5 4 ± 0.046 
- 0 . 8 2 1 ± 0.046 

» 1% Ak/h = 458 Ih ; uncertaint ies are based on reproduci
bility of reference runs. 

II-21-IV and plotted in Fig. II-21-5. The measured 
value at r = 41 cm appears to be abnormally high. 

CEKTEAL REACTIVITY WORTHS 

The central reactivity measurements were made to 
provide information about: (1) reactivity normaliza
tions for the rodded zones, (2) accuracy of the calcu

lated adjoint function and, (3) reactivity adjustments 
due to small differences in material concentrations be
tween rodded and plate zones. The worths of B-10, 
tantalum, wolfram, rhenium, U-238, U-235, plutonium, 
carbon, beryllium, sodium and stainless steel (304) 
were measured in a 2 X 2 X 1 in. cavity at the center 
of the core. Absorbers such as B-10 and tantalum are 
not very sensitive to small spectral differences. On the 
other hand, scatterers such as carbon, beryllium, and 
sodium are very sensitive to small spectral differences 
and therefore provide good checks on the adjoint func
tion. The worths of most of these samples were also 
measured in the 39.36 cm radius central, sodium-free 
region. All measurements were performed in the man
ner described in Ref. 4. The results are given in Table 
II-21-V. 

The reactivity worths of the core materials were 
measured in the environment of the core-loading pat
tern. This measurement consisted of oscillating two 2 
X 2 x 2 in. stainless steel cans, relative to each other, 
each loaded in the same manner as the core and con
taining the same materials except for the plate whose 
worth was being determined; that plate was present in 

-0.2 — 

20 30 40 50 60 
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100 

F I G . II-21-5. Sodium Void Coefficient as a Function of Radius, Assembly 6A. ANL Neg. No. 116-. 



Sample 

B-10 
T a 
W 
Re 

U-238 
Pu« 

U-235 
U-236 

C 
Be 
Na 
SS 

TABLE 11-21-V. CENTRAL REACTIVITY WORTHS, ZPR-6 ASSEMBLY 6 A 

Samples Measured in 2 X 2 X 1 in. Cavity 

Sample 
Weight, 

g 

29.29 
833.69 

1108.00 
1266.90 
1161.49 

57.77 
4.20 

61.34 
101.98 
114.31 
51.38 
30.08 

Can Type 
and Weight, 

g 

SS, 65.73 
SS, 49.47 

Bare 
Bare 
Bare 

SS, 18.36 
SS, 52.63 
SS, 52.63 

Bare 
Bare 

SS, 66.42 
Bare 

Central Worth With Sodium 

Ih 

Gross 

- 2 4 . 1 0 d= 0.01 
- 1 0 . 4 8 ± 0.01 

- 6 . 2 7 ± 0.01 
- 2 0 . 1 5 ± 0.01 
- 3 . 6 8 ± 0.01 
+2 .69 ± 0.01 

+0.1125 ± 0.0020 
+ 2 . 1 2 ± 0.01 

+0.394 ± 0.002 
+ 1.27 ± 0.01 

-0 .0583 ± 0.0014 
- 0 . 3 5 5 ± 0.001 

Net 

- 2 4 . 0 3 ± 0 01 
- 1 0 . 4 2 ± 0.01 

- 6 . 2 7 ± 0 
- 2 0 . 1 5 ± 0 

- 3 . 7 9 ± 0 
+2 .76 ± 0 

+0.1766 ± 0 
+2 .19 ± 0 

+0.394 ± 0 
+ 1.27 ± 0 

+0.008 ± 0 
- 0 . 3 5 5 d= 0 

01 
01 
01 
01 
0021 
01 
002 
01 
002 
001 

Ih/kg 

-820 .41 ± 0,34 
- 1 2 . 6 0 ± 0.01 

- 4 . 7 6 ± 0.01 
- 1 6 . 9 0 ± 0.01 
- 3 . 2 9 ± 0.01 

+47.60 ± 0.20 
+41.80 ± 0.48 
+42.65 ± 0.20 
+3.863 ± 0.020 
+11.10 ± 0,10 
+0.160 ± 0.040 
- 1 . 1 8 0 ± 0 330 

Central Worth Without Sodium 

Ih 

Gross 

- 1 7 . 9 6 ± 0.01 
_ 

- 4 . 1 8 ± 0.01 
- 1 6 . 7 8 ± 0.01 

- 2 . 8 6 ± 0.01 
— 

-0 .0872 ± 0.0017 
+1 .82 ± 0.01 

+0.263 ± 0.001 
+1.070 ± 0.0 

-0 .0396 ± 0.0026 
- 0 0361 ± 0.0015 

Net 

- 1 7 . 9 6 ± 0.01 
— 

- 4 . 1 8 ± 0.01 
- 1 6 . 7 8 ± 0.01 

- 2 . 8 6 ± 0.01 
— 

+0.1504 ± 0.0023 
+1 .86 ± 0.01 

+0.253 ± 0.001 
+1.070 ± 0.01 

+0.0316 ± 0.0030 
-0 .0361 ± 0.0015 

Ih/kg 

-613 .18 ± 0.34 
— 

- 3 . 7 7 d= 0.01 
- 1 2 . 4 6 ± 0.01 

- 2 . 4 8 ± 0.01 
— 

+36.00 ± 0.66 
+36.23 ± 0.20 
+2.481 ± 0.010 

+9 .36 ± 0.10 
+0.615 ± 0.058 
- 1 . 2 0 0 ± 0.050 

?s 

^ 

a 

i 
a. 
So 

' Composition of this sample ' 
Pu-242. 

B.78 w/o Pu and 1.22 w/o Al. Isotopic composition of Pu is 0,037% Pu-238, 72.24% Pu-239, 22.28% Pu-240, 4.63% Pu-241, andO.79% 

to 
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TABLE II-21-VI. SAMPLES M E A S U R E D IN CORE ENVIRONMENT 

Sample 

U-235 
U-235 
U-235 
U-235 
SS 
Fe^Os 
UsOs 
Dep . U 
N a 

Sample Weight, 
g 

4.336 
8.636 

21.436 
66.830 
11.586 
23.62 
95.756 
60.377 
42.912 

Central Worth With Sodium ™ 

Ih 

Gross 

+0.2087 ± 0.0013 
-0 .4232 ± 0 
+1.010 ± 0 
+2.459 ± 0 

-0 .0540 ± 0 
+0.0103 ± 0 
-0 .3026 ± 0 
-0 .2006 ± 0 
-0 .0049 ± 0 

0016 
010 
010 
0023 
0013 
0003 
0003 
0007 

Net 

+0.2067 ± 0.002 
+0.4043 ± 0.0033 

+ 1.017 ± 0.010 
+2.4914 ± 0.010 
-0 .0165 ± 0.0025 
-0 .0094 ± 0.0013 
-0 .2762 ± 0.0010 
-0 .1706 ± 0.0001 
+0.0059 ± 0.0008 

Ih/kg 

+47.90 ± 0.69 
+46.81 ± 0 
+47.64 ± 0 
+43.84 ± 0 
- 1 . 4 2 4 ± 0 
- 0 . 4 0 0 ± 0 
- 2 . 8 8 4 ± 0 
- 3 . 3 8 4 ± 0 
+0.137 ± 0 

35 
93 
35 
216 
055 
Oil 
022 
019 

and 

-10 0 10 20 30 40 50 60 70 80 90 100 110 120 
DISTANCE FROM CORE CENTER LINE, cm 

F I G . II-21-6. Radial Depleted Uranium (0.21%) Fission 
Ra te Distribution—Sodium in Central Zone. ANL Neg. No. 
116-493. 

one can only. In some cases, when plates were thicker 
than YiQ in., only a fraction was removed, i.e., a 2 X 2 
X Ys in- plate was replaced by a 2 X 1 X % in. plate. 
In this manner, the relative positions of the various 
plates were kept intact. The results are given in Table 
II-21-VI. 

NORMALIZATION INTEGEAL 

The normalization integral in Assembly 6A was 
measured by the technique described elsewhere.® The 
measured value was (7.13 ± 0.10) X 10̂  with the flux 
and adjoint function normalized such that 

E xi<i>i* = 1 

at the center of the reactor. 
The normalization integral was also measured in the 

3&.36 cm radius central, sodium-free region. The value 
was (9.09 ± 0.10) X 10̂  with the fluxes and adjoint 
function normalized in the same manner as for the 
sodium "in" case. The normalization integral for the 
sodium-free case should not be used to normalize the 
reactivity worths in Table II-21-V to those in Table 

o FOILS BETWEEN ENRICHED a DEPLE
TED URANIUM PLATES 

•FOILS IN DEPLETED URANIUM — 
BLANKET 

DEPLETED . — 
URANIUM - 4 ^ ^ 
BLANKET 

' • • • » . « . « . . • . 

20 30 40 50 60 70 80 90 

DISTANCE FROM CORE MIDPLANE, cm 

100 no 

E i''^f)i^i = 1 
F I G . II-21-7. Axial Depleted Uranium (0.21%) Fissi 

R a t e Distribution—Sodium in Central Zone. ANL Neg 
116-503. 

. ^ 
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21-VI because the neutron spectrum in the two 
cases is significantly different. 

ACTIVATION DISTRIBUTION 

The power distribution is quite relevant to fuel man
agement and burnup problems in power reactors. Acti
vation distributions such as fission rates in U-235 and 
U-238 and capture rates in U-238 provide important 
checks of the calculational methods. 

Radial and axial activation distributions were meas
ured with foils of enriched and depleted uranium. The 
measurements were made both in the uniform loading 
with the sodium "in" and in the core with the sodium-

-10 0 10 20 30 4 0 50 60 70 80 90 100 110 

DISTANCE FROM CORE CENTER LINE, cm 

F I G . II-21-8. Radial Enriched Uranium (93%) Fission Ra te 
Distribution—Sodium in Central Zone. ANL Neg. No. 116-
495. 

o FOILS BETWEEN ENRICHED a 
DEPLETED URANIUM PLATES 

• FOILS IN DEPLETED URANIUM 
BLANKETS 

0 I 

DEPLETED 
URANIUM—1r~ 
BLANKET ' 

• URANIUM CORE • 

20 30 40 50 60 70 80 90 

DISTANCE FROM CORE MIDPLANE, Cm 

100 110 

f F I G . II-21-9. Axial Enriched Uranium (93%) Fission Rate 
Distribution—Sodium in Central Zone. ANL Neg. No. 116-601. 

0 10 20 30 40 50 60 70 80 90 100 110 120 

DISTANCE FROM CORE CENTERLINE, cm 

F I G . 11-21-10. Radial Depleted Uranium (9.21%) Capture 
Rate Distribution—Sodium in Central Zone. ANL Neg. No. 
116-494. 

o FOILS BETWEEN ENRICHED 8 — 
DEPLETED URANIUM PLATES 

FOILS IN DEPLETED 
URANIUM BLANKET 

> 
5 

DEPLETED / 
- ^URANIUM— ' /— 

BLANKET / — 

: - t^ 
0 10 20 30 40 50 60 70 80 90 100 110 

DISTANCE FROM CORE MIDPLANE, cm 

F I G , 11-21-11. Axial Depleted Uranium (0.21%) Capture 
Ra te Distribution—Sodium in Central Zone. ANL Neg. No. 
116-502. 

free central zone. The results are plotted in Figs. II-
21-6 through 11-21-17. For the radial traverses, foils 
were placed between the depleted and enriched ura
nium plates, and also between the UsOg plate and the 
sodium can closest to the enriched plate. This was done 
in every drawer along the radius in the uniform quad
rant with the foils about 1 in. from the axial midplane. 
For the axial traverses, the foils were between the en
riched and depleted uranium plates. 

The accuracy of the relative activity measurements 
is approximately ±0.5—1%, with some exceptions near 
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20 30 40 50 60 70 80 90 

DISTANCE FROM CORE MIDPLANE, cm 

F I G , 11-21-17, Axial Depleted Uranium (0,21%) Capture 
Rate Distribution—Sodium-Free Central Zone, ANL Neg. No. 
116-499. 

the outer ends of traverses where the activities are low 
and the accuracy is limited by counting statistics. 

1 
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11-22. Measured N e u t r o n Spectra i n ZPR-6 Assembly 6A, ZPR-9 
Assembly 25, and ZPR-9 Assembly 26, FTR-3 

T. J. YULE, E . F . BENNETT and I. K. OLSON 

INTRODUCTION 

Spectrum measurements using proton-recoil propor
tional counters have been undertaken in the ZPR facil
ities to confirm the accuracy of calculational tech
niques, as well as to provide a test of basic nuclear 
data. Aleasurements of central spectra in large cores 
are especially valuable since such spectra may be 
meaningfully compared with fundamental mode calcu
lations. As the quality of basic nuclear data improves 
and as the calculational techniques become more so
phisticated, it is important that various sources of sys
tematic errors in the measurements be uncovered if the 
comparisons are to have merit. Substantial improve
ments in the instrumentation and a better understand
ing of sources of error have occurred during the last 
few years (see Paper III-18). I t is beheved that de
graded fission spectra can now be measured with good 
accuracy in the energy range from 1 keV to 2 MeV. 

Several central spectrum measurements in recently 
structed ZPR assemblies are reported herein, to-

'ther with a comparison with calculated fundamental 
mode spectra. A grouping of several measurements per
mits one to easily identify systematic variations and 
discrepancies. 

^ f t l 

PBOTON-RECOIL TECHNIQUE AND ANALYSES 

The technique employed in measuring neutron spec
tra with proton-recoil proportional counters and the 
analyses of proton-recoil data necessary for the deri
vation of neutron spectra free from systematic errors 
have been discussed previously.^- ^ A short description 
of the various corrections for recognized sources of 
error is provided here; a more comprehensive report of 
the technique as it is now used at ANL will be pro
vided elsewhere.* 

TECHNIUQE 

The detectors used in the measurements are shown 
in Pig. II-22-1. Detector bodies are of thin-walled 
stainless steel and the anodes are fine stainless steel 
wire. Field tubes are used to define the sensitive vol
ume of the detector. These detectors are considerably 
smaller than the detectors used in the earlier spectrum 
measurements which were made in uranium fueled 
cores.* The smaller detectors are, however, necessary 
for compatibility with the requirements of counting 
inside large plutonium-fueled fast reactors. Sponta
neous fission neutrons from Pu-240 in the fuel provide 
a high neutron flux environment inside the cores, even 
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for far subcritical operation. In order to approach 
near-critical (less than 2% subcritical) and still main
tain the total event rate within acceptable limits im
posed by the electronics system, it is necessary to use 
small chambers. The larger detector in Fig. 11-22-1 is 
filled with about 8 atm of predominately methane gas. 

METHANE COUNTER 

HYDROGEN COUNTER 

DIMENSIONS IN CENTIMETERS 

F I G . II-22-1. Proton-Recoil Proport ional Counters for Use 
in Fas t Reactors. The Anodes are 0.0254 mm in Diameter 
and the Field Tubes are 0 254 mm in Diameter ANL Neg. No. 
116-28 T-1. 

The methane detector is used to measure the region o 
the proton-recoil spectrum with energies greater than 
100 keV. The smaller detector is filled with about 10 
atm of predominately hydrogen gas. The hydrogen de
tector is used to measure the region of the proton-re
coil spectrum with energies below 100 keV. 

The detectors are enclosed in a lead sleeve 0.020 in. 
thick. This amount of high-Z material will signifi
cantly reduce the sensitivity of the detector to soft 
photons. The lead sleeve and detector are enclosed in a 
thin Teflon sleeve which electrically isolates the 
counter body from the drawer. 

For the various measurements reported here, detec
tors were placed near the core axis in the movable half. 
Figure II-22-2 illustrates the fuel box and detector 
probe arrangement which was inserted in the 2 by 2 in. 
matrix of the ZPR cores. Plate material identical to 
that of which the reactor is constructed was placed 
around the probe and in that portion of the box not 
used by the preamplifier and cabling to smiulate a 
loaded reactor drawer. The cavity occupied by the 
probe was % in. in diam and an effort was made to 
homogenize the material around the cavity. This re
quirement cannot easily be met with the plate loading 
material without specially constructed sodium and 
plutonium cans. Figure II-22-2 shows the compromise 
configuration which was used for the spectrum meas
urement in ZPR-9 Assembly 25. Table II-22-I fists the 
simulated loadings that were used for the various 

f 

PROTON RECOIL COUNTER CENTERED 
N 3/4 DIAM THROUGH HOLE 

NICKEL 

CORE MATERIAL 
(SEE INSERT A) 

> PREAMPLIFIER • CORE MATERIAL 
(SEE INSERT B) 

TOP VIEW OF PROTON RECOIL COUNTER DRAWER 

INSERT A INSERT B 

ENRICHED 
URANIUM 

DEPLETED 
URANIUM 

• ALUMINUM 
4 5 % DENSITY 

ALL DIMENSIONS 
IN INCHES 

F I G . II-22-2. In-Core Detector Probe Showing Preamplifier and Material Placement for Measurement in ZPR-9 Assembly 25. 
ANL Neg. No. 116-27. 
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• 
icasurements. The question of the perturbation to the 
ectrum due to the cavity-detector arrangement is 

discussed later. 
The detectors were cahbrated by observing protons 

from the N"(w,p )C" reaction when the counters were 
exposed to thermal neutrons. Each counter contains a 
small amount of nitrogen. A relative calibration was 
also made for the hydrogen detector by observing the 
electrons from the decay of A-37. The ability of these 
methods to provide relative and absolute calibrations 
is indicated in Ref. 3. A systematic bias may be intro
duced into the calibration if amplifiers are optimized 
for fast counting and low dead-time. Long track length 
and slow electron collection, especially in hydrogen-
filled counters, may bias the calibration as measured 
with the N"(? i ,p)C" reaction by as much as 10%. 
Measurements made in fast reactors containing a large 
amount of structural material and diluents exhibit 
strong resonance effects and one is justified in deter
mining the absolute calibration by requiring agreement 
of the location of measured and calculated resonance 
detail. This procedure is quite satisfactory for the data 
taken with the hydrogen detector, but leads to some 
ambiguity for data taken with the methane detector, 
as is discussed in the next section. 

COEBECTION FOE SYSTEMATIC EBEORS 

Proton-recoil spectra taken with proportional count
ers must be corrected for various effects before the 
ideal proton-recoil spectra, i.e. the spectra which when 
differentiated lead to the correct neutron spectra, can 
be obtained. The types of corrections which were ap-
phed to the present set of measurements are described 
below. 

Correction for Electric Field Distortion 

The proton-recoil data were first corrected for elec
tric field distortion. The simple approach used to de
sensitize counters near the ends by employing field 
tubes is not completely satisfactory, since a distortion 
of internal field Hues occurs. The effect may be calcu
lated, however, and with a detailed knowledge of the 
internal field a correction for the effect can be made.^ 
The electric field distortion produces significant effects 
at low energies, especially when the flux is relatively 
low at these energies. The electric field distortion in
troduces a systematically higher neutron flux than ac
tually exists. 

Correction for W Variation 

The proton-recoil data were then corrected for the 
in-linear variation of energy with ionization. The 
'easured proton-recoil spectrum is per unit ionization 

and must be transformed to the proton-recoil spectrum 

TABLE II-22-L SiMUL.vrED LOADINGS IN COUNTER DB.A^WBB 

Assembly Simulated Loading Starting from 
Edge of Drawer" 

ZPR-6 Assembly 6A»> 

ZPR-9 Assembly 25 

ZPR-9 Assembly 26 

ZPR-6 Assembly 7 

(Ke) U-235, (Ke) Stainless Steel, QA) 
Na, (M) U.Os, CA) Fe,Oi, (M) V,0,, 
(A) PejOa (J-i) Na, Qi) V,Os, {A) 
U-238 

(Ke) Al-45%, (M) U-238, (Ai) U-235, 
(Ke) U-238, {A2) U-235, (%) U-238, 
(A) Al-45%, {%) U-238, iAi) U-2.36, 
(%6) U-238, {A2) U-235, (J-i) U-238, 
(J-le) Al-45% 

iA) U3OS, (¥2) Na, {%) U3O8, H) 
Stainless Steel, (}i) UaOs, iM) Na, 
(M) Pu-Al 

(M) FesOs, (M) Pu-U-Mo, (M) Na, 
(.¥4,) U3O8, (A) Na, {Ai) Fe^Os 

A 
^ m i 

" Dimensions in parentheses are in inches. See Fig, II-22-2, 
•> For the sodium void measurements sodium cans in a region 

within 10 in, from the counter were replaced with cans from 
which the sodium had been removed. 

per unit energy by dividing by the keV per ion pair, 
W. Above 10 keV, W has been found to be energy-in
dependent up to the MeV region for protons stopping 
in hydrogen.® Below 10 keV W is known to vary with 
energy'^' * and a prescription for W was used which has 
been shown to give consistent results with pre^'ious 
experimental data. 

Correction for Carbon Recoils 

The carbon component in methane-filled counters 
undergoes scattering by fast neutrons and the ioniza
tion produced cannot be distinguished from that in
duced by recoil protons. Corrections for this effect were 
made.^ 

Correction for Wall-and-End Effects 

Distortions are introduced by the truncation of pro
ton-recoil tracks by the counter walls or by the exten
sion of tracks into the end region. I t is possible to 
calculate the response function for a particular counter 
and correct the data accordingly.® For the methane 
counter the maximum energy a proton-recoil can de
posit in the counter is about 3 MeV—the proton-recoil 
spectrum is cut-off at that energy. The correction for 
wall-and-end distortion proceeded in two parts. The 
first part corrected for proton-recoils arising from neu
trons above the measurement hmit; the second part 
corrected for distortion of proton-recoils produced by 
neutrons below the measurement limit. In the first 
part, it is assumed that the neutron spectrum above 2.5 
MeV is that predicted by a fundamental-mode calcu
lation. The distorted proton-recoil spectrum was calcu
lated for those neutrons above 2.5 MeV. The calcu-
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iAl-

ZPR-6 ASSEMBLY 6 ,, [i*, VT,,* 
CENTRAL SPECTRUM .''A, ^ ' „ f> 

} MEASURED VtJ 
CALCULATED ,r 

lii'' I 
IK 

,1/ .n 

_I I M i l l 

10 0^ lO'' 10° 10 
ENERGY, eV 

¥m. II-22-3. Central Neutron Spectrum in ZPR-0 Assembly 
6A Together with a Smoothed MC^ Calculation. ANL Neg. No. 
116-466 

2PR-S ASSEMBLY 6 

SODIUM VOIDED 
CENTRAL SPECTRUM 

» MEASURED 
— CALCULATED 

F I G . II-22-4 Central Neutron Spectrum in a Sodium-
Voided Kegion of ZPK-6 Assembly 6A Together with a 
Smoothed MC^ Calculation ANL Neg No. 116-453 

lated proton-recoil distribution was normalized to the 
measured distribution between 2.5 and 3 MeV. The 
normalized calculated spectrum was then subtracted 
from the measured spectrum. Thus, the influence of 
proton-recoils from neutrons above the measurement 
limit was eliminated. 

The second part of the correction took into account 
distortion of proton-recoils from neutrons below the 
cut-off. The measured proton-recoil spectrum was cor
rected with the counter response function from high 
energy to low energy using integral unfolding tech
niques. Experience has indicated that it is not neces
sary to make wall-and-end corrections for data taken 
with the hydrogen counter. 

The effects of the two parts of the wall-and-end 

corrections, as well as of the carbon-recoil correcticjW^^ 
are considered in detail in Paper III-16. ^ ^ 

MEASUEED AND CALCULATED SPECTEA 

MEASUEEMENTS 

Spectrum measurements were made in ZPR-6 As
sembly 6A, ZPR-9 Assembly 25, and ZPR-9 Assembly 
26. These assemblies are representative of types of 
cores constructed during the last few years at the ZPR 
facilities. 

ZPR-6 Assembly 6A 

Assembly 6A of ZPR-6 was a 4000-liter UO2 fast 
core which was almost identical to Assembly 6 of 
ZPR-6 and is reported in Paper 11-21. A central spec
trum measurement was made with the normal loading, 
as well as with the core voided of sodium. Similar 
neutron spectrum measurements^" had been made in 
Assembly 6 of ZPR-6. Figures II-22-3 and II-22-4 
show the measured spectra along with calculated spec
tra which will be discussed later. For the sodium-
voided case a region approximately 10 in. in radius 
around the counter was voided of sodium. If these 
measurements are compared with the earlier measure
ments, a number of significant differences appear. At 
low energies the present measurements indicate a con
siderably lower flux. This arises from the correction for 
electric field distortion and W variation—corrections 
which were not included in the analysis of the earlier 
data. The previous measurements also indicate more 
pronounced structure near the scattering resonances, 
especially the iron resonance, which appears at about 
30 keV. The differences may be due to the different 
counters used for the two measurements. Rather thick 
walled (0.100 in.) counters were used in the earlier 
measurements and the counters also had somewhat bet
ter resolution. A greater amount of scattering material 
in a measurement will accentuate the resonance struc
ture. 

ZPR-9 Assembly 25 

Assembly 25 of ZPR-9 was a small, uranium-loaded, 
zoned assembly with a central test zone having fc^ 
equal to unity. The test zone was composed primarily 
of enriched and depleted uranium. The fission spec
trum was degraded by U-238 inelastic scattering and 
U-238 capture was effective in reducing the low energy 
flux. The assembly was constructed primarily to try to 
resolve some of the cross section uncertainties in the 
fertile and fissile isotopes with special emphasis oii_ 
U-238. The details of the assembly are reported 
Paper 11-19. The measured central neutron spectral 
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gother with the calculated spectrum is shown in Fig. 
-22-5. It is to be noted that the large oxygen reso

nance which appears at about 400 keV in the ZPR-6 
Assembly 6 measurement no longer appears, and that 
the resonance structure associated with iron is signifi
cantly reduced. The flux is virtually zero below 5 keV. 
The low measured flux is produced only after the 
corrections for electric field distortion and W variation 
have been made. 

ZPR-9 Assembly 26 

Assembly 26 of ZPR-9 was constructed as part of 
the Fast Flux Test Facility (FFTF) program. The 
FFTF is to be a plutonium oxide-fueled, sodium-
cooled fast reactor with a high-intensity fast flux. As
sembly 26 had a two-zone core, which smoothed out 
engineering details by homogenizing the material in 
the two zones. The details of the assembly are reported 
in Paper II-2. The measured central spectrum together 
with a calculated spectrum is shown in Fig. II-22-6. 
The spectrum is seen to be quite similar to that of 
Assembly 6A of ZPR-6 with the sodium, iron and oxy
gen resonances clearly visible. For some reason the 
oxygen resonance structure seems to be better defined 
in this assembly than in Assembly 6A. 

COMPAEISON W I T H CALCULATED SPECTEA 

The predicted spectra—indicated by the continuous 
lines in Figs. II-22-3 through II-22-6, were calculated 
using ENDF/B Version I nuclear data by means of 
the M C ^ code.^^ The calculation assumes a fundamen
tal mode model in the P-1 approximation. The plate 
loading of the fuel was taken into account in an ap
proximate way by using the heterogeneous JMC^ option 
which uses the modified Bell approximation to account 
for self-shielding in the fuel. In each figure the calcula
tion was normalized so that the integral over the en
ergy range of the experimental points equaled the cor
responding integral for the experimental data. The 
continuous curve is the result of smoothing the MC^ 
points, which are calculated for 1/120 lethargy inter
vals, with a Gaussian window whose width corresponds 
to the experimental resolution. The experimental en
ergy resolution varied from about 12% over most of 
the energy range to almost 30% in the vicinity of 1 
keV, where statistics in ionization become poor. 

In general, the agreement between the measured 
spectra and calculated spectra is good. However, there 
are some regions of notable exception. There is some 
systematic disagreement in the energy cahbration for 
the methane data, i.e. for the data above 100 keV. It is 

| t possible to obtain agreement between the measured 
Id calculated oxygen resonance dips at both 400 keV 

T—1 M N I r ~i TT^rrrnT "1 — r ^ r ' n T T T 

Z P R - 9 ASSEMBLY 25 
CENTRAL SPECTRUM 

j MEASURED 
— CALCULATED 

F I G . II-22-5, Central Neutron Spectrum ui ZPR-9 Assembly 
25 Together with a Smoothed MC^ Calculation, ANL Neg. No. 
116-464. 

ZPR- 9 ASSEMBLY 26 
CENTRAL SPECTRUM 

j MEASURED i, j j f / 
CALCULATED 

F I G , 11-22-6, Central Neutron Spectrum in ZPK-9 Assembly 
26 (FTR-3) Together with a Smoothed ^fC^ Calculation. ANL 
Neg. No. 900-S08 Rev 1. 

and at 1 MeV. The reason for the discrepancy is being 
investigated. 

There arc also significant differences in the neigh
borhood of the resonances, especially the iron reso
nances. I t is not easy to explain the discrepancies in 
terms of experimental resolution or instrumental dis
tortion. As is shown below, heterogeneity effects cannot 
account for such large differences. There is some indi
cation from time-of-flight work in iron blocks that the 
iron cross sections in ENDF/B Version I may be in 
error by substantial amounts.^^ 

The agreement between measured and calculated 
spectra at high energies is not very good, especially in 
the ZPR-9 Assembly 25 comparison. This is not so 
surprising since for uranium and plutonium the region 
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between reasonably known discrete excitation cross 
sections—up to about 1 MeV, and that at which a 
clear indication of the statistical distribution becomes 
apparent—above 3 MeV is an area of large cross sec
tion uncertainty. The fact that the comparison is espe
cially poor for the assembly with a large amount of 
U-238, brings the cross sections for this isotope into 
question. There have been indications that its inelastic 
cross section in ENDF/B Version I should be lowered 
by approximately 6% (see Paper 11-19). There is also 
some question concerning the accuracy of the calcula
tions in the high energy region, since the MC^ code 
does not use the Legendre treatment of elastic scatter
ing on heavy elements. 

The MC^ calculation of the sodium-voided spectrum 
in ZPR-6 Assembly 6 (Fig. II-22-4) predicts substan
tially less low energy flux than is observed. The reason 
for this is unclear since a reasonably good agreement is 
found in the comparison of calculation with measure
ment for the normal (with sodium) core shown in Fig. 
II-22-3. This is another area deserving of additional 
investigation. The magnitude of the Doppler effect, for 
instance, will be significantly altered by a change in 
the low energy flux by the amount indicated. 

HBTEEOGENEITY EFFECTS 

In any detailed comparison between measured and 
calculated spectra, the question usually arises as to the 
influence of heterogeneity effects. If one examines the 
variation of group fluxes from one dimensional trans
port calculations as a function of position in a cell, 
large differences are noted. I t is known that the 
counter will do some averaging, but exactly how much 
is not known. In these measurements an attempt was 

made to homogenize the material in the vicinity of t l ^ B k 
detector. In an attempt to examine the extent of l o c l ^ P 
heterogeneity effects a measurement was made in As
sembly 7 of ZPR-6 with and without a simulated load
ing of reactor material in the counter drawer. The de
tails of the assembly and measurement will be reported 
later. The arrangement of material for the simulated 
loading is included in Table II-22-I. In the simulated 
loading an attempt was made to keep iron away from 
the counter. A comparison of the results of the two 
measurements are shown in Fig. II-22-7. Error bars are 
not shown, but are of the same size as those for the 
measurement in Assembly 26 of ZPR-9 (see Fig. I I -
22-6). For the most part, the differences are slight. 
There is some difference near iron resonances. When the 
simulated loading is not present, the counter can look 
directly at the stainless steel matrix structure and the 
counter drawer. As one might expect, one sees more res
onance structure. There is also some indication that 
having sodium next to the counter changes the flux near 
the sodium resonance. All in all, the effects are insuffi
cient to explain some of the discrepancies that have 
been noted between measured spectra and calculated 
spectra. 

CONCLUSIONS 

The intercomparison with theory of a series of spec
trum measurements in large dilute fast reactors has 
revealed systematic discrepancies which are believed 
to be outside of experimental error, and probably not 
entirely associated with local heterogeneity effects. The 
ability to predict the detailed flux variation in the 
vicinity of some large resonances is not very good. 
Persistent disagreement at the higher energies has been 
observed and in some cases agreement at low energy is 
rather poor. 

The proton-recoil technique can be improved in both 
the high and low energy limits and measurements with 
better statistical accuracy and resolution are feasible. 
If, as it now appears, heterogeneity effects in the meas
urements are not a limiting uncertainty, additional ef
fort may clarify observed disagreement and provide a 
rather strong criticism of the methods for calculation 
and the quality of cross section sets. 

No use has been made of the ability of the proton-
recoil method to provide accurate absolute fluxes. Suit
able reaction rate measurements made in conjunction 
with experimental observations of the spectrum should 
prove to be of considerable interest. 

REFEEENCBS 

1. E. F. Bennett, Neutron Spectroscopy by Proton-Re 
Proportional Counting, Nucl, Sci. Eng, 27, 16 (1967). # 



23. Lewis, Dance, Meyer and Groh 189 

2. E . F . Bennet t and T . J . Yule, Neutron Spectroscopy with 
Proton-Recoil Proportional Counters, Proc. E A N D C 
Symposium on Neutron Standards and Flux Normaliza
tion, October 21-23, 1970, Argonne National Laboratory, 
D T I E Symposium Series (to be published). 

3. E. F . Bennet t and T . J . Yule, Techniques and Analyses for 
Fast Reactor Neutron Spectroscopy with Proton-Recoil 
Proportional Counters, ANL-7763 (to be published). 

4. E . F . Bennet t , Neutron Spectrum Measurement in a Fast 
Critical Assembly, Nucl. Sci, Eng. 27, 28 (1967). 

5. E . F . Bennet t , Electrical Field Effects in Proportional 
Counters and Their Influence on Spectroscopy, Reactor 
Physics Division Annual Report , July 1, 1968 to June 30, 
1969, ANL-7610, pp . 399-403. 

6. J , W. Rogers, An Investigation of the Energy Dependence of 
the Specific Average Energy Loss Per Ion Pair in Methane 
and Hydrogen with a Proton-Recoil Spectrometer, Trans . 
Am, Nucl, Soo. 12, 936 (1969). 

7. H. Werle, G. Fiege, H. Seufert and D . Stegemann, Investi
gation of the Specific Energy Loss of Protons in Hydrogen 
above 1 heV with Regard to Neutron Spectrometry, Nucl . 
Ins t r . Methods 72, 111 (1969). 

8. E . F . Bennet t , Low-Energy Limitations on Proton-Recoil 

Spectroscopy Through the Energy Dependence of W, Trans . 
Am. Nucl. Soo. 13, 269 (1970). 

9. T . J . Yule, Predictions of Geometrical Distortions in Proton-
Recoil Counters and Application to Neutron Spectroscopy, 
Reactor Physics Division Annual Report , Ju ly 1, 1968 to 
June 30, 1969, ANL-7610, pp. 404-410. 

10. E . F . Bennet t and R. A. Karam, Neutron Spectroscopy in 
ZPR-6 Assembly 6 Using Proton-Recoil Counters, Reac
tor Physics Division Annual Report , July 1, 1967 to June 
30, 1968, ANL-7410, pp . 151-165. 

11. B . J . Toppel, A. L. Rago and D . M. O'Shea, MC, A Code to 
Calculate Multigroup Cross Sections, ANL-7318 (1967). 

12. B. Malaviya, Experimental and Analytical Studies of Fast 
Neutron Spectra in Iron, pp . 259-260; R. J . Cerbone, 
Neutron Transport Measurements in Iron, p . 260; F . R. 
M y n a t t , Neutron Transport in Iron, p . 260; Wal ter 
Meyer, D . H. Timmons and P . K. Shen, One-Dimensional 
Sff Calculations of Neutron Spectra Reflected from Thick 
Slabs of Concrete and Iron, Comparison with Measure
ments, pp . 261-262; Herbert Goldstein, Survey of Theo
retical Studies at Columbia University on Fast Neutron 
Transport in Iron, p . 262; Trans. Am. Nucl. Soc. 18, 
(1970). 

11-23. T h e Variable Temperature Rodded Zone (VTRZ) Project 

R. A. LEWIS, K . D . DANCE, J. F. MBYEK and E. F. GROH 

^ : 

The VTRZ Project was initiated in 1967 for the 
purpose of designing, developing, and fabricating 
equipment for a heated zone experiment in the ZPR 
critical facilities. The purpose was to permit integral 
physics measurements to be made in environments 
which closely simulate the temperature conditions and 
fuel configuration of fast breeder power reactors. The 
principal intent of the measurements is to provide 
needed confirmation of the adequacy of current ana
lytical techniques used to extrapolate from measure
ments made in cold plate-type assembhes, typical of 
fast critical assemblies like the Argonne ZPR facilities, 
to hot rodded configurations typical of power reactors. 
The resulting facility designated the Variable Temper
ature Rodded Zone (VTRZ), is to be approximately 
360 Mters in beatable volume (6 ft long and 20 in. in 
diam split axially into two 3 ft zones, one in each 
reactor half), capable of operation from room temper
ature to 500°C, and insulated from the surrounding 
reactor assembly. 

A description of the conceptual design of the VTRZ 
d of the basic VTRZ experimental program is con

tained in Ref. 1. Reference 2 contains a description of 
the progress of the project during 1968-1969 including 

the development of a preliminary design and the fabri
cation and testing of a prototype of the VTRZ. This 
article is a progress report for the VTRZ Project in the 
period July 1969 to June 1970. 

PBOGEESS OF THE VTRZ PROJECT FEOM 

JULY 1, 1969 TO JUNE 30, 1970 

The principal accomplishments of the VTRZ Project 
during this period may be summarized as follows: 

1. Completion of testing the VTRZ prototype 
2. Preparation and AEC approval of a VTRZ Proj

ect Quality Assurance Program 
3. Completion of final VTRZ design (Title I I ) , is

suance of final engineering drawings and procure
ment specifications, and publication of the VTRZ 
Design Summary Report 

4. Initiation of VTRZ Heatable Zone Facility 
equipment procurement, completion of procure
ment of all VTRZ calandria cans, and continued 
procurement of fuel rods 

5. Preparation of the VTRZ Final Safety Analysis 
Report and the related VTRZ-ZPR-6 Operating 
Limits document and submission of these docu
ments for AEC review. 
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A notable result of the extensive prototype testing o 
the argon loop system has been the successful develop
ment of a sodium-vapor monitor for use in the detec
tion of the effects of a leaking sodium-filled calandria 
can within the heated zone argon cover gas. (See Paper 
III-36). 

VTBZ PROJECT QUALITY ASSUEANCE PEOGEAM 

The VTRZ Project was the first project of ANL to 
be required to conform in detail to the provisions of 
the ANL Quality Assurance Management Policies and 
Procedures Manual issued May 8, 1969. In addition, 
the AEC-RDT Quality Assurance staff in Washington 
specifically required that the Quality Assurance Pro
gram for the VTRZ Project be approved by them prior 
to the beginning of the VTRZ Heatable Zone Facility 
fabrication. The VTRZ Quality Assurance Program 
document* was prepared in June and July of 1969 and, 
after extensive discussion with ANL QA management 
staff members and with AEC-RDT QA staff members 
in Washington, an extensively revised Aversion of the 
document was approved by the AEC in October 1969. 

0 

F I G . II-23-1. Typical Plate-Type Fuel Drawer, Calandria 
Cans, and Oxide Fuel Rods ANL Neg. No 116-3. 

PEOTOTYPE TESTING 

The bulk of the performance tests on the VTRZ 
prototype was completed in August of 1969, although a 
low level of refinement and optimization tests contin
ued throughout the reporting period. The principal 
tests were: 

1. Structural (load-deflection) performance of the 
outer matrix assembly 

2. Thermal performance of the insulation and cool
ing guard-ring 

3. Temperature distribution in the heated zone 
4. Structural performance of the ball mounts 
5. Heat leakage across the insulation annulus 
6. Performance of the electrical heating system, the 

thermocouple system, and the argon loop system 
7. Exposure tests of the heated zone front cover 
8. Thermal cycling and over-temperature tests of 

sodium-filled calandria cans. 
Several significant design improvements were made 

on the basis of these tests. The most significant im
provements were in the insulation type and arrange
ment, the cooling guard-ring ducting, and in the ball-
mount design. 

VTEZ FINAL DESIGN 

The VTRZ final design consists of an inventory of 
oxide fuel rods; an inventory of fuel-rod mounting as
semblies, called calandria cans because of their 
through-tube design; and a heatable zone facility. The 
oxide fuel rods are designed to be used at any tempera
ture from room temperature to a maximum of 600°C. 
The inventory of fuel rods includes depleted UO2 rods, 
16% and 46% enriched UO2 rods, and 15% and 30% 
plutonium mixed PUO2-UO2 rods. The calandria can 
inventory includes cans filled with sodium at room 
temperature (which are designed for use only at room 
temperature), cans approximately 85% filled at room 
temperature which are designed for heating to a maxi
mum of 600°C, empty cans designed for use in so
dium-void measurements, and several types of spe
cial-purpose cans. The VTRZ Heatable Zone Facility 
is a complex assembly which is designed to replace the 
central portion of the ZPR-6 or -9 matrix with a spe
cial insulated and heatable matrix unit. 

The oxide fuel rods and the calandria can units are 
designed so that they may be used in the regular ZPR 
matrix, at room temperature, as well as in the Heata
ble Zone Facility. I t is, in fact, intended that many of 
the plate versus rod heterogeneity comparison experi
ments will be carried out in the regular ZPR matrix at 
room temperature completely independent of the H e a t a J ^ 
able Zone Facility. The regular ZPR plate fuel d r a w e r S ^ 
may be used in the Heatable Zone Facility, as part of 
comparison measurements, but they will not be heated. 

The oxide rods and rod-mounting calandria can as-

\ 
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FIG. II-23-4. VTRZ in ZPR-6. ANL Neg. No. 116-4 

semblies are shown in Fig. II-23-1 where they are com
pared with the regular ZPR plate-type fuel drawers. 
The oxide rods are all of one size; viz., nominally % 
in. o.d. by 6 in. long with 12 mil 304L SS cladding as 
shown in Fig. II-23-2. The calandria cans. Fig. 11-23-
3, are 304L SS, square or triangular in cross section, 
and 12 in. long with 10.5 mil wall through-tubes sized 
to contain the clad fuel rods. 

The Heatable Zone Facility consists basically of an 
insulated heatable zone, called the inner matrix assem
bly; an outer bridge unit, called the outer matrix as
sembly; and several auxiliary systems for air cooling, 
inert gas, electrical power, and instrumentation. Figure 
II-23-4 shows the Heatable Zone Facility installed in 
ZPR-6. Figure II-23-5 is a section view, normal to the 
horizontal axis, of the inner and outer matrix assem
blies. Figure II-23-6 shows a perspective cut-away 
view of a single VTRZ half-zone. 

The inner (heatable) matrix assembly consists of a 
region in the shape of a right cylinder with an octago
nal cross section, approximately 20 in. inside across the 
flats of the octagon and 6 ft long, split normal to its 
long axis into two 3 ft "half-zone" sections; one is 
mounted in the center of each reactor half and mates 
at the reactor midplane when the halves come together. 

Each half-zone contains a matrix structure which con
sists of regular ZPR (2.093 in. sq. inside by 40 mil 
wall) 304 SS matrix tubes welded together and 
mounted horizontally. The matrix structure is 
supported and enclosed by an octagonal barrel. When 
operating at room temperature, with either plate or rod
ded fuel, the inside of the zone may be cooled, if neces
sary, by circulating air through the zone in exactly the 
same manner, and using the same equipment, as is 
described in Ref. 4. In the heatable configuration, the 
heatable zone is isolated from the reactor cell by gas-
tight front and rear covers on each half-zone and a 
high-purity argon atmosphere, at a slightly negative 
pressure with respect to the cell, is provided within 
each half-zone. These precautions are taken to mini
mize the consequences if a leak occurred in a pluton
ium fuel rod or in a sodium-filled calandria can. 

Each heatable half-zone of the VTRZ is supported 
radially by ten brackets arranged, five on each side, 
along the horizontal midplane of the half-zone and 
attached to the outside of the barrel enclosing 
heatable matrix. The brackets are shown in Figs. 
23-3 and II-23-4. The weight of the heatable zone is 
transmitted through the brackets to a special welded 
bridge assembly, composed mainly of regular ZPR ma-

m 
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trix tubes, which operates at room temperature and is 
designed to carry the load of the reactor core above the 
beatable zone as well as the weight of the beatable 
zone itself. Expansion of the beatable zone radially 
and axially is permitted by ball mounts in the support 
brackets and is controlled by radial and axial re
straints and guides attached to the front and along the 
bottom of the beatable zone. A 2 in. thick radial insu
lation and air cooling guard-ring annulus separates the 
beatable zone from the outer bridge assembly. 

The inner matrix assembly will be heated by % in. 
diam Inconel-clad electrical cartridge beaters of var
ious lengths up to 36 in. The beaters will replace fuel 
rods in selected calandria can fuel tubes. The number 
of heaters will be selected on the basis of the require
ments of the particular experiment being performed. 

The final design of the VTRZ fuel rods was com
pleted in October of 1968; final drawings and procure
ment specifications were issued at that time. Calandria 
can design was completed in final form with the publi
cation of production drawings and procurement speci
fications in July of 1969. 

The final design of the VTRZ Heatable Zone was 
progressively frozen over the period September-

November of 1969. Final mechanical and electrical 
drawings and procurement specifications for all por
tions of the Heatable Zone equipment were issued in 
February of 1970. These documents were followed by 
the publication of the VTRZ Design Summary Report^ 
(DSR) in March of 1970 which contains a description 
of the details of the final design together with summa
ries of the results of all of the prototype testing and of 
the structural (stress), heat transfer, and other calcu
lations upon which the design is based. 

PROCUREMENT OF VTRZ EQUIPMENT 

After a period of four months (October 1968 to Feb
ruary' 1969) in which vendor selection and contract 
negotiation for the fuel rod procurement was carried 
out, the procurement contract for the VTRZ fuel rods 
(UO2 and Pu02-t'02) was signed in February of 1969. 
Actual delivery of UO2 fuel rods began in October of 
1969 and all contracted for UO2 fuel rods were deliv
ered by June 30, 1970. Delivery of the required PUO2-
UO^ is expected to be complete by June 30, 1971. Ta-_^ 
bles II-23-I and II-23-II summarize the VTRZ oxid^ 
rod fuel inventory. 

Actual production of VTRZ calandria cans in the 
ANL Central Shops Department began April 1, 1970, 
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TABLE II-23-I. UO2 F U E L R O D INVENTOKT 

A t t r ihi i lp 
i \ L t i 1U U. LC 

Rod Type Designation (End 
Plug Stamp) 

Enrichment ; w/o 
U-235 of total 
uranium 

w/o uranium of pel
lets 

0 / U rat io 

w/o impurities in 
pellets 

Pellet stack wt / rod , 

g 

304L SS cladding 
wt / rod , g 

Uranium wt/ rod, g 

Oxygen wt/rod, g 

U-235 wt/ rod, g 

Nominal" 
Rangei> 

Analysis" 

Nominal' ' 
Range' ' 

Analysis' ' 

Nominal 
Range 
Analysis 

Maximum 
Analysis 

Nominal' ' 
Range' ' 
Analj'sis'' 

Nominal" 
Analysis ' 

Nominal"* 

Nominal' ' 

N o m i n a l 

Approximate total number of rods 
in inventory 

Approximate total U-235 inven
tory, kg 

UO2 Fuel Rod Type 

Depleted 

D 

0.22 
±0 .02 
±0 .02 

87.6 min 
>87.6 

>87.6 

2.00 
±0 .02 
± 0 . 0 1 

0.50 

—" 

89.29 
± 1 . 5 0 
±0.005" 

12.3 
± 0 . 0 1 

78.2 

10.9 

0.17 

14,600 

— 

16% 

A 

16.40 
± 0 . 0 5 
±0 .05 

88.14 
-1-0.06, 

- 0 . 7 4 
± 0 . 3 0 

2.00 
± 0 . 0 2 
± 0 . 0 1 

0.50 
± 0 . 1 0 

90.50 
±1 .50 
±0.005 

12.3 
± 0 . 0 1 

79.8 

10.5 

13.06 

11,500 

150 

46% 

B 

46.50 
± 0 . 0 5 
± 0 . 0 5 

88.14 
-fO.06, 

- 0 . 7 4 
± 0 . 3 0 

2.00 
± 0 . 0 2 
± 0 . 0 1 

0.50 
± 0 . 1 0 

90.50 
± 1 . 5 0 
±0 .005 

12.3 
± 0 . 0 1 

79.8 

10.5 

37.00 

4,500 

167 

"Va lue must be within " R a n g e " of "Nomina l " and be 
measured within "Analys is" (2a). 

•> Pellet and pellet s tack weights include impurit ies. 
" Cladding weight is not directly specified. This is a calcu

lated value. Cladding weight will be determined by difference 
method to ±0.01 g. 

'^ These values are calculated from the nominal value assum
ing 0.25 w/o impurit ies. 

" Tota l viranium in pellet s tack must be known to ±0.01 g. 

and was completed on June 30. The three months pro
duction run began 8 months after completion of the 
calandria can design. The eight months was required 
for procurement of materials, for completion of process 
development on the calandria can fabrication tech-

ue and for the preparation and approval of the 
ality Assurance Plan covering the fabrication. The 

calandria can job was the first job to go through the 
Central Shops Department under the new ANI^ Qual
ity Assurance Procedures manual. Table II-23-III 

aev 

summarizes the existing VTRZ calandria can inven
tory. 

Fabrication of the components of the VTRZ Heata-

TABLE II-23-I1. (Pu,U)02 F U E L R O D INVENTOKY 

Attribute 

(Pu,U)02 Fuel Rod Type 

15% 

Rod Type Designation (End Plug 
Stamp) 

Uranium isotopic com- Nominal" 
position, w/o U-235 Range" 
of uranium Analysis" 

Plutonium isotopic 239 Nominal 
composition w/o Range 
of plutonium 240 Nominal 

Range 

241 Nominal 
Range 

242 Nominal 
Range 

238 Nominal 
Range 

w/o Pu-239 + Pu-241 N o m i n a l 
of pellets Range*" 

Analysis'" 

w/o to ta l (U -f- Pu) of Nominal 
pellets Range 

w/o plutonium of pel- Analysis 
lets 

w/o uranium of pellets Analysis 

30" 

0 / ( P u + U) ratio 

w/o impurit ies in pel
lets 

Pellet s tack wt / rod, g 

304L SS cladding, w t / 
rod, g 

Pu-239 -t- Pu-241 w t / 
rod, g 

Plutonium wt/ rod, g 

Uranium wt/ rod, g 

Oxygen wt / rod , g 

Nominal 
Range 
Analysis 

Maximtim 
Analysis 

Nominal ' ' 
Range' ' 
Analysis'" 

Nominal 
Analysis 

Nominal" 

Nominal" 

Nominal" 

Nominal" 

Approximate total number of rods 
in inventory 

Approximate to ta l fissile (Pu-239 
4- Pu-241) inventory, kg 

0.22 
±0.02 
±0.02 

80.40 
± 0 . 8 0 
11.50 

± 0 . 5 0 

1.70 
-0 .70 , 

-fO.SC 
0.25 
0.25 

0.22 
±0.02 
±0.02 

86.40 
±0 .80 
11.50 

± 0 . 5 0 

1.70 
- 0 . 7 0 , 

-f0.80 
0.25 
0.25 

0.05 0.05 
± 0 . 0 5 ± 0 . 0 5 

11.67 
± 0 . 1 7 
± 0 . 0 8 

88.05 
± 0 . 4 0 

±0.07 

±0.03 

1.98 
± 0 . 0 2 
± 0 . 0 1 

0.50 
± 0 . 1 0 

89.60 
±1..30 
±0 .005 

12.3 
± 0 . 0 1 

10.46 

11.87 

67.02 

10.49 

12,700 

133 

23.38 
± 0 . 2 7 
± 0 . 0 8 

88.05 
±0 .40 

±0.07 

±0.03 

± 0 . 0 2 
± 0 . 0 1 

0.50 
± 0 . 1 0 

89.40 
±1 .50 
±0 .005 

12.3 
± 0 . 0 1 

20.90 

23.68 

55.04 

10.46 

5,900 

116 

High-
240 

H 

0.22 
±0.02 
±0.02 

67.30 
± 0 . 6 0 
25.93 

- 0 . 1 8 , 
-fO.35 
5.26 

- 0 . 2 3 , 
-1-0.33 
1.42 

- 0 . 0 8 , 
-hO.lO 
0.09 

±0 .02 

11.67 
± 0 . 1 7 
± 0 . 0 8 

88.05 
± 0 . 4 0 

±0.07 

±0.03 

1.98 
±0 .02 
± 0 . 0 1 

0.50 
±0 .10 

89.60 
± 1 . 3 0 
±0 .005 

12.3 
± 0 . 0 1 

10.46 

14.42 

64.47 

10.49 

1,600 

20 

"Va lue must be within " R a n g e " of "Nominal" and must 
be measured to within "Analys is" (2(r). If no range is specified, 
the quan t i ty is not directly specified. 

•> Pellet and pellet s tack weights include impurit ies. 
" These values are cal-culated from nominal values assuming 

0.25 w/o impurities. 
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TABLE II-23-II I . CALANDRIA C.^N INVENTOBY 

Can Type 

Square Cross 
Section 

Full-at-20°C 
6 in. axial fill 
Full-at-550°C 
E m p t y 

Triangular Cross 
Section 

Full-at-20' 'C 
6 in. axial fill 
Full-at-550°C 
E m p t y 

Type 
Designation 

F 
SF 
H 
V 

F 
SF 
H 
V 

Sodium Loading 
g 

Nominal 

330.0 
165.0 
300.0 

— 

206.3 
103.2 
187.5 

— 

Range 

± 1 . 0 
± 1 . 0 
± 1 . 0 

— 

± 1 . 0 
± 1 . 0 
± 1 . 0 

— 

f a 

Measure
ment Pre

cision 

± 0 . 0 1 
± 0 . 0 1 
± 0 . 0 1 

— 

± 0 . 0 1 
± 0 . 0 1 
± 0 . 0 1 

— 

Stainless Steel,'' 
g 

Assembly" 

Nominal 

579.0 
679.0 
579.0 
579.0 

363.0 
363.0 
363.0 
363.0 

Measure
ment Pre

cision 

± 0 . 0 1 
± 0 . 0 1 
± 0 . 0 1 
± 0 . 0 1 

± 0 . 0 1 
± 0 . 0 1 
± 0 . 0 1 
± 0 . 0 1 

Single Rod Retainer'^ 

Nominal 

8.0 
8.0 
8.0 
8.0 

5.0 
5.0 
6.0 
5.0 

Measure
ment Pre

cision 

± 0 . 0 1 
± 0 . 0 1 
± 0 . 0 1 
± 0 . 0 1 

± 0 . 0 1 
± 0 . 0 1 
± 0 . 0 1 
± 0 . 0 1 

Actual 
Number in 
Inventory 

377 
66 

377 
382 

80 
14 
81 
90 

" Sodium loadings are specified to be within " R a n g e " of " N o m i n a l " and to be measured within "Measurement Precis ion" {2a). 
^ Stainless steel nominal weights are only approximate; these values are not directly specified. 
" "Assembly" includes jacket , two headers, three spacers, all tubes , plus fill plug. 
* Loaded assemblies use two retainer plates and 8 n u t s ; this value is for one retainer p la te plus four nuts . 

ble Zone Facility began June 1, 1970, in the ANL 
Central Shops Department and Electronics Depart
ment. The 4 month period from February, when the 
final design was issued, until June was required for the 
procurement of materials, fabrication process planning 
(and some process development), and the preparation 
and approval of the Quality Assurance Plan for the 
fabrication. Delivery of all Heatable Zone components 
is expected by February 1, 1971. 

VTRZ FINAL SAFETY ANALYSIS REPORT ANB 

VTRZ-ZPR-6 OPERATING 

LIMITS DOCUMENTS 

The VTRZ Final Safety Analysis Report" (FSAR) 
and the accompanying VTRZ-ZPR-6 Operating Lim
its document^ were prepared during the period Decem
ber 1969 through February 1970, and (after internal 
ANL review and approval) was formally submitted to 
the AEC for approval on April 1, 1970). These docu
ments include analyses of the new safety questions 
raised by the introduction of the VTRZ into ZPR-6 
and new rules and operating limits to be imposed on 
ZPR-6 during the period of time which the VTRZ is 
installed. 

OUTLOOK FOR JULY 1, 1970, 

THROUGH JUNE 30, 1971 

Procurement of all VTRZ fuel rods is expected to 
be completed within this period. 

Approval of the VTRZ FSAR is expected in the fall 
of 1970. 

Current schedules call for out-of-pile testing of the 
VTRZ facility in the period February through July of 
1971. This is to be followed by installation in ZPR-6 
and the first heated measurements in September of 
1971. 

Design, development, testing, and procurement of 
special equipment needed for the heated experiments 
will be carried on throughout the period. 
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INTRODUCTION 

The time-of-flight method of measuring reactor spec
tra appears to be straightforward. The basic principle 
is to extract neutrons from the reactor at a given in
stant and to then measure the time distribution of these 
neutrons at a detector located relatively far away. The 
velocity or energy distribution can then be found from 
these arrival times. In reality however the interpreta
tion of the measurements is complicated by the experi
mental conditions. 

In order to obtain a burst of neutrons it is necessary 
to introduce a pulse of neutrons into the system. The 
fact that the source has a finite length and that the 
neutrons spend a significant period of time in the 
assembly before escaping toward the detector destroys 
the direct correlation between arrival time and neu
tron velocit}'. A resolution correction is thus necessary 
to determine the spectrum from the measured distribu
tion of arrival times. 

The pulsed state of the system also presents several 
other problems in interpreting the results. The sub-
criticality of the system, the presence of the source, and 
the presence of the source and flight tubes all cause the 
measured spectrum to differ from the spectrum of the 
unpulsed critical system. The analysis of time-of-flight 
experiments must include the ability to account for 
these differences. 

The purpose of this work was to explore some of the 
methods which have been developed and to determine 
which methods should be used in analyzing the time-of-
fiight measurements which will be made at Argonne 
on ZPR-6 critical assemblies. 

RESOLUTION ANALYSIS 

The time dependent neutron spectrum, <f>{x,v,Q,t), 
resulting from the introduction of a source, S(x,v,Q,t), 
into the reactor system is given by 

1 d4>ix,v,Q,j)_ ^ H{x,v,Q)4>{x,v,Q,t) -f Sx,v,Q,t) ( la ) 
V at - - - ^ 

where 

if 

<t>{x,v,Q,0) = 0 

S{x,v,Q,t) = 0 for t <0, 

( lb) 

(Ic) 

^and where H(x,v,Q) is the time independent Boltzman 
'operator. A measurement at Xm , Qm will give a time-of-
flight spectrum 

C(t) = / e{v)4>{xm , v,Qn, , t — L/v) dv, (2) 

where t{v) is the effective efficiency resulting from the 
product of the detector efficiency and flight path 
transmission. The purpose of the resolution analysis 
is to obtain the steady state spectrum 

4>{x.,n, V, 0 „ ) = / 4>{x,n ,V,Q,n , t) dt. ( 3 ) 
•'o 

Since the direct solution of Eqs. 2 and 3 does not 
appear to be possible, several approximations have 
been used to solve for the flux. 

The first method is the mean emission time correction 
wherein the mean time that a neutron of velocity v 
spends in the system, 

t{v) = / t<i){x„,, V, 0,„ , t) dt/4>{x„,, V, 0„ ) (4) 
•'0 "" 

is subtracted from the detector time, t*, yielding 

C{t*) L 
<t>{x„,v,%,) = 

i{v) v^' 
(5a) 

where 

f = Ljv -f t{v). (5b) 

Unfortunately this method does not take into account 
the substantial spread in times that a neutron of 
velocity v can reach the detector. It does not improve 
the resolution of the experiment and thus is not suffi
cient at high energies. 

The second method has been used at Aldermaston,^ 
Harwell,^ Winfrith^ and at Karlsruhe.'* It is based on 
the assumption of time separability of the flux: 

4>{x^ ,v,Q„,t) = <j}{x„ , V, 0 „ ) T ( 0 (6a) 

with 

Tit) dt = 1. (6b) 

In this case Eq. (3) becomes 

C{t) = / e{v)4,{x,,, V, Q^}T(t - L/v) dv. (7) 
Jhit 

The basic procedure is to measure T(t) with an in-core 
detector and then to solve Eq. (7) by an iterative 
process. The basic limitation of the method would 
appear to be the assumption of energy and time separa
bility. Paterson and Shutler^ have looked at the problem 
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for the VERA assemblies and have concluded that 
there is no significant error as long as the time shape, 
T(t), is measured with a high energy (e.g. U-238) 
detector. 

Gulf General Atomics has recently taken a very 
different approach to the problem. ' They have made 
calculations for their STSF assemblies and have con
cluded that the flux (especially at short times) is not 
separable, and thus that large errors maj^ be introduced 
by the unfolding approach outlined above. The long 
British pulse width of approximately 3 /xsec while 
decreasing the resoluiion apparently eliminates the 
need for considering the short time effects which occur 
in the first ^sec. Gulf General Atomics uses a much 
shorter pulse width and thus they have based their 
resolution analj'sis on a calculated correction procedure. 
Using a few-group time-dependent code they find two 
quantities, 

1. C'*{t), the calculated time-of-flight spectra corre
sponding to the experimental flight path and detector, 
and 

2. D*{t), the calculated time-of-fligbt spectra for 
the theoretical case where all the neutrons left the 
system at time zero and were detected by a flat response 
detector. Both C*(t) and 2)^(0 are smoothed using 
the detailed spectra from a many group GAM calcula
tion. Using these quantities thej^ calculate 

CF*(t) = D*{t)/C*{t) (8) 

which they u'̂ e as a correction factor giving the distor
tion of the actual spectrum caused by the time behavior 
of the system and the energy dependence of the detector 
response. This method is not an unfolding procedure. 
Its main limitation would appear to be the possibibty 
of introducing calculated information into the measured 
spectra. 

A somewhat different method, proposed here, Avill be 
applied to the future Argonne time-of-fligbt measure
ments. It does not depend on time-energy separabilitj^ 
and it should not introduce calculated structure. We 
can write 

<j){Xn, , V, Qrn , t) = "^(^m , V, Q,n)T(Xm , V, Q„ , t), (9) 

where 

/ T{x„, ,v,a,„,t) dt = 1 (10) 
• '0 

for all V. Using Eq. (9) gives 

dt) = / e{v)<l)(x,n , V, Om) 

*'^" (11) 
r(Xm ,V,Qm,t — L/v) dv. 

T{xm, V, fi„i, t) will be found from a combination A | 
calculation and experiment. The time response of tlSi 
system can be measured with one or more detectors 
of varying energy response and used to verifjr or make 
corrections to a time-dependent calculation. As can 
be seen from the normalization of Eq. (10) no details 
of the calculated energy spectra are used. A few-group 
calculation is all that is necessary. In the case where 
the flux is separable Eq. (11) will reduce to Eq. (7). 
I t should also be possible to solve Eq. (11) iteratively 
in the same manner that has been used to solve the 
separable form. It is expected that the time-dependent 
calculations can be made with a version of Time-
Dependent A N I S N ' ^ ^ which is now being tested 
on the Argonne 360/75. This code has been modified 
to accept the Argonne Reactor Computation (ARC) 
system input formats so that the same input specifica
tions and cross sections can be used here as are used 
in the standard static analysis. 

The British experience has been that some smoothing 
of the data is necessary. This should also be the case 
here and will be a major factor in determining the 
ultimate time resolution achieved. Because of the 
difficulties of theoretically predicting the resolution it is 
hoped that at least in the initial experiments the resolu
tion can be measured. This might be possible by placing 
resonance materials in the flight path and by comparing 
the unfolded spectra with and without the resonances. 
The energy locations and the broadening of the reso
nances should give a good measurement of the resolution 
achieved. 

Equation (11) does not include the time response 
of the detector which may be on the order of 0.3 to 
0.5 pisec'*' for a B-10 loaded liquid scintillator. If 
the detector has a resolution function D{v,t) where 

/ D{v,t) dt = 1 (12j 

for all V, then the effective total resolution function is 
given by 

T'{X„ ,V,Q^, t) 

r ' (13) 
dTD{v,T)T{x,n,v,Q^,t-r). 

H 

T ixm , f, 0„,, i) can then be used in Eq. (11) in place 
of T{xm ,v,Q,m, t) and should not produce any further 
complications. It is proposed that, in addition to meas
urements of D(v,t), calculations of the detector response 
also be used to aid in the analysis. Time-Dependent 
A N I S N may also be useful in this work. 

SPECTRUM ANALYSIS i 

The goal of time-of-fligbt measurements will be td 
measure the spectrum of the critical reactor system. 
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>In fact, however, after resolution corrections the meas
urement will yield the flux specified by Eq. (3). As 
mentioned previously this spectrum will correspond to 
a subcritical pulsed system. A combination of calcula
tions and experiments will be necessary to determine 
the spectral effects of these changes to the S3'stem. 

As an example one can look at the spectral effects 
of the source itself. While Eq. (1) gives the time de
pendent flux following the source one can show that 
the time integral of the flux, <i>{x,v,Q), is given by 

0 = H{x,v,Q)4>{x,v,^) + S{x,v,a), (14a) 

\ here 

(t>(x,v,Q) = / (j){x,v,9,,t) dt (14b) 

10" 

>• 10 

< 
X 
3 

> 
< 

CRITICAL SYSTEM 

PULSED SYSTEM 

R=iocnn 
FLUX X 10 

R=30cm 

11 
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ENERGY GROUP 

T \ S S 

F I G . 11-24-1. Fluxes a t Varying Distances from a Point 
j rce . The Calculation is for a Spherical Model of ZPR-6 

S'ssembly 6A. The Source is Introduced at the Center of the 
Sphere in Group 3. ANL Neg. No. 116-445. 

TAI 5LE H-24-I. ENERGY GROIJP STRX crt 

IN CALCULATION 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

24 
25 

RE rSEI) 

Lower Energy, 
eV 

3.68 X 
2.23 X 
1.35 X 
8.21 X 
4.98 X 
3.02 X 
1.83 X 
1.11 X 
6.74 X 
4 09 X 
2.48 X 
1.50 X 
9.12 X 
4.31 X 
2.61 X 
2.03 X 
1.23 X 
9.61 X 
5.83 X 
2.75 X 
1.01 X 
2.90 X 
1.37 X 

3.0 i 
0.00 

10^ 
10" 
10" 
10=̂  

10' 
10= 
10' 
10^ 
10* 
10* 
10* 
10* 
10' 
10' 
10=̂  

10^ 
10' 
10^ 
102 

10=! 

10^ 
10' 

10' 

and 

S{x,v,Q) f 
• '0 

S{x,v,Q,t) dt. (14c) 

JNIost static reactor codes can then be used to solve 
Eq. 14a and to calculate the flux resulting from the 
source. Figure II-24-1 shows for a spherical model of 
ZPR 6 Assembly 6 a comparison with the flux of the 
critical system. A one dimensional transport calculation 
was used for the energy group structure shown in Table 
II-24-I. The source was introduced at the center of the 
core in energy group 3 (2.23 MeV < E < 1.35 MeV). 
The subcritical system had a fc<,// of 0.96. As can be 
seen, for a system of this size the time-of-flight meas
urements should be made at least 30 cm from the source 
location in order to minimize source contamination 
of the spectra. It will probably be worthwhile to verify 
these predictions with measurements by varying source 
locations. Studies of other spectral effects can be made 
using similar methods. 
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Because of the important role that the Doppler 
effect plays in large fast reactors there have been a 
number of studies concerning the statistical uncertain
ties of calculated Doppler coefficients in the unresolved 
region.^'^ One way of estimating the uncertainties is 
to construct discrete resonance sequences according to 
some prescribed distribution functions and average 
resonance parameters, and subsequently to perform 
Doppler coefficient calculations for each "ladder" gen-
erated.i From a practical point of view, some bias to 
the selected resonances is obviously needed in order to 
reproduce the observed behavior of the nuclear cross 
sections as a function of energy. 

In the integral method, this criterion has been widely 
used on the averaged resonance parameters so that the 
average values of the infinitely dilute cross sections are 
in good agreement with the observed values. For this 
reason, Dyos^ has suggested the use of a modified 
Monte Carlo technique in which the selections of the 
discrete resonances are biased. In this technique the 
resonances are selected according to two criteria. First 
of all, the means and variances of the nuclear param
eters must match the theoretical values as closely as 
possible. This ensures that the resonance parameters 
satisfy the uniform statistics described by the theoreti
cal distribution functions. Secondly, the calculated in
finitely dilute cross sections of a given energy interval 
must be equal to the observed value. In a recent paper, 
Adkins and Dyos* have investigated the statistical un
certainties of the Doppler coefficient for a particular 
system using this technique. The point under question 
is whether this technique will, in fact, reduce the un
certainties of the calculated Doppler coefficient. Since 
the Doppler coefficient is related to the unresolved 
cross sections and their temperature derivatives in a 
rather complicated way, studies of this kind are not 

* E B R - I I Project, Argonne National Laboratory. 

Ttme-of-Flight Spectra in Sub-Critical Systems, Trans . Am.i 
Nucl. Soc. 12,219 (1969). ' 
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7. W. Engle, Oak Ridge National Laboratory (private com
munication) . 

8. C. D . Bowman et al.. Threshold Photoneutron Cross Section 
for F e " , Phys . Rev. 163, 162 (1967). 

only time-consuming but also of dubious value if the 
results cannot be interpreted on theoretical grounds 
and generalized to all systems of interest. Hence, a 
complete theoretical study in addition to numerical 
results is needed in this area. 

A study has been made of the statistical uncertainties 
of the self-shielded group cross section and its tempera
ture derivative associated with the use of the biased 
selection technique where resonances are chosen to 
match the observed value of the unshielded cross sec
tion. Since the self-shielded group cross section can 
always be pictured as a superposition of an infinitely 
dilute term and a self-shielding term, the problem 
amounts to the estimation of the conditional variances 
of the self-shielding term and its temperature deriva
tive for any given value of the infinitely dilute cross 
section. A semi-analytical method based on the narrow 
resonance (NR) approximation has been developed to 
estimate these conditional variances. Both qualitative 
and quantitative results were obtained for cases of 
Pu-239 and U-238 under various physical conditions. 
I t was found that the technique of the biased selection 
of resonances is potentially useful, but one must apply 
it with caution. This method will, in general, signifi
cantly reduce the statistical uncertainty in estimating 
the magnitude of the self-shielding terms, but it is less 
effective in reducing the uncertainty in the tempera
ture derivative of the self-shielding term. There is an 
obvious draw-back of this technique in estimating the 
Doppler coefficient. The conditional variance of the 
Doppler change in the self-shielding term is sensitive 
to the presence of a statistically independent over
lapping sequence. In particular, in the presence of a 
strongly overlapping sequence, the conditional variamJ 
of the Doppler change in the self-shielding term for t ^ 
fission process of Pu-239 becomes practically the same 
as the corresponding variances. Consequently, this 

11-25. Condit ional Variances Per t inent to Doppler Effect Studies 

R. N. HWANG and L. B. MILLER* 



26. Maddison and Belter 201 

•
^nique becomes ineffective. Results of the study of 
tistical uncertainties and the temperature deriva

tive are discussed in detail in Ref. 5. 
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and analyzed with our data analysis codes.^ These 
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TABLE 1I-26-I. KE.ICTIONS AND REACTION R A T E S FOB 

VARIOUS M A TEEIALS IN Z P R - 3 

Material 

NaCl 
NaCl 
Al 
S 
Sc 
Ti 
Ti 
Ti 
Fe 
Fe 
Mn 
Ni 
Cu 
Cr 
Zr 

Reaction 

Na23(n,-K)Na« 
CP's(ra,a)P» 
Al"(n,a)Na2* 
ii'Hn,p)P'' 
Sc«(n ,7)Sc« 
Ti«(ra,?))Sc« 
Ti« ' (» ,p)Sc" 
Ti''8(«,p)Sc''8 
Fe'*(n,p)Mn'* 
Fe»«(»,p)Mn« 
M n " ( n , Y ) M n " 
Ni™(w,p)Co=s8 
Cu«H«,7)Cu«* 
CrM(re,^)Cr" 
Zr94(ra,7)Zr9<i 

Typical 
Reaction Rate" 

1.O-4.0 X 10' 
0.1-5.0 X 109 
0.2-4.5 X 108 

0.04-1.5 X 10" 
2.5-5.5 X 10" 
0.5-4.5 X 10" 
0.2-4.6 X 109 
0.4-8.0 X 10' 
0.1-3.0 X 10" 

0.08-3.0 X 10« 
1.0-9.0 X 10" 
0.1-3.5 X 10" 
1.0-4.0 X 10" 
1.0-4.3 X 10" 
1.5-3.0 X 109 

Absolute 
Error,'' 

% 

2.9 
8.0" 
4.3 
8.0« 
3.0 
6.0 
3.3 
4.0 
4.0 
3.0 
2.8 
3.1 
2.8 
6-20 
7.0 

« Reaotions/h-g at a nominal power level of 600 W. 
* Absolute error for counting system calibration is 2.7%. 
" Absolute calibration error for Si (Li) beta detector. 

Plutonium Reactor (ZPPR), Reactor Physics Division 
Annual Report , July 1, 1968 to June 30, 1969, ANL-7610, 
pp . 379-381. 

2. L. S. Beller and D . W. Maddison, Automated Spectrum Anal
ysis Methods for Ge{Li) Detectors, Reactor Physics Divi
sion Annual Report , Ju ly 1, 1968 to June 30, 1969, ANL-
7610, pp . 416-417. 
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NaCl 
NaCl 
Al 
S 
Sc 
Ti 
Ti 
Ti 
Fe 
Fe 
Mn 
Ni 
Cu 
Cr 
Zr 
Zr 
In 
In 
Csle 
La 
Ta 
W 
Au 
Th 
Th 
U-238 
U-238 
U-236 
Pu 

Na23(n,-K)Na« 
CP's(ra,a)P» 
AP'(n,a)Na2* 
m(n,p)P^^ 
Sc«(n ,7)Sc« 
Ti«(ra,?))Sc« 
Ti« ' (» ,p)Sc" 
Ti''8(«,p)Sc''8 
Fe"(«,p)Mn«' ' 
Fe»«(»,p)Mn« 
M n " ( n , Y ) M n " 
Ni™(w,p)Co=ss 
Cu«H«,7)Cu«* 
CrM(re,^)Cr" 
Zr94(ra,7)Zr9<i 

Zr9«(ra,7)Zr" 
I n i " (»,» ') In"*" 
In"HK,- i ) In ' " 
I i « ( « , 2 n ) P " 
La"9(re,-,)La"« 
TaJ"(ft,T)Ta"2 
W>»i(«,-i,)W™ 
Au"Hn,7)Au"8 
Th232(ra,/)Nb9' 
Th232(«,7/3)Pa^'« 
U25'8(re,/)Nb9' 
U^^«(K,7/J)Np2« 
U2S5(„j )Kb" 
Pu239(ra,/)Nb'" 

1.0-4.0 
0.1-5.0 
0.2-4.5 

0.04-1.5 
2.5-5.5 
0.5-4.5 
0.2-4.6 
0.4-8.0 
0.1-3.0 

0.08-3.0 
1.0-9.0 
0.1-3.5 
1.0-4.0 
1.0-4.3 
1.5-3.0 
1.5-6.0 
0.3-4.6 
0.8-7.0 

0.04-1.4 
1.0-6.0 
0.2-5.3 
0.3-6.6 
0.8-6.8 
0 8-4.0 
0.5-2.5 
1.0-6.0 
0.2-2.0 
0.9-7.0 
1.0-8.0 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

10' 
109 

108 

10" 
10" 
10" 
109 

10' 
10" 
10« 
10" 
10" 
10" 
10" 
109 

109 

10" 
10" 
108 

109 

101= 
10" 
10" 
109 

10" 
10" 
10" 
10" 
10" 

2.9 
8.0" 
4.3 
8.0« 
3.0 
6.0 
3.3 
4.0 
4.0 
3.0 
2.8 
3.1 
2.8 
6-20 
7.0 
4.0 
2.8 
2.8 
3-16 
3.2 
2.8 
2.8 
2.8 

30.0 
3.0 
3.2 
2.8 
2.8 
3.5 
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11-27. (Seff M e a s u r e m e n t s i n T w o F a s t R e a c t o r C r i t i c a l A s s e m b l i e s 

S. G. CARPENTER, J. M. GASIDLO and J. M. STEVENSON* 

INTRODUCTION 

As part of a continuing effort to study the experi
mental accuracj' of small sample reactivity measure
ments we have measured fief/ in two cores. One core 
had primarily U-235 fissions and the other primarily 
Pu-239 fissions. A previous paper^ concluded that the 
error in the calculated value of fieff in any one isotope 
relative to another is not large and does not affect 
reactivity calibrations to an important extent. The 
reactivity reported in cents or inhours should therefore 
not be in error more than 1 or 2 % and nowhere near 
the 30% difference found in certain cores when com
pared with calculations. 

Since the experimental results for the small sample 
reactivities are in cents or inhours and the calculated 
value is in Ake/k, an incorrect value of /3<,// will produce 
a difference in the comparison of the same percentage 
as the error in /3e// • The purpose of these experiments 
was to measure /?«// in two cores w-hich were particular^ 
simple in that most of the fissions occured in only one 
isotope. Insofar that ft// is not greatly different from 
fi it is expected that any major uncertainty is not 
particularly sensitive to the core but only to the isotope. 
The loadings for the two cores, ZPR-o7 and -59, are 
given in Papers 11-12 and 11-13. Core 57 is predomi
nantly U-235 and BeO with an iron reflector, and Core 
59 is predominantly Pu-239 and carbon with a lead 
reflector. 

The general equation from which the experimental 
small sample reactivity results are obtained is [Ref. 1, 
Eq. (1)] 

Ake 

+ 
iSe 

kSeff hl3effn(t) 1 + n{l)ke 
i dnjt) 

3eff dt 

X) ««e '''' f Wofco + \ I ken(t)e^'* dt) 

(1) 

where n{t) is proportional to reactor power. The 
application of Eq. (1) takes several forms some of which 
require n{t) to behave in certain ways. In each case, 
the right hand side of the equation is very insensitive 
to I3eff, ke, and / and depends only on power ratios, 
a,'s, and X,'s. Results noted in Ref. 1 indicated that the 
a/s and X,'s of Keepin^ predict the delayed neutron 
decay rate quite well over the power ratios used in the 
small sample measurements. 

The left hand side of the equation is then obtained 

* UKAEA, Winfrith, Dorchester, Dorset , England. 

correctly and provides a time history of the sum of the 
two terms: 

A{t) = $(0 -F 
ke fief Mi) ' 

Since the neutron production rate vF(t) = {71/tike, 

Ait) = $(t) + fieffvF(t) ' 

where F{t) is the fission rate in the core and v is the 
average number of neutrons produced per fission. If 
the reactor with a source Se is leveled in power and a 
small change in reactivity is made then F(t) will change 
while S{t) remains constant so that the two terms can 

S 
be separated and the value of -̂-— determined. 

fieffvF(t) 
The neutron production rate relative to any instru

ment reading used to measure the power level is deter
mined experimentally. This is done with absolute 
fission counters for each isotope in the core producing 
significant fissions, v is assumed known. 

Since the value of Se is not known for the as-built 
core, a preliminary run is made to measure it and a 
second experiment is done by inserting a source of 
known strength into the center of the core and again 

Se determining (apparent reactivitj' effect) for 
fieffvF(f) 

the inserted source at this value of F. The only undeter
mined value other than fieff is Se : 

Se = S4> 7^+;, 

where 4>'^ is the average importance of a source neutron 
at the source position (center), ^J; is the average im
portance of a fission neutron in the reactor, and S is 
the absolute source strength. S is measured outside of 
the reactor while the ratio of importances is determined 
from the measured fission distribution, a measured ^^ 
distribution using the same source but now at all 
positions, and a calculated correction since the energy 
distribution of source (Cf-252) neutrons is not exactly 
the same as those from U-235 or Pu-239. 

The results are then used to find 

fieff = 
VvF^^f' 

where V is the apparent reactivity of the neutron sourj 
S when the reactor fission rate is F. This m.etho 
essentially the same as the thermal reactor experime 
in which the fuel is replaced point by point with a. l/v 

l e i W ^ 
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'sorber of the same strength and the reactivity effect 
is found and integrated over all the fissionable material 
in order to find the reactivity effect of turning off all 
the fissions. In this experiment the same type of result 
is found by adding fissions in the proper distribution 
instead of subtracting them. 

The relative fission rates and importance distribu
tions need not be measured at all points if the core is a 
simple shape and the fluxes are separable in space. 
Distributions along the axis and midplane are used 
with a combination of tw-o-dimensional calculations to 
correct for non-separability and non-circular bound
aries. 

We have used the following particular form of the 
simple expression in which the measured numbers and 
corrections were taken in this combination: 

S 
•off VvNF„, 

(RF){RT) 
F Fe </>s (t>FS 

I p 4>F 4> 
+ J + 

FP 

RFCRI 

where 
S is the absolute source strength 
V is the apparent reactivity effect of the source 

neutrons 
V is the average number of neutrons/fission 

N is the number of U-235 or Pu-239 atoms in the 
reactor 

Frac is the fission rate/atom of U-235 or Pu-239 at 
the core center in the counter geometry 

Fe is the total fission rate/atom of U-235 or Pu-239 
at the core center (includes all isotopes) in the 
counter geometry 

Rf is the peak-to-average fission rate assuming 
circular core, space separability, and radial and 
axial data 

Ri is the peak-to-average importance of a source 
neutron assuming a circular core, space separa
tion, and radial and axial data 

Fp is the total fission rate/atom of U-235 or Pu-239 

at the core center in the cell geometry 
(j>t is the average importance of a source neutron 
(t>% is the average importance of a fission neutron 

4>%s is the average importance of a fission neutron 
at the source position 

(j>%P is the average importance of a fission neutron 
in the cell 

Rvc is the calculated correction to account for the 
fact that the fission distribution was measured 
along the axis and a diameter, and RF is calcu
lated assuming a cylindrical core and R-Z fission 
rate separability 

nc is a quantity similar to RFC for the importance 
distribution. 

The five ratios in the brackets are reasonably small 
corrections, three of which can be measured with some 

accuracy if necessary to reduce the overall error. The 
other values are measured, except v which must be 
calculated from assumed v values and relative fission 
rates. 

EXPERIMENTAL MEASUREMENTS 

The absolute source strength, S, for the smaller 
source (used in Core 57) was measured using the 
method of the manganese-sulfate bath solution as 
described in Ref. 3; the value was measured by the 
authors of Ref. 3. The larger source strength was com
pared to the smaller by both a manganese sulfate bath 
and neutron counter using a liquid proton recoil de
tector. The sources, Cf-252, were contained in con
tainers of aluminum and stainless steel so that the 
outer dimensions (;^2 X 0.5 in.) were of a size handled 
by available sample changers and drive mechanisms. 

The apparent reactivity, V, of the neutrons was 
determined using an autorod which had previously been 
calibrated in dollars using Eq. (1). As noted above this 
type of calibration is insensitive to fieff • In order to 
remove the real reactivity effect of the container the 
measurement was made at two powers so that the terms 

Ake (Se \ 
'^ kefieffn(t)) ' 

on the left of the expression, 
kefi. •ff 

could be separated for the source and container. The 
central apparent worth for Core 57 was measured for 
another experiment by M. IM. Bretscher (see Paper 
11-11) and his result was used for V. In a like manner 
an axial and a radial traverse were made to find the 
relative magnitude (see Fig. II-27-1) as a function of 
position in the core. The peak-to-average importance 
ratio, Ri, was found from these data and the measured 
fission distributions and assumed values of P. This value 
contains the assumption of a cylindrical core and flux-
space separation: 

<t>*(0,0) Jffj:y,F,ir)F,iz)dV 

Fjr)F,(z)<t>+ir)<l>+iz)dV 

The value is independent of any normalization of F 
or 0^. 

In a like manner the value RF was determined from 
fission counter traverses (see Tig. II-27-2). I t is noted 
that in the radial traverse an oscillation of the measured 
points can be seen. This occurs because the measure
ments were made at two positions in the cell. Both 
curves have the same shape, so either gives the correct 
average. An average of the two was used. 

RF — 

Z F,(0)F,iO) J j f dV 

Iff E FMF.iz) dV 
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Figures II-27-1 and 11-27-2 also give selected caleula-
tional points which show little shape deviation from 
the experiments. This would indicate that the denomi
nator of the perturbation expression is calculated 
correctly relative to the center or to any other point. 
This point is not particularly important in measuring 
fieff but it is an additional requirement in order to 
expect to correctly calculate a small sample reactivity. 

The factors Fmc and Fc were determined from the 
same measurements using the points at the center of 

the core. The value of N was taken directly from the 
loading records for the isotopes U-235 and Pu-239. 
The value of p was determined from a core calculation 
of the total number of fissions as well as the total 
neutron production rate. 

CALCULATED COBEBCTIONS 

The correction factors RFC and Ric were determS 
from two-dimensional diffusion theory calculations 
using the ARC System. X-Y geometry was used to 
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rrect for the non-circular boundary. The fluxes and 
adjoint fluxes from the calculations were used in the 
same way and along the same diameter that the experi
mental data were used to calculate RF and Ri, and 
then the full calculation was made point by point. The 
ratio of the latter to the former gave a partial correc
tion. The R-Z calculation was then used in a similar 
way to find the correction for assumed separability in 
space (see Pig. II-27-3). The smaller ( ' ^ l %) correction 
came from the R-Z calculation. 

The correction factor 4>s/4>% was estimated assuming 
a Maxwellian distribution for the fission neutrons, 
calculating the contribution to each of the multigroup 
sets of the core calculation, and weighting the values 
for each isotope over the central calculated importances. 
The values used for the temperatures were 1.3 for 
U-235, 1.5 for Cf-252, and 1.4 for Pu-239. This correc
tion is very small and the uncertainties were taken to 
be about as large as the correction. 

The two correction factors, <t>%s/4>FP and Fe/Fp , which 
correct for the fact that the measurements were made 
with a source or counter not at the plate location where 
the fissions occur, were estimated from a transport 
theory cell calculation for Core 57**' and a CALHET'' 
calculation for Core 59. The error estimates were crude. 
They were estimated by observing the total swings (see 
Fig. II-27-4) through the cell and taking about one-
third of that as the uncertainty. Foil measurements 
could reduce one of the uncertainties considerably but 
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Core 59 
(Pu-239) 

6.94 X 10' 
0.03938 $ 
2.960 

1.913 X 10" 
2.483 X 10-" 

1.477 
1.523 
0.986 

1.069 
0.997 
0.971 
0.987 
0.972 

O.O0233± 0.00010 
0.00230 

fftff R E S U L T S 

Core 57 
(U-23S) 

9.197 X 10« 
0.06997 $ 
2.490 

2.166 X 1028 
7.850 X 10-" 

1.664 
1.667 
0.948 

1.013 
1.006 
0.949 
1.022 
1.026 

0.0078 ±0.0003 
0.0072 

Error Est., 
% 

±1.0 
±1.0 
±1.0 
±0.6 
±2.0 
±2.0 
±1.5 
±0.2 

±1.5 
±0.3 
±1.0 
±1.0 
±1.0 

F I G . 11-27-4. Core 57 Relative Fission Rate Across Coll. 
ANL Neg. No. 116-469. 

not the total uncertainty unless other errors can be 
reduced. 

RESULTS 

Table 11-27-I gives the values of the quantities along 
with an estimate of the uncertainties. The values be
tween the dotted lines are all calculated ratios. The 
value for fie/f (experimental^ determined) and its 
error are a straightforward combination of the values 
in the table. The largest errors came from the absolute 
fission rate estimates and are in Fmc, RF , FJFp and 
RFC • With a much larger effort a significant improve
ment could be made. In the present search for a 30% 
difference it was not considered necessary. 

The calculated fieff values were obtained from spheri
cal diffusion theory calculations ' and Keepin data 
were used for delayed neutron parameters. These 
calculations could be refined but are representative of 
the way in which they are usually made and from which 
the reactivity values to be compared with experiments 
are usually calculated. Several other methods (2D and 
ID cylindrical) were also used and these produced 
little change in fieff . Various cross section sets were not 
tried. Differences of several percent could be expected 
from changes in input data. 

CONCLUSIONS 

We have not found an experimental uncertainty 
which can cause a 30% error in the measurement of a 
reactivity change. On the contrary we believe that 
small sample reactivity results, essentially independent 
of any calculated input, can be measured in the core 
center to about 1 % in units of cents and to about 5 % 
in units of Ake • If the calculated value of fie/f is more 
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accurate than the experimental value, the results will 
be better than 5%. The measured fief/ is only a few-
percent higher than that normally used with an uncer
tainty of a few percent. I t is also expected that these 
results are not unique to these cores but are typical 
of the errors to be found in fie/f calculations. 
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11-28. Rod Drop M e a s u r e m e n t s of Subcri tic al ity 

S. G. CARPENTER and R. W. COIN 

INTRODUCTION 

Most of the usual methods of measuring the sub-
criticality of a system require thai a reference measure
ment be made in the critical condition and the assump
tion is then made that the efficiency of a detector (or 
w-orth of a rod) remains the same for the subcritical 
measurement. However, in order to reproduce in a 
critical experiment the conditions that may occur in a 
power reactor, it is sometimes necessary to measure 
the degree of subcriticality of an experimental con
figuration which is never restored to criticality by 
compensating changes. For example, this occurs in the 
measurement of the worth of insertion of all control and 
safety rods. It is possible to use a rod drop technique to 
make these measurements if certain precautions are 
taken and if the system is less than about 10 dollars 
subcritical. No critical calibration is needed and in 
many cases the normal operating instrumentation can 
be used. Two descriptions of this technique are given 
here: a simplified method which illustrates the basic 
features and in which the counting rates are measured 
at only three points in time, and a more general method 
in which the entire count-rate history is utilized. 

SIMPLIFIED METHOD 

Assume that the reactor is initially subcritical by 
an amount Afcei and an equilibrium counting rate, Ri, 
from a detector is obtained under this condition. An 
absorbing rod is then inserted instantaneously. Imme
diately after the insertion (rod drop) the counting 
rate is i?2. At a long time after the drop a new equilib
rium count rate, Rs, is obtained. 

The method of performing the experiment should be 
chosen to assure that the detector efficiency and effec

tive source strength are the same before and after the 
drop. We can then write 

eRi = P i = 
Se 

-Ake 

Se '\- Z_i XjC; 

-Ake, -\- fi 
(1) 

eff 

where Pi is the neutron production rate, e is the recipro
cal of the counter efficiency for counting neutron 
production, Afc<,j is the degree of subcriticality before 
the rod drop, so that 1/ —Afcê  is the delayed multiplica
tion and l / ( — Akei -\- fieff) is the prompt multiplication, 
Se is the effective source strength, and finallj- ^ X,Ci 
is the delayed neutron source at the time of the reac
tivity insertion. Furthermore, since the sources (S^ 4-
Z XiCi) are the same immediately after the drop as 
before the drop, we have, 

/ y \Ci 
eR, = P,= 

Se 

-Ake, + fieff 

and finally after a long time when the delaj-ed neutrons 
are again at equilibrium. 

eR, = Pg = 
Se 

-Ake. 
(3) 

where Ake^ is the subcriticality after the drop (that is, 
Afcea — Ake^ is the reactivity worth of the dropped rods). 

From Eqs. (1) and (2) we have 

P i 

R2 

-Ake, + >eff 

-Ake fieff 

and from Eqs. (1) and (3) ŵ e have 

P i _ Ake, 

Ri Ake, 
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living th( 

id 

3se expressions 

Akei . 

fieff 

Ake, _ 
fieff 

for AkeJfieff and AkeJfieff , 

R2 . 
P i 

^ - 1 
Rs 

P2 P i 

Rs Rs 
P . , • 
R-i 

For systems in which the reactor is initially far-
subcritical P2/P3 is close to unity, whereas P1/P2 may 
be made appreciably greater than unity by ensuring 
that the worth of the dropped rods is comparable to 
the initial subcriticality. Hence to determine the initial 
subcriticality, Afĉ i , the most critical measurement is 
of the ratio (P2/P3). Experimentally Rs may be deter
mined accurately by simply increasing the counting 
time in the final equilibrium condition whereas P2 is, 
in principle, an instantaneous measurement so that 
the principal source of error lies in the measurement 
of P2 . 

GENERAL METHOD 

The use of the instantaneous value, P2, for the count 
rate after the drop is not an efficient use of all of the 
data. The simplified method is based upon the fact 
that the delayed neutron source rate is known because 
it is the same before and after the drop. In fact, the 
delaj-ed neutron source rate is known at all times and 
the whole time history can be used by calculating the 
delayed neutron source as a function of time. It should 
be noted, however, that the important time regime 
remains that immediately after the rod drop. 

Assuming point kinetics during the measurement 
the reactivity of the system may be wTitten, 

the instantaneous R(t) from prompt multiplication of 
the constant source and the second term is that due 
to delayed neutrons. The latter can be calculated by 
knowing the previous count rate history, the former 
is a constant if Se, (, and A remain constant. If the 
history after a rod movement is observed (not neces
sarily instantaneously, but as fast as practical since 
the most significant information is obtained at small 
times), we can calculate Ake/kefieff . 

Equation (4) may be written 

P(0 = a-h bX{t) 
rhere 

X ( 0 = E aie~'*"' (eoRokeo + X̂  _̂  fc.ePe''' dtj / e 

and X{t) can be calculated for each time, t, at which 
a measurement is made if it is assumed that e = eo 
(that is, the efficiency is not a function of time), and 
keo is estimated; 

Sei 
keifie. ff 

V kefieff) 

which is constant after the rod movement if e is con
stant ; 

1 
h = 

" \ kefieff) 

and hence 

Ake 

fieff 

(5) 
fi eff 

Also X{t) before the drop {t = 0) is equal to Pofceo so 
that from Eq. (4) 

Ake 

hfi" 

R(t) - Se(/keefieff (lAfc.)E «ie"'" («oPofc.o + \i J^ keeRe^'' dtj ^ 
m(t) (4) 

eff R(t) dt kefieffR(t) 

(See Ref. 1 for the derivation of this equation; eP has 
been substituted for n, the number of neutrons in the 
system; e is redefined here and the subscript 0 refers 
to time 0; and ( is neutron lifetime.) If one rearranges 
to solve for R{t) and ignores the last term which is 
<^Ake/kefieff (it may be retained with no change in 
result). 

and 

Po 

fieff 

^ I p 

bkeo 

1 
Ake, 

keofi, •eff 

— a 
bRo' 

R(t) = 
Sef/kee + (l/efc.)Z ate-^^" LPofc.o + Xi /̂  fc.ePe''' dt\ 

In the numerator the first term is the contribution to 

(Ake/kefieff) 

If € is not a constant a calculational correction may 
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TABLE II-28-I. RE.ICTIVITY CHVNGE PER kg 

PLTITONIUM REMOVED AT CORE C E N T E E 

Step 

1 
2 
3 
4 
6 
6 
7 
8 

Total kg Pu 
Removed 

2 
8 

12 
20 
24 
32 
35 
32 

leg Removed in 
This Step 

2 

6 
4 
8 
4 
8 
3 

- 3 

% hh/k/kg 

0.283 
0.243 
0.283 
0.196 
0.187 
0.162 
0.158 
0.168 

be made, although the position of the dropped rod 
should be chosen so that its insertion does not affect 
the detector efficiency. The solution for a and 5 is not 
sensitive to the choice of ken and no iteration is necessary 
even if fceo is assumed to be unity. 

The solution for a and h is done by least-squares 
fitting. The time-channel widths for accumulating the 
power history are selected to be short compared to the 
major delayed neutron half-lives so that X{t) is well 
defined. The statistical error in R{t) is then also not 
correlated strongly with that in X{t) since the latter 
is a weighted average of many P's. The statistical error 
in R{t) is large compared with that in hX{t). A weight
ing function proportional to R{t) may be used on R{t) 
but the weights do not vary appreciably for far-sub-
critical systems. 

An error in h can be calculated so that an error in 
Ake/fieff is also determined from Eq. (5) 

diAke/fieff) = ^ ^ ( r ^ — ; ; ) • 

EXPERIMENTAL CONSIDERATIONS 

The usual requirement that the counting chamber 
and electronics should produce a count rate which is 
proportional to power should be carefully reviewed 
when setting up a data channel for subcritical meas
urements. This is true since the reactor operation 
covers power ranges not normally used w^hen measuring 
power histories. The background from neutron sources 
and from any gamma sensitivity of the chamber must 
be small; this must also be true of the effects of noise 
sources from chamber power supplies, cables, amplifiers, 
microphonics, etc. The time response of the system 
should be short compared with the rates of power 
changes and the delayed neutron half lives. Finally, the 
necessary efficiency of the chamber (in order to follow^ 
the power fluctuations in the reactor rather than 
chamber counting statistics) is much higher than when 
the reactor is in the near-critical condition since the 
prompt fission chain lengths are much shorter. Poor 
efficiency can only be compensated by longer runs. 

Assuming these points are satisfactorily met, it 
been noted earlier that certain other conditions are 
necessary to apply the method in this straightforward 
form. With good statistics and modifications in data 
handling or theoretical corrections, some of these con
ditions can be relaxed. The initial power should be 
constant for sufficiently long (?til0 min.) to allow the 
delayed neutron precursors to attain equilibrium. 
During the measurements the value of e, Se and f should 
not change significantly, especially after the drop, and 
the time channels used should be short enough so that 
the integral may be obtained accurately and the error 
in it is poorly correlated to that in R{t). 

If these requirements are met, then one wishes to 
obtain the most data in a certain amount of time. 
Several points are worth noting. A large Se increases 
the counts, and sources can be added beneficially to 
the system if they can be distributed reasonably. The 
best data are obtained immediately after the rod move
ment so that the movement should be done as fast as 
possible (<0.1 sec) without "bouncing" and in such a 
manner that it is known when its movement stops. 
There is an optimum size of change to be made w hich is 
dependent on the subcriticality and is of the same 
order as the subcriticality. The interesting data for 
measuring subcriticalities of the order of a few dollars 
occurs in tens of seconds after the drop so that repeated 
rod drops (which can be done in the same time history 
to avoid the ten minute wait which is still necessary at 
a run start) should be made every minute or so. I t is of 
advantage if the reactor is as reactive as possible, and 
it is thus preferable to start above the reactivity which 
one wishes to measure and then subtract reactivitjr to 
achieve the condition to be studied. An appropriate 
waiting time may be chosen (depending on the meas
urement) and the reactivity may be re-inserted and the 
cycle repeated until the required accuracy is obtained. 
I t is not essential to add reactivity rapidly if safety 
considerations prohibit it but loss of data results if 
reactivity is not added rapidly. 

SAMPLE RESULTS 

A series of measurements has been made on ZPPR 
Assembly 1 using an early modification of the technique 
of the rod drop measurement. In the measurements a 
B4C control ring was removed step by step while fuel 
was removed at the core center to keep the system sub-
critical. The counting chamber was outside a B4C ring 
so that its efficiency changed. The purpose of the ex
periments was to determine the amount of subcj 
cality at each step. Safety rods were used to ma( 
step reactivity change for each measurement. The 
sistency of the measurements can be seen by noting the 
Afce/kg obtained each time fuel was removed (see 

^criti-
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^BR)le II-28-I). The value of Afc<,/kg becomes smaller 
as the unfueled area at the core center becomes larger. 

These results were obtained from single measure
ments of about 50 sec each, the reactivity of interest 
being the higher of the two in the individual experiment 
rather than the lower. 

A second series of measurements was done on ZPR-3, 
the purpose being to determine the worth of massive 
control rods. It was of interest to note the measured 
worth of Control Rod 6 which was used for the step 
change in each measurement. This worth should remain 
approximately constant. An additional variable in 
certain experiments was that in which a neutron source 
was used which increased the power level by about a 
factor of four. Table II-28-II presents the results of 
these measurements. A comparison of these results 
shows that the worth was quite insensitive to the par
ticular condition in which the measurements were made. 
The accuracy of the results is dependent upon the num
ber of measurements; in these examples, the number of 

TABLE II-28-II . WORTH OF CONTKOL R O D 6 AS A 
FUNCTION OF SUBCRITIC.-VLITY 

Approx. Ake 

0.0042 
0.0042 
0.0066 
0.0056 
0.0090 
0.0100 
0.0100 

Rod 6 Worth, 
A/J. 

0.00208 
0.00213 
0.00206 
0.0020G 
0.00180 
0.00212 
0.00204 

Source Inserted? 

Yes 
No 
No 
Yes 
No 
Yes 
No 

experiments was one, two, or three rod drops. Typical 
errors for this type of single measurement range from 
2% at one dollar to 15% at 10 dollars subcritical. 
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11-29. Experimental D e t e r m i n a t i o n of t h e Perturbat ion 
D e n o m i n a t o r i n Fas t Critical Assemblies 

W. C. REDMAN and M. M. BRETSCHER 

INTRODUCTION 

A recent note^ has focussed attention on the per
sistent discrepancy between measured and calculated 
reactivity coefficients in fast critical assembUes. An 
extensive intercomparison of calculated and measured 
central reactivity worths in a wide variety of fast reac
tors has shown^ an average overestimate by the calcu
lations of 17% for strongly reactive materials. Recent 
measurements^ in uranium- and plutonium-fueled fast 
critical assembhes have shown that the effective de
layed neutron fraction is approximately 5 % larger than 
calculated, thereby providing a partial explanation for 
the observed discrepancy between calculated and meas
ured reactivities. The likely explanation for the residual 
discrepancy appears to be faulty cross-section data used 
in the calculational models, with differences in experi
mental and calculated conditions a lesser contributing 
factor. 

A by-product of the measurement of capture-to-
£jman ratio by the reactivity-reaction rate method^ is 
fiHtlata necessary to provide several experimental de-
^ m i n a t i o n s of the denominator of the expression for 
the reactivity of a sample given by first-order per
turbation theory. Such experimental determinations of 

the perturbation denominator are useful for guidance 
in the selection of consistent combinations of cross-
section sets and computational models. Heretofore, 
the apparent reactivity of a cahbrated Cf-252 spontane
ous fission source has been used to provide'' an experi
mentally based value of this quantity. In the measure
ments reported here absorbing and fissile samples were 
also used to provide independent determinations of the 
perturbation denominator for three fast criticals: 
ZPR-9 Assembhes 24 and 25 and ZPR-3 Assembly 57. 

BASIC EQUATIONS 

First order perturbation theory gives the reactivity 
for a sample inserted in a reactor in terms of the ratio 
of the effective change in neutron population due to 
absorption, production and scattering of neutrons by 
the sample relative to the importance-weighted neutron 
production rate in the entire reactor, termed the per
turbation denominator, D. As shown previously,* the 
perturbation denominator is related to the apparent 
reactivity of a spontaneous fission source as follows: 

D, 
p'iS) (1) 
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TABLE II-29-I. ATOM D E N S I T I E S OF CENTRAL R E G I O N S IN 

ZPR-9 ASSEMBLIES 24 AND 25 AND ZPR-3 ASSEMBLY 57, 

10^' atoms/cm^ 

U-235 
U-238 

C 
Be 
O 
Al 
Fe 
Cr 
Ni 

A-24 

1.1347 
12.2363 
43.3814 

6.7649 
1.9280 
0.864 

A-25 

2.1401 
33.2329 

1.6494 
6.8368 
1.9518 
0.8643 

A-57 

4.081 
6.347 

39.01 
39.01 
5.546 

Similarly, for a nonfissionable absorber 

-Ra{A)^U) D, 
p{A)[l 

and for a fissile material 

_ Rfl^v DF 

siA)/p{A)] 

<A?(1 + «)] 
P(l >/p) 

(2) 

(3) 

Here <̂ * is the calculated average neutron importance 
weighted according to the sample's neutron emission 
{S,F) or absorption (A) rate, and p^/p is the calculated 
fraction of the total reactivity resulting from scattering. 
The measurable quantities are the neutron source 
strength S, the reaction rates {R) for fission (/), absorp
tion (a) and capture (c), and the real (p) and apparent 
(p') reactivities, v is the average number of neutrons 
emitted per fission, and a = Rc/Rf . 

The perturbation denominator is the total impor
tance-weighted neutron production rate in the reactor 
and hence is proportional to the square of the power 
level. By normalizing the measured reaction rates and 
apparent source reactivity to the same power level in 
the reactivitj^-reaction rate (p — R) method for a, 
the quantities combine to yield an expression for 
capture-to-fission ratio which does not involve the 
perturbation denominator explicitly; specifically, 

1 + 
^ Ra{A)4>tU)/<i>t 

p{A)[l - Pe{A)/p{A)\ 

' p ( l - p./p) 

Rf 

-vp\S)<j>f/<j>f{S) 

s 

(4) 

Consequently, previous descriptions of such measure
ments have not reported values for the perturbation 
denominator. Here the measurements made in Assem
blies 24 and 25 of ZPR-9 and Assembly 57 of ZPR-3 
are used to derive values for this quantity based on 
measurements with a source (Cf-252), a nonfissionable 
absorber (Li-6), and a fissile material (U-238) in each 
assembly. 

nSP'' Calculation of a value for D based on U-238 
appear circuitous, since the combination of measured 
quantities is used to obtain a value for a, assuming that 
Ds = DA = DF • However, its validity becomes appar
ent when one recalls that a value of a for U-238 results 
directly from the radiochemical procedures. 

DESCRIPTION OF ASSEMBLIES 

Assemblies 24 and 25 in ZPR-9 were zoned fast criti
cal experiments constructed to investigate reaction 
rates and cross-sections and derive information on the 
capture-to-fission ratio by the null-reactivity technique. 
The composition of a central test zone, surrounded by 
buffer, driver and reflector zones was adjusted in each 
to obtain a k^ of unity. The compositions of these ad
justed central zones, of 25.9 and 18.9 cm radius, re
spectively, and 91.4 cm height, are given in Table 
II-29-I. Assembly 24 had a soft neutron spectrum, 
with about 50% of the fissions in the test zone caused 
by neutrons below 25 keV, while Assembly 25 had a 
hard spectrum, with more than 90% of the fissions 
occurring above 25 keV. 

Assembly 57 in ZPR-3 was a uranium-fueled assembly 
(see Paper 11-12) whose spectrum was tailored to en
hance the neutron population in the 1 to 50 keV energy 
range. The core, approximating a cylinder of 41 cm 
diameter and height, was deliberately made small in 
order to make feasible a direct determination of the 
capture-to-fission ratio by the mass spectrographic-
radiochemical technique. The composition of the core, 
which w-as surrounded by concentric reflector zones of 
iron and depleted uranium, is also given in Table 
II-29-I. 

EXPERIMENTAL VALUES 

The measured values on which the experimental de
terminations of the perturbation denominator for each 
of the three assemblies are based are collected in Table 
II-29-II. Values for ZPR-9 Assembly 24 are identical 
wdth those reported previously,* except for the apparent 
reactivity of the Cf-252 spontaneous fission neutron 
source at the reference power level. An oscillator 
method had been used for its determination prior to 
the measurements in Assembly 24 and so inadvertently 
the usual correction for the subcritical transfer func
tion* had been applied. Such a correction is inappro
priate for reactivities determined by compensating con
trol rod motion (auto-rod) as used in the Assembly 24 
measurements. Values from measurements in the other 
two assemblies are taken from descriptions of th^g 
experiments included in this report (see Papers I j 
and 11-19). 

The pertinent calculated quantities are presented in 
Table II-29-III. Since these values depend upon the 

those 
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m TABLE lI-29-n. w 
Quantity 

S(Cf) 
p'(Cf) 

p(0.30 in. Li-6) 
p(0.623 in. Li-6) 

P (U-238) 
^ 4 (0.30 in. Li-6) 
2?^ (0.623 in. Li-6) 

fi„ (U-238) 
JB/(U-238) 

M E \ S U R E D QU.VNTITIES FOR EXPBRIMENT.AL DETERMINATION OF THE PERTURBATION DENOMINATOR 

Units 

neutrons/sec 
Ih 

I h / g 
I h / g 
I h / g 

abs/g-sec 
abs/g-sec 
capt/g-sec 
fiss/g-sec 

ZPR-9 No. 24 

(1.251 X 10') ± 0.30% 
(1.690 X 10-1) _t. 0.55% 

( -8 .859 X 10->) ± 0.12% 
( -5 .039 X 10-') ± 0.70% 

(7.251 X 10') ± 0 .01% 
(4.922 X 10^) ± 1.20% 
(6.137 X lO-") ± 2 . 6 1 % 

Assembly 

ZPR-9 No. 25 

(5.125 X 10«) ± 0.60% 
(5.462 X 10~2) ± 0.50% 

( -7 .026 X 10-1) ± 0.75% 
( -3 .369 X 10-') ± 0.75% 

(8.908 X 10') ± 1.00% 
(4.270 X 10°) d= 1.66% 
(8.278 X 104) ± 2.50% 

ZPR-3 No. 57 

(9.205 X lO*) ± 0.29% 
(2.100 X 10-1) ± 0.30% 

( -1 .169 X 101) _j_ 0.26% 
( -1 .110 X IQi) ± 0.27% 

( -3 .322 X 10-2) ± 0.44% 
(4.194 X W ) ± 0.76% 
(4.049 X W ) ± 0.89% 
(2.564 X 10«) ± 2.32% 
(6.902 X 10') ± 2.57% 

TABLE II-29-III. CALCULATED QUANTITIES FOR 
EXPERIMENTAL DETERMIN. ITION OF THE 

PERTURBATION DBNOMIN.VTOR 

Quantity 

^ ( C f ) 

Units 

*1(0.30 in. Li-6) '•• 

*;$ (0.623 in. Li-6) 

Assembly 

ZPR-9 
No. 24 

3.6646 

3.1624 

* ; (U-238) ; : 3.6021 

* ! (U-238) 
v-a 

Ps(0.30 in. Li-6) 

p(0..30 in. Li-6) 

p,(0.023in. Li-6) 

p(0.623 in. Li-6) 

n/fiss 
3.1621 

2.805 

± 1.0% 

0.9891 

p» (U-238) 

^ p(U-238) 
0.8099 

ZPR-9 
No. 25 

4.2633 

2.9724 

4.1900 

3.0696 
2.830 

± 1.0% 

0.9400 

0.6319 

ZPR-3 
No. 57 

2.9378 

3.3777 

3.3692 

2.9201 

3.2971 
2.796 

± 1.0% 

1.0084 

1.0086 

1.2079 

code** using ENDF/B (1968) data. Resonance region 
cross sections for U-238 were corrected for self-shielding 
using slab geometry equivalence theor}^ and unit cell 
homogenization. These multigroup cross section sets 
provided the required input data for the MACH-l code'" 
which evaluated the central flux and adjoint distribu
tions. Tlie effects of sample thickness vere evaluated 
using a self-shielding perturbation code with dilute 
cross-sections and the MACH-l central flux and ad
joint distributions as input data. Essentially the same 
procedure was followed for Assembly 57, except that 
the transport code CALHET" was used to account for 
the heterogeneous nature of the core. The resulting 
flux variations across the plates of the unit cell, in
tegrated over the extent of the samples, and MACH-l 
adjoints calculated from the cell-averaged cross sections 
obtained by a flux-weighting procedure with CALHET 
were used to calculate the various parameters. 

The resulting values of the perturbation denominator, 
for the reference power level to which the reaction 
rates and the apparent reactivity of the Cf-252 source 
were related, are given in Table II-29-IV. The indicated 

TABLE I1-29-IV. EXPERIMENTAL VALUES OP THE PERTURBATION DENOMINATOR, 10* 

Method 

Cf-252 source 
Li-G absorption 

0.30 in. diam 
0.623 in. diam 

U-238 oapt -1- fiss 
Weighted mean 

Assembly 

ZPR-9 xN'o. 24 

2.704 ± 0.63% 

2.617 ± 0.62% 
2.666 ± 4.86%o 
2.659 ± 1.16% 

ZPR-9 No. 25 

4.027 ± 0 .71% 

4.010 ± 1.25% 
3.191 ± 7.72% 
4.016 ± 1.46% 

ZPR-3 No. 57 

1.288 ± 0.42% 

1.212 ± 0 .81% 
1.218 ± 0.93% 
1.251 ± 6,49% 
1.270 ± 1.78%=' 

=> Excludes value for 0.623 in. Li-6. 

calculational methods used and the choice of input 
JjHki, a description of the specific basis for these num-
^KPS is appropriate. For Assemblies 24 and 25, multi-

group cross section sets were generated by tlie MC^ 

standard deviations are onl}' those resulting from the 
standard deviations for the measured quantities and 
}>2s, as given in Tables II-29-II and II-29-III. They 
do not include uncertainties in the calculated neutron 
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importances and scattering reactivities. The large 
error in the value for i)u-288 is a direct consequence of 
relatively large errors of about 2J^ and 2%o, respec
tively, in the values for the U-238 fission and capture 
rates and the 1 % uncertainty in vw . Additional limita
tions in the value based on U-238 are the 20 to 60%) 
corrections for the scattering reactivity, in contrast 
with <6%o for D^i-e and none for Da-m, and the 
relatively larger uncertainty in the U-238 fission spec
trum. 

The weighted mean of the values based on the three 
types of samples used in the determination of the 
perturbation denominator is also given for each assem
bly in Table II-29-IV. Only the value for the smaller 
diameter Li-6 sample is included in the weighted mean 
for ZPR-3 Assembly 67, since the reactivity for the 
larger sample exceeded the worth of the auto-rod, thus 
requiring its measurement by reactor period rather 
than the reactivity compensation technique used for 
all other samples. 

COMPARISON WITH CALCULATIONS 

The one-dimensional diffusion code MACH-l output 
is such that a normalization of the perturbation denomi
nator to Z {v'2,/)i<i>i = 1 and ^ Xi'pf = 1 at the core 

center is convenient, and this is normally done. On the 
other hand, in the reactivity-reaction rate method for 
determining capture-to-fission ratios the measured 
reaction rates and apparent reactivity of the Cf-252 
source are related to a reference power level; so an 
intercomparison of calculated and experimentally-based 
values for the perturbation denominator requires a 
renormalization. In addition, the latter are calculated 
from experimental reactivities expressed in inhours 
while the theoretical values are in units of (Afc/fc). 
Furthermore, the importance terms reported in Table 

n 

II-29-III are normahzed to X) s!** = 100. Thus the 

normalization of the experimentally-based values 
requires division by a normalization factor (NF) given 
by 

^^p _ Sir =^ 0)S*{r = 0) 

Here 

Sir = 0) = X ivXf)MO) 
% 

%vhere R/ = fissions/g-sec, N = atom density, iVo = 
Avagardo's number (6.023 X 10^'), A == atomic weight, 
and 

s*(, = 0) = E xA*(o) m 

E <̂f (0) = 100 
= ——""^ S*ir = 0, unnormalized). 

E <^*(0, unnormahzed) 

Only for ZPR-9 Assembly 25 were the central fission 
rates measured for the actual plates of which the core 
was constructed, so a small approximation occurs in 
using the central fission rates for the annular samples 
which most closely match the dimensions of the core 
plates. In addition, because of an unexplained anomaly 
in the measured fission rate for the annular sample of 
0.030 in. wall thickness in the ZPR-3 Assembly 67 
experiment, the value measured for the 0.015 in. sample 
has been scaled by the calculated ratio of the fission 
rates in 0.030 and 0.015 in. samples. Values used in com
puting the normalization factors are given in Table 
II-29-V, together with identification of the samples to 
which the fission rates apply. 

The calculated and measured values for the perturba
tion denominator are compared in Table II-29-VI. 
Note that the error in the normalization factor in all 
cases exceeds that of the weighted mean of the results 
from measurements with the three types of samples, 
and thus contributes significantly to the total error in 
the normalized experimental mean. Major sources of 
the resulting error are the error of 2.38% in the value 
of 6.29 % used for the Mo-99 yield in U-238 fission and 
1.88% in that of 5.85% for U-235 fast fission. 

COMMENTS 

The differences between calculated and measured 
values for the perturbation denominator far exceed the 
errors in the latter and in fact display differences in 
directions. Heretofore the tendency has been for the 
calculated reactivity values to exceed the measured 
ones. Since reactivity and the perturbation denominator 
are inversely related, the situation found for ZPR-3 
Assembly 57 is not unexpected. The discrepancy has 
been larger for plutonium-fueled sj^stems than for 
U-236-fueled ones, and larger for smaller cores, sug
gesting that the more significant role of the reflector 
for small cores is a contributing factor in the discrep
ancy. 

The explanation for the reversal observed for the 
two assemblies having central zones with fc^ = 1 is not 
clear, although the complexity of the calculations is in
creased because of the many regions (test zone, buffer, 
driver, and reflectors) involved. The discrepancy ob
served is larger for ZPR-9 Assembly 25 which had bjdfe 
a higher average neutron energy and a smaller r eMH 
inside the reflector (driver outer radius of 37.7 cm 
compared with 60.9 cm for ZPR-9 Assembly 25). 
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i m i TABLE II-29-V. D A T A FOB NORMALIZATION OF EXPERIMENTAL TO CALCULATED PERTURBATION DENOMINATORS 

• ^ 
Quantity 

U-236 
Sample, in. 

P, n/fission 
Rf , 10* fission/g-sec 
N, 10" atoms/cm'* 

U-238 
Sample, in. 

P, n/fission 
Rf , 10* fission/g-sec 
N, 10" atoms/cm^ 

S{r = 0), 10' 
S*(r = 0) 

ih/^Aio^ 
/ k Norm, factor, 10^ 

ZPR-9 No. 24 

0.040 annular 
2.460 ± 1.0% 
3.707 ± 1.92% 

1.135 

0.036 annular 
2.805 ± 1.0% 
6.137 ± 2 . 6 1 % 

12.236 
0.487 ± 1.87% 

3.480 

4.224 

0.4013 ± 1.87% 

Assembly 

ZPR-9 No. 25 

H2 plate 
2.468 ± 1.0% 
3.621 ± 2.50% 

2.140 

Jf6 plate 
2.830 ± 1.0% 
8.278 ± 2.50% 

33.233 
1.054 ± 3.10% 

4.141 

4.408 

0.9904 ± 3.10% 

ZPR-3 No. 57 

0.030 annular 
2.481 ± 1.0% 

21.049 db 1.98% 
4.081 

0.031 annular 
2.796 ± 1.0% 
69.02 ± 2.67% 

6.347 
8.801 ± 2.10% 

2.916 

4.201 

6.1089 ± 2.10% 

TABLE II-29-VI. COMPARISON OF MEASURED AND CALCULATED VALUES 

OF THE PERTURBATION DENOMINATOR 

Quantity 

Expt l . wtd . mean, 10* 
Normalization factor, 10^ 
Normalized mean (M), 10* 
Calculated (C), 10̂ ^ 
C/M 

ZPR-9 No. 24 

2.659 ± 1.16% 
4.013 ± 1.87% 
6.626 ± 2.19% 

7.816 
1.180 ± 2.19% 

Assembly 

ZPR-9 No. 25 

4.015 ± 1.46% 
9.904 ± 3.10% 
4.054 ± 3.43% 

5.176 
1.277 ± 3.43% 

ZPR-3 No. 57 

1.270 ± 1.78% 
61.089 ± 2.10% 
0.208 ± 2.76% 

0.182 
0.877 ± 2.76% 

It is obvious that, until the causes of such discrep
ancies are both understood and eliminated, more 
reliance should be placed on a measured value for the 
perturbation denominator, particularly since values 
obtained with different types of samples are in good 
agreement. Heretofore, when measurements had been 
made only with a Cf-252 source, the possibility of a 
systematic error existed. The probability that this 
exists is significantly reduced by the agreement in the 
values with Cf-252 and Li-6, as indicated by the results 
given in Table II-29-IV. This is not contradicted by the 
results with U-238 samples, although the larger error in 
these values and the large magnitude of the calculated 
scattering correction for U-238 reduces the weight 
which should be given to their agreement. 

Because of the absence of a correction for scattering 
reactivity, it is recommended that Cf-252 be used for 
future measurements of the perturbation denominator, 
if limited to a determination with only one type of 

.pie. Li-6 is only slightly less valuable, as its scatter-
correction is very small except for hard neutron 

spectrum systems. U-238 is decidedly less useful because 
of its very large scattering correction, the need to ac

count for both captures and fissions, and the compara
tively large error introduced by the present uncertainty 
in the Mo-99 fission yield. 
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I. INTHODTJCTION 

Some of the future measurements on the zero power 
critical assemblies at Argonne will include the use of 
PUO2/UO2 fuel pins placed in sodium calandria. In 
order to measure the fission and capture rates in these 
pins, special plutonium and uranium metal foils with 
thin stainless steel cladding have been developed. 
These foils will be placed between the ends of special 
fuel pins during an irradiation and then will be removed 
for counting. The foils cannot be used unclad or be put 
inside the fuel pins because of radiological hazards 
associated -v, ith bare plutonium. Because of the brittle-
ness of oxide wafers, metallic foils were chosen for the 
measurements. 

A series of experiments was performed to determine 
the effect that the use of metallic foils and the presence 
of stainless steel gaps would have on the measured 
fission and capture rates in depleted and 16.4% en
riched UO2 fuel pins. The actual fission and capture 
rates within the fuel pins were found by placing 0.010 
in. thick UO2 wafers between specially machined UO2 
pellets. The specific activities of these wafers were then 
compared with metallic foils which were placed between 
similar UO2 pellets and irradiated under identical 
conditions. To minimize the effects of self-shielding, an 
effort was made to ensure that only the edges of the 
foils and wafers were exposed. The effect of foil cladding 
was simulated by inserting stainless steel disks between 
the foil and the pellets. 

The depleted and 16.4% enriched UO2 pellets used 
in these measurements were faced off at one end and 
turned to a diameter of 0.322 in. The oxide wafers were 
cut from similar pellets and ground to an approximate 
thickness of 0.010 in. The uranium and stainless steel 
foils were punched to the same diameter. The depleted 
and enriched foils had thicknesses of 5.6 and 4.4 mils, 
respectively. 

The first set of measurements was performed using 
the Argonne Thermal Source Reactor (ATSR). In the 

10. D . A. Meneley, L. C. Kvitek and D. M. O'Shea, MACmK 
A One-Dimensional Diffusion-Theory Package, ANL- f l ^ J 
(1966). 

11. F . L. Fillmore, The CALHET-^ Heterogeneous Perturbation 
Theory Code and Application to ZPR-3-48, Al-69-13 
(1969). 

irradiation each foil or w afer was pressed between two 
oxide pellets and then up to ten of these units were 
mounted around the circumference of a wheel. The 
entire wheel, including everything mounted on it, was 
covered with cadmium and placed close to the front 
face of the ATSR thermal reactor. Thus the foils w ere 
in a spectrum that was approximately 1/E. During 
the irradiation the wheel was revolved to ensure uni
form exposure. The 1 mil gold cadmium ratio at this 
position was about 9. 

The low energy of the neutron spectrum in the ATSR 
reactor served to amplify the changes in self-shielding 
produced by introducing stainless steel gaps. The 
results of the measurement indicate that in the epicad-
mium spectrum of a thermal reactor, the gaps and 
foils produce a significant change in the measured 
capture and fission rates. A second set of measurements 
was then performed in ZPR-6 Assembly 6A. This 4000 
liter UO2 fueled critical assembly had a neutron spec
trum with a mean energy of 90 keV and a distribution 
(see Paper 11-22 for the measured neutron energy 
spectrum) similar to the assemblies in which the fuel 
pin calandria measurements will be performed. 

In the ZPR-6 irradiation, four sets of two oxide 
pellets were loaded into a stainless steel tube. Sand
wiched between each pair of pellets were a depleted 
foil or wafer and different thicknesses of stainless steel. 
Four tubes were loaded in this manner and substituted 
for a 4 in. sodium can located 8 in. from the front face 
of the stationary half in Drawers 27-23. The data from 
this irradiation were corrected for the spatial variation 
in the flux along the length of the tubes by using pre
viously measured axial distributions of U-238 fission 
and capture rates in the core. 

Following all irradiations, the enriched and depleted 
foils were counted for fission by recording the nurrjJB 
of gamma-rays above 600 keV which were emifflJJ 
bjf the fission products. The captures in the depleted 
foils were also determined by counting the coincident 

11-30. T h e Eflfects of Gaps and Foils o n the Measured Fiss ion and 
Capture Rates i n Depleted and 16.4 % Enriched UO2 Fuel Rods 

A. B. LONG, W . R . ROBINSON and G. S. STANFORD 
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emission of 100 keV gammas and X-rays in the decay 
of Np-239. Corrections had to be made for the self-
absorption of these low energ}' photons by the foil 
itself. Detailed descriptions of counting techniques 
used can be found in Refs. 1 and 2. 

II . MEASUREMENTS IN THE ATSR 
THERMAL COLUMN 

A. CONSISTENCY CHECK ( A T S R ) ' — C A P T U R E S IN D E P L E T E D 

U-238 FOILS BBTW^EEN D E P L E T E D UO2 P E L L E T S 

A measurement was performed to determine the 
consistency of the system with respect to misalignment 
and pellet irregularities. The results of this measure
ment are presented in Table II-30-I. The foils were 
grouped into three categories depending upon the 
condition of the pellet edges (good, fair, bad). The 
activity due to captures was corrected for the self-
absorption in the foils and wafers of the 100 keV 
gammas and X-rays. 

The counting statistics for each foil were better than 
0.5% but the dispersion in the results of all the foils 
was about 2%. This increased dispersion can be 
attributed in part to the pellet irregularities. I t can 
be seen that as the condition of the pellets became 
worse the activity increased due to the larger exposed 
surface area. In addition, the dispersion in the data 
also reflected the pellet irregularities by increasing 
from 0.7 % for the good pellets to 2.1 % for the bad ones. 

In order to minimize the effects of pellet irregularities, 
all measurements were made with at least two sets of 
foils and pellets. The quality of the pellets was chosen 
to give an average number of irregularities for each 
measurement. 

B . CONSISTENCY CHECK ( A T S R ) FISSIONS IN 93.3% 

ENRICHED U-235 FOILS B E T W E E N 16.4% ENRICHED 

UO2 P E L L E T S 

In this experiment 93.3% enriched metal foils were 
irradiated between 16.4% enriched UO2 pellets and 
then counted for fissions. The purpose of the experiment 
was the same as that discussed above. The results, 
which are presented in Table II-30-II, indicate that the 
U-23o fission activity is much less sensitive to self-
shielding and therefore the pellet irregularities. Within 
the statistical reliability of the data (0.3 %) no effect can 
be observed for the different pellet conditions. 

C._GAP E F F E C T S ( A T S R ) - — C A P T U R E S IN DEPLETED U-238 

BILS W I T H D I F F E R E N T THICKNESS STAINLESS S T E E L 

[ p S B E T W E E N D E P L E T E D UO2 P E L L E T S 

To determine the effect that cladding would have 
on measured capture rates in depleted U-238 foils, 
stainless steel disks were placed on either side of the 

TABLE II-30-1. CONSISTENCY CHECK ( A T S R ) — C I P T U R E S 

IN D E P L E T E D U-238 F O I L S BETWEEN D E P L E T E D 

UO2 P E L L E T S 

Foil 

104 
108 
105 

107 
109 

103 
106 
110 

Pellet 
Con

dition 

Good 
Good 
Good 

Fa i r 
Fai r 

Bad 
Bad 
Bad 

Foil 
Weight, 

g 

0.1362 
0.1370 
0.1369 

0.1280 
0.1365 

0.1361 
0.1369 
0.1340 

Rel. Act. 
Per Gram 

U-238 

1,830 
1.806 
1.805 

1,912 
1.835 

1,914 
1.834 
1.900 

Rel. Act. Cor
rected for Self-

Absorption, 
R.A./(1-
1.851 W) 

2.447] 
2.420|>2.428 
2 .418j± 0.7% 

?:S}»-
2.558] 
2.456[2.516 
2 .535j± 2 . 1 % 

Av. 2.477 
± 2.1% 
(STD) 

Percent 
Difference 
from Good 

Pellets 

— 

+ 2 . 6 % 

+ 3 . 6 % 

TABLE I1-30-II. CONSISTENCY CHECK (ATSR)—FISSIONS 

IN 93.3%c ENRICHED U-235 F O I L S BETWEEN 16.4% 

ENRICHED UO2 P E L L E T S 

Foil 

202 
207 

206 
211 

203 
204 
205 
208 
212 
213 

Pellet 
Condition 

Good 
Good 

Pair 
Fair 

Bad 
Bad 
Bad 
Bad 
Bad 
Bad 

Relative Activation Per 
Gram U-235 

°-^^1o 994 
0.992/"-'^^* 

O-^^Olo 990 
0.991/ ^ 

0.996 
0.997 
0.996 
0.998 
0.990 
0.995j 

•0.996 

Av. 0.994 ± 0.32% (STD) 

Percent 
Difference 
from Good 

Pellets 

- 0 . 4 % 

+ 0 . 1 % 

U-238 foil and the package was sandwiched between 
UO2 pellets. Stainless steel thicknesses of 0, 5, 10, and 
30 mils on either side of the foil were investigated. To 
permit averaging of the effects of pellet condition, a 
good set and a bad set of pellets were selected for each 
gap thickness. After irradiation the activity due to 
captures was corrected for self-absorption. The results 
are presented in Table II-30-III. 

It is evident that there is a sizeable increase in activ
ity with increasing gap thickness. This arises from the 
effective increase in the surface area of the foil visible 
to neutrons outside the pellets as the gap between foil 
and pellet is enlarged. (The mean free path of a neutron 
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TABLE II-30-III . G A P E F F E C T (ATSR)—C.iPTURES IN 
D E P L E T E D U-238 F O I L S WITH D I F F E R E N T T H I C K N E S S 

ST.AINLESS S T E E L G A P S BETWEEN D E P L E T E D UO2 

P E L L E T S 

SS 
Gap, 
mils 

0 
0 

5 
6 

10 
10 

30 
30 

Foil 

111 
122 

120 
126 

113 
114 

119 
123 

Pellet 
Con
dition 

Good 
Fai r 

Good 
Bad 

Good 
Bad 

Fa i r 
Bad 

Foil 
Weight, 

g 

0.1350 
0.1357 

0.1361 
0.1350 

0.1356 
0.1358 

0.1354 
0.1345 

Rel. Act. 
Per Gram 

U-238 

1.976 
2.033 

2.264 
2.360 

2.634 
2.623 

3.363 
3.403 

Rel. Act. 
Corrected 
for Self-

Absorption, 
R.A. / (1-
1.851W) 

^:S}--
I:;S3-o-

''•''% 443 
3.503] 

4-4741 , ,„„ 
4 . 5 3 i r - ^ 0 2 

Percent 
Differ
ence 
from 
Zero 
Gap 

— 

16.4% 

28.7% 

68.3% 

ncn The gap effect on the fission rate in U-235 is muc. 
smaller than it is on the capture rate in U-238. This 
is to be expected on the basis of the greater number 
of resonances in the U-238 cross section and therefore 
the more severe self-shielding problem. However, the 
introduction of a stainless steel gap between foil and 
pellet also affects the transfer of fission fragments 
from foil to pellet. Without any gap the fission frag
ments which are lost from the outside 0.2 mils of the 
foil are to some extent balanced by the influx of frag
ments from the 16.4 %o enriched UO2 pellets. When a 
stainless steel gap is introduced, the fragments from 
the pellet can no longer reach the foil. The net result 
is a small decrease in foil activitj'- which cancels some 
of the positive gap effect due to less self-shielding. 
Linear extrapolation of the 10, 5 and 2 mil points 
indicates that about 0.7% of the activity of the foil 
in contact with the pellets was due to fission fragments 
from the pellets. 

TABLE II-30-IV. G A P E F F E C T (ATSR)—FISSIONS IN 93.3% 
ENRICHED U-235 F O I L S W I T H D I F F E R E N T T H I C K N E S S 

STAINLESS S T E E L G A P S BETWEEN 16.4% ENRICHED 

UO2 P E L L E T S 

SS Gap, 
mils 

0 
0 

2 
2 

5 
6 

10 
10 

30 
30 

Foil 

214 
220 

219 
215 

218 
222 

221 
217 

216 
223 

Pellet 
Condition 

Good 
Bad 

Good 
Bad 

Fai r 
Bad 

Fa i r 
Bad 

Bad 
Bad 

Rel. Act. Per 
Gram U-235 

0-9451 
0 .939r-^* ' ' 

0.964r-'^^2 

^•*°lo 996 
0.991/ * 

Percent 
Difference 

from Zero Gap 

- 0 . 3 % 

+ 0 . 6 % 

+ 2 . 1 % 

+ 6 . 7 % 

in stainless steel is approximately 5 cm so that the 
stainless steel gaps appear essentially as a void.) 

D. GAP EFFECT (ATSE)—^FISSIONS IN 93.3% ENRICHED 

U-235 FOILS WITH DIFFEBENT THICKNESS STAINLESS 

STEEL GAPS BETWEEN 16.4% ENRICHED UO2 PELLETS 

A measurement similar to the one discussed in the 
previous section was made to determine the effect of 
stainless steel cladding on the fission rate in 93.3% 
enriched U-235 foils. In this case, 16.4 % enriched UO2 
pellets were used and the gap thicknesses introduced 
on either side of the foils were 0, 2, 5, 10 and 30 mils. 
The measured activities are given in Table II-30-IV. 

E. FOIL EFFECT (ATSR)-—CAPTURES IN DEPLETED U-238 

FOILS AND WAFERS BETWEEN DEPLETED UO2 PELLETS 

The difference between the measured capture rate 
in a depleted uranium metal foil irradiated between 
two depleted UO2 pellets and the actual capture rate 
in the UO2 pellets was investigated in this experiment. 
To determine the capture rate in the UO2 pellets, 10 
mil thick UO2 wafers were cut from a pellet and then 
during the irradiation each wafer was sandwiched 
between two depleted UO2 pellets. Four wafers and 
four foils were measured. 

The capture data had to be corrected for the self-
absorption of the 100 keV gammas and X-rays within 

TABLE II-30-V. F O I L E F F E C T (ATSR)—CAPTURES IN 
D E P L E T E D U-238 F O I L S AND W A F E R S BETWEEN 

D E P L E T E D UO2 P E L L E T S 

Foil or 
Wafer 

F-112 
F-116 
F-127 
F-130 

W-D 
W-E 
W-C 
W-F 

Pellet 
Con

dition 

Good 
Good 
Pai r 
Bad 

Good 
Fair 
Bad 
Bad 

Foil or 
Wafer 

Weight, 

Rel. Act. 
Per Gram 

U-238 

0.1366 
0.1370 
0.1268 
0.1372 

0.1234 
0.1337 
0.1233 
0.1305 

8.69 
8.71 
9.77 
8.77 

11.96 
10.90 
12.03 
11.33 

Rel. Act. i 
Corrected for j 

Self-Absorption 
Foil: R.A./(l-~ 

1.851 WF) 
Wafer: 

R.A./(1-
1.659 Ww) 

Percent 
Difference 
from Foil 
with No 

Gap 

11.63 
11.67 
12.77 
11.76 

11.96 
± 4.6? 
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e foil or the wafer. To minimize the difference between 
e foils and the wafers, the wafers were cut twice as 

thick as the foils so that each would have approximately 
the same mass of U-238 per foil or wafer. The self-
absorplion correction was then performed with the 
assumption that the capture activity has the same 
distribution as a function of g/cm^ for both foils and 
w-afers. The uncertainty introduced bj ' this assumption 
into the 20% self-absorplion correction is felt to be 
small. 

The results, which are presented in Table II-SO-V, 
indicate a significant difference between the capture 
rates measured in the metal foils and the UO2 wafers, 
for an epithermal spectrum. This is mostly a result of 
the different self-shielding of the two materials, al
though to some extent it may contain an error due to 
improper correction for self-absorption. 

F . FOIL E F F E C T ( A T S R ) - — F I S S I O N S IN 93.3% ENRICHED 

U-23S FOILS AND 16.4% ENRICHED UO2 W A F E R S B E 

T W E E N 16.4% ENRICHED UO2 P E L L E T S 

The difference between the measured fission rate in 
an enriched uranium metal foil irradiated between two 
16.4% enriched UO2 pellets and the actu.al fission rate 
in the UO2 pellets was investigated in this experiment. 
The procedure used was similar to that discussed in the 
previous section. Four wafers, three foils without 
stainless steel gaps, and three foils with 2 mil stainless 
steel gaps were measured, and the results are given in 
Table n-30-VI. 

The difference between the fission rate in the foils 
and the wafers is very small, which again points out 
that the problem of self-shielding is much smaller for 
the U-235 than for the U-238. In this case the results 
in Table II-30-VI are not corrected for fission fragment 
transfer. When comparing foil and wafer data it must 
be remembered that a 93.3% enriched foil will lose 
more fragments than il gains from the 16.4% enriched 
UO2 pellets between which it was sandwiched. On the 
other hand, the net transfer of fragments between a 
16.4% enriched wafer and 16.4% enriched UO2 pellets 
should be zero. The magnitude of this transfer was 
discussed in Section II-D. 

III . MEASUREMENTS IN ZPR-6 ASSEMBLY 6A 

It was necessary to determine if the large gap and 
foil effects measured for U-238 in the epicadmium 
neutron spectrum of ATSR would also be present in 
the fast spectrum of ZPR-6 Assembly 6A. None of the 

_U-235 measurements were repeated, nor were any con-
|tency checks made. The discussion that follows will 
'ncern only effects which are different from those 

observed in the ATSR measurements. 

TABLE II-30-VI. F O I L E F F E C T (ATSR)—Fi.sbioxs ix 93.3% 

ENRICHED U-235 F O I L S AI\D 16.4% PJNBICHED UO2 WAFERS 

BETWEEN 10.4%> ENRICHED UO2 P E L L E T S 

SS Gap, 
mils 

0 

0 

0 

2 

2 

2 

0 

0 

0 

0 

Foil or 
Wafer 

F-603 

F-601 

F-606 

F-602 

P-604 

F-600 

W-Y 

W-Il 

W-T 

W-U 

Pellet 
Condition 

Good 

Bad 

Bad 

Fair 

Bad 

Bad 

Good 

Bad 

Bad 

Bad 

Rel. Act. Per 
Gram U-235 

3.723] 

3.72l|>3.719 ± 0 . 1 % 

3.714J 

3.731' 

3.730[3.760 ± 1.3% 

3.818J 

3.083' 

3.692, 

Percent 
Difference 
from I'̂ oil 
with Xo 

Gap 

— 

+ 1.1% 

- 0 . 8 % 

A. GAP E F F E C T ( z P R - 6 ) — C A P T U R E S IN DEPLETED U-23S 

FOILS W I T H D I F F E R E N T THICKNESS STAINLESS STEEL 

GAPS B E T W E E N DEPLETED UO2 PELLETS 

This measurement is similar to the one described in 
Section II-C. The results presented in Table 1I-30-VII 
indicate that the capture rate in U-238 increases with 
increasing stainless steel gap thickness. However, the 
effect is considerably smaller in the fast neutron spec
trum of ZPR-6 than it was in the epicadmium spectrum 
of ATSR. 

B . GAP E F F E C T ( z P R - 6 ) - - F I S S I O N S IN DEPLETED U-238 

FOILS W I T H D I F F E R E N T THICKNESS STAINLESS STEEL 

GAPS B E T W E E N DEPLETED UO2 PELLETS 

In this measurement depleted U-238 foils were 
counted for fissions, Avhereas in the measurement de
scribed in Section II-D, 93.3% enriched U-235 foils 
were counted for fissions. Otherwise, the two experi
ments were similar, but the results presented in Table 
II-30-VIII indicate that the self-shielding in the fast 
neutron spectrum is a smaller effect than the fission 
fragment transfer problem. As was mentioned in Sec
tion II-D, the introduction of a stainless steel gap 
prevents fission fragments from being transferred to 
the foil from the adjacent pellets. The result is a de
crease in the fission activity of the foil which is only 
slightly offset by the decrease in self-shielding with 
the increase in gap thickness. 

C. FOIL E F F E C T ( z P R - 6 ) — C A P T U R E S IN DEPLETED U-238 

FOILS AND WAFERS B E T W E E N 16.4% ENRICHED UO2 

P E L L E T S 

The captures per gram of U-238 measured in depleted 
U-238 foils and depleted UO2 wafers appear to be the 
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TABLE II-30-VII. G i p E F F E C T ( Z P R - 6 ) - C VPTUKES IN D E 
PLETED U-238 F O I L S WITH D I P F E K B N T T H I C K N E S S 

S T \ I N L E S S S T E E L G VPS BETW EEN 

D E P L E T E D U O , P E L L E T S 

SS 
Gap, 
mils 

10 
10 
10 

30 
30 

Foil 

60 
60 

125 

Pellet 
Con

dition 

Good 
Fair 

Bad 

Foil I Rel. Act. 
Weight, jPer Gram 

g I U-238 

65 
58 

118 

Good 
Fair 
Bad 

0.1350 
0.1.366 

0.1365 

0.1356 

1.501 
1.518 

1.509 

1.579 

Rel. Act. 
Corrected 
for Self-

Absorption 
R.A. / (1-
1.851 W) 

and Position 

Percent 
Diff'erence 

from 
Zero Gap 

3.100' 
3.098\ 
3 102/ 

3.101 3.101 

63 Fair 
64 Bad 

3.204] 
0.1348 I 1.543 I 3.158J>3.148 
0.1367 1.487 ' 3.0821 

0.1356 
0.1361 

1.584 
1.594 

3.2291 

3 . 2 3 8 r 

+ 0 . 0 % 

+ 1.6% 

+4.3% 

TABLE n - 3 0 - V n i G^p E F F E C T ( Z P R - 6 ) - " F I S S I O N S IN D E 
PLETED U-238 F O I L S ^ \ I T H D I F F E R E N T THICKNESS 

STVINLBSS STEEL G \ P S BETWEEN 

D E P L E T E D U O J P E L L E T S 

SS Gap, 
mils 

0 
0 

5 

10 
10 
10 

30 
30 

Foil 

56 
60 

125 

65 
58 

118 

63 
64 

Pellet 
Condition 

Good 
Fai r 

Bad 

Good 
Fair 
Bad 

Fair 
Bad 

Rel. Act. Per 
Gram U-238 

Corrected 
for Position 

2.9871 
3 .050r -"^ ' ' 

2.985 2.985 

3.020] 
2.964[2.981 
2.958/ 

^•^^2 994 
3.011/^'^'^^ 

Percent 
Difference 
from Zero 

Gap 

- 1 . 1 4 % 

- 1 . 2 7 % 

- 0 . 8 3 % 

same within the statistical uncertainty of the data 
(Table II-SO-IX). The measurements -were performed 
in ZPR-6 in a similar manner to the ATSR experiments 
described in Section II-E. Again it should be mentioned 
that the self-absorption correction introduces uncer
tainties which indicate that the close agreement between 
foil and wafer data is probably fortuitous. However, 
it is reasonable to expect the results for foils and wafers 
to agree within a couple of percent. This is based upon 
the assumption that the difference in the neutron 
spectrum between ATSR and ZPR-6 will affect the 
gap and foil measurements to the same extent: The 
effect of a 30 mil stainless steel gap was sixteen times 
greater on ATSR than on ZPR-6. If this same ratio 

were to hold for the difference between foil and ^\afl 
activity measured in the ATSR experiment, then th 
magnitude of the effect in ZPR-6 would be about 1 % 

mf 
D. FOIL EFFECT (zpR-6)'—FISSIONS IN DEPLETED r-238 

FOILS AND WAFERS BETWEEN 16.4% ENRICHED X;02 

PELLETS 

The fissions per gram of U-238 measured in depleted 
U-238 foils and depleted UO2 wafers also appear to be 
the same within the statistical uncertainty of the data 
(Table II-30-X). The experiment was performed in a 
similar manner to the ATSR measurement described 
in Section II-F. The one significant difference between 
the two experiments was that depleted foils were 
counted for fissions in the ZPR-6 measurement and 
enriched foils were counted in the ATSR measurement. 

TABLE n-30- IX. F O I L E F F E C T ( Z P R - 6 ) - C A P T U R E S IN D E 
PLETED U-238 F O I L S iND W V F E R S BETWEEN 16.49C 

ENRICHED UO2 P E L L E T S 

SS i Foil Pellet 
Gap, or ' Con-
mils I Wafer dition 

Foil or 
Wafer 

Weight, 

F-62 
F-128 

F-55 
F-117 

0 W-A 
0 ; w - B 
0 W-G 
0 W-H 

Good 
Fair 

Fair 
Fair 

Good 
Fai r 
Fair 
Fai r 

0.1324 

0.1319 

0.1317 
0.1323 

0.1377 
0.1357 
0.1342 
0.1358 

Rel. Act, 
Per 

Gram 
U-238 

Rel. Act. Cor
rected for Self-

Absorption 
Foil: R.A./(1" 

1.851 WF) 
Wafer; 

R.A./(1-1.659 
W'v.) and 
Position 

Percent 
Difference 
from Foil 
with No 

Gap 

1.559 
1.539 

1.507 
1.507 

1.546 
1.586 
1.573 
1.614 

3.1391 
3 . 1 0 9 r ' ^ 2 ^ 

3.0611 
3.089/ 

3.102] 
3.1251 
3.108 
3.166, 

3.075 

3.125 
± 1.0% 

- 1 . 6 % 

+0.0% 

TABLE II-30-X. F O I L E F F E C T (ZPR-6)—FISSIONS IN D E 
PLETED U-238 F O I L S AND W A F E R S BETWEEN 16.4% 

ENRICHED UO2 P E L L E T S 

SS Gap, 
mils 

Foil or 
Wafer 

F-62 
F-128 

F-55 
F-117 

W-A 
W-B 
W-G 
W-H 

Pellet 
Condition 

Good 
Fai r 

Fai r 
Fai r 

Good 
Fair 
Fai r 
Fai r 

Rel. Act. Per Gram 
U-238 Corrected for 

Position 

Percent 
Difference 
from Foil 
with No 

Gap 

3.356\ 
3.322/ 

3.096 
3.043 

3.339 

3.070 

3.379 
3.443 
3.357 
3.377 

3.389 ± 1.0% 

- 8 . 1 % 

+ 1.5% 

# 

file:///inless
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tfi the case of the ZPR-6 experiment this had the effect 
f amplifying the fission fragment transfer problem. 

This is observed when the fission count in the foil 
irradiated without a gap is compared to that of the foil 
irradiated with a 2 mil stainless steel gap. The large 
decrease in measured fission when the stainless steel 
is inserted results from the prevention of fragment 
transfer from the 16.4% enriched pellets. Because the 
fission rate in the U-235 was about thirty-five times 
greater than that in the U-238 it is to be expected that 
the transfer rate would be about eight times greater for 
the 16.4% enriched pellets than for the depleted pellets. 
This is the magnitude that is observed when the results 
of this measurement are compared with those discussed 
in Section III-B. 

IV. CONCLUSIONS 

Although the effects of stainless steel gaps and metal 
foils on the measured activities were in some cases 
appreciable in the epithermal spectrum of ATSR, in 
the harder spectrum of ZPR-6 Assembly 6A the effects 
were much smaller. It is concluded that in large oxide 
critical assemblies having the approximate neutron 

INTEODUOTION 

Precise fission product yields are important in many 
applied and basic nuclear fields. They are used in reac
tor physics to determine burn-up of nuclear fuels and 
in reactor physics calculations. Fission product yields 
produced in the fission of U-235 and Pu-239 by ther
mal neutrons arc accurately known.^ More recently, 
there has been a particular need in fast reactor physics 
for accurate fission yield data. Accurate data are 
scarce because of the difficulties in obtaining informa
tion on fission produced by fast neutrons. With the 
development of the solid state track recorder (SSTR) 
method for precise fission rate measurements,^ a simple 
direct method for measuring fast fission yields is possi
ble. 

In this experiment^ mica SSTRs are used to measure 
absolute fission rates per gram of Pu-239. The activity 

Ii * Chemical Engineering Division, Argonne National Labora-
ory. 

t Maealester College, St. Paul , Minnesota 

energy spectrum of ZPR-6 Assembly 6A, the effect of 
stainless steel gaps between foil and fuel in the oxide 
rods can be corrected by using the results in Tables 
II-30-VII and II-30-VIII. It is also concluded that 
metallic foils can be used to determine the reaction 
rates in oxide fuel elements. The uncertainty associated 
with the measured values for these effects in neutron 
energy spectra typical of ZPR-6 Assembly 6A is about 
2% of the total activity in the case of captures and 
less in the case of fissions. 

For these reasons, future measurements in oxide 
fuel pin-sodium calandria zones will be done with 
metalfic foils. In addition the measurements will be 
carried out with clad plutonium foils between the ends 
of special fuel pins, for radiological safety reasons. The 
results of these measurements will be corrected for 
the small stainless steel gap effect. 
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of Mo-99 and Ba-140 fission products produced during 
the experiments was determined by the radiochemical 
separation of Mo-99 from a plutonium target followed 
by beta counting, and by the direct counting of the 
La-140 gamma ray peak in order to determine the 
Ba-140 activity. 

The SSTR method is particularly useful to deter
mine the absolute yield of specific fis«ion products 
without requiring high neutron fluences. Once the abso
lute yield of these standard fission product isotopes 
(for a given neutron induced fission reaction and given 
neutron spectrum) have been determined with high 
precision, other fission product yields can be measured 
relative to these. Other methods of meaburing fission 
product yields are discussed in the literature."' 

EXPOSURE CONDITIONS 

The fission yields of Mo-99 and Ba-140 from 
Pu239(n,,/) have been measured in the fast neutron 
spectrum of ZPR-3<5' Assembly 57.<8' Assembly 57 has 

11-31. M e a s u r e m e n t of the Fiss ion Yields of Mo-99 and Ba-140 from Pu-239 in 
Fast Neutron Spectra 
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F I G . II-31-1. Comparison of Results of Proton-Recoil, Time-of-Flighl, and Calculated Spectra. ANL-ID-10S~9.9n Rev. 1. 

TABLE n-31- I . Pu-239 M A S S E S 

Sample No.! C/min-Bkgd Disint. per min Mass in ng <»' 

1 
2 
3 
4 
5 
6 
7 

i241.84 
167.22 
166.84 
'167.021 
165.55 
165.43 
j 79.20 

± 0.62 
± 0.33 
± 0.,33 
=t 0.52 
± 0.51 
± 0.54 
± 0.23 

467.24 ± 1.52 
323.07 ± 0.91 
322.34 ± 0.90 
322.68 ± 1 . 1 9 
319.84 ± 1 . 1 8 
319.61 ± 1.22 
153.01 ± 0.54 

3.427 ± 0.013 
2..370 ± 0.008 
2.364 ± 0.008 
2..367 ± 0.010 
2.346 ± 0.010 
2.344 ± 0.010 
1.122 ± 0.005 

a Counter efEoiency = 0.5176 ± 0.0015. Specifie act ivi ty = 
136.33 ± 0.27 disintegrations per min per ng. 

-5miis UD^ 

• 

^ 

i 
^ i 

FOIL HOLDER 

i \ > ^ PLATINUM 

r 1 MICA 

F I G . II-31-2. Irradiat ion Capsule. ANL Neg. Xo. 116-47$. 

the same core composition and configuration as the 
Gulf General Atomics STSF-IA.*'^' The neutron energy 
spectrum of this core has been measured by the recoil 
proportional counter method at Argonne and by the 
time-of-flight method at Gulf General Atomic.® Figure 
II-31-1 shows a comparison of proton-recoil and time-
of-flight measurements with the calculated spectrum. 
The irradiation to determine the fission yields was 
made near the center of the core. 

IBEADIATION PACKAGE 

The SSTRs used in this experiment were selected 
samples of muscovite mica ranging in thickness from 
50 to 100 jxxn. The mica was pre-etched in 49% hydro
fluoric acid for six hours to develop the "fossil" fission 
tracks; samples were selected on the basis of clarity 
and low "fossil" count. Discs ^YIQ in. in diam were 
punched to determine the fission rate. After exposure 
to fission fragments the mica was re-etched in 49% 
hydrofluoric acid for 90 min and counted as described 
by Gold et al.^ 

The plutonium sources used in this experiment were 
prepared from Pu-239 of very high isotopic purity. 
The isotopic analysis indicated a purity of 99.99% 
Pu-239 with total impurities 8 ppm. Sources prepared 
on platinum planchets i%6 io- ™ diam and 0.005 in. 
thick had masses ranging from 1 to about 3.5 ng of 
plutonium (see Table II-31-I). The masses were deter
mined by absolute alpha counting with a 27r flow 
counter having an efliciency of 0.5176 ± 0.0015 for a 
thin source. A half fife of (2.445 ± 0.005) X 10* years^ 
for Pu-239 was used in the mass determination. 

For the measurements of the Mo-99 and Ba-140 pro
duction thin metallic plutonium target samples were 
used. In order to machine and roll the metal readily, 
an alloy consisting of about 98% plutonium—^the bal
ance consisting of aluminum, oxygen and other minor 
impurities—-was used. The alloy was rolled to a thick
ness of 0.005 in. and discs 0.125 in. in diam were 
punched from this. This produced samples of the order 
of 10 mg of Pu-239. 

The fission sources, mica SSTR, and target samples 
were assembled into a package suited for this experi
ment. Figure II-31-2 gives an exploded view of the 
irradiation assembly. Five fission sources in good cq, 
tact with mica are placed in the central cavity. Se" 
fission product target foils are placed on each side 5 o r 
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kie cavity, making a total of 14 foils. Finally, a fission 
"ource with mica SSTR is placed over the target sam
ples on either side of the package. This arrangement 
will account for any neutron flux perturbation within 
the irradiation assembly. The entire assembly is held 
together with aluminum screws and presents a package 
1.50 in. in diam and 0.25 in. thick. 

The reactor was operated for about 80 min for an 
integrated exposure of 4 kWh. The exposure was ad
justed to give about 20,000 tracks on each mica SSTR. 

EXPERIMENTAL RESULTS 

The results of the track counting in the mica are 
shown in Table II-31-II. The data of sample No. 2 
were rejected; apparently the Pu-239 did not make 
good contact with the mica in this sample. The tracks 
on each mica disc were counted three times by three 
different scanners. The result from the six samples used 
is 9131.67 ± 34.00 tracks per ng of Pu-239. Using the 
optical efficiency of mica (0.948 — 0.0053) tracks per 
fission^ yields (9.63 ± 0.06) X 10^^ fissions per g of 
Pu-239. 

The activity of the l^Io-99 separated from the plu
tonium targets was measured to be (1.140 ± 0.007) X 

TABLE n-31-II. MICA SSTR Fissiox TRACK DATA 

Sample 

1 

2 

3 

4 

5 

6 

1 

Observer 

A 
B 
C 

A 
B 
C 

A 
B 
C 

A 
B 
C 

A 

? 
A 
B 
C 

A 
B 
C 

Total 
Tracks 

31,386 
31,644 
31,278 

19,258 
19,204 
19,458 

21,697 
21,263 
21,997 

21,626 
21,664 
21,770 

21,660 
21,867 
21,596 

21,088 
21,129 
21,227 

Source Mass, 1 Average Tracks 
ng , per ng 

1 

3.247 ± 0.013 

2.370 ± 0.008 

2.364 ± 0.008 

2.367 ± 0.010 

2.346 ± 0.010 

2.344 ± 0.010 

10,163 
10,038 1 1.122 ± 0.005 
10,132 

9163.31 ± 45.94 

8146.41 ± 44.00 

9145.09 ± 47.68 

9162.09 ± 62.67 

9237.43 ± 62.88 

9022.18 ± 52.87 

9008.62 ± 63.46 

TABLE n - 3 1 - l I I . Mo-99 AND Ba-140 F- IST F I S S I O N 
Y I E L D MEASUREMENTS 

Investigators 

Steinberg and Freed-' 
mani" 

Pe t rzhak et a l . " 
Bonyushkin et al.'^ 
Schwartz''^ 
Present work 

Year 

1951 

1960 
1961 
1967 
1969 

Mo~99 Yield 

6.94 ± 0.12" 

6.5 ± 0.4 
5.9 ± 0.6 
6.11 ± 0.37 
6.80 ± 0.06 

Ba-140 Yield 

5.04 ± 0.07 

4.9 ± 0.4 
5.4 ± 0.5 

5.00 ± 0.08 

"• Quoted error is s tandard error resulting from tln-ee meas
urements . 

10^ disintegrations per sec per g of Pu-239 corrected to 
saturation. Similarly, the Ba-140 activity was deter
mined to be (9.817 ± 0.113) X 10^ per sec per g of 
Pu-239. The effective irradiation time for the exposure 
was determined to be 4900 sec. The number of atoms 
of Mo-99 formed per gram of irradiated Pu-239 is thus 
Agt, where Ag is the saturated activity per sec per g of 
Pu-239 and t is the effective irradiation time. If we 
divide Agt by the number of fissions per gram of 
irradiated Pu-239 we have the fission yield. The result 
for Mo-99 is (5.80 ± 0.05)%, and for Ba-140 is (5.00 
±0.06)%. 

CONCLUSIONS 

A new low-fluence method for the precision measure
ment of fission product has been established. It has 
been used to measure the yields of Mo-99 and Ba-140 
from Pu^^^(n,/) induced by fast neutrons with an ab
solute accuracy of 0.9 and 1.3%, respectively. 

Earlier fast fission yield measurements have been 
carried out with "fission spectrum" neutrons. The pres
ent results are compared with these earlier measure
ments in Table II-31-III. 

REFERENCES 

1. M . E . Meek and B. F . Rider, Summary of Fission Product 
Yields for r-235, U-238, Pu-2S9, and Pu-Ul, A P E D -
5398 (1968). 

2. R. Gold, R. J . Armani and J . H. Roberts , Absolute Fission 
Rate Measurements with Solid State Track Recorders, 
Nucl. Sci. Eng. 34, 13-32 (1968). 

3. R. J . Armani, R. Gold, l i . P . Larsen and J. 11. Roberts , 
Measured Fission Yields of Mo-99 and Ba-140 in Fast 
Xeutron-Induced Fission of Pu-239, Trans . Am. Nucl. 
See. 13(1), 90 (1970). 

4. F . L. Lisman et al., Burmip Determination of Nuclear Fuels, 
IN-1277 (1969). 

5. B. C. Cerut t i , 11. Y. Lichtenberger, 1). Okreut, R. E . Rice 
and F . W. Ttialgott, ZPR-S, Atgonne's Fast Critical 
Facility, Xuel. Sci. Eng. 1, 126 (1956). 

6. Reactor Development Program Progress Report, ANL-
7581, 8 (1909).^ 



222 II. Fast Reactor Physics 

7. C. A. Preski t t et al., Fast Reactor Spectrum Measurement, 
Gulf General Atomics Quarter ly Progress Report , GA-
9027 (October 7, 1968). 

8. J . W. Powell, Comparison of Proton-recoil Proportional 
Counter and Time-of-Fhght Neutron Spectrum Measure
ments in a U-235 Fueled Fast Reactor, Trans . Am. Nucl. 
Soc. 12(2), 712 (1969). 

9. l a . P . Dokuchev, The Specific a-Activilu of Pu-239 and 
Pu-240, J . Nucl. Energy A11,195 (1960). 

10. E . P . Steinberg and M. S. Freedman, Summary of Results 
of Fission-Yield Experiments, Radiochemical Studies: The 
Fission Products, C. D . Coryell and N . Sugarman, Eds. 

A figure of merit for a critical facility such as ZPPR 
is the inherent ability to reproduce configurations and 
to measure reactivity accurately. 

During the period of initial startup of ZPPR, a 
number of experiments were performed to measure the 
reproducibility of system criticality upon half closure. 
Measurements made during a one- or two-day period 
proved satisfactory. However, as time progressed be
yond this, it became apparent that there was a consist
ent reactivity loss with time. Subsequent investigations 
attributed the loss to radioactive decay of the fissiona
ble isotope Pu-241 (13 year half-life), present in small 
quantities (~1.6 w/o) in the ZPPR fuel alloy. This 
effect has also been used to explain, in part, a similar 
reactivity loss observed over a three-month period in 
ZPR-3. 

Subsequent examination of data obtained in recent 
cores on ZPR-3 and ZPPR has provided reference-
core criticality measurements, spaced over an interval 
of several weeks each, on ZPR-3 Assemblies 51 and 

TABLE II-32-I. T ( ) T \ L W O R T H S OF P U - 2 4 1 AND Am-241 IN 
ZPPR AND ZPR-3 ASSEMBLIES 

Assembly 

ZPR-3, 51 
ZPR-3, 56B 
Z P P R - F T R 1 
Demonstra t ion 

P lan t 

Worth of Pu-241 Q~\ , 

10^^ 

2.5 X 10'' 
atoms/cm^ 

1.13 
1.46 
1.54 
3.11 

5.0 X 10" 
atoms/cm^ 

2.26 
2.91 
3.08 
6.21 

Worth of Am-241 ̂ ^ ^ y 

10-8 

2.5 X 10" 
atoms/cm^ 

- 3 . 0 0 
- 3 . 4 0 
- 1 . 7 7 
- 1 . 5 5 

5.0 X 10" 
atoms/cm^ 

- 6 . 0 0 
- 6 . 8 0 
- 3 . 5 4 
- 3 . 1 0 

(McGraw-Hill Book Company, Inc., New York, 1961^ 
Book 3, pp. 1378-1390. ^ 

11. K. A Petrzhak et al.. Yields of a Number of Fission Products 
m the Fission of Uramum-235, Uranium-238, and Plu-
tomum-239 by Neutrons, AEC-TR-4696 (1961). 
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56B and on FTR Cores 1 and 2 in ZPPR, all of which 
were part of the FTR Critical Program. 

The analyses of the worths of Pu-241 and Am-241 in 
the particular cores studied were performed with one-
dimensional diffusion theory. Cross sections for the 
Am-241 were obtained from the ENDF/B library, av
eraged over a typical FTR spectrum, and added to an 
existing cross section library set that had previously 
been prepared for analysis of the Phase B FTR cores. 
The actual worth calculations were then performed 
using one-dimensional diffusion and perturbation cal
culations as performed by the MACH-l code,'- The 
results of these calculations are provided in Table I I -
32-1. 

The contribution of the Am-241 buildup to the total 
reactivity effect proved to be negative, and constituted 
only 1 to 3%, of the total effect. The loss of Pu-241 thus 
contributed 97 to 99% of the total effect. 

The results of the calculations for ZPR-3 Assembly 
51 indicate that the downward trend in the excess 
reactivity of the reference core can be explained in 
large part by the loss of Pu-241 and the associated 
buildup of Am-241. Experimental errors on the meas
urements are based on the standard deviation of two or 
more reference core criticality measurements taken on 
the same or successive days. Figure II-32-1 compares 
experimental and calculated data for ZPR-3 Assembly 
51. 

The data for Assembly 51, obtained from mid-De
cember through February, are much better than those 
obtained from Assembly 56B. The Assembly 56B data 
were taken between the end of January and e a r ^ 
April, at a time -when outside weather was beconM| 
warmer. This would have an effect on ZPR-3 reacOT? 

11-32. Reactivity Effects i n Critical Faci l i t ies D u e to Fissi le Isotope Decay 
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mperature because cell air can be heated but not 
cooled. Such a temperature drift was indeed observed 
in outer core regions and in the reflector. Additional 
heating of the air in the reactor cell causes an addi
tional small reactivity loss due to the negative temper
ature coefficient of the reactor, thereby explaining the 
large discrepancy in the data obtained at about 60 
days compared with the data obtained in the initial 
measurement. Figure II-32-2 compares experimental 
and calculated data for ZPR-3 Assembly 56. 

The FTR-2 data from ZPPR were not susceptible to 
weather considerations, as described above, because 
the temperature of the ZPPR cell is held constant to 
within ± i 4 ° F regardless of the outside temperature. 
The data from FTR-2, taken over a 26-day period, 
show a good correlation between calculated and meas
ured effects. The reactor was shut down for 28 days 
during August 1969 for cell isolation tests. Reference 
measurements made before and after this interval indi
cated a loss of 7.9 ± 0.7 Ih. The calculated loss over 
this period is about 6.6 Ih, which accounts for almost 
all of the measured loss. Figure II-32-3 compares ex
perimental and calculated data for ZPPR Assembly 1. 

The rate at which reactivity is lost depends primar
ily on the amount of Pu-241 present in the fuel. In the 
FTR cores on ZPPR, the Pu-241 was 1 to 2 w/o of the 
total plutonium present (Pu-240 is 11.5 w/o). The cal
culated rate of reactivity loss in this case was 0.234 
Ih/day. While this would not normally be an impor
tant consideration, some reactivity measurements 
which require considerable time to perform could show 
the effects of a reactivity change of 0.1 to 0.15 Ih 
during the experiment. Sodium voiding experiments, 
which involve loading changes between measurements, 
could encounter problems due to the Pu-241 decay 
losses. 
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F I G . II-32-1. Reference Core React ivi ty Loss. ZPR-3 As
sembly 61. ANL Neg. No. 116-225. 
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F I G . 11-32-3. Reference Core React ivi ty Loss, ZPPR As
sembly 1. ANL Neg. No. 116-227. 

Calculations of the effect in a power reactor indicate 
that for demonstration plant sizes, assumed to have a 
power level of at least 750 MWt, the production of 
Pu-241 by capture in Pu-240 balances the decay loss 
and essentially no loss of Pu-241 occurs. However, if 
there were no decay problem one would anticipate 
some buildup of Pu-241 in the core. This potential gain 
in reactivity is almost completely lost due to the Pu-
241 decay. 

In conclusion, the effects of decay of Pu-241 in criti
cal facilities can be severe for experiments which re
quire references widely spaced in time. The effect in a 
power reactor is simply to compensate for the buildup 
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of Pu-241 through capture in Pu-240. A recommended 
procedure for plutonium-fueled critical facilities is to 
repeat measurements on the reference core once or 
twice a week to provide sufficient data to determine an 
accurate experimental value of reactivity loss due to 
fissile isotope decay. Calculations can be performed 
but must be regarded as somewhat uncertain because 

the cross sections for such elements as Pu-241 anS 
Am-241 are not accurately known. 
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11-33 . A P o s t a n a l y t i c a l S t u d y o f E i g h t ZPR-S B e n c h m a r k C r i t i c a l s 
U s i n g ENDF/B D a t a 

A. L. HESS, R . G . PALMER and J. M. STEVENSOX* 

INTRODUCTION 

The plutonium-fueled assemblies which have been 
constructed on ZPR-3 include a series of eight, simple 
core-blanket physics studies ranging in size from 90 to 
450 liters. In order of construction, these were Assem
blies No. 48, 48B, 49, 50, 53, 54, 58 and 59. A program 
of postanalyses has been underway on these systems 
using cross sections based on Version I of ENDF/B 
(1968 edition) and the ARC System adapted to the 
Idaho IBM 360/75 computer. The program includes 
investigation of the effect of heterogeneity on eigenval
ues, on central fission ratios, and on material worths. 
Also, the studies include comparative calculations with 
1-D and 2-D codes to establish simple models for fu
ture calculations. Although the basic data file used will 
be superseded by revisions in progress, these studies 
form the groundwork in establishing analytical tech
niques to be used in data testing of the 1970 edition of 
ENDF/B (Version I I ) . 

Models for criticality calculations were derived from 
the as-built, heterogeneous-structure, critical configu
rations. Cylindrical models for two-dimensional analy
sis used the actual axial lengths and average core radii 
of the assemblies, with only minor adjustments for 
smoothing the radial boundaries, for the excess reac
tivity of the control rods and for the interface effect. 
The studies of the heterogeneity effects were carried 
out with one-dimensional analysis, and spherical mod
els of the assemblies for this purpose were obtained 
from the as-built core volumes and approximate shape 
factors. 

METHODS OF ANALYSIS 

Figure II-33-1 charts the course of the analyses with 
the ARC System starting with the generation of multi-

* UKAEA, Winfrith, Dorchester , Dorset, England. 

group cross sections using MC-. The MC^ problems 
were run in the ultrafine mode under the consistent Bx 
option. Fine-group widths of 54 lethargy units were 
specified, and the output broad-group structure con
tained 30 groups (1/2-lethargy widths through Group 
26, then widths of 1, 1, and 2, with the 30th group 
representing the thermal range). 

Each of the different fuel-cell arrangements used in 
the construction of the assemblies required several 
runs of MC^ cross sections. The first MC^ problem for 
each type of cell was run in the homogeneous mode: 
that is, the input composition was that of the average 
core cell and the resonance shielding of the heavy iso
topes was carried out according to a homogeneous dis
persion of all the materials. Then, for each of the dif
ferent types of fuel or fertile plates, one additional 
MC^ problem was run in the heterogeneous mode to 
obtain cross sections for the plate constituents with the 
resonance shielding according to the plate makeup and 
its surroundings of diluent. The combination of MC^ 
problems for each case thus gave cross sections for the 
resonance isotopes which were both homogeneously 
and heterogeneously shielded. 

Separate MC^ problems were run to obtain blanket 
cross sections. For each uranium-blanketed core, an 
MC^ problem was run which provided resonance 
shielding for the uranium isotopes according to the 
uranium concentration in the blanket, but which used 
an ultrafine weighting spectrum similar to the core 
spectrum. For Assembly 54, a zero-buckling MC^ cal
culation was used to obtain cross sections for the steel 
reflector materials. A cross-section set for lead, to be 
used in the Assembly 59 calculations (reflector 
lead), was adopted from the PHROG library since 
ENDF/B file does not include lead. 

The next phase of the procedure was to obtain a 
spatial weighting of the cross sections over the width 

# 
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of the core cells. This is to provide i*eaction rates in k 
calculations which reflect the multiplication in the fuel 
plates; that is, the flux advantage/disadvantage ef
fects. The code CALHET-2 was used for this purpose. 
CALHET calculates intercell, multigroup flux distri
butions using a collision probability formulation of the 
neutron-balance equations in slab geometry, a formu
lation based on integral transport theory. Twenty slab 
regions are allowed in CALHET, and each of the core 
cells studied was described in the inputs to the code as 
a 20-region representation, using two or three regions 
for the fuel plates. The cross section input for the fuel 
and fertile isotope regions were the appropriate reso
nance-shielded cross sections from the heterogeneous-
MC^ calculations. For the non-resonance materials, 
the inputs to CALHET were cross sections from the 
homogeneous MC^ case. In addition to a Ak for flux 
advantage calculated by perturbation theory, CAL
HET outputs cross sections for each input cross sec
tion. The outputs have been averaged over the cell 
using the regionwise, real flux distributions. The next 
step of the analyses is the diffusion theory calculations 
using the spherical model and three different cross sec
tion sets: homogeneous-MC^, heterogeneous-MC^, and 
CALHET-weighted cross sections. The differences in k 

tween cases thus gave the reactivity effects of heter-
neity. Transport corrections were obtained from 
ARC calculations (Sg) for the spherical model 

using homogeneously shielded cross sections in the core. 

^ f i t ^ 

Toward the end of the path in Fig. 11-33-1 are the 
2-D diffusion calculations which, upon adding the 
transport corrections, give the final fc values from this 
study. The cross sections used in the core in these 
cylindrical models are the cell-averaged output from 
CALHET and thus account for both the resonance 
self-shielding and the fuel-multiplication effects of het
erogeneity. 

The real and adjoint fluxes from the 2-D diffusion 
problems also constitute the input for the final stage of 
analysis, namely calculations of central fission ratios, 
central worths of materials, and the effective delayed 
neutron parameters. The spectra thus more appropri
ately represent the environment of the cell-plate struc
ture around the material-worth samples and the fission 
chambers. However, the cross sections used for the 
sample materials and fission-chamber platings were 
taken from the homogeneous MC^ problems to provide 
average resonance shielding representing the sample or 
fissile-foil material uniformily dispersed in minute 
concentration across the core cell. For the non-core-
constituent materials (U-233, U-234, tantalum, etc.) 
infinitesmal concentrations were specified in the homo
geneous MC^ input to provide infinite-dilution cross 
sections averaged with the homogeneous ultrafine spec
trum. 

The majority of the analytical program outlined 
above was completed during the year, and the results 
which have been obtained are presented below. 
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TABLE II-33-I. E F F E C T S OF HETEROOENEors SHIELDING OF 
RESOJ^AXCES IN F U E L AND F E R T I L E P L A T E S 

Assembly 

48 
48B 
49 
50 
53 
54 
58 
59 

keif t Calculated for Spherical 
Model by Diffusion Theory 

With Homo
geneously 
Shielded 

Resonances 

0.9690 
0.9694 
0.9631 
0.9707 
0.9884 
0.9517 
1.0027 
0.9712 

With Hetero
geneously 
Shielded 

Resonances 

0.9746 

0.9663 
0.9798 
1.0050 
0.9704 
1.0038 
0.9738 

Shielding Effect, 

0.56 

0 32 
0.91 
1.66 
1.87 
0.11 
0.26 

TABLE 1I-33-II. EFFECTTS OF S P V T I A L - F L F X W E I G H T I N G OF 

CROSS SECTIONS AND TOT.\.L H E T E R O G E N E I T Y IIIFFEOT 

Assembly 

48 
48B 

49 
50 
53 
54 
58 
59 

CALHET 
Cell Results 

(Input (T'S 
From Het. 

MC2), 
7ok 

1.34 
1.28 

(Inner Cell) 
1.07 
1.52 
1.46 

1.86 
— 

Diffusion 
Theory k for 

Sphere 
Using Flux-

Weighted (T'S 
(CALHET 

Output) 

0.9885 
0.9891 

0.9766 
0.9949 
1.0190 
0.9848 
1.0191 
0.9898 

Cell-Flux 
Weighting 

Effect, 
7ok 

1.39 
• 

1.03 
1.51 
1.40 
1.58 
1.53 
1.60 

Combined 
Hetero
geneity 

Effect, Reson. 
Shld. -f 

Flux Wtg., 
%h 

1.95% 
1.97 

1 35 
2.42 
3.06 
3.45 
1.64 
1.86 

EFFECTS OF HETEROGENEITY ON CALCULATED fee// 

Table II-33-I compares the fee// values given by the 
spherical diffusion-theory calculations using core cross 
sections from the homogeneous and heterogeneous MC^ 
problems. The differences obtained thus represent the 
low-energy heterogeneity effect due to the increased 
self-shielding of resonances in the cell-plate structure 
as compared with a homogeneous mixture. For cores 
containing U-238, the trend is toward increasing reso
nance-shielding effect with increasing spectral degra
dation. I t was somewhat surprising to obtain a posi
tive, yet small, effect for the Assembly 68 and 59 
cores; however, the result is consistent with the change 
in buckling found between the homogeneous and heter
ogeneous MC^ cases for the Assembly 58 cell. I t ap
pears that the lack of U-238 and the reduced fraction 
of Pu-240 in Assemblies 58 and 59 compared with the 
previous cores has the effect of reducing the high en
ergy adjoint to the point where the adjoint in the fis

sion spectrum range is less than in the energy ran | 
where resonance absorption occurs. 

The effects of heterogeneity in the high-energy range 
are presented in Table II-33-II. The second column of 
the table lists the heterogeneity advantage as calcu
lated for the cells by the CALHET Code; its inclusion 
here serves only as a check on the reasonableness of 
reactivity changes from the diffusion theory calcula
tion using the CALHET-output cross sections. The fce// 
values given by the CALHET cross sections (Column 
3 of Table II-33-II) are not the best diffusion theory 
results from this study since the spherical models used 
were in most cases only approximately correct. 

The total effect of heterogeneity, the combination of 
resonance shielding and fuel-plate multiplication, are 
given in the last column of Table II-33-II. In general, 
these results are about 0.4% Afc/fc higher than hetero
geneity corrections which have been derived in the 
past, possibly due to the different effects given by 
CALHET as opposed to discrete-ordinate slab calcula
tions for cell-flux distributions. 

EFFECTS OF HETEEOGENEITY ON 

CALCULATED FISSION RATIOS 

The effect of the cell heterogeneity upon the spec
trum was studied by comparing fission ratios derived 
for the different spectra from the spherical diffusion-
theory calculations using the homogeneous MC- cross 
sections, the heterogeneous MC^ cross sections, and the 
CALHET-weighted cross sections. Table II-33-III 
gives the total heterogeneity effect on the U-238/U-235 
fission ratios, the difference in ratios obtained with the 
homogeneous-core spectrum and the spectrum ob
tained with CALHET-weighted cross sections (which 
include heterogeneous resonance shielding and cell spa-

TABLE II-33-III . E F F E C T S OF HETEROGENEITY ON CALCC-

LATED U-238/U-235 FISSION RATIOS 

Assembly 

48 
48B 
49 
50 
53 
54 
58 
59 

Calculated 
Ratio in 

Homogeneous 
Spectrum" 

0.03057 
0.02909 
0.03356 
0.02681 
0.02725 
0,02629 
0.03313 
0.03385 

Calculated 
Ratio in 

Heterogeneous 
Spectrum'' 

0.02889 
0.02767 
0.03265 
0.02425 
0.02458 
0.02368 
0.02926 
0.02952 

Effect, 
0:' 
/O 

- 5 . 5 
- 4 . 9 
- 2 . 7 
- 9 . 5 
- 9 . 8 
- 9 . 9 

- 1 1 . 7 
- 1 2 . 8 

" Spectrum a t center of core from spherical di£fusion-th 
calculation using cross sections fi'om homogeneous MC 

*> Spectrum a t center of core from spherical d i f fus ion- theo^ 
calculation using CALHET-weighted cross sections. 

# 
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fal-flux "weighting). Using core cross sections from the 
heterogeneous MC^ (with only the resonance-shielding 
heterogeneity effect accounted for) gave ratios approx
imately midway between the values in Columns 2 and 
3 in Table II-33-III; this indicates that the total ef
fect from heterogeneitj' in the last column is about 
half due to resonance shielding and half due to spa
tial-flux weighting. 

The heterogeneity effects for the other threshold-iso
tope fission ratios (for U-234, U-236 and Pu-240) were 
almost identical to that indicated above for the U-
238/U-235 ratio. Little effect was found for the Pu-
239/U-235 and U-233/U-235 fission ratios; at most the 
differences in ratios for these isotopes using homogene
ous and CALHET-weighted spectra were about 2%. 

TRANBPOBT COHEECTIONS AND TWO-DLMENSIONAL 

DIFFUSION-THEOBY CALCULATIONS 

Table II-33-IV lists the transport corrections for the 
eight assemblies, in each case determined as the differ
ence in fee// between an Ŝg transport-theory calculation 
and a diffusion-theory calculation on a spherical 
model. Of particular interest are the high values for 
the light metal-reflected systems. Assemblies 54 and 
59; the small size and relatively large leakage compo
nent for each of these two systems may require that 
only transport-theory calculations be acceptable for 
benchmark-testing purposes for these cases. 

Also listed in Table II-33-IV are the fce// values 
given by the two-dimensional diffusion-theory calcula
tions in cyhndrical geometry. Adding the transport 
corrections gives the final h^-jf values using ENDF/B-
68-based crosb sections on the assembly models used. 
However, a few cautionary notes are needed on these 
values: 1) for the uranium-blanket cores (where mul
tigroup cross sections for the blanket were averaged 
with the core ultrafine spectrum), there may be up to 
about -fO.6% k effect or uncertainty due to the 
blanket cross section treatment, 2) for Assembly 54, 

the zero-buckling-MC- cross sections are probably 
over-shielded and not properly representative of aver
age cross sections for the spectrum in the vicinity of the 
core-reflector boundary, and therefore upwards to 4% 
/c uncertaintj' may be inherent in the method, 3) the 
R-Z models used for Assemblies 54 and 59 had no 
corrections for irregular core outline. Both of these 
assemblies had somewhat square cross sectional load
ing patterns for the core, and using the equivalent-area 
radii probably gave models on the order of 4-0.5% fc 
too reactive. 

CONCLUSIONS 

The results of the analyses to date on the eight 
ZPR-3 plutonium benchmark systems indicate a 
value of & too high for the softer spectrum systems 
—^Assembly 53 and on. It is known that the a for Pu-
239 is too low in the ENDF/B Version I. Correction 
would qualitatively improve the calculated fc. The 
larger correction factors for core edge irregularities and 
transport effects, in the small assemblies, means that 
sophisticated analysis is required to use them as relia
ble benchmark tests of cross sections. 

TABLE II-33-1V. TsiNSPORT THEORY CORRECTIONS AND 
2D DIFFUSION CVLCLLVITONS 

Assembly 

48 
48B 
49 
50 
53 
54 
58 
59 

Transport 
Correction 

(ID-SXARG 
versus ID-
Fiffusion), 

% Mi Ik 

0 72 
0.70 
0.76 
0.65 
0.99 
3.07 
1.53 
4.26 

kes; from R-Z 
Diffusion Calcu

lation Using 
CALHET-

Weighted Core 
Cross Sections 

0.9884 
0.9896 
0.9796 
0 9936 
1.0127 
1.0005 
1.0148 
1.0078 

Final k^f; , 
2D Diffusion 

Result -1-
Transport 
Correction 

0.9956 
0.9965 
0.9871 
1.0001 
1.0226 
1.0312 
1.0301 
1.0504 

11-34. A S tudy of Methods of Cross Sec t ion Error Identi f icat ion Uti l iz ing Integral 
Data from Fast Critical Assemblies 

K. 0. OTT,* R . B . POND and ,1. Isl. KALLFELZI 

^ ^ ^ s a result of inaccuracies in nuclear data, predictions 
HHBitegral quantities for reactor design and performance 

may be significantly in error. The inaccuracies of pre-

* Purdue University, Lafayette, Indiana. 
t Georgia Ins t i tu te of Technology, Atlanta, Georgia. 

dictions are revealed in comparisons with corresponding 
results of integral experiments in critical facilities. There 
is no doubt that the deviations between theoretical and 
experimental results contain "information". There is, 
however, considerable disagreement of how to utilize 
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this information. The various positions of investigators 
reach from a generally negative attitude about data 
adjustment on the one side to an optimistic attitude on 
the other side. Two opposing positions are; 

(1) Integral experiments should be used merely for 
checking theoretical predictions and for finding 
indications of combined inaccuracies which are 
caused by nuclear data as well as other sources of 
errors.^ 

(2) Deviations between calculated and measured 
integral quantities should be utilized to adjust 
microscopic data, including their energy depend
ence as described, for example, by group constant 
sets with 16-33 groups^"* or 2000 groups.^ 

A number of other possibilities lying between these 
two opposite positions have been investigated or pro
posed: 

(3) the use of all criticality measurements as a basis 
for an extensive interpolation procedure to find 
the criticality of other compositions^ 

(4) adjustment of group constant sets with a smaller 
number of groups (e.g., 4-5 groups)'^'^ 

(5) adjustment of integral reaction rates in two or 
three typical neutron spectra.' 

The list of intermediate positions, together with cor
responding arguments and investigations, shows that 
the general status of the area of "utilization of results of 
integral experiments to improve theoretical predictions 
of reactor parameters" may be described as follows: 

there is no generally accepted philosophy or ap
proach 
there is no generally accepted adjustment pro
cedure 
there is no general agreement about the physical 
significance of specific adjustments 
there is no general agreement about the possi
bility of improving predictions of integral pa
rameters by using sets of adjusted group con
stants. 

The importance of this controversial problem war
ranted an in-depth investigation of the possibilities and 
limits of data adjustment. 

The present investigation is carried out as a theo
retical simulation of a complete adjustment procedure. 
The results and errors of the integral experiments are 
simulated as are also the errors of the microscopic data. 
In the theoretical simulation of experiments, the "true" 
values are known. The simulation procedure as used in 
this study consists of the following steps: 

(1) Collapse of the "ABBX"o« multigroup cross 
section set to a one-group constant set using a 
typical spectrum from the various assemblies 
used in the study. These one-group constants. 

(1) 

(2) 

(3) 

(4) 

which are considered the "true" values for thi 
purposes of this study, are used to calculate the 
critical buckling for the integral experiments. 

(2) Evaluation of typical errors of the one-group 
cross sections (standard deviations, / ) . 

(3) Construction of the "theoretical" one-group 
cross sections by statistical variation around the 
"true" values (using the standard deviations, s"). 
These "theoretical" values correspond to the 
cross section set which one has available in an 
actual situation. 

(4) Calculation of the "theoretical" multiplication 
constants fc„ for the set of assemblies (eigenvalues 
X» = l/fcn), using the "theoretical" cross sections 
and the critical buddings (for which fen = 1.0 
for the "true" cross sections) calculated in (1). 

(5) Construction of the "experimental" results for 
the eigenvalues X" by statistical variation around 
X„ = 1.0 using an assumed standard deviation 
s'' for the experimental error of the reactivity. 

(6) Calculation of the cross section variations accord
ing to the procedure for fitting theoretical and 
experimental reactivities, i.e., identification of 
the cross section changes or "errors" introduced 
in (3). 

(7) Comparison of the identified and the known cross 
section errors. 

A theoretical simulation has also been used in an ex
ample by Cecchini et al.' 

A one-group, zero-dimensional model was selected in 
order to show comparisons of several different adjust
ment procedures and to show dependency upon the 
number and the experimental errors of integral and 
microscopic data. 

Four fitting procedures were applied to this study. 
All four procedures may be formulated by the same 
system of equations with the only difference being that 
a certain parameter (7) is to be determined in a differ
ent way. 

The mean square deviation of predicted and measured 
results of the TV integral experiments is given by 

• 

1 
N 

EdA ' n ) (? Hi^nUi, + Ap„Y = A', (1) P»\ 

where 
8"^ is the average reactivity error of the nth integral 

experiment 
Uk is the (unknown) change in microscopic data 

be found by the fitting procedure 
Hkn is the sensitivity of the criticality (of system 

with respect to a change in Uk 
.7^^ 
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Ap„ is the difference of the experimental and the 
theoretically predicted reactivities 

si is the assumed error (standard deviation) of o-*. 
The four adjustment procedures lead to the following 

system of equations for the unknowns Uh : 

with 

bk 

E hi'Uk' = bk 
k' 

Z Hkn A 

, V^ Hknllk'n . Sjck 
fi \ 2 (s^.) (sir 

(2a) 

(2b) 

(2c) 

FITTING PROCEDURE NO. 1—No CONSTRAINT CONDI

TION (7 = 0) 

This is the standard, unconstrained, least square fit 
of measured and calculated results. 

FITTING PROCEDURE N O . 2—ELLIPSOIDAL CONSTRAINT 

CONDITION 

The variation of the unknowns, Uk, as restricted to a 
domain described by a hyper-ellipsoid. 

* 03k 

(3) 

The use of Eq. (3) leads to a two branch solution. If 
the relative minimum of the unconstrained problem 
falls within the domain of Eq. (3), then the solution is 
the same as that for the first procedure; if not, the 
minimum is to be found on the surface of the hyper-
ellipsoid of Eq. (3), 

z uUy) 
= 1 (4) 

03lc 

From Eqs. (2) and (4), 7 and Mkiy) are found by 
iteration. This procedure is a variation of the pro
cedure applied by Barre et al.* The difference is that 
Barre et al. used a parallelepiped as a constraint do
main. The hyper-ellipsoid is, however, physically more 
justified since not all cross sections are in error by the 
maximum amount of their uncertainty and not all 
deviations influence the reactivity in the same direc
tion. The fact that there is a strong compensation of 

^ors is shown by deviations of only a few percent in 
. Without any compensation, the discrepancy of 

perimental and theoretical results would be exces
sively large. 

FITTING PROCEDURE N O . 3—COMBINED F I T OF 

INTEGRAL AND DIFFERENTIAL RESULTS' 

The minimum principal of this procedure is given by 

+ 7 E 
2 

KSk) 

(5) 

minimum. 

Equation (2c) follows from Eq. (5) by differentiation 
with respect to Uk. The value of 7 in the combined fit 
is a controversial subject. 

For the one-group case, one may assume that each 
cross section measurement is an integral experiment in 
itself. In this case 7 = 1 , and the contributions of all 
"experiments" are added in Eq. (5) with weighting 
factors determined from their respective accuracies. If 
the cross section adjustments are to be done in a multi-
group representation, the number of terms in the 
second sum of Eq. (5) increase proportionally to the 
number of groups, G. The number of terms in the first 
sum remains the same. Hemment and Pendlebury' 
tried to account for this by dividing the second term 
in Eq. (5) by G, i.e. 7 = 1/G. Rowlands and Mac-
dougalF deemed this to be improper and they used 
7 = 1 also for the multigruop case. Bitelli et al." 
called the relative weight of the two sums in Eq. (5) 
"optional". Pazy et al.̂ ^ showed that theoretical con
siderations suggested 7 = 1/G. 

FITTING PROCEDURE N O . 4—FIXED SQUARE CON

STRAINT CONDITION 

All three procedures described above yield "some" 
value as a minimum value of the mean square devia
tion, A .̂ This remaining square deviation may often 
be substantially smaller than the inaccuracy of the 
integral experiments. In these cases, the application of 
the procedure results in an "overfit" of the integral 
measurements. One should have in mind that the 
exact cross sections used in an exact computational 
procedure could never describe the integral experi
ments more accurately than their error band allows. In 
other words, one should expect that the integral re
sults "verify" the errors of the integral experiments. 
Therefore, a new procedure is introduced by the postu
late that, "the remaining square deviation be equal to 
the square deviation of the integral experiments." As in 
the combined-fit-procedure No. 3, the cross sections are 
allowed to deviate from the unadjusted ones in a least 
square sense. 

The constraint condition 

Z (l/s'ny (Y. Hk.u.M + Ap„y = 1 (6) 
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is used to determine the value of 7. It should be noted, 
that procedures No. 2 and 4 provide a prescription to 
calculate 7 for each case. 

The general conclusions which can be drawn from 
this study are: 

In the framework of the one-group, zero-dimensional 
model, it is possible to identify cross section errors from 
integral measurements fairly accurately. 

To what extent this identification may be extended 
when the complexities of space and energy dependence 
are taken into account requires additional investiga
tion. I t appears likely, however, that cross section 
error identification will also be possible when such com
plexities are included, although the adjustment pro
cedures may be different from the procedures presently 
applied. The inaccuracies in the treatment of space and 
energy dependence have largely the character of sys
tematic errors rather than statistical errors, and the 
present study showed that systematic inaccuracies do 
not strongly reduce the possibility of error identifica
tion. 
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11-35 . F u e l M a n a g e m e n t D e s i g n W i t h t h e R E B U S S y s t e m 

J. HOOVER and D. A. IXIENELEY 

INTRODUCTION 

An important phase of reactor design is the selection 
of a fuel management scheme. Here "fuel manage
ment" refers to both the in-reactor and ex-reactor por
tion of the fuel cycle. Fuel management design is sig
nificant because of the sensitivity of the energy costs, 
the power, and the energy output to the mode of fuel 
management. Fuel cycle calculations are required to 

determine the operating conditions of the reactor sys
tem and to evaluate the performance of the system. 
The objective of the design calculations is to obtain 
the "best" reactor performance without violating the 
many physical constraints. ^ ^ 

The primary purpose of this paper is to present f lw 
proposed fuel management design procedure. The p r ^ ^ ^ 
posed procedure is preliminary in that more analysis in 
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articular areas mentioned herein is needed in order to 
establish the accuracy and the range of validity of the 
procedure. A secondary purpose is to illustrate the role 
of the REBUS System in this procedure. In addition, 
the utility of equilibrium fuel cycle calculations in 
doing design analysis is shown. 

FUEL CYCLE DESIGN ANALYSIS 

In doing design analysis, an adequate fuel cycle 
model must be used. Specification of a reasonable fuel 
cycle model requires some understanding of the pur
pose of the design analysis. Design analyses divide 
quite naturally into two classes: conceptual design 
analysis and final design analysis. In conceptual de
sign analysis, a large number of survey and parametric 
studies are done to obtain the general performance and 
economic characteristics of the system. The external 
cycle (reprocessing and rcfabrication) must be mod
eled in this analysis. In addition, conceptual design 
analysis involves fuel management studies to optimize 
burnup and power distributions, studies of various core 
zone enrichments to achieve uniform power distribu
tions, and studies to minimize the impact of the con
trol strategy. Final design analysis requires a much 
more detailed spatial model of the reactor to determine 
local power and burnup distributions and accurate 
mass balances. Much emphasis is placed on achieving 
the detailed thermal hydraulic constraints on peak fuel 
and clad temperatures. The detailed burnup distribu
tion must be obtained to insure fuel and structure in
tegrity. Note that the control strategy selection is in
cluded in fuel cycle design analysis because of the 
effect of control strategy on the fuel cycle results, in 
particular, the fissile mass balances and the power gen
eration in individual fuel bundles. 

EQUILIBRIUM FUEL CYCLE CALCULATION 

Before proceeding to the discussion of the fuel man
agement design procedure, it is necessary to under
stand the equilibrium calculation and its function in 
the procedure. The equilibrium fuel cycle calculation 
provides the infinite time operating conditions of a 
recycle system under fixed conditions. The main use of 
an equilibrium solution is as a first approximation to 
the operating conditions of the system after the first 
few cycles. This solution provides estimates of the 
burn step time, control requirements, feed enrichments, 
and overall system economics. As shown below the 
equilibrium solution can provide this for a lower cost 
hhan the direct calculation of a number of burn steps 
Pfid thus can serve as a starting point for final design 
analysis. The projected scatter-reloading fuel manage
ment strategies for fast reactors involve up to seven or 
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eight cycles as maximum subassembly residence time 
in the blankets. The direct method of solution requires 
explicit calculation of at least this number of cycles to 
establish the correct end-of-life conditions. The end-
of-life conditions can only be guessed at the beginning 
of the calculation procedure, if the direct method is 
used, so a good deal of trial and error is involved in 
developing the solution of enrichment, burn time, and 
control requirements which will satisfy the thermal 
hydraulic, metallurgic, and nuclear constraints. The 
equilibrium solution on the other hand requires explicit 
calculation of only one burn step. 

The equilibrium solution can provide the power 
peaking factors for use in the thermal hydraulic analy
sis and the flux distributions for metallurgic analysis; 
typically, subassembly swelling and bowing calcula
tions. The resulting enrichments, burn step, and par
tially-burned fuel densities can be used as input to an 
explicit, step by step calculation to obtain detailed 
performance characteristics of the system in its normal 
operating (post-startup) state. Some adjustment of the 
design maj^ be required at this point because of the ap
proximations made in the equilibrium calculation. The 
explicit calculation can provide information for subas
sembly flux peaking factors in later equilibrium prob
lems. 

Computation of the optimum new-reactor startup 
procedure is greatly facilitated by knowing what the 
final operating conditions will be; an equilibrium solu
tion can be used to supply this information. The 
startup strategy may involve special fuel materials, 
variation of burn time, recharge of partly burned fuel, 
or fuel shuffling. The objective is to reach the normal 
operating conditions at minimum incremental cost for 
the total number of startup cycles. The startup fuel 
cycle calculations must be done by direct calculation 
of each step; however, the results of the equilibrium 
problem can be used to obtain estimates of the most 
economical startup strategy. 

FUEL MANAGEMENT DESIGN PEOCEDUBE 

A fuel management design procedure must satisfy 
several requirements. First, it must be flexible enough 
to handle the wide class of problems to be studied. 
Second, the procedure must be sufficiently accurate to 
properly characterize the recycle systems to be studied. 
Third, the procedure must be reasonably economic in 
terms of both designer effort and computer time. The 
fuel management design procedure in this paper was 
designed to satisfy these requirements. 

The fuel management design procedure is illustrated 
in Fig. II-35-1. The procedure is iterative as shown, as 
the evaluation of the reactor performance will provide 
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Reoctor System Type 

Fuel. Clad, Coolant, etc. 

Free Parameters 

Shim Control 
Strategy. 
Fuel Management 
Scheme 

Constraints 

Nuclear 
Metallurgic 
Thermal -
Hydraulic 

Fuel Cycle Analysis 

Enrichment, Burn 
Time, Control 
Requirements, etc. 

Reactor Performance 

Fuel Cycle Costs 
Coolant Pumping Costs 
Coolant Pressure Drop 
Coolant velocity 
Peak Fuel and Clad Temperature 
Fuel Bowling and Swelling 

Other Design Analyses 

Metallurgic Analysis 
Thermal Hydraulics 
Analysis 

F I G . II-35-1. Fuel Management Design Procedvire. ANL Neg. No. 116-524-

the basis for selection of alternative free parameters 
(shim control strategy and/or fuel management 
scheme) and possibly some change in the reactor sys
tem type in order to enhance reactor performance. The 
various terms in Fig. 11-35-1 are described below. 

The reactor system type includes specification of the 
fuel, clad and coolant. The core arrangement and 
structure arrangement are also specified along with the 
total reactor power. This phase of the procedure can 
itself involve design analysis; however, this paper is 
not concerned with this general area, but it is based on 
the assumption that previous experience or a prelimi
nary design analysis is sufficient to specify the reactor 
system type and physical characteristics. 

In selecting a fuel management scheme, the design 
characteristics are of two types: free parameters and 
constrained parameters. The free parameters are de
signer-specified, and the constrained parameters are 
determined by the design analysis. The distinction be
tween free parameters and constrained parameters is 
not always clear, as is noted below. The free parame
ters chosen are shim control strategy and fuel manage
ment strategy. The shim control strategy includes 
specification of the physical location and the number 
of control assemblies which balance reactivity changes 
resulting from fuel burnup. The fuel management 
strategy refers to both the in-reactor and ex-reactor 
portion of the fuel cycle. The in-reactor fuel manage
ment scheme includes selection of the batch fraction, 
shuffling mode, etc. The ex-reactor portion of the fuel 

cycle defines the amount of bred fuel sold, the distribu
tion of fuel discharges to reprocessing plants, and the 
rcfabrication with makeup from the reprocessing out
put and external feeds. Not all of the above parame
ters are free in the sense of being designer specified. 
For instance, the external feeds available depend on 
the type of power economy (LWR, mixed LWR and 
L A I F B R , etc.) and the availability of fuel from other 
utilities and fuel owners. However, they are placed in 
this category because the designer or the utility can 
choose from the available sources. 

In the design analysis, the three important types of 
constraints are nuclear, metallurgic, and thermal hy
draulic. The nuclear constraints relate to the system 
reactivity and safety. In fuel cycle analysis, the limi
tations are criticality at the minimum reactivity oper
ating point and continuous criticality through the use 
of shim control. The metallurgic constraints are con
cerned with swelling, bowing, corrosion, erosion, etc. 
This constraint usually is one of damage limitation. In 
fuel cycle analysis, the maximum discharge burnup is 
constrained. In actual calculations the metallurgic con
straint is usually specified by a core averaged dis
charged burnup, which limit is determined by dividing 
the maximum permissible discharged burnup by the 
product of the axial maximum to average power and 
the radial maximum to average power. The computj 
fluxes are used to assess fuel and structure dama 
The thermal hydraulic constraints are concerned with 
fuel integrity (peak fuel and clad temperature), pump 
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power (coolant pressure drop), and erosion (cool
ant velocity). These constraints are usually specified 
by a peak power density and desired average power 
density. 

At this point the fuel cycle analysis, which is a 
model of the physical problem, obtains the constrained 
parameters which satisfy the imposed constraints for 
the specified free parameters. The constrained parame
ters are the feed fuel enrichments, the burn time, and 
shim control requirements. In addition the fuel cycle 
analysis obtains the fissile mass balance, the fiux, and 
the power distributions which are used in further anal
yses to determine the reactor performance. 

cation phase with selection based on a priority distribu
tion scheme. 

The following important assumptions are made with 
respect to the reactor model: 

1. Isotope multigroup cross sections are computed at 
reference compositions and temperature and therefore 
are time independent. 

2. Reaction rates which appear in the depletion 
equations are computed from region- and time-aver
aged group fluxes. 

Because of assumption 1, the fuel cycle analysis 
divides into two phases: computation of the multi-
group cross sections and the fuel cycle calculation. 

THE FUEL CYCLE MODEL 

Figure 11-35-1 depicts the fuel management design 
procedure; however, the adequacy of this procedure 
depends upon a reasonable fuel cycle model for the 
design analysis. The physical model, the mathematical 
formulation and the solution procedure for the REBUS 
System are presented in Ref. 1. REBUS includes mod
els of all physical procedures which are expected in 
LMFBR operation with defined limits. These are: one 
reactor (as opposed to an interacting power system); 
fuel contained in discrete lumps; fully defined external 
conditions, that is complete specification of bred fuel 
disposal and rcfabrication make-up; fixed fuel man
agement definition (no cycle optimization). The pres
ent version of REBUS reflects major emphasis on the 
first type of problem defined above, that is, the survey 
problem. 

The time dictionary necessary for running a non-
equilibrium problem is not included in REBUS. Such a 
dictionary would permit real-time calculation of a se
ries of burn-shuffle-refuel steps, with changing reactor 
operating conditions, control rod banking, burned fuel 
disposal, and fresh fuel specifications. Such calcula
tions fall into the category of detailed design work. 
The whole set of logic in REBUS has been designed so 
that the model can property treat these problems when 
the extra control routines are written. 

The fuel cycle model comprising REBUS describes 
the material motions and contains the equation set 
governing reactor behavior. The indexing system for 
describing material motions describes the following 
phases: fuel loading, in-reactor shuffling, discharge, re
processing, bred fuel sale, rcfabrication, and storage. 
The indexing system can account for individual fuel 
bundles with completely generalized in-reactor fuel 

•

ling. In the external cycle, fuel bundles may be ac
ted for separately or combined for reprocessing. 

Competition for available fuel sources (reprocessing 
output and external sources) is permitted at the fabri-

COMPUTATION OF THE MULTIGEOUP CROSS SECTIONS 

The microscopic cross sections for use in the REBUS 
System are obtained from the MC^ code.^ Typically, 
the broad group structure used has a 0.5 lethargy 
width from 10 MeV to 22.6 eV (26 groups). Fuel cycle 
studies need fewer broad groups. A single collapse 
spectrum, usually obtained from MC^ or from a multi
dimensional diffusion solution, is used to linearly 
weight the cross sections and collapse to a few-group 
description. In general, eight neutron energj^ groups 
are sufficient for reactors in which the spectrum 
changes between core and blanket are not severe (see 
Paper 11-36). If a multidimensional diffusion solution 
is obtained for estimated mid-cycle conditions, the 
spectrum obtained can be used in a region-dependent 
collapsing scheme. With region dependent collapsing 
by linear flux weighting, four or fewer neutron energy 
groups are sufficient (see Paper 11-36). 

Resonance Cross Section Variations 

The present REBUS System does not include the 
variation of group cross sections in the resonance range 
with the fuel temperature, background potential scat
tering, and atomic density of a given resonance isotope 
and the other resonance absorbers present in the fuel. 
What is required is a simplified resonance cross section 
generating routine, to be called from REBUS prior to 
each flux recalculation. This routine must be highly 
efficient because of the large number of calls which will 
be required. This is an area in which more effort is 
needed to assess the accuracy of the present REBUS 
System in which the microscopic cross sections are 
computed for reference conditions. 

THE NBUTEONICS SOLUTION 

In doing fuel cycle calculations, the computation 
time should be minimized without seriously compro
mising the accuracy. The REBUS System consists of a 
burnup model and a neutronics model. The neutronics 
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solution requires more than 90% of the total computer 
time. Thus, significant economies can result by de
creasing the required time for the neutronics solution 
and the number of neutronics solutions. Some consider
able effort has been expended to do this, the results of 
which are discussed below. 

Up to the present time, the REBUS System has been 
used with the one- and two-dimensional finite differ
ence approximations to the diffusion equations in the 
x4RC System. The results presented below are for r-z 
cylindrical calculations in two-dimensions. The neu
tronics solution time is sensitive to both the mesh point 
spacing and the convergence criteria used for the mul
tiplication constant and the multigroup flux distribu
tion. The required computer time varies nearly line
arly with the total number of mesh points. A mesh 
point spacing (the distance between mesh points) of 3 
to 5 cm in the radial direction and 4 to 6 cm in the 
axial direction is adequate. Near the core centerline 
and the core midplane, the larger mesh spacings can be 
used because of the fairly flat flux and power distribu
tion. Near core-blanket interfaces, the small mesh 
spacings should be used because of the large flux and 
power variations. In doing detailed design analysis, 
more closely spaced mesh points would be needed as 
the emphasis is on detailed power distributions. In 
fact, some calculations would be done in hexagonal 
geometry to obtain the fuel pin power and burnup. 
This is an area in which additional effort is needed 
because the above results are preliminary. 

The neutronics solution in the ARC System uses 
three convergence criteria to obtain the multiplication 
constant and the multigroup flux distribution. The first 
convergence criterion is concerned with the difference 
in k-effective: 

I fcCn) _ /;(„-!) I < , , , (1) 

where index n refers to the nth outer iteration. The 
convergence criteria for the flux are 

An-l) < 

and 
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(3) 

X'"' = min 

The indices i and j refer to the mesh point locations in 

the radial and axial direction. The index g is the ne 
tron energy group. All three criteria must be satisfied 
in a converged problem. The suggested value (see Ref. 
3) for the error limits is 1 X 10"®. 

In fuel cycle calculations, convergence of fc-effective 
is needed to accurately determine the feed enrichments 
and control requirements. Accurate burnup and power 
distributions can be achieved only by convergence of 
the pointwise flux distribution as specified by Eqs. (2) 
and (3). 

THE BURNUP MODEL 

In using REBUS, the burn step time is divided into 
P subintervals; thus there are P H- 1 time nodes at 
which the neutronics solution is done. Studies with dif
ferent numbers of subintervals showed that for typical 
fast reactor designs with a six month or a year refuel
ing period, one interval is sufficient (see Ref. 4). 

The present model assumes that all materials which 
appear within each neutronics region are irradiated in 
the same flux. I t is straightforward in principle to 
apply material, group, and time-dependent flux advan
tage factors during the formation of the burn matrices. 
These values would be obtained from prior cell calcu
lations or from detailed plan-view fuel cycle calcula
tions. The purpose of applying these factors would be 
to improve the calculational model in 2-dimensional 
(r-z) geometries. 

FUTURE DEVELOPMENTS 

1. Use of Synthesized Flux Solutions 

Direct finite-difference flux solutions are relatively 
expensive, even in two-dimensional geometry. Flux so
lutions occupy over 90% of the present REBUS run 
time. For survey calculations, it would be useful to 
have a cheaper flux solution, at some expense in accu
racy. I t has been shown from experience with the 
BISYN codes and with the SYNBURN code^ that 
even such very crude synthesis models give reasonable 
results if care is exercised in setting up the trial func
tions. The present ARC System includes an advanced 
spatial synthesis algorithm. The linkage between 
REBUS and its associated flux solution algorithm is 
extremely simple, so that coupling to this synthesis 
algorithm will require a small amount of effort. 

A three-dimensional fuel cycle calculation capability 
will be very useful during final design of the LMFBR 
demonstration reactors in order to reduce uncertainties 
in fuel pin peaking factors, and also during opera^j j^ 
to provide meaningful comparison of computed Wjllf 
masses at discharge from the reactor with assays of 
selected fuel pins. This type of study is useful in re-

file:///9iig
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f iping predictive uncertainties, and therefore economic 
Pialties, during design of the full scale commercial 
MFBRs. 
Within the next 10 or 15 years it is expected that the 

computation cost of direct 3-dimensional finite-differ
ence solutions will become low enough to permit rou
tine use of this technique in design calculations. Until 
that time, however, it will be necessary to use the less 
precise, but much more economical flux synthesis 
methods for 3-dimensional fuel cycle calculations. 
These methods are reasonably well-developed at the 
present time, and the main task which remains is the 
construction of the large computer codes to treat three 
dimensions. These methods always will have to be 
tested against more accurate methods by running a few 
reference problems for any given design. 

The present index structure of REBUS is adequate 
for use in connection with 3-dimensional fiux algo
rithms. The problems will be primarily those of main
taining adequate input error checking and output dis
play methods so that the user does not get lost in the 
mass of information that makes up a realistic 3-di
mensional problem. 

2. Interactive Fuel Cycles in Two or More Reactors 

As LMFBRs are introduced into an established 
thermal reactor power system, studies of fuel utiliza
tion will be required for the whole system of reactors, 
to provide guidance toward the most economical 
method of handling the large and expensive fuel inven
tory. The REBUS System easily can be modified to do 
simultaneous calculations of several reactors with in
teracting fuel cycles. The reason is that there are no 

INTRODUCTION 

Fuel cycle calculations are required to analyze the 
neutronic, thermal hydraulic, and economic perform
ance of fast breeder reactors. Minimizing the number 
of neutron energy groups used in fuel cycle calculations 
can be beneficial, through reduced computation time, if 

Iuracy is not seriously compromised. In the fuel 
Wp analysis system REBUS, <" more than 90% of the 
iputer time is required for the neutronics solution. 

geometric data in REBUS; when the flux solution is 
called, it can carry out sequential flux solutions in each 
of the reactors, given the atom densities in each region, 
then return region-averaged group fluxes in exactly 
the same manner as in the single-reactor computation. 

3. Miscellaneous 

There are several minor modifications of REBUS 
which will make it more useful for design. For exam
ple, the control density search routine must be modi
fied to represent more accurately the movement of the 
control rod tip in the axial direction. Some improve
ment is required in the output displays, to make large 
problems easier to analyze. When fuel test reactors 
such as EBR-II and FFTF are reloaded, the initial 
criticality often is adjusted by relocation of driver 
fuel. This type of criticality search is satisfied on the 
first trial of this sequence which results in the initial 
criticality falling within the given satisfactory range. 

REFERENCES 

1. J . Hoover, G. K. Leaf, D . A. Meneley and P . M. Walker, 
The Fuel Cycle Analysis System, REBUS, Nucl. Sci. Eng. 
(submitted for publication). 

2. B . J . Toppel, A. L. Rago and D . M. O'Shea, MC\ A Code to 
Calculate Multigroup Cross Sections, ANL-7318, (1967). 

3. J . Hoover, Convergence Criteria for the Neutronics Solution 
Used by the REBUS System, Reactor Development Pro
gram Progress Report, ANL-7758 (1970). 

4. J . Hoover and D. A. Meneley, Time Step Subinterval Length 
Required for REBUS, Reactor Development Program 
Progress Report , ANL-7753, (1970). 

6. P . Greebler et al., BISYN—A Two Dimensional Synthesis 
Program, GEAR-4922 (1965). 

6. D. A. Meneley and P. A. Pizzica, SYNBURN: A Synthesis 
Fuel Cycle Code, ANL (to be published). 

Since the computer time required for the neutronics 
solution varies nearly linearly with the number of 
neutron energy groups, significant economies can result 
by reducing the number of neutron energy groups. To 
illustrate the effects of various group structures and 
collapsing methods, five different collapsed group 
structures were studied. Both single flux spectrum and 
region dependent flux spectra were used for collapsing. 
The results presented in this paper for collapsing mth a 
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single flux spectrum were previously reported by L. J. 
Hoover.^ 

Various fuel cycle parameters were examined to 
determine the accuracy of the results. These are the 
feed enrichment, the breeding ratio, the fissile mass 
discharge, and the two dimensional power distribution. 
These parameters were chosen because of their signifi
cance in evaluating the performance of the system. 

COLLAPSING TECHNIQUES 

Two collapsing schemes were used in this study. For 
the first collapsing scheme, linear flux weighting with a 
single spectrum, the equation set used is 

(1) aiiJ) = E 4(i)<^(i)/Z <i>U) 
3 in J / i n J 

k in K iinJ 
mU)/!: ^(i), (2) 

/ in J 

where 
j is the i th group 
J is the J t h collapsed group 

cr'xij) is the microscopic cross section for isotope 
i of type X in group j . The transport 
cross section is considered in this category 

4>{j) is the flux in group j 
(rlU -^ k) is the microscopic scattering cross section 

from group j to group k for isotope i 
k is the fcth group 

K is the if th collapsed group 
ffl{J) is the collapsed microscopic cross section 

for isotope i of type x in group J 
d-l{J—^K) is the collapsed microscopic scattering 

cross section from group J to group K for 
isotope i. 

The second collapsing scheme, linear flux weighting 
with a region-dependent flux spectrum, uses an equation 
set identical with the above except that region-de
pendent cross sections are now generated. Thus, 

o-lir,J)=J2 o-l(j)^ij, r)/J2 4>{j,'r) 
3 i n J iinJ 

aiir, J ^ K ) = J : E alU ^ k)4>{j, r)l 
h xnK 3 in J 

E <l>U,r), 
(4) 

where 
d-x{r, J) is the collapsed microscopic cross sec

tion for isotope i in region r 
al (r, J —^ K) is the collapsed microscopic scattering 

cross section for isotope i in region r. 
The transport cross section is collapsed using Eq. (42) 

of Ref. 3. 

T H E FUEL CYCLE CALCULATIONS 

The fuel cycle analysis system REBUS'^" was used 
to do the fuel cycle calculations. REBUS, an acronym 
for REactor BUrnup System, computes equilibrium 
fuel cycle conditions. In these calculations, the burn 
time or cycle time was divided into two subintervals; 
that is, the fluxes were computed at three time nodes: 
beginning of cycle, middle of cycle, and end of cycle. 
The burn time was adjusted to achieve 100,000 AIWd/T 
core average discharge burnup. The feed enrichments 
were constrained to achieve criticality at the end of 
cycle. In addition, the control densities were fixed at 
cycle average values. The neutronics solution was done 
with the two-dimensional diffusion theory module in 
the ARC System.* 

Two typical 1000-MWe, oxide fueled reactors,' the 
GE Advanced and Conservative designs, were an
alyzed. The Conservative design has a higher core-to-
blanket leakage fraction than the Advanced design. 
Both cores have multiple enrichment zones for power 
flattening and fractional-batch scatter-reloading fuel 
management schemes. 

Using the ultrafine group Pi option in the NIC^ code,* 
the microscopic cross sections were obtained from the 

13 Groups, 
eV 

10.00 X 10« 
36.79 X 10* 
13.53 X 105 
49.79 X 10* 
18.32 X 10* 
67.38 X 10^ 
24.79 X 10^ 
91.19 X 102 
33.65 X 102 
12.34 X 102 
45.40 X 101 
16.70 X 10> 

61.44 
22.60 

TABLE II-36-I 

8 Groups, 
eV 

10.00 X 106 

22.31 X 10" 

49.79 X IQi 

11.11 X 10* 

24.79 X 103 

55.31 X 102 

12.34 X 102 

27.54 X 101 

22.60 

N E U T R O N ENBBGY GBOTJP STRXJCTURES 

7 Groups, 
eV 

10.00 X 10« 

13.53 X 10' 

30.20 X 10* 

67.38 X W 

15.03 X 10' 

20.35 X 102 

27.54 X 101 

22.60 

6 Groups, 
eV 

10.00 X 10« 

13.53 X 10' 

18.32 X 10* 

24.79 X W 

33.55 X 102 

27.54 X 101 

22.60 

4 Groups, 
eV 

10.00 X io« 

49.79 X 10* 

24.79 X W 

33.55 X 102 

% 

22.60 
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i> 
HN DF/B file for estimated mid-cycle conditions. The 
energy range from 10 MeV to 22.6 eV was divided into 
26 groups, each having a 0.5 lethargy -width. 

A two-dimensional diffusion theory calculation for 
the estimated mid-cycle conditions gave the region-
dependent flux spectrum. The centerline flux was 
chosen as the single flux spectrum. Problems were run 
using the various group structures shown in Table 
II-36-L 

RESULTS 

The results obtained are presented in Tables II-36-II 
and II-36-III. The errors obtained using the single 
spectrum collapse are shown in Table II-36-II. The 
comparisons are made relative to the 13 group results. 

With these energy group structures, the feed enrich
ment varies less than 1.2% and the breeding ratio 
varies less than 0.5%. The fissile mass discharge from 
the reactor agrees well with the 13 group results. The 
core discharge fissile mass (not shown) agrees well with 
the 13 group results. However, the isotopes composing 
the fissile mass should be studied. The blanket Pu-239 
discharge, the principle constituent of the blanket 
fissile mass, compares favorably with the 13 group 
results. Note the large errors in the Pu-241 blanket dis
charge. These errors are due to the hardness of the core 
spectrum used for collapsing relative to the blanket 
spectrum. This causes an underestimate of the Pu-239 
capture rate in the blankets, which is the source of the 
Pu-241. Using 8 neutron energy groups, the detailed 
two-dimensional power distribution can be calculated 
within 2 7,. 

Using the region-dependent collapse, these spectral 
effects can be accounted for, and the accuracy can be 
significantly increased. The errors for the 6 group struc
ture and the 4 group structure are shown in Table 
II-36-III. Note the significantly smaller errors. In addi
tion, with 4 neutron energy groups the two-dimensional 
power distribution can be obtained within 0.1 %. Thus, 
with region dependent collapsing, fuel cycle parameters 
can be calculated accurately with 4 neutron energy 
groups. 

The conclusion from this study is that region-depend
ent collapsing can significantly decrease the errors in 
fuel cycle calculations. For designs typical of those 
studied, in which the spectrum does not change 
markedly between the core and blanket, fuel cycle 
calculations with eight neutron energy groups and a 
single collapse spectrum yield good accuracy for the 
|fa|d enrichment, breeding ratio, the two-dimensional 
H ^ e r distribution and the fissile mass discharge. With 
region-dependent collapse, four neutron energy groups 
yield good accuracy. In fact, the results obtained indi
cate that studies should be done with fewer than four 
neutron energy groups. 
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TABLE I1-36-II. ERRORS OBTAINED USING SIINGLE 

COLLAPSE SPECTRUM 

Prameter 

GE ADVANCED D E S I G N 
Feed Enrichment 
Breeding Ratio 
Discharge 

fissile mass 
blanket Pu-239 
blanket Pu-241 

GE CONSERVATIVE D E S I G N 
Feed Enrichment 
Breeding Ratio 
Discharge 

fissile mass 
blanket Pu-239 
blanket Pu-241 

6 
Groups 

- 0 . 3 
-1-0.02 

-fO.l 
-fO.5 
- 0 . 8 

- 0 . 7 
-1-0.5 

- 0 . 1 
-f-0.9 
- 3 . 0 

Errors, ^ 

7 
Groups 

- 0 . 4 
- 0 . 0 5 

- 0 . 4 
- 0 . 5 
- 6 . 0 

- 0 . 7 
4-0.2 

- 0 . 4 
-1-0.1 
- 7 . 0 

9 

8 
Groups 

- 0 . 7 
- 0 . 1 

- 0 . 7 
- 1 . 3 
- 9 . 0 

- 1 . 2 
4-0.3 

- 0 . 9 
- 0 . 5 
- 8 . 0 

TABLE II-36-III . ERRORS OBTAINED USING R E G I O N -

D E P E N D E N T COLLAPSE SPECTRA 

GE ADVANCED D E S I G N 
Feed Enrichment 
Breeding Ratio 
Discharge 

fissile mass 
blanket Pu-239 
blanket Pu-241 

GE CONSERVATIVE DESIGN 
Feed Enrichment 
Breeding Rat io 
Discharge 

fissile mass 
blanket Pu-239 
blanket Pu-241 

Errors, % 

6 Groups 

- 0 . 0 1 
-1-0.01 

- 0 . 0 1 
- 0 . 0 1 
- 0 . 0 2 

- 0 . 0 2 
+0 .03 

- 0 . 0 1 
- 0 . 0 1 
- 0 . 0 6 

4 Groups 

- 0 . 1 
-1-0.05 

- 0 . 1 
- 0 . 1 
- 0 . 2 

- 0 . 2 
-1-0.2 

- 0 . 1 
- 0 . 1 
- 0 . 8 
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11-37. Neutronics of Advanced Liquid Metal Fas t Breeder Reactors w i t h 
Refractory-Clad Fue l 

D. A. MBNELET, E . L . FULLER and A. E. MCARTHY 

INTRODUCTION 

This work contains the results of a limited study to 
determine the neutronic effects of substituting certain 
refractory metals for stainless steel as cladding materi
als in advanced liquid metal fast breeder reactors 
(LMFBRs). Three cladding materials were consid
ered: molybdenum, vanadium, and niobium. The anal
ysis was carried out for rather thinly-clad oxide fuel 
with clad thicknesses of 5 and 10 mils. The calcula
tions are reported in two parts. The first of these com
pares a series of one-dimensional calculations of ideal
ized LMFBRs in which the various refractory metals 
are substituted for the stainless steel cladding of the 
idealized reference core. The second compares the re
sults of two-dimensional equilibrium fuel-cycle calcu
lations for stainless steel-clad and molybdenum-clad 
fuel in the core and axial blanket of the reference 
reactor from one of the LMFBR 1000 MWe Follow-on 
Studies. 

ONE-DIMENSIONAL ANALYSIS OF 

IDEALIZED LMFBRs 

PHYSICAL DESCEIPTION 

The dimensions of the idealized reference LMFBR 
are given in Table II-37-I. The core was cylindrical, 
with two enrichment zones of equal volume. The en
richments were chosen so that the peak power in each 
zone was roughly the same. The average core power 
density was 500 kW/liter and the total core power 
2500 MWt, so that the core volume was 5000 liters. 

The volume fractions of the two idealized cores ap
pear in Table II-37-II. Note that the volume fractions 
for the axial blankets differ for each core, but those for 
the radial blankets and all reflectors remain the same. 
The actual core Pu/U enrichments are found from 
composition searches. The distribution of plutonium 
isotopes is 75% Pu-239 and 25% Pu-240. Fission prod
ucts are assumed to have replaced 6% of the original 

TABLE II-37-I. D I M E N S I O N S OF IDEALIZED REACTOK, cm 

TABLE n-37- I I . VOLFME PRVCTIO.\S OF 
I D E VLIZED R E \CTORS 

Inner core-zone raduis 
Outer core-zone radius 
Core height 
Radial blanket thickness 
Axial blanket thickness 
Radial reflector thickness 
Axial reflector thickness 

97 
137 
85 
25 
35 
50 
50 

UOa" 
Na 
SS 
Ta 
Mo 
V 
Nb 

UO^" 
Na 
SS 
Ta 
Mo 

Refer
ence 

0.467 
0.380 
0.149 
0.004 
0.000 
0.000 
0.000 

Core 1 

Mo 1 V 
Clad- Clad
ding ding 

0.467 
0.380 
0.062 
0.004 
0.087 
0.000 
0.000 

0.467 
0.380 
0.062 
0.004 
0.000 
0.087 
0.000 

Nb 
Clad
ding 

0.467 
0.380 
0.062 
0.004 
0.000 
0.000 
0.087 

Axial Blanket'' 

Core 1 Core 2 

Refer
ence 

0.467 
0.380 
0.149 
0.004 
0.000 

Mo 
Clad
ding 

0.467 
0.380 
0.062 
0.004 

Refer
ence 

0 512 
0.380 
0.104 
0.004 

0.087 0.000 

Mo 
Clad
ding 

0.512 
0.380 
0.062 
0.004 
0 042 

Core 2 

Refer
ence 

0.512 
0.380 
0.104 
0.004 
0.000 
0.000 
0.000 

Axia 
Reflec 

tor" 

Mo 
Clad
ding 

0.612 
0.380 
0.062 
0.004 
0.042 
0,000 

V 
Clad
ding 

Nb 
Clad
ding 

1 

0.512| 0.512 
0.380i 0.380 
0.062 0.062 
0.004 
0.000 
0.042 

0.000! 0.000 
1 

0.004 
0.000 
0.000 
0.042 

1 

0 000 
0.600 

! 
Radial , Radial 

xiiauKei"'!'^ 
1 

0.550 

enecior 

0.000 
0.250 ' 0.200 

0.200 1 0.200 0 800 
0.000 1 0.000 0.000 
0.000 0.000 0.000 

" 8 5 % theoretical density Plutonium distr ibution: 75% 
Pu-239, 25% Pu-240, 5% of heavy atoms replaced by fission 
product pairs. 

•> 10 cm nearest core- 4% of tiranium atoms replaced by Pu-
239; 25 cm remainder: 2% of uranium atoms replaced bj 'Pu-239. 

«20% \o id . 
'' 2% of uranium atoms replaced by Pu-239. 
= 90% theoretical density. 

TABLE II-37-III . D E N S I T I E S OF REACTOR M A T E R I UJS 

Material 

UO2 
Na 
SS ' 
T a 

Density, g/cc 

10.45 
0.827 
7.74 

15.77 

Material 

Mo 
V 
N b 

Density, g/cc 

10.2 
5.96 
8.4 

* 74% iron, 18% chromium, 8% nickel. 

heavy atoms in order to approximate mid-fuel-cycle 
conditions. Table II-37-III contains the densities 
the isotopes appearing in each reactor. When these 
used with the data shown in Table II-37-II, the at" 
densities of each reactor region can be found. These 
are shown in Table II-37-IV. 

tOTlr 

file:///ctors
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w 
Material 

U-238» 
Pu-239'' 
Pu-240'' 

Fission products 
0 
Na 
SS 
Ta 
Mo 
V 
N b 

Material 

U-238 
Pu-239 

0 
Na 
SS 

Ta 
Mo 

TABLE II-37-IV. 

Reference 

0.00765 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

00086 
00029 
00046 
01850 
00823 
01253 
00021 
00000 
00000 
00000 

Inner Axia 

Core 1 

0.00980 
0.00038 
0.01960 
0.00823 
0.01253<» 
0.00521O 
0.00021 
0.00000'* 
0.00557» 

ATOM D E N S I T I E S IN IDEALIZED 

Core 1 (10-mil Cladding) 

Mo Cladding 

0.00765 
0.00086 
0.00029 
0.00046 
0.01850 
0.00823 
0.00521 
0.00021 
0.00557 
0.00000 
0.00000 

1 Blanket'' 

Core 2 

0.01032 
0.00042 
0.02149 
0.00823 
0.00875" 
0.00522'' 
0.00021 
O.OOOOOd 

0.00269" 

V Cladding 

0.00766 
0.00086 
0.00029 
0.00046 
0.01850 
0.00823 
0.00521 
0.00021 
0.00000 
0.00613 
0.00000 

N b Cladding 

0 .00765 

0.00086 

0.00029 

0.00046 

0 .01850 

0 .00823 

0 .00521 

0 .00021 

0 .00000 

0.00000 

0 .00474 

Outer Axial Blanket" 

Core l 

0.00960 
0.00020 
0.01960 
0.00823 
0.01253'! 
0.00621" 
0.00021 
O.OOOOO'i 

0 .00567" 

Core 2 

0 .01053 

0.00022 

0 .02149 

0 .00823 

0 .00875 ' ' 

0 .00522" 

0 .00021 

0.00000<i 

0 .00269" 

REACTORS, a toms/b-cm 

Core 2 (5-mil Cladding) 

Reference 

0.00839 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

00094 
00032 
00050 
02028 
00823 
00875 
00021 
00000 
00000 
00000 

Mo Cladding 

0.00839 
C 

c 
c 
c 
c 
c 
c 
c 
c 
c 

0.00000 

0.00000 

0.00000 

0.01299 

0.01682 

0.00000 

.00094 

.00032 

.00050 

.02028 

.00823 

.00622 

.00021 

.00269 

.00000 

.00000 

V Cladding 

0.00839 
0.00094 
0.00032 
0.00050 
0.02028 
0.00823 
0.00522 
0.00021 
0.00000 
0.00296 
0.00000 

Xb Cladding 

0.00839 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

00091 
00032 
00050 
02028 
00823 
00522 
00021 
00000 
00000 
00228 

Radial T^lanket 

0.01876 
0.00038 
0.03831 
0.00541 
0.01682 

0.00000 

Radial Reflector 

0.00000 
0.00000 
0.00000 
0.00433 
0.06728 

0.00000 

» Initial guesses for enrichment search in inner core zone. 
b 10 cm nearest core. 
" 26 cm remainder of core. 
<• SS cladding in axial blanket (Reference Reactor) . 
" Mo cladding in axial blanket . 

TABLE II-37-V. NEUTRONIC COMPARISON OP IDEALIZED REACTORS 

Extrapolated height, em 
Inner-zone enrichment 
Outer-zone enrichment 
Core-conversion rat io 
Reactor breeding ratio 
Critical mass, kg 
Sodium-void extrapolated 

height, cm 
Sodium void, Afc 

Dopplercoefficieut [T rr~] 

Core 1 (10-mil Cladding) 

Reference 

124.753 
0.11706 
0.14509 
0.93468 
1.48150 

2297.06 
129.389 

0.01548 

-0 .00600 

Mo Cladding 

124.753 
0.13027 
0.15590 
0.84216 
1.36984 

2504.56 
129.389 

0.02650 

-0.00337 

V Cladding 

124.753 
0.11603 
0.14246 
0.94721 
1.47185 

2263.09 
129.389 

0.01226 

-0.00816 

Nb Cladding 

124.753 
0.13255 
0.16011 
0.80242 
1.34031 

2661.40 
129.389 

0.02629 

-0.00306 

Core 2 (S-mil Cladding) 

Reference 

124.166 
0.10959 
0.14563 
0.97658 
1.54827 

2326.35 
129.458 

0.01680 

-0.00616 

Mo Cladding 

124.166 
0.11564 
0.15118 
0.92692 
1.47486 

2432.92 
129.468 

0.02287 

-0.00440 

V Cladding 

124.166 
0.10911 
0.14377 
0.98546 
1.53957 

2305.43 
129.458 

0.01540 

-0.00716 

Nb Cladding 

124.166 
0.11667 
0.15329 
0.90521 
1.46951 

2460.40 
129.458 

0.02261 

-0.00434 

CKOSS SECTIONS AND METHODS 

•

- 26-group set of microscopic cross sections was 
crated by the MC^ code from the ENDF Revised 

Category 1 file using Vk lethargy units and the Pt 
ultrafine option. It is recognized that the molybdenum 

capture for 1 to 10 keV was too high in this set. Hence, 
more correct values for molybdenum were also used;'-
calculations were made using each set for purposes of 
comparison. The calculations were carried out using 
one-dimensional methods that have been checked 
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TABLE II-37-VI. COMPARISON OP MOLTBDBNXJM-CLAD IDEALIZED REACTORS 

Extrapola ted height , cm 
Inner-zone enrichment 
Outer-zone enrichment 
Core-conversion ratio 
Reactor breeding rat io 
Crit ical mass, kg 
Sodium-void extrapolated 

height, cm 
Sodium void, Afc 

Doppler coefficient ( ?" ; ^ j 

Core 1 (10-mil Cladding) 

Reference 

124.763 
0.11705 
0.14509 
0.93468 
1.48150 

2297.06 
129.389 

0.01548 

-0 .0060 

Mo 
(ENDF/B) 

124.753 
0.13476 
0.16011 
0.80374 
1.32485 

2580.69 
129.389 

0.03004 

-0 .00255 

Mo (Mod)* 

124.753 
0.13027 
0.16690 
0.84215 
1.34984 

2504.56 
129.389 

0.02660 

-0 .00337 

Mo (Mod)'' 

120.908 
0.13100 
0.16884 
0.82726 
1.31552 

2536.77 
125.384 

0.02530 

-0.00330 

Core 2 (S-mil Cladding) 

Reference 

124.166 
0.10959 
0.14563 
0.97658 
1.64827 

2326.35 
129.468 

0.01680 

-0 .00615 

Mo 
(ENDF/B) 

124.166 
0.11793 
0.15366 
0.90300 
1.45870 

2476.68 
129.458 

0.02489 

-0.00389 

Mo (Mod)» 

124.166 
0.11664 
0.15118 
0.92692 
1.47486 

2432.92 
129.458 

0.02287 

-0.00440 

Mo (Mod)" 

122.781 
0.11604 
0.15018 
0.92175 
1.45089 

2443.02 
129.333 

0.02114 

-0 .00443 

» Incorporates the da ta of Kallfelz and Poeni tz ' to correct for capture which is too high in E N D F / B . 
" Same as footnote a, bu t with molybdenum cladding in axial blanket as well. 

TABLE II-37-VII. D I M E N S I O N S FOR F U E L 
CYCLE COMPARISONS 

Core zone 1 

Core zone 2 

Core zone 3 

Radial blanket 

Reflector 

Core 

Axial b lanket 

Reflector 

Radial Dimensions 

Ring 

• 

fl 
2 
3 
4 
5 
6 

I'' 

/ 8 
\ 9 

10 

[11 
% o 
\12 

13 

Axial D 
(Axial Symms 

Region 

1 

[2 
h u 

5 

Radius, 
cm 

7.60 
20.10 
33.11 
46.21 
59.33 
72.46 
87.38 

96.98 

107.07 

123.70 

136 94 

150.21 

163.40 

mensions 
;try Assumed)* 

Height, 
cm 

38.10 

60.80 
63.50 
76.20 

129.54 

" Axial regions extend radially through all radial r ings. 
Radial blanket and reflector replace "axial b l anke t " designa
tions outside outer core radius . 

against two-dimensional methods in the past and 
found to be valid. The solution technique proceeds in 
the following manner. For each core, the first step is to 
find the enrichment of the inner core zone by running 
an axial enrichment search to criticality. Then, prelim
inary to the outer zone enrichment calculation, a bare 
core extrapolated height search to fc = 1.0 is carried 
out using the enrichments just found. Then, the outer 
zone enrichment if found by running a radial enrich
ment search in that zone to fc = 1.0. For this, the 
enrichments found for the inner zone are used, and the 
extrapolated height is assumed uniform across the re
actor. No effort is made to obtain an outer zone ex
trapolated height. Furthermore, the inner zone extrap
olated height is calculated only for the reference cores 
and used for the refractory core outer zone searches. 
The Doppler coefficients are calculated with full so
dium, considering a change in U-238 temperature from 
1100 to 1500°K. The change in fc is assumed to be 
given by 

A7c = A r ^'dT 
T 

where A is the Doppler coefficient. The sodium void Afc 
values are found by first carrying out a slab fc-calcula-
tion with the sodium removed from the core and axial 
blanket, and running a bare-core extrapolated height 
search to the appropriate fc-value. This extrapolated 
height (which is calculated only for the reference core 
and used for all of the cores) is then used in a radial 
calculation with the sodium removed from the 
(but not from the radial blanket). The breeding r^ 
are calculated using an empirical method that has ' 
found to agree quite well with two-dimensional fuel-
cycle calculations. 

r^|B 
5 b^m 
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ULTS 

Tables II-37-V and II-37-VI contain the results for 
both idealized cores. The results of Table II-37-V are 
for cases where there is no refractory material in the 
axial blanket. Since vanadium-clad cores have nearly 
the same breeding ratios, lower enrichments, and better 
safety characteristics than the reference cores, vana
dium looks promising from a neutronic point of view. 

Molybdenum and niobium cores have less desirable 
neutronic characteristics. (There is some evidence, 
however, that the ENDF/B file for niobium may re
quire revision.) Their sodium void coefficients are quite 
high, and their Doppler coefficients are less negative 
than those of the reference cores. Their enrichments 
are higher and their breeding ratios are lower than 
those of the reference cores and the vanadium cores. 
Their critical masses are also larger. Furthermore, 
their performance characteristics deteriorate more rap
idly with increasing cladding thickness than do those 
of stainless steel and vanadium; it should not be for
gotten that even a 10 mil thickness may be too low for 
a practical design. The same comments are true for 
molybdenum, even with the corrected capture cross 
sections (see Table II-37-VI). When molybdenum 
cladding is also placed in the axial blanket, the neu
tronic characteristics are slightly worse, because of the 
increased capture cross section. 

FUEL CYCLE COMPAEISONS 

The reference reactor for the 1000 MWe Follow-on 
Study had the same volume fractions as those listed 
for Core 1 in Table II-37-II. The reactor dimensions 

TABLE 1I-37-VIII. M I D - E Q U I L I B R I U M CYCLE LOADIKGS 

Reference 

Isotope, 
l.(y 
l̂ g 

U-235 
U-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 

Core 

Zone 1 

0 
6290 

633 
277 
85 
37 

Zone 2 

0 
2500 
387 
182 
65 
25 

Zone 3 

0 
2500 
387 
184 
64 
25 

Axial 
Blanket 

37 
14660 

274 
9 

^ 0 
~ 0 

Radial 
Blanket 

Row 1 

18 
7660 

160 
5 

- -0 
- 'O 

Row 2 

22 
8520 

126 
4 

~ 0 
^ 0 

Molybdenum Cladding 

U-235 
A k U-238 

H B Pu-239 
' • ^ Pu-240 

Pu-241 
Pu-242 

0 
5113 

703 
319 
103 
43 

0 
2402 
453 
215 
82 
29 

0 
2411 
457 
218 
83 
29 

40 
14749 

201 
4 

^-0 
- -0 

20 
7715 

117 
3 

^ 0 
~ 0 

23 
8565 

90 
2 

~ 0 
^ 0 

TABLE II-37-IX. CHARGE AND DISCHARGE M A S S E S 

Reference 

Charge Masses 

Core 
Axial blanket 
Radial blanket 

Total 

U-235 

0 
20 
14 

34 

U-238 

5046 
6867 
4783 

16695 

Pu-239 

640 
0 
0 

640 

Pu-240 

280 
0 
0 

280 

Pu-241 

133 
0 
0 

133 

Pu-242 

35 
0 
0 

36 

Discharge Masses 

Core 
Axial b lanket 
Radial blanket 

Total 

0 
14 
10 

24 

4437 
6571 
4584 

15592 

628 
234 
158 

1020 

299 
12 
8 

319 

72 
~ 0 
- 0 

72 

41 
—0 
~ 0 

41 

Molybdenum Cladding 

Core 
Axial b lanket 
Radial blanket 

Total 

Core 
Axial blanket 
Radial blanket 

Tota l 

U-235 

0 
20 
14 

34 

0 
16 
11 

27 

U-238 

4827 
6867 
4783 

16477 

4310 
6660 
4639 

15599 

Charge Masses 

Pu-239 

767 
0 
0 

767 

Pu-240 

336 
0 
0 

336 

Pu-241 

160 
0 
0 

160 

Discharge Masses 

690 
177 
120 

987 

342 
6 
4 

352 

92 
^ 0 
~ 0 

92 

Pu-242 

42 
0 
0 

42 

48 
~ 0 
- 0 

48 

differed, however; these are given in Table II-37-VII. 
Calculations were made for the "Reference" and "Mo 
Clad" cases only. Each core zone was divided into 
burnup regions, denoted as "Rings" in Table 11-37-
VII. 

The calculations were carried out with the two-di
mensional synthesis fuel cycle program SYNBURN 
which has been checked with favorable results against 
the direct two-dimensional fuel cycle code REBUS. 
The equilibrium calculation with fixed-feed isotopic 
distribution was performed; cycle time was adjusted to 
achieve a core average discharge burnup of 104,500 
MWD/TONNE and charge enrichment was adjusted 
so that the unpoisoned fc^// at the end of cycle was 1.0. 
Fluxes were recalculated at each of five time nodes 
during the converged cycle time of 309.5 full-power 
days. Tantalum shim control (in ring 9) was adjusted 
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at each of these nodes to maintain criticality. Scatter-
reload fuel management was used. In core zones 1 and 
2, half of the subassemblies were refueled at each 
cycle. In core zone 3, one third were refueled (zone 3 
differs from zone 2 only in the batch fraction). The 
inner radial blanket was refueled in thirds, and the 
outer in quarters. The time-integrated breeding ratio 
for the equilibrium system was 1.43 for the reference 
system with stainless steel clad. (The difi:erences in 
geometry between this reactor and the core-1 idealized 
reactor account for the difference between 1.48 in that 
case and 1.43 in this case.) The breeding ratio for the 
reactor with IMo-clad fuel was 1.23. 

The mid-cycle masses of the reference and molybde
num-clad alternate are given in Table II-37-VIII and 
the charge and discharge masses appear in Table I I -
37-IX. Note that the core fissile inventory is higher for 
the molybdenum-clad case than for the stainless steel-
clad case. However, the poorer breeding characteristics 
of the molybdenum-clad alternate are reflected in the 
smaller net fissile mass gain per cycle than for the 
stainless steel cladding reference reactor. The breeding 
ratio penalty of 0.2 due to use of molybdenum is an 
indication of the economic effects to be expected. The 
main reservation to be placed on this conclusion is that 
the reference reactor is typical of a very advanced 

design using stainless steel for cladding and subasse 
bly wrappers. The breeding ratio penalty for use of 
molybdenum cladding would be less if the reference 
design were more typical of a first-generation commer
cial plant, and if account were taken of the better 
strength properties of molybdenum in the alternate de
sign. 

SUMMARY 

In summary, it may be stated that molybdenum and 
niobium cores have less desirable neutronic character
istics than do stainless steel cores. This is true not only 
in terms of economic performance but their reactivity 
coefficients are such that they would be less safe than a 
stainless steel clad core. Vanadium, on the other hand, 
is nearly as good as stainless steel economically, and is 
even slightly better for safety. It also, like stainless 
steel, leads to performance characteristics that are less 
sensitive to volume fraction changes than those of mo
lybdenum and niobium. 
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11-38. Parametr ic S t u d y of Neutronic Characteristics of LMFBR Types 

J. T. MADELL and R. ABINGTON 

INTRODUCTION 

A parametric study was performed to investigate the 
neutronic characteristics of LMFBR systems having 
various fuel materials, core compositions and core vol
umes. The investigation included oxide, carbide, ni
tride and metal alloy fueled systems of three fuel 
volume fractions and two core volumes. The range of 
the parameters was selected to include the values 
which would be of interest to the designers of 
LMFBR's. An attempt was also made to choose the 
parametric value so that comparisons of neutron char
acteristics could be made among systems having dif
ferent fuel types or core volumes or core compositions. 
The purpose of the parametric study was to assist the 
LMFBR designer in approximating the effects of mod
ifications to core design on the neutronic properties of 
the system. 

DEFINITION OF THE STUDY 

The four fuel types (oxide, carbide, nitride and 
metal alloy) represent a rather broad group of possible 
fuels for an LMFBR. Two core volumes of 3500 and 
5500 liters were chosen to bracket the values found in 
various 1000 MWe studies. The size and shape of an 
LMFBR is strongly influenced by the thermal hy
draulic properties and, in turn, has a significant effect 
on the neutronic quantities of the reactor. Since no 
thermal hydraulic calculations were included in the 
study, the optimized core size and shape for the var
ious fuel types and core compositions were not availa
ble. The parameter of reactor geometry was given a 
very limited range by considering only spherical reac 
tors with 3500 and 5500 liter cores. The use of 
simplified geometrical representation of the 1M.¥. 
limits the study to estimating the relative effects of the 

' e a ^ 

mm 
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m :e parameters on the neutronic properties of the 
es of systems considered. 

SELECTION OF CORE COMPOSITION 

The volume fractions of the components (fuel, steel 
and sodium) were selected within the range of the 
volume fractions found in various 1000 MWe LMFBR 
studies. There was some bias, however, in favor of high 
performance (high fuel content, high breeding ratio) 
systems. For the ceramic fueled systems with 6500 liter 
cores, fuel volume fractions of 35, 40, and 45% were 
selected. The middle value of 40% yields an acceptable 
specific power rating of '—120 kW/kg of heavy atoms. 
Sodium and steel fractions of 40 and 20% for the case 
of a 5500 liter core with 40% ceramic fuel seemed 
reasonable in light of thermal hydraulic calculations 
for similar systems. Equal volume fractions of sodium 
and steel are exchanged for fuel in altering the case 
with 40% fuel to those having 35 and 45% fuel. There 
is some rationale for changing volume fractions by 
such a method. A decrease in the fuel fraction, for 
example, may result from a smaller pin size, which in 
turn necessitates a relatively larger fraction of steel 
cladding. To retain the attractiveness of a core with a 
smaller pin size, the linear heat rating may be in
creased and thereby a relatively higher sodium frac
tion is provided. Thus a decrease in the fuel fraction 
results in an increase of both the sodium and steel 
fractions. The above line of reasoning assumes that the 
fuel subassembly design was initially somewhere near 
an optimum. The fuel fractions for the 3500 liter core 
was 5% lower while the sodium was 6% higher than 
their counterparts for the 5500 liter core. The lower 
fuel (30, 35, and 40%) and corresponding higher so
dium volume fractions were specified to achieve the 
higher power density ratings of the smaller cores. 

The volume fraction of the metal alloy fuel was 5% 
lower than its ceramic counterparts for the 3500 and 
5500 liter cores. The lower temperature limitation of 
the metal fuel requires smaller pins and more sodium 
than the ceramic fuels. The core compositions for the 
four fuel types and two core volumes are given in 
Table II-38-I. In addition to these compositions, two 
variations of ± 5 v/o in the sodium and the steel con
tent (+5 v/o sodium, —5 v/o steel and —5 v/o so
dium, +5 v/o steel) were made for each fuel volume 
fraction. In total, nine calculations were performed for 
each of the four fuel types and two core volumes. 

DESCRIPTION OF CALCULATIONAL METHOD 

'he calculations were performed with the one-di-
sional diffusion theory code MACH-1,^^' and a 26 

^up cross section set (see Paper 11-39). The reactor 

TABLE II-38-I. DESCRIPTION OF SYSTEMS FOB 

PAKAMETKIC STUDY 

Base 
Case 

Fuel Type (% TD) 

Oxide, Carbide, 
Nitride (85%) 

Fuel So
dium Steel 

U, Pu-10 w/o Zr 
(70%) 

Fuel So
dium Steel 

Core volume = 3500 liters with 20 cm thick blanket 

Core Volume 
Fract ions 

1 
2 
3 

30 
35 
40 

47.5 
45 
42.6 

22.5 
20 
17.5 

25 
30 
36 

50 
47.5 
45 

25 
22.5 
20 

Core volume = S500 liters with 25 cm thick blanket 

Core Volume 
Fract ions 

4 
5 
6 

36 
40 
45 

42.5 
40 
37.5 

22.6 
20 
17.5 

30 
35 
40 

50 
47.5 
45 

20 
17.5 
15 

1.60 

1.50 — 

< 
tc 1.40 

I 3 0 

1.20 

1 

> ^ 

/ 

/ 

K 1 

! 1 ' 1 
5 5 0 0 L1TERS__ 

3 5 0 0 ^ , ^ - - * ' 

5 5 0 0 ^ - - ^ 

^ y " ^ Z^OQ ^ - ^ 

1 1 ! 

1 1 

CARBIDE 
FUELLED 
REACTORS 

^ \ 

^ 
OXIDE 
FUELLED 
REACTORS 

! 
20 25 30 35 4 0 

BLANKET THICKNESS, cm 
45 

F I G . II-38-1. Breeding Rat io of Oxide and Carbide Reactors 
with 3500 and 5500 liter Cores as a Function of Blanket Thick
ness. ANL Neg. No. 116-484. 
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was represented by a four region sphere corresponding 
to two equal-volume core segments, a depleted-ura-
nium blanket of the same fuel type as the core, and a 
steel reflector. The plutonium content in the outer core 
region was maintained at 50% higher level than in 
the inner core region. The fuel composition was ad
justed to simulate that obtained at mid-cycle of a 10 
a/o burnup SYNBURN^^' calculation, yielding an iso-
topic distribution for plutonium of 66% Pu-239, 28% 
Pu-240, 4% Pu-241, 2% Pu-242, and for uranium of 
0.1%o U-235 and 99.9% U-238. To represent mid-cycle 
conditions, 5% of the initial heavy atom density was 
replaced with fission product pairs and 0.5 v/o of tan
talum in the outer core region represented the control 
requirements. 

The blanket, whose composition was chosen to be 
representative of the radial blanket composition of an 
LMFBR, comprised 55 v/o depleted uranium fuel, 30 
v/o sodium and 15 v/o steel, and the steel reflector 
consisted of 80 v/o steel and 20 v/o sodium. 

The blanket regions of an LMFBR is very difficult 
to represent by a spherical model. The axial and radial 
blankets usually contain appreciably different amounts 
of fuel and coolant but only one blanket region can be 
adjacent to the core in a spherical representation. Also, 
the blanket volume in cylindrical geometry is difScult 
to relate to that in spherical geometry. 

In the parametric study the breeding ratio was des
ignated as one of the major figures of merit. Accord
ingly, the blanket volume was selected by varying the 
blanket thickness for both the 3500 and 5500 liter ox
ide-fueled cores to approximate the breeding ratio cal
culated by the SYNBURN code for cores of similar 
composition and size. The breeding ratio is plotted for 
various blanket thicknesses in Fig. II-38-1 for oxide 
and carbide-fueled reactors of 3500 and 5500 liter 
cores. Cases 2 and 5, respectively. Blanket thicknesses 
of 20 and 25 cm were selected for the 3500 and 5500 
liter cores, respectively. Altering the blanket thickness 
between 20 and 60 cm had a small effect on such char
acteristics as the enrichment and the core conversion 
ratio. The values of fp and j3 also changed little with 
the blanket thickness. 

A plutonium enrichment search to a fce,// of unity was 
performed for each reactor system described in Table 
II-38-I, and perturbation, /3, lifetime and reaction 
summary calculations were carried out for the critical 
system. The results of the MACH-1 calculations of the 
four fuel types and two core volumes are presented in 
Tables II-38-II through II-38-IX. In the following 
paragraphs the trends in the breeding ratio, the Dopp-
ler effect, sodium void coefficient, and the reactivity 
worth of the core materials are discussed. 

BREEDING RATIO ^ H 

The breeding ratio supplies useful information IOT 
evaluating the attractiveness of an LMFBR design, 
and may be estimated without a detailed fuel cycle 
calculation. The breeding ratios of the reactors with 
the four fuel types are plotted as a function of the 
heavy atom density for the two core volumes in Figs. 
II-38-2 and II-38-3, and as a function of fuel volume 
fraction for the two core volumes in Figs. II-38-4 and 
II-38-5. For all types of fuels the breeding ratio in
creases appreciably with increasing fuel concentration, 
either in terms of fuel volume fraction or heavy atom 
density. Upon comparing the breeding ratio of reactors 
with different fuels in Figs. II-38-4 and II-38-5 the 
influence on the light elements in the fuel is seen. For a 
given fuel fraction, the metal alloy fuel with no light 
elements has the highest breeding ratio and the oxide 
fuel with two atoms of oxygen for each heavy atom 
produces the lowest breeding ratio. Intermediate 
breeding ratios result from the nitride and carbide 
fuels with intermediate light element concentrations. 
The substantially different breeding ratios for the ni
tride and carbide-fueled systems which have identical 
light and heavy atom densities is due to parasitic cap
ture in nitrogen. This subject is covered in more detail 
in the section "Comments on Nitride Fuels." 

The breeding ratio of the oxide-fueled reactors with 
5600 liter cores is plotted in Fig. II-38-6 for the three 
sets of sodium and steel concentrations associated with 
each of the three fuel fractions. Replacing 5 a/o of 
steel with sodium for a given colume fraction of fuel 
increases the value of the breeding ratio by 0.03-0.04. 
The effect of exchanging steel and sodium on the 
breeding ratio is the same for the other fuel types and 
the other core volume. 

A larger core volume produces a larger breeding 
ratio, as is seen by comparing Figs. II-38-4 and 11-38-
5. Both the thicker blanket and the higher fertile ma
terial concentration found in the larger core contribute 
to the larger breeding ratio. 

DoppLEE E F F E C T 

The Doppler effect for each core composition was 
obtained from the perturbation calculations in which 
the reactivity worth of U-238 at 1300°K was compared 
with that of U-238 at 2500°K. The magnitude of Dop
pler effect is very sensitive to the neutron spectrum. A 
factor which reduces the flux spectrum in the U-238 
resonance region (usually by hardening the spectrum) 
will decrease the magnitude of the U-238 Doppler ef
fect. ^ 1 

Three factors which have a significant influencflH 
the neutron spectrum and thus on the Doppler effec^ 
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LE 1I-38-II. R E S U L T S FROM A PAR.VMETRIC STUDY IN SPHERICAL GEOMETRY FOR O X I D E - F U E L E D F A S T REACTORS WITH A 3500 

L I T E R CORE AND 20 CM T H I C K B L A N K E T 

Volume fractions, % 
Fuel 
Na/SS 

Inner core 

% Pu 
% Enrichment 

Median energy flux 
Source, keA' 
Absorption, keV 

Core conv. rat io 
Breeding rat io 
Core loading, kg 

PU--239 + Pu-241 
U-238 

React ivi ty worths , 
Ak/k ' 

Doppler X 10« 
Na void X 10^ 
1 v/o Pu fuel X 10 
1 v/o U fuel X W 
1 v/o SS X 10-° 
1 v/o Na X 10* 

Kinetic parameters 
/3 X 10' 
IX 10', sec 

45/20 

17.9 
12.G 

291 
50 

0.756 
1.157 

1396 
6820 

- 4 . 4 3 3 
2.204 
1.001 

— 7.665 
- 2 . 9 6 9 
- 4 . 9 0 0 

2.966 
4.192 

3.S 
40/25 

18.4 
13.1 

280 
49 

0.741 
1.124 

1424 
6779 

- 4 . 4 4 0 
1.990 
0.998 

- 7 . 8 0 0 
- 2 . 8 9 7 
- 4 . 9 8 0 

2.905 
4.174 

50/15 

17.6 
12.5 

304 
51 

0.771 
1.194 

1367 
6861 

- 4 . 2 7 4 
2.413 
1.024 

- 7 . 5 0 5 
- 3 . 0 6 1 
- 4 . 8 2 7 

3.034 
4.200 

42M/17}^ 

16.4 
11.6 

318 
53 

0.838 
1.229 

1463 
7996 

- 4 . 2 8 6 
2.333 
0.966 

- 7 . 2 8 3 
- 3 . 1 3 6 
- 5 . 4 9 0 

3.073 
3.761 

40 

37Ji/22M 

16.8 
11.9 

306 
52 

0,821 
1.194 

1484 
7951 

- 4 . 3 5 7 
2.063 
0.954 

- 7 . 3 9 3 
- 3 . 0 3 3 
- 5 . 6 0 1 

3.009 
3.749 

47M/12K 

16.1 
11.4 

334 
54 

0.856 
1.268 

1422 
8040 

- 4 . 1 5 6 
2.610 
0.978 

- 7 . 1 6 4 
- 3 . 2 6 3 
- 6 . 4 9 4 

3.144 
3.763 

471^/223 i 

20.1 
14.2 

264 
46 

0.667 
1.081 

1336 
5649 

- 4 . 4 2 3 
1.969 
1.061 

- 8 . 1 1 3 
- 2 . 7 7 9 
- 4 . 1 4 5 

2.845 
4.718 

30 

42i^/27M 

20.6 
14.6 

255 
46 

0.655 
1.049 

1360 
5612 

- 4 . 4 6 3 
1.829 
1.048 

- 8 . 2 7 6 
- 2 . 7 4 3 
- 4 . 3 0 4 

2.793 
4.691 

52M/17>^ 

19.8 
14.0 

276 
47 

0.680 
1.116 

1308 
6686 

- 4 . 3 3 4 
2.093 
1.074 

- 7 . 9 1 8 
- 2 . 8 3 0 
- 3 . 9 8 7 

2.914 
4.733 

TABLE II -38-I I I . R E S U L T S FROM A PAR.AMETRIC STUDY IN SPHERICAL GEOMETRY FOR C A R B I D E - F U E L E D F A S T RE.ACTOES WITH A 

3600 L I T E R CORE AND 20 CM T H I C K BLANKET 

Volume fractions, % 
Fuel 
Na /SS 

Inner core 
% P u 
% Enrichment 

Median energy flux 
Source, keV 
Absorption, keV 

Core conv. rat io 
Breeding rat io 
Core loading, kg 

Pu-239 + Pu-241 
U-238 

React ivi ty worths , 
Ak/k 

Doppler X 10-
Na void X 10^ 
1 v /o Pu fuel X 10 
1 v /o U fuel X lOii 
1 v /o SS X lOs 
1 v /o Na X 10« 

J j l ^e t i c parameters 

^SFx. 10', sec 

45/20 

15.8 
11.2 

256 
61 

0.903 
1.343 

1543 
9693 

- 4 . 1 5 0 
2.622 
1.307 

- 7 . 4 7 1 
- 3 . 6 0 0 
- 6 . 8 2 6 

3.124 
3.233 

35 

40/25 

16.1 
11.4 

247 
60 

0.886 
1.306 

1573 
9549 

- 4 . 2 1 2 
2.341 
1.292 

- 7 . 6 1 0 
- 2 . 9 1 9 
- 6 . 8 5 2 

3.064 
3.231 

50/15 

15.6 
16.0 

268 
62 

0.920 
1.384 

1511 
9638 

- 4 . 0 4 9 
2.906 
1.322 

- 7 . 3 1 3 
- 3 . 1 1 8 
- 5 . 8 1 2 

3.189 
3.227 

42}i/17i^ 

14.6 
10.2 

279 
64 

0.993 
1.418 

1657 
11175 

- 4 . 0 0 8 
2.680 
1.240 

- 7 . 0 4 2 
- 3 . 1 4 1 
- 6 . 3 0 5 

3.227 
2.874 

40 

37ii/22>^ 

14.8 
10.5 

268 
63 

0.973 
1.379 

1647 
11128 

- 4 . 0 7 7 
2.354 
1.225 

- 7 . 1 5 0 
- 3 . 0 2 9 
- 6 . 2 7 6 

3.166 
2.876 

471.^/12^ 

14.2 
10.0 

292 
65 

1.013 
1.460 

1579 
11224 

- 3 . 9 0 1 
3.016 
1.254 

- 6 . 9 2 2 
- 3 . 2 7 7 
- 6 . 3 5 0 

3.293 
2.866 

47^ /221^ 

17.6 
12.4 

234 
57 

0.806 
1.263 

1468 
8015 

- 4 . 2 6 1 
2.462 
1.382 

- 7 . 9 9 0 
- 2 . 8 4 4 
- 6 . 1 8 2 

3.008 
3.680 

30 

42>^/27M 

18.0 
12.7 

226 
56 

0.791 
1.227 

1496 
7976 

- 4 . 3 1 6 
2.242 
1.367 

- 8 . 1 6 5 
- 2 . 7 8 4 
- 5 . 2 7 6 

2.961 
3.674 

52>^/17M 

17.3 
12.2 

244 
58 

0.820 
1.302 

1440 
8056 

- 4 . 1 7 4 
2.674 
1.397 

- 7 . 7 8 8 
- 2 . 9 2 1 
- 5 . 0 9 4 

3.072 
3.677 
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TABLE II-38-IV. R E S U L T S FROM A PARAMETRIC STUDY IN SPHERICAL G E O M E T E T FOR N I T R I D E - F U E L E D F A S T REACTORS W I T | 

3500 L I T E R CORE AND 20 CM T H I C K B L A N K E T 

Volume fractions, % 
Fuel 
Na /SS 

Inner core 
% Pu ^ 
% Enr ichment 

Median energy flux 
Source, keV 
Absorption, keV 

Core conv. rat io 
Breeding rat io 
Core loading, kg 

Pu-239 + Pu-241 
U-238 

React iv i ty wor ths , 
Ak/k 

Doppler X 10' 
N a void X 10^ 
1 v /o P u fuel X 10 
1 v /o U fuel X W 
1 v /o SS X 103 
1 v /o Na X 10* 

Kinetic parameters 
13 X W 
i X 10', sec 

45/20 

10.4 
11.6 

291 
87 

0.834 
1.252 

1598 
9514 

- 4 . 1 6 7 
2.274 
1.242 

- 7 . 4 7 9 
- 2 . 5 3 7 
- 5 . 0 6 3 

3.183 
3.151 

35 

40/25 

16.7 
11.8 

280 
85 

0.822 
1.221 

1624 
9476 

- 4 . 2 2 1 
2.069 
1.231 

- 7 . 6 2 4 
2.497 

- 5 . 1 7 3 

3.120 
3.152 

50/15 

16.1 
11.4 

304 
91 

0.847 
1.284 

1570 
9553 

- 4 . 0 7 9 
2.466 
1.251 

- 7 . 3 1 3 
- 2 . 5 9 0 
- 4 . 9 3 2 

3.252 
3.143 

42}^/17J^ 

15.0 
10.6 

318 
95 

0.913 
1.314 

1676 
11087 

- 4 . 0 4 1 
2.360 
1.174 

- 7 . 0 2 3 
- 2 . 6 4 4 
- 5 . 5 2 8 

3.293 
2.800 

40 

37>i/22>^ 

15.3 
10.8 

306 
92 

0.899 
1.283 

1706 
11045 

- 4 . 1 0 3 
2.099 
1.164 

- 7 . 1 4 0 
- 2 . 5 8 4 
- 6 . 5 9 7 

3.229 
2.803 

47}^/12M 

14.8 
10.6 

334 
98 

0.928 
1.348 

1646 
11130 

- 3 . 9 4 7 
2.595 
1.184 

- 6 . 8 9 0 
- 2 . 7 2 0 
- 5 . 4 6 2 

3.364 
2.791 

471.^/221^ 

18.2 
12.8 

2G4 
79 

0.749 
1.183 

1517 
7947 

- 4 . 2 0 0 
2.098 
1.317 

- 8 . 0 3 5 
- 2 . 4 0 2 
- 4 . 4 1 7 

3.060 
3.589 

30 

42M/27}i 

18.4 
13.0 

256 
77 

0.739 
1.154 

1541 
7911 

- 4 . 3 0 5 
1.960 
1.307 

- 8 . 2 1 2 
- 2 . 3 9 6 
- 4 . 6 0 1 

3.000 
3.587 

62^/173^ 

17.8 
12.6 

276 
82 

0.760 
1.216 

1492 
7982 

- 4 . 1 8 1 
2.219 
1.327 

- 7 . 8 3 0 
- 2 . 4 2 6 
- 4 . 2 2 7 

3.127 
3.583 

TABLE II-38-V. R E S U L T S FROM A PARAMETRIC STUDY IN SPHERICAL GEOMETRY FOR M E T A L - F U E L E D F A S T RE.^CTORS WITH A 3600 

L I T E R CORE AND 20 CM T H I C K B L A N K E T 

Volume fractions, % 
Fuel 
Na /SS 

Inner core 
% P u ^ 
% Enr ichment 

Median energy flux 
Source, keV 
Absorption, keV 

Core conv. rat io 
Breeding ratio 
Core loading, kg 

Pu-239 + Pu-241 
U-2.38 

React iv i ty wor ths , 
Ak/k 

Doppler X 10' 
Na void X 10^ 
1 v /o Pu fuel X 10 
1 v /o U fuel X 10" 
1 v /o SS X 10' 
1 v /o Na X 10* 

Kinet ic parameters 
0 X W 
t X 10', sec 

473^/223^ 

16.0 
11.3 

310 
124 

0.779 
1.295 

1364 
7689 

- 1 . 9 9 0 
3.622 
1.613 

- 7 . 9 2 2 
- 2 . 8 5 2 
- 7 . 9 0 3 

3.133 
3.122 

30 

423i/27J^ i 523.^/173^ 

16.3 
11.5 

299 
121 

0.770 
1.261 

1376 
7657 

- 2 . 1 0 1 
3.343 
1.601 

- 8 . 1 6 9 
- 2 . 8 2 3 
- 7 . 8 6 6 

3.067 
3.142 

15.7 
11.1 

323 
128 

0.789 
1.333 

1331 
7722 

- 1 . 8 4 6 
3.878 
1.624 

- 7 . 6 4 1 
- 2 . 9 0 1 
- 7 . 3 8 7 

3.206 
3.093 

45/20 

14.1 
10.0 

343 
137 

0.878 
1.389 

1395 
9233 

- 1 . 7 0 4 
3.870 
1.649 

- 7 . 2 6 8 
- 3 . 0 7 8 
- 8 . 5 9 9 

3.276 
2.738 

35 
40/25 

14.4 
10.2 

330 
134 

0.867 
1.353 

1420 
9197 

- 1 . 8 1 4 
3.614 
1.538 

- 7 . 4 8 0 
- 3 . 0 1 8 
- 8 . 7 8 4 

3.206 
2.758 

50/15 

13.9 
9.8 

368 
142 

0.889 
1.428 

1369 
9270 

- 1 . 5 6 6 
4.211 
1.560 

- 7 . 0 3 1 
- 3 . 1 6 2 
- 8 . 4 2 1 

3.350 
2.710 

50/25 

17.3 
12.2 

267 
106 

0.690 
1.203 

1260 
6273 

- 2 . 3 6 6 
2.463 
1.682 

- 8 . 7 8 0 
- 2 . 2 6 5 
- 4 . 9 2 6 

3.004 
8.731 

25 
45/30 

17.6 
12.4 

268 
102 

0.683 
1.169 

1277 
6247 

- 2 . 4 9 1 
2.372 
1.671 

- 9 . 0 9 7 
- 2 . 2 9 1 
- 6 . 2 7 1 

2.942 
3.764 

66/20 

17.0 
12.0 

277 
111 

0.697 
1.239 

1241 
6298 

- 2 . 2 0 2 
2.520 
1.693 

- 8 . 4 1 4 
- 2 . 2 5 1 
- 4 . 6 8 1 

^Bk 
3.ffli 
s.tSP'' 
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| B L E I1-38-VI. R E S U L T S FROM A PAR.IMETBIC STUDY IN SPHERICAL GEOMETRY FOR O X I D E - F U E L E D F A S T REACTORS WITH 5500 

L I T E R CORE .^ND 25 CM T H I C K BLANKET 

Volume fractious, 
Fuel 
Na/SS 

Inner core 

% P " ^ 
' / Enrichment 

Median energy flux 
Source, keV 
Absorption, keV 

Core conv. rat io 
Breeding ratio 
Core loading, kg 

Pu-239 + Pu-241 
U-238 

React ivi ty wor ths . 
Ak/k ' 

Doppler X 10' 
Na void X 10^ 
1 v /o Pu fuel X 10 
1 v /o U fuel X 10* 
1 v /o SS X W 
1 v /o Na X 10* 

Kinetic parameters 
/3 X 10' 
i X 10', see 

40/20 

15.6 
11.1 

206 
48 

0.894 
1.274 

2170 
12680 

- 4 . 8 7 6 
2.680 
1.017 

- 8 . 2 0 4 
- 3 . 6 5 1 
- 6 . 7 0 0 

3.045 
3.945 

40 

35/25 

16.0 
11.3 

200 
49 

0.873 
1.238 

2221 
12609 

- 4 . 8 7 7 
2.325 
1.000 

- 8 . 2 4 2 
- 3 . 4 2 0 
- 6 . 6 4 4 

2.985 
3.915 

45/16 

16.3 
10.8 

215 
48 

0.917 
1.318 

2118 
12765 

- 4 . 8 0 7 
3.041 
1.034 

- 8 . 1 2 8 
- 3 . 7 0 9 
- 6 . 7 5 8 

3.116 
3.961 

37}^/17'4 

14.6 
10.3 

223 
61 

0.972 
1.346 

2260 
14523 

- 4 . 6 8 5 
2.642 
0.969 

- 7 . 7 4 7 
- 3 . 6 4 9 
- 7 . 0 4 5 

3.145 
3.547 

45 
323^/221^ 

14.9 
10.5 

215 
50 

0.949 
1.306 

2314 
14446 

- 4 . 7 1 2 
2.266 
0.953 

- 7 . 7 7 9 
- 3 . 4 9 4 
- 6 . 9 3 9 

3.080 
3.627 

42M/12M 

14.2 
10.1 

233 
52 

0.997 
1.389 

2204 
14603 

- 4 . 5 8 3 
3.048 
0.985 

- 7 . 7 0 4 
- 3 . 8 3 9 
- 7 . 1 7 2 

3.216 
3.568 

42i|/22i-^ 

17.1 
12.1 

190 
46 

0.811 
1.202 

2074 
10845 

- 5 . 0 2 0 
2.650 
1.071 

- 8 . 7 1 4 
- 3 . 4 4 0 
- 6 . 2 3 5 

2.942 
4.423 

30 

•iVA/mi 

17.6 
12.4 

186 
44 

0.792 
1.166 

2122 
10778 

- 5 . 0 1 2 
2.344 
1.053 

- 8 . 7 8 0 
- 3 . 3 3 8 
- 6 . 2 5 1 

2.883 
4.385 

473-^/173^ 

16.7 
11.8 

197 
46 

0.831 
1.242 

2026 
10914 

- 4 . 9 8 3 
2.967 
1.088 

- 8 . 6 2 5 
- 3 . 5 6 4 
- 6 . 2 2 5 

3.007 
4.451 

TABLE-38-VII. R E S U L T S FROM A PAR.VMETRIC STUDY IN SPHERICAL GEOMETRY FOR C.V.RBIDE-FUELBD F A S T REACTORS WITH A 5500 

L I T E R CORE AND 25 CM T H I C K B L A N K E T 

Volume fractions, % 
Fuel 
Na /SS 

Inner core 
% Pu 
•/o Enr ichment 

Median energy flux 
Source, keV 
Absorption, keV 

Core conv. rat io 
Breeding rat io 
Core loading, kg 

Pu-239 4- Pu-241 
U-238 

Reactivi ty wor ths , 
Ak/k 

Doppler X 10' 
Na void X 102 
1 v/o Pu fuel X 10 
1 v /o U fuel X 10' 
1 v/o SS X 10' 
1 v/o Na X 10* 

"Kinetic parameters 

J|kl0' ^ y 10', sec 

40/20 

12.8 
9.1 

278 
63 

1.085 
1.491 

2521 
18825 

- 4 . 2 3 0 
3.046 
1.239 

- 7 . 4 8 7 
- 3 . 4 5 4 
- 7 . 6 1 4 

3.245 
2.743 

40 

35/25 

13.1 
9.3 

268 
62 

1.061 
1.463 

2575 
18748 

- 4 . 2 4 5 
2.262 
1.220 

- 7 . 5 0 8 
- 3 . 3 1 5 
- 7 . 4 9 6 

3.190 
2.732 

45/15 

12.5 
8.9 

289 
64 

1.111 
1.537 

2462 
18908 

- 4 . 1 6 1 
3.483 
1.267 

- 7 . 4 3 7 
- 3 . 6 1 8 
- 7 . 7 4 1 

3.309 
2.745 

37M/17M 

11.9 
8.4 

300 
66 

1.167 
1.564 

2639 
21457 

- 4 . 0 0 3 
2.909 
1.168 

- 7 . 0 0 8 
- 3 . 4 8 8 
- 7 . 7 5 7 

3.336 
2.445 

45 

32M/22J^ 

12.1 
8.6 

289 
65 

1.141 
1.523 

2698 
21374 

- 4 . 0 3 6 
2.472 
1.151 

- 7 . 0 2 0 
- 3 . 3 3 5 
- 7 . 0 0 7 

3.278 
2.439 

42^ /121^ 

11.6 
8.3 

315 
67 

1.609 
1.695 

2578 
21544 

- 3 . 9 4 2 
3.368 
1.186 

- 6 . 9 9 2 
- 3 . 6 6 8 
- 7 . 9 2 5 

3.398 
2.446 

42>^/22^ 

13.9 
9.7 

265 
59 

0.997 
1.417 

2395 
16203 

- 4 . 4 4 5 
3.127 
1.318 

- 8 . 0 3 3 
- 3 . 4 0 1 
- 7 . 3 6 8 

3.147 
3.109 

35 
373-^/273.^ 

14.2 
10.0 

247 
58 

0.975 
1.379 

2446 
16130 

- 4 . 4 6 5 
2.734 
1.298 

- 8 . 0 8 8 
- 3 . 2 8 0 
- 7 . 2 9 0 

3.090 
3.095 

47^/173^2 

13.6 
9.6 

265 
60 

1.020 
1.460 

2341 
16279 

- 4 . 3 9 6 
3.532 
1.338 

- 7 . 9 6 6 
- 3 . 5 4 4 
- 7 . 4 3 5 

3.209 
3.116 
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TABLE II-38-VIII . R E S U L T S FROM A PAR.VMETRIC STUDY IN SPHERICAL GEOMETRY FOR N I T R I D E - F U E L E D FAST RE.VCTORS WI' 

5500 L I T E R CORE AND 25 CM T H I C K B L A N K E T # 

Volume fractions, % 
Fuel 
Na /SS 

Inner core 
% P u 
% Enr ichment 

Median energy flux 
Source, keV 
Absorption, keV 

Core conv. ratio 
Breeding ratio 
Core loading, kg 

Pu-239 + Pu-241 
U-238 

React ivi ty wor ths . 
Ak/k' 

Doppler X 10' 
Na void X 10^ 
1 v /o Pu fuel X 10 
1 v /o U fuel X 10' 
1 v /o SS X 10' 
1 v /o Na X 10* 

Kinetic parameters 
u X 10' 
I X 10', sec 

40/20 

13.2 
9.4 

315 
90 

1.008 
1.392 

2602 
18709 

- 4 . 2 8 3 
2.830 
1.184 

- 7 . 6 2 8 
- 3 . 0 3 7 
- 7 . 0 7 5 

3.309 
2.690 

40 

35/25 

13.5 
9.5 

304 
88 

0.989 
1.359 

2653 
18637 

- 4 . 3 0 9 
2.467 
1.170 

- 7 . 5 6 9 
- 2 . 9 4 5 
- 7 . 0 4 9 

3.248 
2.683 

45/16 

12.9 
9.2 

329 
92 

1.027 
1.428 

2550 
18782 

- 4 . 2 2 8 
3.197 
1.198 

- 7 . 4 7 3 
- 3 . 1 4 6 
- 7 . 1 0 4 

3.376 
2.692 

373^/173^ 

12.3 
8.7 

343 
97 

1.078 
1.451 

2732 
21326 

- 4 . 0 7 0 
2.712 
1.116 

- 7 . 0 4 2 
- 3 . 0 5 7 
- 7 . 2 3 2 

3.406 
2.399 

45 

323^/223^ 

12.6 
8.9 

330 
95 

1.058 
1.418 

2785 
21250 

- 4 . 1 0 4 
2.330 
1.102 

- 7 . 0 6 8 
- 2 . 9 5 2 
- 7 . 1 6 9 

3.343 
2.395 

42}^/12M 

12.1 
8.6 

359 
99 

1.100 
1.488 

2677 
21404 

- 4 . 0 0 9 
3.102 
1.128 

- 7 . 0 1 0 
- 3 . 1 7 9 
- 7 . 3 0 0 

3.472 
2.398 

42M/223^ 

14.3 
10.1 

287 
82 

0.930 
1.327 

2468 
16100 

- 4 . 5 0 1 
2.897 
1.262 

- 8 . 1 0 4 
- 3 . 0 0 2 
- 6 . 8 1 7 

3.202 
3.053 

35 

37J-^/27}| 

14.6 
10.3 

278 
80 

0.913 
1.294 

2516 
16033 

- 4 . 6 1 8 
2.563 
1.247 

- 8 . 1 6 7 
- 2 . 9 2 5 
- 6 . 8 3 5 

3.142 
3.042 

473^/171^ 

14.0 
9.9 

298 
84 

0.947 
1.363 

2419 
16169 

- 4 . 4 5 5 
3.228 
1.277 

- 8 . 0 2 6 
- 3 . 0 9 2 
- 6 . 8 0 0 

3.268 
3.058 

TABLE II-38-IX. R E S U L T S FROM A P A R VMETRIC STUDY IN SPHERICAL GEOMETRY FOR MET.VL-FUELED F.VST RE.VCTORS WITH V 6500 

L I T E R CORE AND 25 CM T H I C K B L A N K E T 

Volume fractions, % 
Fuel 
Na /SS 

Inner core 
% Enr ichment 

Median energy flux 
Source, keV 
Absorption, keV 

Core conv. ratio 
Breeding ratio 
Core loading, kg 

Pu-239 + Pu-241 
U-238 

React ivi ty wor ths . 
Ak/k 

Doppler X 10' 
Na void X 10^ 
1 v /o Pu fuel X 10 
1 v /o U fuel X 10' 
1 v /o SS X 10' 
1 v / o Na X 10* 

Kinetic parameters 
H X 10' 
i X 10', sec 

47M/17J^ 

12.9 
9.2 

337 
127 

0.981 
1.511 

2008 
14771 

- 1 . 9 6 7 
6.144 
1.686 

- 8 . 3 4 6 
- 3 . 8 0 2 
- 1 . 0 8 3 

3.319 
2.902 

35 

423^/223^ 

13.2 
9.4 

324 
124 

0.963 
1.465 

2052 
14708 

- 2 . 0 7 9 
4.647 
1.668 

- 8 . 5 1 8 
- 3 . 6 9 0 
- 1 . 0 9 4 

3.245 
2.920 

523^/123.^ 

12.6 
9.0 

354 
130 

0.999 
1.561 

1961 
14837 

- 1 . 8 2 1 
5,638 
1.703 

- 8 . 1 4 9 
- 3 . 9 4 7 
- 1 . 0 7 4 

3.401 
2.875 

45/15 

11.6 
8.3 

371 
139 

1.079 
1.606 

2063 
17209 

- 1 . 6 7 2 
5.197 
1.617 

- 7 . 7 4 2 
- 3 . 9 8 1 
- 1 . 1 6 6 

3.451 
2.668 

40 

40/20 

11.9 
8.6 

356 
136 

1.059 
1.557 

2111 
17141 

- 1 . 7 7 5 
4.641 
1.595 

- 7 . 8 8 4 
- 3 . 8 4 2 
- 1 . 1 6 0 

3.376 
2.686 

60/10 

11.4 
8.1 

391 
143 

1.101 
1.669 

2013 
17281 

- 1 . 5 4 0 
5.755 
1.634 

- 7 . 5 8 6 
- 4 . 1 5 9 
- 1 . 1 5 1 

3.534 
2.542 

50/20 

14.6 
10.3 

302 
113 

0.875 
1.409 

1943 
12345 

- 2 . 3 2 5 
4.941 
1.763 

- 9 . 1 3 9 
- 3 . 5 9 0 
- 0 . 9 8 8 

3.175 
3.338 

30 

45/25 

14.9 
10.6 

292 
110 

0.860 
1.365 

1984 
12287 

- 2 . 0 4 3 
4.622 
1.744 

- 9 . 3 4 4 
- 3 . 5 1 2 
- 1 . 0 0 5 

3.104 
3.354 

55/15 

14.3 
10.1 

316 
117 

0.891 
1.457 

1901 
12405 

- 2 . 1 7 4 
5.346 
1.781 

- 8 . 8 9 8 
- 3 . 6 9 6 
- 0 . 9 7 2 

3.263 
3.311 

are the U-238 concentration, the fuel type, and the 
core size. Since the presence of U-238 depresses the flux 
in the resonance region, the U-238 Doppler effect is 
smaller for cores containing greater amounts of U-238, 

either on a per atom basis or on a total U-238 
basis. Cores containing a fuel type with lower h? 
atom density and higher light element density exhibit 
a softer spectrum and thus a larger (more negative) 

9 
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oppler effect. The fuel types in order of decreasing 
Doppler effect are oxide, nitride, carbide and metal. 
The neutronic characteristics of a large core, such as 
low fuel concentration, result in a soft spectrum and 
thus an enhanced Doppler effect. 

WORTH OF SODIUM VOIDING OF THE CORE 

The reactivity worth of total sodium voiding of the 
core was obtained from first order perturbation calcu
lations in which all of the sodium was removed from 
the core and none was removed from either the blanket 

5.0 6.0 7.0 8.0 9.0 
HEAVY ATOM (U AND Pu) DENSITY X lO' otoms/cc of core 

F I G . II-38-2. Breeding Rat io versus Heavy Atom Densi ty 
of the Four Fuel Types in a 3500 liter Core. ANL Neg. No. He

1.70 

12.0 
HEAVY ATOM (U AND Pu) DENSITY X atoms/cc of core 

F I G . II-38-3. Breeding Ratio versus Heavy Atom Densi ty 
of the Four Fuel Types in a 5500 liter Core. ANL Neg. No. 
116-m. 

1.45 

25 30 35 
FUEL VOLUME FRACTION, % 

F I G . II-38-4. Breeding Ratio versus Fuel Volume Fraction 
for Four Fuel Types in a 3500 liter Core. ANL Neg. No. 116-
476. 
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30 35 40 
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45 

F I G . II-38-5. Breeding Ratio versus Fuel Volume Fraction 
for Four Types in a 5500 liter Core. ANL Neg. No. 116-48:B. 

or reflector. Voiding of the core sodium produces both 
a positive reactivity effect due to spectrum hardening 
and a negative reactivity effect due to increased leak
age. In the cases presented here, the effect of spectrum 
hardening dominates that of leakage. 
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FUEL VOLUME FRACTION, % 

F I G . II-38-6. Breeding Ratio versus I\ iel Volume Fract ion 
for Various Core Compositions in an Oxide-Fueled 5000 liter 
Core ANL Neg. No. 116-483. 

The three parameters in the study which have a 
significant influence on the sodium void worth are the 
sodium content, the core size, and the fuel concentra
tion (also fuel type as it affects the fuel concentra
tion) . 

The worth of sodium on a per atom basis is fairly 
insensitive to the sodium content of the core, as is seen 
from the results from the material worth calculation. 
Thus, the worth of sodium voiding of a core is almost 
directly proportional to the sodium content. A smaller 
core permits greater leakage, has a lower fuel loading 
for a given fuel fraction, and requires a higher ratio of 
fissile to fertile material. These three characteristics of 
a smaller core result in a smaller (less positive) so
dium void worth. 

Both plutonium and uranium become more reactive 
(that is, more fission neutrons/absorption) as the spec
trum hardens in the LMFBR system considered here; 
in particular, U-238 is much more reactive as the por
tion of the flux above its fission threshold energy in
creases. The cores with larger loadings of U-238 pos
sess larger (more positive) sodium void worths. The 
fuel material type is related to the sodium worth in the 
core by the concentration and enrichment of the fuel 
type that is required for criticality. For the systems 
considered in the study the sodium worth is largest for 
the metal-fueled reactors and smallest for the oxide-
fueled reactors. 

CORE MATERIAL WORTHS 

The reactivity worths of the core materials (pluto-
nium-fuel, uranium-fuel, steel and sodium) were ob
tained to provide the data for estimating the reactivity 
effect of small changes in the core composition. In the 
study the composition of the core materials were speci
fied in terms of the percentage of the core volume 
occupied by that material. To obtain reactivity data 
which is readily usable for evaluating compositional 
changes the first order perturbation calculations were 
based on the amount of material which occupies 1 v/o 
of the core. 

There are two trends that are seen in the reactivity 
worths of all materials. The worth of a given material 
is smaller in cores which contain larger volume frac
tions of a given material, and secondly, is also smaller 
for the cores of larger volume. The relationship be
tween the material worths and the fuel type depends 
upon the particular material. The fuel type influences 
the worth of the plutonium-fuel through the amount of 
plutonium that is required to achieve criticality in a 
reactor using that fuel type. The uranium fuel worth 
depends upon the critical concentration and of the fuel 
type, as well as the fight atom concentration. The 
order of the fuel types which shows the effect of in
creasing the magnitude of the steel worth is metal, 
oxide, carbide and nitride fuels. The influence of var
ious parameters on the sodium worth was presented 
above in the discussion of sodium void worth. 

KINETIC CHARACTERISTICS 

The value of jSetf varies inversely with the percent
age of plutonium in the fuel since the fiett value for 
plutonium is smaller than that for uranium. The core 
size, core composition, and fuel type influence the peif 
values primarily through their effect on the percentage 
of plutonium in the fuel required for criticality. The 
lifetime, (p, is greater for systems having a softer spec
trum. Thus a core of smaller fuel volume fraction (or 
heavy atom densities), larger volume, or a fuel type 
containing more light elements exhibit a greater value 
of ip. To place the above comments in proper perspec
tive it is noted that both j3 and 4 are not very sensitive 
to the changes in the parameters (fuel type, core com
position, and volume). In the 72 cases considered in 
the study the value of peff varied between 2.79 X 10~^ 
and 3.54 X lO^^ and the value of ip between 2.39 X 
10- ' 'and 4.73 X 10"^ • 

sec. 

COMMENTS ON NITRIDE FUELS 

The results given in the section on "Breeding Rati^ 
showed that the concentrations of both heavy and light 
elements in a fuel loading have a significant influence 

L^B^ 
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ENERGY, MeV 

F I G . II-38-7. N " ( n , a ) B " Cross Section in Barns between 1 
and ~ 1 0 MeV. ANL Neg. No. 116-480. 

10 10 10 
ENERGY, ev 

F I G . II-38-8. N " ( « , p ) C " Cross Section in Barns between 
0.01 eV and ~ 1 0 MeV. ANL Neg. No. 116-477. 

on the breeding ratio. The nitride fuel appears to have 
an anomalous effect on the breeding ratio; although 
the heavy and light nuclide concentrations in the ni
tride fuel were specified to be identical to those in the 
carbide fuel, a nitride-fueled system exhibits ~ 7 % 
lower breeding and core conversion ratios than those of 
a carbide system with the same fuel volume fraction. 
An investigation of the nitride-fueled reactors identi
fied parasitic neutron capture reactions in nitrogen as 
the major cause of the lower breeding and core conver-

n ratios, 
apture cross sections for (»,«)*, in,p) and {n,y) 

^ ^ n 

10 10 10 
ENERGY, ev 

F I G . II-38-9. N"(ra,'-/)Ni* Cross Section in Barns between 
-0.01 eV and —10 MeV. ANL Neg. No. 116-479. 

TABLE II-38-X. NITKOGEN CAPTURE CHOSS SECTIONS, 

REACTION R A T E AND RE.ILCTION SPECTECM IN THE C E N 

TER OF A N I T R I D E - F U E L E D LMFBR BT ENERGY GROUP 

Group No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
26 
26 

Lower Energy, 
eV 

6.07 X 10"̂  
3.68 X 10« 
2.23 X 10« 
1.36 X 10« 
8.21 X 10= 
4.98 X lO î 
3.02 X 10^ 
1.83 X 10= 
1.11 X 10̂ ^ 
6.74 X 10" 
4.09 X 10* 
2.48 X 10* 
1.60 X 10" 
9.12 X 10' 
6.53 X 10= 
3.35 X 10« 
2.04 X 10^ 
1.23 X 10= 
7.49 X 10^ 
4.64 X 102 
2.75 X W 
1.67 X 10^ 
1.01 X 102 
6.14 X 101 
3.73 X 101 
2.26 X 10' 

b 

0.2406 
0.3459 
0.2334 
0.0987 
0.0179 
0.0064 
0.0066 
0.0016 
0.0015 
0.0016 
0.0017 
0.0020 
0.0024 
0.0029 
0.0037 
0.0047 
0.0063 
0.0078 
0.0099 
0.0126 
0.0162 
0.0206 
0.0263 
0.0336 
0.0429 
0.0509 

Reaction 
Rate, 

10« 
captures/ 
cm*-sec 

0.679 
3.368 
4.897 
3.230 
1.028 
0.601 
0.636 
0.169 
0.148 
0.124 
0.108 
0.094 
0.092 
0.089 
0.070 
0.055 
0.029 
0.008 
0.008 
0.004 
0.003 
0.001 
0.001 

— 
_ 
— • 

Group 
Fraction 

0.0374 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2180 
3169 
2090 
0665 
0324 
0411 
0109 
0096 
0080 
0070 
0061 
0059 
0057 
0046 
0035 
0019 
0052 
0042 
0029 
0017 
0008 
0004 

— 
— 
— 

* The (n,a) reaction cross section includes some (n,D) and 
(n,T) reactions. 

reactions in N-14 are plotted as a function of energy in 
Figs. II-38-7 through II-38-9, respectively.^ The total 
capture cross sections and reaction rates for total cap
ture for N-14 are tabulated in Table II-38-X for the 
26 energy groups. The major portion (^80%) of the 
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capture in nitrogen occurs above 1 MeV. In the range 
from 2.23 to 10 MeV the {n,a) reaction dominates the 
capture process and produces 65% of the neutron cap
tures over the total energy range. Thirty percent of the 
total captures occurs between 0.5 and 2.23 MeV and 
they are largely (n,p) reactions. 

The parasitic capture in nitrogen adversely affects 
the economics of the nitride-fueled reactors, as the 7% 
lower breeding ratio suggests. The products of the par
asitic reactions may also influence the performance ca
pability of the nitride fuel. As mentioned previously, 
the reaction products are hydrogen, helium, deuterium 
and tritium. The magnitude of their presence was ob
tained from the reaction summary of the parametric 
study. In the inner region of a 5500 liter core contain
ing 40% fuel, 40% sodium, and 20% steel, the capture 
rate in nitrogen is 4.58 X 10^* captures/sec compared 
with a fission rate of 3.98 X 10^^ fissions/sec. The 
production rate of gaseous fission products, which is 
roughly 6% of the total fission products, is of the same 
magnitude as the gas production in nitrogen. The total 
gas produced from neutron capture in nitrogen at the 
end of 100,000 MWD/MT exposure was calculated to 
be --^600 gm-moles in the inner core zone. At standard 

temperature and pressure (20°C, 1 atm) the gas p r ' 
duced from parasitic capture in nitrogen occupies a 
volume approximately equivalent to ten times that of 
the fuel, and has about 1.0% of the atom density of the 
heavy atoms in the fuel. 

The magnitude of gaseous reaction products calcu
lated above may be useful in determining the influence 
of the reactions on the fuel's performance capabilities, 
such as fuel swelling, fission gas release, thermal con
ductivity, etc. The neutronic calculations presented 
here show that nitride-fueled systems have a lower 
than expected breeding ratio. Unless the nitride fuels 
are found to have some redeeming properties, or unless 
N-15 enriched fuel can be produced economically, ni
tride fuel does not appear to be an attractive fuel type 
for an LMFBR. 
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11-39. Effect of Subassembly Clearances o n S o m e Performance 
Characteristics of 1000 MWe LMFBR Designs 

J. T. MADELL and H. H. HUMMEL 

INTRODUCTION 

The observation of stainless steel swelling under 
prolonged fast neutron irradiation (nvt W 10^ )̂ has 
raised problems in the design of fast breeder reactors. 
A particularly serious problem is caused by the swell
ing of the steel subassembly wrapper cans which, 
among other undesirable effects, will completely elimi
nate the approximately 50 mil clearance between the 
subassemblies, initially present, making it impossible 
to remove them. As further swelling occurs severe dis
tortion of the core will result. An obvious way to deal 
with this problem is to increase the initial clearance 
between subassemblies in the core region, where the 
swelling is greatest. Smaller clearances are tolerable 
above and below the core, and the prescribed clearance 
of 50 mils is adequate to prevent undesirable motions 
of the subassemblies during operation. A study has 
been made of the effect of such an increase in clearance 
on performance characteristics of typical 1000 MWe 

LMFBR designs. The first part of the report discusses 
the neutron cross section set used in the study, while 
the second part describes the computational codes. The 
basic design features of the LMFBRs considered for 
the study are given in the third section and the various 
effects on the reactors' performance characteristics are 
presented in the last two sections. 

DEVELOPMENT OF NEUTRON CROSS SECTION SET 

MODIFICATIONS TO BASIC CROSS SECTIONS 

A neutron cross section set was developed and evalu
ated for use in the core design study of a 1000 MWe 
LMFBR. The basic cross section set was produced by 
MC2 w using the "77 material" version of ENDF/B^^) 
as the source of discrete cross section data, except that 
the Pu-239 cross sections given by Pitterle et al.* w^ 
used. Modifications to the U-238 and Pu-239 cross 
tions obtained from the MC^ calculations were incor^ 
porated in the broad group cross section set. The most 
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portant modification was the use of lower inelastic 
scattering cross sections for U-238 above about 1 MeV. 
Other, less significant changes were made in Pu-239 
fission and capture and U-238 capture cross sections. 
Evaluation of the cross sections consisted of comparing 
neutronic quantities calculated with "regular" and 
modified cross sections with experimental results from 
appropriate critical assemblies. 

The modifications, mentioned above, were based on 
recent experiments and analytical comparisons. Recent 
measurements* of the U-238 cross sections resulted in 
lower values of the inelastic scattering cross section. 
Also, recent work on interpretation of critical 
assemblies^ indicates better agreement between theory 
and experiment for k and for reaction rate ratios if 
lower values of U-238 inelastic scattering cross sec
tions are used for energies above about 1 MeV. Small 
changes from the ENDF/B values in a(n,y) of U-238 
were included between 4 and 100 keV; these are not 
large enough to have a very significant efi'ect. The 
Pu-239 capture and fission cross sections of Pitterle 
were modified slightly between 2 and 183 keV, as 
shown in Table II-39-I, but the values of a were held 
constant. 

The neutronic parameters obtained with the result
ing cross section set, as well as a set generated from an 
earlier edition of ENDF/B , were compared with ex
perimental results from ZPR-III Assembly 48 and 
ZEBRA 3. Both critical assemblies were loaded with 
Pu-239 and U-238. Assembly 48 also contained sodium 
and carbon which resulted in a softer spectrum than 
ZEBRA 3 exhibited. The atom densities for Assembly 
48 and ZEBRA 3 are given in Table II-39-II. The 
values for a 1000 MWe core are provided for the pur
pose of comparison. 

The neutronic calculations were carried out with the 
same procedure as was used in benchmark studies of 
the Cross Section Evaluation Working Group 
(CSEWG).*®' First, two 26-broad-group sets with Yz 
lethargy widths were generated by MC^ using the cur
rent ENDF/B library tape and core compositions of 
Assembly 48 and of ZEBRA 3, except for the cross 
section modifications displayed in Table II-39-L 
Below 2.23 MeV (Group 4 and greater) the modified 
U-238 inelastic cross sections are those of Argonne Set 
224,'^' which were based on Smith's older data.® Be
tween 2.23 and 6.07 MeV (Groups 2 and 3) the modi
fied data are ~10% smaller than both that of E N D F / 
B and Set 224, while the ENDF/B value is used for 

ergies above 6.07 MeV (Group 1). 
series of spherical transport (Sn = 4) calculations 

I s then performed to evaluate the effect of the var
ious cross sections on the eigen value of Assembly 48 
and ZEBRA 3. The results are presented in Table II-

^ ^ e r 

TABLE II-39-T. COHUECTION F.VCTOK.S FOI{ SOME P U - 2 3 9 .^.ND 

U-238 Biio.vD GROUP CROSS SECTIONS USED IN ANALYZING 

ASSEMBLY 48 AND Z E B U A 3 

Energv 
Group" 

2 
3 
4 
5 
() 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Pu-239 

fft and 0-/(1') o-cC') 

„ ^ 

— 
" - 1.005 
— 0.970 
— 
— 

0.98 
0.97 
0.96 
0.95 
0.90 
1.00 
0.93 
1.00 
1.10 

0.985 
0.995 
0.985 
1.015 
1.040 
1.020 
0.982 
0.975 
0.960 
0.955 

— 

U-238 

^inelastic 

. Assembly 48 

0.937 
0.881 
0.816 
0.887 
0.911 
0.926 
0.872 
0.748 
0.852 
0.866 

— 
— 

— 
„ _ 

ZEBRA 3 

0.937 
0.881 
0.818 
0.897 
0.911 
0.923 
0.870 
0.743 
0.843 
0.796 

- „ 

.̂̂  
_-_ 
— 
— 

» See Table I1-39-IV for group energy limits. 
^ Same correction factors were used in analyzing Assembly 

48 and ZEBRA 3. 

TABLE II-39-1I. COKE COMPOSITIONS OP ASSEMBLY 48, 

ZEBRA 3, AND A 1000 MWe LMFBR, 10« atoms/cm= 

Nuclide 

Pu-239 
Pu-240 
Pu-241 
Pu-242 
U-235 
U-238 

Fe 
Ni 
Cr 
Na 
Mn 
Mo 
Al 
C 
Cu 
Ta 
0 

Assembly 48 

1.645 X lO-i* 
1.070 X 10-* 
1.100 X io-» 
4.000 X 10-' 
1.600 X 10-ŝ  
7.405 X 10-2 
1.018 X 10-2 
1.119 X 10-2 
2.531 X 10- ' 
6.230 X 10-2 
1.060 X 10-* 
2.060 X 10-* 
2.330 X 10-* 
2.077 X 10-2 

— 
— 
— 

ZEBRA 3 

3.465 X 
1.830 X 
1.600 X 

— 
2.280 X 
3.156 X 
4.559 X 
3.210 X 
8.180 X 

— 
— 
_̂ . 
— 
— 

4.794 X 
— 
— 

10-2 
10-* 
10-5 

10-* 
10-2 
10-2 
10-* 
10-* 

10-2 

tOOO MWe 
AI Design" 

8.0976 X 10-* 
3.6383 X 10-* 
4.9699 X 10-= 
2.6105 X 10~=* 
1.0387 X 10-5 
6.7042 X 10-2 
1.3250 X 10-» 
2.3213 X 10-2 
3.2884 X 10-2 
7.7833 X 10-2 

_ 
4.8360 X 10-* 

„ . _ 

— 
— 

9.0688 X 10-» 
1.C681 X 10-2 

» Atom densities for homogenized core at mid-cycle, equilib
rium conditions. Fission product density of 3.1233 X IQ-* 
atoms/cm2 is not given in this fable. 

39-111. A previously developed cross section set,® which 
was obtained from an earher ENDF/B tape without 
Pitterle's data for Pu-239, served as the set for Case A. 
The new ENDF/B tape, with both old and new data, 
was used to produce the new cross section set for Cases 
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TABLE 11-39-111. E I G E N ' V \ L U E S O B T U N E D FOR ASSEMBLY' 48 \ND Z E B R \ 3 FROM SPHERICAL TRVNSPORT 

CiLCULVTIONS I^SING VARIOUS CllOSS SECTIONS 

Critical 
Experiment 

Assembly 48 
ZEBRA 3 

"Old Set" 

Case A 

Earlier 
ENDF/B 

0.9865 
0.9536 

"New Set" Based on Present ENDF/B 

CaseB 

Pitterle's 
Pu-239 

0.9882 
0 9752 

CaseC 

Mod. 
U-238 

0.9982 
0.9947 

CaseD 

Mod. 
U-238, Pu-239 

0.9909 
0.9899 

Case E 

Case A's 
Pu-239 

0.9878 
0.9567 

CaseF 

Pitterle's 
Mo 

0.9895 

CaseG 

U-238 1 

0.9894 
0.9911 

B through G. Cases C through G represent variations 
upon the base problem, Case B. 

Case B differs from Case A only in that Pitterle's 
data for Pu-239 was used in the generation of the 
weighting spectrum and in the calculation of the eigen
values. The modified broad group cross sections for 
U-238 were used in Case C, while Case D was calcu
lated with modified cross sections for both U-238 and 
Pu-239. Case E used the ENDF/B cross sections for 
Pu-239 ("non-Pitterle") from the new cross section 
set, and new molybdenum cross sections were substi
tuted for the previous ones in Case F. Case G used 
U-238 cross sections (U-238 I) in which total inelastic 
data in Set 224 were substituted for the ENDF/B 
values. 

RESULTS OBTAINED USING THE MODIFIED CROSS SECTIONS 

The use of the new cross section set with its various 
modifications brings the eigenvalues of Assembly 48 
and ZEBRA 3 closer to unity than the eigenvalue ob
tained with the ENDF/B data, which took into ac
count the higher a for Pu-239 at energies below 10 keV. 
The eigenvalues obtained with the modified Pu-239 
and U-238 cross sections are 0.991 for Assembly 48 and 
0.990 for ZEBRA 3. The modification of the molybde
num cross sections (Case F) results in an additional 
0.13% increase in k^ff. The use of Pitterle's Pu-239 
data instead of the ENDF/B data yields an increase 
of ^0.5 and '~'2.3% in the eigenvalues of Assembly 48 
and ZEBRA 3, respectively (Cases B and E) . A larger 
increase with Pitterle's data is seen in ZEBRA 3 be
cause its harder spectrum reduces the negative effect of 
higher capture cross sections in the low keV region, 
while the positive contribution of higher v values re
mained relatively unchanged. The modification of the 
U-238 inelastic scattering cross sections produced 
(Case C) an increase in the fce// values of both criticals; 
the larger increase in the eigenvalue of ZEBRA 3 is 
again due to its harder spectrum. The eigenvalues of 
both criticals were reduced by 0.5-0.7% upon modify
ing Pitterle's Pu-239 cross sections (Cahe D) . 

As was mentioned previously, the weighting spectra 
of the new and old cross section sets were generated 

from different Pu-239 data; otherwise they were pro
duced in an identical manner. The influence of the 
slightly different weighting spectra is seen in the 
slightly different results for Cases A and E. The 
change of U-238 inelabtic cross section in Case G re
sulted in increasing the eigenvalue of both criticals, 
but not by as large an amount as was produced by the 
modification in Case C. 

The modifications to the current ENDF/B file im
prove agreement between the measured and calculated 
values presented here and were incorporated into the 
cross section set for the core design study. 

DESCRIPTION OF CROSS SECTION SET FOR CORE DESIGN 

STUDY 

The 26 group cross section set used in the Core De
sign Study was designated CDSOl. The composition 
used in the 'SIC- calculations to generate CDSOl was 
the homogenized mid-cycle core composition of the AI 
1000 MWe design given in Table II-39-II. The MC^ 
calculations consisted of a Pi fundamental mode prob
lem with a B~ search to a fce// of unity. The fuel mate
rial (uranium, plutonium, oxygen and fission products) 
was specified to be in the form of cylindrical pins of 
0.27 in. o.d., surrounded by steel and sodium. The en
ergy structure for the 26 broad groups of V2 lethargy 
units each is given in Table II-39-IV, along with the 
list of nuclides and their identifiers on the MACHLIB 
and XLIBIT cross section tapes. Set CDSOl has also 
been converted and stored on a disk for use in the 
ARC system. One ]\IC^ calculation was performed 
with all nuclides at 1300°K and another with the fuel 
nuclides at 2500°K and steel and sodium at 1300°K. 
The cross sections produced by MC^ for Pu-239 and 
U-238 were modified in the manner described above 
(MACHLIB nuclide numbers 14, 18, 34 and 42 in 
Table II-39-IV). The five types of fission product 
pairs were combined (3.58% Xe-135, 0.65% Sm-149 
0.67% FPP?^1, 20.05% FPP7^2, and 75.05% FPP 
to form the sum of the fission product pairs (F 
sum). Stainless steel #316 was formed from 68.5 
iron, 12 v/o nickel, 16.8 v/o chromium and 2.7 v/o 
molybdenum. The 26 group cross sections (except for 

m 
v/o 
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TABLE II-39-IV. E N E R G Y GBOTJP STRUCTXJEE AND N U C L I D E DESCRIPTION FOR CROSS SECTION S E T CDSOl 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Energy Structure 

Lower Energy, 
eV 

6.07 X 10« 
3.68 X 10" 
2.23 X 10« 
1.35 X 10" 
8.21 X 10i> 
4.98 X 10* 
3.02 X lO* 
1.83 X 10* 
1.11 X lOii 
6.74 X 10* 
4.09 X 10* 
2.48 X 10« 
1.50 X 10< 
9.12 X 10' 
5.53 X 10» 
3.35 X 10" 
2.04 X W 
1.23 X lOs* 
7.49 X 102 
4.54 X 102 
2.75 X W 
1.67 X 10^ 
1.01 X 102 
6.14 X IQi 
3.73 X 101 
2.26 X 10» 

Lethargy 

0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 

10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 

Name 

Mo» 
Ta-181 
Pu-240 
Na-23 
F P P #V' 
F P P * 2 
F P P * 3 
U-235 
Pu-242 
0-16 
Fe 
Xe-135 
Sm-149 
U-238- mod. 
Cr 
Ni 
Pu-241« 
Pu-239- mod. 
SS316 
FPP—sum 
U-238'i 
Pu-239'^ 
U-238 
B-10 
C-12 
N-14 
Zr 

Nuclide Description (identification on cross section tapes) 

T = 1300° K 

AIACHLIB 

1 
3 
3 
4 
5 
6 
7 
8 

XLIBIT 

M O M . . L 
TA181L 
PU240L 
NA.23L 
P9FP1L 
P9FP2L 
P9FP3L 
U.235L 

9 PU242L 
10 
11 
12 

0 . . 16L 
F E . . . L 
XE135L 

13 SM149L 
14 i U238ML 
15 
16 

C R . . . L 
N I . . . L 

17 ' PU41RL 

T = 

MACHLIB 

23 
24 
25 
26 
27 
28 
29 
— 
30 
31 
32 
33 

34 
35 
36 
37 

18 I PU39ML 1 38 
19 J SS316L 
20 P9FPTL 
21 
22 
— 
— 
— 
— 
47 

U238IL 
PU39PL 

— 
— 
— 
_ „ 

— 

39 
40 
41 
42 
43 
44 
45 
46 

= 2,$00°K 

XLIBIT 

M 0 M . . H 
TA181H 
PU240H 
NA.23H 
P9FP1H 
P9FP2H 
P9FP3H 

— 
PU242H 
0 . . 1 6 H 
F E . . . H 
XE135H 

— 
U238MH 
C R . . . H 
N I . . . H 
PU41RH 
PU39MH 
SS316H 
P9FPTH 
U238IH 
PU39PH 
U.238H 
B. .10H 
C. .12H 
N . . 1 4 H 

— 

» E N D F / B modified by Pi t te r le . 
• ' F P P ^ l , FPP!«2, FPP;i!3, FPP-Sum—fission product pairs for rapidly 

total chains, respectively. 
" E N D F / B modified to include resonance da ta . 
* Inelastic da ta from previous M C library tape. 
" E N D F / B modified by Pi t te r le . 

sa turat ing, slowly saturat ing, non-saturating, and 

zirconium) were collapsed to 13 groups of one lethargy 
unit using the broad group flux spectra from the MC^ 
calculations. 

The AI 1000 MWe reactor^" was used as a basis for 
comparing the eigenvalues obtained from Set CDSOl 
to those obtained from unmodified cross sections. The 
use of the modified cross sections of U-238 and Pu-239 
resulted in about a 2% greater value of keff for the AI 
design than was calculated previously with unmodified 
cross sections. The result is consistent with the calcula
tions performed on ZEBRA 3 and Assembly 48 with 
modified and unmodified cross sections. 

DESCRIPTION OP COMPUTER CODES FOR FUEL CYCLE AND 

L COST CALCULATIONS 

# 
Four codes were employed in the fuel cycle and fuel 

cost calculations for the core design study. The ther
mal hydraulics calculations using the EVALUATE 

Code^i were obtained from Ref. 12 and are not re
ported here. A brief description of the other three codes 
is given in the following paragraphs of this section. 

INPSOC 

The INPROC code was written to prepare some of 
the input data for the fuel cycle code. The design spec
ifications of the various types of subassembhes in a 
reactor loading are used by the INPROC code to cal
culate the material volume fractions occurring in the 
various regions of the reactor. The material volume 
fractions and input data of the reactor loading are 
combined to give the material atom densities for the 
regions in both the radial and axial directions; the 
atom densities arc punched on cards to serve as part of 
the input deck for the fuel cycle code. Since for fuel 
cycle calculations between 90 and 100 regions must 
normally be used to describe a reactor, the calculation 
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TABLE II-39-V. I N P U T D.iT v FOR INPROC CODE 

1. To Calculate Material Volume Fract ion of Subassembly 
Types (20 max.) 
(a) Components: cladding, bond, fuel, pin spacer, w-rapper, 

uni t cell, 3 special components, coolant (10 max.) . 
(b) Geometry of components: square, hexagonal, cylindri

cal. 
(c) Material of components: 8 max. 
(d) Dimension of components: o.d., i.d., thickness, % en

closed area, etc. 
2. To Calculate Atom Densi ty of Fuel Types (IS max.) 

(a) Densi ty of chemical compound (gm/cc). 
(b) Isotopio ratios of plutonium and uranium. 
(c) Chemical weight of light element (s). 
(d) Burnup. 
(e) Rat io of l ight to heavy elements. 

3. To Calculate Volume Fractions in Material Region Types 
(Compositions) 
(a) Type and number of subassembly types in Material 

Region Type . 
4. To Calculate Atom Densit ies in Mater ia l Region Tj^pes 

(a) Atom densities of pure materials . 
6. To Assign Material Region Types to Radial and Axial 

Regions 
(a) Radial and axial regions to which material region type 

is to be assigned. 
(b) Number of stages for radial regions. 
(c) Nuclide numbers for cross section set . 

and punching of the regional atom densities data by 
the INPROC code represents a considerable saving of 
time. 

The modifications to the design specifications repre
sent minimal changes in the input to INPROC. Thus a 
series of core designs of various cladding thicknesses, 
for example, can easily be handled by the code. A list 
of input quantities and a flow diagram for the IN
PROC code are given in Table II-39-V and Fig. I I -
39-1, respectively. 

SYNBURN 

The fuel cycle calculations were carried out with 
SYNBURN code^^ which calculates the equilibrium 
concentration of the materials during the burn cycle. 
The neutronic portion of the code consists of a one-di
mensional synthesis calculation in which the neutron 
balances are calculated in the radial and then axial 
directions until convergence is obtained. Criticality 
may be sustained during the burn cycle by varying the 
poison concentration. The fluxes are calculated at each 
time step and spatial interval; they are then averaged 
over the volume of each region to calculate the current 
concentration of the various materials in that region. 

The SYNBURN code was slightly modified to punch 
out the quantities of heavy atoms at the beginning and 
end of the equilibrium cycle in each region and for 
each material stage. A small computer code than con
verted the heavy atom data from the SYNBURN cal

culation to the charge, discharge, and inventory mass 
required as input to the fuel cost code. 

CYCOST 

The CYCOST code" was used to calculate the equi
librium fuel cycle costs for the systems which had been 
investigated with the SYNBURN calculation. The 
code is capable of calculating fuel costs for both start
up and equilibrium cycles. The major feature of the 
CYCOST code is its assignment of cost to the cycle in 
which the cost actually occurred. Since the calculations 
in this study are for equilibrium cycles rather than 
startup cycles this particular feature was not a factor 
in the calculations. The fabrication and reprocessing 

m 

PROBLEM DESCRIPTION 
OPTIONS ON PROGRAM FLOW 

OPTIONAL FLOWS 

CALCULATE MATERIAL VOLUME 
FRACTIONS OF S/A TYPES 

INPUT VOLUME FRACTIONS 
OF S/A TYPES 

CALCULATE ATOM DENSITIES 
OF FUEL TYPES 

INPUT S/A V O L U M E FRACTION 
AND FUEL DENSITIES 

CALCULATE VOLUME FRACTIONS 

OF MATERIAL REGION TYPES 

INPUT VOLUME FRACTIONS 
OF MATERIAL REGION TYPES 

CALCULATE ATOM DENSITIES 
OF MATERIAL REGION TYPES 

INPUT ATOM DENSITIES OF 
MATERIAL REGION TYPES 

ASSIGN ATOM DENSITIES,*STAGES, 
NUCLIDE NUMBERS TO RADIAL AND 
AXIAL REGIONS 

PUNCH DATA IN SYNBURN FORMAT 

ANOTHER PROBLEM? 
YES 

NO 

STOP 

F I G . II-39-1. Flow Diagram for the INPROC Code. ANL 
Neg. No. 118-454. 
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fates may be either defined or calculated by the code 
rom basic data, such as the fuel element diameter and 

length, etc. As mentioned in the previous paragraph 
the code requires the charge, discharge, and startup 
inventories of the heavy atoms for each cycle. A cost 
value for each fuel material (Pu-239, Pu-240, Pu-241, 
U3O8, etc.) may be assigned or the code may be di
rected to do a parametric study on the cost value of a 
particular heavy atom. The CYCOST output consists 
of the fabrication and reprocessing rates, the total in
terest charges and itemized and total fuel costs in 
mils/kWh for each cycle. 

DESCRIPTION OF BASIC DESIGNS OF L M F B R S 

Three oxide- and one carbide-fueled designs for a 
1000 MWe reactor were selected for the fuel cycle and 
fuel cost studies. In addition, identical calculations 
were carried out for the AI 1000 MWe design^** to 

TABLE II-39-VI. CONSTANT PARAMETERS 

MWe RE. ICTOBS 

Parameter 

Reactor power, MWt 
Average linear powder, kW/ft 
Inle t temperature , °F 
Temperature rise, °F 
Fuel density, % T D 
Fuel pins/subassembly 
Pin-to-pin spacing, in. 
Outer / inner core enrichment 
Average core burnup, a/o 
Number of stages in core 
Number of control subassemblies 
Axial blanket height, ft 
Gas plenum height, ft 
Cladding thickness, in. 

Oxide 

2400 
10 

780 
360 

85 
271 

0.050 
1.5 
6,7 
2 

15 (Ta) 
1.13 
3.17 

0.05 X clad
ding o.d. 

FOB 1000 

Carbide 

2400 
22.7 

800 
325 
85 

169 
0.060 
1.5 
6.7 
2 

22 (Ta) 
1.25 
1.5 
0.011 

provide a reference for the study. Because of the lim
ited nature of the study an optimization of the core 
designs was not possible. It was decided to use pin 
diameter as a parameter because core size, fuel inven
tory, and fabrication cost are all sensitive to it. Clad
ding outer diameters of 0.22, 0.26, and 0.30 in. were 
selected. Other parameters were selected to be in a 
range that seemed reasonable. The 1000 MWe Fol
low-on Studies^^"^® have indicated that fuel cycle cost 
is not very sensitive to some parameters, such as core 
height, while in other cases the choice is constrained by 
conditions other than purely economic. A 50 mil clear
ance has been chosen between fuel pins, which are 
wire-wrapped. The 1000 MWe studies have indicated 
that it is desirable to have a small clearance to maxi
mize core fuel volume fraction, while 50 mils is a mini
mum distance from the standpoint of possible flow 
blockage and of pin azimuthal temperature distribu
tion. This clearance is of course related to the core 
sodium velocity and pressure drop. (The use of grid 
spacers instead of wire wrap might make a larger spac
ing desirable.) The sodium velocity and pressure drop 
have been arbitrarily selected to be about 30 ft/sec 
maximum and 100 psi, respectively. The 1000 MWe 
Follow-on Studies have indicated that economics are 
not very sensitive to the exact values of these param
eters.^°'^^ Significantly higher choices would start to 
pose development problems, however, while consider
ably lower values would start imposing considerable 
economic penalties. The free-standing subassembly 
cans are designed to accommodate pressure drops in 
this range.̂ "^ Many parameters were held constant for 
the reactor designs to limit the scope of the study and 
these are given in Table II-39-VI for the oxide and 
carbide designs. 

TABLE II-39-VII. DESCRIPTION AND PERFORMANCE CHARACTERISTICS FOB THE F I V E REACTOR D E S I G N S WITH Two SUB.VSSEMBLY 

CLEARANCE SPECIFICATIONS 

Subassembly gap, in. 
Core height , ft 
Core diameter, ft 
Core volume, liter 
Breeding rat io 
Burn t ime, day 
Pu fissile loading, kg 
Enrichment—charged into inner 

core, a/o 
j ^ e l cost, mills/kWh" 

Design jH 1 
Cladding 

o.d. = 0.22 in. 

0.05 0.30 
2.75 2.75 
7.40 7.77 
3340 3690 
1.22 1.17 

149 148 
1753 1833 
13.4 14.2 

1.131 1.205 

Oxide-Fueled Desig 

Design « 2 
Cladding 

o.d. = 0.26 in. 

0.05 0.30 
3.00 3.00 
8.03 8.39 
4300 4700 
1.27 1.23 
212 212 

2175 2260 
11.5 12.1 

0.973 1.036 

n 

Design * 3 
Cladding 

o.d. = 0.30 in. 

0.05 0.30 
3.68 3.58 
8.28 8.62 
5470 5920 
1.30 1.25 
271 269 

2612 2680 
10.5 11.1 

0.883 0.952 

AI Design 

0.05 
3.58 
8.45 
5690 
1.26 
263 

2528 
11.6 

0.923 

0.30 
3.58 
8.82 
6200 
1.22 
263 

2686 
12.2 

0.982 

Carbide Design 

0.05 
2.50 
8.86 
4370 
1.49 
296 

2591 
9.3 

0.610 

0.30 
2.60 
9.20 
4710 
1.47 
297 

2668 
9.6 

0.640 

• The fuel costs are based on SlO/g Pu, $8/lb. UsOg and a 12.5% interest ra te . CYCOST calculated the fuel fabrication costs ia 
the range 165 to 260 dollars per kilogram. 



258 / / . Fast Reactor Physics 

TABLE II-39-VIII . R E S U L T S OF EQUILIBRIUM F U E L CYCLE 

CALCtjL4.TioNs FOB 4 a/o, 6.7 a/o -AND 10 a/o B U R N U P FOR 

THE T H R E E O X I D E - F U E L E D D E S I G N S 

Design 

1 

2 

3 

Burnup, 
a/o 

4.0 
6.7 

10.0 

4.0 
6.7 

10.0 

4.0 
6.7 

10.0 

Unpoisoned 

1.009 
1.033 
1.054 

l.OOG 
1.020 
1.034 

1.004 
1.009 
1.021 

Burn 
Time, 
Days 

87 
148 
227 

124 
212 
324 

157 
269 
410 

Breeding 
Ratio 

1.23 
1.17 
1.12 

1.28 
1.23 
1.18 

1.29 
1.25 
1.20 

Fuel Cost, 
miUs/kWh 

1.873 
1.205 
0.905 

1.595 
1.036 
0.795 

1.438 
0.952 
0.761 

Thermal-hydraulic calculations were also performed 
for a sodium-bonded carbide-fueled reactor. A single 
core design was considered in which the cladding o.d. 
was 0.412 in., and the pin-to-pin spacing was 0.06 in. 
The thermal-hydraulic calculations are based on an 
average linear power of 22.7 kW/ft and predict difi'er-
ent coolant temperatures than those predicted for the 
oxide core designs. The design parameters which were 
held constant were based on the Combustion Engineer
ing 1000 MWe design.^* The above assumptions, to
gether with an assumed 10 kW/ft average heat rate for 
oxide fuel and 227 kW/ft for carbide fuel, resulted in 
the core heights indicated in Table II-39-VII. 

EFFECTS OP INCBEASING THE 

SUBASSEMBLY CLEARANCE 

Increasing the subassembly clearance affects the 
neutronic characteristics of a reactor and, in turn, its 
fuel cost. To determine the magnitude of the effects, 
fuel cycle and fuel cost calculations were performed 
for the five reactor designs described in the last sec
tion. Table II-39-VII lists the design characteristics 
which are influenced by the change in subassembly 
clearance for the five reactors. The thermal hydraulics 
characteristics were assumed to be unaffected by the 
change of subassembly clearance. 

The basic core designs of the five reactors specified a 
50 mil clearance over the full length of the subassem
blies. In the design to accommodate steel swelling, a 300 
mil clearance was allowed in the core region and a 50 
mil clearance was provided in the axial and radial 
blanket regions. The fuel subassemblies have a wrapper 
thickness 125 mils greater in the axial blanket than in 
the core to compensate for the additional 250 mils of 
sodium gap in the core region. 

In the fuel cycle calculations, each row of subassem

blies in the reactor was represented by a radial regio^ 
(13 or 14 rows or radial regions). In the axial direcH 
tion, the core was represented by one region, the lower 
and upper blankets by two regions for each, and the 
lower reflector and upper gas plenum by one region for 
each. The smear density of the fuel for all designs was 
set at 85% of theoretical density and the plutonium 
(Pu-239, Pu-240, Pu-241, Pu-242) isotopic ratio of 
67/26/5/2 was used for the feed. The core contained 
two enrichment zones with the enrichment in the outer 
zone 50% greater than that in the inner zone. The core 
fuel was discharged in two stages with an average burn-
up of 6.7 a/o. The inner radial blanket of depleted 
uranium was managed with fii'e stages and the outer 
blanket with seven stages. 

The fuel cycle and fuel cost results for the five reac
tor designs with 50 and 300 mil subassembly clearance 
are given in Table II-39-VII. The result of increasing 
the subassembly clearance from 50 to 300 mils in the 
core can be generalized for all five designs in this 
study. The increased clearance decreases the volume 
fraction of the fuel by 7-9% and increases the sodium 
fraction by 10 to 15%. The core volume and plutonium 
fissile inventory both increase by about 5% with the 
larger subassembly gap, while the cycle burn time is 
not affected. These changes in the core design specifi
cations produce a 4% decrease in the breeding ratio. 
The fuel costs for the designs with 300 mil clearances 
are 5-8% higher than those with 50 mil clearances. 
The increased cost is primarily due to higher inventory 
costs and lower plutonium credit. 

THE EFFECT OF BURNUP ANU OTHER FACTORS 

ON THE F U E L C O S T 

In the last section, the clearance between subassem
blies was increased without changing the allowable 
burnup of the fuel. In practice, an increase in the 
clearance between subassemblies would probably allow 
a greater residence time of the fuel and thus permit a 
larger burnup to be achieved. To investigate the influ
ence of the burnup limitation the fuel costs of the three 
oxide designs (o.d. = 0.22, 0.26, 0.30 in.) were calcu
lated for 4 a/o and 10 a/o burnup, in addition to the 
6.7 a/o value of the base design. The results presented 
in Table II-39-VIII show that increasing the burnup 
from 4 a/o to 10 a/o reduces the fuel costs of all three 
designs by 50%. As the burnup limit for a cycle is 
raised, the value of the unpoisoned fce// at the begin
ning of the cycle and the burn time of the cycle in
crease, while the breeding ratio decreases. A larger 
value of the unpoisoned kgff at the beginning of cycle 
requires a larger amount of control to achieve critic^HJ 
ity during the burn cycle. Difficulties may result in i | | | | 
scheduling of shut downs by the utilities if the burn 
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times are too short or too long. The primary conclusion 
Irawn from a study of burnup is that there is an 
economic incentive to increase the subassembly clear
ance if an additional (•^l.O a/o) burnup may be 
achieved. 

The study of the three designs of an oxide-fueled 
reactor also show a more desirable economic perform
ance for those cores with a high fuel volume fraction. 
The improved economic performance is due to a higher 
breeding ratio which yields a higher plutonium credit 
in the fuel costs and overrides the increased cost of 
greater fuel inventories. 

It should be emphasized that the study did not en
tail a complete optimization of the core designs. In 
particular, it should be recalled that the average linear 
power and pin-to-pin spacing was held constant in the 
oxide designs, as were the sodium temperatures in the 
core. The conclusions above, therefore, are only valid 
for the assumptions made in the study. However, it is 
believed that these assumptions are reasonable and 
probably close to optimum. 
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11-40. A Dual S p e c t r u m Concept for Liquid Meta l Fast Breeder Reactor 
(LMFBR) Fue l Assay 

C. N. KELBER 

The use of a reactor, usually at low power, for fuel 
assay is not novel. A discussion of some of the prob
lems in such use was given in 1961 by Sandmeier,^ and 
danger coefficient testing is a commonly employed 
technique for inspecting new fuel. The reason is ob
vious : a reactor is very sensitive to fissile material and 
smaU (~10'~^ Ak/k) reactivity changes are readily 
detected. Precisely because of the sensitivity to fissile 
materials, however, design of a fuel assay reactor for 

iIFBR fuel is difficult because the response to the 
erent fissile isotopes (Pu-239 and Pu-241) is so 

similar, and fast fission in U-238 and Pu-240 masks 

m a I 

A' 

their neutron capture effect. Moreover, in a thermal 
spectrum assay reactor,^ neutrons will not penetrate a 
typical LMFBR assembly. Recently a suggestion^ has 
been made to circumvent this difficulty by assaying 
fuel in two different spectra—fast and slow—and un
folding the reactivity response. 

If a fast reactor core had an appreciable voided 
fraction, additional flexibility in the use of this reactor 
for reactivity measurements could be achieved by pro
vision of a system for filling the core with a fiquid. By 
the addition of sufficient nuclear poison to the liquid, a 
null-reactivity effect could be achieved. Then it would 
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be practical to make reactivity measurements for a 
fuel element in both a fast and a slow spectrum, 
thereby providing additional data for deducing the 
contents. In a recent paper^ this suggestion is devel
oped to demonstrate how such a concept might be de
fined and to illustrate the problems in defining a suc
cessful concept. 

The main conclusion was that a dual spectrum sys
tem can be conceived which can carry out the nonde
structive assay of reactor fuel with reasonable accuracy 
(~ few tenths of a percent of mass) without requiring 
any major technological advances. The possible facil
ity described in Ref. 3 was in no way optimized. The 
purpose of that study was to determine if the conclu
sion reached was tenable and to point out the main 
problems in optimizing a system. In resolving these 
problems one has to keep in mind the claimed advan
tages of the dual spectrum system: 

1. The fast spectrum core is responsive to the entire 
radial extent of the test sample and averages over het
erogeneities. 

2. The slow spectrum core is responsive to the en
ergy dependence of the cross sections of materials in 
the test sample. 

3. The use of different types of neutron filters in the 
slow spectrum core affords an opportunity to deter
mine the response in a range of incident spectra. 

The problems requiring resolution are: 
1. Should there be only one system? 
An operational study is needed to determine if there 

is any validity to the assumption of easier intercali-
bration with just one physical system. Some of the 
neutron filters discussed earlier depress the reactivity 
by several percent. Restoration of criticality may well 
affect automatic reactivity compensator calibration 
adversely. A separate slow spectrum system would not 
change this problem much but it would allow the use 

To assist in the design of a loop for the irradiation 
of fast reactor fuel, calculations were made to estimate 
the gamma-ray heating rate in an assembly of fast 
reactor fuel elements when irradiated in the center of 
the Engineering Test Reactor (ETR) core. The equiv
alent diameter of the fuel assembly containing 19 fuel 

of graphite or beryllium moderator with improved re^ 
spouse characteristics in the low energy resonance r e " 
gion. 

2. How can the response to the Pu-240 spontaneous 
fission be maximized? 

This response dominates the error calculation. In
creasing the response lowers the error estimate. There 
are two paths: selecting a loading and geometry to 
emphasize the importance of the source neutrons; and 
designing a system with very low natural source to 
permit operation at powers of approximately 10""* W. 
The two paths are not necessarily contradictory. An 
example of experimental technique which seeks to min
imize the error in the soui*ce response is given by 
Bretscher and Redman.* 

3. Can extreme geometries afford an opportunity for 
axial scanning? 

This problem has not been iiwestigated. 
4. What are the effects of photoneutrons induced by 

fission product gammas? 
The response in, say, normal water to such photo-

neutrons may be an indicator of total exposure. 
5. What are the effects of minor changes in the 

amount and kind of cladding material in the test sam
ple? 

6. What are the possible impediments to the testing 
of PWR and BWR fuel? 
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rods was 4.38 cm and the water flow tube containing 
the assembly with its surrounding sodium, flow divid
ers, neutron filter, and containment vessels had an 
equivalent diameter of 14.3 cm. The thermal neutron 
filter was made of 2 w/o borated steel. The length | H 
the assembly of highly enriched UO2 fuel was 91.4 cSI 

11-41. Calculated G a m m a - R a y Heat ing i n an Assembly for Irradiating F a s t Reactor 
Fue l E l e m e n t s in the Center of t h e Engineering Tes t Reactor (ETR) Core 

A. E. MCARTHY 



41. McArthy 261 
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AND SPACER WIRES 

F îG. II-41-1. Cross Section of Test Loop in E T R Core ANL Neg. No. 116-226. 

Figure II-41-1 shows a cross section of the loop and 
the locations of the fuel assembly, flow dividers, neu
tron filter, and containment vessels. 

The fuel element region was homogenized for pur
poses of calculation. Gamma-ray source values were 
obtained using an average fission density of 9.3 X IQ^* 
fissions/cm^-sec to determine the uniformly distributed 
source. Gamma-ray fission source values (MeV/fis-
sion) were taken from information in Ref. 1 and in
clude 1.15 MeV/fission of energy due to capture 
gamma rays. Equilibrium fission products were as
sumed. 

Considering sources in the fuel element region, 
gamma ray fluxes were calculated at the horizontal 
midplane for the positions reported using formulas for 
cylindrical geometry^ and a uniformly disti'ibuted 
source. Results were obtained from calculations for 
four photon energies (1, 2, 4 and 6 MeV). The gamma-
ray flux at the center of the fuel assembly and the flux 
at the outside surface of the fuel were determined. The 
flux at the outside surface was attenuated through the 
other materials to find the flux contributions at the 
specified points from the fuel assembly source*. 

The ETR core around the loop was considered to be 
a thick uniform gamma-ray source with a fission den
sity of 1.53 X lÔ -"* fissions/cm^-sec. The gamma-ray 

^ u x at the surface of this source was determined and 
flAd as radiation incident on the loop containing the 
^ ^ 1 elements being irradiated. This radiation was at

tenuated by the intervening loop material before being 
absorbed to contribute to the heating rates reported. 

The calculated gamma-ray heating rate in the UO2 
fuel at the center of the fuel section was 47 W/g with 
about 85% of the heat being produced by radiation 
from sources in the fuel section. The gamma-ray heat
ing rate in the UO2 fuel located at the outside of the 
fuel section was 39 W/g. 

The maximum heating rate in the steel of the neu
tron filter M̂ as calculated to be 25 W/g. The heating 
produced by the {n,a) reactions in the B-10 contained 
in the steel contributed 6 W/g to the total. A thermal 
neutron flux of 3.2 X 10^^ neutrons/cm^-sec incident at 
the outside of the loop was used to find the total num
ber of {n,a) reactions which result in the release of 2.5 
MeV of energy for each reaction. 

During irradiation the gamma-ray heating rate in 
the steel wall of the secondary vessel in the irradiation 
loop was calculated to be 17 W/g. About 60% of this 
heating was produced by radiation from gamma-ray 
sources in the surrounding ETR core. The heating rate 
in the primary vessel was 18 W/g. 

Calculations of the heating rates immediately after 
the loop is removed from the irradiation zone showed 
that the equilibrium fission products in the fuel will 
produce gamma-ray heating at the center of the fuel 
and at the outside surface of the fuel equal to 18 and 
13 W/g, respectively. Immediately after removal of 
the loop from the irradiation zone the fission product 
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gamma-rays produced heating in the steel of the filter, 
the primary vessel, and the secondary vessel equal to 
about 5, 4, and 3 W/g, respectively. After the loop has 
cooled for one day the heating rates at the center of 
the fuel, the outside surface of the fuel, in the steel 
filter, the primary vessel, and the secondary vessel are, 
respectively, 1.4, 1, 0.4, 0.3, and 0.2 W/g. 

Approximations in the calculations and uncertainties 
in the buildup factors used were sources of possible 

errors in the calculated heating rates. The heatiiujBk 
rates given above were calculated to be conservatiA^I|pP 
and are estimated to be no more than 50% high. 
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Section III 
/' 

Experimental Techniques and Facilities 

Measured integral reactor physics parameters are necessary for either direct in
troduction into reactor design calculations or for comparison with values obtained 
analytically using basic microscopic cross section data. In the latter case the ob
jective is to verify either the cross section data or the calculational techniques. 
Reactor integral parameters are obtained using special measurement techniques in 
exponential or critical facilities. The papers presented in this section deal largely 
with the development of such special techniques, facilities, and radiation detection 
devices. Included also are papers which describe specially developed equipment 
useful in obtaining microscopic nuclear data. 
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I I I - l . T h e Fas t N e u t r o n Generator (FNG) Faci l i ty 

S. A. Cox 

INTRODUCTION 

During the past year the Applied Physics Division 
put into operation a new research facility, the Fast 
Neutron Generator (FNG). The FNG is designed to 
meet the needs for neutron cross section and neutron 
physics information in the fast reactor field and to be 
utilized as a pulsed neutron source for the study of fast 
reactor spectra. The FNG has the option of being oper
ated either as a tandem accelerator or as a single-
ended accelerator. In the tandem mode proton or deu-
teron beams of at least 8 MeV energy can be produced 
with beam currents of >50 ^A. Beams of at least 4 
MeV energy and currents > 1 mA can be produced in 
the single-ended mode. Both pulsed or dc beams are 
available in either mode. Since the FNG provides both 
higher voltage and higher current capability than the 
former 3 MeV Van de Graaff facility new areas of 
investigation are opened. The higher voltage capability 
permits detailed investigation of reactions with high 
reaction thresholds and the high current capability 
permits investigation of reactions with low cross sec
tions and those requiring unique intensities. 

The basic component of the FNG is a Dynamitron, 
a relatively recent innovation in the accelerator field. 
In the past, most accelerators in the MeV range used 
the Van de Graafl: principle in which a moving belt 
carried a positive charge to a high voltage terminal. 
The charge-current raised the terminal to a high po
tential. Positively charged particles were accelerated 
from the terminal to a target at ground potential. In 
the Dynamitron the charging principle is quite difi'er-
ent and is an improvement over the Cockroft-Walton 
method. Cockroft-Walton accelerators attained volt
ages up to approximately 1 MeV by a multiplying 
network of rectifiers and capacitors whereby a rela
tively small impressed voltage was transformed into a 
high voltage at the accelerating terminal. The fact that 
the charge must be transferred in a series fashion pre
sented an inherent limitation in the attainable voltage. 
As the terminal voltage was increased beyond 1 MeV 
the required stored energy rapidly became excessive. 
Both the voltage fimitation and stored energy prob-

tems are greatly alleviated in the Dynamitron by 
» n g i n g the charging current from a series type to a 
Krallel type configuration. This is accomplished by 

placing a pair of semicylindrical electrodes parallel to 
and enclosing the rectifier string. A 120 kHz RF volt

age is applied to the electrodes. The charging current is 
transferred directly from the electrode to each rectifier. 
Since the rectifiers conduct in only one direction, the 
impressed charge cannot leak to ground and the in
duced voltage on the rectifiers adds up to form the 
terminal voltage. Terminal charging currents of ^10 
mA and terminal voltages of 4 MV can be maintained 
in the Dynamitron. 

CONSTEUCTION AND INITIAL TESTING 

The Dynamitron was designed and constructed by 
Radiation Dynamics, Inc., (RDI). Following assembly 
in the testing vault at RDI the Dynamitron underwent 
a long series of inhouse tests designed to insure that it 
would meet performance specification when delivered 
to ANL. Since this was to be the first tandem Dynami
tron built at RDI, the tests were comprehensive. Ini
tial tests were carried out without beam tubes to check 
on high voltage performance. During these tests the 
Dynamitron attained terminal voltages up to 5.55 MV 
which were in excess of the requirement of 4 MV. After 
satisfactory completion of the voltage tests the beam 
tubes were installed and the process of beam tube con
ditioning was begun. This process, which consisted 
largely of soft electrical-discharge cleaning of the in
side surface of the beam tubes, was essential to ensure 
stable and spark-free high voltage performance. 

The Dynamitron was delivered to ANL in Septem
ber 1969 and installation was begun. 

ACCEPTANCE TESTS AT ANL 

A series of accelerator acceptance tests was begun 
following the basic installation of the FNG. Of the 
many tests carried out the most important were: 1) dc 
tests including voltage calibration, voltage stabilitj', 
energy resolution, maximum voltage and maximum 
beam current specs, 2) pulsed beam tests including 
peak pulse current specs and pulse width tests, and 3) 
endurance runs. The voltage calibration measurements 
were made to establish an energy scale for all subse
quent tests. Four {p,n) reactions with well known 
thresholds were used for the calibration: Li''(p,n), 
Cu^" {p,n), F^^(p,n), and AP''(p,«) with thresholds re
spectively of 1.88060 ± 0.00007, 2.166 ± 0.01, 4.2343 
± 0.0008 and 5.7969 ± 0.0038 MeV. These measure
ments served to calibrate the 90 deg analyzing magnet 
with sufficient accuracy that the proton energy would 

265 
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be known to better than ± 10 keV over the entire oper
ating energy range from 1.5 to 8.0 MeV. Extrapolation 
from the 5.7969 MeV threshold was considered reliable 
because the 90 deg magnet was far enough from satu
ration that the Hall effect and nuclear magnetic reso
nance probes used to measure the field should give 
undistorted readings. After the energy scale was estab
lished the next step was to measure the energy resolu
tion and voltage stability. The energy resolution was 
determined at two points: at 1.880 MeV using the rise 
at threshold of the Li^(p,n) reaction, and at 6.0 MeV 
using a selected narrow resonance from the AP^(p,?i) 
reaction. A long counter placed at 0 deg neutron emis
sion angle was used to monitor the neutron yield from 
the Li'̂  ip,n) reaction and an He-3 counter placed at 0 
deg to monitor the neutron yield from the AP^{p,n) 
reaction. The energy resolution was determined to be 
<2 keV at 1.880 MeV and <8 keV at 6.0 MeV, within 
the required ± 2 kV allowable voltage fluctuation on 
the terminal. The voltage stability was determined at 
the same two points, by setting the proton energy to 
correspond to a position half way up the threshold rise 
of the Li''(p,n) reaction, and half way up the reso
nance in the AP^(p,n) reaction. With the proton en
ergy so adjusted any voltage change is directly related 
to a change in the neutron yield of the reaction. With 
the proton energy fixed, the neutron yield was meas
ured every minute for periods up to II/2 h. A plot of 
the measured yields was then related to changes in 
proton energy which was directly related to terminal 
voltage. The results of the measurements were that the 
proton energy varied by an amount < 150.0 V at 1.880 
MeV and <850. V at 6.0 MeV—well within the re
quired specs of ±2000 V. Next came a long period of 

^ ^ 
beam tube conditioning to clean up the beam tubes 
the internal structure of the pressure vessel so that 
maximum voltage and beam current specs could be 
demonstrated. These specs were actually exceeded with 
a proton current on target of 65. p.A at 8.0 MeV and a 
deuteron current at target of 43 yuA. The pulsed beam 
tests were then demonstrated. Requirements were for a 
pulse width of 2 nsec with a peak pulse current of 
1mA. The actual measurement yielded a peak pulse 
current of ^1.3 mA for a 2 nsec pulse width with a 
minimum attainable pulse width of 1.2 nsec. One of the 
requirements was for an endurance run of 100 h with a 
maximum down time of 15 h. The accelerator passed 
the endurance test on the first attempt. 

The FNG is to be used within the Applied Physics 
Division by two groups, the Applied Nuclear Physics 
and the Experimental Reactor Physics sections. The 
Applied Nuclear Physics group will utilize it primarily 
as a variable energy neutron source. By selecting neu
tron source reactions, e.g. Li'^(p,n), T^{p,n), D^(d,n) 
and T^{d,n) the neutron energy range from keV neu
trons to 11, MeV and from 16. to 25. MeV can be 
covered. Nuclear cross sections to be investigated in
clude elastic and inelastic neutron scattering, neutron 
polarization, fission cross sections, (n,p), (n,a), (n,2n), 
(n,n'y) and {n,y) reactions. The Experimental Reactor 
Physics group will use the pulsed proton or deuteron 
beam from the FNG by directing it at a neutron-pro
ducing target in the core of a fast reactor. The purpose 
of the program is the investigation of neutron spectra 
from fast reactors. If the FNG performs as well in the 
future as it has to date (the pressure vessel has not 
been opened for more than nine months), it should 
prove a very efficient and productive facility. 

III-2. Klystron Buncher for Pulsed FNG Single-Ended Operation 

D. L. SMITH 

^Modifications required for nanosecond-range pulsing 
of the Applied l^hysics Division Fast-Neutron Gen
erator in single-ended operation are being made at 
Argonne National I^aboratorj^ Fast pulsing is to be 
achieved by time compression of ion bursts from a 
pulsed source in the terminal through the use of a 
klystron bunching tube. The FNG tandem injector is 
already equipped with a klystron buncher which has 
performed well during fast-pulsing tests of the FNG in 
tandem operation. The results of a design study on 
klystron bunching for the FNG in single-ended opera

tion are presented here. This study has shown that a 
time compression factor of 10:1 or better is feasible for 
protons (^H+), molecular hydrogen ('H2), deuterons 
(^H+), a-particles (^He++), and helions ('He"f and 
'He++) over the entire usable range of terminal po
tentials (800-4000 kV) if a small ('~6 cm long) buncher 
tube is suitably placed in the terminal and is driven by 
an oscillator with peak-to-peak output voltages in 
range 0-10 kV at 15.0 MHz. 

Time compression of a beam pulse width by klystron 
bunching is a well estabfished technique.'"' The basic 
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P A B L E III-2-I . F I X E D D E S I G N PARAMETERS TOR THE F N G 

SINGLE-ENDED BUNCHER SYSTEM 

NQI 

XB 

Xci 
NBMLG 

XML 

X AT 

= 0.5 
= 6.0 
= 0.5 
= 2.0 
= 32.0 
= 365.0 

cm 
cm 
cm 
cm 

cm 
XBTE = 1865.0 cm (not critical) 

Buncher frequency = 15.0 MHz 

principle is the following: A pulse of essentially mono-
energetic ions is required to traverse a region with an 
oscillating longitudinal electric field component prior to 
injection into the accelerator tube . The frequency, 
phase, and amplitude of the oscillation are chosen so 
tha t the ions which arrive early are slowed down some
what in the region whereas those which arrive late are 
speeded up in such a way t ha t the entire burs t is com
pressed in t ime when it arrives on target . The price one 
pays is a loss in energy homogeneity and some deterio
ration in the beam focusing characteristics. Several 
variations of the application of this principle are 
possible when choosing a design for a bunching system. 
The design described by Tykesson and Wiedling^ was 
chosen as a model for the F N G single-ended buncher 
because this particular design has the worthwhile 
feature t ha t only slight changes in the phase of the 
buncher voltage are required as the accelerator energy 
is varied over its usable range. 

For computational purposes, the source, buncher, 
accelerator tube and final drift tube to the target were 
represented mathematically by uniform longitudinal 
electric field regions with sharply defined boundaries. 
The transverse electric field components which de
termine the optics of the system were neglected. How
ever, certain constraints were imposed upon the ad
justable potentials in order to adhere to requisite focus
ing conditions. A computer program was developed to 
s tudy the time schedules of ions injected under various 
operating conditions. The regions which the ions t ra
verse are described below, in the order in which they are 
encountered by the ions during their journey from the 
sweep aperture to the target (all potentials except 
VEXT are expressed relative to ground at the ta rge t ) : 

1. First bunching gap: gap length XQI between the 
sweep aperture at potential Yc and the buncher 
tube entrance at potential VB + Vos sin [at -\- 4/). 

2. Buncher tube interior: tube length XB with po
tential VB + Vos sin (oil -\- <̂ ) and zero electric 
field. 

3 . Second bunching gap: gap length XG2 between the 
exit of the buncher tube at potential VB + 
Vos sin (cot + (p) and another aperture at poten
tial Vc . 

4. Main lens gap: gap length XBMLO between aperture 
at potential Vc and the main lens electrode a t 
potential VML • 

5. ]Main lens interior: field free region of length XML 
at potential VML • 

TABLE II I -2- I I . T I M E SCHEDULES FOB T W O 'He+ IONS INJECTED 10 nsec APART AND ACCELERATED BY THE FNG TO 4000 keV 

.IT THE T A R G E T 

(Values for parameters not listed in TABLE I: VEXT = 30.0 kV, Vc = 3970.0 kV, VB = 3970.0 kV, Vos = 4.673 kV, 
VML = 3905.0 kV, 4, = 2.250 radians) . 

Element Time In, 
nsec 

Time Out, 
nsec 

Transit Time, 
nsec 

Velocity In, 
cm/nsec 

Velocity Out, 
cm/nsec 

Energy In, 
keV 

Energy Out, 
keV 

F I R S T ION 

1st gap 
Buncher 
2nd gap 
Main lens gap 
Main lens 
Accel, tube 
Drift tube 

0.000 
3.717 

49.476 
53.184 
63.556 

193.319 
589.125 

3.717 
49.476 
53.184 
63.556 

193.319 
589.125 

1756.404 

3.717 
45.769 
3.707 

10.372 
129.763 
395.806 

1167.279 

0.138 
0.131 
0.131 
0.139 
0.246 
0.246 
1.597 

0.131 
0.131 
0.139 
0.246 
0.246 
1.597 
1.597 

30.000 
26.941 
26.941 
30.296 
95.295 
95.295 

4000.209 

26.941 
26.941 
30.296 
95.295 
95.295 

4000.209 
4000.209 

SECOND ION 

1st gap 
Buncher 
2nd gap 

J H l k n lens gap 

^mPrm lens 
Accel, tube 
Drift tube 

10.000 
13.591 
56.237 
59.669 
69.566 

195.847 
589.973 

13.591 
56.237 
59.669 
69.566 

195.847 
589.973 

1756.475 

3.591 
42.646 

3.431 
9.896 

126.281 
394.126 

1166.502 

0.138 
0.140 
0.140 
0.150 
0.253 
0.253 
1.598 

0.140 
0.140 
0.150 
0.253 
0.253 
1.598 
1.598 

30.000 
31.017 
31.017 
35.624 

100.623 
100.623 

4005.537 

31.017 
31.017 
35.624 

100.623 
100.623 

4005.537 
4005.537 
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TABLE I I I -2 - I I I . VALrBS OF ADJUSTABLE F N G S I N G L E -
E N D E D BUNCHING PABAMETEKS APPEOPRIATE POK VAKIOUS 

OPERATING CONDITIONS 

Final Energy, 
keV 

Phase, 
radians kV 

VML , 
Peak-to-Peak 
Amplitude of 

Buncher 
Voltage, kV 

m+ (protons): VEXT = 16.4 kV, EBXT = 15.4 keV 

800 
2400 
4000 

2.696 
2.696 
2.696 

4.6 
44.6 
84.6 (65.0) 

1.584 
6.416 
9.112 

^H+ (molecular hydrogen) and 1̂1+ (deuterons): 
VEXT = 30.8 kV (30.0), EEXT = 30.8 keV (30.0) 

800 
2400 
4000 

2.696 
2.696 
2.696 

- 1 0 . 0 (1.0) 
30.0 
70.0 (65.0) 

1.800 
5.600 

10.000 

^He++ (a-particles): VEXT = 30.8 kV (30.0), 
EEXT = 61.6 keV (60.0) 

1600 
4800 
8000 

2.696 
2.696 
2.696 

- 1 0 . 0 (1.0) 
30.0 
70.0 (65.0) 

1.800 
5.600 

10.000 

3He+ (singly ionized helions): VEXT = 46.2 kV (30.0), 
EEXT = 46.2 keV (30.0) 

800 
2400 
4000 

2.250 
2.250 
2.250 

- 1 0 . 0 (1.0) 
30.0 
70.0 (65.0) 

1.800 
5.400 
9.346 

3He++ (doubly ionized helions): VEXT = 23.1 kV, 
EEXT = 46.2 keV 

1600 
4800 
8000 

2.696 
2.696 
2.696 

- 3 . 1 (1.0) 
36.9 
76.9 (65.0) 

1.600 
6.000 
9.828 

6. Accelerator tube: uniform electric field of length 
XAT with uniform potential drop from VML to zero. 

7. Drift tube: field-free region of length XBTE at 
ground potential between the high-energy end of 
the accelerator tube and the target. 

The values chosen for the fixed parameters of the 
FKG single-ended buncher system are presented in 
Table III-2-L Several parameters, such as the accelera
tor tube length, were restricted at the outset. The 15.0 
MHz buncher voltage frequency is a frequency har
monic of 1.25 MHz, the frequency of the main oscillator 
used to drive the pulser deflectors as well as the buncher. 

In operation, ions with energies PiieVExr are swept 
across the sweep aperture and the buncher voltage 
phase is chosen so that the oscillating component 
Vos sin (ojt -H <̂ ) is in the vicinity of zero-crossing when 
a pulse of ions to be bunched arrives at the first bunch
ing gap. This permits usage of the most linear portion 

of the sinusoidal modulation voltage. The extractdBWy 
voltage VEXT is chosen so that the transit time of the 
ions in the buncher tube is approximately a half period 
of the buncher frequency. Tykesson and Wiedling^ 
point out that satisfactory bunching can be achieved 
provided the relation 

3̂ ^ period < transit time < ^-i period (1) 

is satisfied. The time spent by ions in the two gaps is 
small compared with the time spent in the buncher. 
The injection energy can be chosen independently over 
a wide range of terminal voltages provided that the 
equation 

final particle energy 
particle energy at injection 

Vte 
(2) 

VE (Vc - VML) 
40, 

which expresses the correct tube optics condition for 
the FNG, is satisfied. 

The bunching action of the klystron tube can be 
understood within the framework of the model described 
above by studying two typical bunching schedules. The 
schedules in Table III-2-II show that two ''He+ ions 
injected 10 nanoseconds apart into the accelerator 
arrive on target at nearly the same time with an energy 
difference of ^5.5 keV after acceleration to ;^4000 
keV. An interesting point is that most of the bunching 
occurs when the ions have low-energy (i.e., in the 
terminal of the FNG). 

Computer calculations were made to determine 
values of VEXT , Vc — VML , Vos and </» required for 
bunching the different species of ions at several repre
sentative final energies. The results are presented in 
Table III-2-IIL Values in parentheses represent those 
accessible in practice due to limitations in the terminal 
power supplies. Acceptable bunching is feasible in 
each instance in spite of these limitations. 

Based upon these results, a buncher tube assembly 
has been designed and will be constructed at Argonne 
National Laboratory. This unit will add about 4 in. to 
the present length of the tei-minal assembly and an 
additional weight which probably will not exceed 10 
lbs. 
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In most pulsed neutron experiments there is an ap
preciable distance between the detector and the source. 
Because of the wide range of velocities, neutrons de
tected at time t may have been emitted over a wide 
range of earUer times. Consequently, the time de
pendence of the detector count rate is not the same as 
the time dependence of the source intensity. Although 
the errors in the decay curves are usually small and are 
often ignored, the errors in capture cross sections meas
ured by the pulsed neutron method are more serious 
since they depend on differences between similar num
bers. 

The time dependence of the detector count rate has 
the form 

mean life r ' as calculated from C{t) is 

Cii) = exp {-t/To)[ E{x)x^ 

exp [L/(t̂ oTox) — x"^] dx, 

where VQ is the most probable neutron velocity, x = 
v/vo, To is the true mean life, L is the neutron track 
length, and E(x) is the detector efficiency. The apparent 

r'it) = J In C{t) 
at 

(2) 

Obviously T ' (0 will vary with time unless the integral 
in Eq. 1 approaches a constant value. Usually this does 
not happen since for L 5̂  0 the exponent becomes posi
tive for small x. 

The principal causes of the trouble are the very slow 
neutrons. These can be preferentially removed by 
covering the detector with a 1/?) absorber. This intro
duces a factor exp { — Xod/x) into E{x) where d is the 
absorber thickness and So is the macroscopic capture 
cross section at Vo.IfSod > L/var the integral in Eq. 
1 will approach a constant value and T' will approach 
To . 

This material and its experimental verification have 
been reported in Ref. 1. 

REFERENCE 
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III-4. T i m e Reso lut ion of a G e ( I i ) Detector i n {n,n'y) E x p e r i m e n t s 

W. P. POENITZ 

Measurements of y-rays associated with the inelastic 
neutron scattering process is a technique in use for 
some time. The relatively recent application of lith
ium-drifted germanium detectors in such measure
ments has led to a tremendous improvement of the 
energy-resolution. One of the major problems in such 
y-ray experiments is a sufficient separation between the 
prompt y-rays emitted from the sample material and 
the effects due to primary and scattered fast neutrons. 
This problem is usually solved by employing the 
time-of-flight method. The time resolution and an on
line computer rise-time correction have been tested in 
the application of a 7 cm^ planar Ge(Li) detector in 

•

'y) experiments, 
le experimental setup for the determination of the 

time resolution of the Ge(Li) detector is shown sche
matically in Fig. III-4-1. The preamplifier and the 
tunnel diode discriminators used for the Ge (Li) detec

tor have been designed at Argonne National 
Laboratory.! The time resolution is a function of the 
y-energy and it has been measured by selecting by 
means of the computer storage program photo peaks of 
several radioactive samples. The results from these 
measurements using Co-60, Na-22, Np-239 (fed by 
Am-243), and Ba-133 samples are shown in Fig. I I I -
4-2. In the lower energy range some contributions to 
the time resolution is due to the plastic detector; for 
Co-60 this contribution has been experimentally deter
mined (1.4 nsec at 1.3 MeV) and corrected. The values 
obtained compare well with recently reported 
results.^"^ 

A digital correction has been applied to the incom
ing time information in order to correct for the time 
shifts due to differences in the rise-time. The effect of 
this correction is demonstrated by the spectra shown in 
Figs. III-4-3 and 111-4-4 which have been obtained 
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SAMPLE PLASTIC 
SCINTILLATOR 

ND-526 
MAIN 
AMPLIFIER 

TUNNEL 
DIODE 
DISCRIMINATOR 

EG + G TDI01 
DOUBLE 
THRESHOLD 
DISCRIMINATOR 

START 

i__f: 
STOP 

EG + 6 TH200A 
TIME-TO-HEIGHT 

CONVERTER 

ADC, ENERGY A D C , TIME 

CDC 160A COMPUTER 

F I G . I I I -4-1 . Experimental Tes t Setup. ANL Neg. No. 
116-517. 

2 0 

' I 10 

o 
<n 
UJ 

T 1 1—I I I I 

G e ( L i ) PLANAR 
7 . 2 ccm 1970 V 

I I I I _L_J 1 I I I 

100 1000 

E y , KeV 

F I G . III-4-2. Time Eesolution as a Function of Gamma 
Energy. ANL Neg. No. 116-519. 

with the setup as shown in Fig. III-4-1, using Co-60 
and Np-239 samples. All pulses have been stored, 
though the main contributions were from the 1.33 MeV 
and 1.17 MeV photo peaks of the Co-60 sample and 
the '-'lOO keV photopeaks of the Np-239 sample. Fig. 
III-4-3 shows the resolution curve without the on-line 
rise-time correction and Fig. III-4-4 shows this curve 
with the on-line rise-time correction. 

The measurements showed that a sufficient separa-

Ge{Li) 
Ey-. 0-
650 V 
NO RISE-TIME CORRECTION 

100 nsec TOTAL RANGE 

100 200 300 
CHANNELS 

400 500 

F I G . III-4-3. Time Resolution for a Co-60 and Np-239 Sam
ple. (No Bise-Time Correction). ANL Neg. No. 116-516. 

: L I ) 
: 0 - 1 . 

650 V 
6 CHANNEL ON-LINE 
RISE-TIME CORRECTION 

200 300 
CHANNELS 

500 

F I G . 111-4-4. Time Resolution for a Co-60 and Np-239 Sam
ple (with On-Line Rise-Time Correction). ANL Neg. No. 118-
518. 

tion between the prompt y-rays and the fast neutrons 
can be obtained with a flight path of about 40-50 cm 
and neutron energies < 2 MeV. However, care has to be 
taken for the reduced "dynamical" efficiency of the 
detector in such applications for lower y-energies. 
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fl-5. Variation of Efficiency of a Ge(Li) Detector as a F u n c t i o n of Source Distance 

D. L. SMITH 

The variation of detector efficiency with radiation 
source distance is an important consideration for many 
experiments. Whenever the distance from the source to 
the detector is of the same order of magnitude as the 
dimensions of the detector, the simple inverse square 
rule is no longer valid. This problem is almost always 
encountered when Ge(Li) detectors are utilized because 
these devices have relatively low efficiency and must be 
placed close to radiation sources in order to obtain satis
factory real-event count rates in the presence of back
ground. 

]v[easurements and calculations of the variation in 
full-energy peak detection efficiency with source dis
tance have been made for a planar Ge(Li) detector in 
conjunction with point gamma-ray sources. The results 
of this investigation will be reported here. 

Figure III-5-1 is a schematic diagram of the geometry 
involved. Several simplifying assumptions are made at 
the outset to keep the problem reasonably tractable: 

1) Multiple scattering is neglected. 
2) Edge effects in the detector are neglected. 
'.i) The detector is assumed to be a right circular 

cylinder with no dead region intervening between the 
source and the active volume. 

4) The fraction, / , of events appearing in the full-
energy peak is assumed to be independent of geometry. 

An intrinsic efficiency function I{r) is defined by the 
equation 

Y =fS^^/^{l-e-''")I{r), (1) 
47r 

where Y is the detector count-rate, S is the source 
strength, A is the front-face area (ira'^) of the detector, r 
is the normal distance from the source (on-axis) to the 
front face of the detector, T is the thickness of the de
tector, and /i is the inverse attenuation length for 
germanium (see Ref. 1 for values of ^i). 

The effective center of the detector varies with the 
gamma-ray energy and is assumed to be at a depth z 
from the front face, where 

2 = ~ In ~-
M- 1 

(2) 

This is the depth at which half of the incident radiation 
has been absorbed or scattered. 

, There are three domains of interest, based upon the 
licrgy of the gamma radiation: 

1) Low-Energy Gamma Rays, (nr 5S> 1, ^ f* 0): 

In this limit, 

F = ^ / S { l - c o s [ t a n ^ ^ ( a / r ) ] j (3) 

h{r) = ^ {1 - cos [tan-'(a/r)]}. (4) 

2) High-Energy Gamma Rays, (/UT <3C 1, « ^ J-^T) : 
In this hmit. 

Y = ^fS nTln{sec 

Inir) = -"- ln<lsec tan~ V- + Mr/. 

(5) 

(6) 

3) Intermediate-Energy Gamma Rays, [jxr ~ 1, z is 
given by Eq. (2)]: 

Hr) ^%il-e~''rUl-cos 

sine/ e 

= tan 

•'o 

\r -{- 2 / 

-firsecB de 

(7) 

(8) 

and Y is given by Eq. (1). 
The predictions of these formulas were compared 

with experimental measurements made with various 

S - ^ 

FIG. III-5-1. Side-View Schematic Drawing of a Planar 
Cylindrical Ge(Li) Detector and a Point Radiation Source 
Located at S on the Detector Axis. Radiation Emitted Between 
0 and 6 -{- de ia Assumed to be Detected Within the Shaded 
Region at an Average Position Identified by the Point P. 
ANL Neg. No. IW-IU-



0 8 

0 6 

0 4 

0 2 

9 

1 1 

\ 1 

1 1 1 M 1 1 

- : ^ ^ 

1 1 1 1 1 1 1 

I I I I I i"i 

-j^ifWf=¥k—'=-^''^ 

122 keV 

I I i 1 1 1 1 

11 

-

-

2 4 6 8 10 20 40 60 80 2 4 6 8 10 2 0 4 0 

0 6 

0 •» 

1 1 

' 
/ / / 1 / 

/ x « 
/ / T / /' 

-/y\ 
f 

1 1 

I I I ! 

"Uf 
Jf^ 

f' 

1 1 1 1 

I I I I I I I I 

i i * t=HfH=*^ 

276 keV 

1 1 1 I I I I ) 

1 i I 1 

-

-

1 1 1 1 

1 I I I 

^ ' 

1 I I I 

M i l l 

W^ 

1 1 1 1 1 

I I I I I 

303 keV 

I I I I I 

M i l 

-

M M 
2 4 10 20 40 60 80 2 4 6 8 iO 20 40 60 

Ui 

> 
I-< 
_1 
UJ 

o 
z < 
I-

1 1 1 { 1 ! 1 1 

—-'—'XT' 

y 1 J r ^ " ' 

/ J K ^ / yvr 
/ l / 

/ > f 
' / yf\ 
/]/ 
-

1 1 1 1 1 1 1 

1 I I I I I 

cw::«#=++H^ 

356 keV 

1 I I I I I 

M M 

_ 
-

-

1 1 1 1 I I 1 

\ 
f 

1 1 1 1 1 1 1 

I I 1 1 1 1 1 1 1 '1 

j^:s^i^^=^r¥^^^ 

3 8 4 keV 

n i 1 1 1 1 1 1 M 
2 4 6 8 10 20 40 60 80 2 4 6 8 10 20 40 60 80 

UJ 

>- 0 8 

0 S 

n 4 

0 2 

1 1 • r 

- / jr 
/ / \ 

\ 1 1 

M 1 1 1 1 I I I I I 

, , 
^ - - - T u . f f f » * * * W - l 
,̂ >*+***^^ 

511 keV 

1 M 1 1 1 1 1 1 I I 

I I 1 1 

. 1.4. it 

-

-

-
-

1 1 1 

' • / -

1 1 1 

1 1 M 1 1 1 1 1 1 1 1 1 1 1 

^--—M^_ii«^^~^'-^' - - '~~ 

662 keV 

1 I I 1 M 1 1 1 1 1 M 1 1 
2 4 6 8 ID 20 40 60 SO 2 4 6 8 0 20 40 60 

1 1 r 

y 
1 1 1 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

835 keV -

[ [ M M I i 1 i 1 1 i 1 1 

2 4 6 a iO 2 0 4 0 6 0 8 0 4 6 8 !0 20 40 60 80 

SOURCE-TO-DETECTOR DISTANCE, CM 

FIG III 5 2 Theoretical and Experimental Results for the Relative Intrinsic Efficiency of a 3 1 cm diam by 0 96 cm Thick Cylrn^ 
drical Planar Ge(Li) Detector (7 2 cm* Volume) The Dotted Curve is the High-Energy Limit, lair) of Eq (6), the Dashed Curve 
IS the Low Energy Limit, 7i,(r) of Eq (4), and the Solid Curve is the General Formula,/(r) of Eq (7) ANL Neg No 116-143 

272 



Whalen, Guenther and Poenitz 273 

famma-ray calibration sources and a 7.2 cm' planar 
Ge(Li) detector. Corrections were made for analyzer 
counting deadtime and sum coincidence effects.^ Un
certainties due to statistics and source distance were 
taken into consideration. The results of this investiga
tion are sho\^'n in Fig. III-5-2. The agreement of the 
appropriate formulas with the data is quite good within 
the limits of experimental accuracy. Inaccuracies in 
measurement of the source distance contribute pre

dominantly to the overall experimental error at close 
distances. The effect of finite source extent on the effi
ciency function is currently under investigation. 
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I I I - 6 . O n - L i n e a n d I n t e r a c t i v e C o m p u t e r S y s t e m 

J. WHALEN, P. GUENTHEE and W. POENITZ 

The integration of the new SEL 840 M.P. computer 
subsystems into the experimental program of the FNG 
group will involve a great deal of design and modifica
tion in both hardware and software. Some components 
which will provide a basic working system have been 
completed and tested. 

The primary hardware addition consists of a dual 
analog-to-digital converter subsystem and computer 
controlled scaler subsystem both with appropriate in
terface circuitry for compatibility with the 840 M.P. 
Both of these subsystems were modified versions of 
identical units used with the 160-A on-line computer. 
These were built and modified by the Electronics Divi
sion, ANL, using a more efficient method of electronic 
packaging. 

The new interface for analog-to-digital converters 
takes advantage of the longer computer word length of 
the 840 M.P. and permits the strobing of both ADCs 
(24 bits) into the computer on a single input instruc
tion. This results in less programming space and the 
saving of a great deal of time, especially considering 
the increased speed of the computer (factor of four). 
An additional improvement is gained with this new 
ADC system in the utilization of the extensive external 
interrupt network available on the 840 M.P. Modifica
tions were made to the 840 M.P. so that the levels of 
priority for all external interrupts can be arbitrarily 
arranged by the individual experimenter on a patch 
board. The ADCs trigger one of these interrupt levels 
when an event is available for processing, thus permit
ting foreground-background operations with no loss of 

« i e . The interface is designed to accommodate two 
[itional sets of ADCs which will be added to the 
tem. Any set will be selectable by the program. An 

additional patch board is available for reading routing 
signals along with ADC information. 

The computer controlled scaler subsystem occupies 
the second data terminal of the 840 M.P. There are six 
individually addressable scalers, two of which are of 
the pre-set variety. Any scaler can be individually 
started, stopped, cleared, or read by the computer. The 
recognition pulse from the pre-set scaler can be used to 
trigger an interrupt level in the 840 M.P. and start, 
stop, or clear any other scaler. The inputs to the scal
ers can be switched from external sources to a continu
ous internal clock or a gated internal clock. 

The software efforts required for system integration 
can be divided into two categories: a) modifications to 
software delivered with the system, b) modification of 
software written for the CDC 160-A computer to allow 
it to run properly on the 840 M.P., c) creation of new 
software. Although considerable effort was expended 
on the first two categories, the net result was a de
bugged software operating system containing an execu
tive program, a Fortran compiler, a mnemonic assem
bler, and a number of utility routines for specific 
stand-alone purposes. The largest part of this software 
will be used for off-line data processing. 

The third category included one major effort to cre
ate an on-line operating system specifically structured 
for the FNG group to standardize as much as possible 
on-line data accumulation and processing. I t was felt 
that standardization, especially in the area of "opera
tor-computer" interactions, would greatly minimize 
the possibility of man-made errors when the experi
ment is serviced by less experienced personnel. This 
on-line operating system known as "CONSP" provides 
a variety of control options, all initiated from the 
typewriter which maintains the highest priority inter
rupt at all times. I t is possible at any time to interrupt 
any process from the typewriter in order to perform 
such operations as start, stop, hold, continue, display, 
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insert, add, store on disk, store on paper tape, etc. 
Although the format for initiating these options will 
remain fixed, the individual experimenter can tailor 
the actual data accumulation and processing to fit Ms 

specific needs and in this way off-hour personnel left i! 
charge of an experiment need only be familiar with one' 
set of instructions. "CONSP" will be expanded as the 
specific needs develop. 

III-7. Critical React ivi ty M e a s u r e m e n t Techniques at t h e Zero Power 
P l u t o n i u m Reactor (ZPPR) 

R. W. GoiN and C. L. BECK 

Reactivity sample worth measurements are per
formed at ZPPR using two techniques. Both methods 
require that data be recorded using the ZPPR on-line 
computer^ (see Paper III-8) and ZPPR standard data 
acquisition program. 

The first reactivity worth determination technique is 
based upon the inverse kinetics solution for the power 
history recorded while the sample is being driven along 
a traverse path. The power level and sample position are 
recorded for input to the inverse kinetics program. The 
inverse kinetics solution provides the reactivity worth 
as a function of sample position. 

The second method for determining reactivity sample 
worths involves the autorod. Sample position and auto-
rod position are recorded at specified points along the 
sample traverse path. The autorod calibration (reac
tivity as a function of position) is used to convert the 
autorod position to a reactivity worth for the various 
sample positions. A description of the basic components 
of the data acquisition and evaluation programs for the 
reactivity worth determinations is presented below. 
These basic components apply equally well regardless of 
the origin of the reactivity change. 

ZPPR ON-LINE COMPUTER DATA 

ACQUISITION PEOGBAM 

A general purpose computer program has been writ
ten for the ZPPR on-line computer to acquire, store, 
and process data from the ZPPR reactor. The hardware 
interfacing between the reactor and the computer is 
described in Paper III-8. The available data include 
directly addressable scalers and multiplexed digital 
information. 

The multiplexed information includes a shift time, 
manual data, and twelve shaft encoder readouts. The 
time is a five digit number expressing the relative time 
within an eight-hour shift in terms of hours, minutes 
and seconds. The manual data entry is a five digit num
ber which is entered by an experimenter from a control 

panel in the control room. The encoder readouts give 
the positions of the various control rods and shim rods as 
well as the position of the autorod and sample changer 
or Doppler drive. The scan time of the multiplexer is 6.4 
msec. The maximum sampling rate is usually chosen to 
be 100 scans per second. The computer resets the multi
plexer scan and enables the appropriate interrupt so that 
each multiplexer channel is input as it becomes available 
from the multiplexer. 

The scalers are input independently of the multi
plexer, thus allowing a different sampling rate for the 
scalers and the multiplexer. Recording of the data is 
based on the sampling rate of the scalers. The multi
plexer readouts may be sampled at the same rate as the 
scalers or at a faster rate and averaged over the record
ing time interval. 

The data acquisition program allows up to eight dif
ferent inputs to be sampled for each scan. The data are 
accumulated into 100 scan blocks for output to mag
netic tape. While data are being written on magnetic 
tape, a second block of data is assembled in a second 
100 scan buffer. A software "switch" keeps the input 
buffer and the output buffer separated for the computer 
operations. Since the time required to write a data rec
ord on magnetic tape is small compared with the time 
required to accumulate the next data record, some com
puter processing time is available for on-line data 
processing. Because of various interleaving timing re
strictions, the processing of data point-by-point as it is 
input is inadvisable. Background processing is allowed 
to begin only after a 100 scan block has been filled and 
the output to magnetic tape has begun. 

The data acquisition program provides the control 
room teletype as an experimenter communications de
vice. The experimenter can type in the command "test 
together with a time interval specification, and 
program will sample and edit all available scalers 
multiplexer channels. The values are displayed on 
control room cathode ray tube (CRT) as well as the 

t j ^ 
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Computer room line printer. Thus a check is provided to 
ensure that the experimental equipment is functioning 
correctly. 

The initialization of the data acquisition program 
involves teletype communication from the experimenter 
to specify the date, run number, assembly number and 
power level, and a title explaining the experiment to be 
performed. The program then allows up to eight dif
ferent inputs to be selected from the counters and multi
plexer channels. Data channels from the multiplexer 
may be selected for averaging at this time. A sampling 
time for the multiplexer data and a recording time, 
which also sets the sampling time for the counters, is 
specified. At this point the program prints a message on 
the teletype to notify the experimenter that "Data is in 
Progress". The program also initializes the background 
program that will provide the on-line calculations. At 
the end of 100 scans of data the magnetic tape record 
will be written and the background program will be 
called. 

REACTIVITY MEASUREMENTS 

To determine the reactivity worth of a sample in
serted in the ZPPR reactor we must take the difference 
of the reactivity worth of the traverse mechanism with 
and without the sample inserted. For encapsulated 
samples the difference must be for the traverse mecha
nism with the sample and with an empty capsule. The 
problem is to determine the reactivity as a function of 
position for the traverse mechanism whether with or 
without a sample. Two methods are available for de
termining the reactivity. An inverse kinetics solution to 
a power history determines the reactivity directly while 
the autorod position converts to reactivity indirectly 
through the autorod calibration function. Two types of 
reactivity worth determinations are possible. The sam
ple and dummy may be driven along the traverse path 
to provide a continuous set of reactivity versus posi
tion values, or the sample and dummy may be held 
stationary at preselected positions along the path to 
allow for reactivity averaging at these positions. The 
first method is best suited for large-worth samples while 
the latter technique lends itself well to small worth 
samples. A polynomial fit to the continuous traverse 
reactivity versus position information compensates for 
drift and provides a convenient method of presenting 
the results. 

To evaluate the reactivity worth of a sample when 
using the method of assembling data at stationary 

Pitions along the traverse path a drift correction 
st be included. When central worth measurements 

are made, the sample is stopped at the "out" position 
and at the "in" position for equal periods of time. The 
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average reactivity is determined for each position and 
the reactivity change between the "in" and "out" 
positions is calculated by 

Ak = >^(Pi - dP, -h 4^3 - 4P4 + 3Pj - Pe), (1) 

where Pi, P^ and P-o are the average reactivities at the 
three "in" positions and P^, Pi and Pg are the average 
reactivities at the "out" positions. To get the sample 
reactivity we must subtract off the Afc due to the empty 
capsule and traverse mechanism. 

Equation 1 provides a second order drift correction. 
The evaluation of Afc can be done on-line for the auto
rod data since extensive calculations are not required. 
To extend the drift correction to a higher order, the 
data may be evaluated off-fine using a technique similar 
to that outlined below. However, the second order 
drift correction calculation outlined above provides 
teletype results for experimental monitoring. 

The data recorded during a reactivity sample traverse 
can be expressed in terms of reactivity as a function of 
sample position (x) and time (t) 

g(x,t) = fix) -f Fit), (2) 
where 

gix,t) = the reactivity corresponding to the autorod 
position (or power level in the case of in
verse kinetics) 

fix) = reactivity worth due to sample position 
Fit) = reactivity as a function of time and corre

sponds to temperature drift and other mis
cellaneous effects. 

Now by definition, the sample position is constant 
from time t = t, to t = t,+i and therefore fix) is con
stant, 

fix) = fc,, t,<t< t,+x. (3) 

The reactivity drift function can be expressed as a 
polynominal in time. 

Fit) = E a,t'^'- (4) 

For the purposes of this discussion, let Fit) be a third 
order polynomial. 

Fit) = a<» -f hf -f d -I- d. (5) 

Hence, during the time interval when the sample posi
tion is constant, Eq. 2 becomes 

Git) = gix,t) = at^ -f W H- d 
(6) 

-f d -f ft,, t,<t< ti+i. 

Now we use the least squares method of curve fitting 
to provide the best fit of the reactivity data Git) to a 
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third order drift curve Fit) plus a reactivity change due 
to sample positioning k,. 

The sum of the squared deviations is 

'S = Z Z [Git}) - at] - bt] ~ ct, - d - k^f, (7) 
1=1 j=Jt 

where 
N = number of sample positions 
/ , = number of the data point corresponding to t^. 

The above expression gives the sum of the deviations 
for all sample positions. To minimize the sum of the 
squares we chose the curve according to 

f̂  = 0 = Z I^tllGit,) - at] - bt', -ct,-d-~ h] (8) 
aa t = i ]=j^ 

n o *" •Ti + l 

^ = 0 = Z Z t][Git,) - at] - ht] -~ct,-d~ h] (9) 
do «=i 7»j-, 

j ^ = 0 = Z Z tMQ ~ at] - U] -~ct,-~d- fcj (10) 
OC j = i i=j^ 

fjO JV / , + i 

^ = 0 = Z Z \G{t,) - at] ~ ht] - ct', -d^ fc.]. (11) 

The four equations 8 through 11 contain 4 H-
unknowns. However, a matrix can be formed to give 
3 -f Â  equations with 3 -f TV unknowns if the follow
ing procedure is followed. 

Define fci = 0. Find all other k^, % > 1, values rela
tive to d. 

Using Eq. (11) we may form N equations which may 
be used with Eqs. (8) through (10) to provide iV -f 3 
equations to solve for a, b, c, d and k^ i2 < i < N). 
(See below for the resulting set of equations.) The stand
ard matrix solution routines on the SEL 480 MP have 
proven satisfactory for solving this system of equa
tions. 

The above derivation could be carried through for 
any order drift curve by simply using 

Git) = ai -f- a^t 4- a-^t^ -f . . . -|- ajn - 1 + K. (13) 

Thus, one obtains the time drift behavior of the reactor 
over the period of interest in addition to the constant 
relative reactivity at each stationary position of the 
sample. 

zj:4Git,) = aj:j:t]+bTj:t]+cj:j:t]+dT,j:^]+htt]+hi:t]+---+k/f.^t] 

•!% Jt J ' y + i 

ZZi?Ga-) = « Z Z ^ ? + 5 Z Z ^ H c Z Z « ? + d Z Z ^ ? + fc.Z^? + fc3Z^?+---+fc.Z^? 

.^3 •TN+I 

zz t , ( ?a ) = a z z ^ ' + & z z f ? + c z z « ' + d z z « . + f c 2 i:t,+hi:t,+---+k, z^ . 

Z Git,) = a Z ^ ^ H - 6 Z i ? + c Z i , + d Z l 
]=Jl 3 - / 1 3=Ji 3=J"i ]=Ji 

Z <?(«,) = a Z « ' + 6 Z « ' + c Z i ^ + d Z l+fca Z 1 
]=Jt 1=J2 l=Ji l=Ji 1=^2 1—Ji 

Z Gii,) = a Z t ? + 6 Z f ? + c Z « 3 + d Z l + - - - + 0 + fc3Zl 
l=f% ]=J3 ]=-r% 3=^3 ]=Js ]—Ji 

i^Js l=Ajf 

Jfr+l •TN+I Jlf+l -^N+l fN+l -fN+l 

z G i t , ) ^ a Z 4 + & Z t ] + c Y : t , + d j : i-ho+o---+k, z i 
1 = 'N 1=JN l=Jff 1=J'N )='JN l=Jlf 
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III-8. Ze ro P o w e r P l u t o n i u m Reactor (ZPPR) Computer Interfaces 

J. E. HUTTON, R . J. FORRESTER and D. L. HALL 

INTRODUCTION 

Collections and on-line analysis of much of the ex
perimental data at the ZPPR facility is accomplished 
through a general purpose data collection system com
posed of an 840 MP computer and a remote I/O sys
tem. This paper describes the changes and additions 
made to the I/O system since it was first reported,^ the 
experimental setups in which it has been used to the 
present time, and setups which are planned for the 
near future. The paper also reviews the system for 
consistency with the initial design concepts, discusses 
improvements which can be made, and suggests con
cepts which will be helpful in designing similar sys
tems in the future. 

DESCRIPTION OF I/O SYSTEM 

The following is a summary of the I/O system as 
reported in Ref. 1. 

GENERAL 

The remote I/O system collects experimental data 
from various locations in the ZPPR facility and trans
mits them to the central SEL 840 MP computer. 
Where required, results of the analysis can be returned 
to the appropriate remote terminal for display and 
control. 

This system is flexible, allowing development of new 
experiments, while at the same time configuration con
trol can be maintained when it is desired to set up and 
run previously developed collection systems. 

To achieve fiexibility modular construction and 
standard interfaces have been used throughout the sys
tem, thus insuring interchangeability of experiments 
and equipment between stations. Computer channels, 
control lines, and interrupts are routed to remote sta
tions as needed. The control logic is tailored to specific 
jobs by removable patch panels which, for established 
tasks, are permanently wired or provided with a cover. 

To assist experimental personnel in the setup and 
checkout of new techniques, data are transmitted on 
data busses to minimize the number of individual 
connections required for setup. Standard interface and 
timing logic is prewired to eliminate race and other 

trol logic problems. In addition, manual controls 
synchronized to the system clock and sync circuits 

are provided for external signals to avoid async-to-
sync problems. Local displays and controls operate in-

m 

dependently from the computer for checkout of new 
systems and problem isolation. 

The data buss structure and computer channels do 
not normally change between jobs; therefore, many 
routine jobs require only changing of the experimental 
inputs, patch panel, and computer programs. 

The system can be separated into three types of 
subsystems, the SEL digital I/O unit, data link selec
tor unit, and the remote I/O terminal. 

SEL DIGITAL l / O UNIT 

This unit provides an interface between the SEL 840 
MP I/O buss and the data link selector, the necessary 
synchronizing signals for I /O operations, and the sig
nal conditioning for the interrupt lines. This unit also 
provides 24-bit output channels, 24-bit input channels, 
twenty-four control lines, two 16-bit status channels 
and ten interrupt lines for use by the experimenter. 

DATA LINK SELECTOR ( D L S ) 

This unit routes control signals, timing pulses, and 
data to and from the remote I/O terminals. 

All signals are transmitted through identical 25 pair 
connectors; therefore, the configuration of the busses 
can be adjusted to meet the requirements of particular 
experiments by moving connectors in the DLS. 

REMOTE l / O TERMINAL 

One remote I/O terminal located at each experimen
tal station provides operator controls and displays in 
addition to data collection and timing equipment. 
Each terminal is modular in construction, containing 
three types of units: control, display, and experimental 
equipment housing. 

The control unit contains the signal conditioning 
and control circuits required for transmission of data 
to and from the computer. Manual controls, indicators, 
timing pulses, computer interrupt and control lines, 
and logic units are also provided on a removable patch 
panel for control and interface with experimental 
equipment. 

The display unit provides a display of computer 
generated data or the experimental equipment output 
at the remote station. 

Standard nuclear instrument module (NIM) bins 
are used for the experimental equipment built for the 
system. These bins will also accept many commercial 
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counters, A/D converters, discriminators, amplifiers, 
and high voltage power supplies. 

NEW SYSTEM DESCRIPTIONS 

The following additions and modifications have been 
made to the original system: (1) An External Block 
Transfer Control (EXT BTC) capability has been 
added to the SEL 840 MP Computer. (2) The SEL 840 
MP Computer which is located in the computer room 
has been interfaced with the SEL 810 A Computer, 
some 125 feet distant in the counting room. (3) Several 
interface modules have been built including an Up-
Down Counter, Shift Register, ADC Interface, Relay 
Control, Manual Data Entry, and a Printed Circuit 
Card Test Module. 

E X T ETC 

The external BTC feature of the computer provides 
a means for entering data directly to core without 
interrupting the program being executed by the Cen
tral Processing Unit. Both the data and the memory 
location where it is to be stored are supplied from 
outside the computer. To take advantage of this fea
ture, the necessary priority logic, address counters, and 
channel selection logic to set up several independent 
data buffers in core are included in the Data Link 
Selector. 

SEL 840 MP TO SEL 810 A I N T E R F , \ C E 

The SEL 840 MP Computer System and the SEL 
810 A Computer System have been equipped with an 
ANL designed I/O which enables data transfer to / 
from each other, much like a peripheral device. 

The SEL 810 A is interfaced to the SEL 840 MP for 
high speed 16 bit parallel operation, with cable termi
nators, cable drivers, and control and sync logic to 
insure uniform timing and data communication. 

Data may be transferred from the SEL 810 A to the 
SEL 840 MP or from the SEL 840 MP to the SEL 810 
A. The SEL 810 A can also transfer data to the SEL 
840 AIP by way of Block Transfer Control (BTC). 

ZPPR UP-DOWN COUNTER 

This module provides two 24-bit counter registers 
with the capability of parallel setting and up/down 
counting. They can also be separated into two 20-bit 
counters and two 4-bit counters. Counting is performed 
through two clock lines, one controlling the count in 
the up direction and the other in the down direction. 

Pulse rate and other frequency information up to 2 
MHz can be collected through two BNC connectors on 
the front or through two connectors on the back of the 
NIM bin which holds the unit. All controls plus the 

clock inputs appear on the remote I/O patch paner 
The counter outputs are normally gated to the I/O 
terminal output buss for display or transmission to the 
SEL 840 MP computer. 

A decade select switch and indicator lights are also 
provided to indicate the pulse rate which the unit is 
receiving. 

SHIFT REGISTER 

The shift register module includes several special 
logic features which enhance its usefulness in applica
tions with experimental work. 

I t has two 24-bit serial-to-parallel converters. The 
output from this unit can be gated to the remote I/O 
terminal output buss for display or transmission to the 
SEL 840 MP computer. 

The input is through two BNC connectors on the 
front or from the remote I/O patch panel. The controls 
on the patch panel include Master Reset, Clock, Read, 
Parallel Enable, and Bit 24 output for indication that 
the register is full and ready to read. With a small 
amount of logic on the patch panel, one can collect and 
transfer data to the computer at a high rate by loading 
one register while reading the other register to the 
computer. 

MANUAL DATA ENTRY UNIT 

This new unit replaces an old system which used a 
thumbwheel switch. The new system uses a keyboard 
with numbers from 0 through 9 plus a set and a repeat 
button. Four other buttons and four switches are used 
to control logic functions on the remote I/O patch 
panel. The four switches will send a high or low level 
to the remote I/O patch panel. 

The keyboard is used by the operator to enter a 
five-digit number in a shift register for setting time 
and counters, or for transmission to the computer. 

A cryptogram feature has also been incorporated 
which utilizes the four buttons and four switches for 
logic control functions on the remote I/O patch panel. 

BELAY CONTROL 

This module contains four relays, each having two 
normally open contacts. These mercury-wetted relays 
are controlled by DTL logic with a 5.1 V zener diode 
used for conditioning input signals of 5 to 10 V. 

Signals to control each relay come through four sep
arate BNCs on the front of the unit or from the remote 

B 

I/O patch panel through a connector on the back 
sent from two other Bl 
this unit for controlling 

the unit. Signals may also be sent from two other B l ^ ^ p 
to the patch panel through 
logic on the patch panel. 
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INTERFACE 

The ADC interface module gates data from a 
Northern Scientific NS 624 lOOMHz, 8192 Analog-to-
Digital Converter to the Remote I/O Terminal output 
buss. 

PRINTED CIRCUIT CARD TEST MODULE INTERFACE 

This unit enables one to set up and check out logic 
functions of newly designed or malfunctioning printed 
circuit cards utilizing the various logic functions avail
able on the remote I/O patch panel or bit patterns 
from the computer. 

CURRENT EXPERIMENTAL SETUPS 

At present, two basic configurations are used to col
lect data from the majority of measurements taken at 
ZPPR. These two configurations and their related ex
periments are described below. 

POSITION AND COLT^TER INPUTS 

A large group of ZPPR experiments presently being 
run require encoder inputs from the ZPPR data collec
tion system, counter inputs, and time information. A 
standard remote I /O patch panel and a master data 
acquisition program are available for these experi
ments (see Paper III-7). 

This configuration performs two independent func
tions: (1) reading and resetting four up-down counters 
controlled by the remote I/O terminal, (2) requesting 
and reading encoder position and other information 
from the data collection system. The counters are 
gated, read, and when required, reset under computer 
control. The program-controlled counter gates are syn
chronized to the 10 kHz pulse in the data link selector 
to prevent variation in counting time caused by cycle 
stealing and other variations in the computer program. 

Each counter is assigned a position on the cycling 
address counter so that it can be read by the computer 
or displayed on the local display. Reset pulses are 
generated on the remote I /O patch panel each time the 
computer reads a counter. The control logic for the 
system is shown in Fig. 111-8-1. 

Encoder position and other information from the 
Data Collection System (DCS) is multiplexed by a 
counter in the encoder control and display (EC&D) 
unit. The computer received DCS information by 
requesting an EC&D cycle. The counter is reset and 
interrupts are generated when the requested data are 
ready to be transferred to the computer. The DCS 
^tput is assigned one position on the cycling counter. 

ter each interrupt the computer addresses this posi
tion causing the multiplexed data to be gated to the 
computer I /O buss. 

Using the master data acquisition program, the ex
perimenter inputs the channels to be sampled and the 
sample rates on the teletype unit located in the reactor 
control room. Subprograms are attached to the main 
data acquisition program in accordance with the re
quirements of the experiment. The data acquisition re
quirements and descriptions of individual experiments 
which have been run are summarized below. 

Bod Worth and Sub critical Reactivity 
Measurements 

Inverse kinetics has been used almost exclusively for 
determination of rod worths in ZPPR*^* (see Paper I I I -
7). The reactor power level is followed from a few 
seconds before to a few minutes after a rod movement, 
with a high sensitivity ion chamber. An electrometer 
and voltage-to-frequency (V/f) converter are used to 
convert this current to a frequency. The output of the 
V/f converter is routed to a discriminator for conver
sion to logic form and is scaled in a computer con
trolled counter which is part of the I/O system. The 
counter information is sampled and reset at a rate 
selected by the experimenter. Typical rates are 1 sam
ple/sec for differential worth measurements on motor-
driven control rods (reactivity insertion rate approxi
mately 30 Ih/min) and 10 samples per second for total 
worth measurements on scrammed rods (approxi
mately 150 111 reactivity change in 90 msec). The sam
pled counter outputs are stored in two data blocks of 
100 words each in the computer memory. While one 
data block is being stored on magnetic tape, the other 
is collecting new data. In differential worth measure
ments, the encoder on the rod is also sampled and 
stored at the selected time intervals. Subsequent in
verse kinetics analysis results in excess reactivity-time 
or excess reactivity-position curves which can be dis
played on the CRT in the control room, plotted on 
paper, and/or printed on a line printer. 

Rod Scram Times 

To satisfy a ZPPR operational requirement, the 
scram times of 20% of the safety rods are measured 
each week. A significant reduction in the time required 
for these measurements has been possible by use of 
inverse kinetics analysis of the power level variations 
following the scramming of several rods in sequence.^ 
The system described in the preceding subsection, 
"Rod Worth and Subcritical Reactivity Measure
ments" is used to collect the power level information 
by periodic sampling and resetting of a counter in the 
remote I /O system. However, because of the increased 
time resolution requirement, the counter is sampled at 
a rate of 100 samples/sec. The rapid accumulation of 
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data precludes a data-taking interval sufficiently long 
to evaluate the source in the kinetics equation (from 
spontaneous Pu-240 fission). Therefore, the source is 
derived from previous measurements at lower sample 
rates. By examination of the reactivity-time curve 
from an inverse kinetics analysis the drop time of each 
rod in the sequence is determined. 

Central Reactivity Measurements 

The measurement of small sample reactivities is a 
routine ZPPR measurement. During oscillation of the 
sample in and out of the reactor, the power level is 
held constant by a tantalum blade autorod. A typical 
sample oscillation consists of 60 see of travel time in 

each direction plus 120 sec constant position time at 
the "in" and "out" positions. The position encoder of 
the reactivity sample is sampled continuously, and 
whenever constant, the autorod encoder is sampled 100 
times per second, averaged over 1 sec intervals, and 
stored on magnetic tape. As soon as the sample is 
moved, the data points from the last position are aver
aged to give an autorod position. Upon completion of a 
specified number of cycles, the worth of the sample is 
calculated from the difference between the autorod pj 
sition with the sample in the reactor and the averaf^ 
of the two adjacent "out" positions (and vice versa) 
for all constant position points, except end points, of 
the measurement. The computer performs this calcula-



8. Hutton, 

I 
"ion using the coefficients of the autorod calibration 
curve, averages over all differences, and prints the 
sample reactivity on the teletype near the experimen
ter. The method of taking differences cancels out first 
and second order drifts in the reactivity occurring dur
ing the measurement. 

Reactivity Traverses 

In small sample reactivity traverses the sample is 
moved from "out of reactor" to "in reactor" in step
wise fashion, stopping at intermediate points for a set 
(constant) time period. After reaching the "in" posi
tion and waiting for the set time period, the sample is 
moved outward, reproducing the time periods and con
stant position points exactly. The autorod holds the 
reactor power constant during the sample oscillation. 
The autorod position encoder and sample position en
coder are sampled continuously at a rate of 100 sam
ples/sec, and are stored as data blocks in the computer 
core. The data blocks are averaged on line and stored 
on magnetic tape at a rate of 1/sec. 

The long time involved in a single oscillation re
quires that the drift be separated from the sample 
reactivity at each point. This is accomplished by mini
mizing the deviations between the observed reactivity 
and as assumed reactivity (see Paper III-7). The as
sumed reactivity consists of a drift curve of third order 
in time, plus a constant sample reactivity at each sta
tionary sample point. In this manner the coefficients of 
the third order drift and the sample reactivity at each 
stationary point are obtained. 

This measurement is also performed without the au
torod by inverse kinetics analysis of power level varia
tions. When this technique is used, the power level 
variations are recorded by use of a computer con
trolled counter in the I/O system. 

Reaction Rate Traverses 

The reaction rate traverse (i.e., by fission chamber 
or BFg counter) is another routine experiment that 
has, in the past, utilized the on-line capabilities of the 
ZPPR computer. The position encoder of the fission 
chamber was sampled and stored along with the con
tents of a computer-controlled counter which was reset 
after each sampling. These samphngs took place when
ever the fission chamber encoder was stationary, and 
upon movement of the chamber all counter samples at 
the last stationary position were summed and divided 
by the total time at that spatial point to give the count 
• ^ e . This count rate was then normalized to the count 
Hse at the first position measured after initialization 
of the program (which was chosen to be at the center 
of the reactor). In this manner, a normalized (normal
ized to 1.0 at the reactor center) reaction rate traverse 
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was obtained. After each stationary sample point the 
above normalization was performed and the point was 
plotted on the CRT in the control room. This allowed 
the experimenter to check for bad data points as the 
traverse progressed. 

POLARITY CORRELATION 

The second remote I/O configuration which has been 
utilized is described below. The polarity cross correla
tion function of a ZPPR configuration was calculated 
from simultaneous samplings of the sign of the analog 
signal from each of two detectors.^ The detector (plas
tic scintillator-phototube) outputs were fed to two 
level detectors which sensed the sign (positive or nega
tive) of the AC components of the chamber signals. 
The logic output of each level detector was then fed to 
a separate computer-controlled 24-bit shift register 
module at a 50 kHz rate. After 24 samples of the level 
detector outputs the first shift register contents were 
transferred to the core of the computer. The returning 
"data accepted" signal was used to gate the second 
shift register to the computer. The "data accepted" 
pulse was also used to set the first shift register with 
"0" in the first bit and a " 1 " in remaining bits so that 
24 clock pulses later the zero was shifted out into a 
flip-flop which restarted the read cycle. 

The elements and control lines used in this experi
ment were an integral part of the remote I/O system. 
Calibration signals and clock pulses for gating data 
into the shift registers were also derived from the I/O 
system. 

A subsequent data analysis gave an accurate value 
of /3/f for the reactor. 

FUTURE EXPERIMENTAL SETUPS 

Experiments contemplated for the near future which 
will utilize the computer and remote I/O system are 
listed below. Future plans also call for collection of 
"position and counter inputs" through permanent logic 
using the external Block Transfer Control. 

DOPPLER EXPERIMENT 

The Doppler experiment consists of a measurement 
of the reactivity associated with oscillating a heated 
sample in and out of the reactor.* This reactivity can 
be related to autorod position variations while holding 
the power level constant. The sample oscillations will 
most likely have a trapezoidal form with periods of 
constant positions at the "in reactor" and "out of reac
tor" spatial points. The oscillation will initially be 
driven by a timer-controlled-indexer stepping-motor 
combination. 

A description of the most probable method of data 
taking is given below. The autorod encoder reading 
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will be sampled and stored at rates of 100/sec and 
averages will be recorded on magnetic tape at a rate of 
1/sec. A master data acquisition program and a reac
tivity measurement subprogram, similar to that de
scribed above, under "Central Reactivity Measure
ments," will be used to collect data on line. The pro
gram will provide up-to-date information on autorod 
positions and fluctuations at each limit of sample 
travel, and the average sample reactivity after a re
quested number of cycles. A special feature of the 
subprogram will be to adjust the data-taking interval 
in accordance with the time spent at each limit. The 
signals controlling the data-taking interval will be fed 
through a remote I/O terminal from the timer which 
controls the motor indexer. A counter will also be sam
pled during the data taking interval, and power infor
mation will be printed out with reactivity values. 

A B S O L U T E FISSION RATE MEASUREMENTS 

Measurement of absolute fission rates requires accu
rate determination of the pulse-height distribution 
from a fission chamber. In the lower energy portion of 
the spectrum the fission pulses must be separated from 
the noise and alpha pulses present. This could be ac
complished on line by analog-to-digital conversion 
using the remote I/O terminals and an external ADC. 
By storage of these numbers in core, and, with parallel 
sort and curve fit programs, the pulse height distribu
tion could be constructed along with an extrapolation 
of the low energy tail. The experimenter would be able 
to obtain an updated display of the spectra on the 
CRT and the absolute number of fissions at any time 
by pressing a button on the remote I/O panel. 

The system could be adapted, as time progresses, to 
measurements with multiple fission chambers so that 
fission ratios could be measured and evaluated on line 
with multiple chambers. 

ON-LINE REACTIVITY METERS 

The evaluation and display of reactivity is a pro
jected future use of the I/O system. The inverse kinet
ics technique or the polarity cross correlation tech
nique may be used to determine the reactivity in real 
time. 

COMPUTER CONTROL OF EXPERIMENTS 

Subject to the appropriate safety approvals, many 
of the experiments in progress presently may be 
adapted to computer control. New experimental equip
ment is now being designed so that computer control of 
functions such as selecting samples and positioning 
components can be added by changing a printed circuit 
board or making other minor changes. 

COMPARISON WITH THE DESIGN STUDY 

After one year of operation it is appropriate to com
pare the initial concepts of the justification and design 
study" with the actual system, both in general layout 
and in the areas of equipment and usage. 

GENERAL 

The design study in a general sense called for a 
building block or multiple-use approach where a lim
ited number of I /O devices could be adapted to a 
variety of experiments. To accomplish this, I /O sta
tions were required in several areas. Each station con
tained control panels plus equipment for communica
tion with the computer and interfacing with experi
mental equipment. Standard computer peripherals 
were planned for the reactor control room and the 
loading room. With the exception of peripherals in the 
loading room, this general concept has been imple
mented. 

EQUIPMENT 

The following differences exist between the equip
ment as described in the design study and as built. 

The design study suggested the capability of han
dling data in 8-bit bytes. In practice, the capability of 
dividing the computer word into two 12-bit sectors was 
provided. However, in almost all cases full 24-bit 
words are transmitted to the computer. 

The general purpose analog data collection equip
ment, suggested in the design study, has not been con
structed. This is due primarily to a shift to digital 
encoders for position measurements and to require
ments for special devices when analog measurements 
were necessary. 

Although the UP/DOWN counters meet the specifi
cation of the buffer scaler registers in the design study, 
the data rates and the design of the experimental 
equipment have made it unnecessary to buffer data in 
the remote I/O stations. 

SYSTEM U T I L I Z A T I O N 

The differences between actual system utilization 
and that envisioned in the design study are summa
rized below. 

The design study envisioned a greater extent of pre
processing of data—that is, averaging data points, 
storing changes only, packing data, etc.,—with mag
netic tapes used for slow speed storage only. In prac
tice a large portion of the raw data has been stored 
directly on magnetic tape. Had this been ant ic ipat^j^^ 
higher speed tape systems would have been specififflH 
The test and calibrate mode of operation has been 
implemented in a segmented fashion, rather than an 
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overall system basis, as was envisioned in the design 
study. 

At present the majority of the setup work is being 
done by the system designers. Increased efficiency in 
system utilization is contemplated by increasing exper
imenter participation in system setup. This will proba
bly take the form of seminars on system logic, improv
ing reference material on the system, and investigating 
changes to the levels of fiexibility in the system. 

PLANNED IMPROVEMENTS TO THE SYSTEM 

Although the overall system is performing satisfac
torily, there are several areas in which improvements 
are planned: 

(1) In many instances, BCD data have been gener
ated to provide direct readout of position indicators 
and counters for the convenience of the experimenters. 
However, for even the simplest computer operations on 
these data (averaging, scaling, etc.) the BCD data 
must be converted to binary form. This is relatively 
time consuming; therefore, future plans call for BCD 
to binary hardware conversion. In planning a system, 
it would be wise to consider alternates to this ap
proach, such as generating all data in binary and feed
ing back decimal readout data from the computer, 
properly scaled and converted to engineering units. 

(2) In principle, it is possible for two systems to 
time share data generating equipment, or for two data 
collection setups at separate remote stations to share 
the same peripherals. In practice we have found that 
this requires software checks and housekeeping pro
grams which are undesirably complicated. Therefore, 
future setups will minimize equipment interdepend
ence. 

(3) There are several data collection tasks which 
have become standard. Permanent logic to perform 

these tasks can now be added to the system. In addi
tion to releasing the flexible portion of the system for 
new tasks, this should also reduce operator confusion 
and, consequently, operator error. 

CONCLUSION 

The ZPPR computer and remote I/O system was 
intended to maximize the quantity and quality of ex
perimental results from the reactor. Systems of this 
type normally evolve through the steps of data log
ging, logging and quick-look analysis, and finally feed
back control. The ZPPR system is presently in the 
quick-look analysis phase of development. 

While the remote I/O hardware has proven to have 
sufficient flexibility for all the data collection require
ments up to the present, it is anticipated that the sys
tem will not cover all future requirements. However, 
the modularity built into the system should enable 
future modifications without costly rebuilding of the 
system. 
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I l l - 9 . Precis ion Efficiency Calibration Procedures for Ge(Li) Detectors 

D. W. MADDISON and L. S. BELLER* 

Precision efficiency calibration of Ge(Li) detectors 
to the order of 1% is not an easy or necessarily 
straightforward task. Several methods have been re
ported in the literature,^"^ but most of them do not 

jeld consistent results to better than about 5%, de-
ding on the technique used and the particular de-9^ 

* Atomics Internat ional , a Division of Nor th American 
Rockwell Corporation, Canoga Park, California. 

tector involved. It is virtually impossible to calculate 
the efficiency for a Ge(Li) detector except in certain 
idealized cases.^" 

Several authors*'^ have used multiple gamma-ray 
sources, such as Ra-226, Ag-llOm, Co-56, etc., to per
form efficiency calibrations. Such sources require a 
knowledge of the relative gamma-ray intensities which 
are usually determined from some previously cali-
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brated Ge(Li) detector. The most serious difficulty 
with this method is that any errors or assumptions 
made in the initial determination of the relative gam
ma-ray intensities are already present in the calibra
tion before one starts, and in most cases there is no 
estimate of these errors available. 

The greatest problem in determining the efficiency of 
a Ge(Li) detector is the method used to find the area 
of the photo-peak in question. There are several meth
ods that can be used. The gamma-ray photo-peak of a 
Ge(Li) spectrometer depends on several factors in
cluding the detector resolution, its peak-to-Compton 
ratio, and the electronic noise of the system compo
nents. This generally results in a photo-peak shape 
that is somewhat different from an ideal Gaussian 
shape, and it may vary with energy, counting rate, and 
time. An analysis code must make some assumption on 
the photo-peak shape, particularly with multi-gamma 
spectra, and the time needed for analysis is usually 
directly related to the degree of sophistication of the 
code being used. Ideally, a set of response functions for 
the photo-peaks at all energies would be desirable, but 
this requires extensive coding and computer time as 
well as large quantities of input data. Further compli
cations are introduced by background subtraction, 
which Taay vary quite rapidly in some cases, particu
larly at a Compton edge. 

The problem of calibration sources also exists where 
absolute cahbration is desired, or where several sources 
are used. Good calibrated sources can be obtained for 
long half-life isotopes, e.g., Co-60, Mn-54, Cs-137. The 
availabihty and cost of calibrated sources covering an 
extended energy range, however, may be a limiting 
factor. 

Our particular method involves the use of a stand
ard 7.59 X 7.59 cm Nal detector and several sources 
covering the energy range from 165 to 1836 keV. All 
sources are either single gamma-ray emitters (Ce-139, 
Hg-203, Sn-113, Cs-137, Mn-54), or multiple gamma-
ray sources with widely spaced energies (Co-60, Bi-
207, Y-88). Each of the gamma-ray activities from 
these sources can be easily and accurately determined 
with the Nal detector, using the information available 
from Heath's tables.^^ Comparison of several of our 
Nal-calibrated sources with N.B.S. standards showed 
agreement within the quoted errors for the N.B.S. 
standards. These sources were then used to calibrate 
the four Ge(Li) detectors in the ZPPR counting 
room,^^ using an analysis code, RAID, developed 
previously.^* The four detectors vary considerably in 
their characteristics, and least-squares fits of the cali
bration data has produced consistent results for count
ing of standards to ±0.5% between the three auto

mated detector systems. This agreement has also been 
verified with some activated materials. 

The technique is to first count each standard source 
with the standard Nal detector at some distance where 
the source diameter correction is small (for our partic
ular situation, the source-to-detector distance is 20 cm 
and the source diameter is 0.475 cm). These sources 
are then counted on the Ge(Li) detectors. If the time 
interval between the Nal and the Ge(Li) counting is 
short, the errors in the standard source half-lives can 
be neglected. The efficiency of the Ge(Li) detectors 
can be computed from the Ge(Li) counting data and 
the Nal-determined source activities. Because the 
spectra are essentially single line spectra, at least in 
any particular area, many of the difficulties of defining 
the peak shape and peak area become insignificant. In 
addition, any code that is used to analyze these 
Ge(Li) spectra will perform the analysis in the same 
manner each time; thus errors from the analytical 
technique employed will be eliminated, especially with 
subsequent activity determinations. 

Reproducibility of our results is about ±0.5% over 
the presently investigated time period of eleven 
months. Specific trial cases have shown that the geo
metrical error (associated with sample position repro
ducibility) is about 0.1% and analysis error is about 
0.4%. The analysis error appears to be due to a trunca
tion effect resulting from using individual channels as 
peak and background boundaries. This possibly could 
be reduced by using a different energy dispersion 
(keV/channel) for the data collection. 

REFERENCES 

1. R. W.Mowat t ,y l Semi-empirical Efficiency Cure for a Ge(Li) 
Detector in the Energy Range 50 to I4OO keV, Nucl. Instr . 
Methods 70, 237 (1969). 

2. J . M. Freeman and J. G. Jenkin, The Accurate Measurement 
of the Relative Efficiency of Ge(Li) Gamma-ray Detectors 
in the Energy Range 500 to 1500 keV, Nucl. Instr . Methods 
43, 269 (1966). 

3. D . P . Donnelly and M. L. Wiedenbeok, The Relative Detec
tion Efficiency Calibration of a Ge{Li) Detector at Low 
Energies, Nucl. Ins t r . Methods 64, 26 (1968). 

4. G. Wallace and G. E . Coote, Efficiency Calibration of Ge(Li) 
Detectors Using a Radium Source, Nucl. Ins t r . Methods 
74, 353 (1969). 

5. W. R. Kane and M. A. Mariscott i , An Empirical Method for 
Determining the Relative Efficiency of a Ge{Li) Gamma-ray 
Detector, Nucl. Ins t r . Methods 56, 189 (1967). 

6. G. Waltord and C. E . Doust , A Method for the Rapid Cali
bration of Germanium Spectrometers," Nuol. Ins t r . Meth
ods 62, 353 (1968). 

7. Y. Gurfinkel and A. Notea, Use of Ba-lSS as a Calibrate 
Standard for Ge{Li) Detectors, Nucl . Instr . Me thods f 
173 (1967). 

8. P . H. Barker and R. D . Connor, Co-56 as a Calibration 
Source up to 3.5 MeV for Gamma Ray Detectors, Nucl. 
Ins t r . Methods 57 (1967). 



10. Beller and Maddison 285 

R. L. Auble et al., The Decay Schemes of Co-58 and Mn-56 12, 
and Their Use as Calibration Standards, Nucl. Phys . 
A91, 225(1967). 

10. G. Aubin et al., Calculated Relative Efficiency for Coaxial 
and Planar Ge{Li) Detectors, Nucl. Ins t r . Methods 76, 85 
(1969). 13. 

11. R. L. Heath , Scintillation Spectrometry Gamma-Ray Spec
trum Catalogue, Second Edition, A'̂ ol. 1, 100-16880-1 
(T ID-4500), 1964. 

I ) . W. Maddison and L. S. Beller, Characteristics and Capa
bilities of Automated Counting Facilities for the Zero Power 
Plutonium Reactor {ZPPR), Reactor Physics Division 
Annual Report , July 1, 1968 to June 30, 1909, ANL-7610, 
pp. 379-381. 

L. S. Beller and D . W. Maddison, Automated Spectrum 
Analysis Methods for Ge(Li) Detectors, Reactor Phj^sics 
Division Annual Report , July 1, 1968 to June 30, 1969, 
ANL-7610, pp . 416-417. 

III-IO. C o n t a m i n a t i o n D e t e r m i n a t i o n w i t h L i th ium-Dr i f t ed -Germanium 
[Ge(Li)] Detectors 
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The determination and evaluation of small amounts 
of radioactive material are often problems of consider-

* Atomics In terna t ional , a Division of N o r t h American 
Rockwell Corporat ion, Canoga Park, California. 

able importance. iV Ge(Li) detector can be used to 
solve both of these problems where gamma emitting 
isotopes are involved. The detection limits of a me
dium sized Ge(Li) detector are determined primarily 
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by background and not by its small relative efficiency 
compared with a sodium iodide detector. In most cases, 
the excellent resolution of a Ge(Li) detector allows a 
unique identification for each gamma ray line observed 
in a spectrum, and proper calibration (see Paper I I I -

9) provides accurate determination of the quantity of 
activity associated with each gamma ray. 

Our particular experience has dealt with samples of̂  
cover gas from EBR-II, structural materials and con
tamination smears from ZPR-S, U-235 foils contami-
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nated with long half-life fission products, and air mon
itor samples from the Zero Power Plutonium Reactor 

^ Z P P R ) . In each case the gamma radioactive isotopes 
fflHp the quantities of such isotopes were determined by 
^^m Ge(Li) counting system at ZPPR.^ The data were 

analyzed with computer codes developed for this par

ticular system.2 Figures III-lO-l through III-10-5 are 
some of the spectra obtained from these investigations. 
Each spectrum indicates the source of the gamma ray 
observed and the approximate activity of the isotope. 

The sensitivity for any particular isotope depends 
on its gamma-ray energy and intensity, but generally 
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most any isotope that emits gamma rays in sufficient 
quantity to be of interest in contamination considera
tions can be identified and evaluated with a reasonable 
Ge(Li) system. 
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I I I - l l . De tec t ion for B'Xn^,o;)-to-Fission Rat io Measurements 

L. S. BBLLEK* 

F I G . I I I - l l - l . Overall View of Counter . Active Materials are Coated on Opposite Sides of Central Pla te Shown in Side View. The 
Case and Foil Pla te are the Common Cathode. Cirid of Three Wires is an Independent Anode (Only One Wire in P^ach Half is Shown). 
ANL-ID-IOS-A11445. 

A detector has been constructed for measuring reac
tion rate ratios as a function of position in the Zero 
Power Plutonium Reactor cores for Bi°(n,a) and fis
sion reactions. The commonly used gaseous BF3 count
ers have been unsatisfactory because of gamma-ray 
sensitivity, difficulty in obtaining absolute cafibrations, 
and a geometry that is different from the fission count
ers. 

The construction of the new counter is shown in Fig. 
I I I - l l - l . The arrangement of the anode grid wires 
minimizes electric field variations and each side of 
the counter can be used as (1) an ion chamber for 
counting fissions, (2) a proportional counter for 
detecting alphas, or (3), by eliminating the coating 
material, a proportional counter for measurements of 
the gamma-ray background. 

Figure III-11-2 shows a typical pulse-height spec
trum with a boron-sensitive counter in a reactor spec
trum. The rapidly declining low energy component is 
due mostly to gamma rays, but probably also includes 
a contribution from in,p) events occurring in the walls 
of the detector. These effects are corrected by using a 
blank on the other side. 

* Atomics Internat ional , a Division of Nor th American 
Rockwell Corporation, Canoga Park , California. 

Absolute calibration is possible by using U-235 or 
another isotope as a standard in a thermal spectrum 
since the B^"(n,a) pulse height distribution in this 
counter is nearly insensitive to the neutron spectrum 
and the gamma separation is good. 

80 99 119 
CHANNEL NUMBER 

F I G . III-11-2. Pulse-Height Spectrum from Boron-Coated 
Detector in Presence of Gamma-Ray Field. The Spectrum was 
Obtained in a Typical Fas t Reactor Neutron Energy Spectrum. 
Relative Intensi ty of Background Component Varies wit 
Location in Reactor. ANL-ID-103-A11449. 

ritiL 
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III-12. T h e r m o l u m i n e s c e n t Dos imetry Applied t o G a m m a Ray Dose 
M e a s u r e m e n t s i n Critical Assemblies 

G. G. SIMONS 

DESCRIPTION OF THERMOLUMINESCENT DOSIMETERS 

Two types of solid extruded 1 x 6 mm thermolumi
nescent dosimeter (TLD) rods containing approxi
mately 13 mg of lithium fluoride were selected for 
evaluation of their applicability in gamma-ray dose 
measurements in a critical facility. One type (TLD-
100),* was composed of natural lithium containing 
nominally 92.5% Li-7 and 7.5% Li-6; the other type 

less in the enriched TLD-700 rods than in the TLD-
100 rods. It was assumed that the dose variations be
tween the TLD-700 and TLD-100 rods were caused by 
the change in thermal neutron flux in different assem
bly regions. It was also assumed that fast neutron 
sensitivity in the TLD-700 rods was negligible. The 
validity of this latter assumption warrants further 
study since inconsistencies appear in the literature.^- ̂  

TLD CAPSULE^ 

F I G . III-12-1. TLD Calibration Configuration Showing the Stainless Steel Encapsulated TLD's Positioned on the %-in.-
Thick Plastic Sheet. The Co-60 Source was Elevated 4 cm above the Sheet; Thus the Source-to-Capule Distances were 10, 15, 
20, 30, 40 and 50 cm. ANL-ID-103-Aa056. 

(TLD-700)* was enriched to 99.993% in Li-7. Solid 
rods were selected because they were more convenient 
to handle than equivalent quantities of TLD powder. 
Also, the precision over the dose ranges required in this 
work (1 to 10,000 R) was comparable to powder. 

|These dosimeters are sensitive to gamma rays, 
rarged particles, and neutrons in varying degrees. 

Thermal-neutron-induoed excitation is considerably 

* Nomenclature of Harshaw Chemical Company. 

CALIBEATION OF STAINLESS STEEL 

ENCAPSULATED TLD RODS 

A calibration procedure for relating TLD readout 
from a commercial TLD analyzer^ to gamma ray 
dose applicable to experiments performed in ZPR-3 
Assembly 60 involved using special stainless steel 
sleeves similar to the sleeves used during TLD expo
sures in the critical. The TLD encapsulation for cali
bration purposes consisted of placing a TLD-100 rod 
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and a TLD-700 rod end to end in a 0.125 in.-diam, 
0.035-in.-wall Type 304 stainless steel tube forming a 
special capsule. 

Before the gamma ray exposure, 38 TLD capsules 
were positioned at various radii on a 0.375-in.-thick 
plastic sheet (see Fig. 111-12-1). This sheet was then 
suspended in a large hot-cell room and a 1.1-Ci Co-60 

GAMMA RAY DOSE 
F I G . III-12-2. Response of Solid Extruded TLD-100 Rods 

Encased in a 35-mil Steel Rod to Co-60. ANL-ID-lOS-AWeO. 
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TABLE III-12-I. TLD-100 mx) TLD-700 RE.4DOUT V.A.RIA-
TioNS AS A FUNCTION OF ENCASEMENT MATERIALS 

roLLOwiNG A 50-Wh EXPOSURE IN ZPR-3 
ASSEMBLY 60 CORE 

Drawer 
Position 

TLD 
Location 

Across 
Drawer" 

Ratio of Instrument Readout: 
TLD Reading/Reference 

TLD Encasement Materials'' 

0.035-in. 
Stainless 

Steel 

0.020-in. 
Stainless 

Steel 

0.03S-in. 
Poly

ethylene 

TLD-100 

l-P-5 

l-P-14 

a 
c 
e 

g 
a 
c 
e 

g 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

0.95 
1.02 
1.04 
1.01 
1.14 
1.06 
0.98 
0.97 

1.17 
1.24 
1.21 
1.11 
1.14 
1.32 
1.08 
1.39 

TLD-700 

l-P-6 

l-P-14 

b 
d 
f 
h 
b 
d 
f 
h 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

1.07 
1.08 
1.01 
1.03 
1.02 
1.02 
1.03 
1.10 

1.25 
1.15 
1.05 
1.22 
1.26 
1.20 
1.20 
1.15 

* Eight T L D rods were inserted into each sleeve s tar t ing 
with a TLD-100 rod and al ternating 100, 700, etc. These rod 
positions across the core cell were labeled a, b , c, d, e, t, g, h. 

*> Reference TLD refers to the TLDs encased in 0.035-in. 
stainless steel. 

source was placed in the center, 4 cm above the plane 
of the sheet. TLD capsules were removed from the 
different radii at time intervals such that the absorbed 
doses ranged from 1 to 7000 R (see Figs. III-12-2 and 
III-12-3). 

TLD ENCAPSULATION STUDY FOE 

ZPR-3 ASSEMBLY 60 

During gamma ray dose mapping studies in ZPR-3 
Assembly 60 (see discussion below), TLD rods were 
loaded into stainless steel sleeves having 0.035 in.-
thick walls. The response of TLD rods encased in 
0.02-in. stainless steel and 0.035-in. polyethylene 
sleeves was compared with the 0.035-in. stainless steel 
enclosure data following a 50-W-h exposure in the 
ZPR-3 core. Table III-12-I shows that the 0.02-in. 
steel responses tend to be slightly higher than tifl^ 
0.035-in. steel responses. However, the 0.02-in. slfljipi 
responses are not generally significantly higher statis
tically. Conversely the 0.035-in. polyethylene-clad 
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TLD responses are generally higher than the reference 
0.035-in. stainless steel responses. 

Based on the expression describing the range of elec
trons given by Evans,* the maximum energy electron 
that could penetrate the 0.035- and 0.02-in. stainless 
steel and 0.035-in. polyethylene are 1.51, 0.94, and 
0.344 MeV, respectively. Therefore increased external 
electron attenuation in the steel sleeves would cause 
the total response from these TLD rods to be less than 

from the polyethylene-covered rods. I t is expected that 
the TLD-700 readouts will allow the determination of 
gamma ray energy deposition in the stainless steel 
sleeves. (Neutron excitation was considered constant 
throughout, independent of the sleeve.) 

DOSE T E A V E K S E MEASUREMENTS I N ZPR-3 ASSEMBLY 60 

A coarse radial and axial dose mapping at 69 dis
crete locations was completed. 

file:///r-U235
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To minimize residual gamma ray exposure followin; 
this mapping irradiation, all the 138 TLD rods were 
removed immediately after reactor shutdown. This was 
achieved by preloading groups of TLD rods inside 
0.125-in.-diam, 0.035-in.-wall Type 304 stainless steel 
tubes (see Fig. Ill-12-4). These steel tubes were rap
idly inserted and extracted from the rear of the matrix 
tubes. The assembly core and blanket drawer loadings 
were modified to accommodate the steel inserts. These 
loadings are shown in Fig. III-12-5. 

Twenty stainless steel inserts were exposed in the 
Half 1 at the drawer locations marked by an X in Fig. 
III-12-6 for 1 h at a nominal 100 W. Surface gamma 
ray plus beta radiation in the steel tubes was less than 
5 mR/h after the exposure. The TLD rods were 
promptly removed from the inserts and read 48 h later. 

Relative dose results obtained from the TLD-700 
rods are plotted in Figs. III-12-7 through III-12-9. 
Note that the lines connecting the data points in these 
three figures do not describe the dose variations be
tween data points, but are only drawn as a visual aid 
in distinguishing between data sets. 
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SINGLE-CELL HETEROGENEITY STUDIES 

Dose variations across the central core drawer (1-
P-16) and a blanket drawer (l-P-8) were measured 
with both TLD-100 and TLD-700 dosimeters. Since all 
the dose measurements completed as part of the pres
ent study involved measuring the dose at systematic 
core cell and blanket all locations throughout the criti
cal, it was necessary to investigate the variation across 
these cells relative to the position of the TLD rods 
used in the traverse study. 

The heterogeneity experiment involved loading two 
sets of 2-in.-long stainless steel tubes with TLD rods. 
Each set contained a 2-in.-long insert loaded end to 
end with eight TLD-IGO rods and an insert with eight 
TLD-700 rods. These were then exposed for 1 h at 50 
W. Resulting dose variations are shown in Fig. I I I -
12-10. The centerline of the TLD, marked as Refer
ence TLD, was at approximately an equivalent drawer 
radial position as the steel inserts used in the dose 
traverse measurements. 

These TLD-700 data show that there is no measura-
dose variation across the central cell drawer. Also, 

ere is no fine structure evident in the TLD-700 data 
across the blanket cell. However, the increase in dose 

^ e 

with decreasing distance from the Assembly 60 center-
line is clearly evident. 

ACCTJEACY OF TLD DATA 

Due to unresolved uncertainties associated with LiF 
TLD data obtained in a fast-reactor environment, sev
eral sources of error potentially exist which would con
tribute to systematic errors. These uncertainties in
clude such factors as the selection of optimum TLD 
encasement materials, beta and neutron response, 
gamma-ray energy dependence, dose calibration proce
dures, pre- and post-annealing effects, response fade, 
and neutron and gamma ray dose-rate dependence. 
Several of these factors are discussed in Refs. 1, 2 and 
5. Also preliminary results showed that both exposure 
and annealing histories may be required for TLD-100 
and TLD-700 rods. Tests have been made on new TLD 
rods, new preannealed TLD rods, gamma ray exposed 
and annealed rods, and neutron plus gamma ray ex
posed and annealed rods. The precision obtained from 
each test was approximately constant (3% for TLD-
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FIG. III-12-10. ZPR-3 Assembly 60, TLD Traverse Across 
l-P-16 and l-P-8. ANL-ID-103-A:S0d4. 
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100 and TLD-700). However, the instrument readout 
for a single exposure dose with different annealing and 
irradiation history varied as much as 20%. All of the 
data reported above were obtained using new prean
nealed TLD rods from a single batch. Further experi
mentation is required before meaningful error limits 
can be attached to these results. 
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III-13. Non-Perturbing Fiss ion Counter for Use i n 
P la te -Type Critical Assembl ies 

A. B. LONG and E. I\I. BOHN 

INTEODUCTION 

Fission rate distribution measurements within fast 
critical assemblies form a fundamental part of any 
experimental reactor program. The results are easily 
interpreted and are of importance in reactor design as 
well as in the evaluation of theoretical calculations. 
Current techniques employed in these measurements 
include foil activation, solid-state track recorders, and 
fission counters. Fission counters provide the only 

SS CASE 

F I G . III-13-1. Diagram of Ultra-Thin Solid-State Fission 
Counter . ANL-Neg. No. 116-14^. 

means for real-time accumulation of data and are 
therefore the only detectors suited for time-dependent 
applications. However, the volume of these counters 
often perturb the fission rate being measured. In addi
tion, complex counter geometries make it difficult to 
compare measured values with calculated quantities. 
An ultra-thin solid-state fission counter which com
bines the advantages of a real-time counter with the 
nonperturbing quality of foils has been constructed and 
tested. A description of the detector and performance 
test results are presented below. 

DESCRIPTION OF THE DETECTOE 

The solid state fission counter is a 2.0 X 2.0 X 0.12 
in. stainless steel clad package shown in Fig. Ill-13-1. 
The package consists of a 0.96 in. diam by 8 mil-thick 
phosphorous diffused 100 O-cm, p-type silicon diode 
with Si02 edge protection. This diode serves as the 
active detector and it is held against a stainless back 
(negative) electrode by the front (positive) electrode. 
The fissionable material for which the fission rate is to 
be measured is placed in conjunction with the diffused 
face of the diode through a hole in the front electrode. 

Low resistivity silicon (100 n-cm) was chosen 
extend the in-core operating life to several mon 
(10^* fast neutrons per cm^).^' ^ The diffused junction^ 
edge protected diode configuration was chosen because 

# 
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'f its mechanical ruggedness and resistance to surface 
leakage.-' 

PEEFOEMANCE OP DETECTOE 

The resolution of the detector was evalutated by 
recording the fission spectrum from a Cf-252 source 
placed 2 in. from the detector in a vacuum. The spec
trum was analyzed by using standard precedures^ to 
obtain certain parameters which were found to com
pare favorably with the recommended values for sur
face-barrier fission detectors.* A typical Cf-252 spec
trum is shown in Fig. III-13-2. 

When the detector is used in a reactor, the necessity 
of placing the fission source in close proximity to the 
face of the detector results in a distribution of fission 
fragment path lengths through the source, air, and the 
detector dead layer. As a consequence of the difference 
in fragment energy loss there is a degradation in the 
detector resolution. The fission spectrum from a 20 
/tg/cm^ U-235 source recorded by the thin detector in 
ZPR-9 Assembly 26 is shown in Fig. III-13-3. The 
energy degradation is evidenced by the increased tail 
of the spectrum. However, only a few percent of the 
fission counts fall into the background. A computer 
program has been developed to determine the absolute 
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F I G . III-13-2. Cf-252 Spontaneous Fission Pulse-Height 
Spectrum Recorded by the Thin Detector . The Source and De
tector are 2 in. Apart in a Vacuum. ANL-Neg. No. 118-406. 
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F I G . III-13-3. Pulse Height Spectrum From the Fission of 
U-235 Recorded by the Thin Detector. The Source is in Contact 
With the Front Face of the Detector. ANL-Neg. No. 116^406. 

fission rate from these measured spectra by accounting 
for fragment energy loss in the source, air, and detector 
window, (see Paper III-21). 

Because the detector is almost identical in shape and 
composition to the stainless steel plates used in the 
ZPR facilities, the measured fission rates are unper
turbed by the counter. These rates can be compared 
directly with the reaction rates which are calculated 
within a stainless steel plate at the same position in 
the reactor. It is thought that this detector and similar 
detectors made from different reactor materials can be 
used to a greater advantage in a real-time evaluation 
of current heterogeneous calculating techniques. 
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III-14. Deve lopment of a n Improved T r i t i u m Count ing Facil i ty 

A. D E VOLPI and M. BEETSCHEE 

The absolute Li^(n,a)H* reaction rate for samples 
irradiated in fast critical assemblies has been used in 
the experimental determination of integral alpha (cap
ture-to-fission ratio) values and perturbation denomi
nators for several fast reactors. (See Papers 11-11 and 
11-29). By measuring the tritium activity induced in 
irradiated samples, the Li-6 absorption rate was deter
mined. Tritium decays entirely by beta emssion with 
an end-point energy of only 18.6 keV and a half-life of 
12.30 yr. An improved counting facility was developed 
partly for the purpose of detecting these low energy 
electrons (5.6 keV average) using liquid scintillation 
counting techniques. 

After the irradiation, tritium is removed from the 
metallic lithium sample (99% Li-6) by an isotopic 
dilution method^ using normal hydrogen as the carrier 
gas. The sample is heated in a hydrogen atmosphere 
and converted to molten lithium hydride. As the tem
perature is raised to 900°C, the lithium hydride readily 
decomposes with the liberation of a mixture of normal 
hydrogen and tritium. This gas is slowly passed over a 
hot (750°C) bed of CuO, and the water vapor formed 
in the process is collected in liquid nitrogen cold traps. 

To determine its activity, a portion of the tritiated 
water sample is dissolved in a dioxane-base liquid 
scintillator and counted. The scintillator is prepared 
following the prescription recommended by Moghissi f 
namely, 7 g PPO, 120 g napthalene, and 1.3 g bis-MSB 
dissolved in p-dioxane to a volume of 1.00 liter. Sam
ples are prepared for counting by dissolving 5 m liters 
of the tritiated water in 25 m liters of scintillator 
solution (i.e., 16.3 w/o H2O). The counting solution is 
used to fill two precision vials which are purged with 
argon prior to sealing to reduce the quenching effect 
from dissolved O2. These vials have an effective vol
ume of 12 m liters and can be fitted with either glass 
or quartz windows. Secondary standards prepared 
from a calibrated National Bureau of Standards 
(NBS) tritiated water sample are used to calibrate the 
counting system. 

To achieve relatively high detection efficiencies for 
liquid scintillators with aqueous solutions, the scintil
lation counting facility was revamped. Tritium 
efficiencies doubled from about 20% to about 40% be
cause of these changes. 

The original facility® was based on two EMI 6255S 
phototubes operating in coincidence with electronic 
components of both the vacuum-tube and first genera

tion transistor type. Due in part to the aging and 
increased difficulty in maintaining the vacuum-tube 
equipment, a decision had already been made to mod
ernize the electronics. The recent development of high 
secondary-emission (GaP) dynodes was sufficient rea
son to change the type of photomultiplier tube as well. 
The introduction of this type of tube with high-effi
ciency bialkali photocathode is responsible for most of 
the improvement in efficiency. 

Thus, the new detection facility consists of two RCA 
8850 multiplier tubes facing each other in a silicone 
oil-filled plenum. A liquid scintillation cell of about 12 
m liter capacity can be fitted between the two tubes. 
As in the previous system, coincidence detection of 
valid tritium-generated electron pulses are required in 
order to discriminate against natural noise back
ground. The spacing between tubes is adjustable to 
allow larger cells to be counted. 

A small preamplifier directs the anode signals to a 
fast current amplifier.* These augmented pulses are 
sent to a fast discriminator* which imposes a reliable 
paralysis upon each event. Standardized discriminator 
output pulses are then routed to the fast coincidence 
unit which drives a multichannel automatic scaling 
system.* The scaling system produces a written and 
punched paper tape record which can be used for com
puter input. 

Provisions have been made for further exploratory-
work with slow side channel pulses to obtain the 
summed signals and with correlation counting tech
niques. 

At levels which provide tritium efficiencies of 40% 
with aqueous solutions, the background is about 2-4 
counts/sec. Quartz vials tend to give about 0.5 
counts/sec lower background than glass. 
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III-15. Pulse Selector 

J. AL LARSON 
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Proton recoil proportional counting systems of the 
type first reported by Bennett^' ^ must often be oper
ated in environments that generate large overloads and 
high counting rates. This type of operation can lead to 
spectrum distortion unless appropriate steps are taken 
to insure the fidelity of the pulses being analyzed. In 
unipolar pulse shaping systems, a baseline restorer is 
almost always necessary if base line shifts and their 
attendant distorting effects are to be avoided. If the 
counting system is to operate at very high rates, it 
then also becomes necessary to include circuitry that 
will inspect the incoming pulses and reject those that 
are distorted by pileup effects. 

This report briefly describes a pulse selector and pile-
up rejection circuit developed initially for use with the 
proton recoil spectrometer (see Paper III-17). 

This unit was designed to perform the following 
functions: (1) Reject all pulses whose peak heights do 
not fall between predetermined upper and lower levels; 
(2) reject all pulses that occur on the "tail" or trailing 
edge of a preceding pulse; (3) reject most peak pileup 
pulses (pulses whose peaks occur within a few tenths 
of a microsecond of each other); (4) account for dead 
time of all rejected pulses whose peak heights exceed 
the lower level discriminators. 

CIRCUITRY 

The pulse selector described herein is made up al
most entirely from commercially available discrimina
tors and DTL/TTL integrated circuit modules. 

The overall schematic diagram of the pulse selector 
is shown in Fig. III-15-1. The unit is comprised of six 
basic circuit groups as follows: 

(1) Upper and lower level discriminators: This 
group comprises the upper and lower level discrimina
tors and flip-flop memories. These circuits determine 
whether or not the input pulse has reached a peak 
height that lies between the upper and lower level dis
criminator settings, then remembers this information 
in cross coupled nand gate flip flops [F/Fi and F/F^), 
until the pulse selector makes its decision to keep or 
reject the pulse. The outputs of this circuit group 
drives logic gating that participates in the pulse ac-
cept-reject decision. The flip-flop memories, {F/Fi and 

^ fc^2) are reset only after the trailing edge of the 
^HHisured pulse has returned to the baseline zero 

reference level. 
(2) Threshold discriminator circuit group: This cir

cuit group comprises a threshold discriminator for 
leading edge discrimination and a "tail" and peak 
pileup inspection circuit for pileup rejection. 

The threshold discriminator level is set just above 
the noise level of the base line and determines the 
occurrence of a pulse. When a pulse exceeds the thresh
old level, a time delay is generated which allows the 
pulse to reach its peak amplitude before the pulse 
selector makes an accept-reject decision. At the end of 
this delay time, the threshold discriminator circuits 
generate a trigger pulse if it is determined that no 
"tail" or peak pileup has occurred. The trigger pulse 
drives the logic gating circuits that make a final deci
sion of pulse acceptability based on the peak height of 
the pulse and upon whether or not the accompanying 
multichannel analyzer was busy. 

(3) Double differentiator and discriminator: This 
circuit double differentiates the unipolar input pulse 
and generates an output pulse whose width is propor
tional to the time to crossover. The output pulse of this 
circuit drives the threshold discriminator circuitry 
where it is used to identify peak pile up events. 

(4) Busy flip-flop: The busy flip-flop (F/Fi) is 
made up from cross coupled nand gates and is set 
whenever the input pulse exceeds the lower level dis
criminator. The busy flip-flop remains set until the 
accompanying multichannel analyzer is "not busy" 
and the base line has been reestablished at its zero 
level. The ADC busy discriminator (D5) senses the 
busy output signal of the multichannel analyzer. 

(5) Logic gating: The logic gating group "ands" 
the outputs from the upper and lower level discrimina
tors with the output of the busy flip-flop. The resultant 
signal is used to open a gate to the "pulse accept" 
single shot that allows this single shot to be triggered 
by the trigger pulse from the threshold discriminator 
circuit at the end of the decision delay. The output of 
the "pulse accept" single shot is used as the coinci
dence gating signal for the accompanying multichannel 
analyzer ADC. 

(6) Divider: A divider circuit follows the "pulse 
accept" single shot and divides the output pulse rate 
from that single shot so that the ADC coincidence gate 
pulse rate may be reduced by selectable ratios of 1:1, 
2 :1 , 4 :1 , 8:1, and 16:1. The divider coincidence gate 
output is useful for high count rate applications where 
it is sometimes necessary to reduce the input pulse rate 
to the ADC. 
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FIG. 2(») f IG. 2(11) FIG. 2(c) 

F I G . 1II-15-2. Pulse Selector Timing Diagram. ANL-ID-10S-A11519. 

OPERATION AND TIMING 

Timing diagrams for the pulse selector are shown in 
Fig. III-15-2. All timing within the unit starts at the 
instant that the input signal exceeds the threshold 
level. At this moment the output of discriminator D-3 
goes positive, causing the output of gate G-15 to drop 
to ground. The negative transition of the output of 
gate G-15 triggers the "decision delay" single shot 
comprised of Q-3 and G-14. This single shot generates 
a positive pulse at the collector of Q-3 whose width 
just exceeds the time required for the input pulse to 
reach its peak. The negative transition of the trailing 
edge of the delay pulse triggers flip-flop F/F^ whose 
output at pin 9 then goes positive. The output of F/Fz 
goes to the logic gating circuit where it is used to 
trigger the "pulse accept" single shot comprised of Q-4 
and G-29. 

When a tail pileup event occurs, as in Fig. III-15-2b, 
the "decision delay" single shot is triggered only for 

.the first pulse. F/F^ is not retriggered for the second 
'pulse and as a consequence no coincidence gate pulse is 
generated for the tail pileup event. 

Peak pileup events are rejected by holding F/F^ 
reset so that it cannot be triggered "on" by the trailing 

edge of the "decision delay" pulse. The timing for peak 
pileup events is shown in Fig. III-15-2c. Peak pileup 
events are detected by first differentiating the input 
pulse by capacitor Ci, then detecting the crossover of 
the resulting double differentiated pulse with discrimi
nator D-4. 

The time constant of the differentiating network is 
set so that the crossover point of the double differen
tiated pulse occurs just before the "decision delay" 
pulse ends. If a peak pileup event occurs, the cross
over point is extended and occurs after the end of the 
"decision delay" pulse. The output of gate G-18 thus 
remains at zero volts until after crossover occurs. Th"̂  
zero-volt level of G-18 forces F/F^ reset so that it 
cannot respond to the trigger pulse from the "decision 
delay" single shot. F/F^, is thus prevented from being 
triggered "on" and the peak pileup event is rejected. 

APPLICATION 

The peak pileup detection sensitivity of the pulse 
selector is limited when the unit is used in systems 
using proportional counters. This reduction in sensitiv
ity occurs because the crossover time of the differen
tiated input pulse is also a function of detector collec-
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tion time. As a consequence, the peak pileup rejection 
circuit must be set "loosely" so that the pulse selector 
does not mistake pulses with long collection times for 
peak pileup events. 

On the other hand, when the selector is used with 
systems using solid state detectors, the peak pileup 
circuit also serves to discriminate against pulses hav
ing rise time defects, since defective pulses have longer 

rise times and a correspondingly longer time to crosi 
over when integrated and double differentiated. 
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III-16. H igh Energy L i m i t a t i o n of Proton-Recoi l Proport ional 
Counters for N e u t r o n Spectroscopy 

T . J . YXTLE 

I N T K O D U G T I O N 

The use of proton-recoil proportional counters for 
reactor spectrum measurements has received a consid
erable amount of attention.^ One of the problems that 
has been considered is the high energy limitation of 
proton-recoil proportional counters for neutron 
spectroscopy.^' ^ The limitation arises because the 
track length of recoil protons increases rather rapidly 
with energy and the probability of distortion arising 
from the truncation of the tracks by the counter walls 
or by the extension of tracks into an end region, in
creases accordingly. The ionization of the proton-recoil 
is no longer related in a simple way to the proton-re
coil energy. Substantial distortion begins at energies 
less than 1 MeV for proton-recoil counters designed for 
in-core spectroscopy, i.e., counters meant to measure 
an isotropic neutron fiux having a spectrum of a de
graded fission source and whose size is small so as not 
to perturb the spectrum. The energy region in the 
neighborhood of a few MeV is especially important in 
reactor physics studies and radiation damage investi
gations.* Any improvement in accuracy of spectrum 
measurements in this region is significant. For fertile 
and fissile isotopes the region between reasonably 
known discrete excitation cross sections—up to about 1 

TABLE III-16-I. RANGE OF PHOTONS IN VARIOUS G A S E S 

Proton Energy, 
MeV 

2 
4 
8 

Ranges," 
cm 

Hydrogen 

33.8 
118 
417 

Methane 

8.24 
27.9 
97.2 

Krypton 

5.27 
15.3 
47.1 

' At 760 mm H g and 15°C (see Ref. 5) . 

MeV, and the region at which a clear indication of the 
statistical distribution becomes apparent—above 3 
MeV, is an area of rather large cross section uncer
tainty. The damage cross section for structural materi
als peaks at a few MeV. 

Efforts to increase the high energy capability of pro
ton-recoil counters may be divided into two areas: 
techniques to increase the containment of proton-recoil 
tracks and analytical methods to correct measured 
proton-recoil distributions for track length truncations 
and for other effects, notably the effect of elastic scat
tering of neutrons from elements in the gas other than 
hydrogen. These areas are considered together with ex
amples of the influence of the various corrections on 
measured spectra. 

TECHNIQUES FOB INCBEASED CONTAINMENT 

To reduce the influence of track length truncations, 
one would like to have a counter with the ratio of 
proton range at a given energy to the counter diameter 
as small as possible. This ratio is a function of the 
type of gas filling, the pressure, and the size of the 
counter. Table III-16-1 lists proton ranges in various 
counter gases at a few representative energies.^ The 
range is approximately proportional to the energy 
squared. Because of its small stopping power hydrogen 
is ruled out as a gas for high energy spectroscopy. Of 
the molecular gases containing hydrogen the most fa
vorable product of stopping power times pressure is 
obtained for methane. More complex gases, although 
having a higher stopping power, liquify at rather low 
pressures. Methane also has a favorable ratio of hy
drogen atoms to carbon atoms, which is important for| 
minimizing the interference from carbon recoils. The 
idea of using a buffer gas such as krypton or xenon to 
increase the stopping power has been known for 



tmme time. This method has been used in He-3 
spectrometers* and in proton-recoil spectrometers for 
use in beam configurations.''' The possibility of using a 
buffer gas in spectometers for in-core measurements is 
being investigated. At the present time a methane 
filled counter is used to measure the proton-recoil spec
trum above 100 keV. 

To minimize the influence of track length truncation 
the counter is filled to as high a pressure as possible as 
determined by that pressure at which the resolution 
becomes unacceptable. The resolution is determined by 
the amount of electron capture by contaminants in the 
gas—notably oxygen and water vapor. If one assumes 
that the Townsend energy factor—^the ratio of mean 
agitation energy of the electrons to the mean molecular 
energy—and the drift velocity are linear functions of 
the field-to-pressure ratio,*- * and that the cross section 
for electron capture by the contaminant is independent 
of energy, then one finds that the probability for cap
ture in a methane filled counter for electrons starting 
at a distance r from the anode is 

r. , T, , 1.4 X 10' Cph Capture Prob. = — i— 

p In b/a (I) 

•(o.5r -f 1.75 - j ^ A/T' + 7.0 -T^J-A • 
[ p In o/a V p In b/a) 

C is the percentage atom concentration of the contami
nants, p is the pressure in mm Hg, h is the probability 
for capture per collision, V is the anode voltage in 
volts, and h and a are the radii of the cathode and 
anode, respectively, in cm. If the gain is held constant, 
i.e., V/{p In h/a) is constant, the resolution is approxi
mately proportional to the product of pressure times 
counter diameter. Thus, going to very large counters is 
not the answer to the problem of measuring isotropic 
spectra at high energy. By using unusually high volt
ages it is possible to increase the pressure, but the 
accompanying problems of corona discharges and spe
cial cabling and insulators become unwieldy. Using 
tank methane without any provision for purification a 
typical pressure is 6 atm for a 1 in. diam counter with 
a 0.001 in. diam anode. Counters have been builf^ 
which have a 3.5 in. diam cathode and a 0.001 in. diam 
anode and which have been filled with 3 atm methane 
or, using a buffer gas, with 2 atm krypton plus 2 atm 
methane. I t should be possible to improve high energy 
response by careful purification of optimized gas mix
tures. 

• COEEECTIONS FOE GEOMETBIGAL DISTOETIONS 

To make use of as much of the experimentally re
corded proton-recoil distribution as possible, i.e. to use 
that region of the data at which significant geometrical 
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distortion is occurring, it is necessary to correct the 
measured distribution with the response function for 
the counter. The response function at a given energy 
appropriate to a counter in a uniform neutron flux 
which has cylindrical symmetry about the counter axis 
is the energy distribution from monoenergetic protons 
at that energy generated uniformly and isotropically 
throughout the counter. The response function can be 
determined^ from analytic track length probability 
functions and measured range and stopping power 
data. Figure III-16-1 illustrates the calculated re
sponse function at three energies for a 1 in. diam 
counter with a 3 in. sensitive length filled with 6 atm 
methane. For 2 MeV protons a significant number of 
tracks are not distorted—^their distribution is indicated 
by a dashed-line Gaussian shape, which represents ex
perimental resolution; the solid line represents the dis
tribution from truncated tracks. At 3.5 MeV virtually 
all tracks are distorted. At 8 MeV the track length is 
so long that the most energy a track can deposit in the 
counter is about 2.7 MeV. 

For the % in. diam methane counter with a li/4 iii-
sensitive length and filled with 8 atm of methane (the 
counter used in the most recent spectra measurements; 
see Paper 11-22) the proton-recoil spectrum ends at 
about 3 MeV. The correction for geometrical effects 
proceeds in two parts: the first part corrects for pro
ton-recoils arising from neutrons above the cut-off en
ergy ; the second part corrects for distortion of proton-
recoil tracks arising from neutrons below the cut-off 
energy. In the first part, it is assumed for an in-core 
spectrum measurement that the neutron spectrum 
above 2.5 MeV is that predicted by a fundamental 
mode calculation (see Paper 11-22). To a good approx
imation the spectrum N{E), as a function of energy, 
can be represented by 

N{E) oc V I e^*^ (2) 

where T is a coefficient adjusted to fit the calculation. 
The functional form is the same as that used to de
scribe the fission spectrum. The temperature T is not 
that for a fission spectrum. The ideal proton-recoil 
spectrum is generated from the neutron spectrum, and 
then the response function for the counter is applied to 
the ideal proton-recoil spectrum to obtain the distorted 
proton-recoil spectrum arising from neutrons with en
ergies greater than 2.5 MeV. The calculated distorted 
proton-recoil distribution is normalized to the meas
ured distribution between 2.5 and 3 MeV. The normal
ized distribution is then subtracted from the measured 
proton-recoil distribution. Thus, the influence of pro
ton-recoils from neutrons above the measurement limit 
is eliminated. Figure III-16-2 (curve labeled "down-
scatter") shows the effect of subtracting out the high 
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• F I G . III-16-2. Measured Neutron Spectra at the Center of 
ZPR-9 Assembly 26 With a Methane-Filled Counter from a 
Proton-Recoil Spectrum With No Corrections, One Corrected 
for Downscatter, and One Corrected for Downscatter and 
Upscafter. ANL-Neg. No. 900-301. 

energy neutron contribution on the central neutron 
spectrum of ZPR-9 Assembly 26 (see Paper 11-22). 
Note that the spectrum is significantly depressed from 
the spectrum resulting from an uncorrected proton-
recoil distribution. 

The second part of the correction consists of correct
ing the already downscattered corrected proton-recoil 
spectrum for distortion of proton-recoil tracks arising 
from neutrons below the cut-off energy. In this part of 
the correction it is not necessary to assume any form 
for the neutron spectrum. The measured proton-recoil 
spectrum is simply corrected with the counter response 
function from high energy to low energy using integral 
unfolding techniques.^ Figure III-16-2 (curve labeled 
"downscatter and upscatter") points out the magni
tude of the correction on the neutron spectrum. It is 
interesting to find that when both the downscatter and 
upscatter corrections are applied, the neutron spectrum 
is not much different from one derived from an uncor
rected proton-recoil distribution. This situation will 
usually not apply for neutron spectra with shapes sig
nificantly different from those of degraded fission 
sources. 

ELASTIC SCATTEBING FBOM HEAVY ELEMENTS 

The introduction of hydrocarbons, such as m e t h a r ^ H | 
or of high-Z noble gases (such as krypton), to decreasUP 

Ro, of the Uniformly and Isotropically Generated Monoener
getic Protons are Indicated. ANL Neg. No. 116~4T5. 
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Proton range will be accompanied by an undesirable 
"side effect. Elastic scatter from heavy elements in the 
gas will ionize indistinguishably from proton-recoils 
and the measured distribution contains a component of 
this scattering. 

The ionization spectrum obtained with a methane 
counter contains ionization from carbon recoils. This 
spectrum is corrected for carbon recoils with the as
sumptions that the center-of-mass system scattering 
for neutrons by carbon is isotropic, that the total cross 
section may be represented by 

T—r 

(^c (E) 5520 
E -{- 1150 

(3) 

with E in keV and o- in barns, and that the relative 
ionization created by a carbon fragment is 0.75 that of 
a proton.^ Figure III-16-3 shows the magnitude of the 
correction on the same neutron spectrum considered in 
Fig. III-16-2. 

The addition of krypton to hydrogen gas would be 
less objectionable than the use of methane, apart from 
resolution and stopping power considerations. The 
maximum recoil energy produced by elastic neutron 
scattering by carbon is about 0.3 of the incident neu
tron energy but only about 0.05 for krypton. 

Figure III-16-4 shows a comparison of neutron spec
tra for the same in-core measurement. One spectrum is 
derived from an uncorrected proton-recoil distribution 
and the other spectrum from a fully corrected distribu-

10 I M I 
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G. III-16-3. Measured Neutron Spectra at the Center of 
-9 Assembly 26 With a Methane-Filled Counter from a 

Proton-Recoil Spectrum With No Corrections and One Cor
rected for Carbon Recoils. ANL-Neg. No. 900-302. 
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F I G . III-16-4. Measured Neutron Spectra^at the Center of 
ZPR-9 Assembly 26 With a Methane-Filled Counter from a 
Proton-Recoil Spectrum With No Corrections and One Fully 
Corrected, i.e. Corrected for Downscatter , Upscatter , and 
Carbon Recoils. ANL-Neg. No. 900-306. 

tion, i.e., a distribution which is corrected for down-
scatter, upscatter and carbon recoil effects. It is seen 
that if accurate determinations of neutron spectra are 
to be made, it is necessary to make the above correc
tions. 

CONCLUSION 

Factors which limit the high energy usefulness of 
proton-recoil counters for neutron spectroscopy were 
discussed above. Means of increasing the high energy 
capability of this method of spectroscopy were consid
ered. Sources of error which in the past have compro
mised the interpretation of high energy data were in
vestigated, and methods for correcting measured pro
ton-recoil distributions were indicated. With a small 
nonperturbing methane counter, in-core neutron spec
tra can be reliably determined to 2 MeV. 
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III-17. Electronics for Proton Recoi l Sys t ems Us ing Proport ional Counters 

J. M. LARSON 

INTEODUCTION 

This paper briefly describes the pulse shaping elec
tronics for the proton-recoil proportional counter spec
trometer that is presently in use at the ZPPR facility. 
This spectrometer is an adaptation of the spectrometer 
previously reported in the 1969 Reactor Physics Divi
sion Annual Report^ and differs from the previously 
reported spectrometer in that pulse pile-up rejection 
circuitry has been added. 

This spectrometer is now being routinely used for 
spectrum measurements and allows undistorted pro
ton-recoil spectra to be measured over an energy range 
spanning 1 keV to 3 MeV. The system will accept 

counting rates in excess of 20,000 counts/sec and is 
designed to have high overload capability. 

GENEEAL DESCEIPTION 

A block diagram of the system is shown in Fig. 
III-17-1. In this system, the output of the preamphfier 
drives two separate channels of pulse shaping ampli
fiers: (1) a slow channel that determines total ioniza
tion or pulse height and (2) a fast channel that deter
mines the rate of ion collection or pulse rise time. The 
rate-of-rise data from the fast channel is digitized and 
divided in the accompanying computer by the digitized 
ionization data from the slow channel to determine 
specific ionization. 
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The fast channel consists of a delay line clipping 
circuit located in the splitter-differentiator module, a 
fast rise amplifier, a fast pulse stretcher, an inverter, a 
delay amphfier and a hnear gate. The slow channel is 
comprised of a TC202 shaping amplifier, an active dc 
restorer, a delay amplifier and a linear gate. A TMC-
242 dual parameter ADC is used. 

A pulse selector is used in the system for pulse 
pile-up and overload pulse rejection. Live time is ac
counted for by a live time clock that is gated off for 
the duration that the ADCs and computer are busy 
and for the time occupied by all rejected pulses. 
Linear gates are used external to the ADCs to reject 
overload pulses that might otherwise cause baseline 
shift within the ADCs. 

One of the main problems encountered with propor
tional counter proton-recoil systems is the large over
loads generated when the proportional counter is oper
ated at high multiplication, as when measurements are 
made in the 1 to 10 keV region. 

When spectrum measurements are made in this en
ergy range, protons with higher energies create large 
overloads in the preamplifier and in the shaping ampli
fiers. I t is thus very important that these amplifiers be 
designed so that they exhibit graceful baseline recov
ery following overload events; otherwise, the maxi
mum counting rate capability, without distortion, may 
be greatly reduced. 

PEBAMPLIFIEB 

The overload performance of the preamplifier is of 
primary importance and can be improved by using 
direct coupling combined with a large output swing 
capability. In addition, the preamplifier should be de
signed to have a single dominant decay constant so 
that pole zero cancellation techniques can be used 
effectively in the following shaping amplifiers. The 
preamplifier used in this system was designed expressly 
for use with proportional counters in proton-recoil sys
tems and is described in Ref. 2. This preamplifier is 
direct coupled, charge sensitive and has a 20 V peak 
output swing. 

SPLIITEE DIFFEEENTIATOE 

A schematic of the splitter differentiator is shown in 
Fig. III-17-2. This circuit provides a termination for 
the coaxial cable from the preamplifier and inverts and 
delay-line clips the preamplifier's output signal before 
it is routed to the fast amplifier channel. 

I t should be noted that the delay line and inverting 

•

lifier (comprised of Qi, Q2 and Q3) are direct cou-
. This is essential to prevent bias shift and the 

possible cutoff of the inverter in the event that the 
preamplifier saturates. 
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The output of the delay line drives the pole zero 
compensation network, comprised of C-1 and B-1, 
which decreases the decay time of the pedestal follow
ing the delay-clipped pulse. 

SLOW CHANNEL SHAPING AMPLIPXEE 

The slow channel shaping amplifier should utilize 
pole zero compensation so that graceful overload re
covery is obtained. In addition the pole zero compen
sation network should be placed directly in series with 
the input of the amplifier, so that differentiation is 
performed before the input signal is amplified. 

The pole zero compensation of the TC-202 amplifier 
is located at its input, and, in addition, this amplifier 
features Gaussian shaping which yields shaped pulses 
having a narrower overall width than is obtained with 
single RC shaping. 

SLOW CHANNEL DC RBSTOEEE 

In this system the slow channel pulse shaping ampli
fier is operated in the unipolar mode, and as a conse
quence, baseline restoring is required. The baseline re
storer should be of the active type because of the high 
counting rates that occur. In addition, the restorer 
must be capable of being drived by large amplitude 
overloads without generating baseline deviations. 

The baseline restorer used in this system was specif
ically designed for use where large overloading pulses 
are present and is described in Paper III-20. 

SLOW CHANNEL DELAY AMPLIFIES 

The slow channel delay amplifier provides appropri
ate delay so that the input signal and coincidence gate 
to the slow channel ADC have the proper timing. The 
delay amplifier follows the dc restorer and drives the 
slow channel linear gate, and it is therefore important 
that this amplifier be capable of handling overloads 
gracefully without generating baseline shift or devia
tion. 

The schematic of the delay amplifier is shown in 
Fig. III-17-3. The delay amplifier consists of a delay 
line followed by a low-drift direct-coupled amplifier. 
The amplifier uses a direct coupled design that elimi
nates the need for capacitor bypassing across bias net
works, thus providing overload immunity. 

The fast channel delay amplifier is identical to that 
in the slow channel except for differences in delay. 

Linear gates are used external to the ADCs to pre
vent large overload pulses from overloading the ADCs' 
input amplifier stages. 

FAST AMPLIFIER, PULSE STEETCHEB, AND INVEETEE 

The fast channel linear amplifier is an adaptation of 
the Rush circuit^ and has switchable attenuators for 
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gain adjustment. The fast pulse stretcher is the circuit 
reported by R. N. Larsen.* 

The fast channel inverter is an operational amplifier 
connected in the inverting mode. This amplifier inverts 
the negative output level from the stretcher so that a 
positive output level is obtained that is compatible 
with the ADCs. 

PULSE SELECTOR 

A pulse selector is used to inspect incoming pulses 
and to reject those that are determined to be overloads 
or that are distorted by pile-up effects. In addition, the 
pulse selector operates in conjunction with the ADC 
busy signal in controlling the live time clock so that 
the live time clock is gated off for all pulses that ex
ceed a specified lower level. The live time clock re
mains off until the ADCs are no longer busy and the 
baseline is restored to its zero reference level. The 
clock is also gated off for the duration of all rejected 
pulses. A more detailed description of the pulse selec
tor is given in Paper III-15. 

LIVE TIME CLOCK 

The live time clock is comprised of a 10 mc crystal 
oscillator that drives a series of micro-logic dividers. 
The unit can be preset to count from 1 to 1000 min. 

busy output from the pulse selector controls the 
time such that the crystal oscillator output is 

gated off whenever the ADCs are busy or for the dura
tion of a rejected pulse. 

Live time is displayed by an octal readout on the 
front panel of the live time module. 

TEST AND APPLICATION 

The system described above has been tested in the 
Argonne Fast Source Reactor by comparing proton-re
coil spectra taken at low counting rates with the same 
spectra taken at very high counting rates. These tests 
indicate that non-distorted proton-recoil data can be 
obtained at count rates in excess of 30,000 cps when 
using methane counters, and 10,000 cps when using 
hydrogen counters. The maximum possible count rate 
limit for the system has not been determined but pre
liminary measurements indicate that counting rates up 
to 20,000 cps using hydrogen counters should be at
tainable. 

The system has been used for a number of spectrum 
measurements in ZPPR and ZPR-3. The details of 
these measurements may be found in Paper 11-18. 
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I I I - 1 8 . D e v e l o p m e n t s i n t h e E l e c t r o n i c S y s t e m f o r N e u t r o n S p e c t r o s c o p y 
w i t h P r o t o n - R e c o i l P r o p o r t i o n a l C o u n t e r s 

T. J. YULE and E. F. BENNETT 

INTRODUCTION 

The measurement of fast neutron spectra in zero 
power reactors using proton-recoil proportional count
ers with gamma-ray discrimination has been pursued 
at Argonne for a number of years.^'^ During this time 
numerous improvements in the electronic system have 
evolved. The electronics of the present spectrometer 
allows undistorted spectra to be recorded over the full 
energy range from 1 keV to 3 MeV with count rates 
exceeding 20,000 counts/sec. A moderately high count 
rate system is especially desirable for measurements in 
plutonium cores where the spontaneous neutron source 
from Pu-240 is rather large. 

ELECTRONICS SYSTEM 

AMPLIFIER SYSTEM 

One problem that is immediately encountered in 
measuring neutron spectra with proportional counters 
is that the electronic system must operate satisfacto
rily under severe amplifier overloads. When the proton 
spectra are being recorded in the low keV range with 

the counter voltage set at high gas multiplication, pro
tons with energies of several MeV create large over
loads. These overloads should not be allowed to cause 
saturation in the preamplifier and should be handled 
appropriately by the slow ionization amplifier, such 
that at moderate count rates undistorted spectra can 
be obtained. 

A block diagram of the amplifier system is shown in 
Fig. Ill-18-1. The preamplifier, besides not saturating 
under heavy overloads, must have a moderately fast 
rise time and low noise. A rise time of less than 15 nsec 
is adequate, since diffusion of the electron bunch 
makes meaningless the use of time constants of less 
than 20 nsec even for a fast gas such as methane. At 
shorter time constants the separation of proton-recoils 
and gamma-induced electrons does not improve, while 
the resolution of the peaks worsens because of in
creased noise. A charge-sensitive preamplifier specifi
cally designed for proton-recoil proportional counting 
is used.*""̂  The preamplifier is able to provide an out
put pulse of 20 V without saturating. 

The slow side of the amplifier sj'̂ stem, which pro-
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' duces a pulse whose height is proportional to the ioni
zation, consists of a pole-zero compensated hnear 
amphfier, baseline restorer, and inverter amplifier. 
Preamplifier noise dominates the noise in the slow 
channel; noise from the shaping amplifier is negligible. 
Because of the shape of the collection profile, it is not 
obvious whether using unipolar or bipolar pulse shap
ing is superior in high count rate applications. The 
shape of the pulse for a point event is given by^ 

T.(i^ e , / 2VKt , A 
(1) 

until P = —e/C at which time all charge is collected, e 
is the charge of the electron, C the input capacitance 
of the counter-preamplifier combination, V the voltage 
on the counter, K the positive ion mobility, and a and 
b are the radii of the anode and cathode, respectively. 
A sketch of the pulse profile is shown in Fig. III-18-2a. 
The slow component of the pulse persists until positive 
ion collection-times of the order of miUiseconds are 
usual for hydrogen-filled counters. Using reasonable 
time constants in the amplifier of a few /*sec, a sizeable 
pedestal results for large overloads with unipolar pulse 
shaping, as shown in Fig. III-18-2b. It has been sug
gested that an appropriate way of removing this ped
estal, so that reasonable count rate capability can be 
obtained, is to use the pole-zero correction adjusted 
such that a slight negative undershoot is observed that 
just exceeds the amplitude of the pedestal."- ® The 
pulse is then restored by using a fast restoring base
line restorer. In the bipolar mode the pedestal is 
strongly attenuated and the dc restorer is not used. 
Time constants of 2.4 ^sec are used for both the unipo
lar and the bipolar mode. The inverter amplifier in
verts the pulse and, for the bipolar pulses, clips the 
second node to be compatible with the pulse selector 
and linear gate which is described in the next section. 

The fast side of the amplifier system, which pro
duces a pulse whose height is proportional to the rise 
time of the pulse from the preamplifier, consists of a 
fast linear amplifier, a fast stretcher and an inverter 
amplifier. The fast amplifier system must have pulse 
shaping constants in the 20 to 100 nsec range for pro
ton-recoil spectroscopy. In the past, pulse differentia
tion was done with a shorted delay line.^ The pulse 
was then amplified by a fast amplifier. At the present 
time a fast amplifier with RC integration and differen
tiation is being used. The amplifier was designed for 
timing with Ge(Li) detectors, surface barrier detec-

^ f f s , or photomultipliers. The pulse stretcher and in-
flAter condition the pulse for the linear gate. 

selector,*'* which determines whether the slow channel 
pulse is an acceptable data pulse and if so, allows it 
along with the corresponding fast pulse to be analyzed 
by the ADCs. A number of requirements must be met 
before the pulse is regarded as acceptable. The pulse 
must be within a window set by an upper level and a 
lower level discriminator. The ADC-computer combi
nation must not be busy. The pulse must be a data 
pulse and not a pulser pulse. (Pulser pulses are used 
for live timing, as explained in the next section.) The 
timer must be on. The baseline must have been down 
for a set period of time. This function is performed by 
a baseline discriminator and paralysis circuit. For a 
given pulse or combination of overlapping pulses the 
length of time the baseline discriminator is exceeded is 
determined, and for our purposes may be referred to as 
the pulse width. The pulse selector will deem unaccept
able any pulse which comes within a present number of 
pulse widths of a previous pulse. The preset number of 
dead widths may be 1, 2 or 3. The logic outputs from 
the pulse selector are: one that indicates that the base
line discriminator has been exceeded—BLD; one that 

a. 0.4 -

LOGIC SYSTEM 

A block diagram of the logic system is shown in Fig. 
III-18-3. The heart of the logic system is the pulse 

F I G . III-18-2. Pulse Profiles, (a) Pulse Profile at Input of 
Preamplifier; (b) Overload Profile at Output of Slow Amplifier 
Without Pole-Zero Correction for Undershoot. ANL Neg. No. 
116-315. 
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indicates the pulse is an acceptable data pulse— 
PSO • TAG; and one that indicates that the pulse is an 
acceptable pulser pulse—PSO-TAG. An acceptable 
pulser pulse must meet all the requirements that an 
acceptable data pulse must meet. A test pulser pulse is 

distinguished from a data pulse at the pulse selector by 
a coincident tag pulse—TAG. 

The pulse selector also contains an option for pile-up 
rejection. The pile-up rejection circuit differentiates 
the pulse with a short time constant and checks to see 
that the zero crossing of the pulse appears at the 
proper time with respect to the time mark generated 
by the differentiation. We have chosen not to use the 
option in two-parameter analysis for two reasons. 
Firstly, the two-parameter analysis already contains a 
fast differentiation, whose magnitude is stored with the 
pulse height. If a proton pulse is distorted because of 
pile-up, the division of the fast pulse height by the 
slow pulse height for a given slow pulse height will be 
such that the event will appear to be a gamma-ray 
induced event and not be counted as a proton-recoil. 
Secondly, the large range of rise times for pulses from 
a hydrogen counter (where electron drift velocities are 
low) are such that if the pile-up sensor is to be effec
tive for detecting proton event pile-up, some legitimate 
single gamma-ray induced events will appear to be 
pile-up events and thus rejected. The shape of th 
peak of the gamma-ray induced events will depeni 
the count rate. An uncertainty results when one ma 
a background subtraction using background generated 
at some different count rate because the backgrounds 

aWP^ 
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will not match. There are ways around this problem by 
employing additional circuits, but unless one wants to 
increase the count rates far in excess of 20,000 counts/ 
sec, such measures are not called for. However, when 
gamma-ray discrimination is not being employed, 
pile-up rejection may be effective in limiting distor
tion. Care must be taken not to set the pile-up rejec
tion for too short a pulse width since even in a fast gas 
like methane, long track lengths along the diameter 
have a considerably different rise time than tracks 

•

ng the axis. 
?he linear gates delay and stretch the pulses from 

the slow and fast sides of the system and allow the 
pulses to be strobed through to the ADCs only if the 

appropriate PSO • TAG logic pulses are present. Scalers 
record BLD and PSO-TAG. 

COUNTING LOSS DETERMINATION 

Because of the presence of the pulse selector, it is 
not possible to determine counting losses by simply 
monitoring when the ADC-computer combination is 
busy." The whole system must be taken into account. 
Pulses from a test pulser operating at a fixed fre
quency (60 per sec) are presented to the input of the 
preamplifier. A tag pulse is also generated to identify 
pulser pulses. The test pulse must meet all the require
ments of an undistorted data pulse and be accompa-
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F I G . III-18-6. Pulser Pulse-Height Spectrum Using Unipolar 
Pulse Shaping and a Preset Dead Width of 3 in the Presence 
of 22,000 counts/sec from a Hydrogen-Filled Counter. ANL 
Neg. No. 116-312. 
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nied by a tag to have the pulse selector generate a 
PSO-TAG pulse. The live time of the system is simply 

PSO-TAG 
Live Time = Real Time 

TAG 
(2) 

where real time is determined from the timer, TAG are 
the number of test pulses generated during this time, 
and PSO-TAG are the number of acceptable pulser 
pulses. Such a live timing system is only suitable for 
constant count rates.® 

Such a count loss determination system may be ap
plied as a rapid method of determining distortion as a 
function of count rate. In this mode one allows only 
pulser pulses to be analyzed in the presence of counter 
generated pulses. PSO -TAG is used to strobe the linear 
gates and ADCs instead of PSO-TAG. The resulting 
distribution of pulser pulses indicates the extent of 
distortion. Results of such tests are considered in an
other section. 

STORAGE INFORMATION 

The ADCs are interfaced to a Varian Data Ma
chines 622 computer. The storage routine'^" and the 

PULSE HEIGHT 

F I G . III-18-7. Pulser Pulse-Height Spectrum'Using Unipolar 
Pulse Shaping and a Preset Dead Width of 1 in the Presence 
of 22,000 counts/sec from a Hydrogen-Filled Counter. ANL 
Neg. No. 116-309. 
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F I G . 111-18-8. Pulser Pulse-Height Spectrum Using Bipolar 
Pulse Shaping and a Preset Dead Width of 3 in the Presence 
of 22,000 counts/sec from a Hydrogen-Filled Counter. ANL 
Neg. No. 116-311. 

details of the interface^^ have been described else
where. The computer forms the ratio of fast-to-slow 
pulse height, i.e. the radial specific ionization of the 
event. This ratio along with the ionization of the event 
is stored in a two-parameter array. Figure III-18-4 
illustrates part of a typical array for a given value of 
ionization. The region at high values of the specific 
radial ionization corresponds to proton-recoil events 
and at low values to fast electrons from interactions of 
gamma-rays with the walls of the counter. 

TESTING THE ELECTRONIC SYSTEM 

DYNAMIC TEST PULSEE TEST OF SYSEM 

The count rate capability of the system was checked 
using the test pulser method previously described, 
in. diam counter with a 6.5 in. sensitive length fil 
with predominately hydrogen gas at 80 psi was pla^ 
5 in. from the graphite-uranium interface of the Snell 
block.^2 The spectrum in this position is quite hard and 

teed" 
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long sensitive length of the counter means that 
proton-recoils of several MeV can be stopped in the 
counter. The counter was operated at a voltage of 
4400 V, which corresponds to a gas gain of about 3300. 
The electronics were such that full scale ionization 
would be a few keV. This represents about the most un
favorable condition with respect to severe overloads. 
The undistorted pulse-height distribution, i.e., no volt
age on the counter, is shown in Fig. III-18-5. The effect 
of various pulse shaping and dead width combinations 
at a deadtime-corrected, baseline discriminator rate of 
22,000 counts/sec are shown in Figs. III-18-6 through 
III-18-9. Note that the ordinate is a logarithmic scale. 
The cleanest peak is obtained with unipolar shaping 
using the baseline restorer and a dead width setting of 
3 pulse widths, as shown in Fig. III-18-6. Figure I I I -
18-7 indicates that when the dead width setting is re
duced to 1, unacceptable distortion occurs. There is 
some fast undershoot associated with the large over
loads that the baseline restorer is not able to smooth 
out. Figure III-18-8 indicates the effect of using bipo
lar pulse shaping and a dead width setting of 3. The 
pulse width is that associated with only the first node 
of the bipolar pulse. The amount of distortion is ac
ceptable—only about 3% of the counts fall in channels 
less than 90 and greater than 100. Figure III-18-9 
shows the effect of using unipolar pulse shaping and a 
dead width setting of 2. When comparing unipolar 
pulse shaping and bipolar pulse shaping, it is most 
useful to consider Figs. III-18-8 and III-18-9. The 
pulse width times the dead width setting is approxi
mately equal for the two cases, when only the width of 
the first node is taken for the bipolar pulse. It is seen 
that unipolar shaping produces slightly less of a low 
energy tail, whereas there is no difference in the high 
energy tails. For a given live time, the unipolar or 
bipolar modes are almost equivalent. 

The system was also checked for differential linear
ity in the various modes by using a ramp generator as 
the voltage reference for the test pulser. The 1 in. diam 
hydrogen counter at 4400 V was used. 

GAMMA SPECTRUM TEST OF SYSTEM 

Tests were made by looking at the recoil electrons 
from the wall of the counter when a cesium gamma 
source was placed near the counter. Various voltage 
and count rate combinations were investigated. In
stead of using a two-parameter analysis, one-parame
ter was used. The interest was in the recoil-electron 

^i j | t r ibut ion and there were no neutrons present. Such 
B B R S permit the determination of the quality of over

lap of adjacent voltage settings without the uncer
tainty of background subtraction that is present in a 
typical proton-recoil measurement, where gamma-ray 
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F I G . III-18-9. Pulser Pulse-Height Spectrum Using Unipolar 
Pulse Shaping and a Preset Dead Width of 2 in the Presence 
of 22,000 counts/sec from a Hydrogen-Filled Counter. ANL 
Neg. No. 116-313. 

induced background will always be present. These tests 
offer some advantage over pulser testing because one is 
looking at legitimate counter pulses with their variety 
of profiles. However, these tests are dependent on rela
tive calibration data for the various voltages. Good 
overlap was realized for the various voltages in the 
tests, indicating there were probably no systematic er
rors being overlooked. 

It may appear that undue emphasis has been placed 
in this report in detailing the types and quality of the 
tests that have been performed. Nevertheless, the tests 
proved essential in determining the quality of the elec
tronic system. About two years ago a solid-state, volt
age sensitive preamplifier passed all the static tests de
scribed above, as well as the dynamic tests with the 
test pulser. However, all data taken with this preampli
fier showed differences of a few percent in overlap from 
voltage to voltage. I t was only after making careful 
tests with the gamma spectrum method that the over-
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lap difficulty could be attributed to a small differential 
non-linearity for proportional counter pulse profiles. 
The preamplifier was subsequently replaced with the 
one described above. 

REFEEENCES 

1. E. F . Bennet t , Proportional Counter Proton-Recoil Spec
trometer with Gamma Discrimination, Bev. Sci. Ins t r . 33, 
1153 (1962). 

2. E . F . Bennet t , Fast Neutron Spectroscopy by Proton-Recoil 
Proportional Counting, Nucl. Sci. Eng. 27, 16 (1967). 

3. E . F . Bennett , Neutron Spectrum Measurement in a Fast 
Critical Assembly, Nucl . Sci. Eng. 27, 28 (1967). 

4. J . ^ I . Larson, A Wide Band Charge Sensitive Preamplifier 
for Proton-Recoil Proportional Counting, ANL-7517 
(1969). 

5. J . M. Larson and J. E. Powell, Spectrum Distortion from 
Amplifier Overloads in Proton-Recoil Proportional Count
ing. Nucl. Ins t r . Methods 71 , 157 (1969). 

6. J. M. Larson and J. E. Powell, Electronic System Develop
ments for Proton-Recoil Spectra Measurements in Plutonium 

4 ^ ^ 
Critical Facilities, Reactor Physics Division Annual 
port, July 1, 1968 to June 30, 1969, ANL-7610 pp . 410-

7. D . H. Wilkinson, Ionization Chambers and Counters, (Cam
bridge University Press, Cambridge, 1950) p . 91. 

8. M. G. Strauss, I . S. Sherman, R. Brenner, S. J . Rudnick, 
R. N . Larsen and H. M. Mann, High Resolution Ge (Li) 
Spectrometer for High Input Rates, Rev. Sci. Instr . 38, 
725 (1967). 

9. H. H. Bolotin, M. G. Strauss and D . A. McClure, Simple 
Technique for Precise Determinations of Counting Losses 
in Nuclear Pulse Processing Systems, Nucl. Instr . Methods 
83, 1 (1970). 

10. T . J . Yule and E. F . Bennet t , Use of a Small Computer for 
Proton-Recoil Proportional Counting, Reactor Physics 
Division Annual Report , J idy 1, 1967 to ,Iune 30, 1968, 
ANL-7410, pp. 358-360. 

11. C. E. Cohn, E. F . Bennett and T. J . Yule, Hardware and 
Software for Nuclear Spectroscopy on the Varian Data 
622/i Computer, ANL-7704 (1970). 

12. E. F . Bennet t and T . J . Yule, Fast Neutron Spectra in 
Uranium Metal, Reactor Physics Division Annual Report, 
.luly 1, 1968 to June 30, 1969, ANL-7610, pp . 215-216. 

III-19. Comparison of Neutron Spectra from Proton-Recoi l Counters 
Measured w i t h t h e Idaho and Il l inois Configurations 

T. J. YULE and G. G. SIMONS 

During the last few years a number of neutron spec
trum measurements have been made using proton-re
coil proportional counters at Argonne's Idaho and Illi
nois sites. During this time, some differences have 
arisen in the experimental configurations and analysis 
of the data. A considerable effort has taken place at 
Idaho in improving the count rate capability of the elec
tronics. While the electronics have been continually im
proved at Illinois, the major effort has been in devel
oping the analysis. I t was decided that it would be 
useful if members from both sites would measure the 
same spectrum using their existing detector assemblies 
and pulse shaping electronics. The measurement would 
enable the two groups to work together at one site and 
thus insure a consistent approach to measurement 
techniques and analysis. 

DESCRIPTION OP THE APPABATUS 

Counters manufactured by Reactor Controls, Inc. 
were used. Table III-19-1 contains the physical dimen
sions and gas fillings for the counters. The two hydro
gen-filled counters and the Illinois methane-filled 
counter were filled at Illinois. The ratios of sensitive 
volumes were determined by introducing a known 
amount of A-37 into the counters and determining the 
relative count rates. The counters were filled to pres
sures at which the resolution started to worsen appre
ciably, i.e., about 10% FWHM. Pressure tests had 
shown that the small amount of methane, about 1% in 
the hydrogen-filled counter, was adequate for quench
ing. The Idaho methane-filled counter was filled by 
Reactor Controls, Inc. There is some question about 

TABLE III-19-I. PHYSICAL D I M E N S I O N S AND G A S F I L L I N G S FOR PHOPOBTIONAL COUNTER CHAMBERS 

Methane—Idaho 
Methane—Illinois 
Hydrogen—Idaho 
Hydrogen—Illinois 

Inside Diameter, 
in. 

0.593 
0.593 
0.343 
0.343 

Sensitive 
Length, 

in. 

1.25 
1.26 
0.76 
0.76 

Anode Diameter, 
in. 

0.0007 
0.0007 
0.0007 
0.0007 

Relative 
Volume 

4.33 
4.19 
1.00 
1.00 

Gas Filling, Ib/in.^ at 0°C 

Methane 

110.0 
113.0 

1.34 
1.34 

Hydrogen 

135.0 
135.0 

Nitrogen 

4 . 6 0 M | 

1 . 0 9 ^ 
1.38 
1.38 
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FIG. III-19-1. Comparison of Spectra Measured with Different Idaho and Illinois Detectors and Pulse Shaping Electronics. 
ANL-ID-103-A11495. 

the actual filling and the numbers in the table for this 
counter are tentative. 

The pulse shaping compnents for the Idaho and Illi
nois configurations are described in Papers III-17 and 
111-18. 

DESCEIPTION OF THE MEASUKEMENT 

The neutron spectrum chosen for the comparison 
was that found in a large block of uranium metal 
available at the Argonne Thermal Source Reactor. 
During the measurements, the count rates were moder
ate—i.e., less than 10,000 counts/sec above a discrimi
nator set at twice the noise level. Count rate tests had 
been previously conducted on both systems and this 
rate was known not to introduce significant distortions. 

The methane-filled counter was used to measure re
coil protons with energies above a nominal 100 keV. 
Three voltage runs were required. The two lowest volt
age runs were made without gamma ray discrimina
tion. 

The hydrogen-filled counter covered energies below 

a nominal 100 keV. For all five voltages with the hy
drogen-filled counter, gamma ray discrimination was 
used. It is possible to extend the measurements with 
the hydrogen-filled counter to higher energies, but be
cause of uncertainty in the energy calibration once the 
track lengths become large, interpretation of the data 
is difficult. 

COMPARISON OF THE TWO MEASUEEMEXT.S 

Figure III-19-1 presents the derived neutron spectra. 
The proton-recoil spectra were corrected for field ef
fects and W, but not for carbon recoils or finite range 
effects. The upturn in the neutron spectra at the end of 
the methane region, i.e., at about 100 keT, and struc
ture seen around 1.5 keV in the Idaho data are not real 
but were traced to errors induced by improper gamma 
ray background subtraction and not to different fast 
neutron responses. This particular measurement em
phasizes the necessity for care in making background 
subtractions. 
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III-20. A Precis ion dc Basel ine Restorer for Proton Recoil Proport ional Counting^ 

J. M. LARSON 

IlNTEODUCTION 

This note describes a precision dc restorer that was 
designed principally for use with the proton recoil 
spectrometer described in Paper III-17. This spectrom
eter uses unipolar pulse shaping and, as a consequence, 
dc restoring is necessary to prevent spectral distortion 
generated by baseline shifts during overloads and at 
high counting rates. 

A baseline restorer used in this application must 
have: (1) fast baseline recovery so that high counting 
rates may be handled without baseline shift, (2) dc 
baseline stability so that long-term baseline shifts due 
to temperature or power supply variations remain neg
ligible, and (3) immunity to large amplitude overloads 
that might otherwise cause the restorer itself to gener
ate baseline deviations. 

The restorer described herein achieves fast baseline 
recovery through the use of an active restoring circuit. 
Direct current baseline stability with temperature var
iation is obtained by use of differential pairs and drift 
compensation using field effect transistors. Overload 
capability is provided by using a direct coupled design 

that eliminates the need for capacitor by-passing 
across bias networks. 

CiECUiT DESCRIPTION 

The baseline restorer is shown schematically in Fig. 
III-20-1 and is comprised of an active restoring circuit 
(transistors Qi through Qs), and an output driving 
amplifier (transistors Qg through Q19). The restoring 
circuit is based on the Robinson Circuit^ in the more 
elaborate active restorer configuration, similar to that 
described by Williams.^ 

The simplified Robinson Circuit is shown in Fig. 
III-20-2, and its output response to a square input 
pulse is shown in Fig. III-20-3. In this circuit, the 
current sink draws a current /a = Y% h, and with no 
input signal the diode currents are of equal magnitude. 
The individual voltage drops across the diodes are then 
also equal and cancel so that the output of the circuit 
is normally maintained very near to zero volts. 

When a positive input pulse occurs, diode CR-1 cuts 
off and CR-2 conducts with a current I3 = / i . With 
CR-1 cut off, capacitor C is discharged by the current 
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F I G . III.20-2. Basic Robinson Restorer. ANL-ID-103-A11488. 

I2, drawn by the current sink, and consequently the 
output voltage droops by an amount AV = I^At/C. 

On the trailing transition of the input, the output of 
the circuit then undershoots by an amount AV causing 
diode CR-1 to conduct, thus cutting off CR-2. Capaci
tor C is then charged by the current (Ji — J2) — Ii/2 
= I2, thus restoring the output to the baseline in a 
time At = AVC/I2 after the trailing edge of the input 
pulse. 

In actual practice, the time A^ required to restore 
the output of the circuit to the baseline is generally 
somewhat longer than indicated by the simplified ex
pressions given above. This effect is due largely to the 
variation of the dynamic resistance of the diodes as a 
function of their forward current. 

The active restoring circuit described in this paper 
includes the Robinson Circuit, described above, in an 
amplifier feedback loop to idealize the diode character
istics and to force large restoring currents to flow 
whenever the baseline drops below zero volts, thus 
forcing rapid and precision baseline recovery. This ef
fect is illustrated by the simplified circuit and wave
forms of Figs. III-20-4 and III-20-5. 

n this circuit h is set equal to 2/2 for the condition 
o input signal and with the output EQ = OY. When 

a positive pulse occurs, CR-1 cuts off, CR-2 conducts, 
and C is discharged in the same manner as with the 

9^' 

basic Robinson circuit described earfier; however, the 
circuit differs in that when the baseline goes negative 
and CR-1 conducts, the restoring current 1% is in
creased to a value of h = EQA, where A is the open 
loop gain of the feedback network. If A is large, h also 
becomes large when the baseline is negative with the 
result that baseline recovery can be made extremely 
rapid. In this particular design, Ix may take on values 
as high as 50 mA, yielding typical baseline recovery 
times of approximately 1 /tsec for a 1 V undershoot. 

The output voltage from the baseline restorer drives 
a direct coupled output driving amplifier that provides 
isolation between the output of the restorer and the 
external load. This amplifier has an open loop gain in 

^ ^ ^ 

AV 

AV 

i 
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F I G . III-20-3. Pulse Waveforms Using Robinson Restorer. 
ANL-1D-103-Ali481. 
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F I G . in-20-4 . Active Baseline Restorer. ANL-ID-10n-All4888. 
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E in 

F I G . III-20-5. Pulse Waveforms Using Aelive Restorer. AAT^-
ID-103-AIH89. 

excess of 5,000 and a closed loop gain of 2, resulting in 
excellent linearity and low output impedance. 

DRIFT COMPENSATION 

Differential transistor pairs are used in the appro
priate gain stages of both the restorer and output driv
ing amplifier; however, temperature compensation is 
achieved primarily by adjusting the temperature drift 
of the input field effect transistors Qi and Q9. The drift 
of these transistors is a function of their bias currents, 
and their drift can be adjusted to compensate for other 
drifts within the remainder of the circuit. 

Initially the bias current of Q9 is adjusted, with its 
gate grounded, until the temperature drift of the out

put driving amplifier is minimized. The gate of Q9 
then disconnected from ground and the bias current of 
Qi is adjusted until the overall temperature drift of the 
unit is minimized. 

This technique eliminates the necessity of using 
matched transistor differential pairs and still achieves 
excellent temperature stability. The baseline of these 
units typically drifts no more than 214 mV for a tem
perature variation from 40 to 130°F. 

The restoring circuit and the output driving ampli
fier are isolated from the ±24 V M M levels by the 
internal regulators comprised of Q20 through Q24. 
These regulators essentially remove any ac ripple ex
isting on the supply levels and also maintain a con
stant 18 V output, thus isolating the internal restorer 
circuits from any dc variations that might occur on the 
±24 V levels due to external power supply loading. 

OVERLOAD CAPABILITY 

All bias voltages in the circuit are supplied from 
emitter followers having low output impedances so 
that capacitor bypassing of the bias networks is elimi
nated. This arrangement prevents bias network bypass 
capacitors from charging during overloads, thus pre
venting unwanted time constants that could degrade or 
otherwise extend baseline recovery time after the over
loading signal has passed. 
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111-21. S p e c t r u m Analysis for a Si l icon F i s s ion-Fragment Detector 

E. 'M. BoHN and A. B. LOXG 

INTROUTJCTION 

A thin silicon solid state detector is currently being 
tested in the ZPR-6 and -9 critical assemblies for the 
measurement of fission rates.^ The fission fragment 
pulse height spectrum obtained with this detector in
cludes extraneous counts due to gamma background 
in the reactor and electronic noise. This extraneous 
noise must be separated from the spectrum in order 
to determine the absolute fission rate. A method based 
on kinetic energy spectrum analysis for silicon de

tectors^ has been developed to aid in the determination 
of the absolute fission rate. 

SPECTRUM ANALYSIS 

A typical detector-fission source arrangement is 
shown in Fig. III-21-1. Fission fragments leaving the 
source foil and traveling to the detector lose e n e r g y j ^ ^ 
the source deposit, in the layer of air between I^HF 
source and detector, and in the silicon dead layer of the 
detector. The measured fission fragment kinetic energy 
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Istribution is distorted and displaced along the energy 
axis as a result of the energy losses sufî ered by fission 
fragments traversing a distribution of paths between 
source and detector. 

The number of fission fragments recorded with 
kinetic energy T is given bj ' 

N{T) = Z P, E F(r„)[(i/V2^r) 
(1) 

• e x p ( - ( r - T,,f/2al)]. 

In Eq. (1), Pj is the probabihty of a fission fragment 
traversing the source-detector separation along path 
j , T,j is the most probable kinetic energy for fragment 
i traversing path j , Y(T,j) is the yield of the most 
probable energy for fragment i traversing path _/, and 
<r,- is the standard deviation of the kinetic energy dis
tribution in fission for fragment i. 

The fission fragment energy losses through each ma
terial along the source-detector path are computed 
with the empirical expression' 

M\ = [2T,ZiM,/Z,fi-'-At,/0MSoA, (2) 

where Z and A are the atomic number and mass of 
the energy absorbing material, T, is the most probable 
post-neutron-emission kinetic energy for fragment i, 
M^ and Zj are the mass and most probable atomic 
number of the *th fragment, and Â  is the thickness of 
the absorbing material. Referring to Fig. III-21-2, for 
fragment i traveling through material k along path j , 

M\,u = [2r,,(i.„i)ZJ/yZ>]"2-A<,,/0.0685A. (3) 

The most probable kinetic energy for fragment i tra
versing a path j from source to detector is then given 
by 

r,, = T. - i : AT,,,. (4) 

In order to compare the calculated spectrum with a 
measured spectrum, the kinetic energy distribution 
given by Eq. (1) is converted to a pulse height spec
trum using the Schmitt transformation,'' 

Xn = (a + M[,yi\, -f c H- dM, (5) 

where X„ is the nth pulse height channel and a, h, c, and 
d are detector constants determined from the experi
mental pulse height distribution. 

# : 

FISSION FRAGMENT CONSTANTS AND 

DETECTOR PARAMETERS 

The most probable post-neutron-emission kinetic 
rgy for each fission fragment from the fission of 

235 was computed using the relation^ 

FISSION SOURCE 
FOIL 

LAYER OF AIR 

FISSILE MATERIAL 
DEPOSIT 

SILICON FISSION 
FRAGMENT 
DETECTOR 

SILICON DEAD 
LAYER 

F I G . n i - 2 1 - 1 . Detector-Fission Source Configuration. AXL 
Keg. No. 116-540. 

where Tf is the most probable pre-neutron emission 
kinetic energy for fragment i ^^ and v, is the average 
number of prompt neutrons emitted by fragment i after 
fission." The most probable atomic numbers, Z,, for 
U-235 fission fragments were taken from Wahl.' 

The values of at which are used in Eq. (1) were de
termined by comparing a calculated distribution with 
the undistorted (no energy absorbers present) U-23o 
pulse height spectrum given by Schmitt et al.* It was 
found that values for o-j of 5.4 for the light mass frag
ments and 4.4 for the heavy mass fragments reproduced 
the Schmitt spectrum very well. 

CALCULATED SPECTRUM 

A computer program, utilizing Eqs. (1-5), has been 
developed to calculate the fission fragment spectrum 

SILICON 
DETECTOR 

T. MJ*/QU + 5.), (6) 

F I G . I1I-21-2. Detector-Fisson Source Configuration and the 
Components of Fission Fragment Pa th j Through the Soiu'ce 
Deposit (Material k = 1), Through the Air Layer Between 
Source and Detector (Material k = 2), and Through the Silicon 
Dead Layer of the Detector (Material k = .3). A.XL Xeg. Xo. 
116-541. 
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F I G . III-21-3. Observed (xxx) and Calculated ( ) Fission 
Fragment Pulse Height Spectrum for 20 /ug/cm^ U-235 Source 
and a Silicon Solid State Detector. ANL Xeg. Xo. 116-542. 

obtained with a silicon detector and U-235 source foil. 
Fission fragments are assumed to be emitted isotropi-
cally from within the source foil. The source foil is 
assumed to be small (i.e., a point source) compared 
with the detector dimensions. The solid angle for de
tection is divided into a number of discrete solid angles 
\6j and the probabilities Pj of Eq. (1) are computed 
as the ratios of these discrete angles to the total solid 
angle of emission. 

The kinetic energy-pulse height distribution obtained 
with the thin silicon detector described in Ref. 1 and a 
20 ixg/cra? L -̂235 source in the thermal column of the 
Argonne Thermal Source Reactor is shown in Fig. 
III-21-3. The calculated spectrum, which includes 
energy losses in the source, the air layer (0.01 in. thick) 
between the detector and source, a silicon dead layer 
assumed to be 1.2 ;u thick, and a path length distribu
tion including 20 discrete paths, is also shown in Fig. 
III-21-3. 

The measured spectrum contains extraneous counts 
in the low channels due to electronic noise and gamma 
background radiation. The total percent counts in the 
experimental spectrum which are due to fission frag
ments is determined by comparing the fraction of each 
spectrum (experimental and computed spectrum) under 

the high energy, light fragment peak. This portion 
the experimental spectrum is uninfluenced by extrane
ous counts. By summing and comparing the total per
cent counts under the light fragment peaks (above 
channel 145) in Fig. 111-21-3, it is found that 93.7% 
of the counts in the experimental spectrum are due to 
fissions. Also note in Fig. III-21-3 that the calculated 
spectrum does not go to zero at channel 0. Some of the 
fragments leaving the source are completely stopped 
before reaching the detector. The detector efficiency 
(fraction of fragments leaving the source that ai'e de
tected) is computed to be 90.8%. 

SUMMARY 

The method presented here for fission fragment spec
trum analysis for solid state detectors appears to work 
well. The pulse height spectrum shape is predicted 
well, indicating that the fission fragment energy losses 
through successive layers of absorbing materials (source, 
air, sihcon) are described adequately. 

It was found that the thickness of the silicon dead 
layer of the detector greatlj'- influenced the final spec
trum shape. If this method is employed as an aid in 
the determination of absolute fission rates measured 
with silicon detectors, a precise knowledge of the silicon 
dead layer thickness is required. 
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III-22. H e - 3 Gas Scint i l lator for T i m e - o f - F l i g h t Neutron Measurements 

RAYMOND GOLD and DALE yi. SMITH 

INTRODUCTION 

It is not possible, at present, to measure the entire 
continuous neutron energy distribution in fast reactors 
(or fast critical assemblies) with a single detector or 
method. Present methods of continuous fast neutron 
spectroscopy possess fundamental energy limitations 
which lead, in turn, to finite energy regions of applica
bility. Pulsed critical assembly Time-of-FIight (TOF) 
measurements afford the possibility of examining the 
low energy portion of fast reactor spectra—an energy 
region virtually inaccessible to other methods. 

Accurate TOF experiments in this energy region re
quire that the energy dependent efficiency of the detec
tion system be known or determined experimentally. 
The quality of spectral data obtained in TOF measure
ments depends crucially upon the accuracy with which 
this efficiency is known. Additional characteristics of a 
TOF detection system which bear upon the quality of 
the spectral measurements are fast response, high neu
tron sensitivity, and low gamma ray sensitivity. 

A detection system using the He-3(n,?))T reaction 
would satisfy many of these requirements. The cross 
section of this reaction is 1/v below about 200 keV. 

Consequently, the energy dependence of such a detec
tion system would be well-known and elaborate cali
bration experiments would not be required. Further
more, the He-3(n,p)T reaction becomes dominant 
(with respect to all other possible neutron reactions) 
below 10 keV. Hence, a detection system using this 
reaction would be well suited for measuring the low 
energy end of fast reactor spectra. 

He-3 proportional counters are a conventional and 
widely used neutron detector. Although these counters 
are usually of small active volume, they may be 
stacked to cover a large area. Fast neutron detection 
efficiency is limited by the maximum He-3 pressure 
that can be used. In these counters, the typical upper 
pressure limit is a few hundred psi. However, propor
tional counters possess slow response time. From the 
viewpoint of TOF experiments, this characteristic is a 
serious limitation, since the energy resolution obtained 
with these detectors would be poor. 

An He-3 gas scintillator detection system would pos
sess the advantages described above and at the same 
time provide good energy resolution. Gas scintillators 
are very fast. A rise time of a few nanoseconds is not 

ALL DIMENSIONS IN CENTIMETERS 

FIG. III-22-1. Gas Scintillator Chamber, Quartz Exit Window and Internal Alpha Particle Source. ANL Neg. No. 116-468. 
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TO NEGATIVE HIGH 
VOLTAGE SUPPLY 
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F I G . III-22-2. High Voltage Wiring Diagram for the RCA-
8575 Photomultiplier . ANL Neg. No. 116-463. 
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F I G . III-22-3. Gas Scintillator Response to the Cm-244 
Alpha Source with a Xenon Filling of Approximately 55 psi . 
ANL Neg. No 116 458. 

uncommon for these detectors. Moreover, helium gas 
scintillators can operate at very high pressures. In 
fact, it has already been demonstrated that such detec
tors (with small admixtures of xenon to improve scin
tillation light output) function properly at pressures 
above 10(X) psi.^ 

GAS SCINTILLATOK DESIGN AND CONSTEUCTION 

The general design features of the He-3 gas scintil
lator can be found in Fig. III-22-1. The gas scintillator 
chamber body was machined of type 304 stainless 
steel. The inside surface of the chamber was honed to a 
smooth mirror-like finish. After fabrication, the 
chamber was thoroughly cleansed and then baked out 
at approximately 250°C under vacuum for about 15 
hours. 

A 0.95 cm thick quartz glass disc serves as the exit 
window for the gas scintillator. Hydrostatic pressure 
tests revealed that the counter (with quartz window) 
was leak tight up to 1100 psi. The quartz exit window 
is seated to the scintillator body with a Teflon O-ring. 
Teflon is used to reduce hydrocarbon outgassing that 
would otherwise severely quench gas scintillation. 

x\n opaque coating of MgO (roughly 1 mm thick) 
was applied to the interior surface of the chamber to 
serve as a diffuse white reflector. After the MgO coat
ing was applied, the counter was outgassed by baking 
at approximately 350°C under vacuum for two weeks. 
After bakeout, an organic wavelength shifter, diphen-
ylstilbcne (DPS), was vacuum deposited over the 
]\IgO reflector. A DPS thickness of approximately 300 
^g/cm^ was deposited.^ 

To view the gas scintillations, an RCA 8575 photo-
multiplier is directly coupled to the quartz exit win
dow. Negative high voltage is used to obtain a directly 
coupled fast anode output pulse. The high voltage-dy-
node schematic is displayed in Fig. III-22-2. A capaci
ty-coupled output pulse is also available from the 
eighth dynode. 

To evaluate detector performance, provision was 
made for the installation of an internal alpha source. 
The internal alpha source was located near the cham-
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F I G . III-22-4. Gas Scintillator Response to Neutrons 
Gamma Rays with a Filling of Approximately 24 psi Xe and 
psi He-3. AXL Xeg. Xo. 116-444-

AW^ 
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Hbr center, as shown in Fig. III-22-1, in order to avoid 
complications that would otherwise arise from wall ef
fects. This internal source was removed for subsequent 
evaluation of the neutron response of the He-3-gas 
scintillator. 

PKELIMINARY RESULTS 

Long term stability of the gas scintillator was tested 
with an internal Cm-244 alpha source (5.80 MeV) and 
a xenon gas filling of approximately 55 psi. The scintil
lator response was followed for a time period of 
roughly 6 months. Over this interval, the observed 
alpha particle resolution of the gas scintillator deterio
rated quite slowly from an initial value close to 10% 
(FWHM) to a final value of about 15%. The dynode 
output response observed with the internal Cm-244 at 
the end of the stability test period is displayed in Fig. 
III-22-3. 

Preliminarj' investigations of the neutron response 
were carried out with a gas mixture of approximately 
24 psi xenon and 32 psi He-3. The response of the gas 
scintillator to neutrons and gamma-rays is compared 
in Fig. III-22-4. Neutrons were obtained from a mod
erated americium-beryllium source and gamma-rays 
from a strong Co-60 source. Note that the gamma re
sponse lies in a pulse-height range slightly higher than 
tube noise (dark current). Consequently, when gam
ma-ray doscrimination is important, better pulse 
height separation between gammas and neutrons may 
be possible by selecting low noise photomultipliers. 
(The particular RCA-8575 photomultiplier chosen for 
these tests was, at best, an average tube from the 
viewpoint of dark current.) In any event. Fig. III-22-4 
reveals the basic insensitivity of the gas scintillator to 
gamma radiation, since a gamma-to-neutron flux ratio 
of roughly 150 was used for these measurements. 

A sampling scope was used to analyze the fast anode 
output directly. The pulse shape response due to neu
trons is shown in Fig. III-22-5. I t can be seen that the 
detector rise time is about 3 nsec. Further investigation 

^Continuously operating channels which deliver a 
Hprning function or initiate some remedial action (up 
TO and including plant shutdown) whenever their read
out exceeds a certain limit have been widely used in 
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F I G . III-22-5. Sampling Scope Photograph of the Neutron 

Response of the He-3 Gas Scintillator (Direct Anode Output ) . 
AXL Xerj. Xo. 116-471. 

revealed that noise (dark current) pulses possess vir
tually the same shape. Consequently, the response time 
characteristics of the present detector are not limited 
by the gas scintillator, but can be attributed to the 
RCA-8575 photomultiplier. 

I t can be estimated from Fig. III-22-4 that a pulse-
height resolution of approximately 50% (FWHM) was 
obtained in these preliminary neutron measurements 
at an energy of 780 keV, coiTesponding to the positive 
Q of the He-3(n,p)T reaction. Although some im
provement in resolution is desirable and may be antici
pated, the present detector provides adequate dis
crimination from the viewpoint of TOF measurements. 
Satisfactory gamma-ray discrimination has already 
been demonstrated in Fig. III-22-4. Discrimination 
against He-3 clastic knock-on events can also be ade
quately achieved in TOF measurements with the pres
ent gas scintillator resolution. 
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various industrial processing plants. In power reactor 
safety applications, such channels must meet particu
larly stringent requirements while sensors are at the 
same time exposed to a hostile and debilitating envi-
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ronment. ,^he current development of large LMFBR 
plants^''%"perating at higher temperature and radiation 
levels, as well as at a considerably higher power den
sity,' than conventional water and gas-cooled cores has 
led to even more difficult requirements—not only as 
regaeds radiation and temperature hardness of sensors, 
but particularly with respect to the required speed or 
resp%tise. In very general terms, the output—usually 
an analog signal such as a voltage or current—lags 
behind the direct output at the sensor head due to the 
finite response speed of the various electronic elements 
of the channel, beginning with the transmission line. 
While certain possibilities promising considerable im
provements in this response lag have been proposed,^- ̂  
existing and well-tested methods of sensing flux level, 
temperature, flow, etc. all develop an output signal 
which exhibits a characteristic "rise-time" in response 
to a step function in the measured parameter input. 
Earlier warning thus necessarily implies a lower warn
ing or alarm level, which in turn emphasizes the fre
quency of false alarms due to various fluctuations in 
the input, translated by the channel into readout fluc
tuations. 

In some types of sensing channels, fluctuations of a 
special nature appear, e.g. flow measurements of very 
high sensitivity and wideband frequency response may 
pick up pump effects as well as "partition noise". Aside 
from these special effects, however, sensor channels are 
always subject to certain statistical fluctuations, gen
erated in part by the sensor, and in part by subsequent 
electronic components. In this paper, we shall specifi
cally emphasize channels employing nuclear detectors 
which deliver discrete current pulses in response to the 
absorption of individual neutrons or gamma rays; 
these current pulses are thereupon processed into an 
analog voltage or current by direct integration or by 
using a count rate meter at the output of a wideband 
amplifier. Either of these apparently dissimilar meth
ods amounts to an electrical filter which may have 
several time constants or corner frequencies. The fluc
tuations appearing at the output of this kind of chan
nel in the presence of a steady input rate, i.e. at con
stant power level, are generated by the quasi-random 
time distribution of discrete input events, but depend 
also on the filter constants; a small correlated compo
nent in the input time distribution* has only negligible 
efl̂ ect. These statistical fluctuations would therefore be 
expected to play an important role in determining such 
operating parameters of a given sensor channel as the 
smallest temporary excursions in the local flux which 
can be detected, or the speed of reaction to a large 
excursion. 

The basic assumption made here is that the level 
must be set in conformity with a certain maximum 
false alarm frequency, specified in the instrumentation 

plan of a projected reactor plant. I t should perhaps 
stressed that this further implies assured continuous 
performance of the channel, in contrast to the domi
nant consideration of finite life on which false alarm 
frequency estimates of safety channels are usually 
based. To make such estimates valid, to be sure, the 
mean time between failures must be known; the fur
ther assumption is often made that failure of any one 
detection channel results in a conditional alarm, such 
that a false alarm actually occurs when a certain num
ber, perhaps all, of several parallel channels have 
failed. In temperature sensing channels, where this ap
proach has been traditional, sensors are usually made 
to read high if the thermocouple (or resistance ther
mometer) fails by adding a "burnout protection" fea
ture (originally conceived to protect kilns and similar 
batch-processing equipment). If individual thermocou
ples (of which there may be a large number) are tested 
at certain intervals only, a false alarm frequency can 
be given by estimating the chance that all of a number 
of parallel sensors fail within the testing interval. 
However, continuous testing can be provided, for in
stance, by frequency separation of signal and test cur
rents, hence false alarms due to total channel failure 
are not unavoidable. Similarly, the operability of nu
clear surveillance channels for local flux detection, fuel 
failure sensing, etc. can be monitored continuously, at 
least in regard to the electronic components of the 
system. A remaining possible malfunction leading to a 
false trip, that is, a breakdown between the electrodes 
of the counter, can be dealt with by pulse shape dis
crimination methods, for pulse counting channels and 
by redundant channels in other applications—the like
lihood of simultaneous breakdown in several counters 
being negligibly small. 

These remarks allow the conclusion that statistical 
fluctuations indeed determine the false alarm fre
quency in safety channels based on nuclear detection. 
With that motivation, a study of such fluctuations has 
been undertaken. The original aim of providing a pre
scription for the optimum filtering and alarm level 
settings for a specific installation—^the FERD (Fuel 
Element Rupture Detector) loop of EBR-II<°*—was 
broadened to a more general investigation when it be
came apparent that a reliable theoretical framework 
for false alarm frequency calculations had first to be 
developed. Preliminary results are reported in Paper 
III-24. 
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I l l - 2 4 . F l u c t u a t i o n s of Count Rate Meter Signals 

K. G. A. PORGES and W. CORWIN 

The practical importance of statistical count rate 
meter fluctuations in reactor safety monitoring and 
similar surveillance tasks is discussed in Paper III-23. 
In this report, we shall summarize some preliminary 
theoretical and experimental investigations of a de
scriptive model. The miodel is ultimately intended to 
be used for making realistic estimates of the false trip 
frequency due to fluctuation, hence for optimization 
of design and adjustment of safety channel informa
tion processing equipment. 

To provide a useful framework for these calculations, 
a viable analytic expression of the level distribution 
W{V) is required. Considering the count rate meter as a 
device which transduces a randomly distributed input, 
consisting of discrete events, into an analog voltage V, 
one can describe the effect of this device in terms of its 
response F{t) to a single input event. This response is 
the Fourier transform of the device frequency response 
R{o>) and can thus be classified as a filter. In analogy 
to Carson's theorem, which describes the moments of 
the filter output in response to a white spectrum, Camp
bell's theorem,* further generalized by Rice,^ can be 
used to calculate the cumulants X* of the voltage level 
distribution W{V) from the response F{t) in the time 
domain. Thus equipped mth a set of cumulants, one 
can, in principle, construct the distribution 

W{V) = (2,r)-i f dy 

• exp rX) {(iyyXk/k!} - iyVl. 
(1) 

However, what is needed here is a practical formula
tion which can be readily used in further calculations 
of false alarm rates. For that purpose, it is expedient 
to provide a fit over a limited range by means of a 
Gaussian corrected by a polynomial series. This ex
pression is suggested by the fact that any distribution 

|ds to approach a Gaussian under certain limiting 
Iditions, and within a certain range of parameters. 

At the same time, it is necessary to make sure that such 
a series representation converges over the region of 
actual interest by using a sufficient number of terms; 

as with all force fitting, divergence outside a certain 
range becomes more drastic as the fit within the range 
improves. 

We introduce the dimensionless parameter 

x = {V ^ v)MV), (2) 

where V = first moment or mean of the distribution 
W(V) and (r^{V) = second moment of both TF(F) and 
of the model Gaussian G(x) = (27r)~ 
rection" B{x) in our model. 

-1/2 ~i2/2 mt u 

e . The "cor-

Wix) = G{x) -h Bix), (3) 

is expected to be a small but negative fraction of G{x) 
in the region of the Gaussian peak, 0 < x < 1, but to 
amount to many times the Gaussian for large x, where 
the actual distribution exceeds the Gaussian, This be
havior results from the fact that the higher-order 
cumulants of the distribution W{x), as predicted by 
Campbell's general theorem, are necessarily finite 
whereas all cumulants of third and higher order of the 
Gaussian vanish, by definition. To be sure, Poisson, 
Bernoulli and other commonly encountered distribu
tions also have non-zero higher order cumulants, but 
this can usually be ignored since for purposes of error 
estimation, only the second moment and the region 
near the peak are relevant. In the present context, it 
must be considered that practically tolerable false 
alarm rates must be exceedingly low, whence alarm 
level settings are necessarily far from the peak region. 
Thus, a simple Gaussian model, which is sometimes 
used in false alarm rate estimates, can easily under
estimate the false trip rate by an order of magnitude, 
and even the more refined model considered here re
quires a large number of terms. 

A series for B(x) is readily found by expressing the 
dependence on x in an orthogonal polynomial series— 
specifically, in Hermite functions of the second kind, 

Bix) = G{x) E CkHe.ix). (4) 

The Hermite functions oscillate, Hck having k roots for 
even and an additional root at .r = 0 for odd k. Thus, 
termination of the series with a certain order can, at 
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TABLE III-24-I. EDGEWORTH S E R I E S T E R M S 

W{x) = G{x)\l + Y.Ek];Mu=^ X./kW 

k 

0 
1 
2 
3 
4 
5 
6 

7 

8 

Ek 

0 
0 
0 
H3M3 

HMA + H,{Ml/2) 
HMi + HiMiM, + H.iMl/Sl) 
HMf. + H.mlm -f MM-A + H,oiMl/2)M, 

+ H,,(Mt/4\) 
H^M, -f H.lMsM, -f M4M5] -f HnlMl/2)M, + (MI/2)M»] 

-h HiAMl/3l)M, -f iJi5(Mt/5!) 
HSMS + HMMzMi -f M4M, -h (M5/2)] -^ i?i2[(Ml/2)ilf6 

-f- MsiViil/s H- (M4/3!)] -i- Hii[{M3/Zl)M, 
+ (Ml/2)(Ml/2) -f iJi6(M^/4!)M4 -f His{Ml/6l) 

best, secure a fit over a range of x extending to the 
largest root of the term of highest order, and will 
drastically diverge beyond that range. The constants 
Ck are readily calculated, making use of the orthog
onality of the polynomials, in terms of the moments 
Hj of the distribution IF (a;) (or central moments of the 
distribution W(V)): 

C, 
i'i ( - 2 ) " T ( m + l/2)Mi^2. 

(5) 
='0 T(j - 2m + l)r(2»n -f- l ) r ( l / 2 ) 

The series thus obtained can be used directly in connec
tion with central moments derived from cumulants 
calculated by Campbell's theorem. However, the terms 
of this series turn out to vary in size through the de
pendence of the cumulants on the input event rate n. 
As pointed out by Edgeworth,^ a certain grouping of 
terms yields successive corrections which decline with 
increasing negative half-powers of n; this leads to the 
Edgeworth series representation 

W(x) = G(x) [1 + E Mx)y (6) 

A few Edgeworth terms are listed in Table III-24-I; 
additional terms are readily calculated but become in
creasingly complex. The higher Hermite polynomials 
required can be readily developed, for instance by a 
DESCOMP program using the RESCUE facility. 
Similarly, the relation between moments fij and cumu
lants Xj of the voltage distribution W(V) can be worked 
out to any desired order, using the equations 

ct>{u) = j IF(7)e''"'dF = 1 + E (w)Vy/.?! 

and 

H<t>{u)] = E iiu)%/kl. 

The cumulants of the voltage distribution. 

(7) 

(8) 

\k = n r [F{t)f dt 
Jo 

,t 
by Campbell's theorem, must be divided by the fcth 
power of 0- = -\/X2 to obtain the cumulants of the dis
tribution in the parameter x, which defines the param
eter 

M, = Xk/a-'kl 

used in Table III-24-I. 
Equation (6), which completely describes the model 

distribution, evidently rests on the assumption that 
Eq. (9), i.e. Campbell's theorem, is valid for any input 
rate n. Derivations of this theorem, however, get into 
some difficulty for iV ?« 1, and a fortiori for A' < 1, 
where N = nT and T is the basic time constant of the 
filter, further discussed below. Because the input rate 
in practical surveillance monitoring systems may well 
be quite low, while the system response time, related to 
T, may be required to correspond to some maximum 
safe delay of a shutdown or similar remedial action, 
an experimental test of the model described above was 
thought to be useful. For that test, a filter with one 
time constant, F{t) = exp( —^/T), was used. A count 
rate meter (CRM) with carefully selected components, 
strong feedback stabilization, and temperature drift 
compensating networks was constructed and used in 
conjunction with a highly stable source of random 
counts at controllable rates.^ A series of distributions, 
using different time constants T, was obtained by 
sampfing the CRM output and digitizing these voltage 
samples by means of a standard 1024 channel analyzer. 
To obtain the required statistical precision, each such 
distribution required many hours of running time. The 
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Input Rate , T = Time Constant of the Filter) for Ran' 
(Poisson Time Distr ibuted) Input and a Single Time Const 
CRM. Only Even Moments are Shown. Lines are Derived from 
Theory. ANL Neg. No. 118-588. 
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QI I 10 
DISTRIBUTION PARAMETER, nT 

F I G . III-24-2. kth Moment of the Distr ibution x (fcth Mo
ment of the Observed Voltage Level Distr ibut ion Divided by 
tiie fcth Power of the Second Moment) versus N = nT (n = 
Input Rate , 7' = Time Constant of the Filter) for Random 
(Poisson Time Distrii)ated) Input and a Single Time Constant 
CRM. Only Odd Moments are Shown. Lines are Derived from 
Theory. ANL Neg. No. 116-587. 

data were then transferred from the analyzer memory 
to tape and processed on a DDP-24 computer to find 
the moments of the distribution in x. Preliminary re
sults" indicate very satisfactory agreement with mo
ments calculated from Campbell's theorem down to 
A'̂  = 1, but disagreement for smaller values. Some 
measured points and theoretical curves are sliown in 

Figs. III-24-1 and 1II-24-2. ;\Iore careful measure
ments are now planned to explore the discrepancy near 
iV = 1. Tests with two and three time constant filters 
are also planned. In principle, such filters are capable 
of improving the practical performance of a surveillance 
monitor. At the same time, the response of a three-
constant filter can be made to resemble the current 
pulses delivered by standard wideband amplifiers in a 
typical fission chamber count channel, and thus may 
lead to certain useful applications of the model dis
tribution in connection with the so-called "Campbell-
ing" technique of power level monitoring during reac
tor startup.* 
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l f l -25 . N e u t r o n Source Self-Absorption and Cavity-Wall Absorption 

A. D E VOLPI 

An accurate value of the neutron yield in fission 
[F (Cf-2o2)] was reported last year.^ In the course of 
making those measurements, some additional data 
were generated on various subsidiary correction fac
tors. This is one of two reports on supportive work in 
the manganese bath neutron detection system. 

In this case an investigation was made of neutron 
losses to capture in the source and in the walls of the 
cavity which usually surrounds the source. Analysis 
indicates that our reported value of total neutrons for 
Cf-252 will have to be increased by 0.1% to the value 

9 ± 0.015 neutrons/fission. Of great importance for 
recision measurement, the overall error allowance of 

0.4% is further justified in regard to this absorption 
correction. 

•

2' 
r: 

Increasing uses are being found for calibrated neu
tron sources and beams. The most prominent system 
for accurate determination of the strength of such 
sources and also for measurement of neutron beam 
intensity is the manganese bath (and the vanadium 
bath). Almost all of the correction factors required to 
relate observed count rates with absolute neutron 
source rates have been subjected to extensive evalua
tion. One small correction (ranging from a few tenths 
of a percent to a few percent), not previoubly studied 
in a sufficient number of practical situations, is the 
compensation factor for neutrons absorbed in tlie 
source or surrounding cavity wall. 

Usually the calibration of radioactive neutron 
sources is carried out by placing the source within a 
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moderating solution of manganese sulfate, generally 
with a thin-walled cavity separating the source from 
the solution. In the measurement of neutron beam 
fluxes, a re-entrant hole into the bath tank is required 
to introduce the beam to the center of the bath. These 
materials inevitably absorb thermal neutrons gener
ated from the slowing-down process which follows fast 
neutron emission. Estimation of the thermal neutron 
flux returning to the vicinity of the source is difficult 
because of the hydrogeneous nature of the system, flux 
depression effects, self-shielding, and sometimes com
plicated geometry. 

The concept of an accurate measurement requires 
experimental verification of any theoretical formula
tion of the problem. Thus, transport theory and Monte 
Carlo calculations are of limited value unless sup
ported by measurements conducted under appropriate 
conditions. 

The work was designed to be direct and to provide a 
wide range of data for interpolation and extrapolation. 
In the manganese bath systems used at Argonne, 
sources were placed in three types of cavities. One 
cavity is spherical with a radius of 5 cm; another, a 
cylindrical beam tube running completely through the 
bath; and the third, a re-entrant half-tube. To obtain 
an experimental measurement of incident neutron flux, 
each of these cavities was lined with cadmium suffi
ciently thick (0.05 cm) to absorb nearly all thermal 
neutrons. The walls of the stainless steel cylinder are 
relatively thin (absorption probability 0.63% per ther
mal neutron passage), while the walls of the steel 
spherical cavity are thicker (absorption probability 
8% per passage). By comparing the activation rates 
obtained from a variety of neutron sources and at two 
solution concentrations both with and without the cad
mium liners, it has been possible to accumulate a 

wide-ranging set of data. In addition, one of the sil 
plest of theoretical foundations was adopted for initial 
fitting of the data, and these calculations—subject to 
normalization—have been found to be as good or bet
ter than more complex formulations. 

Several conclusions may be drawn from the meas
urements and calculations. The calculations, subject to 
the single normalization factor, provide a reasonable 
estimate of the source and cavity absorption. Thus, not 
only may the age-diffusion model be used for interpo
lation, it may be used within the context of this paper 
to provide direct estimates of absorption for other 
sources, cavity radii, geometries and solution concen
trations for error function arguments < 3. 

The experimental method appears to be sufficiently 
established by the data and calculations to justify its 
use for more accurate determination of source and cav
ity absorption in situations not covered by the present 
work. In fact, the difficulties arising in comparing these 
results with other work suggest that deviations from 
the conditions reported in this paper should be directly 
evaluated by experiment rather than by extrapolation. 

The experimental data generated from the perturba
tion caused by a cadmium shell, combined with correc
tions for flux depression and spatial distribution, to
gether establish a simple and accurate basis for evalu
ation of source and cavity absorption. 

For absolute neutron source determinations, a con
servative estimate of the error contribution due to 
source and cavity absorption can be less than 0.1% for 
most configurations. 
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III-26. N e u t r o n Escape from Water-Moderated Tanks 

A. D E VOLPI 

One of the larger (and less certain) corrections for 
measurements of the neutron jdeld in fission from 
Cf-252 with the manganese bath is the correction factor 
for leakage from the bath. Calculation and experimental 
data have indicated that a i m diam bath should lose 
between 0.2 to 1.2% of the neutrons from a Cf-252 
spontaneous fission spectrum. This uncertainty would 
be directly reflected in the total yield. 

As a result, we embarked upon a program of direct 
measurement of such leakage maldng use of the man

ganese bath itself as the detection medium. We found 
the appropriate value to range from 0.48 to 0.52% 
depending upon the concentration. Since these numbers 
are consistent with earlier estimates, no change is 
necessar}^ for our reported neutron yield value. Fur 
thermore, the error assignment which takes into acco 
leakage uncertainty is hereby verified to be adequ 

As a result of these measurements it is necessar^ 
however, to recommend modification in reported 
values for thermal neutrons per absorption (i?) meas-

% 



26. I 
iffed at Oak Ridge National Laboratory and Idaho 
Nuclear Corporation. In both cases calculations appear 
to underestimate the escape fraction by several tenths 
of a percent. 

The relative number of neutrons which escape 
through a water-moderated tank surrounding a source 
of fast neutrons is a quantity of use both in terms of 
intrinsic studies of the slowing-down process and in 
terms of applications to quantitative neutron calibra
tion. This report summarizes the integral measure
ments of escape (for Cf-252 spontaneous fission, 
Ra(a:,n)Be, and Am(Q;,n)Be sources) fitted to a two-
component model which provides an adequate basis 
for interpolation and extrapolation. 

A number of nuclear data determinations have been 
made with fission neutrons introduced at the center 
of a sphere or cyhnder. Two of these measurements 
have been for the purpose of accurate assessment of 
•r\, the number of neutrons per absorption, and two 
measurements for v, the average number of neutrons 
per fission. In addition, certain neutron sources have 
been used as a standard for comparison throughout 
the world, although the size of the measuring system 
chosen by different laboratories has varied widely. 

The requirements for accuracj' in such experiments 
are presently in the order of J^ %. Yet there have been 
widely confiicting corrections for neutron escape pub
lished, the range of these values exceeding }4.%- Fur
thermore, ad hoc measurements with a given source 
cannot be readily applied to another source spectrum, 
nor can they be safelj' extended to different container 
radii. 

Both spheres and cylinders have been used in the 
above-mentioned experiments. The solution surround
ing the source has been either water, or a solution of 
water and an activating or nonactivating salt. Man-
ganous sulfate, the most prominent activating agent 
incorporated in the moderating solution, establishes 
the manganese bath. I t is the manganese bath calibra
tion that requires accurate data on neutron escape, 
and it is with the manganese bath that the integral 
measurements reported in this paper have been accom
plished. 

In a number of unrelated experiments it has been 
convenient to use a relativelj' small sphere (effective 
radius 28.2 cm) to obtain high specific activities. A 
large number of neutron calibrations of sources of 
different spectra have been done at ANL with a sphere 
having an effective radius of 48.0 cm. For the present 
•Kperiment, the small sphere was placed in a cylindrical 
H i k of internal radius 38 cm (effective radius 36.7 cm) 
and both systems were flooded with a homogeneous 
aqueous solution of manganous sulfate. The activities 
produced in the internal sphere and in the cylinder 
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were compared with the previously determined source 
rates compiled from the 48-cm sphere. An iteration 
technique was apphed to rectify aU data under the 
umbrella of a two-component leakage model (to be 
discussed later): that is, the relative neutron loss from 
the small sphere, based on a trial value for the large 
sphere, was iterated to adjust the trial value to a 
convergent quantitj^ 

Figure III-26-1 shows the experimental plan. Irradia
tions were conducted in two steps. First, the source 
was placed at the center of the sphere for a day and 
then removed. The two-day pattern of activity gen
erated in the sphere was followed with the on-line 
counter but only data from the decay phase was utilized. 
Next, the source was returned to the center of the 
sphere; this time, solution from the outer cylinder was 
circulated (in the same two-day pattern) through 
the on-line counter, the sphere having been bypassed 
with valves. 

Calibrations were conducted by adding known ali-
quots of manganese sulfate solution and comparing 
with absolute coincidence cahbrations. These cahbra-
tions agreed quite closely with the calculated efficiency 
based on the relative volumes of the 28.2-cm and 48-cm 
spheres and the 36.7-cm cylinder. Because the calibra
tions correspond most directly to the "decay" phase 
of the experiment—which occurs after the activating 
neutron source has been withdrawn—-problems of 
compensation for solution mixing and fluid transport 
can be avoided. 

As mentioned, sources of three spectra were evalu
ated: Cf-252 spontaneous fission, Ra(a,n)Be and 
Am(a,?z)Be. In order to determine the influence of 
solution concentration, all three sources were compared 
in a dilute manganous sulfate solution (hydrogen/ 
manganese atom ratio of 670) and the first two in a 
concentrated solution (H/Mn = 30.98). In addition, 
the first two sources were also tested with an unreflected 
central sphere by removing the solution from the 
surrounding cylinder. 

A two-component model has been found to appro
priately account for the experimental results. Here 
we select the fractional escape to be 

£ ' = A5(/ie""'^ -f/^e""^^) (1) 

with 

/ i + / 2 = l . (2) 

We fix A at 1.9, and B is & function of concentration 
only. The first term fie~'''^'- accounts for neutrons 
moderated to thermal energy under Fermi Age theory, 
and the second term /ae"''^^ allows for high-energy 
neutrons which undergo only a few collisions without 
much loss of energy. Thus, /i is the fraction of neutrons 
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F I G . III-26-1. Experimental Apparatus for Escape Measurements. Not Shown is the Tubing Through Which Activated Liquid 
is Pumped from Ei ther the Central Sphere ot the Surrounding Cylinder to the On-Line Activation Monitor. ANL Neg. No. 116-42. 

assigned to the first component and fi is the fraction 
attributed to the second component. These two num
bers are adjusted from the experimental data. 

The relaxation lengths are chosen from tabulated 
parameters for the relevant neutron sources. Li corre
sponds to the migration length of neutrons in Fermi 
Age theory: 

i i - ( ' n.?, (3) 

where T is the Fermi age to thermal and LD is the 
diffusion length of thermal neutrons in the medium. 
These numbers may be found in compilations. 

The second relaxation length L^ is taken from the 
various measurements of the exponential form measured 
in aqueous systems as a function of distance from the 
source. In this application the magnitude of L^ is 
adjusted to a best fit with the data. 

Data have been obtained for a sphere and a cylinder 
small with respect to a large sphere used as a reference 
point in estimating leakage; an iteration process justifies 
this procedure. It is possible to match the model to 

experimental data: by choosing the intercept coefficient 
A on the basis of other published experiments; by 
determining the refiection factor B from direct experi
ment and from published estimates; by taking the 
first exponential relaxation term Li as the migration 
length from Fermi Age theory; and by experimentally 
fitting with a small degree of arbitrariness the second 
relaxation length Lz for the hard component of the 
neutron spectrum and the fractional coefficient /a for 
the second component. 

Leakage from the small sphere is about ten times 
that of the large sphere. The two-component model 
appears to provide a useful and accurate basis for 
extrapolation and interpolation. By applying this 
model and the associated parameters, several absolute 
calibration anomalies can be coherently reconciled 
with the world (and the ANL) averages for neutr^, 
source strengths. 

Consequently, it is believed that an error in accurJ 
of about 0.05 % or less can be associated with the escape 
fraction from spheres of large radius ('^50 cm) at 

Ton 
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concentrations of dissolved absorber in aqueous 
solution. For cyhnders an uncertainty of about 0.1 % 
is probable. 

For the smaller sphere, which itself has been used 
for measurements with the vanadium bath, the direct 
neutron calibration efficiencj' extrapolated to 30 keV 
neutrons can be accomphshed with an absolute error 

not exceeding the inaccuracy attributed to the refer
ence sources. 
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111-27. Digital Delay w i t h Substant ia l ly Reduced Deadt ime 

A. D E VOLPI, G . E . CAYA,* C . J. RUSH* AND S. J. RUDNICK* 

In the processing of random (or repetitive) events, it 
is frequently necessary or useful to delay the signals in 
one circuit path relative to those following another 
circuit route. Two types of delays are called for: linear 
and digital. If the signals are "analog" representations, 
in which pulse amplitude or shape information must be 
preserved, a linear delay is needed. If only the relative 
time relationship of the pulses is of interest, such pul
ses are normally standardized in amplitude and width, 
thus permitting use of a digital delay. 

The transmission of signals along linear delay lines 
is subject to frequency-dependent attenuation. This 
limits the length of linear lines to a few microseconds, 
except where relative amplitude information is suffi
cient. Alany situations arise where delays of some tens 
or hundreds of microseconds are desirable. If the am
plitude-standardizing process can be accepted, then the 
digital delay circuit reported in this paper accom
plishes the required delay function over a widely ad
justable range with high accuracy. 

A simple monostable can be used as a digital delay 
generator which would provide similar delay capabil
ity. However, its deadtime is equal to the delay inter
val. Thus a modest random-pulse processing rate of 
100/sec delayed 1000 /xsec would add about 10% loss 
due to paralysis during a delay. A circuit recently 
developed reduces the deadtime considerably so that 
for this illustration the actual losses would be negligi
ble (less than 10~*). 

Restating the example, a 100 c/sec rate subject to an 
initial processing deadtime of 1 jusec without delay 
would result in a loss fraction of about 10~*. Imposi
tion of a 1000 fisec delay with this circuit provides 
ssentially no further loss in count. 

^'igure III-27-1 demonstrates performance data over 
Vide range. 
The suppression of deadtime losses is accomplished 

* Electronics Division, Argonne National Laboratory. 
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F I G . III-27-1. Calculated and Measured Deadtime Losses 
for Digital Delay Circuit. ANL Neg. No 116-380. 

by self-distributive routing of random pulses to availa
ble standby delay monostables. 

There are three modes of operation. Mode 1 is called 
the "scaling" mode because of its similarity to the 
scaling principle used in nuclear counting. Mode 2 is 
the "sharing" (or distributive) mode. The third mode 
is for test purposes; the unit may be calibrated in this 
mode. 

The principle of operation of the delay is based on 
the formation of a delay interval initiated by an input 
pulse. A monostable produces a pulse of duration equal 
to the desired delay. At the end of this pulse, an output 
pulse is formed which has a width adjustable up to 1 
/tsec. 

The deadtime suppression feature for Mode 1 is 
based on the scaling principle: there are five spare 
monostables through which signals can be routed when 
the first monostable is busy. In Mode 2 the inputs are 
cyclically distributed through all six monostables. 

Another major feature of the unit is that it can be 
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accurately and precisely calibrated through a simple 
random-pulse gating method. For example^ a standard 
deviation of 0.4 /usee was acquired in a 200-sec calibra
tion of a 1000 jasec delay using an available oscillator 
of frequency 100 kHz. The calibration technique can 
use any available precision oscillator. Using conven
tional techniques a 100 MHz oscillator could be used 
to calibrate any 1000 /xsec delay with a digitizing error 
of only 10 nsec. However, such an oscillator is not 
always available, and for a 1 /*sec delay the digitizing 
error still corresponds to a 1% effect. The digitizing 
error in every case can be reduced by the random 
gating method: a delay interval is initiated by random 

pulses; during this delay interval the oscillator puis 
are fed through the circuit and accumulated in a 
scaler. Comparison [of (a) the number of pulses fed 
through with (b) the number of random input pulses] 
readily yields the delay with reduced digitizing error. 

The delay system has five switchable delay ranges 
with a vernier dial for interpolation, permitting any 
delay from 0.1 /tsec to 10 msec to be chosen. There are 
a variety of logic provisions, including a capability for 
automatic deadtime correction. All active elements are 
integrated circuits and employ standard 5 V positive 
signal levels. The circuits are enclosed in a standard 
double-width NIM-module. 

III-28. Deadtime Correction in Counting Rapidly Decaying Sources 

K. G. A. PORGES AND A. D E VOLPI 

The correction of counting data for losses due to 
counting-channel deadtime represents one of the basic 
requirements in processing such data to determine 
source strength. A number of authors^'" have treated 
this problem either on the basis of frequency or time 
interval distributions; while assumptions concerning 
the deadtime consider both fixed and variable paralysis, 
all these treatments suppose that the input to the 
paralyzed channel is precisely Poisson-distributed. 
With that proviso, and a fixed paralysis of length T, 
a steady mean input rate n can be shown to result in 
an expectation value for the count C accumulated over 
time interval t given by 

C = nt/{l +nT) 

with a variance 

a (C) = nt/{l -t- nTY 

(1) 

(2) 

In applying these correction formulae to a counting 
experiment which demands the best possible precision, 
one must, of course, make sure that the underlying 
assumptions of fixed paralysis and Poisson input dis
tribution are indeed closely approximated. Regarding 
the first assumption, a number of recent circuit designs, 
as for example those described by Refs. (6) and (7), 
have paid particular attention to the long-term stability 
of the paralysis, as well as to the problem of immediate 
recovery. Equation (1) has been used as the basis of a 
number of automatic deadtime correction schemes.*"* 
Some of these schemes have been applied to coincidence 
counting, where a precise formula analogous to Eq. (1) 
cannot be written down whereas automatic schemes 

can, in principle, provide an exact correction. ' Re
garding the distribution at the input of the channel, 
some deviation from Poisson distribution cannot be 
avoided in view of the finite length of pulses defivered 
by practical detector channels. This results in a certain 
probability of overlap between different pulses, as 
well as the possibilitjr of an event occurring just before 
the end of a paralysis interval generated by an accepted 
preceding event, such that the pulse generated by the 
second event is still present when the paralysis ceases 
and retriggering results. This latter effect can be elimi
nated with a circuit which provides several paralj-sis 
intervals. ' A pulse injection scheme which is capable 
of removing errors due to both pileup and deadtime 
to a high degree has been described recently." In that 
scheme, a fast side-channel is required that registers 
substantially all input events, or a constant fraction 
of these events. Counts or multichannel presentations 
can thus be corrected up to fairly large input rates, 
whereas at extreme input rates, any correction scheme, 
whether relying on a formula or on correction circuitry, 
is apt to fail and empirical correction may have to be 
resorted to. 

There exists, however, another class of counting 
experiments in which the input deviates from the 
Poisson law, yet a precise correction can be given: 
counts during which the source decays appreciably 

To find this correction, we consider a source whii 
yields a pulse rate so at the start of the count. In 
presence of a quasi-stable background component 
mean rate b, the input dn{t) = n{t )dt within dt 
at time t after the start of the count then comes to 

9 
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-\t' •, 
n{t )dt = (b -{- soe ) di (3) 

for the case of a source which decays with a single 
decay constant X. Thus, the accumulated count C over 
an interval if in a channel with fixed paralysis T can 
be expressed by the integral 

C - f n(t') dt'/[l -h nit')T] 
Jn 

= (1 + bTr'lht + (XT)-'In {[(1 + n{0)T]/ 

[1 -{- nit)T]}]. 

(4) 

To secure a more convenient expression, from which 
a simple correction formula can be readily obtained, 
we shall introduce the mean signal rate (averaged 
over the count interval) 

s{t) == so(l - e''^')/\t, (5) 

and note that the logarithmic term in Eq. (4) can be 
expanded in a rapidly converging series. 

(6) 
log [{x + l)/(x - 1)] 

= (2/a;)[l + (Ysx) + iHx') + •••], 

by means of the substitution 

X == coth (X^/2) 4- 2(1 -f bT)/sT\t. (7) 

The hyperboHc contangent can be expanded in turn 
in a rapidly converging series with Bernoulli number 
(Bit) coefficients: 

coth (z/2) = (2/z)f, 

/ = 1 -f / / 1 2 - z'/720 -f- 2730,240 (8) 

••• +z"'Bu/i2k)l+ ••• . 

The function / is the ratio between the average defined 
by Eq. (5) and the linear average s , 

/ = [s(0) + s(t)]/2 = fs. (9) 

Inserting Eqs. (5) through (8) into Eq. (4), one 
readily obtains the series 

C/t = c = [b/il + bT)] + [§/(l -f n*T){l + hT)] 
(10) 

{1 -f- (X<sr)7l2(l -f- nT'f -h 0[(Xisr)V40]}, 

where 

n = s -\- b = {f — l)s + n. (11) 

It thus appears as if the first-order deadtime correction 
involves the linear average of the signal rates s , rather «i the correctly averaged mean signal rate s. 

correction formula which includes terms up to 
th order in \tsT is readily obtained by inverting 

and expanding Eq. (10). If we define the mean signal 
rate for the limiting case of a quasi-constant source. 

c / ( l - cT) - b, 

333 

(12) 
and approximate 

(X0Vl2 = (/ - 1) 
[see Eq. (8)] in the second-order term in Eq. (10), a 
deadtime correction formula of adequately simple 
structure but of excellent precision, 

-s = s'[l ~ {J - l)sT{l - cT)r\ (13) 

is obtained. For low background rates, Eq. (12) can 
be inverted directly: 

s = c / ( l ~ fcT) - b. (14) 

The variance or second moment attached to a count 
involving a decaying source as well as a constant 
channel deadtime after each accepted input is subject 
to the same considerations which apply to the mean or 
first moment of the non-Poisson distribution produced 
by the combination of paralysis and decay. In analogy 
to the treatment discussed above, we may therefore 
obtain the variance by integration over the count 
interval, 

a\C) = f n{t') dt'/[l -f n{t')Tf 

= (xr)~M[M(i + hTMl + n(t)Tr' 

- ( i+n(0) r ) -1 

~ [bT/{l -i- bTfm -H n{t)Tr' ^^^^ 

- (14- n{Q)Tr'] 

- bT log [1 4- n{0)T/[l -j- n{t)T]] 

-{- bl/{l + bT)\ 

Expanding and rearranging, as above, this expression 
can be shown to amount to 

<j\C) = [n(0) - n(0][5' - AB{B - I) 

+ (B - 1)AQ' - (B ~ l)A\l -f Q 7 (16) 

•(1 + SQy][\B'A\l - 3 Q 7 ' r + 1>T/B\ 

where 

4 = 1 -f ln(0) -f n(t)]T/2 = 1 -|- n*T, 

B = 1 -i-bT 
and 

Q2 = [^(0) _ n{t)fT'/l2A\ 

After some more rearrangement, Eq. (16) can be 

cast into the form 

/ ( (7) = nt/(l -h n*Tf 

+ 3( / - l ) s*7 ' / ( l + bT'fd + n*Tf + ••• 
The principal two reasons for calculating variances 

are, first, to determine the best counting strategy, i.e., 

(17) 
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ascertain what choices of disposable parameters will 
minimize the variance; secondly, variances may appear 
as weighting factors when several independent meas
urements are eventually combined to obtain the best 
value of some parameter calculated from the measure
ments. For either purpose, the second term in Eq. (17) 
can be safely ignored. 

The propagated variance in the signal strength 
calculated from the measurements is readily found by 
propagation of error to amount to 

<T\s.aic) = [nt/(l +n*T)] 

+ [! + ( / - l)sT/(l + nT)]Vib). 
(18) 

The effect of both decay and deadtime on the propa
gated error attached to the calculated result is seen 
to be such as to increase it, in contrast to the reg
ularizing effect on the observed count C. This is true 
not only of the first term in Eq. (18), but also of the 
second term which is due to the uncertainty in mean 
background level. To be sure, the latter effect is apt 
to be still very small in precision counting experiments, 
where it is usually possible to set up the equipment in a 
low background environment—-whence both the expec
tation value and the second moment a (b) of the back
ground rate will contribute very little to the variance 
expressed in Eq. (18). In other situations, however, a 
relatively strong and irremovable background may 
exist; for that case, Eq. (18) suggests that it would 
pay to go to some trouble to measure this background 
with considerable precision so as to render a (b) small. 
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III-29. Speed Tests on S o m e S m a l l - t o - M e d i u m Computers 

CHARLES ERWIN COHN 

INTRODUCTION 

For the purposes of planning computer applications 
and selecting equipment, it is helpful to know the time 
required for certain elementary operations on various 
computers. This indicates how much real-time compu
tational load may be carried by a given machine. 

Some such information has been obtained from 
speed tests on a limited but representative selection of 
small-to-medium computers of the class commonly 

used for process control and data acquisition applica
tions. The tests were done to aid in the selection of 
computers for on-line data-handling applications and 
to help evaluate past selections. Tests were run on a 
total of eight machines including two with 24-bit word 
length, one with 18-bit, five with 16-bit, and one w: 
12-bit. These included the machines currently in uS' 
the Applied Physics Division for experimental assi^ 
ance, as well as some others that were available for 
testing. 

5 1 ^ ^ 
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TABLE III-29-I. COMPUTEK P I E \ M B T E R S 

Computer 
Bits per w ord 
Memory cycle time, 

usee 
Memory occupied by 

timing program 
and library sub
routines : 

Words 
Bits 

D D I 
24 

5 0 

24 

953 
22872 

SEL~84()MP 
24 
1.75 

Non-
EAU 

1129 
29496 

With 
EAU 

881 
21144 

PDP-9 
18 
1.0 

1615 
29070 

DATA-620 
16 
1.8 

1907 
30512 

SEL-810A 
16 
1.75 

1622 
25952 

CDC-1700 
16 
1.1 

1845 
29520 

IBM-1130 
16 
3.2 

2078 
33248 

D D I 
16 
0 96 

516 

1636 
26176 

CDC-160A 
12 
6 4 

3838 
46056 

METHOD 

The tests were run with a Fortran program that was 
specially written to test the speed of various single 
precision floating-point arithmetic operations and 
functions. This was adapted from a timing program 
written many years ago by Dr. John P. Schiffer, Ar
gonne National Laboratory. The use of Fortran was 
the only means by which it was practical to test a wide 
range of computers with a reasonable expenditure of 
effort. However, the applicability of the results is not 
restricted just to Fortran programs. A floating-point 
arithmetic or function subroutine can be considered 
just a particular type of data manipulation in which 
the bit patterns that we call the "floating-point oper
ands" are operated upon in a prescribed way to yield 
another bit pattern that we call the "floating-point 
result". Therefore, the outcome of these tests is a good 
indication of the relative performance of the tested 
computers on other data-processing tasks. Moreover, 
the results do not merely reflect some peculiarity of the 
compiler-generated code, because most of the time for 
each operation is spent executing hand-coded library 
subroutines. 

COMPUTERS TESTED 

Table III-29-I shows the computers that were 
tested. The two 24-bit machines were the Honeywell 
DDP-24 and the Systems SEL-840MP. The latter was 
tested both with and without its Extended Arithmetic 
Unit which provides hardware floating-point capabili
ties. The other machines all had hard-wired fixed-point 
arithmetic, and used subroutines to perform floating
point arithmetic. The 18-bit machine was the Digital 
PDP-9, the five 16-bit machines were the Varian Data 
Alachines 620, the Systems SEL-810A, the Control 
Data CDC-1700, the IBM-1130 and the Honeywell 
DDP-516, and the 12-bit machine was the CDC-160A. 

^ h e DDP-24, SEL-840 and DATA-620* belong to 

• Actually, the Applied Physics Division has the optional 
18-bit version, designated DATA-()22. However, its instruction 
repertoire and hence its rvmning times are characteristic of the 
16-bit basic version, and weie treated as such 

the Applied Physics Division while the CDC-160A be
longs to the Applied Mathematics Division. The SEL-
810A and IBM-1130 were made available through the 
courtesy of Alessrs. T. W. Hardek and N. F. More
house, respectively, Argonne National Laboratory, 
while the PDP-9 and CDC-1700 were made available 
through the courtesy of Messrs. C. E. Burgart and J. 
B. Bullock, Oak Ridge National Laboratory. The 
DDP-516 results were obtained by Dr. J. B. Dragt of 
Reactor Centrum Nederland, Petten, The Netherlands. 

This table also shows the amount of memory occu
pied by the timing program and the library subrou
tines that it uses. Practically all of the space is occu
pied by instructions; only about two or three dozen 
words are used for data. For the 12, 16 and 18 bit 
machines the number of words required is enough 
greater than the number of words required for the 24-
bit machines that the total number of bits occupied is 
comparable. Now, the cost of a core memory is mainly 
proportional to the number of bits it contains and is 
not particularly dependent on how those bits are sub
divided into words. This suggests that the shorter-word 
machines would offer no savings in memory cost for a 
given job, even though a memory containing a given 
number of words might be cheaper with 16 or 18 bits 
than with 24 bits. 

TEST PROCEDUBES 

In the timing program the speed of each operation 
was tested by including it in a DO loop which repeated 
it a large number of times—500 to 200,000—with dif
ferent operands. The loop was preceded and followed 
by a PAUSE. The total running time of each loop was 
measured in different ways on the different computers. 
On the PDP-9, CDC-1700, IBM-1130 and CDC-160A 
the timing was done manually with a stop watch, the 
elapsed times ranging from 2 to 9 seconds for the first 
three, much more for the latter. Each loop was meas
ured two or three times and repeatability was within 
%o of a second. On all of the other machines except 
the SEL-840MP and DDP-516, a strip chart recorder 
was connected to the halt light on the console. The 
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recorder was run at a speed of 3 in./sec. To eliminate 
errors due to recorder response time the record was 
measured from the beginning of the start transition to 
the beginning of the stop transition. Message typeouts 
on PAUSE were eliminated by altering instructions in 
the core. 

On the SEL-840MP the timing was done with a 
binary counter connected to it. The counter received 
pulses from a time-mark generator. A special halt rou
tine was written to read and reset the counter before 
and after each loop. The count read in at the end of 
the loop thus gave the loop duration. The time mark 
generator was run at a thousand pulses per second for 
the non-EAU tests and at a million pulses per second 
for the EAU tests. 

On the DDP-516 the timing was done with a 50-
Hz real-time clock. 

For each loop the gross time per operation was ob
tained by dividing the total elapsed time by the total 
number of cycles. To obtain the net time, the time 
required for a DO cycle was subtracted. In addition 
the sine, square root, natural logarithm, and exponen
tial operations required subtraction of the time for the 
add operation used in forming the argument. 

RESULTS 

Table III-29-II shows the time in microseconds re
quired for each of the operations on the various com

puters. Factors such as software efficiency or instr 
tion repertoire might be adduced to explain the ob
served disparities in speed. For example, the very long 
times on some of the machines for the sine, square 
root, logarithm, and exponential functions result from 
the approximation algorithms for these functions being 
executed in floating-point. Better performance can be 
had where the approximation algorithms are executed 
in fixed point with the result being floated upon com
pletion. Furthermore, the SEL-840MP is handicapped 
in speed by carrying eleven significant figures in its 
single-precision floating-point arithmetic while the 
other machines carry just six or seven significant fig
ures. Also, the long time required to complete a DO 
cycle on the DATA-620 arises from its peculiarity of 
using a subroutine to increment and test the loop 
index. 

Nevertheless, these disparities in performance would 
appear to arise primarily from differences in word 
length. That can be seen from Table III-29-III which 
shows the same information as before in terms of 
memory cycles per operation, allowing comparison of 
how efliciently each computer makes use of its basic 
speed capability. For the most part, the 12, 16 and 
18-bit machines suffer from an evident disadvantage 
with respect to the 24-bit machines—well over a factor 
of two. 

Computer 

Add 
Divide 
Mult ip ly 
Sine 
Square Root 
Exponential 
Logari thm 
If 
Fix 
Float 
Store Subscripted 

Variable 
1-Dimension 
2-Dimension 

DO (1 Cycle) 

DDP-24' ' 

440 
413 
369 
584 
377 

1188 
548 

28 
130 
105 

196 
221 

43 

TABLE 

SEL-840MP 

Non-
EAU 

308 
383 
282 

4970 
824 

3009 
5887 

11 
79 
50 

77 
88 
18 

With 
EAUb 

19 
37 
26 

365 
267 
470 
373 

11 
33 

8 

28 
39 
18 

I I I -29-II . 

PDP-9 

500 
580 
500 

5235 
4085 
6385 
4785 

90 
160 
160 

240 
300 

15 

0PER-4.TIOX T I M E S , / isec 

DATA-620<= 

518 
790 
732 

3396 
806 

1916 
4576 

24 
260 
356 

53 
242 
266 

SEL-810A* 

553 
2622 

611 
9862 

13459 
N.A. 
11262 

85 
162 
615 

192 
213 

18 

CDC-1700 

540 
720 
550 

4540 
8440 
3340 
5940 

190 
330 
760 

370 
380 

16 

IBM-1130« 

850 
1130 
960 

3600 
5070 
2833 
5500 

200 
370 
540 

640 
750 

52 

DDP-516f 

245 
270 
250 

2375 
535 

2105 
2725 

36 
224 
312 

89 
124 

10 

CDC-160AS 

3445 
3805 
3625 

37460 
20710 
30960 
32960 

1723 
3065 
2785 

2475 
2465 
1295 

» Results also apply to DDP-124 if operation t imes are multiplied by 0.34 and 40 /isec are added for Add, Divide, Multiply, Sine, 
Logari thm and Exponential . The memory requirement is increased by 20 words. 

^ EAU s= Extended Arithmetic Unit (hardware floating-point). 
« Results also apply to DATA-620/i. 
^ Results also apply to SEL-810B if operat ion t imes are multiplied by 0.45. 
" Results also apply to IBM-1800 if operation t imes are multiplied by 0.625 for the 2-/jsec memory or 1.25 for the 4-Msec memory. 

Re-entrant software may run slower. 
* Results also apply to DDP-116 and H-316 if times are multiplied by 1.82. 
s With 168 ari thmetic uni t . 
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TABLE III-29-I1I. MEMOKY CYCLES P E B OPERATION 

Computer 

Add 
Divide 
Mult iply 
Sine 
Square Root 
Exponential 
Log 
If 
Fix 
Float 
Store Subscripted 

Variable 
1-Dimension 
2-Dimension 

DO (1 Cycle) 

DDP-24 

88 
83 
74 

117 
75 

238 
110 

6 
26 
21 

39 
44 

9 

SEL-840MP 

Non-
EAU 

176 
219 
161 

2840 
471 

3009 
3364 

6 
45 
29 

44 
50 
10 

With 
EAU 

11 
21 
15 

208 
152 
269 
213 

6 
33 
8 

16 
22 
10 

PDP-9 

500 
580 
500 

5235 
4085 
6385 
4785 

90 
160 
160 

240 
300 

15 

DATA-62 

288 
439 
407 

1887 
448 

1064 
2542 

13 
144 
198 

29 
134 
148 

SEL-810A 

316 
1498 
349 

5635 
7691 
N A. 
6435 

49 
93 

351 

110 
122 

10 

CDC-1700 

491 
655 
500 

4127 
7673 
3036 
5400 

173 
300 
691 

336 
345 

15 

IBM-1130 

266 
353 
300 

1125 
1584 
885 

1719 
63 

116 
169 

200 
234 

10 

DDP-516 

255 
281 
260 

2474 
557 

2192 
2838 

38 
233 
325 

93 
129 
10 

CDC-160A 

538 
595 
566 

5853 
3236 
4838 
5150 

269 
479 
435 

387 
385 
202 

(All of the tested machines have comparably exten
sive instruction repertoires. In fact, some of the 16-bit 
machines have a much more extensive list of register-
to-register instructions than do the 24-bit machines. 
Also, with the exception noted above, all of the soft
ware systems are of about the same degree of sophis
tication.) 

DISCUSSION 

The inefficiency of the short word arises from the 
inconveniences in memory addressing that it imposes. 
A single word of 18 bits or less is not large enough to 
carry both an instruction code and the address of any 
location in a memory of reasonable size. I t is often 
necessary to circumvent this limitation by the use of 
indirect addresses or doubleword instructions, both of 
which consume extra time and space. In addition, mul
tiple precision data handling is more frequently re
quired. 

In the light of all this let us reexamine the supposed 
advantages of the short word, primarily regarded to be 
cost savings. We have already seen that savings in 
memory costs are questionable because the lower cost 
of a memory having a given number of words is offset 
by the larger number of words required to accommo
date a given job. To examine the processor cost situa
tion we may divide the components of a processor into 
two classes. Class 1 is made up of those components of 
which there is one for each bit in the word, such as 

•

umulator stages and adder circuits, while Class 2 is 
de up of those components of which there are a 

given number per computer regardless of the word 
length, such as timing and control circuits. Now, a 
24-bit computer would contain 50% more Class 1 com
ponents than a 16-bit computer of similar architecture 
but the same number of Class 2 components, so the 
24-bit computer should cost at the most 50% more 
than the 16-bit machine. Furthermore, non-manufac
turing costs should be independent of word length since 
it should cost no more to design, program, and market 
a 24-bit machine than a 16-bit machine. Therefore, 
this 50% should be a very extreme upper limit. The 
results shown here imply that one gains several times 
50% in speed by going from 16 to 24 bits, so that the 
24-bit word would seem to be much more cost-effec
tive. 

Several 16-bit machines are available at present 
with basic mainframe prices around $10,000. By the 
reasoning just stated it should be possible to market a 
24-bit processor for well under $15,000. However, the 
24-bit word has not been employed in computers sell
ing for less than $50,000. One wonders about the rea
son for this. Is it fashion or is it unawareness of the 
factors that have been discussed here? 

Certainly, the question "what is the most cost-effec
tive word length?" still awaits a definitive answer. All 
that has been noted here is that 24 bits appears to be 
closer to the optimum than 18 bits or less. Perhaps 32-
or 36-bit machines, which were not tested, would have 
looked even better. I t is the author's belief that the 
optimum would not be as short as one might think for 
the smaller computers. 
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ic^r 111-30. T h e O p t i m u m E v a l u a t i o n of S e r i e s o f M e a s u r e m e n t s b y M a x i m u m L i k e l i h o o f ^ 
a s A p p l i e d t o N u c l e a r S o u r c e C o u n t i n g 

K. G. A. PORGES AND A. D E VOLPI 

The last stage of some precision measurements often 
involves the judicious combination of several inde
pendent measurements, carried out under somewhat 
different conditions and therefore of different reliability. 
To obtain the "best" value of some quantity or param
eter computed from such a series of measurements, it 
is suggested in elementary texts that "each measure
ment should be weighted by the reciprocal of its vari
ance". 

This prescription is, however, ambiguous unless the 
type of variance is specified and maj^ become misleading 
in certain cases where specific corrections must be 
applied to individual measurements. Several examples 
given further on point out erroneous applications of 
inverse variance weighting which are not unknown in 
the literature. In a complex situation, e.g. a nuclear 
counting problem which involves separate corrections 
for deadtime, accidental coincidences, background, 
source decay, etc., it appears best to derive the weights 
which are to be assigned to individual determinations 
directly from the Principle of Maximum Likelihood ' 
(P^vIL) instead of relying on "inverse variances". 
Indeed, weights which are inversely proportional to 
group variances result from the application of this 
principle in simple cases; similarly, PML provides the 
rationale for least square fitting and related statistical 
processing methods. PML-derived data processing has 
been used in some specific nuclear measurements ' but 
the general usefulness of the principle, although very 
thoroughly discussed in a recent test on the statistical 
treatment of measurements, still appears to be insuffi
ciently appreciated. This note is intended as a partial 
remedy, with particular emphasis on nuclear measure
ment processing. 

The statistics of nuclear measurements (in contrast 
perhaps lo measurements in some other areas of 
physics) are predetermined bj^ the fact that the quan
tity measured is usually itself a "statistic" whose "true" 
value can never be known exactly. Thus, measurements 
of cross sections, hfetimes, decay rates, branching 
ratios, etc., determine either an expectation value or 
an a priori probabihty; only energy levels and other 
stationary nuclear properties have a "true" value in 
nature, subject only to the uncertainty principle. 

In the following brief description of the Principle of 
Maximum Likehhood, it is not necessary to distinguish 
between parameters of intrinsically different nature, 
but only between parameters which are measured and 
those which remain constant during a given set of 

measurements. Individual determinations, consisting 
of sets of values of the former type (a i , h , • • • ), 
(02, 62, • • • ) etc., may fluctuate because the param
eters are in fact statistics or a result of equipment 
performance; in either case, sets of expectation values 
(st) ^1) •" • ) etc. can presumably be defined for each 
measurement. Such expectation values may differ 
between sets or may be equal, according to whether 
conditions are varied or not. The other class of param
eters, designated here b_y Greek symbols a, /3, • • •, are 
not measurable but their expectation values can be 
either calculated from some known relation between 
expectation values of all parameters or may be known 
beforehand; the evaluation of one of these is evidently 
the object of the series of measurements. 

In addition to this information one also requires 
some knowledge of the statistics of the measurement 
process; in particular, the probability Wj of a certain 
measurement in the series yielding a particular "score", 
aj ,b, , • • • , must be exphcitly defined in terms of all 
expectation values. 

Wj = wiaj ,bj, •••; ttj, b, ^ • •; a. ^, )• (1) 

Each such probability w, may in turn be the product 
of component probabilities for individual parameter 
scores when these are mutuallj' statistically inde
pendent, or consist of a more complex expression, as 
the result of either correlation or concatenation between 
parameters. We shall assume the probabilities w, for 
successive measurements to be statistically independent 
(the more complex case of correlations between such 
measurements is treated in Ref. 2); hence the overall 
likelihood of the combined score is the product of 
probabilities w,, 

L = Ylwi. (2) 

The hkelihood L can be shown '̂̂  to vary with respect 
to the choice of expectation values of parameters a, 
13, J, • • • in such a way that its logarithm is a conditional 
maximum for the "best" value of those quantities. The 
set of partial differential equations resulting from this 
observation, 

d In L/da = X^ c) In w,/da = 0 
i 

(d In L/d^) = Z 3 In w,-/d§_ = 0 

constitutes an operational definition of the Principle 
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^Maximum Likelihood (PAIL) from which weighting 
equations are readily obtained by inserting specific 
probabilities w, . These equations, to be sure, are not 
necessarily soluble by straightforward arithmetical 
means but require, in some cases, iteration or some 
similar method. That fact may have been persuasive 
in favor of using simpler but incorrect weights when 
computers were not widely available, but this should 
no longer be a deterrent. Incorrect weights will not 
necessarilj' result in a very marked difference of the 
final result, but always amount to, in effect, discarding 
some valid information. Admittedly, when a large 
number of individual measurements is available, any 
weights whatsoever will do. An unweighted mean will 
yield the same result as a carefully weighted average 
when the overall statistical uncertainty is eventually 
reduced to a small value in comparison with suspected 
systematic errors (which can never be entirelj' avoided 
in precision measurements). However, to obtain such 
a large amount of information that some of it becomes 
redundant is practical only in experiments which require 
a major effort in equipment setup and calibration, but 
is inefficient when running time is a significant part 
of the overall cost. 

The component probabilities Wj defined above fre
quently (but not necessarily) turn out to amount to 
concatenated or combined Bernoulli and Poisson dis
tributions. When this is the case, and moreover when 
the observed scores consist of large numbers, it is 
permissible to substitute Gaussian functions for actual 
distribution functions, as treated extensively in text
books on probability theorj'. As shown, for instance, 
in Ref. 5, the error is small in the vicinity of the peak 
(where differentiations indicated by Eqs. (3) are 
carried out). In borderline cases, Edgeworth correction 
series can be used if the exact distribution function iv, 
is particularly complex, provided its cumulants can be 
readily calculated."'' 

When this substitution is made in Eqs. (3), one 
obtains a set of weighting equations in which weights 
are inversely proportional to the second moments of 
the Gaussians. This amounts to the above mentioned 
scheme of "inverse variance weighting". The two 
mistakes most often made in applying this prescription 
are: (1) use of estimated variances of single measure
ments instead of distribution variances, (2) application 
to cases where component probabilities w, are not 
effectively represented bj- Gaussians. This will now 
be illustrated by some examples. 

^ • ^ s a first and trivial case, we consider a series of 
flHBits Ci, C2, • • • Cra of a radioactive source over a 

set of different time intervals ti, h , • • • t„, , from which 
one wishes to infer the best value of the count rate c. 
In the absence of deadtime effects, w, are Poisson 

distributions 

Kct,r 
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(4) 

Insertion of Eq. (4) into Eq. (3) and differentiation 
with respect to c leads to the self-evident result 

s = T.c^/Eh (5) 

which is also obtained by first computing sample count 
rates Ct = d/h and weighting these by the reciprocal 
of the distribution variance cr̂ (c,) = c/t^. Note, how
ever that use of the Estimated Single Aleasurement 
(ESM) variance a-'^(ci) = Cr/tl yields the wrong result, 

e = Hh/T^it'/C,). (5') 

Aluch the same problem exists for counts which 
require a deadtime correction. In that case, the correct 
probabilitj' Wj turns out to be rather unwieldy*'' but 
in most cases when deadtime corrections are necessary, 
observed counts are also large numbers; as discussed 
above Gaussian distributions can thus be substituted. 
The expectation value e(C,) of count Cj over time t, 
is related to the input rate n, which we %rish to deter
mine, through 

<C,) ^nt,/il+nT), (6) 

where T = fixed paralj-sis after each count, and the 
variance becomes 

<^\C,) =niJil+nTf, 

whence 

- h i L = 3'^Eln[27r(r'(C,)] 

+ Z [C. - eiC,)f/2cr\C,). 

(7) 

(8) 

Differentiation with respect to the expectation value 
of the input rate yields the best overall input rate value 

ZcL/iZi, - TZC^). (9) 

The use of input rates estimated on the basis of a 
single measurement, 

n^ = ( C A ) / [ 1 - (C\T/tf)] (10) 

and/or use of inverse S.AI.E. variance weighting. 

\n,) == (dn,/a(7,)V(C,), (11) 

evidently again produces a spurious result. 
A final example illustrating the pitfalls of inverse 

variance weighting is a count with background sub
traction. We suppose, for example, that m counts d 
over various time intervals t„ are made of the same 
source, interspersed between m background counts Bi 
over intervals Ui ; from this information we wish to 
extract the best value for the signal rate s. The likeh
hood function for this case is elementarj' and differ-
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entiation with respect to s and 6 immediately 3'ields 
the answer 

§ = T.cj'Etu- T.B,/Y:tj,., ( 1 2 ) 

whereas the attempt to calculate sample signal rates 
Si = Ct/ttc — Bi/t,i, and combine these with weights 
(Ci/tie -f Bt/tzb)~ leads to a formulation which is 
both very complex and entirely wrong. A more realistic 
background subtraction problem is sometimes en
countered where background varies: for instance, a 
prehminary measurement may suggest that an effort 
be made to reduce the background through shielding, 
such that a set of measurements is eventually available 
consisting of the same mean source count rate s with 
different background rates 6,. For m measurements in 
the presence of the source and m measurements in the 
absence of the source, PML yields m + 1 equations: 

T.tc^ = J2C,/(s_+b,), 
i k 

U + 4,- = C,/{s ^- &,) + B^/bi • 

J = 1, 2, • • • m. 

(13) 

an example of a case where a solution for s requires 
iteration or successive approximation. One interesting 
feature of this set of equations is that the approximation 
which one would be forced to make for a single measure
ment, 4 = B/h, is not valid here, as additional informa
tion about the background can be derived from the 
source counts. Generally speaking, it is the essential 
function of the PML method to make complete use of 
all available information contained in the data, for 

which reason this method would appear to merit m( 
attention than it appears to have received. 
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III-31. Estimates of Variance from Measured Quantities of Fluctuating 
Origin and Inherent Correlation 

A. D E VOLPI 

An examination has been made of the origin of 
variances estimated for quantities calculated from 
measured numbers. If these measurements are gathered 
in simultaneous time intervals, they become correlated 
in a statistical sense. As a result, care must be taken 
in determining the error to be associated with the 
calculated quantity. 

In carrying this procedure through, a consistent 
set of derivations has been obtained for common situa
tions in counting random events, without the necessity 
for introducing ad hoc assumptions for each special 
application. By applying a minimum number of justifia

ble constraints, it has been possible to avoid leaving 
the final expressions in incomplete or obscure form. 

The initial review establishes that the proper variance 
to associate with a source rate s measured in the pres
ence of background 5 is 

= [(s + b)/to] + a-l , (1) 

which indicates isolation of the separately measii 
background. Of course, for comparative purposesi 
uniform rate b can be used to estimate the variance 
for the background measurement. If this is done, then 
the optimum apportionment of background to sample 
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5nting time becomes 

WL = Wis + b)]\ (2) 

In the limit of very low background, we find 

tb/tc = (6/s)*, (3) 

and for relatively high backgrounds, 

h/U = 1 . (4) 

A merit ratio F for counting sj'stems has been derived 
which does not have explicit reference to counting 
durations. The general expressions reduce to 

xt. 

F = (Sa/Si)*, (5) 

^̂ 1.0 b 

if both signal rates are large with respect to background, 
and to 

0.1 J—J I I I I I III J I I I I ml i L_J_ 

0.1 1.0 10 

F = (S2/Si) (61/62) ' , (6) s„/b 

if both signal rates are greatly exceeded by background. 
If there is significant decay (X) of a radioactive 

source during the counting interval, a more complex 
counting time ratio arises: 

(1 - e"''''//) -f •v/(r^Z"7^/)2 -f (g.e-^"^) 4- (2e"-^'vTr^ 

F I G . 1II-31-1. For Decaying Sources, the Optimum Count
ing Time Ratio k = tc/tb is Plot ted as Functions of Ini t ia l Sig
nal /Background Ratio So/b and Decay Parameter Xic . AX'L 
Neg. No. 116-91. 

tb/tc = 

where 

/ = ( 1 e"''')/X4 

The counting time ratio is shown in Fig. III-31-1 as a 
function of signal/background ratio and decay fraction. 

The already established relative variance for coin
cidence counting can also be derived from the present 
viewpoint. One finds for a disintegration rate N with 
random components a and b in separate detection 
channels and correlated component c. 

(s„e-^'«/&) -f (2e~^''^/f) ~ 1 

agreement with the observed distribution. The formula 
for the delay is 

D = (XP/g) - r, (10) 

while the relative variance is computed as 

(8) 

for 

ial/D'Y = h(al/D'), (11) 

<rj,/D = [a(l -f a/g)f[(p - l)g + af', (12) 
2 

.+ 
ic' - abf 

W {a^cY ' (6 + c)2 ' c(a-fc)2(6H-c)2 
(9) where fe is a truncated portion of the normal distribu

tion, and 
Finally, the results are extended to the high precision 

calibration of a gate duration or delay period, using 
random pulses in conjunction with a precision osciUa-
tor (pulse separation X and width T ) . An additional 
step is necessary to bring the calculated variance into 

a = P - (p - \)g. (13) 

P is the number of random pulses passed, g is the num
ber of gating events, and p is the number of oscillator 
pulses which can be passed during each delay gate. 
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III-32. R a n d o m N u m b e r s from Electronic Noise 

CHARLES ERWIN COHN 

INTRODUCTION 

Recent literature^ has pointed out serious statistical 
imperfections in the familiar multiplicative-congruen-
tial algorithms used for generating pseudo-random 
numbers in digital computers. Although methods for 
partially circumventing these imperfections have been 
suggested, it is appropriate to bring back the old 
idea^' ® of generating random numbers with the aid of 
physical sources of noise. This approach is attractive 
because physical noise arises from atomic processes 
which have no hidden regularities (to the best of our 
knowledge). 

The problem of random-number generation can be 
reduced to the problem of random-bit generation. 
Therefore, this paper is concerned primarily with the 
use of electronic sources of noise to generate popula
tions of random bits having good statistical properties 
in spite of the imperfections of practical electronics. 
Some points on the utilization of these bits will be 
included. 

RANDOM-BIT GENERATION 

The simplest approach to random-bit generation is 
to apply wide-band electrical noise to the input of a 
polarity detector or amplitude discriminator. The out
put of this discriminator would be sampled each time a 
random bit is required. If the noise is above its mean 
value at the instant of sampling, the derived bit would 

OUTPUT 

NOISE 
SOURCE 

SQUARING 
CIRCUIT TOGGLE 

^ ^ 

CLOCKED 
FLIP-
FLOP 

A. 
STROBE 
PULSE 

F I G . 111-32-1. One Type of Random Generator. ANL Neg 
No. 113-2823 T-1. 

TABLE III-32-I. P R O P E R T I E S OF T W O 
R A N D O M - B I T GENERATORS 

Generator 
No. of bi ts examined 
Bias (S) 
Correlation with pre

vious bit (e) 

Burr-Brown 
2,000,060,416 

0.01172 ± 0.00004 
0.00799 ± 0.00004 

Other 
1,916,502,016 

0.00193 ± 0.00004 
0.00312 ± 0.00004 

be a one, while if the noise is below its mean value at 
the instant of sampling, the derived bit would be a 
zero. The major drawback of this simple scheme is 
that the bit population would be biased, that is zeros 
and ones would not be equiprobable, if the discrimina
tion level of the polarity detector did not coincide ex
actly with the mean level of the noise. I t is not practi
cal to set this level to the required accuracy because of 
statistical error nor to hold it against circuit drift. 
Schemes have been proposed* to adjust the discrimina
tion level automatically in response to the observed 
bias, but this would clearly introduce long-term serial 
correlations. 

Figure III-32-1 shows an arrangement that has been 
used to circumvent the above difficulty. As before, a 
source of wide-band electronic noise feeds an ampli
tude discriminator which acts as a squaring circuit. 
The output of the squaring circuit is a square wave 
with transitions at the discrimination-level crossings of 
the noise. This square wave is fed to the complementa
tion input of a toggle, which changes state every cycle 
of the square wave. The operation is largely independ
ent of the discrimination level of the squaring circuit. 

The outputs of the toggle go to the steering inputs 
of a clocked flip-flop. When a random bit is to be read, 
this flip-flop is strobed. The status of the toggle at that 
instant is thus sampled and held. In principle, this 
circuit should show no bias since the toggle should 
spend equal time in the zero and one state. We shall 
see to what extent that ideal is realized. 

PROPERTIES OF SIMPLE GENERATORS 

Tests were made on two random bit generators em
bodying this arrangement. One was a Burr-Brown 
Model 4006/25 noise generator module. The other was 
assembled from a General Radio Model 1390-B noise 
generator operated at 500-kIIz bandwidth, an inte-
grated-circuit amplitude comparator, and two o-MHz 
flip-flops in the Honeywell/CCD "S-PAC" series. Table 
III-32-I shows the measured properties of these gener
ators. Results are shown in terms of probability, that 
is, the probability of a one bit is 0.5 -I- 8, the condi
tional probability of a one bit following another one 
bit is 0.5 -j- S -f e, the conditional probability of a one 
bit following a zero bit is 0.5 -f 8 — e, etc. The lim: 
of standard deviation were estimated from binomi 
statistics. These data were obtained with the random 
bit generator connected to the DDP-24 computer. 

I t can be seen that both generators had significant 

m 



^^k, contrary to our expectations. The explanation for 
that is believed to lie in the properties of the toggle 
and the manner in which complementation occurs. As 
mentioned before, complementation occurs on one 
transition per cycle of input square wave. The preced
ing half-cycle must be long enough for the toggle to be 
primed for the transition. If the half-cycle is too short, 
complementation will not take place. Now in any ac
tual toggle, the two transistors and their associated 
components will not be exactly symmetrical so that the 
time required to prime for a transition in one direction 
may be slightly longer than that required to prime for 
the other. Therefore, the shortest half cycle to achieve 
complementation in one direction may be slightly 
longer than for the other direction. The input noise will 
then give a distribution of half cycles such that a 
certain fraction are sufficient to initiate complementa
tion in one direction but not sufficient for the other 
direction. Thus, the observed bias will arise. The other 
generator has a bias almost an order of magnitude 
better than the Burr-Brown, possibly because the S-
PAC flip-flop has a faster response, so that fewer 
half-cycles fail to initiate complementation. 

The bits from each of these generators are not inde
pendent but show a significant serial correlation. This 
can be attributed to two causes, i.e. the finite band
width of the noise and the behavior of the clocked 
flip-flop. Successive noise samplings would be corre
lated over intervals of the order of the reciprocal of the 
noise bandwidth. However, in these tests, the interval 
between bit samplings was much longer (65 /tsec) so 
the observed correlation must have been entirely due 
to the latter cause. Since the strobe pulses and the 
toggle transitions are incoherent, there will be a cer
tain number of cases where the time interval between 
the most recent toggle transition and the fall of the 
strobe pulse is insufficient to prime the flip-flop so that 
it will not strobe but will remain at its previous state. 

Correlations for these bits were also calculated for 
lags from 2 to 20 and for 74 selected longer lags with a 
maximum of 3079 by a method that was previously 
developed for fast-reactor noise analysis.^ The correla
tions were not significantly different from zero to a 
precision in € from less than 0.00004 at short lags to 
0.0004 at the longest lag. Capacitive coupling between 
the noise source and the squaring circuit eliminates 
noise components of very low frequency and so pre
vents serial correlations due to 1// noise. 

BIAS AND COEBELATION REMOVAL 

f i is evident that the generated bits require further 
atment to remove their statistical imperfections. 

Removing the correlation is relatively easy. For corre
lations due to limited noise bandwidth, just increase 
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F I G . III-32-2. Flow Diagram of Bias-Removal Scheme. If 
the Probabilitjf of Each Branch is as Shown, the Probabil i ty of 
a Result of 1 is 0.5 - 25* - e. AXL Xeg. No. 113-28^ T-1 Rev.l. 

the time interval between samplings. To remove corre
lation due to flip-flop stickiness, one can strobe the 
output flip-flops several times for each bit and discard 
the intermediate samplings. 

Removal of bias is more difficult but there is an 
effective procedure that we have developed in which no 
long-term correlations are introduced. This is merely 
alternating complementation in which every other bit 
is changed from a one to a zero or from a zero to a one. 
It is obvious that such a procedure will yield equal 
expectations of ones and zeros. However, if the input 
bits have any great amount of bias significant serial 
correlations can result. Thus, the alternating comple
mentation is best used as a final processing step, with 
some other method being used to reduce the bias in 
preparation for it. 

Figure II-32-2 shows a suitable preparatory bias re
duction method. Here two raw bits are taken from the 
generator for every final bit to be produced and the 
output bit is made equal to the logical difference of the 
two input bits. In other words, the first input bit is 
taken, and then the second input bit is used to decide 
whether or not to complement the first input bit. If the 
second bit is a one, the first input bit is complemented 
while if the second input bit is a zero, the first input 
bit is left unchanged. The probability that the result 
will be a one is 0.5 — 28^ — e. If the input correlation 
is sufficiently small, a substantial improvement in bias 
may be obtained. Note that there is no chance of can
celling off the remaining bias against the correlation 
because the correlations encountered here are always 
positive. The output for this process may be used as 
the input to still another bit pairing step if a further 
reduction in bias before alternating complementation 
is required.* 

* There is an alternative bit-pairing prescription which 
might prove advantageous under certain conditions. In this 
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TABLE III-32-II . B I T PROCESSING T E S T S 

Generator 
No. of raw bits taken 
No. of processed bits ob

tained 
Raw bit bias 

Paired bit bias 

Pinal bit bias 

Correlation with 
final bit 

previous 

Burr-Brown 
1,102,905,344 

551,452,672 

0.011440 
± 0.000015 

-0.000242 
± 0.000021 

0.000005 
± 0.000021 

0.000025 
± 0.000021 

Other 
1,129,709,568 

564,854,784 

0.002084 
± 0.000015 

-0.000447 
± 0.000021 

0.000018 
± 0.000021 

-0.000030 
± 0.000021 

These operations would normally be performed by 
hardware. However, for test purposes they were per
formed by programming on the DDP-24 computer. 
Table III-32-II shows the results. Tests were run with 
both the Burr-Brown and the other random bit genera
tor. One stage of bit pairing proceeded alternating com
plementation. Each of the generators was strobed three 
times for each raw bit taken with the two intermediate 
samplings discarded. Both bias and correlation have 
been eliminated to within statistics. I t is impossible to 
tell at this level of precision whether the alternating 
complementation introduced any significant correla
tion, and hence whether another stage of bit pairing 
would be desirable. 

Correlations at longer lags were checked as pre
viously described and were found to be zero to the 
precision previously mentioned. In addition, a run test 

scheme, input bit pairs with both bi ts identical, i.e. (0, 0) and 
(1, 1), are discarded. The pair (1, 0) yields a result of 1 and the 
pair (0, 1) yields a result of zero (or vice versa) . The probabil
i ty of (1, 0) is 0.25 - Ŝ  _- o.5« - ie, while the probabil i ty of 
(0, 1) is 0.25 — 5* — 0.5e -f- 6e. Note t h a t these two probabilit ies 
differ only in the sign of the last term, so the output bit bias is 
proportional to ie. This scheme, then, although it would require 
somewhat more elaborate logic than the scheme jus t described 
and would reduce the rate of production of bi ts , oilers a smaller 
output bias whenever e < 2S. 

was performed on a sequence of 781,647,873 procesi 
bits from the other generator. The number of runs of 
consecutive bits of the same value differed from the 
expected number by 0.150 in standard measure, corre
sponding to a significance level of 92%. 

USAGE OF RANDOM BITS 

These random bits can be either directly sensed by 
the computer and used as random two-way switches or 
assembled into words in a word-forming buffer and 
read into the computer on demand. Most modern com
puters can read a full word into the accumulator in one 
to three memory cycles. This is clearly much faster 
than any algorithmic generator. 

There are some situations in which the nonrepeata-
bility of a physical random-number generator is con
sidered a disadvantage. One could use an algorithmic 
generator for program debugging and checkout and the 
physical generator for production runs where good sta
tistical properties are most important. For calculation 
schemes requiring repeated reference to a given se
quence of random numbers, the sequence could be re
corded on a bulk storage device. With suitable block
ing and buffering techniques, no speed need be lost, 
especially since certain operations, such as conversion 
to floating point, would not have to be repeated. 
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I I I - 3 3 . G a m i m a - R a y S p e c t r a l M e a s u r e m e n t s a t J A N U S 

RAYMOND GOLD and K. E. FBEESE 

Following modification of the JANUS reactor, gam
ma-ray spectra were measured in the High Dose Room 
using Compton recoil gamma-ray spectroscopy.^ A 
floor plan of the JANUS High Dose Room is displayed 
in Fig. III-33-1. A series of gamma spectra measure

ments was carried out 96 cm above floor level at posi 
tions, A, B, C, D, and E. 

A second series of measurements was conductel 
determine the effects of loading the High Dose R<? 
with a large number of animals. To simulate the mod' 

.OOTff 
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ling effects of mice, one ounce polyethylene bottles 
were filled with water sufficient to give 3 gm of total 
hydrogen. (This is approximately the hydrogen con
tent of a 30-gm mouse.) Four hundred fifty-six (456) 
such "phantom mice" samples were distributed in a 
uniform array across the High Dose Room from floor 

TABLE III-33-I. GAMMA D O S E R A T E AT JANUS 

PHANTOM 
MICE ARRAY 

F I G . I II-33-1. Layout of the High Dose Room at JANUS. 
Gamma Spectra were Measured at Positions A-E . All Measure
ments were Carried Out a t a Height of 96 cm from Floor Level. 
For the Phan tom Configuration, the Depicted Array of Phan
tom Mice Extended from Floor to Within 37 cm of the Ceiling 
with a 10 cm Vertical Separation Distance Between Phantoms . 
ANL Neg. No. 116-460. 

Position 

A 
B 
C 
D 
E 

Energy Interval, 
MeV 

0.28-2.2 
0.29-2.2 
0.26-2.2 
0.26-2.2 
0.29-2.2 

Dose per Watt of 
Reactor Power, 

mR/hr 

0.15 
0.26 
0.084 
0.075 
0.046 

Phantom Experiment 

A 
B 
E 

0.26-2.2 
0.26-2.2 
0.26-2.2 

0.18 
0.30 
0.066 

to ceiling. The location of this array is depicted in Fig. 
III-33-1. Measurements were repeated at positions A, 
B, and E with this phantom configuration. 

Experimental results are shown in Figs. III-33-2 
through III-33-6, where the absolute gamma spectra 
(photons/cm^-sec-MeV) per watt of reactor power are 
displayed for positions A through E, respectively. The 
dominant peaks arising in these spectra can be attrib
uted, in the main, to gamma emission from either fast 
neutron inelastic scattering in lead or direct neutron 
activated gamma-rays from lead. (The external sur
face of the modified High Dose Room consists of a 
4-in. thick lead layer.) 

Gamma dose rate is also available from these data.^ 
Table III-33-I. summarizes the dose rate (mR/hr) per 
watt of reactor power in the designated gamma-ray 
energy regions for positions A-E. 
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III-34. A N e u t r o n Spec trum M a p of t h e JANUS Irradiation Faci l i ty 
Us ing Proton-Recoi l Proportional Counters 

E. F. BENNETT and T. J. YULE 

INTRODUCTION 

Measurements of fast neutron energy spectra in ex
perimental reactors have been carried out at Argonne 
National Laboratory since 1965.<i' The technique, us
ing proton-recoil proportional counters with gamma 
discrimination, is applicable to the determination of 
low intensity degraded fission neutron spectra in the 
energy range from 1 keV to a few MeV. 

Although the developmental effort has been directed 
towards critical assembly experimentation, the method 
may be applied to the study of neutron spectra in any 
environment containing modest (order of 10* n/cm^-
sec) fast neutron fluxes. The application of this 
method to shielding measurements, to the determina
tion of neutron spectra from standard sources, and to 
neutron flux mapping in biologically interesting envi
ronments is certainly feasible.^ Since biological effects 
of radiation are not related in a simple way to an 
integral quantity, such as the kerma, it is desirable to 
have a differential measurement of neutron spectrum. 

The original High Flux Irradiation Room of 
JANUS* had design problems which limited the useful
ness for biological research. The neutron energy spec
trum contained relatively more slow neutrons than 
were desired and the neutron-to-gamma ratio was un
necessarily low. High residual gamma-ray radiation 
from surfaces of the room and neutron leakage around 
and through the shutter interfered with personnel ac
cess for rapid specimen placement or removal. These 
various deficiencies were deemed sufficiently serious to 
justify a significant redesign effort on the high flux cell. 

The JANUS facility, in its present form,* provides a 
copious flux of fast neutrons (with few thermals) over 
a large and readily accessible irradiation area. Analy
ses of the expected neutron flux spectrum were made '̂*^ 
and experiments other than the one reported here have 
been done in which both neutron spectra'^ and gamma 
spectra^ were investigated. Mappings of neutron and 
gamma doses were also performed.^ In this paper we 
describe the technique of neutron spectroscopy with 
proton-recoil counters as it was used in the JANUS 
measurements and present the results of a limited spa
tial mapping of the spectrum over the irradiation 
room. We also compare a measured spectrum with a 
calculated spectrum® based upon a considerable over
simplification of the geometrical complexities of the 

cell. A more sophisticated (Monte Carlo) study of the 
neutron spectrum is in progress'^ and will be reported 
elsewhere. 

DESIGN OF THE JANUS FACILITY 

Figure III-34-1 is a vertical section of the cell and 
illustrates the combination of lead and borated hard-
board used along walls and floors to minimize the 
gamma dose during neutron irradiation, as well as to 
shield personnel from wall-activation gammas upon 
entering the room after a power run. The lead liner 
also has the effect of reducing the low energy compo
nent of the neutron spectrum over that which would 
exist in the absence of lead by allowing fast neutrons 
to be returned to the room with little energy loss. The 
location of the U-235 converter plate and the shutter, 
which is used to isolate the cell for personnel access, is 
also shown. Thermal neutrons from a graphite pedestal 
coupled to the JANUS reactor convert to fast neutrons 
in the U-235 plate and these fill the irradiation cell. 
Lead, interposed between the converter and cell, serves 
to reduce gamma fluxes which occur during neutron 
irradiation of the converter, as well as gamma fluxes 
present when the thermal-neutron-absorbing shutter is 
in place. The solid circles in Fig. III-34-1 indicate 
detector locations. 

Figure III-34-2 is a horizontal section of the cell. 
The solid rectangles, which represent detector place
ments, also indicate the orientation of the cyhndrical 
probes. The area indicated by "specimen line" is ap
proximately where most of the intended biological ir
radiations are to be made. Spectrum measurements 
were made over the whole cell, however, in order to 
ascertain the sensitivity of spectral shape and ampli
tude to cell position. 

I t should be noted (see Fig. III-34-2) that all the 
surfaces have a lead inside liner with borated hard-
board or boro-bauxite concrete behind the liner, except 
for the door. 

EXPERIMENTAL METHOD 

DETECTOR 

Figure III-34-3 is a photograph of the proportiflHl 
counter probe used. The detector and a preampliMr 
were mounted in a 2 X 2 in. box or stainless steel %2 
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F I G . III-34-1. Vertical Section of the JANUS High Flux Irradiat ion Cell. The Solid Circles Indicate Detector Locations. ANL 
Neg. No. 116-3S2. 

in. thick, which was held in position by a light alumi
num holder. 

The cylindrical counting tubes (stainless steel) had 
an inside diameter of 1 in. and an effective length of 3 
in. The wall thickness was 16 mils and the anode (1 
mil stainless steel wire) was positioned by a 10 mil 
diam brass field definition tube. 

Two identical detectors were used for each spectrum 
measurement. One contained predominantly hydrogen 
gas filled to a pressure of about 80 psia. The spectrum 
below about 100 keV was measured with the hydrogen 
filling. The other detector contained about 90 psia of 
methane and was used for the higher energy portion of 
the spectrum up to about 3 MeV. The methane filling 
with increased stopping power to protons was less sub
ject to wall- and end-effect events at the higher ener
gies. I t is possible to extend measurements somewhat 
further in energy than was done here and this would 
have been desirable since a significant amount of the 
dohc is contributed by neutrons above a few MeV.^" 

€,ters with greater stopping power, needed for meas-
ents at higher energies, were not available. The 
tors Ubcd were intended for work in softer spectra. 

Hydrogen gas is preferable for measurements at the 

lower energies. Only a slight variation in W (keV per 
ion pair) exists for protons in hydrogen and there is no 
contribution to the measured pulse height spectrum' 
due to neutrons scattering from carbon, as occurs to 
some extent with methane gas fillings. 

The detectors were calibrated by the addition of a 
small amount of nitrogen gas and by observing protons 
from the reaction Ni*(?i, 23)C" when the counters were 
exposed to thermal neutrons. In this way an absolute 
relationship between pulse height and proton energy 
was established for each chamber. 

DATA REDUCTION 

After accumulation of a complete spectrum of recoil 
protons several corrections were made for various ef
fects discussed bclow.^^ 

The Variation of W 

The desired si)ectrum of recoil protons per unit en
ergy is obtained from measurements (which produce a 
spectrum per unit ionization) by dividing by the keV 
per ion pair W. This is a slowly varying quantity, even 
at quite low energy, but does require consideration. 
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Wall and End Effects 

The track length of recoil protons will increase (and 
rather rapidly) with energy until there exists a high 
probability for truncation where the entire track is not 
contained in the effective detector. A procedure has 
been worked out to evaluate truncation and to esti
mate its significance for measured data. The effect of 
this correction upon the measured JANUS neutron 
spectra over the energy region up to a maximum of 

about 2 MeV, was ascertained as of little consequence 
and the correction was not applied in any of the re
ported results. 

Carbon-Recoil 

The carbon component in methane-filled counters 
will undergo scattering by fast neutrons and the io: 
zation produced cannot be distinguished from that 
duced by recoil protons. This effect, which is usua^ 
small, does require that a correction be made. 

) n ^ ^ 
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F I G . III-34-3. Photograph of the Detector Probe and Pre
amplifier Used for JANUS Neutron Spectroscopy. AA'L Neg. 
No. 900-405. 

Electric Field Distortion 

The simple approach used to desensitize counters 
near the end by thickening the anode (an increase 
from 1 to 10 mils) is not completely satisfactory since 
a distortion of internal field lines occurs. The electrical 
volume of the detectors is not exactly identical with 
the mechanical volume and the response departs from 
ideal. The effect may be calculated, however, and with 
a detailed understanding of the internal field organiza
tion a correction for the effect can be made. 

After the various corrections for systematic effects 
mentioned above were made, proton recoil distribu
tions D (E) (per unit energy) were converted into neu
tron spectra ^.(E) (per unit lethargy) by differentia
tion according to the well known prescription 

cl>(E) 
1 E' dPjE) 

NT'^E) dE (1) 

where NT is the product of the hydrogen atom number 
in the effective counter volume by the time duration of 
the measurement, and a{E) is the neutron-proton cross 
section which is well known experimentally. The ex
perimental derivative is determined by a least squares 
line fit to segments of the proton spectrum, and the 
statistical error in the neutron spectrum is that asso
ciated with counting statistics in the line fit. 

he statistical accuracy obtained in the measured 
ctrum is generally about ± 3%. The energy resolu

tion varies from something in the vicinity of 12% at 
the higher energy upward to almost 30% in the vicin-

•

^ 
c 

ity of 1 keV where statistics in ionization become poor 
and affect resolution accordingly. 

A maximum detector counting rate of about 10,000 
counts/sec was maintained at each of the positions 
measured by varying reactor power. A B-10 counter 
was placed in the cell and used to monitor power inde
pendently during a measurement. 

RESULTS 

The top view of the irradiation cell shown in Fig. 
III-34-2 indicates the various locations at which meas
urements were made. Table III-34-I contains the dis
tances of the counter center from various cell surfaces. 
The spectrum at position A was measured after wa
ter-filled containers (simulating mice) were suspended 
as a semi-uniform vertical sheet from the ceiling along 
the line indicated. The average surface density was 
0.020 gm/cm^ of hydrogen, 0.046 gm/cm^ of carbon, 
and 0.10 gm/cm^ of oxygen. 

Figures III-34-4 through III-34-10 contain the spec
trum measured at each position; Fig. III-34-5 is the 
result at position A with the simulated mice in place. 
The absolute ordinate scale (flux per unit lethargy) is 
included at each position; all measurements are re
ferred to a reactor power of 1 W. Some variation in 
flux intensity and spectrum occurred, depending upon 
location of the detector in the cell. However, most 
specimen irradiations would be done over a region 
where little spectral change was observed. The "A-
mice" measurement provides evidence of the flux per
turbation introduced by samples undergoing irradia
tion. There is an observable, although slight, softening 
of the spectrum which is consistent with some degrada
tion of neutron energy by scattering on the sample 
material. There is also a noticeable softening of the 
spectrum as one moves away from positions near the 
converter to positions near the back of the cell. 

One prominent feature which varies systematically 
with location is the resonance dip seen at about 400 
keV. This is probably due to neutrons which are re-

TABLE III-34-I . COUNTEB C E N T E R DISTANCES FKOM 

SPECIFIED C E L L SURFACES 

Position 

A 
B 
C 
D 
1-: 
F 

Distance'^ 

On the center line; 30J?^ in. from back wall 
On the center line; G îj in. from curved (2) lead wall 
On the center line; 2 in. from back wall 
19J^ in. from back wall; 2 in. from door 
19?^ in. from back wall; 2 in. from side wall 
9% in. from curved (2) lead wall; 9% in. from short 

side w all 

"Al l measurements were made at the center of the core, 
?jS)% in. above the floor. 
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turned through the lead wall liner from underlying 
concrete. A large scattering resonance in oxygen exists 
at about 400 keV and the neutron flux returned by the 
ceiling and door will be displaced at this energy. Es
sentially no evidence of this return exists at position B 
(close to the face). Since position B is nearest to the 
fission converter source relatively fewer neutrons asso
ciated with concrete return are present. Position D, on 
the other hand, is adjacent to the unshielded concrete 
door and the effect of the oxygen scattering resonance 
here is quite pronounced. 

Some other structure appears to exist in the spec
trum; this may involve scattering resonances in the 
lead room liner and also resonances in steel in the 
detector and in the container used to hold the detector 
in place (see Fig. III-34-3). 

Figure III-34-4 also contains a histogram, obtained 
from Ref. 6, representing a calculation of the spectrum. 
The calculation was performed using a one-dimen
sional discrete ordinate transport theory code and a 
multi-energy group cross section set. The one-dimen
sional approximation is not expected to be especially 
appropriate to the actual JANUS cell; a relevant 
three-dimensional calculation with good energy resolu

tion is not feasible. IVIonte Carlo methods are capable 
of treating the configuration exactly and are being in
vestigated at present.''' HoweA'̂ er, the shape of the en
ergy spectrum is probably more strongly influenced by 
the materials in the environment than by the precise 
geometrical arrangement of these materials. The reason
ably good agreement as to spectrum shape between 
theory and calculation in Fig. III-34-4 is presumably 
evidence of this. Normalization of the calculated histo
gram to the measurement in Fig. III-34-4 was made 
by forcing integral fluxes from 1 keV to 2 MeV to 
agree. Since the one-dimensional calculation predicts 
the same flux throughout the cell and since measure
ments indicate systematic changes in both shape and 
intensity it must be admitted that the comparison of 
position A results in Fig. III-34-4 leaves much to be 
desired. The essential qualitative features of the 
JANUS spectrum, even allowing for this objection, are 
quite reasonably predicted by the simple calculation of 
Ref. 6. 

CONCLUSIONS 

The results of proton recoil measurements of neutron 
flux in the irradiation cell of JANUS have generally 
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confirmed the design predictions as to spectral shape 
above about 1 keV. The effect upon the spectrum of 
specimens undergoing irradiation has been observed 
and the dependence of spectrum upon position in the 
room has been recorded. The results of these (and 
other related) measurements will provide an excellent 
description of the radiation environment in JANUS. 
The energy resolution, response range, and accuracy of 
the proton recoil results are in general satisfactory for 
investigations of biological environments; an improved 
response at high energies would be very useful for 
dosimetry. 

Proton recoil spectroscopy with gamma discrimina
tion does require a considerable amount of electronics 
and detailed analyses if one is to achieve the full in
herent accuracy and energy response. The measure
ments reported here are typical of what can be 
achieved in low flux environments and serves to illus
trate the method very well. 
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III-35. A Code for Calculat ing t h e Temperatures of Effluent Air 
from t h e ZPR-6 and -9 Sand Filters 

G. K. RTJSCH 

A potential problem during and subsequent to a pos
tulated Design Basis Accident (DBA) in the ZPIl-6 or 
-9 reactor cell, is the generation of relatively high 
pressures due to rapidly burning sodium vapor. The 
pressurized air must be vented in a manner which is 
compatible with the pressure rating of the reactor cell 
and such that the release of radioactive material is 
minimized. 

One of the safety features of the ZPR-6 and -9 
reactor facilities^ is the emergency-exhaust-system 
(EES) which is designed to rapidly release air from 
the reactor cell and also to minimize the release of 
radioactive contaminants after a DBA type accident. 
The EES is comprised of a reactor cell capable of 
containing internal pressures up to 35 psig, and valves, 
ductwork, and sand filters compatible with this cell 
containment capability. The sand filters are designed 
to remove the major portion of radioactive particulate 
material flowing out of the cell after a DBA, and as a 

large heat sink (-^3 X 10''' cal/°C) to absorb heat 
generated during the accident. Air can flow from the 
reactor cell through the sand filters and subsequently 
through a double set of HEPA filters at a rate of about 
3000 cfm per psi of pressure head. The effluent air is 
therefore highly filtered provided the air is sufficiently 
cooled in the sand filters to protect the integrity of the 
HEPA filters. A code has been written to calculate the 
temperature of the effluent air following a postulated 
DBA in the ZPR-6 or -9 reactor cell. 

The details of the code are contained in Ref. 2. 
Briefly, however, heat is assumed to be generated^ from 
burning sodium vapor and liquid metals in accord with 
the DBA postulated in the Final Safety Analysis 
Report.^ This heat is assumed to be transferred imme
diately to the air in the reactor cell. Numerical ay-
proximations to the appropriate differential equati^ 
are used to calculate the parameters of interest, 
transferred by conduction to the reactor cell walls, 

ll a^r 
atiJJI^ 
H I H F 
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r, and ceiling is calculated. Air pressure within the 
reactor cell is calculated using temperature and density 
information. Air flow through the sand filters is deter
mined by use of cell air-pressure information. 

The sand filters which absorb heat from the air flow
ing through them, are assumed to be divided into a 
number of discrete zones. The divisions are defined by 
planes perpendicular to the axis of the sand filters. Each 
zone is assumed to contain spherical particles of a 
given size; the individual particles are assumed to be 
divided into spherical shells for the purpose of heat 
transfer calculations. All of the air within a given zone 
is assumed to be at the same temperature, as are all 
corresponding spherical shells within the individual 
particles. The temperature of the air flowing from a 
given zone is determined as a function of the quantity 
and temperature of the inlet air, the quantity and tem
perature of the air within the zone, and the quantity 
of heat transferred from the air to the particles within 

a zone. Heat transfer between particles of the various 
zones is assumed negligible compared with that trans
ported by air flow. 

For the case of the ZPR-6 and -9 DBA, the effluent 
air from the sand filters was found to be essentially at 
room temperature (25°C). This low temperature is a 
consequence of the very large heat capacity of the 
sand and gravel within the filters and the very large 
effective surface area for heat transfer to the sand and 
gravel. 
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111-36. A Sodium-Vapor Monitor 

J. F. ?tlEYEH, T. W. JoHNSOx and J. E. STJSTMAN" 

INTBODUCTION 

A 360 liter heated zone (the VTRZ), capable of 
operation at temperatures up to 550°C, is to be in
stalled in the ZPR-6 Fast Critical Assembly as part of 
a study of heterogeneity and temperature effects in 
LMFBR critical experiments. The sodium in this 
heated zone will operate in the molten state and safety 
considerations have led to a double-containment 
scheme. The primary sodium containment will be 
sealed individual stainless steel cans (calandria cans), 
nominally 2 X 2 X 12 in. and containing approxi
mately 300 g sodium; the secondary containment is a 
sealed outer shell enclosing the entire heated zone (a 
total of about 400 cans). A circulating argon gas blan
ket is maintained within the outer shell. The sodium-
vapor monitor described in this report is intended to 
detect a breach of the primary sodium containment 
cans by detecting the presence of sodium vapor in the 
circulation argon cover gas. 

An initial survey of sodium leak detection methods, 
undertaken at the beginning of the development of a 
ggdium vapor monitor for this apphcation, indicated 

t leak detection by the "atomic absorption" of 
• 

sodium light by sodium vapor was the mobt practical 
of the available approaches to the problem.f This 
report discusses the electronic and mechanical design 
of the sodium-vapor monitor and the proof-of-per-
formance and sensitivity tests of the prototype model 
of the instrument. 

MoxiTOB OPERATION 

The monitor is to be located immediately outside the 
heated zone assembly, as shown in Fig. III-36-1, where 
it will monitor the argon cover gas as it exits from the 
heated zone. The argon gas will sweep any sodium can 
leak, no matter how small or remote, picking up sodium 
vapor and transporting a portion of the vapor through 
the heated zone to the detector. 

The physical configuration of the sodium-vapor 
monitor is shown in Fig. III-36-2. The sodium-light 
source produces an essentially monodirectional light 
beam made up of the emission lines of sodium. The 

* Student , Wisconsin State Universi ty, Oshkosh, Wisconsin. 

t Among the other methods considered were the detection of 
liquid sodium by electrical-shorting or by chemical reactions; 
the detection of vaporized sodium by flame or R-F excitation 
photometry , by gamma detection of Na-24, or i)y chemical 
cells; and the detection of sodium combustion or reaction 
products by such means as sensing sodium smoke. 
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F I G . III-36-1. Relation of Sodium-Vapor IMonit or to VTRZ Inner Matrix Assembly. ANL Neg. No. 116-383. 
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F I G . III-30-2. Block Diagram—Sodium Vapor Monitor. 
ANL Neg. No. 900-305. 

sodium light source is made up of a sodium lamp with 
its associated power supply, a lens system, and two 
yttrium oxide windows as shown in the figure. The 
lamp is a high-spectra-output hollow-cathode tube 
which emits the emission lines of sodium, the strongest 
of which are at 5890 A and 5896 A. The lens system 
coUimates and concentrates this sodium light, direct
ing it through the yttrium oxide windows and through 
the gas space. Except for some minor dispersion, these 
windows are transparent to the essentially monodirec
tional light beam. 

Ideally, the sodium-light sensor should be sensitive 
only to the emission lines of sodium generated by the 
lamp. It should discriminate against other wavelengths 
and against sodium light scattered in the monitor 
housing. The sodium-light sensor used in this monitor 

is made up of a set of yttrium oxide windows, an 
interference filter, and a photomultiplier tube with an 
associated electrometer. Considerable departure from 
the ideal sensor can be tolerated here because the mon
itor is essentially light-tight.* Thus the photomulti
plier tube will only sense light produced by the lamp. 
The interference filter will discriminate against scat
tered sodium light (i.e., sodium light which is not inci
dent normal to the face of the filter) and against light 
outside the band width of 50 A (with a peak wave
length of 5895.9 A). 

The emission of sodium light photons in the 5890 
and 6896 A peaks and the absorption of this light by 
sodium atoms is a resonance phenomenon which is de
scribed exactly as in neutron absorption. Involved in 
this phenomenon then are line widths (natural and 
doppler), peak values, and resonance line shapes de
scribed in terms of Voight profiles. The absorption of 
photons of frequency v by sodium atoms is governed 
by 

I(x) = Joe" -irMNx 

where 

X = 

initial intensity 
distance traveled by the photons through the 
absorbing medium 

N = absorber atom density 
ij{v) = absorption cross section and is described by 

Voight line shapes. 
For example, assuming a sodium-vapor density' 

* With the sodium lamp turned off the electrometer current 
drops more than two orders of magni tude. 
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BK002 ppm in argon (this is 3.55 X 10'° atoms/cm' and is 
the density of sodium vapor in equilibrium with a pool 
of liquid sodium at 130°C), a 100 A bandwidth (about 
the 5896 A peak), and a distance traveled by the pho
tons through the absorbing medium of 3.4 cm, the 
attenuation, given by 

Jo 

is approximately 50%. This calculation serves to illus
trate the potential sensitivity of the sodium-vapor 
monitor. At the maximum operating temperature of 
the heated zone, 550° C, the equilibrium sodium density 
is about 14,000 ppm (1.22 X 10" atom/cm^). Thus, 
at heated zone operating temperatures the sensitivity 
of the monitor would be expected to be adequate even 
if sodium vapor equilibrium were not attained. The 
dynamic test, described later in this report, demon
strates that the monitor has adequate sensitivity in a 
flowing argon gas system. 

There is a decrease in the monitor efficiency from the 
theoretical value calculated above due to the re-emis
sion of the absorbed photons from the sodium vapor. 
The absorbed sodium light is isotropically re-emitted 
(with a 10 nsec half-life) in a broadened and shifted 
line shape. The monitor is designed to discriminate 
against this re-radiation of sodium light in two differ
ent ways. First, the monitor light source and light sen
sor are designed to produce and detect respectively a 
monodirectional light beam. Second, the monitor filter 
has been chosen to discriminate against the re-emitted 
photons whose line shape is broadened and whose line 
peak is shifted relative to the light source line shape. 

Yttrium oxide windows were chosen because of their 
optical, thermal expansion, and strength properties, 
and their resistance to chemical reaction with sodium. 
Although the windows in the present design have never 
failed, the design incorporates two windows on both 
the lamp-side and the photomultiplier-side of the 
housing. The spaces between the two windows are 
evacuated and monitored for vacuum failure and 
thereby window failure. 

When connected to metal-packed high-temperature 
unions, the entire stainless-steel housing is leak-tight 
over many 20°C -> 550°C -^ 20°C cycles. Cartridge 
heaters maintain the housing at any desired uniform 
temperature up to 600° C* while refractory-type insula
tion localizes the heated area to the housing. The outer 
portion of the monitor containing the lamp, lenses, 
nhotomultiplier tube, and filter is light tight and so 
BMgned that the lamp and photomultiplier tube faces 
•ITnot rise above 30°C. 

* It is not desirable to have cold spots in the housing or 
upstream piping because of resulting vapor condensation. 
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The A-C electronics system is stable and virtually 
noise free. After an initial normalization adjustment to 
achieve 100% transmission and after a zero check ac
complished by turning off the lamp, the monitor will 
operate for more than 100 hr (with continuous thermal 
cychng) with less than 5% drift. There are no moving 
parts, bridge circuits, or reference cells in the design. 
The unit is essentially fail-safe in that the "on" condi
tion is in the normal (no sodium-vapor present) condi
tion. Most lamp and photomultiplier failures (e.g., a 
lamp power supply failure) will cause the transmission 
meter to go down scale. Also, as noted in the descrip
tion of the tests given later in this report, the monitor 
response levels off (saturates) at about 80% attenua
tion (20% transmission). Thus not only are most fail
ures fail-safe but immediately distinguishable from ac
tual indications of sodium-vapor. Adjustable alarm set 
points are incorporated into the readout meter design 
and can be wired to trip interlocks and/or alarm dis
play panels. 

STATIC CALIBEATION TESTS 

The purpose of the calibration tests was to deter
mine monitor attenuation as a function of the so
dium-vapor density present in the housing. A small 
bead of sodium was inserted into an evacuated quartz 
tube which was then backfilled with a high-purity 
argon gas to about 8 psia. The tube was then sealed 
and inserted into the monitor housing. With care taken 
to avoid temperature gradients inside the tube, the 
housing was electrically heated and the monitor atten
uation noted as a function of the housing temperature. 
Since the relation between sodium temperature and 
vapor pressure is well known, it was straight-forward 
to determine the calibration curve, i.e., the monitor at
tenuation as a function of sodium vapor density. A 
typical calibration result is shown in Fig. III-36-3. 
The quartz tube internal pressure rises during the test 
to nominally atmospheric pressure, thus mocking-up 
the static environment to which the housing will be 
exposed when used in conjunction with the heated 
zone. Gas flow, of course, was not mocked-up; however 
this should in no way affect the calibration of the 
monitor. 

DYNAMIC TESTS 

Dynamic tests have been performed to determine 
whether or not the monitor would sense the vapor 
evaporating from a small pool of liquid sodium remote 
from the monitor and at temperature comparable to 
the heated zone operating temperature. The test set-up 
was basically that of Fig. III-36-1 with a small sodium 
oven replacing the heated zone. The sodium oven was 
an electrically heated tee-section attached to the argon 
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loop piping. The argon gas flowed through the horizon
tal section of the tee while the vertical section of the 
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F I G . III-36-3. Sodium-Vapor Monitor Calibration Curve. 
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tee was blanked-off and contained a glass ampule col 
taining sodium. The oven and the tubing between the 
oven and the monitor were thermally insulated. After 
a high-purity atmosphere was achieved in the argon 
loop ( « 15 ppm oxygen gas and ?s;l ppm water-vapor) 
the gas, insulated tubing, and monitor were heated to 
approximately 300°C and a 1 cu ft/min (STP) argon 
gas flowrate was established. The gas pressure in the 
housing was nominally atmospheric. These conditions 
are typical of heated zone operating conditions. After 
the sodium ampule (containing 5 g of sodium) was 
crushed, the sodium oven was turned on, and the liquid 
sodium pool temperature increased. The typical re
sponse of the monitor as a function of pool temperature 
is shown in Fig. III-36-4. This test demonstrates that 
the monitor can sense remote sodium leaks at tempera
tures as low as 250°C. 

CONCLUSION 

A sodium-vapor monitor based upon the atomic ab
sorption of sodium fight has been developed. It is ca
pable of detecting as little as 0.03 ppm sodium vapor 
in argon gas (about 2.5 X 10-^' gm/cm*). The moni
tor has been fully tested and is to be incorporated into 
the instrumentation of the ZPR-6 heated zone experi
ments to detect leaks in the primary sodium contain
ment cans remote from the detector position. 
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III-37. F a s t Neutron Hodoscope Progress 

A. D E VOLPI 

Work carried out during the past year on the fast 
neutron hodoscope will be described in two sections: 
the first dealing with instrumentation, tests and trans
ients run at TREAT; the second with analysis and 
data output obtained at the Illinois site. Development 
of the hodoscope for the Reactor Analysis and Safety 
(RAS) Division continues to be a responsibility of the 
Applied Physics Division where the proj ect originated. 

ACTIVITIES AT TREAT 

Two instrumental improvements have been installed 
at TREAT. We have introduced noise suppression and 
automatic deadtime compensation into the steady 
state scanning instruments. Prior to each transient i ^ B ^ 
necessary to "focus" the hodoscope so that the c e n m B 
channel coincides with the fuel pin. This also provides 
preliminary information on the signal/background 
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ptio and on some operational features of the hodo-
"scope. In addition, this procedure is sometimes carried 
out immediately after a transient in order to obtain an 
early indication of pin failure or non-failure in cases 
where other instrumentation is not definitive. 

When the reactor is operating at a low power (50 
kW) steady-state level, there are a large number of 
noise sources (mostly control rod relays) which insert 
millisecond bursts of noise into the counting channels. 
We have found that the most successful method of 
suppression has been to introduce a deadtime of about 
10 msec after each initial count; in this manner, no 
more than one count is caused by a noise event rather 
than a burst of hundreds of counts. Thus out of a few 
thousand counts collected, only a small fraction are of 
spurious origin. 

Such a large deadtime, though, complicates the proc
ess of measuring count rates typically running from 
5-20 cps, which means deadtime losses of 5-20%. Thus 
we have also introduced compensation techniques 
which automatically correct for the deadtime losses. A 
dual-sealer with precision oscillator-timer has been in
stalled, along with a count-rate meter also automati
cally corrected for paralysis. No arithmetical manipu
lations are needed; the displayed rates are accurate 
measures of the true input rate. 

A second series of instrumental improvements is in 
the area of camera utilization. Typical time resolution 
experienced so far in TREAT transients has run from 
1.2 to 7 msec. To accommodate this range, it is neces
sary to adjust the synchronization between the camera 

shutter and the firing of the lamp array. An improved 
method of synchronization has been installed. 

The new apparatus consists of a neon lamp enclosed 
in a light-tight box, a flexible light guide which can be 
attached to the front lens of the camera, and a photo
multiplier tube. The neon lamp is fired from a pickoff 
point at the lamp array; thus it is triggered by the 
synchronization signals from the camera. The flexible 
light guide carries the light flash to the camera lens, 
which then passes the light through the moving shutter 
to the photomultiplier coupled to the focusing eyepiece. 
The phototube is powered from the previously existing 
linear test panel, and signals generated in the tube are 
amplified at the test panel and forwarded to the test 
rack oscilloscope. Thus the shape and amplitude of the 
signal observable on the oscilloscope (triggered exter
nally by the sync signal) are dependent upon the 
proper timing of the camera shutter with respect to 
lamp flashing. With an adjustable delay circuit, the 
correct synchronization can be conveniently estab
lished. 

A second useful feature of the neon lamp source is to 
provide an occasional test of lens transmission. Pre
vious experience with an optical head of the camera 
led to a slow, nearly imperceptible rate of deteriora
tion in light transmission. By comparing the through-
the-lens transmission with the direct light output of 
the lamp, it is possible to obtain a relative measure of 
optical quality. The flexible fight guide accomplishes 
this by having a connection which can be made to 
another compartment of the light box where the photo-

TRANSIENT 1255 
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FIG. III-37-1. Meltdown Sequence for Single Bare Pin as Observed by the Fast Neutron Hodoscope at TREAT. ANL Neg. No. 
116-114A. 
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multiplier can be directly attached for the light inten
sity standardization. 

We have also established an extended test procedure 
for the logic system of the hodoscope. This, in associa
tion with a logic troubleshooting chart and diagram, is 
expected to simplify corrective procedures for the very 
complex electronic system with thousands of integrated 
circuits. Essentially all diagnostics can be carried out 
by visually observing improper lamp indication under 
specified test conditions prior to a transient. 

The number of inadvertent system failures resulting 
in non-availability of the hodoscope at transient time 
has been greatly reduced, so that it has been possible 
to have the hodoscope ready for almost every tran
sient. Through the fiscal year 1970 nearly a dozen ex
periments have been carried out in conjunction with 
the fast neutron hodoscope. 

ANALYTICAL SUPPORT IN ILLINOIS 

Shutdown of the CHLOE scanning apparatus cur
tailed analysis of hodoscope film data. However, a re
placement scanning system, ALICE, is now under con
struction. 

Final results from the first meltdown transient con
ducted with the full-scale hodoscope are shown in Fig. 
III-37-1. This is for a "clean" condition, namely a 
bare pin in a gas-filled transparent capsule. 

Information gleaned from Transient 1255 and from 
two Mark II sodium loop transients which have not 
been fully analyzed to date provide some interesting 
favorable features of the hodoscope which were not 
previously appreciated. 

First, the signal/background ratio during a transient 
is about two or three times better than indicated by 
the preceding steady-state scan. For example, at the 
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peak of the transient 1255 the signal/backgroui«^P 
ratio was about 20/1 rather than 7/1. For sodium 
loops about 7/1 instead of 2.5/1 appears to be the case. 
This bonus arises because of the residual gamma ray 
sensitivity of the hodoscope. During steady-state reac
tor conditions, the hodoscope measures equilibrium de
layed gamma rays as well as prompt gamma rays. But 
during a transient, the delayed gammas are stored up 
and not issued for about a second. 

There is a second bonus related to the same phenom
enon. The hodoscope was originally designed to have 
adequate sensitivity when the power level of the tran
sient dropped to 10% of the peak. However, we have 
found even after full scramming of the reactor that 
delayed gammas (and neutrons) provided adequate 
signal intensity to observe the fuel condition for as 
much as a second or two. This feature greatlj^ extends 
the utility of the hodoscope in terms of post-transient 
effects. 

At one time it had been feared that the hodoscope 
instrumentation suffered from a non-linear transient-
response condition. Subsequent tests have not sup
ported this concern; instead we have found that some 
transients which exceed the original design limitation 
of the hodoscope (5000 MW) have apparently caused 
an overflow condition in the scalers. We are attempting 
to correct data where this has occurred. In the mean
time some temporary limitations on efficiency have 
been established for transients which exceed several 
thousand megawatts peak power. 

In addition to preparing for introduction of the new 
scanning system ALICE, efforts are underway to de
velop a display and analysis station which will provide 
a moving rendition of the transient data and which 
will allow expedited data adjustment. 



Section IV 

Reactor Computation Methods and Theory 

To a large degree, the quality of reactor design and performance depends upon 
the quality of the conceptual models and their portrayal in accurate mathematical 
representation, and upon the quality and efficiency of computational methods. A 
priori, the continuous development and refinement of theory and computational 
methods leads to the design of more dependable, safer, and better performing reac
tors. I t is with this intent that the studies described in this section were undertaken. 





IV-1. MC Capabil ity i n the Argonne Reactor C o m p u t a t i o n (ARC) Sys tem 

C. G. STENBERG 

]\lultigroup calculations in the ARC system make use 
of the four modules CSIOOl (Epithermal Cross Section 
Specifications), CSCOOl (Resonance Cross Sections), 
CSC002 (Non-Resonant Cross Sections and Funda
mental Mode Spectrum), and CSC003 (Broad Group 
Cross Sections and Fundamental Mode Spectrum). 
These modules represent revised versions of the coding 
which previously provided the MC^ computational 
capability in the ARC system.^ The multigroup capa
bility is based on the IMC^ algorithms^, and modifica
tions have been made with the intention of providing 
greater flexibility and accuracy in certain areas with a 
minimal increase in computing time. 

The most significant change in capability has resulted 
by variably dimensioning the four modules. As in most 
of the ARC system computational modules, the dy
namic allocation routine BP0INTER^" was used in 
providing this capability. Prior to modifying the code, 
users were limited to 20 materials, 4 isotopes per mate
rial, 70 broad energy groups, 70 fine energy groups, 2100 
ultrafine groups and 2000 resolved resonances. With the 
variably dimensioned modules, finite computer core 
size is the only real hmitation. Since BP0INTER makes 
use of large core storage (IBM 2361) as a logical exten
sion of the fast core, variably dimensioning the modules 
has in effect tripled the core available for running prob
lems on Argonne's IBM 360/75. Using the present 
capability problems have been run using 350 fine groups 
and collapsing to 130 broad groups. Extensive testing of 
the new capability has been performed to ensure its 
reliability and to compare execution times with the 
earlier fixed dimension capability. 

Timing considerations for the fixed and the variably 
dimensioned modules are given in Table IV-1-I. The 
time in seconds is listed for each area in the module. The 
total time listed for each module includes the time for 
each area in the module plus any overhead, e.g., sub
routine linkage time, printout time, etc. The number in 
parentheses is the percentage of the problem run-time 
spent in the module. The sum of the time spent in each 
of the four modules equals the total charge time for the 
calculation, i.e., central processing time plus wait time. 

(| ie times listed are for a calculation using three differ-
m options: (i) an all-fine group Pi fundamental mode 
roblem, (ii) an ultra fine group Pi problem, and (iii) an 

ultra fine group consistent Pi problem. All three prob
lems contained eighteen materials, 27 broad energy 

H. HENRYSON, II 

groups, and an energy range from 10 MeV to 22.6 eV. 
The fine group problem consisted of 52 fine groups, the 
ultra fine problems of 1560 ultra fine groups. For the ul
tra fine group calculation eight materials were treated as 
Legendre materials. 

Execution of the ARC system standard path STP005 
which invokes the modules CSIOOl, CSCOOl, CSC002 
and CSC003 has been considerably simplified by writing 
a catalogued procedure which has been added to the 
procedure library of the Applied Mathematics Division, 
ANL. Consequently it is possible to invoke the xvIC^ 
capability in the same manner as all other ARC system 
standard paths.^ 

In addition to variably dimensioning the four N̂IĈ  
modules in the ARC system, a number of minor changes 
have been made in the computational algorithms. Some 
of these changes, (ii) and (iii) below, wei'e made to 
permit MC^ to use the version 2 data of ENDF/B. The 
other changes were felt to be necessary to remove 
various inconsistencies and/or provide greater accu
racy. The changes are summarized below. 

(i) The subroutine QUICKW®' which calculates the 
complex function W(z) for use in obtaining the Doppler 
broadened line shapes, was not sufficiently accurate for 
obtaining the Pu-239 Doppler effect. The area in ques
tion was for 12.0 <\z\< 100. In this range QUICKW 
used the first term of the continued fraction expression 
for TF(2).'°' The new version makes use of a two-term 
fraction in the range of interest: 

W(Z) = -^iz( - — \ 

12 < |2| < 100. 

(ii) In the unresolved resonance calculation, level 
spacings and all widths are permitted to be energy de
pendent. Previously, the code would accept only energy-
dependent fission and neutron widths. 

(iii) Unresolved parameters for d-wave scattering are 
permitted. The rf-wave penetration factor^ is calculated 
as 

' 9 -H 3«2 H- n*' X ' 

where R is the nuclear radius and X is the reduced wave
length. 
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TABLE IV- l - I . 

Module 

Inpu t (CSIOOl) 

Calculate unresolved and re
solved resonance cross sections 
(CSCOOl) 

Calculate non-resonant cross 
sections, calculate fundamen
tal mode fluxes, and i terate on 
buckling to critical (CSC002) 

iSk 

T I M I N G CONSIDEBATIONS FOK THE F I X E D AND VARIABLY DIMENSIONED M C CAPABILITY IN THE ARC SYSTEM 

Area 

Read input , adjust broad group s t ructure , and make con
sistency check of all input da ta 

Tota l time in modules CSIOOl 

Reading unresolved and resolved da ta and W table from 
E N D F / B library 

Subroutine finds the maximum number of isotopes for the 
materials in problem, maximum number of energy points 
in unresolved calculation for materials in problem and 
maximum number of resolved resonances in problem 

Unresolved calculation 
Resolved calculation" 
Total t ime in module CSCOOl 

Subroutine finds the maximum number of energy-sigma pairs 
for use in PIGER<3 

(Subroutine FIGER(3) calculates fine-group effective cross 
sections for non-resonant quanti t ies 

Subroutine finds the maximum number of energy-sigma pairs 
for any energy and for any material in INSCAT 

(Subroutine INSCAT) calculates inelastic and N,2N cross 
sections 

(Subroutine SOURCE) calculates fine and ultrafine-group 
fission spectrum 

Inpu t /ou tpu t operations 
Buffer Legendre da ta from E N D F / B library 
Calculation in subroutine ALRAG^*" for 1st i teration 
Calculation in subroutine P 0 N E for 1st i terat ion 
Time spent in subroutine ALRAG^" for 2nd through 4th 

i terations 
Time spent in subroutine P 0 N E for 2nd through 4th i tera

tions 
Tota l time in module CSC002 

Pi Fine-Group Problem 

Fixed 
Dimsn 
MC^ 

Capbl 

2 

2 « 1 % ) 

10 

80 
631 
721 
(87%) 

— 

44 

-— 

12 

< 1 

3 

—" 
— 
— 
— 

--

60(7%) 

Varbl 
Dimsn 
MC^ 

Capbl 

3 

3 « 1 % ) 

12 

2 

92 
714 
820 
(84%) 

6 

44 

12 

11 

< 1 

4 

— 
— 
— 
— 

— 

78(8%) 

Time in Area, sec 

Pi Ultrafine-Group 
Problem 

Fked 
Dimsn 
MC^ 

Capbl 

2 

2 « 1 % ) 

10 

80 
708 
798 
(47%) 

— 

49 

— 

12 

3 

15 
69 

519 
2 

24 

6 

699 
(41%) 

Varbl 
Dimsn 
MO 

Capbl 

3 

3 « 1 % ) 

12 

2 

94 
800 
908 
(61%) 

6 

48 

12 

11 

3 

19 
64 

125 
2 

30 

6 

326 
(22%) 

Consistent Pi Ultrafine-
Group Problem 

Fixed 
Dimsn 
MC^ 

Capbl 

2 

2 « 1 % ) 

10 

80 
708 
798 
(44%) 

— 

49 

— 

12 

3 

15 
69 

586 
2 

37 

6 

779 
(43%) 

Varbl 
Dimsn 
MC^ 
Capbl 

3 

3 « 1 % ) 

12 

2 

94 
800 
908 
(56%) 

6 

48 

12 

12 

3 

16 
63 

201 
2 

60 

6 

419 
(26%) 



C a l c u l a t e b r o a d group average 
macroscopic and microscopic 
cross sections, calculate broad 
group fundamental mode 
fluxes (CSC003) 

(Subroutine AVER) collapse the ultrafine- and fine-group 
cross sections 

(Subroutine AVERl) compute" individual material micro
scopic cross sections 

(Subroutine B G P 0 N E ) generate homogenized macroscopic 
broad-group cross sections 

Variable dimension, i npu t /ou tpu t 
Tota l time in module CSC003 

Total running time for problems, sec 

< 1 

42 

< 1 

— 
44(5%) 

827 

1 

64 

2 

2 
69(7%) 

970 

11 

188 

1 

— 
200 

(11%) 

1699 

13 

222 

2 

4 
241 
(16%) 

1478 

19 

201 

1 

._ 
221 
(12%) 

1800 

.M 
240 

2 

4 
270 
(17%) 

1600 

" A longer running time was required for the variably dimensioned capability in this area. This is because the variables are passed through the subroutine argument 
list as opposed to the fixed dimensioned subroutine where ihese quantities are passed through C0MM0N blocks. For a variably dimensioned subroutine, the compiler 
does not optimize as effectively as with a fixed dimensioned subroutine. The effect of the less efficient compilation occurring in loops which are repeated a large number 
of times results in a longer run-time. 

^ The data sets, which are being written, containing the microscopic elastic transfer cross sections for each Legendre material were changed from direct access data 
sets in the fixed dimensioned capability to sequential data sets in the variably dimensioned capability. Also for the variably dimensioned capability the buffer areas were 
made large so as to increase the efficiency of data transfer. 
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TABLE IV- l - I I . V A L U E S OF X, USED FOB INTEGBATION OP 

N E U T B O N - W I D T H AND F I S S I O N - W I D T H D I S T B I B U T I O N S 

Index, 

* 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Degrees of Freedom, n 

1 

0.252368E-3 
3.717239E-2 
1.031280E-1 
2.078431E-1 
3.598629E-1 
5.743027E-1 
8.793660E-1 
1.334857 
2.105354 
4.392862 

2 

5.175533E-2 
1.630945E-1 
2.884221E-1 
4.317743E-1 
5.992178E-1 
8.005730E-1 
1.053244 
1.393041 
1.916293 
3.302585 

3 

1.129252E-1 
2.656011E-1 
4.043878E-1 
5.477280E-1 
7.040519E-1 
8.824531E-1 
1.096850 
1.374396 
1.786401 
2.825206 

4 

1.691497E-1 
3.407788E-1 
4.805762E-1 
6.178288E-1 
7.623864E-1 
9.229037E-1 
1.111406 
1.350306 
1.697549 
2.547115 

(iv) The J-iategrals in the unresolved resonance 
calculation are evaluated using a method suggested by 
Nicholson and Grasseschi.* The infinite interval is 
broken into two finite intervals plus a remainder term. 
In particular the code assumes 

' '0 

MM) dx Hx,^) 
0 /3 

dx 

dx -f R, 

where 
^(x,f) is the Doppler broadened shape function* 

R = 
1 

f [ ( i 3 + l ) ( l 

-ifv'i^^) 
c)/ficY 

:\Iax 

c = 0.15. 

?ln 
i L 

•(1 + 0.89 1(1 - c)//3)" 

The two integrals are evaluated using an eight-point 
Gaussian integration. If /3 > 50, J is calculated using 
the asymptotic formula 

Jim 
IT 

2p 
1 4^(0.V2|) 

(v) The integrations over the chi-squared distribu
tions required in the imresolved resonance calculation 
have been modified to use a ten point integration over 
the fission mdth distribution as well as the neutron 
width distribution for the four degrees of freedom. The 
code assumes^ 

y.» ^ 10 

/ f{x)P„(x)dx = -r^J^fiXi) 
Jo l u »=1 

where 

P„ s chi-squared distribution of order n, 

Xi+i = 10 / X P„{x) dx J 

a n d t h e A^ — 1 p o i n t s zt a r e g i v e n b y 

/ • 2 ! - l 

/ Pnix) dx = KO) ^0 = 0 , 2lo = « . 

Values of Xi for the four degrees of freedom n = 1, 2, 3,4 
are given in Table IV-l-II. These values differ slightly 
from those reported in Ref. 2 as the latter were cal
culated numerically whereas those reported in Table 
IV-l-II are based on analytical integrations of the 
defining equations. 

(vi) The elastic self-scattering cross section for the 
thermal broad energy group, 1^1.^^, has been modified 
from a value of zero to the value 

= 0-(r ff/j — O-naj CTnr 

If the user does not input thermal group transport, cap
ture, fission, {n,a) and (n,p) cross sections, the values 
assigned to the thermal group are the same as those 
calculated for the lowest energy epi-thermal broad 
group. 

(vii) In problems run with the consistent Pi or con
sistent S] option, the anisotropic self scattering cross 
section, aaniso, for materials not given a Legendre elastic 
scattering treatment has been modified from a value of 
zero to the value corresponding to the transport cor
rected elastic self scattering cross section. This correc
tion was required to ensure the proper total cross sec
tion for anisotropic neutronics calculations. 

The four variably dimensioned modules representing 
the MC^ capability in the ARC system with the algo
rithm changes noted above have been incorporated into 
a stand-alone overlayed code, and this code package is 
available for distribution. The code was developed for 
the de facto Computer Code Coordination Committee. 
The Committee desired a stand-alone MC^ code capa
bility written in standard FORTRAN IV which 
executes in 45K {K = 1000) 64 bit words and produces 
the standard interface data set, MULTIGRP, which 
contains the microscopic group cross sections. The ARC 
system modules SNIFF" ' and BP0INTER'3' have 
been modified so that they could be integrated into this 
stand-alone MC^ code package. Both of these modules 
taken out of the ARC system environment and modified 
in this way have lost some of their flexibility and use
fulness. 
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Multigroup cross sections are currently being rou
tinely generated through the use of the MC^ 
algorithms^ in the Argonne Reactor Computation 
(ARC) system,^ with the primary data base being the 
ENDF/B. (8' 

The MC^ algorithms in the ARC system are encom
passed in the standard path module STP005 and the 
computational modules CSIOOl (Epithermal Cross-
section Specifications), CSCOOl (Resonance Cross-sec
tions) , CSC002 (Nonresonant Cross Sections and Fun
damental-Mode Spectrum), and CSC003 (Broad 
Group Cross Sections and Fundamental-mode Spec
trum). These modules provide the same basic algo
rithms originally developed in the CDC-3600 code 
MC^ with, however, added problem size capacity, de
creased running time afforded by the IBM 360 50/75, 
and greatly increased flexibility due to variable dimen
sioning and due to the modular approach used in the 
ARC system (see Paper IV-1). 

Although use of the MC^ algorithms has generally 
met with approval both at ANL and at various other 
Liquid Metal Fast Breeder Reactor (LMFBR) con
tractor laboratories, a number of recognized limita
tions and inconsistencies in the code have made clear 
the need for an improved cross section preparation 
capability which can serve as a standard for the indus
try. 

The arrangement of the data stored in the E N D F / 
B, although convenient and logical for that compila
tion, is not appropriate for use as a library in a proc
essing code such as MC^. In particular, the ENDF/B 
data are stored such that all information is given for 

I
ch material (resonance parameters, tabulated data, 
lendre coefficients for elastic scattering, inelastic 
Ktering data, etc.) followed sequentially by all such 

data for the next material, etc. The use of MC^ re-

5. D . M. O'Shea and H. C. Thacher, Computation of Resonance 
Line Shape Functions, Trans . Am. Nucl. Soc. 6, 36 
(1963). 

6. R. B. Nicholson and G. Grasseschi, A Fast Accurate Tech
nique for Calculation of the Resonance J-Function, Reactor 
Physics Division Annual Report , Ju ly 1, 1968 to June 30, 
1969, ANL-7610, p . 499. 

7. B. J . Toppel and L. C. Jus t , The Argonne Reactor Computa
tion {ARC) System, Reactor Physics Division Annual 
Report, July 1, 1967 to June 30, 1968, ANL-7410, p . 389. 

quires that all data of a given type, such as inelastic 
scattering data or resonance parameters, be given for 
all materials, followed by a different type of data, 
again for all of the materials. This latter arrangement 
follows from the structure of MC^ which is logically 
arranged into sections each concerned with a particular 
type of cross section. 

Because of the different format requirements of the 
ENDF/B and the MC^ algorithms, processing codes*' ^ 
are required to convert the structure of the data. The 
use of these codes is quite time consuming and they are 
not well suited for incorporating frequent modifica
tions to the library data. Although these limitations 
have not so far caused significant problems, it is clear 
that a more flexible processing package would be desir
able to facilitate future experimentation with the basic 
data as well as to expedite routine library prepara
tions. 

In addition to improving the problem of data man
agement, it would be desirable also to incorporate var
ious algorithmic modifications to improve the rigor of 
the calculation and to extend the current capability 
into areas not now encompassed, such as shielding ap
plications and the special needs of the critical experi
ments program. 

A major and persistent objection to MC*, particu
larly by the outside contractors, has been with regard 
to the long running time of the code. Some improve
ment should be realizable by selectively applying im
proved programming techniques. However, reduced 
running time may not be consistent with improved 
rigor and extension of the algorithms for a new code. 

The broadness of the scope of a major new cross 
section generating capability along with its widespread 
interest and importance to the LMFBR community 
require that such an undertaking have the advantage 

I V - 2 . P l a n s fo r t h e N e w M C ' C o d e , M C - 2 

B. J. TOPPEL 
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of recommendations from, and consultations with, an 
extensive group of prospective users having diverse in
terests and ranges of expertise. At the same time, the 
timely accomplishment of such an undertaking de
mands that a relatively small and knowledgeable group 
have the primary responsibility for decision making 
and coordination. 

A project was formally initiated at the beginning of 
1970 aimed at accomplishing the task of providing a 
generally acceptable and improved multigroup cross 
section capability for use by the LMFBR community. 
Development of such a capability would make use of 
the IBM System 360 models 50/75 computers at ANL, 
would anticipate acquisition of increased computer ca
pability by the Laboratory, and would conform to 
the conventions of the ARC system. General standards 
of good programming practices and code documenta
tion would be adhered to and the needs of the LMFBR 
community with regard to standardized coding inter
faces would be provided for. I t has been assumed that 
approximately one calendar year will be devoted to 
this activity. 

The planning, decisions, and coordination of the ef
fort are performed by a Steering Committee made up 
of Applied Physics (AP) Division staff personnel. The 
project director acts as Chairman of the Steering Com
mittee. 

One of the initial actions by the Committee was the 
active solicitation of recommendations for various al
gorithms to be included in the coding. These solicita
tions were directed to LMFBR contractor Laborato
ries, other interested outside organizations, and to 
eight ad hoc Algorithm Advisory Subcommittees com
posed of AP staff personnel having an interest in the 
particular algorithm in question. 

The eight Subcommittees were convened to prepare 
written recommendations in the following areas: 

i) Resolved and unresolved resonance algorithms 
ii) ENDF/B data management 
iii) Continuous slowing down algorithms 
iv) Legendre coefficient elastic scattering algo

rithms 
v) Inelastic scattering algorithms 

vi) Higher order transport algorithms 
vii) Heterogeneity algorithms 

viii) Broad group collapsing algorithms. 
The Subcommittees have no specific implementation 
responsibility and fulfilled their initial obligation upon 
submission to the Committee of their memorandums of 
recommendations. 

The programming, debugging, and documentation of 
the new code is the responsibility of the Implementa
tion Group, also consisting of AP stafl: personnel. 

The overall program can be viewed as proceeding 

through five sequential phases: scheduling and orgaflf 
zation, initial algorithm specification, algorithm cooP 
ing, algorithm verification, and documentation. Algo
rithm coding is now under way. 

The current planning, which resulted from consider
ation of the recommendations received, both from out
side laboratories and from our Advisory Subcommit
tees, calls for the preparation of a code which in no 
sense is to compromise rigor. The fast reactor commu
nity has expressed the desire to have the new code 
provide a standard which as far as possible does not 
contain limiting approximations. In addition it is de
sired that a wide range of applications are also accom
modated by the new code, including critical experi
ments analysis, core calculations, and shielding appli
cations. 

The implementation now underway will have the 
following features: 

1. A multigroup treatment will be used down to the 
resolved resonance region utilizing an extended trans
port approximation and optionally using Pi, Bi, con
sistent Pi, or consistent Bi approximations. Reconsti
tuting the <l>2, <j>s • • • etc. for use in producing ^ = 2, 3, 
• • • broad group scattering matrices is also provided 
(see Paper IV-5). The elastic scattering matrices will 
be generated using an improved algorithm as compared 
with MC^ in that the variation across the source group 
will be explicitly accounted for. In addition, a heavy 
mass approximation is expected to improve calcula-
tional time (see Paper IV-8). Inelastic and (w,2n) 
scattering are to be included at an ultrafine group level 
(see Paper IV~4). The present fine group-ultra fine 
group concept will be dropped in favor of everything 
being evaluated for ultra fine groups. 

2. In the resolved resonance energy region, the code 
will go over to a continuous slowing down (CSD) ap
proach for the spectrum calculation (see Paper IV-10). 
Although source terms are not relevant in this energy 
region, the coding will permit sources in anticipation of 
later utilizing the CSD approach over all energies. The 
influence of resolved resonances will be superimposed 
on the CSD spectrum using an integral-attenuation 
factor treatment (see Papers IV-6 and IV-11). For the 
case of heterogeneous plate configurations, the inte
gral-attenuation factor formalism will be applied for 
each unique self-shielded material, (see Paper IV-3) 
and heterogeneous cross sections will be developed for 
spatial weighting as the last step in the cross section 
preparation (see Paper IV-7). 

3. I t is planned to provide for a RABBLE(«> c a j A 
bility in regard to treatment of heterogeneity and^H 
those cases when a narrow resonance approximation is 
inadequate. 
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"4. A capability for accommodating private modifi
cations to the ENDF/B data will be provided. 
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IV-3. Heterogeneous Formulation of the Resolved Resonance 
Broad-Group Reaction Cross Section 

W. M. STACEY, J E . and B. A. ZOLOTAR 

In the improved fundamental-mode spectrum code 
MC^-2 it has been recommended 

1. That continuous slowing-down theory be used in 
the resolved resonance range (see Paper No. 
IV-10). 

2. That J functions, corrected for overlap (/*), be 
used in the resolved resonance range (see Paper 
No. lV-11). 

3. That, for the heterogeneous case, equivalence 
theory be used to find plate cross sections and the 
broad-group weighting be based on the normal 
homogeneous case (see Paper No. IV-7). 

The purpose of this work was to combine these recom
mendations and show the form which the resolved 
resonance group reaction cross section should take. 

Under the assumption that the source in each plate 
is the same in the heterogeneous and homogeneous 
cases, we can approximate the flux in a plate; 

Opl (u) 
qaJM)QA(u) 

M{u)rxti{u) +^^piNi'<rll'iu)l ' (1) 

where 
4>pi{u) 

qas{u) 

plJ^i 

the heterogeneous flux in each plate 
the "asymptotic" f slowing-down density 
for the homogenized problem 
the number density of isotope i in the plate 

M{u) is defined in terms of the non-narrow reso
nance scattering and absorption properties 
of the homogenized mixture 

Sft(M) = the total nonresonance cross section for the 
homogenized system. 

2*;(M) S= the effective heterogeneous, nonresonance 

cross section in the plate as found from 
equivalence theory 

the homogeneous resonance attenuation 
down to resonance r, or 

Qr n n f 1 - z pi') 
« r ' < M r 

(2) 

where 

pL = {Tl/Er)J*i0l,di)[2,iUr)/M(Ur)] (3) 

for each resonance r, isotope i, and reaction x (fission or 
capture). The specification that the broad-group weight
ing be based on the normal homogeneous case requires 
the use of the J* corresponding to the homogeneous case 
for computing Q, . Then 

I3l = ShM/NiOri 

K = vi/VW^E7/Mi, 

(4) 

(5) 

where 
N't = the homogenized number density of isotope i. 

k = Boltzmann constant 
T = temperature 
E = energy 

M = nuclear mass. 
A heterogeneous, broad-group-averaged, J micro

scopic cross section of isotope i, for reaction x, in plate 
pi, is defined by 

(plO'x) — 

/ du al(u)4>pi(u) 
J BG 

I du4>piiu) 
J BO 

(6) 

t In the absence of narrow resonance absorption. 
t The symbol BO is used to denote the lethargy interval 

corresponding to a broad group. 
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Using Eq. (1), Eq. (6) becomes f 

( —Tf I Z qas(.Ur)Qr pipl r 
\pl<^xjBG — J^ -, ( 7 j 

'BO S * , ( M ) M ( ' M ) ^ i ^ i^ r'T^e () I f (M) ,' i' r'eBG s*i(M.') r : , , ' -1- r ) 

qiu) = qas(v) n n f l - Z P'^.r) 

' * plPx 

(8) 

and 

where 
.d.r = (r:.,/^,)/*(^,^^,0^)[s*(M.)/i¥(M.)], (9) 

pt0r = '^pl/plNiCTri . (10) 

A homogeneous, broad-group-averaged, microscopic cross section for isotope i, for reaction x, is defined by 

(<r,)«« = _ - _ —^ (11) 

t Note tha t 2 % may be defined differently for each resonance isotope in a plate, which means ihat the effective fluxes may 
differ. 

I V - 4 . I n e l a s t i c M a t r i c e s i n M u l t i g r o u p C a l c u l a t i o n s 

M. SEGEV 

The evaluation of the in-scattering group source in the present version of the ilC^ code^ suffers from several de
fects. For example, the (n,2n) reaction is treated as if a single neutron temperature describes the evaporation of 
the two emerging neutrons; another example is the neglect of energy-angle correlation in inelastic scattering to single 
levels; and still another example is the assumption that an in-scattering inelastic source to a fine group is divided 
up among the ultrafine groups in proportion to the energy widths of the latter. 

The purpose of this study is to provide a simple, yet reasonably accurate, basis for an algorithm for the evaluation 
of the inelastic transfer matrix. In particular, the above-mentioned defects, as well as other defects, are eliminated. 

Let k and j denote groups, and let x denote a certain mode of scattering. S, , the scattering source into group j , 
breaks up into partial sources, 

Sj = E [ E (A>s)rq (1) 

On the lowest level of the multigroup calculation the group cross sections and the group fluxes are constants. There
fore, the partial source (AS)^*' is given by 

(AS)r = <PA.JMk-^j), (2) 

where <j>k and Xx,k are, respectively, the flux and the .T-mode scattering cross section in group k. Pjk -~->j), the x-
mode group-to-group scattering probabilitjr, is 

PAk^j) ^L \ ) [ dE' f dEPAE',E), ^ 
\l^lc — lLl;-^l/ "fgroup Ic '^group i IH^n 

where Et and Et+i are, respectively, the high and low limits of group k, and where PX(E',E) is the probability t h a P ^ 
a neutron will emerge from the scattering with energy E, if it approaches the target with energy E and is scattered 
by mode x. 
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' i n order to evaluate P^ik ~> j), then, the elementarj'' laws PxiE ,E) need be established, as well as the actual 
integration hmits, briefly denoted above by "group fc" and "g roup / ' . 

Given any group k, the inelastic source element (AS) , I ' can be divided as foUows: 

(AS)*:^ = <̂ , 
• At 

X 2x,.Px(A,- - ^ i ) + ^lnj\n{k ->,?•) + 22„,J^2,(A- - > i ) 
X - 1 

(4) 

The breakup is based on the compound-nucleus picture of inelastic scattering, as well as on practical considera
tions. The coUision between a neutron and a nucleus (A) creates the compound nucleus (A. -\- n). Sx,t is the group-
averaged cross section for the decay of (A + n) to the \th level of the residual {A); the probabilities P\{k -^ j ) 
are determined from the threshold energy E\ in the next section. The quantities Sx,t , E\ , and At(\ = 1, 2, • • • . A* ; 
El < E2 < • • • < EA^) are assumed to be data, or obtainable from data, in ENDF/B files. Si„,i is the cross section 
for the decay of (A + n) to the levels X > At of ( ^ ) ; Pi„(/i; -^ j) is a group transfer probability for this decay. 
It is assumed that a further decay of (A) is by emission of a secondary neutron,^ if neutron emission is energetically 
possible. S2«,;. is the cross section for the emission of the second neutron; Pinik —>,/) is a group transfer probability 
for this emission. The quantities Si„,?., I,2„,k, Pin{k —>i), and P2n(k -^ j) are determined in the last section of this 
paper. 

INELASTIC SCATTERING TO SINGLE LEVELS 

The PRISM routine, by O'Reilly and Lewis,^ accounts for energy-angle correlation in single-level scattering in the 
evaluation of group inelastic matrices. However, the report presents a complex piece of logic. The complexity is the 
result of two factors: one, an unfortunate choice of variables with which to work; two, an unnecessary pursuit of 
completeness. 

The following is a simple, yet fairly accurate, account of energy-angle correlation in single-level scattering and 
in the ensuing group inelastic matrices. 

A neutron approaches a target of mass number A with the laboratory energy E and is scattered into the laboratory 
energy E and by the center-of-mass angle cos" p.. The scattering is an excitation of an inelastic level and the — Q value 
of the reaction is Qx in the laboratory coordinates. Energy conservation and momentum conservation yield (for 
example, see Ref. 4) 

E = 4SL4^ E' - ^ ^ Qx + ^ ^ ,E' 4 / 1 - ± ^ (Qx/E') . (5) 

Define 
A _l_ 1 

(6) 

1 + A' , 
(1 +Ay 

lowing form: 

V - ^ + 1 n 
Ex- ^ Qx 

r Ê  V l - (Ex/E') 

P ^ (1 + AfE/Ex. 

1 -f 2Ap.r + AV 
" ' 1 - r̂  

- ^-f^ (Q^/E') 

^ ^ S l 

w 

(7) 

(8) 

(9) 

The single-valuedness and the monotonic property of Eq. (5) (as well as other properties) need be explored before 
it is applied to the evaluation of group transfer probabilities. Instead, Eq. (9) is easier to examine and the results 
will apply to Eq. (5), because T{E ) and piE) are monotonically increasing functions. The term "energy-angle cor
relation" will refer to Eq. (9) [rather than to Eq. (5)] which describes the "scattering" r —* p (rather than the 
scattering i? —^E). 

Ex , Eq. (6), is the threshold energy for the scattering, as evident from Eq. (7) and the appearance of the first 
power of T in Eq. (9). On the r-scale the threshold is at T = 0, and r —̂  1 as i? —> =0. 

^lonotonic properies of p{r,ji) can be obtained by partial difl'erentiation of Eq. (9). The results are summarized 
isually in Fig. IV-4-1. In particular, P{T) for a given negative ix goes through a minimum; therefore, in solving 

(9) for T, the solution branches: 

<„, J = - j ^ - J - ; u ± VM^ + ( P - l)(l+p/A^)]. (10) 
T {p,p)j ^ T P 
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CUTOFF 
THRESHOLD ^ = + | 

<0 M = -i 

F I G . IV-4-1. Energy-Angle Correlation in Inelastic Scattering. ANIJ Neg. No. 116-457. 

The ranges of apphcability of T and T are, respectively, to the right and to the left of the "fine of minima" 
in Fig. IV-4-1. 

The logic of group transfer evaluation maj'̂  become complex because of the branching of r(p,;u). However, the 
complexity can be circumvented with little cost in accuracy. Define a cutoff threshold Tx, 

A^ 
Ex (11) 

" A^ - 1 

(see Fig. IV-4-1) and assume that no scattering occurs below the cutoff threshold. Except for very light elements, 
the range [Ex ,Tx] is very small and the excitation cross section in a very small range above Ex is practically negligible; 
therefore, the assumption will introduce virtually no error in the calculation. Also, the exclusion of very light ele
ments sets no real limitation on most fast-reactor computations. On the r-scale, Tx corresponds to T = 1/A (see 
Fig. IV-4-1). The simplification in the ensuing logic is now the result of the fact that, for any given prescattering 
"energy" T above 1/̂ 4, the neutrons emerge only mth "energies" p to the right of the "line of minima", thus ren
dering T(P,IX) = r'~'^\p,ix), a single-valued monotonic inversion of Eq. (9). 

Given a prescattering energj E , Px{E ,E) 5̂  0 if the energies E are within the region [EL,X{E ), EH,X(E ')] which 
is denoted by the "downrange of E ". EL.X(E ) and EH,X(E') are found from Eqs. (7) through (9), and from the 
monotonic character of pip.) for a given r: 

EH,X(E')] __ / i ± A V I - Ex/E-

1 -f A rjE'. (12) 
E,,x(E')\ 

Given a post-scattering energy E, Px{E',E) 9^ Oii the energies E' are within the region [EL.\{E), EH,>.{E)], which 
is denoted by the "uprange of E". Since T''"''(IJ.), for a given p, is monotonic, the easiest way to find Ei,x(E) and 
EH,X(E) is by a direct inversion of Eq. (12). Overridden by the cutoff threshold, the result is 

E'i,,xiE) = 
1 + A 1 + 

A lEx 
A + l E 

E'L.X{E) = max 

1 

A 

/ 

E 

1 + 
A ~ lEx 
A -{•! E 

E,Tx 

(13) 

1 - A 

If PX{E',E) 7^ 0, then it can be related to Px(E',p), the angular distribution at E', through Eq. (5): 
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Px(E',E) = ^-^-^r^ 
2A V l - {Ex/E') 

Pxik -^ j), defined in Eq. (3 ) , can be split up as follows: 

PxiE',p). 

Px(fc-^i) = 
E, -

~-~) I dE'PxiE'j), 

vhere 

Px(-E'',;) = f / dEPx(E',E) 
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(14) 

(15) 

(16) 

is the probability of scattering from energy E into group j . 

The first step is the determination of the range [Ej+i, E,]. If no par t of group J is within the downrange of E', 
then PA(i? ,j) = 0. Otherwise there are four possibilities, to be referred to as the four categories: 

Category I: E^.xiE') < E,+i < E, < ES.X(E') 

Category 2: E,+i < En,x{E') < E, < EH.X{E') (17) 

Category 3 : E^,x{E') < E,+i < E„,x{E') < E, 

Category 4: E,+i < EJ^,X{E') < E,,.x{E') < E, . 

The integration range [E*+i, E*] is, accordingly, 

{E,+i, E,] for Category l l 

[E^,x{E'),E,] for Category 21 
[E,+i,En.x{E')] ^ for Category 3f ' ^^^> 

\Ei ,X{E'), EH,X{E')] for Category 4) 

The second step is the determination of the range [Et+i, Ek]. For each category one is looldng for the broadest 
group of energies E consistent with the inequalities in Eq . (17) which define the category. Here the monotonic 
nature of the functions involved is a helpful feature because E decreases or increases as either EL,X{E') or EH,X{E') 
respectively decreases or increases. The range [Et^+x, E^ ] is then the broadest group of E consistent with the cate
gory, except t ha t Eu+i or E* will override the Hmits of this group if they extend, respectively, below Ei+i or above 
EL . The net result is as foUows: 

{E% , E*] = 

[Eh+l : El] = 
Category 1: {max[i?i+i , E'L X{E,)], v(An{En, E'H x(i?j+i)] 
Category 2 : {max(£ ' i+i , E*), m\n[Eic, E'H.X{E,)\\ 

\\ here 

there 

£* 
EL;X{E,) >E,, 
j,T /w \ if EL,X[EL,\{EJ)] „ , 

Category 3 : {max[ii'i+i, EL,X(EJ+I)], m in ( i ? t , £'*)} 

E^ if 
jEi!,x(Ej+i) 
\E'.,^{E,) 

Category 4 : {max[_E't+i, E'H.x{E,+i)], min [£"*, E'L:X{E3)]]. 

EHAEB,\{EJ+\)] J^'K 

(19) 

7 f * Such 
j) coming from the 

If, for any category, the group of contributing E is an empty group, then Eq. (19) will yield Ei, < E, 
an inequality is, therefore, an indication tha t there is no contribution to the particular Px(/c 
particular category. 

The integration in Eq . (16) can be performed numerically if Eq. (14) is substituted for Px{E ,E) and if PxiE', p.) 
is expanded in Legendre polynomials. In practice it means tha t a library of Legendre coefficients is available for every 

astic level. But this is not the case. Also, such a library is not foreseen in the near future, one reason being per-
is t ha t there is little anisotropy in inelastic scattering. This reason suggests tha t the evaluation of the integrals in 

Eqs . (15) and (16) be simplified by the assumption of isotropy, namely, Px{E',p,) = }4- The integration in Eqs. 
(15) and (16) can then be performed analytically. The results may be summarized by the following set of formulas: 
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rt = Vl- Ex/Ef 

where E( is from Category i 

1 -f r 

207 

Lir) = In 
1 

Spir) 
Smir) 

'{I + A')T ± 2 A 

h = 

h = 

{Ej — Ej+i)[LiTk') — L ( T 4 + I ) ] [ .^ .^ n„4-.„ , 1 J-^* > ^*+i 

(20 

(21) 

(22) 

if, in Category 1, 
7?* ^ v* 

[L(Tft ) — Lin+i)] 

0 

J-T [^^(Ti ) — Smirk+lj] 

if, in Category 2, 

8A 
^x 

(A + 1)^ 
4A 

E. y+i 

/ 4 = 
1 0 

if, in Category 4, 

[L(rr)-L(rll\)] 
0 

lEk > Ek-t-i 

j-j [Spiric ) — »Sj)(rA+i)][ 

if, in Category 3, \E! > Et+x 

\Et < Et+x 

\Ek < Ek+i 

(23) 

Px(fc ̂  j) = ( f^-Z^^) (̂ 1 + h + h + h). (24) 

INELASTIC SCATTERING TO DENSE LEVELS 

Measurements provide data on o-(n,in),h, the cross section for the emission of exactly i neutrons. But if o-(„,,„),4 
can be neglected for i > 2, then (r(„,2») is also the cross section for the emission of the second neutron, 

22M,* — S(n,: , 2 M ) , t • (25) 

Si„,4 is the cross section for emitting the first neutron by other than the decay of (A -}- n) to the first A* levels 
of (A). Hence, 

Ale 

2IM,4 = S(»,M),J! -f" S(M,2M),*: — 2-1 2x,J: . ( 2 6 ) 

Thus, 2in,k and S2»,6 are determined by data directly obtainable from ENDF/B files, namely excitation cross 
sections Sx,t(X = 1, 2, • • • , A*), the total inelastic cross section Z(n,n),k, and the {n,2n) cross section S(„,2n),*. 

Turning now to the determination of Pi„(fc —^ j), it is noted that the first neutron will scatter either with prob
abilities of the Px{k —> j ) type, or with the probability PIM(/C - ^ j ) . However, by the breakup of Eq. (4), 

\ (27) 
Pxnik-^j) ^0^j> J, 

where J is implicitly defined by (Ej+i < Ek+i — EA^, < E/) 

If PiM(fc->j) 9^ 0, then 

PxrXk^j) ^ („ \ , - ) r dE' f"' dEPe.iE',E). 

PeviE'jE) is the probabihty that the inelastic scattering at E' results in the transfer E' -^ E. The subscript "ev" 



4- Segev 379 

reviates "evaporation", in anticipation of a later result. If j is k, then Eq. (28) has incorrect integration limits 
for E . With small groups, however, little error is introduced by assuming that neutrons within group k can scatter 
over all the group. 

The statistical model of the nucleus'^'" yields P^tiE',E) ("st" implies "statistical") as 

PAE',E) o: E^u+n)iE)p{E' - E), (29) 

where (T{A+n)iE) is the "inverse" cross section for the formation of the compound (A -f n) hy neutrons of energy 
E, and where p{E' — E) is the level density of the residual (A) at the excitation energy E' — E. The notion of 
"level density" may be improper for low-lying spaced levels but its use may, nevertheless, lead to correct average 
results.^ 

The "nuclear temperature" T is introduced by the definition 

Tj/U) ^ dU '̂̂  ^^ ^^ 

Integrating Eq. (30), and substituting the result into Eq. (29), 

PJE',E) ex Effu+r.-,iE)piE') ex^ 
J E —• 

dU 
E'~ET{U), 

(30) 

(31) 

The "evaporation approximation" introduces simplifications into Eq. (31). First, the inverse cross section is 
assumed to be constant: o-(A+n)iE) ~ const.'^^ A second simplification concerns the temperature T(U'). Ericson' 
assumes T{U) = const. The current evaluations of nuclear temperatures for ENDF/B, however, seem to be oriented 
toward Weisskopf's assumption that most of the scattered neutrons emerge with low energies, namety that 

E « E'. (32) 

Based on relation (32), T( U) in Eq. (31) can be replaced by T(E'), yielding the "evaporation formula" 

E 
I T{E')_ 

Inspection of ENDF/B data shows T to be smoothly and slowly changing with energy. It is convenient, therefore 
to introduce the average "group-temperature" 

(34) 

PeAE',E) cc S e x p (33) 

T, ^ dE'T(E')/(E, - E,+x), 
' ^k+l 

reducing relation (33) to 

PeviE', E) o: E exp 
E_ 

n. 
for Et+x < E' < El. (35) 

Substitution of the unnormahzed PeJE',E) into Eq. (28) yields 

Pxnik-^j) o: D,(Ej+x) - D,(Ej), (36) 

where 

D,iE^) ^ ^1 + l^i) exp (^- |?y (37) 

E Pi»(^ —^j) must sum to unity between j = J and j == N, where V is the index of the (lowest energy) group. 
i 

Since E^+x = 0, the result is 

PiM(fc - i ) = ^i^|^±ll^^^Jp) , for j > J. (38) 

^ J n determining P2M(fc ~^ i), the probability that, following an inelastic scattering in group fc, a second neutron is 
^ • K t e d in group i, let the probabiHty be written Pit~''\k --> i) to explicitly express the fact that the emission of 
^ ^ s e c o n d neutron has (A — n) as residual. To simplify the evaluation of P2t~"\k —> i), the first emission neutrons 
involved in a transfer of A; —> j will be assumed to have made the transfer Sk -^ Ej, where E„ denotes the average 
energy in group m. Therefore, by Table IV-4-1. 
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TABLE IV-4-1. E N E B G T DIAGRAM FOR CQ-VIPGUND NUCLEUS SCATTERING 

6k - E, I 
I Sk - E, - B - E, 
f ground 

{Exk ) B 
ground 

Excitat ion of the residual {A — n) 
following the emission of the 
second neutron with energy St . 

Excitat ion of residual {A) follow
ing the emission of the first neu
t ron with energy S, . 

[Following the emission of the first neutron into group j , a second neutron will be emitted into group ^ j 
only i{ i > I, where / is implicitly defined by P'j+i < Ei — E, — B < Ei, and where 6k — Ej —> (39) 
B>0. J 

B is the binding energy of an extra neutron to (A — n); therefore B is the threshold energj- for the (n,2n) reaction, 
an ENDF/B datum. 

Given the first-emission neutron in group j , the probability that the second neutron energy will be in group i 
is the probability that the compound nucleus (A)(Ek — Ej) [i.e., compound (A) at an excitation energy Ek — E/\ 
decays to the residual (A — n)(Ei — E, — B — E^) (see Table IV-4-1). But in the framework of compound-
nucleus physics the decay of a compound does not depend on the mode by which the compound nucleus came into being. 
Hence, m particular, the latter probability is also the probabihty that a neutron with energy Ek — Ej ~ B, scat
tered inelastically from the target (A — n), is emitted with energj? E^. Excitation cross section data are generally 
not available in the present ENDF/B files for targets (A — n); therefore no part of this "inelastic scattering" by 
the "target" (A — n) can be treated by single-level modes, unless detailed assumptions are made on the excitation 
cross sections of (A — n). Refraining from such assumptions, the latter probability has to be of the Pin type, namelj', 

pir'"(/->^): 
P[iA){Ek - EJ) -^(A -n)iEk- E,~ B - E,)] = P { r " ' ( I -> i). (40) 

Given k, the total probability for a secondary emission A; —> -i is a weighted sum over Pi^""" (I -^ i) for all possi
ble j ' s . The possible j ' s are readity determined from Eq. (39): 

{Given a first neutron scattering fc —>j, a secondary emission will follow if j > K, where if is / ( j = V).j (41) 

The weighting factors are the probabilities for the k —^ j transfers of the first neutron. In general, EA^ < B; 
therefore, Ek — B, the highest of the first-emission neutron energies to be followed by a second emission, is less than 
Ek+i — EAk) the highest of the first-emission neutron energies to be treated by the PIM type probability. In this 
case .1 < K and the weighting factors are all of the Pi„ type, 

EPi'''(fc-^i)-Pir'"(i->^) 
P<r"'(fc -> i) = ^-^ x^T^uTTl :̂  ' if J <^- (42) 

2 ^ ri„ {K —> j ) 

li.I > K, then, 
Ak J 

E E Pi'\k-~.j)p[r'^\i-^i) + E Pl»'(fc -̂  Mt'^'ii -^ i) 
P^r^'iM -^ 0 = "^^^^^ ir-7 '-^ ' ii J>K. (42') 

EEPl"'(fc->i) + EPl«^(fc-*i) 
The evaluation of P2^~"'(fc —> i) via Eqs. (42) caUs for the use of neutron temperatures for (A — n), but these 

are not provided by ENDF/B files. Instead, Tu-n) can be related to T{A) . The relation is given, in terms of p, by 
Ericson** as p(A-n)iU) = P{A){U + d), where 5(A,Z) is the "pairing energy". I t is suggested, however, that at this 
stage of the art the pairing shift be neglected, assuming instead that p(^A-n)iU) ̂  p(A)iU); thereupon, by Eq. (29), 
p(^-«)(/ __> i) of Eqs. (42) will be replaced by Pii\l -> i): g ^ 

Pir^'d ^ i) ̂  Pit\l -^ i). iW^ 
The neglect of the pairing shift cannot be serious, because many of the secondary emissions leave the residual (A — n) 
at lo^\ excitation energies where the application of the continuous piU), hence of T{U), is at best a crude first 
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roximation. At the practical end of the problem, T{U) for low-valued U are not supplied by ENDF/B and 
long-range extrapolation of T{ U) is called for. But where the temperatures are based on extrapolation in the first 
place, little is to be gained bj' introducing the pairing shift. 

In Eqs. (42), the probabilities PIM( / -—> t) must sum to unity for i > I. Hence, by Eqs. (36), (37), and (43), 

p^r"'(fc-̂ o = E 
]>K 

P^i-^\j,^i) = ^i:EPx(fc 

'DkiEj+x) - DkiE,)' 
, 1 - DkiEK) . 

'Di{Ei+x) - D.iEr) 
1 D,{E,) 

for t> I, if J < K-

A i 

E 
j=-K X=l 

+ E 
]>J L 

D,iE,^x) - DkiE,) 
1 - Du{Ej) 

•) [DriE,+x) - DiJE,)' 
^^'l i-D,(Ej) . 

'DriE,+x) ~ DiiE,) 
. 1 - Dj(Es) 

J Ak 

JlZP.ik 
J=K X=.l 

j) + 1 

(44) 

(44') 

for ^ > / , if / > K. 

Finally, if U* is the lowest energy for which ENDF/B files provide a value of T, then the extrapolation T{ U) = 
T(U'^) for U < U can be emploj-ed. This is in accord with modern views on the nucleus at low excitations.* 
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IV-5. Higher-Order Transpor t Approximations for MC^-2 

C. N. KELBER, H . HENETSON, II, E. M. PENNINGTON and W. M. STACEY, J E . 

The objective of the subcommittee on higher-order transport approximations was to recommend algorithms and 
methods for incorporating higher-order anisotrop}' in the revised code ]\IC -2. 

The subcommittee recommended that the extended transport approximation be emploj-ed ^vith the Pi(Pi) and 
consistent Pi(Bx) equations so that the formal appearance of the equations solved by MC -2 is little changed from 
MCl The one external change is the inclusion of a term A(K,N) in the equation for ^i instead of the total cross 
section: K and N are new input parameters. This approximation can also be used with continuous slowing-down 
theory. 

The extended transport approximation consists of treating scattering sources for orders of anisotropy higher than 
1 in the transport approximation. Thus, the Fourier transformed P( equations have the generic form 

^jtl r,4>,^^ (B,u) + ^~~j v<l^t^i (B,u) + Xiu)<PtiB,u) = Si iB,u) 

cu 

+ E / dii'Ziiiu' ~^u)(t>t{B,u'), 1 = 0,1-
J •'u—l-a.il I a.) 

(1) 

where 
B = transform variable 
1) = iB, where i is the imaginarj? unit 
i = isotopic index 
u = lethargy 
(. = angular momentum component index 

'n(l /a,) = maximum logarithmic decrement of energy upon scattering 
S( = external source of iih order angular momentum 
2 = total cross section. 

# . 

http://l-a.il
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CONSISTENT PX.M APPROXIMATION 

The consistent PX.N approximation is obtained by retaining Eq. (1) for ^ = 0, 1 • • • , V, ignoring the îv+i term 
in the ( = N equation, and making a "transport" approximation of the elastic scattering integral 

[ du -zUu -^ u) 4>({B,u') S i:Uu)MB,u), ( > 2. 
• ' a - l n d / a j ) 

(2) 

Equations (1) for ^ = 2, • • • , A are then algebraic and can be solved for (j)% in terms of ^ i , which expression can 
then be substituted into the £ = 1 equation, thus reducing the V + 1 equations to 

•ri<f>x{B,u) + 'E(u)4>oiB,u) = SoiB,u) + E / du S^w ' -^ u) ^O(J5,M'), 
i •'u—lnd/ cci) 

^#0 + Ax,NiB,M)4>xiB,u) = Si{B,u) + X) / Au I^liiu -> M)0I(B,M') . 

The higher-order angular flux components are constructed recursively from 

A.(R-,A f/i^(+ lMc~iiB,u) 
A(,NiB, u) 

The quantities A(,N are given by a continued fraction expansion 

A{,!f — b(-i + at 

h + Ct(+i 

ht+i-\-
at+i 

(3) 

(4) 

(5) 

(6) 

where (for S( = 0,i'>2) 
ht+i 

6o = S ( M ) 

hi = S(M) - s r ' ( M ) , 1 < ^ < V - 1 

' + 1 i+l 
at = l< (< N ~ I. (7) 

^ + 1 2(^-h 1) -j- 1 " 
When the elastic scattering integrals are treated by continuous slowing-down theory, by defining elastic slowing-
down densities as 

qtiB,u)^J2 du duXiiiu -^u")<t>tiB,u'), ^ = 0 , 1 , (8) 
i 'Iu—ln(l/ a^) ^u 

and by assuming the variation in the total collision density over the interval u > u > u — ln( l /a i ) to be repre
sented by a two-term Taylor's series, Eqs. (3) and (4) can be reduced to 

(S - Ŝ ) (^Ai,n -^\ + 1̂  lx-2\ -\yf 

{AX.U-^I-^ I lisYs - 4 + ^̂  foŜ  - 1 ,̂  
£0 
ao 

go + Sn 

eo 
Oo 

&S 

_(^,„_4 + |^ (s-x^- f^J„z) -^ 

(9) 

-qx + Sx 
.Oi 

dgo _ Q 
du 

ax 
&S 

( A . , . - . J + ^ _ 6 Z ) ( . - Z S + 5 ! J . . ) - 1 , . 
— go + /So 
ao 

+ 
>;^)(s-s2 + ^J^|os)-i,^ 

(10) 

{Ax, If -— lis) I S — Ss + — |o 
ao 

{AX.. - 1/s+ijx^i^ - 2̂ +̂ ŝos) - y ax 
qx+Sx 

du ' 

where Ss has replaced 'Zst • 
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'he fluxes are related to the slowing-down densities by 

^ 0 — 

fAj.^-Sl+^lisX^^go + Ŝo 
ax /\ao )- ' ' (^- + -̂ -) 

<^i = 

(AX, ^ - Si + ^^ Ii2)(s - °̂ + 0̂ ̂ "̂ ) - I '^' 

('AI, ̂  - SJ -f I asYs - 4 + ̂ ^ los) - i 17̂  

T h e new parameters introduced in Eqs . (9) through (12) are defined by 

i r \ !• r \ I at{u)ct{u) 
^t{u) = ^t{u) -f — , 

et{u) 

$<(w) = E / du ^ ' "^ 6(-(M, M ' ) , 
i •' M-lnd/a,-) 2/(M j 

ai{u) = E / <iw' J"/ ,x- iu — u)gi{u, u), 
i •' u-lnd/ui) Zi{U ) 

Ct iu) - E 'SsiCw) 
. S ( M ) 

gKu,u) - / du -^/-—p-fi{u' - • u)P({nl) 
•'u-lnilUi) 2^{U ) 

where 

with 

and 

etiu) = E / ^w' w / \ ( " ' "~ 'W)/'•(•"' - * M ) P < ( M J ) , 

^'si{u—>u') = i:,si{u)Ji{u -^ U')PI\}X*L{U' ,u)] 

*, , , ( M , + l ) e ' " - ' ' ' » ^ _ (Mi ™ l ) e < " ' - " " ' 
IXL{U -^U ) = ' — 

ji{u,u') = / 
WIS 

M-tlnd/a j ) 
dw fi{u —̂  M )P<[;Ux,(w ,M)] . 

Px.x APPROXIMATION 
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(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

The Pi.AT approximation is obtained by retaining Eqs. (1) for / = 0, 1, • • • , A , ignoring the 4>}{+x te rm in the 
£ = N equation, and making the " t ranspor t" approximation of Eq. (2) for ( > I. The PI.AT approximation differs 
from the consistent PI,N approximation in tha t the " t ranspor t" approximation is also made for the ( = 1 elastic 
scattering integral in the former. 

Equat ions for -̂  = 1, • • • , N can be solved for ̂ i in terms of <^o, which expression can be used in the t = 0 equa
t ion to obtain (when Sx = • • • SN = 0) 

S ( M ) r - = - ~ - ^ — \(l>o{B,u) = So{B,u) -f E / du'xliiu ~^u)<l>o{B,u'). 
6Al,!f{li,U)j i Ju-lniXfai) 

(21) 

Higher-order angular fluxes are constructed recursively from Eq . (5) with At,N replacing At,if. The quant i ty 
A(,N difi'ers from At,N of Eq . (6) only in tha t 6o = S — Ss for the former. 

The continuous slowing-down approximation in this case is 

dqi 

du 

dqo(jy ^ ^ ___ ^ne{B,u)qoiB,u) + | O ( M ) 2 ( M ) S O ( W ) 

4>oiB,u) 

| O ( M ) S ( M ) -\- [ao{u)/eo{u)]'2neiB,u) ' 

qoiB,u) + [aoiu)/eo{u)]So{u) 

| ( M ) S ( M ) + [aoiu)/eo{u)]I,„e{B,u) ' 

(22) 

(23) 

with 
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V? 

2neiB,u) ^ S(M) - 2l{n) - —- ] (24) 
'jAx,fi\-t>, U) 

NUMERICAL CONSIDERATIONS 

The consistent PX.N equations [Eqs. (3) and (4)] are formallj' identical to the consistent Pi equations solved by 
JMC^ the difference being that in the I — I equation AX,N appears instead of S. Similarly the PX.N equation [Eq. 
(21)] differs from the P i equations solved bj^ MC^ only in that Ai,iv appears in the former where Si^ appears in the 
latter. Thus, the solution algorithms in NIC would not have to be altered to accommodate the PI,N and consistent 
Pi.N approximations. 

The additional numerical work which would be required for the Pi.iv and consistent PI,N equations is associated 
with evaluating the higher-order angular moments {( > 2) of the elastic scattering cross section. These moments 
are required to construct the higher-order angular fluxes which are used in group collapsing to obtain higher-order 
angular scattering cross sections for broad groups. The primary difficulty in this respect is associated with storing 
and manipulating ultra-fine group elastic scattering matrices for the higher-order angular scattering. 

The continuous slowing-down approximation eliminates the need for the elastic scattering matrices, but requires 
that the moderating parameters of Eqs. (13) through (17) be evaluated. However, recursive relations can be used 
to minimize the computational effort associated with this latter requirement. 

The recommended set of algorithms is summarized in Table IV-5-I. 
The use of a second input buckling, K , allows the user the option of selecting the infinite medium approximation 

for the higher-order terms, K = t). There is no a priori justification for K ^ B where B is the N̂IĈ  buckling. I t 
is expected, however, that B is only weakly dependent on K. For large values of K it may not be possible to get a 
positive diffusion coefficient. This problem, characteristic of any consistent PN approximation in which the elastic 
source term is treated with the transport approximation, deserves further study to determine optimal resolution. 
I t may be possible to define criteria which indicate when SKPN theory is preferred; or it may be possible to define a 
"diffusion coefficient" which is always positive, but not as good an approximation at high B^ as at low B^. 

The computation of the Qnix) is complicated by the singularity at a; = 1. The recommended procedure for a; > 1 
is to compute QN(X) first (from, e.g., hypergeometric functions) and use the recursion formula. For arbitrary N this 
could pose real problems. If this problem cannot be satisfactorily resolved for arbitrary A'', setting A' < 9 would be 
satisfactory. Most SHPN shielding calculations use A = 5 or 7, with N = 9 for a check case. In this event the QN 

might be stored as algebraic functions (plus the singular "arctangent" terms). 
The fluxes corresponding to angular order i can be reconstituted from 

K<j>. 2f + 1 -^'-^-^ (25) 

"'''--AU^TNT' ^ - 2 , • • •A . 

[Equation (25) constitutes Algorithm Set II.) 
The complete set of ultra-fine group fluxes, (t>o ,<pi, and the <̂< found from Eq. (25) can then be used as weighting 

functions to compute higher-order scattering matrices on a fine-group scale. 
The elastic scattering cross section as in E T 0 E (the code which reads the ENDF/B tape and forms the basic 

data for the ultra-fine group MC -2 calculation) is the sum of resolved resonance, unresolved resonance, and smooth 
(tabulated) contributions in the general case. I t is tabulated on a variable mesh since more points are needed near 
peaks of resonances than in regions where as is nearly constant, and since the smooth contribution is already on a 
variable mesh in the ENDF/B data. ET0E calculates the resolved and unresolved cross sections from the resonance 
parameters and adds these to the smooth cross sections to get the total elastic cross section. 

In preparing the Legendre data for MC , ET0E reads the as — E array from a scratch unit, and finds the average 
(Ts over lethargy increments of J'f 20 centered about the energies in the MC^ Legendre structure. In some cases it 
is necessary for ET0E to fit coefficients to tabulated p{p,) versus p, distributions in the center-of-mass system, pip.) 
is the angular scattering distribution and p, is the cosine of the scattering angle. Presumably the ft (Legendre coeffi
cients of the fit to the angular scattering distribution) are not averaged because they vary more slowly than cxs 
Finally the as and ft are multiplied according to 

Bt = (,Ts/4,r)(2^+ \)ft (2 

to give the Bt coefficients written on the AIC librarj- tape for ^ = 0 ,1 , • • • 19, 

267 
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TABLE IV-5-I. ALGORITHM S E T I 

385 

Consistent PN 

V<I>1,0 + ^!l<l>0,g = So.g -t- '^sle't'O.I!' 

HV't'O.S + Al,g{K,N)<i>i,g = Sl . i , -f- S^. ' j l^l, , ' 

A({K,N) = {ht-i -t- at/{b( + at^i/{bt^i + ai^^ •••)•••), (terminates at / = A' — 1) 

S( = 0, t >2 

bo = Xg = total cross section 

6< = S„ - s i + \ 1 < ^ < A' - 1 

/-f- 1 i -i- 1 
at = 1< t < N - I 

2t+l2{l+l) -{-1 

"^sto '• see Algorithm Set IV, below 

rj = iB, B input 

K = iK, K input 

g — 1,2, • • •, G = No. of groups, input 

-C = 2, • • •, N = PN order, input 

As above except: 

Ordinary PN 

Consistent BN 

' 2N + 1 2g Qw(-S, / ' ' ) ' ' 
1 < / < A' - 1 

bo = S» 

6o 

A' y£ 1 

1 + 
2 K fe(-S,/K)1 
3 S„ Q(-S„/-c) J 

B tan"~i — 

31 1 - S^/B tan-

A' = 1 

Explicitly, 

Ordinary BN 

'̂  = ^^'~'="°+'^"2¥ns, Q.(-V-̂ ) '' ' 

6o = S j - 2 j , A' ?̂  1 

B t an- i B /S 

0 < / < A' - 1 

6o = sJ, A' = 1 
3 ( l - S , / B t a n - i i ? / S „ ) 

QN{X) =S Legendre functions of the second kind. 

In the present version of MC , the Po and Pi elastic scattering transfer matrices are obtained from the Bt coeffi
cients and constants stored by DATA statements in the ALRAGO subroutine of MC\*^' The method used assumed 
integration over the receiving ultra-fine group, but a linear average over the ends of the source ultra-fine group. 
This method is poor for two reasons. Since heavy material can only downscatter to two ultra-fine groups, the linear 

prage over the ends of the source group is inaccurate. Also the numerics of the situation are such that great near-
cellation of terms occurs, and the constants in the DATA statement must therefore be correct to many figures, 

n the new version of AIC^ it is proposed that the Po and P i scattering matrices at the ultra-fine group level be 
computed in ET0E from the as — E array and the ft coefficients, and stored on the library tape to be used by MC^ 

^ | k e : 

In 1 
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directly. This involves the evaluation of double integrals over the energies of the source and receiving groups to g iv^^B 
2l.g' for < = 0 and 1 as, for example, in Eq. (26) of the SUPERT0G manual, ORNL-T:VI-2679.^'' There an a n a l y t i c ^ 
flux, such as 1/E flux, is assumed for the source group. Work must be done to ensure that the method used for calcu
lating the ultra-fine group transfer matrices is sufficient^ accurate and fast. Thus, various choices of integration 
variables (energy, lethargy, angle, etc.) and mesh spacings should be investigated. 

In computing ag,g/ , for ^ > 2, it was recommended that Eq. (26) of Ref. 2 be used, except that the flux ^{E ) = 
1/E' be replaced by the ultra-fine group fluxes obtained by solving the extended Pi transport equation. In Eq. (26) 
of Ref. 2 the y and 5 are the boundaries of the source ultra-fine groups so that a-siE')(2( + 1) ftiE ) might be 
replaced by iirBt. However, one is left with the factors P<(M) and Peiv), where p and r? are the cosines of the scat
tering angles in the laboratory and center-of-mass systems, respectively. Thej' are given by 

and 

iA + D' 
r, = 1 

2A 
1 

7? 
E' 

Thus, they depend only on A, E, and / / . One might be able to evaluate the integral in Eq. (26) of Ref. 2 by using 
some sort of average of p and rj for the various y and 5. This procedure is questionable, because a similar tj'pe of 
averaging causes inaccuracies for heavy materials in the Po and Pi matrices in the present AIC^ code. Apparently 
the mesh intervals in SUPERT0G are of the same order of magnitude as the IMC^ ultra-fine groups, so that the 
procedure might be adequate. The only obviously better method would be to compute the ultrafine group transfer 
matrices for i'> 2, which has been rejected because of lack of storage space. 

The recommended algorithms are: 

A Igorithm Sets III and IV* 

The subcommittee recommended that elastic scattering matrices and vectors be calculated using a SUPERT0G ' -
like treatment from the formula 

9/ _L 1 f <^^fdu' e^'"""'^ <^KM')2.(M')PKM) E (2i + D fjiu')Pjipc) 
2f (g' - g) = ^ " ^ - ^ ^ ^ ^ - ^ . (27) 

I 4>tiu ) du 

Noting that 

^l(u') = i L d l i Y. i2j + 1) fjiu')Uu') du e-^"^" ' Ptip)P,(.Pc) 
1 - « y=o •'»' (28a) 

= i2i+ 1 ) S , ( M ' ) T^'fjiu), 
then; 

f du {21 + 1) S , (M' )0 , (W' ) T"'fi{u) 
Sf(g') = t^ ^ ^ , (28b) 

/ du <j)({u ) 

where 
a, l3, X, 5, and y are defined in Ref. 1. 
fj{ti,') = Legendre expansion coefficients in center-of-mass (the P's given in AIC^ are related to/ through 

n(v'-) - (2j + 1) ME')fi{E') 

finally, 

* The summation convention is used: matching lower and upper indices imply a sum. Superfluous indices and sums over materials 
or isotopes are omitted. 
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S l « — 4 r r ^ ' | ^ 5 i , « ' (29) 

and 

T'^- = ^ + i £ ' Pt{p)Pj{p,) 

(31) 

^ 1 - i ' \ r - / - ; / \ ( — ( - • / aUc 

I J-X 
Inlla (30) 

= ~ ^ ^ f " ''Pt{p)Pj{f,.) '^, dU 
I Jo dU 

are elements of the transformation matrix from the center-of-mass to the laborator}- system as defined by Zweifel 
and Hurwitz.' The T'' can be calculated by a routine in ET0E. The angles p and pc are defined as follows: 

p = cosine of scattering angle in the laboratory system 

= K[(A -f i)e<'''-~""' „ ( 4 _ 1)6^"'"^] 

= y2[{A + l)e^" - (A - De^ ' l 

p^ = cosine of scattering angle in the center-of-mass system 

^ (A± i2 !^ ! l ! j= J / i ! _+ l ) = i j - [(A + 1)̂  e~^ -{A' + 1)]. (32) 
2A 2A 
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IV-6. Prel iminary Invest igat ions of t h e Resolved Resonance 
Algor i thms for t h e New MC^ Code 

R . N . HWANG 

Investigations have been made on the resolved resonance algorithms for the new MC^ code (MC^-2). It has been 
known for some time that the computer time required for the resolved resonance energy region in the existing MC^ 
code varies from 40 to 60 % of the total time. I t is by far the most time consuming part in MC^. 

Perhaps the best way to begin is to investigate the deficiencies of the existing MC^ algorithm itself.^ 

DEFICIENCIES OF THE EXISTING ALGORITHM ON THE RESOLVED RESONANCES 

Under the assumption of the NR-approximation the self-shielded cross section to be considered is 

dE Ef -
^^ T^nrB— ' (1) 

/ . 

-gi ^t 

dE ' 

where (Xxi is the cross section of the process x due to the ith resonance, and S( is the total macroscopic cross section. 
In the existing AIC^ algorithm. Ex and E^ are the fixed group boundaries of the fine or the ultrafine groups and all 

nances within Ex are included in S«. Both integrals in Eq. (1) are evaluated using the Romberg quadrature 
reby the total mesh points are 2"̂  and N is the Ath iteration that satisfies a relative error criterion of 0.0005 

specified by the program. 
Three major drawbacks of the existing AIC algorithm will be discussed as follows. 
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TABLE IV-6-1. VARIATIONS OP A^ IN VARIOUS E N E R G Y 

R E G I O N S FOR A TYPICAL, M C F I N E G R O U P PROBLEM 

Energy Range, 
keV 

4.3-3.85 
3.35-2.61 
2.61-2.03 
2.03-1.58 
1.58-1.23 
1.23-0.961 

0.961-0.749 
0.749-0.583 
0.583-0.454 
0.454-0.354 
0.354-0.275 
0.275-0.214 
0.214-0.167 
0.167-0.130 
0.130-0.101 
0 .101-

N 

12 
12 
12 
11 
11 
11 
11 
10 
10 
10 
9 
9 
8 
8 
9 

< 9 

TREATMENT OP OVERLAPPING RESONANCES 

The magnitude of N, to a great extent, depends on how much the integrand fluctuates. The fluctuations in the 
integrand, in turn, depend strongly on how many overlapping resonances are included between Ei and E^. Since 
each overlapping resonance will give rise to a "dip" in the integrand, it is not difficult to realize that the more 
"dips" there are, the larger N must be to meet the given convergence criterion. Any relaxation of the given con-
gence criterion is not possible without sacrificing the accuracy of the Doppler effect estimations. Table IV-6-1 gives 
the approximate values of N for each resonance integral in various energy regions taken from a typical MC^ fine 
group problem with U-238 and Pu-239. 

The listed values of N and their implication on the computing time required in various energy regions are self-
explanatory. The larger N required for each resonance integral in the high energy regions is clearly due to the inclu
sion of a large number of overlapping levels. For heavy isotopes, in general, the contribution of the overlapping 
resonances beyond the next nearest neighbors is believed to be insignificant as far as the Doppler effect is concerned. 

D E F I C I E N C Y O P ROMBERG QUADRATURE FOR FIXED ENERGY BOUNDARIES 

The limits of integration in the existing AIC^ algorithm are fixed by the ultra fine or fine group structures. In the 
high energy region, the limits are generally much wider than the extent of a resonance, especially when the fine 
group calculations are considered. As a result, the mesh points in Romberg quadratures are so widely spaced that 
a high order of N is required to meet the specified convergence criterion. The problem may be resolved by using an 
adaptive integration scheme whereby the mesh points are chosen according to the fluctuations of the integrand. 

EVALUATION OP THE PLUX CORRECTION FACTOR 

The existing MC^ algorithm evaluates the numerator and denominator of Eq. (1) separately. I t has been pointed 
out in Ref. 2 that the denominator is related to the numerator in the follomng way: 

f"' IdE == ELILII (i _ 1 ^ I i r- hl/E\. (2) 
•'£i St Sj, ( E% — El i Txi J El Si J 

The extra integration is absolutely unnecessary. 

RECOMMENDATIONS FOR THE RESOLVED REGION 

In view of the deficiencies of the existing algorithm in MC* a semianalytic method is proposed to speed up the 
computing time while preserving the rigor of the present version. The method is again based on the assumpt j^^ 
of the Breit-Wigner equation and the NR-approximation. The feasibility of extending beyond these a s s u m p l ^ ^ 
will be briefly discussed in the next section. This method is believed to be particularly effective in conjunction with 
the application of the continuous slowing do-\vn method. The group reaction cross section can be written as* 
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M 

1/A''' E Fj^xiJl/Ei 
Ai) _ i - l 

Ox 

I — _ — 2_i FtTtJt /Et'Sb 
A« Si, aU 

resonances 

where Ft is the attenuated coUision density near the resonance i excluding the Placzek oscillations introduced by the 
heavy isotopes, Si, is total background cross section excluding the resonance cross section of heavy isotopes, and the 
characteristic integral is defined as 

1 ;•« '/'j E Ak^pk dxi 

' ' 2 i-« (ft + ^,)(ft + f.- + E Aki^k) 

2l^Bi + 4'i *-̂ ^ + 4' 

^b 

where 

Ai = atoms/cm^ 
A k = ratio of the macroscopic peak cross section of kth and fth resonances 
e, = Ti/A 
A = Doppler width 

= 'Zh/NiCToi or lli"''^/Niaoi (Note that the leakage correction can also be included in S^.) 
the equivalent potential scattering cross seclion. 

Here the interference scattering cross section is intentionally left out for simpficity in the preliminary testing of Ihe 
recommended techniques. The interference scattering may be included by a simple extension of the arguments pre
sented. The advantages of separating jf into two integrals are twofold. With the overlapping contribution separated 
out, the J integral can be evaluated much more rapidly. On the other hand, the overlapping integral, which is a 
second order quantitj" as far as J, is concerned, can be evaluated with a much looser convergence criterion without 
suffering any significant error in Ji. Hence, the computing time can be drastically reduced. Furthermore, the separa
tion makes possible the option for the user to decide whether the overlap effect need be included. For U-238 resonances 
between 4 keV and the initial energy of the resolved energy region of the second heavy isotope, the inclusion of the 
overlap effect is clearly unnecessary. It is beheved that, for surve}^ calculations, an improvement of the computer 
time by a factor of 100 can be achieved if the overlap efi'ect is ignored. In addition, Eq. (3) is particularl3- amenable 
to the apphcation of the continuous slowing down method. For heterogeneity effect studies, Eq. (3) also requires 
little change if the equivalence relations are used. 

EVALUATION OF THE J-INTEGRAL 

Judging from the accuracy and speed requirement, we recommend the use of the optimized scheme using a 4-point 
Gauss-Legendre quadrature as described by Nicholson and Grasseschi.^ In this method, the J-integral is broken into 
two pieces, 

'•''''I{l/x) 
J = f I{x) dx= r I{x) dx+ [ '' l^^ dx, (6) 

Jo Jo Jo X' 

& 

where the transformation is made 1o the second integral and the break point Xx is to be optimized to give the minimum 
errors in the integration. The calculated J-integrals using this method are accurate up to the third significant number 
for practicallj ' all ranges of fi and 6 of interest. While this accuracy in the / - in tegra l is believed to be sufficient in 
the resolved region where the self-shielding efi'ect is sizable, it is not sufficient in the unresolved region, especially 
when the Doppler effect of a fissile isotope is considered. For this reason, a trivial modification of the original routine 

s been made so tha t for large 13 or small self-shielding effect, the / - in tegra l can be evaluated aiialyticalh': 

. ^ ^ / ( 0 > ^ ) | - | ^ ( 0 - V 2 . ) (7) 
2[/3 + ^(0, ^)] "^ [/3 + V(0, e)P 
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MATHEMATICAL JUSTIFICATION OF THE PROPOSED METHOD 

In spite of the exceedingly favorable results, mathematical justifications of the proposed method are needed. 
Two questions may arise: (1) why is the integrand in Eq. (6) extremely favorable for Gaussian quadrature and (2) 
what is the precise mathematical meaning of the break point Xi. In addition to the discussion already given in Ref 
3, further investigations have been made. 

For the generalized Gaussian quadrature formula* utifizing any orthogonal polynomial, it is generally true that the 
integration is exact for a given number of mesh points A if the integrand is of the form X) Aix'' where k < 2N — 1. 

k 

Clearly, the most favorable integrand for the Gaussian quadrature formulas is the one which can be approximated 
by the polynomial ^ Aix" with the value of k as small as possible. For the Gauss-Legendre quadrature in particular, 

an integral can be expressed as 

•J a 
I{x) dx = 

ifhere 

N 

Y.w^{y,)I{y/) -i- RN (8) 

2iV 

BA- = B i v ^ [ I ( l ) ] , a<i<h (9) 

BN = 
(b~ a)'\Nl)V' 
(2N -f 1)![(2A)!] 

X, = ith zero of the Legendre polynomial PM{.X) 

w, = 2/(1 - x,)\P'N{x,)f. 

The qualitative behavior of the integrand under consideration is characterized by the broadened line shape function 
i// (and X if the interference scattering term is included). The broadened line shape functions are directly related 
to the real and imaginary part of the complex probabifitj' integral W{z). Extensive studies by O'Shea and Thacher 
have shown that W{z) can be represented by a Taylor series 

TT// ^ -.» , 2iz ^ (-l)"n!2»(2^*)" 
W{z) = e + ~F= Z^ /o i T T i — i^^> 

VTT ^ 0 (2n 4- I j ! 
and an asymptotic series 

r 
w(^z) = ^ E 

. ^ L ( n + i ) ^̂ )̂ 

for small and large z, respectively. They have also examined the convergence of these series. Equation (10) clearly 
implies that the integrand I{x) of the /-integral can be represented in the form ^ Aix'' and is particularly suitable 

k 

for the Gaussian quadrature if the upper limit of integration is not too far from the origin. On the other hand, when x 
becomes large, Eq. (11) implies that the Guassian quadrature becomes inefficient because the integrand I{x) will 
no longer assume the form E AkX . Hence, the transformation of the second integrand in Eq. (6) of the Nicholson-

Grasseschi method' amounts to transforming I{x) back into the form expressible in terms of a Alaclaurin series. 
The theoretical break point should have been the point where the orders of the two Maclaurin series were lowest. 
The precise theoretical break point is obviously difficult to find. Simple illustrations will be given to show that the 
Nicholson-Grasseschi method is mathematically sound. 

Again, like Ref. 3, two asymptotic cases for small and large 6 will be considered. For large 6, I{x) and I(J/x)/x 
become 

I{x) ^ 
I3{1 + a;2) -F 1 

and 

(3 2 , 13' 4 
• X + • r- X /3 + 1 {fi^V 

(/3 ^ 1) (12 » 
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Iil/x)/x' = 
1 

,8(1 - f a;2) - f x"" 

/ 3 + 1 2 , ( ^ + 1 ) ' 4 
a; - f TiT-^x -/3 

^, 

respectively. It is obvious that the choice of xx should be 

Xx + 1' 
L /3 

1/2 

(13) 

(14) 

so that both series are convergent between 0 and the upper limits xx and l/xx. Incidentally, for this particular case, 
xx is also equal to -x/s d, where d is the point of infiection of the integrand I(x). Both series will converge rapidly 
except for x near the upper limit. Thus, xx is identical with that given in Ref. 3 based on somewhat different arguments. 
Similarly, for the extreme broadening case with small 6, the integral becomes 

Jo 
I{x) dx = 

Jo 

xie/i dy s/w 

A/TT 

+ 
A/ ' Jo 

A/TT 

dy {l 

•s/ir 
/ 

Xi6l2 dy 

1 -h 
/J2/2 

i3 + A/TT, 
1 + 1 + ^ 

2! ^ 3 ! 

0y 

& + 
S/TT + 

Hy' 

^ ^ ' 

0 2 

L2^ + ^reJ 

(15) 

and the integrand of the second integral is less obvious. It is expected to have the same behavior as Eq. (13) if the 
choice of xx is sufliciently large. In view of the fact that the Taylor's expansion for the exponential function generally 
converges faster than the series of Eq. (13) and Eq. (14), it is obvious that the choice of Xi is less restrictive. The 
first conservative guess based on the ratio of the first two terms is clearly 

-11/2 

Xi 1 + 
IT a 

(16) 

so that the series will converge rapidly. A less conservative guess may be based on the ratio of the second and the 
third order terms so that 

Xi 
'2(3 -h S/TT e 

(17) 

It is interesting to note that Xi given by Nicholson and Grasseschi is close to those defined by Eqs. (16) and (17). 
For small 6/l3, xi of Ref. 3 is close to that in Eq. (17), whereas for large d/fi, it becomes smaller than that defined 
in Eq. (16). Hence, the use of xi of Ref. 3 will generally ensure a reasonably rapid convergence of the series in Eq. 
(15), and thus the efficiency of the Gaussian quadrature of small order. 

I t is also interesting to note the general behavior of the remainder Rn ot Eq. (9) upon which the error of Gaussian 
integration depends. For { not too close to the upper limit, 

- S 2 / X 1 

which is true for both Eqs. (12) and (15), especially for the latter case; for the second integral 

(18) 

m)/f 
j . j j 2 

Thus, the remainders are approximately 

for the first integral and 

Rr = CNe~-^''''H2N{^/xi) 

~{2xi 

^ ' 

RN = CNC"' ''H2N{XI^) 

e second integral, respectively, where II^Niy) is the Hermite polynomial of the order 2A, and 

(A!)^2''^+' 
CiV — 

(2A + l)![(2A)!p-

(19) 

(20) 

(21) 
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i 
It should be noted that the qualitative behavior of e ^ H^uiy) explains the fluctuations of the error curves givSI 
in Ref. 3. From the remainder RN , the optimal A, in principle, can be determined. The amphtude CN decreases 
rapidly as N increases. For example, 

C2 = 6.173 X 10"' 

C4 = 1.178 X 10""'. 

From the foregoing discussion, it can be concluded that the proposed method is not only efficient from a numerical 
point of view but also is mathematically justifiable. Whether the proposed 4-point Gaussian quadrature is equally 
efficient for the case wfith the interference scattering term included will be further investigated. 

EVALUATION OF OVERLAPPING INTEGRAL 

One time saving feature is to reduce the total number of overlapping resonances in the calculation. From a prac
tical point of view, the inclusion of up to the next nearest neighbors is sufficient. Preliminary calculations have been 
carried out using the Romberg integration scheme. It was found that the relative error in the integration of the 
overlap integral required to give the same accuracy in / * using the direct procedure of MC^, is approximately 50 to 
100 times larger. The total computing time can be improved by a factor of 3. In view of the fact that the Romberg 
integration scheme is rather ineffective for integrands with rapid fluctuations, the use of the Romberg quadrature is 
not recommended. One obvious alternative to the Romberg quadrature is the adaptive integration scheme whereby 
the mesh points are concentrated according to the fluctuations of the integrand. Such an adaptive method is avail
able.'^ I t is believed that the use of this method will further improve the computing speed. 

VALIDITY OF THE THEORETICAL AIODELS 

The existing AIC^ and the discussion in the previous section are based on the validity of two approximations, 
namely the Breit-Wigner equation and the Ai2-approximation. For the heterogeneous studies, Eq. (3) also implies 
the validity of the equivalence relations and the rational approximation. 

I t has been shown''^ that the direct use of the multilevel formalism is not only feasible but also practical if the 
cross sections are expressed in the Adler-Adler form. In view of the increasing number of multilevel parameters now 
available for the resolved resonances of the principal fissile isotopes, an option using the multilevel formalism is 
desirable at least for the resolved region. For U-235, for instance, it was found^ that the use of the existing single 
level parameters in the ENDF/B file will introduce significant error not only in the Doppler effect but also in the 
magnitude of the self-shielded cross sections. From a practical point of view, the inclusion of a multilevel option in 
Adler-Adler form is recommended. The use of this formalism will not cause any difficulty in the programming it
self as already demonstrated in Ref. 8. 

As for the improvement of the NR-approximation, the problem becomes less straightforward. Some detailed dis
cussions on this subject have been given in Ref. 9. For any future improvement of the NR-approximation, three 
considerations must be given: 

1. For most fast reactor calculations, there exists more than one resonance absorber. The detailed overlap effect 
is difficult to assess using the well known analytical approximations. 

2. A highly accurate temperature effect is required. 
3. An optimum that treats heterogeneity effects accurately is highly desirable. 
The three requirements are simultaneously satisfied if the RABBLE code^" is included. The inclusion of the RAB

BLE code will undoubtedly eliminate the complaints on the NR-approximation once and for all. These three consid
erations will obviously require a large number of energy mesh points. I t is rather doubtful that any other existing 
numerical techniques can achieve the same degree of sophistication with much less computing time. One possible 
improvement of the existing RABBLE code is to reduce the total number of resonances for the heavy isotopes in 
the evaluation of the cross sections for each mesh point. I t is quite obvious that only few nearest neighbors need 
be considered for practical purposes. 
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IV-7. Heterogenei ty Algor i thms for MC^-2 

R. G. PALMER and B. A. ZOLOTAR 

^ ^ ^ c 

INTRODUCTION 

Jn order to provide a convenient and reliable method 
for obtaining a set of group cross sections for use in the 
analysis of ZPR lattices, a set of heterogeneitj^ algo
rithms has been formulated. These algorithms will be 
used in the development of the new MC^-2 code (see 
Paper IY-2). 

In the resonance region the plate absorption cross 
sections in manj' ZPR cells can be calculated ade
quately by equivalence relations. However, certain 
expertise and judgment are required in the application 
of t^^o-reg•ion equivalence formulae to the complex 
situations encountered in ZPR cells. The resonance 
calculation module will be designed to allow the user to 
perform many different resonance self-shielding calcu
lations in one MC^-2 run to cover each of the absorber 
plate conditions. 

I'or cases in which it would be deemed desirable to 
perform more accurate calculations for the resonance 
region, the RABBLE"^ technique will be included as an 
optional module. The results of the RABBLE calcu
lations can overwrite the resonance-influenced broad 
group cross sections produced by the equivalence 
path. The user will have the results of both available to 
gain experience in determining the circumstances imder 
which the more accurate approach should be used. 

In order to avoid the complexities associated with 
the use of statistical ladders, the RABBLE calculations 
will be limited to the resolved resonances. In ZPR cells 
the most difficult plates to describe by two-region 
equivalence theory are the U-238-bearing plates be
cause of their variety of compositions—UgOs, U, 
fu-U and UO2. However, the group absorption cross 

Bctions in the unresolved resonance energy range are 
ot as sensitive to errors in the equivalent o-j, as they 

are at lower energies. 
In ZPR interpretive studies cell-averaged cross 

sections are frequently required. Two methods for 
calculating the necessary spatial group flux distribu
tions across the cell, the discrete ordinate transport 
method and the Storrer-Khairallah integraP transport 
perturbation method, will be available. 

RBSOXAXCE HETEROGENEITY TREATMENT USING 

EQUIVALENCE RELATIONS 

The slowing down calculations and the buckling 
iterations will be based on the normal homogeneous 
case in ]\IC^-2. Calculations of the resonance attenua
tion will involve J-functions in both the resolved and 
unresolved resonance range. Lor the heterogeneous 
case a J-function will be defined and calculated for 
each of the unique self-shielding conditions as described 
by the geometrical input, at each selected discrete 
energy computation point (£**) in the unresolved 
range and for each resonance in the resolved range, 

The form of the equivalence relations to be used for 
two-region pin geometry will be the same as that cur
rently used in MCl'^' In the multi-plate slab case the 
Dancoff factor will be based on the two-sided Eg 
formulation of D. Meneghetti,* 

1 - C = 1 - i?3(S,.Xi) - J-W2uXu) (1) 

where S is the total cross section at Er (or E*) and XL 
and xs are the thicknesses of the diluent regions to the 
left and the right of the resonance plate. The Dancoff 
factor will be treated as constant across the resonance. 

For each isotope self-shelding condition, J{di, jSj) 
will be calculated for each resonance in the resolved 
range and at each E* in the unresolved range, where 

\4A; TEr) 
(2a) 

and 
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Nr.r 
cTi is the resonance peak cross section and 2/ = Sj + 
2*r, where Sj is the total cross section of the region 
containing the resonance isotope and 
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3) RABBLE will generate an extra XS . IS0 d a t ^ J P 
set in which the isotopic broad-grotip cross sections 
computed by the module replace those computed earlier 
bv MC2-2. 

(2b) 

Se/ — 
Sr aAl - Cr] (3) 

47 / 1 + (aa - ] )Cj 

Sr is the surface of the region, Vi is the volume of the 
region, and ai and a-i are empirical constants which 
may be user input but ^\hich will also have default 
values of ai = 02 = 1.35 for the cylindrical cell and 
ai = aa = 1.09 for slab cells. 

The use of these /-functions in generating in-plate 
broad group cross sections is discussed in Paper IA''-3. 

RABBLE MODULE 

To provide MC^-2 with the capability to perform 
precise resonance absorption calculations in the resolved 
resonance region, a module containing the algorithms 
found in RABBLE will be included. The RABBLE 
calculation is appropriate for the lower energy broad 
groups in which the Narrow Resonance approximation 
is questionable, overlapping effects between resonances 
of different nuclides are significant, and where hetero
geneity effects are generally most important. 

In Rx\BBLE, a broad group is divided into many 
very narrow intervals of equal letharg}' width. For 
each isotope, region-dependent reaction rates are ob
tained. These are accumulated over the broad group 
and then divided by the accumulated regional fluxes to 
yield spectrum-averaged effective broad-group cross 
sections. In obtaining the reaction rates, region and 
lethargy-dependent slowing down sources are used. 
Regional collision rates are obtained from the regional 
slowing down sources bj^ means of an approximate 
algorithm involving the first-flight escape and trans
mission probabilities, and interface currents. RABBLE 
can treat circularized cells and plate cells which can 
have either periodic or zero-current boundary condi
tions. 

RABBLE can be utilized in the AIC^-2 code as fol
lows : 

1) RABBLE may be optionally involved after 
completion of the normal MC^-2 run to generate 
broad-group, in-plate, cross sections for fission and 
capture. 

2) The broad groups for which the RABBLE calcu
lation is involved should be at energy sufficiently 
low that it can be assumed that no neutrons appear 
in these groups from fission sources, inelastic scattering-
sources, and elastic scattering sources that are aniso
tropic in the center-of-mass system. 

FINAL CELL HOMOGENIZATION 

Using the in-plate broad-gToup cross sections it is 
necessary to calculate the spatial flux distribution 
through the cell in order to obtain cell-averaged cross 
sections. Two alternatives will be available to the 
user. The first will use the standard ARC 1-D trans
port'' modules to obtain fluxes within the unit cell. A 
high-order modified single Gaussian angular quadra
ture will be available. To simulate the overall leakage 
from the core a DgB^ can be added to the total cross 
section in each region, where Dg is the cell homogeneous 
diffusion coefficient for group g, and B^ is the final 
iteration on buckling from AIC^-2. 

The second alternative will be to use a modified 
version of CALHET.^"' This code is based on the use of 
collision probabilities in the integral transport equations 
developed by Storrer et ah The homogeneous medium 
and heterogeneous medium equations (for the same 
average composition) can be shown to be the same 
except for differences in the collision probabilities, so 
that the heterogeneous core can be considered as just a 
perturbation of the homogeneous core. 

Two geometries will be treated, the multi-plate 
slab case and the multi-region cylindrical geometrj'. 
In the latter case two options will be available. For a 
two-region cylindrical problem the collision probabili
ties can be calculated from the Hummel et ah'' modifi
cation to the Bell approximation, 

Pi: 1 -f- 1 ^ + _̂ 2 l^ 
} (1 - C) ' 

(4) 

where 
Si E= total cross section ui region 1 (pin) 

f = mean chord length of the pin 
a = Levine-type empirical correction factor; user 

input, but with a suggested default value of 
1.35. 

and 

(1 - (7) = T« + 7 i ( l - JB), 

•̂here 

7 B 
= 1 + 

Z^' r^2 • 2 
.'•2 r\) 

(5a) 

(5b) 

Sa = total cross section in the diluent 
fi = radius of the pin 
r-i = equivalent radius of the diluent. 

Using reciprocity relations, 
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Pn + P i2 = 1 (6a) 

M!2P21 = M(l-Pl2 (6b) 

P21 + P22 = 1. (6c) 

A more exact option based on RABBLE collision 
probabilities will also be available. For the multi-
plate cell the collision probabilities will be calculated 
by a numerical technique* using exponential integral 
functions. 

Two optional forms to allow for the finiteness of the 
reactor in the cell calculations will be included: 

1) Adding DgB'' to the total cross section ffg in each 
region as for the discrete ordinate method above 

2) Reducing the collision probabilities by a non-
leakage factor 

S t , (7) 
^tkom + D„B^' 

where 
Sj ham = cell homogeneous total cross section. 
Having calculated the heterogeneous fluxes across 

the cell (flat across each plate unless the plate is sub
divided into subregions) the code will next perform a 
normal flux-weighting procedure across the cell to 
obtain the cell homogenized cross sections 

2»= Lcr-iVT-^.-F./E^.F;, 

where 
Vj = volume of region j 
N^ = the number of atoms/cm^ of isotope m in 

region j . 
The cell-perturbation module would be limited to 

using the isotropic problem while the discrete ordinates 
method can treat anisotropy up to Pi scattering. 
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IV-8. Calculat ion of Elastic Scatter ing Matrices 

H. HENBYSON, II, C. G. STENBERG and B. J. TOPPEL 

INTRODUCTION 

In the ]MC^ code,* ultrafine group (Au = 1/120) elastic scattering matrices are generated for materials whose 
elastic scattering angular dependence has been represented by a Legendre polynomial expansion. In particular let 
the elastic scattering angular dependence for the material m at a neutron energy Ej be represented in the center of 
mass system as 

a^ic.^E,) = J:B7,P,U), (1) 
e 

where 
(T^ioi ,Ej) = the material m cross section for scattering into the solid angle du in the center of mass 

fj' = the cosine of the scattering angle in the center of mass 
and 

Pt = the Uh Legendre polynomial. 
The B7j are related to the customarily reported Legendre expansion coefficients f7j of the angular distribution of 
scattering in the center of mass by the expression 

4TBT, = (2/ + DaZflj. (2) 

If we relate the initial and final energies in the laboratory system, Ej and E, respectively, to the center-of-mass 
scattering angle, and integrate over the azimuth angle, we obtain 
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4x _v^_.„. ,. ^IP 

where a", for the mass A'" of nucleus m, is given by 

oTiEj - . E) dE == ^ dE Z BlPtip!), 

(4) 
(A™ -f 1)2 

and relates the minimum energy, EZin , to the initial energy by 

S » = (1 - « " ) - & . . (5) 

ThePo elastic transfer cross section from initial energy Ej into group K, oTiEj —> K), may be obtained by relat
ing /i with EJ , E, and A", and then integrating Eq. (3) over final energy E ranging from EK to EK~I , the lower 
and upper energy limits respectively of group K. 

The Po elastic transfer from group J to group K is obtained by averaging the corresponding a-T(E —» K) with E 
at each end of group J. Thus 

-^""(Ej -*K) + aTiEj^i -^ K) 

Oelj-^E:, ( 7 ) 

Oelj^K = 2 ' -^' 

The use of Eq. (6) tacitly assumes that aT{E -^ K) varies hnearly across the source group / . This assumption 
is clearly not correct for all receptor groups K and for all degrees of anisotorpy. 

The Pi elastic scattering transfer cross section in MC^ is defined as 

where EK and Ej are the lower energies of group K and / respectively and ffeij-,K is given by Eq. (6). Equation (7) 
is based on the approximation 

where iXj^K is the effective cosine of the scattering angle corresponding to a group J to group K energy transfer. 
In order to provide a more rigorous treatment for the new^ code MC^-2 (see Paper IV-2), a study was made of 

the problem of the calculation of elastic scattering matrices with particular emphasis on improving the simple ap
proach given in Eqs. (6) and (7) while at the same time minimizing computer running time. 

NUMERICAL STUDIES 

The general approach outfined above was foUow êd but the (TT(EJ —» K) were evaluated at hyperfine group (hfg) 
intervals within the ultrafine group (ufg) J and then a-l^j^K and a-lTj^,^ ^̂ "̂ re obtained by a trazpezoidal integration 
over the hyperfine groups contained within the source ufg J. Figure IV-8-1 schematicalty indicates the method used. 
Let Âo be the number of hfg per ufg and ^^(Ei -^ k) the Po scattering from energy Ei at the top of hfg i within 
ufg J into hfg k within ufg K. Et corresponds to the energy at the top of the ufg J, and i?jv„+i corresponds to the 
energy at the bottom of ufg J. Accumulating the Po scattering over the receptor group K from the energy Ei gives 

aTiEi ^ Z) = E° <rr(Ei - . k). (9) 

The Po elastic scattering cross section from ufg J to ufg K based on a trapezoidal integration over the hfg'a within 
the source ufg J is then 

No 

aTiEt -^K) + ar(E,o+i ^ if) + 2 E or(Ei -^ K) 
dm 

O-elj^K = 
(10) 

2iVo 

For scattering into the last ufg receptor group K, Eq. (10) may be modified in order to correctly account for the 
partial contribution of the scattering from the highest energetically possible hfg t in the ufg source group / . The 
Po elastic transfer for scattering into the last ufg receptor group K is then given by 

No 

oTiE^o+t ~^K) +2 E <rT(Ei -^ K) 
'^olj-^K 

1 - ln--i—-hlnf^ 
1 - a" EK-X 

aT{Ef+t-^K) 

2No 
where EK-I is the energy at the top of ufg K. 



8. Ilenryson, Stenberg and Toppel 397 

Whe Pi elastic transfer cross section was evaluated in a similar manner. If energies ^» and Eh are the midpoint energies 
of the hfg intervals in the source and receptor group respectively then 

ar(Ei -^ fc) (12) 

was taken as the Pi scattering from energy E, at the top of hfg i within ufg J into hfg k within ufg K. The Pi scatter
ing is accumulated over the receptor group in a manner similar to the PQ scattering given in Eq. (9). The Pi elastic 
transfer integration over the ufg source group / is similar to that given in Eqs. (10) and (11). 

Results of the Po and Pi elastic scattering using this method were obtained for various masses and at various ener
gies to display the influences of anisotropy and mass on the kinematics of the scattering. The main parameter of 
interest is the number of hfg per ufg. In the original MC code there is one hfg per ufg. The ET0G code^ was used for 
a reference calculation. ET0G uses a very fine mesh Simpson's rule integration over the source and receptor groups 
and may be considered exact. 

By way of demonstrating the variation of the scattering probability across the source group, Figs. IV-8-2 through 
IV-8-7 showr Po scattering from the top of various hfg's i within a given ufg, to various w/g's J -{- N. The top of hfg 
1 corresponds to the upper energy boundary of the ufg. Two source groups J have been selected for sodium, iron, 
and Pu-239 to indicate the effect of anisotropy. The straight dashed lines indicate the assumed shape using Eq. (6). 
The existing MC^ algorithm becomes progressively worse as the mass number increases and as the scattering exhibits 
more anisotropy at the higher energies. In all cases, scattering to the lowest ufg exhibits the most radical errors, since 
not all portions of the source groups can scatter to the lowest ufg. The error in the present MC algorithm is repre
sented by the difference in the area under the solid and dashed lines for a given group, assuming the solid line results 
involving 20 hfg per ufg represent the correct answer. 20 hfg per ufg were chosen as a base because good agreement 
was obtained for all materials when compared with the ET0G code. 

When integrating the scattering probability across the source ufg J to obtain ffeij-^j+x and ffei^^j+N ^^^ a-U possible 
receptor groups, one would like to minimize the number of hfg per ufg in the integration in order to minimize computer 
time while at the same time accepting a certain magnitude of error. 

In Table IV-8-1, the percentage errors in the calculation of the elastic transfer cross sections as a function of hfg 
per ufg are displayed relative to 20 hfg per ufg. The energy of the source ufg J was chosen to be 6.11 i leV in order to 
illustrate an extreme case (high degree of anisotropy). The percentage error shown in each case is the largest error 
encountered for all possible ufg receptor groups. For B-10, the scattering probability for the next to the last receptor 
group when integrated across the ufg source group produced converging oscillatory values as the number of hfg per 
ufg increased. This occurrence was due to the particular shape of the scattering probability across the source group. 
For the hght elements (e.g., beryllium, boron, carbon, oxygen, and sodium) the maximum error in the elastic transfer 
cross sections always occurred wdth the scattering into the next to the last receptor group. The next largest error 
resulted from the in-group scattering, A = 0. All other receptor groups for these Hght elements (even for 1 hfg per 
ufg) had errors of less than 1%. 

Table IV-8-1 also displays a measure of the weighted error in the Po and Pi transfer cross sections in scattering 
from the source ufg. The error for each receptor group was weighted by the fraction of its contribution (relative to 
20 hfg per ufg) to the total scattering from the ultrafine source group. The error displayed was obtained by summing 
the weighted error for each ultrafine receptor group. Note that in the footnote of Table IV-8-1, the total number of 
hfg scattered for material m when there is 1 hfg per ufg is denoted by NZax • The weighted error gives a measure of the 
overall accuracy of the calculation. For example, the hght materials have a large error in the next to last receptor 
group but the weighted error for these materials is small because the contribution of the next to last receptor group 
is small. 

For all materials at energies where the scattering is isotropic in the center of mass system, the calculation of the 
Po and Pi elastic transfer cross sections, using 1 hfg per ufg, resulted in errors of less than 1 % for almost all ufg recep
tor groups. The weighted error in scattering from the source ufg was always less than 1.5%. 

For the new MC^-2 code, the probable requirement for the number of hfg per tifg for the calculation of the Po and 
Pi elastic transfer cross sections for an accurate and comparably fast computer running time are: 1 hfg per ufg for all 
Materials of mass less than 161 AMU when scattering is isotropic in the center of mass system; 1 hfg per ufg for ma-
"erials fighter than and including sodium when scattering is anisotropic; 2-4 hfg per ufg for materials heavier than 
sodium but lighter than mass 161 A]\IU when scattering is anisotropic; for masses greater than 161 A]\IU use the 
heavy mass approximation described below for all scattering. 

ar(E.-^k) = (A"' + 1) ~ii(A"' ~ 1) 
Eh 
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TABLE IV-8-1. E E B O E S IN ELASTIC SCATTERING T R A N S F E R C R O S S SECTIONS 

{Ej = 6.11 MeV) 

Material 
m 

Be-9 

B-10 

C-12 

0-16 

NA-23 

Fe-56 

Cu-63 

Mo-96 

Pu-239 

Percent
age Error 

mall 

2.5 
1.1 
0.72 

15. 
0.50 
1.6 

16. 
2.5 
1.2 

18. 
5.0 
1.1 

8.5 
3.4 
1.9 

20. 
5.0 
2.2 
1.2 

22. 
9.2 
4.7 
2.4 

98. 
13. 
7.2 
3.0 

200. 
4.5 
0.85 
0.35 

Percent
age Error 

mo-Ji 

3.1 
1.2 
0.75 

15. 
0.56 
1.6 

16. 
2.6 
1.3 

19. 
5.3 
1.5 

10. 
3.8 
2.1 

25. 
6.4 
2.8 
1.6 

27. 
10. 
5.5 
3.0 

100. 
16. 
9.2 
3.9 

280. 
12. 
2.3 
0.94 

Total 
Number 
of hfg 

Scattered 

54 
108 
162 

49 
98 

146 

41 
81 

122 

31 
61 
91 

22 
43 
64 

9 
18 
27 
35 

8 
16 
23 
31 

6 
16 
21 
31 

3 
21 
33 
37 

Number 
of 

¥sMs 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 
4 

1 
2 
3 
4 

1 
3 
4 
6 

1 
10 
16 
18 

Weighted 
Error for 
Po Scat
tering" 

0.35 
0.090 
0.041 

0.53 
0.090 
0.057 

0.58 
0.13 
0.057 

2.2 
0.57 
0.20 

3.0 
0.76 
0.34 

17. 
4.4 
1.9 
1.1 

23. 
5.1 
2.2 
1.3 

45. 
5.8 
3.2 
1.4 

68. 
1.5 
0.28 
0.12 

Weighted 
Error for 
Pi Scat
tering'' 

0.52 
0.13 
0.061 

0.84 
0.15 
0.092 

0.95 
0.20 
0.093 

3.7 
0.96 
0.34 

4.5 
1.1 
0.51 

22. 
5.8 
2.6 
1.4 

28. 
6.4 
2.8 
1.6 

54. 
8.2 
4.6 
2.0 

82. 
2.6 
0.50 
0.21 

" The weighted error in the Po scat ter ing from source ufg J is 

% error in ufg N\ o»» 
for Po scat ter ing / '^'''••'-*^+« 

"elj-tj+N 

^ The weighted error in the Pi scat ter ing from source ufg J is 

N=0 

(% error in ufg N'\ 
Vfor Pi sca t ter ing / 

^ "^ max 

E 
im 

"elj-^J+N 

"elj-^j+N 

N=0 



8. Henryson, Stenberg and Toppel 401 

In the final analysis, the number of hfg per ufg to be used for the different materials in the calculation of the elastic 
transfer matrices will be dependent on the testing of the new MC -2 code. The effect of the number of hfg per ufg on 
the values of the broad group cross sections and reactivity will determine how small this number can be without com
promising the accuracy of the new code. 

HEAVY MASS APPBOXIMATION 

The numerical studies summarized above indicate that the number of hfg per ufg required to obtain an accurate 
value of the transfer matrix depend on both the anisotropy of scattering and the mass of the scatterer. Since heavy 
nuclei can scatter a neutron only a few ultrafine groups, it is possible to derive semi-analytic expressions which may 
be used in place of Eqs. (10)-(12) to obtain accurate transfer matrices for all orders of anisotropy with a minimum 
of computational time. 

The -Cth Legendre component of the elastic transfer from group / to group K is defined as 

[ du [ dM'P,(M)<^<(M)e-^'*'-"' E 4.7rBl,Pn(p.') 
(»>• a'" Jj JK n 

2{+ 1 

I du 4>t(u) 
(13) 

where 
4>t(u) = tth Legendre component of the flux 

p. = cosine of scattering angle in the laboratory system 

= (^^ + l ) e ^ ~ - W - l ) e " " ^ 
2 

p. = cosine of scattering angle in the center of mass system 

= (^^ + i ) V " " ' - W' + 1) 
2A™ 

and all other variables have been defined previously. The integration limits of the source ( J ) and sink (K) groups, 
which depend on the group lethargy width and the mass of the scatterer, have been given by several authors. If 
the notation ( ) is chosen to designate a suitable average over the source group, Eq. (13) may be written 

4̂  E (i5:>.Mi:^. 
<»» _ n (14) 

"'''-^ Au{4>tj) 

A'Z^^ ^ (21 + 1) ^ ^ ! L + i l \ du\ du' Pi(f,)P^(p.')e^"''-''\ (15) 
a Jj JK 

where 
AM = group lethargy width. 

The ith Legendre component of the total scattering cross section for group J may be obtained by integrating Eq. (15) 
over all sink groups. Let q be defined as the maximum lethargy gain per coUision: 

g ™ ^ l n - - i ~ . (16) 
^ 1 — a" 

Integration of Eq. (15) over all sink groups gives 

AZ = ( 2 / + l ) A M r ? „ ( a " ) , (17) 

where 

rpr ( m-. _ (—Y (2n + 1) £ d f 7 l 7 ' P , U ( l 7 ) ] P j M ' ( C / ) ] ( - - ^ ) (18) 

U ^ u 

been inve 
of Eq. (17) into Eq. (14) for the ^ = 0 component gives the identity 
Equation (18) is simply the T function which has been investigated by Amster.' Noting that Tin = S°„ , substitution 
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Tel J 
{Boj<t>Oj) 

(19) 
(<^o.,) • 

The general matrix element A 1 ^ _ ^ depends through the integration hmits in Eq. (15) on the ratio Aw/g" which gives 
the number of groups scattered by material m. These general matrix elements may be expressed in terms of a function 
similar to the T function of Eq. (18). As an example of the derivation, consider the element AZ-.J+, if the group 
lethargy width and maximum lethargy gain per colHsion are such that a neutron may be scattered through a maximum 
of three groups: 

In this case Eq. (15) has the form 

A' 

}iq" < Au < }iq 

^(2,+ l ) ( 2 n + l ) p 

(20) 

' w r . t .n— fl 
du' P((p.)Pn(p.') 

/x 2e 
-(M —U) 

where Uj corresponds to the lethargy at the bottom of ultrafine group J. Changing variables to (7 = M' - M and 
reversing the order to integration we have 

<-..« = (2̂  + 1) ^^^ t̂i) r du f dU P,(M)P«(M') ( - SJ) 

= (2^+1) ^-^^^ f du r du p,(p.)p.{,') (~ ^,) 
/ •'2AM Juj+2-v \ du f 

and performing the inner integral 

AZ^,^, = (21 + l){2AM[fL(a™ 2AM) - fL(a'", g")] + \f\n(or, 2Au) - f k ( « " , g")]}, 

where 

( - ) ' ( 2 n + l ) f̂  yL(a"', )̂ 
r! lduirpMP.i.')[~~%). (21). 

I t is obvious from Eqs. (18) and (19) that 

tn(a ,q) = T(„(a ) . 

In Table IV-8-II expressions are presented for the matrix elements A'Z^^ for several q"'/Au ratios. Note that Eq 
(20) is apphcable to all materials of mass 240 > A " > 161 for the MC^ group width Au = 1/120.2,j 

Although the function f L does not in general satisfy a heavy mass expansion, since it need be' calculated only 
once for a given A™ and AM, it may be calculated directly from a high order quadrature of Eq. (21). In Table IV-8-III 

TABLE IV-8-II. HEAVY MASS MATRIX ELEMENTS Ai{J -^ K) 

K 

J 
J + 1 
J + 2 

J + 3 

J 
J + 1 
J + 2 

J 
J + l 

Group Width 
Mass 

Hq <Au < }iq 

Hq < Au < q 

Au > q 

2,+ ,Ai(J-^K) 

AuTl{a,Au) + T]„(a,Au) 
2AulTl„(,a,2Au) - P L ( « , A « ) ] -f- P L ( « , 2 A « ) - 2T]„{a,Au) 
3AuT'i„{a) + T],{a) - 2T\„(a,2Au) -f- T'(„(a,Au) 

- Aui-iTl {a,2Au) - Tl{a,Au)] 
-2A«rL(«) -- T]„(a) -h 2AuT'(„(a,2Au) + T\,{a,2Au) 

Auf''(„{a,Au) -f rL(«,AM) 
2A«rS„(a) + T)M) - 2AuT]„{a,Au) - 2Pj„(«,Att) 
- r j „ (« ) " AuTlJa) 4- AMrJ„(«,Aw) + T\MAU) 

AuT'uia) + T)M 
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TABLE IV-8-II I . Pu-239 ELASTIC S C A T T E R I N G M A T R I X E L E M E N T S , (a-li/ffli)j-*j 
{Au = 1/120) 
(EJ = 6.116 MeV) 

ET(ZIG 
Heavy Mass Approx. 

a 

K 

J 

3.49/9.64 
3.52/9.72 
3.50/9.65 

J + l 

0.724/0.750 
0.714/0.733 
0.725/0.766 

J + 2 

0 .126 / -0 .240 
0 .127/ -0 .239 
0 .127/ -0 .239 

/ - I - 3 

0.499 X l O - y - 0 . 1 3 4 X 10^» 
0.624 X l O - y - 0 . 1 7 9 X 10~« 
0.601 X 10-V-0 .177 X 10-3 

" This calculation used 20 hfg per ufg using the method described in this paper . 

the results of calculations using Eq. (14) and the matrix elements of Table IV-8-II are compared with ET0G results 
and the previously discussed numerical algorithm using 20 hfg per ufg. Once the matrix elements A^J^K have been 
calculated, the calculation using Eq. (14) is of course significantly faster than a numerical integration of Eq. (13). 
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IV-9. Calculat ion of Heterogeneous Fluxes and Reactivity Worths 

W. M. STAGEY, JR. 

An iterative perturbation method for calculating the 
change in eigenvalue between a heterogeneous and a 
homogeneous model of a reactor cell, and for obtaining 
the spatial flux and importance distribution in the 
heterogeneous cell, was proposed several years ago by 
Storrer, et al.^ This method is based on collision prob
ability theory, and incorporates the assumption that 
only the collision probabilities (not cross sections or 
compositions) change between the homogeneous and 
heterogeneous models. In a later paper,* Khairallah and 
Storrer proposed a first-order perturbation estimate of 
the eigenvalue in a cell model which differs from a 
reference model in cross sections and compositions as 
well as collision probabilities. This estimate is based 
on the flux and importance solutions for the reference 
model. No method for calculating the heterogeneous 
flux and importance or obtaining higher-order estimates 
of the eigenvalue were given for this latter case. 

Methods such as these are useful for calculating 
reactivity worths associated with heterogeneities, 
j«M)osition changes, and temperature (Doppler and 
fl^Hnal expansion) changes in the central regions of 
large reactors. The methods could also be used to 
compute spatially averaged group constants, account

ing for heterogeneities, to be used in a gross-region-
homogenized reactor calculation. The CALHET code,^ 
which is used in the analysis of heterogeneities in the 
ANL critical assemblies, utilizes these methods. 

A similar, but more general, iterative solution 
technique has been derived in a variational theory 
context. In this new theory, which reduces to the pre
vious theory when the assumptions of the latter are 
invoked, the heterogeneous flux and eigenvalue may be 
obtained when the cross sections and/or compositions, 
as well as the collision probabilities, vary between the 
homogeneous and heterogeneous models. This generali
zation extends the applicability of the theory to several 
cases of interest (e.g. when the narrow resonance 
absorption is treated with equivalence theory in the 
homogeneous model). 

The results of this work have been published in the 
technical literature.^ 
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I V - 1 0 . C o n t i n u o u s S l o w i n g - D o w n T h e o r y for t h e E l a s t i c M o d e r a t i o n o f N e u t r o n s 

W. M. STACEY, JK. 

I t is rather curious that continuous slowing-down (CSD) theory, the basic assumptions of which make it appro
priate for mixtures of heavy and intermediate atomic mass nuclei, has not been developed more fully for the treat
ment of elastic moderation of neutrons in a fast-reactor assembly. DriscolF used the CSD formalism with parameters 
which could be fit to other results to characterize fast-reactor spectra. Dunn^ extended this work, using composite 
moderating parameters which can be evaluated directly from the nuclear data. In both cases, inelastic as well as 
elastic scattering properties were included in the definition of the moderating parameters. 

In this paper, new prescriptions for the composite moderating parameters of the Goertzel-Greuling theory^ are 
derived from first principles. These new parameters are demonstrated to lead to accurate flux solutions, even in the 
presence of strong, wide, and intermediate scattering resonances where the original Goertzel-Greuling theory is inap
propriate. 

For a homogeneous medium, with isotropic elastic scattering, the neutron balance equation may be written 

1,(u)4)(u) = S(u) + E / du llsz(u')<j>(u') , 
i Ju-lna/a,) 1 — ai 

(1) 

where S is the source due to fission, inelastic scattering, etc., and the summation is over the different type nuclei 
present. S^ is the macroscopic elastic scattering cross section of isotope i The elastic slowing-down density is defined 
as 

q(u) 
C u 

z J u— IrHHoci) 
'2st(u')<j)(u') 

1 ai 

The Goertzel-Greuling approximation may be obtained by an approximation in Eq. (2): 

'S,i(u')(t>(u') « 'Z,si(u)4>(u) + (u u) -J- [2H(M)<J!)(M)], 
du 

u > u > M — In (1/ai) 

for each nuclear species. This leads to the result 

dq(u) __ [S(M) - S , (M)] 

du 

<i>(u) = 
q(u) 

M(u) 

y(u)S(u) 

I \ I C ( ^ « ) ' ? ( W ) S S ( M ) „ , , 

M(u) 

dth 

M(u) = ^(M)7?(M)S,(M) + T ( W ) [ S ( M ) - S.(u)], 

(2) 

(3) 

(4) 

(5) 

(6) 

where i, and 7 are the composite parameters of the Goertzel-Greuling theory, and ?? = 1 — dy/dM. In most past ap
plications, ri ̂  1, and this formahsm mil be denoted GG. Use of 7?(M) ^ 1 can lead to improved results under certain 
conditions, as shown by Segev,* and this formalism will be referred to as EGG. 

If, instead of Eq. (3), the better approximation 

^(u')4>(u) « ^(u)4,(u) + (u — u) -J- [2(u)(ji(u)], 
du 

U > u > u — In (1/ai) 

is made in each integral of Eq. (2), then Eqs. (4) through (6) are again obtained, but with 
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M(u) = |(M)2;»(M) +f(M)[2;(t{) - S . (M)] , 

where 

ivith 

k(u) ̂  l(u) + 
a(M)c(M) 

e(u) 
jiu) = K W ) + $ ^ [ 1 + C-(M)] 

e(u) 

, / S s i ( M ) 

-ln(l/a,) 1J(U ) 1 -

p u 

Ku) - E 
I ^u—l n (1 

e(M) = E / Ĉ W' -^^r-yr- ( M ' - U) , 
s ''u-lnillat) 2i{U } i — ai 

u —u 
e — cti 

c(u) = E 
• S . , ( M ) 

r'Ls(M) 
j du 

, l.>i(u) e" ' " " 
S ( M ' ) l - t t i . 
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(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

with 7 in the numerator of Eq. (5) replaced by a/e, and with ^?;2s in Eq. (4) replaced by I s . This formalism is 
referred to as IGG. 

The flux spectra in typical fast-reactor mixtures were calculated with the three presciptions for moderating param
eters and compared with a direct numerical solution of Eq. (1) obtained with RABBLE.° The new prescriptions 
(IGG) yielded an accurate solution which was superior to that obtained with either the GG or EGG formulations. 
The flux solution in the \dcinity of the 27.9-keV resonance is shown in Fig. IV-10-1. 

The Greuling-Goertzel (GG) approximation has been extended to include anisotropic center-of-mass scattering 
(CM) for a mixture of isotopes, with the moderating parameters expressed in terms of the moments of the scattering 
transference function Tti' discussed by Hurwitz and Zweifel.''' This approximation reduces to the results obtained in a 
different manner by Amster for the case of a single isotope. The improved GG approximation (IGG) has also been 
extended to include anisotropic QNl scattering. 

The zeroth (^) and first (a) moments of the slowing-down kernel for isotope i, which define the moderating 
parameters of the GG approximation, are found to be 

I' (' 

I ' = — Z J "l^ ^o<,i, o' = E ^JT ^ot'.ij (14) 
i'=o cr.- ('=0 or. 

where Cj is the ith Legendre moment of the CM scattering cross section of isotope i. The GG moderating parameters 
for a mixture are constructed from 

s = E 2»r7E 2.,-, 7 = E s.̂ aVE s.̂ r'. (15) 

When anisotropic scattering is accounted for, the moderating parameters of the IGG theory, Eqs. (10) through ( 1 3 ) J 
become 

, , 2ju') /•«+'"»/«'•> ^ 2/ -f 1 a'i(u) „ , , 2e"-"" 
) S(w ) Ju (=0 2 (rf(u ) I — ai 

liu) ^ E 
i ^ U" In ( 1 / 

a(u) = E / du -:^j^ (u - u) \ 
% Ju-lna/a,) 2^{U ) Ju 

u-hln {If ai) 

du"J2 
2t -f 1 o--(w') 

a\(u') 
7\ PtiHe) 

2e" 
1 - , 

c(u) = E 
. s(«) 

r , , ^ 2f - f l cr\(u) p , , 2e''^'-
J u - l n { l l a t ) < - 0 2 < T " - ( M ) i — a i 

r , / ^sz(u') A 2f + 1 <r\(u') „ , . 2e"'^"' 
Ju-tna/a,) 2J(U ) (=0 2 "'iiu ) 1 ~ «t. 

. A 2^ + 1 ,xi(u') p , , 2e"'^" 
(=0 2 0',-(W ) 1 — ai 

(16) 

(17) 

(18) 

(19) \iu) ̂ ZT du' | i ^ (u 
i Ju-ln{lla,) 2J(U ) 

where Pi(iJ.c) is the I'th Legendre polynomial of argument pc = cosine of the scattering angle in CM. 
Alaking use of the heavy mass expansion for the T«/ given by Amster,* the isotopic parameters of Eqs. (14) may 

be written 

file:///dcinity
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.y- + + ^ ; R 
(Oi 

vr , ^ ; ) ( i - « . ) " + 2 ^ ^ (20 

(21) 

^^ = Ai(^^^ (1 - ai) -}- Ai(^^^,f^ (1 - a, 

where 4 1 and B^ are functions of the indicated arguments and 

/Mi - iV 
«'• = [liT+i) • 

The moderating parameters of the improved GG approximation can be shown to have the same functional dependence 
upon the atomic mass and scattering moments. 

Because (1 — a,) Sr! 0.01 for heavy elements and ?i;0.1 for light and intermediate elements, the moderating 
parameters ^ and y depend primarily upon the ^ = 0, 1 and / = 0, 1, 2 scattering moments, respective^. Thus, 
retention of the first few scattering moments suffices in evaluating the moderating parameters. This is in sharp con
trast to the multigroup treatment of elastic moderation wherein many higher-order scattering moments must be re
tained to evaluate ultra-fine group scattering matrices. 

A series of calculations has been performed for mixtures typical of fast breeder reactors, using ENDF/B angular 
scattering data. Isotopic and mixture-composite moderating parameters have been examined as a function of energy 
and the number of scattering moments retained. The moderating parameters { and y differ considerably from the 
parameters for isotropic scattering and vary dramatically with energy. Anisotropy is predominantly forward, which 
reduces the moderating parameters relative to their isotropic values, but at some energies it is predominantly back
wards, which increases the moderating parameters. This is illustrated in Fig. IV-10-2 bv J and y for oxygen, which 
vary considerably about their isotropic values of 0.1194 and 0.0816, respectiveh^. 

An advantage of a continuous slowing-down treatment of elastic moderation, relative to the group scattering matrix 
treatment, is that it is not necessary to compute scattering matrices or have available the flux in many higher energy 
groups to evaluate the elastic scattering source. Also, only the first few Legendre moments of the angular scattering 
distribution are needed in the former treatment, while many moments are required in the latter treatment. The IGG 
method will be provided as an option to treat elastic moderation in the improved fundamental mode spectrum code 
MC^-2 being developed at Argonne. 

More extensive expositions of this work, which describe numerical algorithms used in the computation of moderat
ing parameters and which give additional examples, have been published in Refs. 9-Tl. 
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IV-11. A n Integra l -At tenuat ion Factor T r e a t m e n t of Resolved 
Narrow Resonance Absorption 

W. M. STAGEY, JR. 

An approximate method for treating neutron reac
tion rates and moderation in the presence of narrow 
resonances was developed and shown to yield accurate 
results for typical fast reactor mixtures. The method is 
applicable to the resolved resonance region, or to the 
entire resonance region when the unresolved resonances 
are represented by a statistical ladder of resolved 
resonances. 

The basic idea is to solve first for the "asymptotic" 
neutron slowing-down density, ignoring the presence of 
the resonances. Then the resonance absorption rate is 
computed for each resonance, starting with the highest 
energy resonance, using the narrow resonance approxi
mation (with resonance interference corrections) and 
the flux obtained from the "asymptotic" slowing-down 
density and attenuated by absorption in higher energy 
resonances. (It is not necessary to compute the slowing-
down density at each resonance, because it is a slowly 
varj-ing quantity and can be accurately interpolated.) 
The resonance absorption is then used to attenuate the 
"asymptotic" slowing-down density. 

Continuous slowing-down theory provides an ac
curate representation of the spectrum in fast reactor 
mixtures (see Paper IV-10), and yields a relation be

tween the "asymptotic" slowing-down density qas(u) 
•nd the "asymptotic" flux <^„,,(M) of the form 

qas(u) = M(u)4>as(u), (1) 

where M(u) is defined in terms of scattering and ab

sorption properties of the mixture, exclusive of the 
narrow resonances. 

The NRA-type expression for the detailed flux in 
the vicinity of resonance r is 

'^^'^^ = S(;OTlv:^^X^EAr/,r/(«)'^<"^^'''^^- (2) 

where Qr is an attenuation factor to account for the 
effect of absorption in lower lethargy (higher energy) 
resonances. S is the total cross section exclusive of the 
narrow resonances, and A, and o-, are the concentration 
and total cross section of resonance species r. Using 
Eqs. (1) and (2), the absorption rate in resonance r 
is approximated by 

Ar = / du Nr(rar(u)(j>(u) 
''Au 

(3) 
- E£:I+JV J*(0^,er)i:(Ur) f ^ Qr , 

Er M(Ur) 

with 

J* ^ J + H, 

where J is the conventional Doppler J-function' and 
H is an interference correction term^ which, in this 
study, includes contributions from nearest neighbors in 
each sequence. 

* This differs from the conventional NKA expression, in 
which <̂ „8(3, is assumed to be vuiity. 
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The attenuation of the slowing-down density across 
a resonance is 

q(ur + Au) = q(ur — Au) — Ar 

qas(Ur)Qr(l — Pr) , 
(5) 

where 

Pr = 
Ar = E A L + J V j*(/3.,^.) ^ . (6) 

qas(Ur)Qr Er M (Ur) 
The factor Qr is 

Qr= n (1 - Pr'), (7) 
r' 

Ur'Kti-r 

and the attenuated slowing-down density is related to 
the "asymptotic" slowing-down density by 

q(u) = qa.(u) n (1 - Pr), 
r 

(8) 

which is reminiscent of the resonance escape formalism 
of thermal reactor physics. 

Resonance capture and fission rates and the attenu
ation of the slowing-down density by resonance absorp
tion, and the temperature dependence of these quanti
ties, have been computed for typical fast reactor mix
tures using the continuous slowing-down theory and the 

TABLE I V - l l - I . CAPTURC-TO-FISSIOX R I T I O S \T 
300°K ii\D 1000°K 

EmaxlPmrn , 

keV 

1.525/1.035 
0.510/0.347 

C / F 1 300° 

3 

1-) 

m 
< 
C4 

2.202 
1.095 

K 

1 

e 
G 
v J 

2.189 
1.066 

"Z' 

(J 

S 
2.215 
1.047 

A(C/F) 1 •»?»»! 

a 
J 

m 
< 
oi 

0.406 
0.145 

1 

CO 

0.400 
0.146 

CJ 

S 
0.394 
0.149 

" Direct numerical solution. 
^ Method discussed in this paper . 
' Current MC^ code. 

above procedure. In most cases, ENDF/B parameter 
were used for U-238 and parameters for Pu-239 were 
generated from the appropriate statistical distribu
tions. Agreement with a direct numerical solution, in 
which detail of the resonance cross sections and the flux 
were treated explicitly, was generally as good or better 
than was obtained by an MC calculation." An example 
is given in Table IV-ll-I in which the resonance parame
ters were constructed from Schmidt's tabulation. 
More extensive comparisons have been published else
where.^ 

In addition to being accurate and fast computation
ally, the method is quite flexible, and lends itself well 
to the generation of multigroup resonance cross sec
tions. Because the "asymptotic" solutionis independent 
of the narrow resonances, the effects of temperature 
and self-shielding variations can be studied by re
computing J , hence pr, without needing to recompute 
qas. The standard definition of a broad group cross sec
tion can readily be evaluated in terms of the ,1", as dis
cussed in Paper IV~6. 

This method will be employed to compute resolved 
resonance effects in the improved fundamental mode 
AIC'-2 code. 
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IV-12. General Multigroup and Spectral Synthesis Equations 

W. M. STACEY, J E . 

Since their introduction, the multigroup neutron 
diffusion equations have been applied to a wide variety 
of problems in reactor physics. Definition of appropriate 
group-averaged nuclear constants has been identified as 
a crucial aspect of the calculation, particularly in prob
lems for which the neutron energy spectrum is known 
to be spatially or time dependent. Numerous prescrip

tions for these group-averaged nuclear constants have 
evolved, all of which are based upon some type of 
weighted average of the energy-dependent nticlea: 
data over the energj? interval of the group. Vario 
choices of the weighting functions have been propose 
(e.g., "flux" weighting which weights with an estimate 
of the energy-dependent flux). 



Although the use (implicit, if not explicit) of differ
ent weighting functions in different spatial regions is 
common practice, and the use of time-varj'ing weight
ing functions can be motivated by physical considera
tions, the use of spatially and time-dependent weighting 
functions for defining group-averaged nuclear constants 
has not been sj'stematically investigated. (The varia
tional derivation of multigroup equations by Henry, 
using different spectral trial functions in different spatial 
regions suggests that some additional terms may turn 
up, although Buslik's work' suggests that such terms 
might be eliminated b>' appropriate choice of trial func
tions and variational functional.) 

The primary purposes of this work were to system-
aticallj' derive multigroup equations with spatially and 
time-dependent weighting functions used in defining 
group-averaged nuclear constants and to investigate the 
mathematical properties of these generalized equations. 
Because the algorithms used for numerical computation 
are based on discrete approximations for the spatial 
and time dependence, the derivation and investigation 
of mathematical properties were carried through the 
hierarchj' of discretizations leading from the lethargy-
dependent I\ equations to the finite-dift'erence (in space 
and time) multigroup diffusion equations. 

In the derivations, straightforward "weight-and-
integrate" procedures were employed, rather than the 
equivalent, but more elegant, variational methods. The 
advantage of the former relative to the latter is a greater 
clarity as to the physical significance of the various ap
proximations. 

The spectral synthesis approximation, an alterna-

* The approximation referred to above as spectral-synthesis 
is sometimes referred to as the overlapping-group method. 
This la t ter is something of a misnomer. 

Calculation of detailed neutron flux spectra by syn
thesizing precomputed trial spectra was first suggested 
b3̂  Calame and Federighi^ for the computation of spa
tially-dependent thermal spectra. This method was 
Implied to compute spatially dependent static neutron 
J ^ c t r a in fast reactors initially by Murley,^ Stacey,' 
and Storrer and Chaumont.* Recent refinements, ex
tensions, and studies of the method for static calcula
tions have been reported by INIurley and Williamson, 
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five to the multigroup approximation, was also derived 
using spatially and time-dependent expansion modes 
and weighting functions. This derivation, and concur
rent investigation of mathematical properties, parallels 
the formally similar development for the multigroup 
equations. 

New terms are introduced by the space- and time-
dependence of the weighting spectra. The new terms 
do not alter the usual positivity properties associated 
with the discrete multigroup kinetics equations, pro
vided that certain conditions are satisfied. Conditions 
were also established which are sufficient to insure that 
the discrete representation is adjoint consistent; i.e. 
the discrete representation of the adjoint equation is 
mathematically adjoint to the discrete representation 
of the direct equation. 

Conditions were also established for the adjoint con
sistency of the discrete representation of the spectral 
sj'uthesis approximation. The type of positivity argu
ment made for the multigroup equations was shown to 
be invalid for the spectral synthesis equations. 

The results of this work have been published.'' 
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Vaughn, Rose and Hausknecht, Neuhold and Ott,^ and 
Lancefield. These studies indicate that the method has 
considerable promise, but that the lack of positivitjr 
properties can sometimes lead to difficulty in obtaining 
the proper solution with conventional numerical tech
niques. 

Potentially, the most promising appfication of the 
method is to fast-reactor dynamics, where spectral 
shift effects associated with composition and tempera-

IV-13. Applications of Spectral Synthesis to Fast-Reactor Dynamics 

W. M. STACEY, JR. 



410 IV. Reactor Computation Methods and Theory 

ture changes play an important role. It appears that a 
relatively large number of groups may be necessary fo 
adequately represent these effects in a standard multi-
group calculation, which implies that, all else being 
equal, dynamics calculations will be considerably more 
costly for fast reactors than for thermal reactors. This 
would seem particularly true for space-dependent 
dynamics calculations. However, if the neutron spec
trum could be accurately synthesized from two or three 
trial spectra, then fast-reactor dynamics calculations 
would involve approximately the same amount of com
putational effort as is presently required in thermal-
reactor dynamics calculations. 

The mathematical formulation of the spectral syn
thesis method, in which the lethargy dependence of the 
neutron flux and current are expanded in known func
tions of lethargy which may vary in space and time, was 
developed for the Pi representation of the reactor dy
namics equations. Results of simulated sodium-voiding 
transients, with and without Doppler feedback, indi
cate that the spectral synthesis method may be sig
nificantly more accurate than few-group methods of 
comparable computational complexity for fast-reactor 
dynamics calculations. The theoretical development and 
the numerical results have been published in the tech
nical literature.' 

Compared to the two or three groups used in thermal-re
actor dynamics calculations. 
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I V - 1 4 . S o m e V a r i a t i o n a l M o d e l s for F l u x S y n t h e s i s i n S p a c e - T i m e 

W. L. WOODRUFF and V. Ltrco 

INTRODUCTION 

In order to develop an approximate method which accounts for the spatial changes during a transient and which can 
be used economically, much attention has focused on the use of discontuiuous variational models.^'^ The discontinuous 
models, which have been proposed for space and space-time synthesis, are not without certain difficulties.^'* 

Here a model is proposed which reflects a consistent application of the semidirect method of the calculus of varia
tions and various suggested improvements. The spatial interface difficulties are eliminated in the manner suggested 
by Luco and Woodruff* and the temporal interface difficulties noted by Becker* are similarly resolved. Other versions 
of the basic model are also presented. 

PROPOSED FUNCTIONALS 

The basic functional has the form 

Ji[u*,u,Ct,CJ = E f dR^ [ dt\\u*V^'^+ Vu* • DVu + u*[A - (1 - fi)xF\u - JZu*\xfi, 
k •'Ri, t •'r( U at (1=1 

M 

+ E 
M=l L 

Ct ^ + CXC, - Ctff.Fu 
at 

Zf dt\ [ dM • { [TIVM*Z)+ 



(1) 
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+ (1 - 7I)VM*D_](W4 ~ W-) + (uX - u*)[yiD+Vu+ + (1 - yx)D^Vu4 

+ 73 f dS {y<iU*yu - (1 - yi)[u*DVu -f (Vu*D)u]] 

+ E f dRL*( + )V^'[u( + ) ~ M(-)],=,, + [M*7"'(M -/)].=.„ - lf*V^'u]t=i, 

M \ 

+ E [C:( + )[C,( + ) - C, ( - ) ] ,= , , + {Ct(C, - g,)l^,, - [gtC^l^,,] 

Here the reactor volume has been sectioned into regions Rt with internal interfaces denoted as St„t. , and the time 
interval has been divided into subintervals n at the points tt. The admissible functions u and u may be discontinu
ous in both space and time, and C^ and C„ ra&y be discontinuous in time. The functions are, however, continuous and 
differentiable over R?. and T< . The subscripts ± denote limiting values of the functions at the internal interfaces Snt- , 
and the arguments ( ± ) represent limiting values at the time interfaces tt. ST represents the external boundary of 
the reactor. 

The choice of admissible functions which render the functional stationary will be denoted as ̂  , ̂ , C* and C^ . Thus, 
the Euler-Lagrange equations for this functional consist of the following system of equations: 

V^'^4 = V-i)V<i, -[A-(I- ^)xF]4> + E \xfi. 

and 

dt 

dCj, 

dt 

in each volume Rk and time interval T/ . 

and 

at each internal spatial interface. 

f = i 

— — X/Jii fi,F4>, M = 1, 2 , M, 

4>+ = <i>- ] 
71 = 0, 1, 

C,( + ) 
<!>( + ) = «^ ( - ) 

C,(~), M = 1,2, M, 

at each temporal interface t = tt 
The initial conditions are 

(2) 

and 

The external boundary conditions are: 

for 73 = 0 

for 73 = 1 

4> ^ f 

C, = g,, /i = 1, 2, • • • , M . 

DV4>-fi, | r = 0; 

<̂  1 r = 0, 72 = 0, 

[DV4,-'h -\-y<j}\v = 0, 72 = 1; 

d a similar set of equations for the adjoint problem. 
Thus, this variational formulation of space-dependent neutron kinetics theory is well posed. The first two equations 

in Eqs. (2) are just the neutron diffusion equation and the corresponding precursor equation, where the notation 
and symbols here are those used in multigroup diffusion theory.^ The next four equations are the appropriate con-
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ti^i tinuity conditions. The multiplier 71 is a numerical parameter which is assigned only values of 0 or 1 at the spat: 
interfaces. The functions / and g^ represent the initial flux and the iJ,th precursor distributions respective^. The 
functions/* and g* would represent the corresponding final value distribution for the adjoint problem. The last three 
equations illustrate the various choices of external boundary conditions allowed based on the values assigned to the 
numerical parameters 72 and 73 (0 or 1), where the factor 7 fixes the linear extrapolation distance in the last equation. 
Thus, the functional of Eq. (1) also variationally imposes boundary value and initial-final value conditions; that is, 
the class of admissible functions need not satisfj^ fixed end point conditions in either space or time. 

Various alternate formulations can also be proposed. Two such examples will now be presented as /a and J3 : 

Ji[u*,u,v*,v\ dt u*V-'^-Y*-D-\ 
dt 

v*-Vu - Vu*-Y + u*(A - xF)i 

Ji[u*,U,a,0\ 

Zf dRZl 

- Z [ dt f dSn- {[ytvt + (1 - yi)v*](u+ - M_) + ( 4 - ul)[y,v+ 

-f ( l - 7 ) v J | + E f dR{u*( + )V^'[u( + ) -u(-)]],^„ 
k • 'EJ, 

^ H I dRY. I dt M*F"'5-f VM*-i)VM + M*(A-X/^)M 
/I J E J , t •'Tt ]_ at 

+ Y I dt I dS [a(u+ — uJ) + (u* — M*)/3] 
t •'rt ''S,„i. 

(3) 

(4) 

+ E I dR{u*( + )V^'[u( + ) -u(-)]}, 
k -^ RT. 'Rk 

where for simplicity delayed neutron, boundary, and initial-final value terms have been neglected. The functional 
Ji is a first order form in the sense that the stationaritj' conditions include the first order form of the prompt neutron 
diffusion equations. This functional is similar in form to a time dependent version of the original Selengut-Wachspress 
(S-W) functional,' but here a 71 = J^ choice is not an allowed value for 71. The functional J3 is exactly a time de
pendent form of the functional proposed by Buslik, where a and /3 are undetermined Lagrange multipliers. 

The three functionals presented here, while quite similar in some respects, differ in the number and choice of func
tions required and in the treatment of the spatial interface contributions. The functional / i for prompt neutrons 
only, requires admissible functions in only u and u, while J2 requires admissible vector functions v* and v as well 
and Jz requires a choice for the Lagrange multipliers a and ^. In the treatment of the spatial interface contributions, 
the vector functions v-j_ and vJ. of ,h are replaced by D±,Vu± and Vu'^D^ in the functional Ji. This identification is 
consistent with the diffusion theory approximation j = —DV<j>. The multipliers a and /3 of J^ are also variationally 
related to the neutron current and its adjoint at the interfaces. The same temporal interface treatment is used in 
each of the three functionals. 

SYNTHESIS APPLICATIONS 

In this section we will illustrate the application of the functionals ,Jt, Ji and J3 to combined space-time flux 
synthesis, where the admissible functions in the direct and adjoint quantities may be simultaneously discontinuous 
at spatial and temporal interfaces without producing problems of overdetermination in the number of interface 
conditions specified. The choice of temporal interface weighting Avill also reflect the proper initial and final value 
nature of the direct and adjoint problems. 

For the functional J i , the synthesis expansions for u and M* in each k, Uh synthesis "region" can be chosen as 

Uf(x,y,z,t) = Y,nH(x,y) Z],(z,t) 

Nrtt (5) 
uT(x,y,z,t) = J^Zu(z,t)Hu'(x,y) 

Here the functions Hu(x,y) and H(i(x,y) are known sets of trial functions, and Zt, (z,t) and Ztt(z,t) are undeter^ 
mined roixing functions in the synthesis variables z and t. The functions C^ and Ĉ , are expanded in terms of the 
same sets of trial functions as 
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Nkt 

Clt(r,t) = T.FH%(x,y)i'lH{z,t) 

Nkt 

Ck*ir,t) = J^tJi(z,t)Hu(x,y) X^ i 

413 

(6) 

where ^f.ti(z,t) and i^ti(z,t) are undetermined mixing functions. 
For this model, the resulting Euler-Lagrange equations for the direct problem are 

k dZ'l(z,t) 
Att 

dt 
_3 / j^k AZ 

dz \ dz -*)+( P4 ~ fit^)Zl + Z J ^ ^y.,tt ^i 

1 5* 

for each volume Rk and interval n . 
At the spatial interface z = Zk 

dt ^ ''^'' 
ok rrh 

= 1, 2, . M, 

nk-j-l r/k-i-l -^rk+l.k/ , \r/'k'\ 
Dt ZJ( = At \+)ZJ( I 

^k,k+l, . , 0/j( r.k rJlit 
Jif (̂ -t-) JJt -~-

dz dz j 

Jl = 1, 

or 
Xj'*+\-)Z?+' D^tZ^t 

pJt+1 all I j;+i_j a/jt 
Ui — - — At (-) - - - I 

dz dz j 

71 = 0; 

at the temporal interface t = tt 

A k r/k 1 k r/k 

<-i-l,<+l ^ < + l — A<+1,{ IJ, 

filJ,t+l,t+l ^fi,t-i~l — ^it,{+l,t ^lit 

+i,e •"< 

M = 1,2, M. 

The initial conditions at t = fo are 
AuZi = F'l 

P(i 
M = 1, 2 , 

and boundarj' condition options for k — 1 and/or k = K are 

^ = 0, 

Zj = 0, 

78 = 0, 

72 = 0 and 73 = 1, 

£•<-;-' + 7 Q'tZt = 0, 72 = 1 and 78 = 1 
dz 

Z\ is a column vector with 'Nkt elements [Z*]i. 
D? and p< are 'Nu X AM matrices with elements 

\iJt\i, = / dAiufi 

\lft\ii = [ dA Hi* Dktifh-
J A 

V-DktV - Ak(+ (1- l3)xFkt + E ^.x,Fkt iJ?y . 

Fi and Gn,i are Ai,i element column vectors with elements 

[Flh = f dA Hit FfcJ / 
J A 

[Gfi.iji = / 
J A 

= I clA m ; XMS-M , M = 1, 2, • • • , M. 
A 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

file:///iJt/i
file:///lft/ii
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Qt is an Nkt X Nit matrix with elements 

[Q'th = f dAH'tfH't,. (19) 

^i,,rs is an Nkr X Nks matrix with elements 

[BUh ^IsJdA Hi* X. FksH':,-, r, s = ^, ^ + 1, (20) 
•'.1 

where /S has the usual definition 
M U 

/3 = E /3p and ^^s = E i^trs • 
i u = l t i = l 

X( -j-) and X( —) are Ap< X N^^t matrices with elements 
t t 

{Xr\ + )]ii = f dA Hf* Dk+i.t Hh (21) 
J A 

lX!''(~)h = [dAHf*DuHh, (22) 
J A 

Ar,s is an Nkr X A*,, matrix with elements 
where p,g = k,k + l (p ^ g)-

ti elements 

[A'r.sh = I dA Hit Vk^ H% , (23) 
J A 

•yk* 

where r,s = t,l -\- \. 
A similar set of equations in ZT can be obtained, but will not be considered here. 

The system of equations in Zt and ^y,t with appropriate initial and boundary conditions can now be solved for the 
undetermined mixing functions. The approximate synthesis flux is then given by [the first equation in Eqs. (5)] 

Nkt 

4{rJ) « E Hli (x,y)Z%(z,t) , (24) 
1=1 

where Zti = Zti represent the solution of the system of equations for a stationary functional. 
The system of Eqs. (7)-(15) refiect entirely proper choices of interface conditions in number and kind at both 

the spatial and temporal interfaces. Equation (11) gives the proper choice of weighting of u ( + ) (or Ht+i.i) for 
an initial-value problem. The expression provides Nk,t+i values for the Nk,t+i unknowns Z*+i &t t = tf in terms of 
the Nkt known functions Zt ai t = tj (the ± superscripts indicate limiting values at the interface). This condition 
thus provides the "initial" conditions Z't+i(z,tt) for the solution over the t -f- 1st subinterval in terms of the known 
values of Zt(z,tJ) from the ith subinterval. A choice of weighting of u*( —) (or Ha ) , while possible, would restrict 
the problem to cases where Nk.t+i — -^*,<, i-e-, the same number of trial functions would be required in each sub-
interval. A choice oi u ( —) weighting, however, would be proper for the final-value adjoint problem and is in fact 
the choice produced by the use of the functionals proposed. Equation (12) exhibits the same choice of weighting 
and the initial-final value nature of the precursor-like problem. 

Equations (9) and (10) are each proper choices of spatial interface conditions for the choices of 71 = 1 and 71 = 0, 
respectively. For a given problem, only one choice of 71 (either 0 or 1) can be made at each interface. It is important 
to note at this point that all other choices of 71 will yield an overdetermined problem. For example, the choice of 
7i = H would give both of the sets of conditions specified in Eqs. (9) and (10) and exactly the problem noted by 
Bushk.' 

Clearly, Eqs. (9) and (10) represent two different sets of conditions in terms of the choice of weighting functions 
used at the interfaces. The continuity of flux-type expression of Eqs. (9) is weighted by the adjoint function Vu 
from the negative side of the interface, while the continuity of current-type expression is weighted by u* from t' 
plus side of the interface. Equations (10) represent the opposite choice of weighting. In both cases, there is a "mixed 
weighting in the two conditions; however there exists no clear choice of "mixed" weighting which is preferred in 
analogy to the time treatment. At this point it is important to note that a complete asymmetric weighting has not 
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een considered. It can be shown that for synthesis applications these choices restrict one to the use of the same 
number of trial functions in each spatial region, while the "mixed" choices of weighting do not make this restriction. 

For the functional J^, the additional expansions required for v and v can, in theory, utilize a completely inde
pendent set of trial functions. However, in practice ' use is made of the same set as used in Eqs. (5), and can have 
the form 

Nkt dff 
vl((r,t) = J2 F>kt-^ fn(z,i) 

s=i dx 

Nkt QJjl^ 
Vvt(r,t) = Y D^t-^ ^(1(2,1) 

dy 
(25) 

Nke 

vlt(T,t) = E F)u Hh i'ti(z,t) 

with corresponding expressions for the adjoints. With such a choice, one can show that the Euler-Lagrange equations 
obtained are identical to those obtained for J i , and the following identities are established: 

u(z,t) = 

and 

Tl((z,t) 

rt(z,t) 

-Z't(z,t) 

-Z\(z,t) 

dZl 
dz 

(26) 

Thus, the same approximate synthesis flux is obtained [Eq. (24)] for this model. 
In the synthesis application of the functional J?,, additional expansions are required in the Lagrange multipliers, 

and the expansions at the point z = Zi can be expressed as 
Nkt ) 

a(x,y,t) = J^ alt(t)G'}t(x,y) ' 
1 = 1 i 

'> 
Nkt 

I3(x,y,t) = Y, Gu(x,y)bu(t) ,1 

(27) 

where the trial functions Gtt and Gu are in general unrelated to the trial functions H(t and Hu . Here, a and /J are 
expanded in terms of Nu functions consistent with Eqs. (5) for the kth region; however, one could equally well 
choose Ni+i,t expansions consistent with the k + 1st region. 

The Lagrange multipliers are initially arbitrary but are, in fact related variationally to the normal component 
of the currents at each interface z = Zi. Thus, it seems reasonable to choose expansion functions for these multipliers 
which are related to those used in Eqs. (5). This also reduces the variety of trial functions required. With such a 
choice, identities for the undetermined functions att and bt, can be found which are similar to those of Eqs. (26). 

I t has been established^ that the choice of expansions 

Nkt QiT** "j 

a(x,y,t) = E - ^ Flu Dkt ^ 
j - l OZ I 

Nkt 

Kx,y,t) = T^FiktHu 
dZl 
dz 

(28) 

gives the same interface conditions as those for 71 = 0 [Eqs. (10)]. While the choice 

((x,y,t) 
"'^•'dZ'l 

dz 
Hu^* D, 

) 
k+l,( 

NL + l,t 

I3(x,y,t) = E F>k+ut IJ'ft^ 
dztV 

dz 

(29) 

gives the same interface conditions for 71 = 1 [Eqs. (9)]. The Euler-Lagrange equations for these choices are then 
again identical to those for / i , and the same synthesis flux results. 
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CONCLUSIONS AND OBSERVATIONS 

Although the equivalence of the three proposed functionals can be demonstrated for a given set of trial functions 
in a synthesis application, it is important to note that this equivalence is not general. In theory, in the functionals 
J2 [Eq. (3)] and /»[Eq. (4)] one is free to make arbitrarj- choices for the admissible functions v" and v and the mul
tipliers a and /3 which are independent of the choices for u* and u. In this sense the functional Ji [Eq. (1)] is more 
restrictive, since it allows only a choice in the functions M* and u. However, v' and v, as well as a and (3 are physically 
related to the functions u and u. 

In each of these expansion choices for Ji and Jz , the relation between the current- and flux-type expressions sat
isfies the Pick's law form, J = —DVcj). While other choices may be made, these choices are most consistent with the 
diffusion theory model for which the functionals were proposed. The choices reflect not only the phj-sieal nature of 
these quantities but impose, a priori, those conditions which are only variationally imposed in general. 

The form, Ji, implicitly removes this ambiguity in the choice of trial functions for the current by forcing the 
choice to be that defined by Pick's law. Since the quality of the approximate fiux is strongly dependent on the choice 
of good trial functions, the choosing of trial functions in a manner consistent with the diffusion theory model is a 
preferred choice. Such a choice is assured bj- the use of the form Ji, and the problem of choosing good trial functions 
is reduced to one of choosing trial functions only in the functions u and u. 

Some general observations can also be made concerning a comparison of these proposed functionals with those 
currently in use. The usual forms '̂̂ '̂  each utilize expansions which jield a finite difference form of Euler-Lagrange 
equations. In these models the numerical algorithm is fixed by the form of expansions chosen. Each of the proposed 
new functions, however, can give Euler-Lagrange equations in an anah^tic form. The partial differential equations 
can then be solved in a variety of ways completely independent of the form of the expansion used. Since these equa
tions differ from the multi-group neutron diffusion equations, the same numerical methods may not be the most suit
able. 

A simple test code, SYXTEST, has been developed based on a finite difference representation of the system of 
Eqs. (7)-(24). The numerical model generates a 2D-time dependent svnthesis solution for the direct flux in two 
energy groups using expansions [Eqs. (5) and (6)] with trial-weight functions in the radial (or x) dimension. The 
trial function library and the initial flux are computed with the use of the ID and 2D diffusion capabilities of the 
ARC sj'stem respectiveh', and the synthesis results are compared with the full numerical solution supplied bj^ 
TWIGL." 

While the analytical development of the proposed functional and synthesis model is complete and general the scope 
of the numerical model used for testing is somewhat limited. The results obtained necessarily reflect these limitations, 
but the results are generally quite favorable. The algorithm and results are detailed in Ref. 9 and will not be pre
sented here. 

The full combined space-time discontinuous capability of the model has been tested. The perturbed region may be 
described by one set of trial functions, while the unperturbed region is described by another set, and these trial func
tion sets may be changed over different time intervals. Testing has also been carried out of both the 71 = 0 and 
7i = 1 choices of spatial interface weighting and the fixed forward weighting of the temporal interfaces. For cases 
in which spatial interface is chosen near the interface for the perturbed and unperturbed regions, the choice of 71 is 
very important. The best results are obtained for a choice of 71 such that the weighting functions in the integral 
X r ' ( + ) for the first conditions in either Eqs. (9) or Eqs. (10) are those typical of the unperturbed region. The 
switching of trial functions at some temporal interface presents no particular problem. 

The general validity of choosing the trial functions to bracket the shape change expected during a transient is 
demonstrated. The savings in computing time over the full numerical solution is slightly greater than a factor of 
three. This comparison, however, includes the computing time required to generate the trial function hbrary which 
is then available for subsequent problems. 

In general, little numerical work has been reported on practical applications of combined space-time variational 
synthesis methods and its value as a computational tool is yet to be realized. Its greatest potential probably rests 
in the synthesis of full 3D-time dependent fluxes, where a full numerical solution is impractical for each case of in
terest. Some experimental data or full numerical solutions would still be needed as benchmarks to establish the qualiW 
of the trial function libraiy to be used. Thus, synthesis can become a powerful tool for routine, systematic detailSi 
investigations for reactor design, but confidence in these methods must be gained through a large amount of experi
ence. 
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I V - 1 5 . F o r m u l a t i o n s of S p a c e - E n e r g y - T i m e - 1 Lera l ive S y n t h e s i s 

E. L. FULLER 

INTKODUCTION 

The time-dependent diffusion equation can be written^ 

( - . 1 / -f F„)4>(T,E,t) + Sn[4>{r,E,t')] = v-^\E) %4>{r,E,t), (1) 
dt 

where (—M + Fp) is the diffusion operator, such that M accounts for removal and scattering, and Fp is the prompt 
fission operator. The delayed neutron source, SD[<j>(T,E,t )], has the form of a convolution integral over the flux his
tory. Equation (1) can be thoughl of either as a continuous-energy scalar equation or a matrix equation in which 
<̂  is a column vector of the group fluxes in multigroup diffusion theory. In either case, one can attempt to solve Eq. 
(1) approximately by invoking the method of undetermined functions. For the continuous-energy model, the ap
proximate solution can take the form 

<i>Ar,E,t) = E ^ , ( r , £ ' ) A \ ( 0 , (2) 
i = l 

where the i/t(r,E,t) are trial functions, and Ni(t) are the undetermined amplitude functions. For multigroup diffusion 
theory, the approximate solution is 

Mr,t) = J^Ur)N,(t) (3) 
i= l 

where the ^,(r) could be G* X G diagonal matrices of trial functions and the Ni(i) could be (r-dimensional column 
vectors. 

The use of the method of undetermined functions in conjunction with Fq. (3) to solve the multigroup diffusion 
equations is well known.^ Solutions of the continuous-energy model of the form of Eq. (2) have not appeared, how
ever, primarily because much spectral detail is required in the trial functions if accurate solutions are to be expected. 

ecently, however, some progress has been made in synthesizing space-energy solutions for stationary systems.^'^ 
addition, Stacey^ has gotten some encouraging results with an energj^-time synthesis scheme, in which only a few 

energy modes are required to achieve an accurate solution. I t therefore seems appropriate to seek an approximation 
technique that could utilize this newh^-gleaned knowledge to obtain an accurate solution to the continuous-energy 
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model. At the same time, the method should also be capable of solving the multigroup diffusion system, which i s" 
course, only an approximation to the continuous-energy model. Such a technique, which combines iteration with the 
method of undetermined functions, has been developed and will now be described. It will then be applied to the 
continuous-energy model and to multigroup theory. 

The idea of using iterative schemes along with approximate methods is an old one in reactor physics. Selengut"' 
advocated such an idea and illustrated it by an application to the one-group diffusion equation in x-y geometry. 
Shortly thereafter, Lewins* formulated a variational principle for time-dependent group-diffusion theory, which he 
used to derive Euler equations for either spatial or temporal integration. He used only a one-mode expansion, how
ever, which was in effect equivalent to a point reactor model. He pointed out that iteration between the two sets of 
equations was possible; this iteration would presumably find the best possible shape for use in the point reactor 
model. 

We shall now present a general outline of the method to show that it can handle systems of many independent 
variables. The development is similar to that given by Kerr.' We begin by writing our system of (possibly non-linear) 
partial differential equations as 

mix) = fix) (4) 
BMx) = gnix), n == 1, ••• , JV, (5) 

where H is a nonlinear differential operator, a; is a vector of independent variables, 0(.T) is the vector of dependent 
variables, fix) and gnix) are vectors containing functions of the independent variables, and the B„ are operators 
representing the N boundarj'' conditions. An approximate solution is now sought in the form 

Mx) = 4'o+ E^ t ' / ' i , (6) 

where the functions î o and ^pi are trial solutions, chosen beforehand. These functions must be linearly independent, 
and should also satisfy the boundary conditions, preferably by choosing î o and 4'i such that 

Bni^ko) = g„ , n = I, • • • , N (7) 

BJ,4'.) = 0 , i = 1, ••• , / . (8) 

When Eq. (6) is substituted into Eq. (4) the following residual is formed: 

RiA,4^) = f - m, = / - Hi^Po + ZA,^)- (9) 

The residual is a measure of the extent to which (t>i satisfies Eq. (4). It cannot be calculated, of course, until the Ai 
are found in some manner. One would hope that any method used to find the A, would yield a smaller residual as 
more trial functions are used (i.e., as / increases). Moreover, the method used should be such that it makes the 
residual "small" in some sense. Since the method of weighted residuals provides this alternative, it is used here. 
That is, / weighted averages of the residual are set equal to zero: 

L WrRdD = 0, r = 1, ••• , / . (10) 
i 

The independent variables in D include all the independent variables upon which the Ai do not depend. If the A 
are undetermined parameters, then the integration is over all of the independent variables; / algebraic equations 
remain. This technique is often called the method of undetermined parameters." When the Ai are undetermined 
functions, I differential equations result. The method of undetermined parameters is often called the direct method; 
the method of undetermined functions is also known as the semidirect method, or the Kantorovich method. The 
remainder of the development is concerned only with the method of undetermined functions. 

T H E GENERAL ITERATIVE SCHEME 

When the trial solution given by Eq. (6) is postulated, assume that the Ai are functions of only one independe, 
variable, say xi. The trial functions \f/i can be functions of all the independent variables, but we shall choose th^ 
to be functions of the remaining members of x; that is, 

Xpi = \p^iX2 , • • • ,Xs) = xpaiXi, • • • , X,) (11) 
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'en X ~ (Xi, • • • , Xs). A weighted-residual criterion will then produce a set of ordinary differential equations to 
be solved for the Aiix,). Limited by the initial choice of the i/'/s, the approximation nevertheless yields a solution 
that is tending toward the true solution along the X\ direction. I t is obvious that any improvement along the direc
tions of the remaining independent variables would be welcome. This is the motivation for adopting the following 
iterative scheme. 

After having determined the Aiixi), relabel them as Anixi) and let 

4^\iix-i, • •• ,x,) = Aliixi) \('nix-i, • • • , Xs), (12) 

where the ^\i are also chosen beforehand. When Eq. (12) is substituted into Eq. (6), the result is (neglecting \l/o) 
I 

<t>ii?) = Z Aaixi) Anixi) 4^Uxs, ••• ,x;). (13) 

The Aliixi) are determined by using a weighted-residual criterion with respect to ixi, Xs, Xi, • • • , x,). Then, let 

i'ltix-i, • • • , a:,) = Alaix-i) xpaixi, • • • , x,). (14^ 

Again, substitute Eq. (14) into Eq. (6), and use a weighted-residual criterion with respect to ixi, Xi, Xi, • • • , Xs) 
to determine the Ai^ixz). 

This process is continued until all the functions Aaixi), • • • , A^ix^) have been determined, so that the approxi
mate solution is given by 

<l>Ux) = E n ^ « ( a ; 0 . (15) 
i"=l 4=1 

At this stage a second iteration is begun; the improved expressions for A^iixi), now labeled A^ixi), can be found 

by using the / products JX Anixk) as "trial functions", and so on, until the second iteration has been completed. 
k-2 

At this point the approximate solution is 
I s 

<i>^,ix) = J2IlA'kixk). (16) 
» = 1 k=l 

Kerr' has found in one particular example that a converged solution can be obtained with ver\- few iterations. 
jMore importantly, he also found that the final form of the solution is independent of the initial choice of the 4/t's. 
The accuracy of the solution depends only upon the choices of weighting functions and on the number of trial func
tions chosen. 

It should be noted that the A a need not be functions of only the variable Xk ; indeed each Aik could be a function 
of s-1 variables. By making the A u, multidimensional, however, it becomes necessary to solve sj^stems of partial 
differential equations to determine them. (Another alternative is to assign a simple functional dependence upon the 
excess ( > 1 ) independent variables. This is the technique used in the "improved quasistatic approximation" ^ of 
space-time kinetics for the time dependence of the shape function.) 

APPLICATIONS TO THE NEUTRON DIFFUSION EQUATIONS 

Lancefield* and Toivanen' have recently used versions of the iterative scheme described above in space-energy 
synthesis solutions of the steady-state one-dimensional transport equation. Each had only limited success, but Lance
field has pointed out ways of improving estimates of the flux distribution (for example, using discontinuous trial 
functions). Our attention is focused here on obtaining formulations within the realm of diffusion theory. We shall 
show how the method can be used to obtain solutions to both the time-dependent continuous-energy diffusion theory 
model and the time-dependent multigroup diffusion theory model. Possible ways of using spatially and temporally 
discontinuous trial functions will also be discussed. 

CONTINUOUS ENERGY MODEL 

For the continuous energy model, Eq. (1) becomes (using common notation) 

==-^iT,E,t) = ^•Dir,E,t)V<t>ir.E,t) - Mr,E,t)<f>ir,E,i) + / ^mir,E' -^ EMir,E',t) dE' 
2mE at Jo 

, . (17) 
+ xiE) v^fix,E"Mii,E",t) dE" + Sr>[<l>ir,E,i)]. 

Jo 
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Now, let each \j/i in Eq . (2) be given by 

Ur,E) = lLit)G,iE). (18) 

Then Eq . (2) can be pu t into three equivalent matrix forms as follows: 

4>iit,E,t) = Y.Hiir)GiiE)Niit) = Hnit)GuiE)N dt) 
i="i (19) 

= GuiE)Nnit)Hcir) = A«(0^«(r)Gc(-B), 

where R, D, and C stand, respectively, for /-dimensional row, diagonal, and column matrices. The elements of the 
column matrix are those that are to be determined, given a knowledge of the elements in the R and D matrices.* 

Calculation of the Steady State 

Before looldng at the transient behavior it is necessary to calculate the steady state. That is, we must find the 
Hzoir) and the initial values of G^aiE). We can begin bj^ guessing at GmiE) to calculate Hcoii). Consider, then, the 
matrix of weighting functions FciE) — col[Fi(i?) • • • FiiE)\. We can use these to form the following weighted-
residual criterion for determining the H,oiT): 

0 = V-P(r,0) VHcoir) - ft^(r,0)Fco(r) + /?™(r,0)//co(r) + ^ RAr,0)Hooir), (20) 

where the I X / matrices P, RT , Rm , and RF are given by 

P(r,0) = FciE)Dit,Efi)Gn,iE) dE (21) 

Rrirfi) = f FciE)^riv,Efi)GuoiE) dE (22) 
Jo 

Rruirfi) = / FciE) ^Tuit,E' - . Efi)GaoiE) dE'dE (23) 

Rrir,0) = FaiE)xiE) uMr,E",0)GnoiE") difdE. (24) 
Jo Jo 

The eigenvalue /CQ is introduced because the steady-state equations are homogeneous (external sources are neglected). 
Once the spatial distribution of the modes has been found the spectral distributions can be improved. This is done 
by introducing the matrix of weighting functions 

Weir) = col[IFx(r) • • • IF,(r)] 

and using the following weighted residual criterion; 

0 = QiE,0)GcoiE) - STiE,0)GcoiE) + [ SruiE' -^ E,0)GcoiE') dE' 
Jo 

(25) 
1 1 ' ' ° 

+ Y-xiE) S,iE",Q)GcoiE")dE", 

where the I X I matrices Q, ST , STR , and Sp are given by 

QiEfl) = [ WciT)V-Dir,E,0)VHmir)dr (26) 
Jy 

SriEfi) = [ WciT)Mr,Efi)Huoir)dV (27) 
Jy 

STuiE'-^Efi) = I^Wcit)-ZTuit,E'-^Efi)H^oit)dY ^ ^ ^ A 

* Note thai the symbol r may stand for three independent variables; for instance, x, y, and z. In this case, Hn would actually 
be Xii(x)YD(y)ZD(z), and Ho = Xi}(x)YD{y)ZD{z)• K one were to solve for the elements rt(j/}, then He = XD{x)Zi){z)Yc{y)• 
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S,iE",0) = f Wcir:)vMr,E",0)Huoit)dV. (29) 
Jy 

At this point, the new values of the G,iE) can be reinserted into Eqs. (20) through (24) to recalculate the Hioir). 
Iteration continues until convergence is achieved. Such convergence should be on the eigenvalue and on the flux 
distribution. 

A good steady state distribution could be obtained bj- starting with / = 1 and then iterating to convergence. 
Then do the same for J = 2, and compare the results with those for / = 1. If they are arbitrarily close, use a two-
mode scheme for the time integration. If they are not close enough, carry out a three-mode steady-state solution 
and compare it m th the two-mode solution, etc., until an acceptable steady-state solution is obtained. At this point, 
the time integration may begin. 

Transient Behavior: Time-Independent Shape Functions 

It is obvious that, when the steady-state flux is calculated as described above, the first-guess -values of Aj(0) are 
all unity. So, let us now look at the transient behavior by deriving the differential equations for the Ntit). We shall 
first assume that the H, are time-independent, and then show how time-dependent shape functions can be handled 
via temporally discontinuous trial function methods. 

Let us begin bj^ explicitly writing down the expression for the delayed neutron source in Eq. (17): 

Sn[<l>ir,E,t)] = i : \,x,iE)vAr,Efi) exp[-X,f] + ^, f ( vMr,E",t')<j>ir,E"/) exp[~X,it - t')] dE"dt', (30) 
]=1 Jo Jo 

where XiiE) is the spectrum for the jth delayed neutron group, ^j is the Jth delayed neutron fraction, and ??j(r,iJ,0) 
is the initial distribution of the precursor of the jth delayed neutron group. Next, -v̂ 'e use the method of weighted 
residuals to obtain the multimode kinetics equations: 

^~ = [pit) - mwcit) + E xAit), (31) 
at ,=1 

where the I X I matrices A, p, and p are given by 

^^ Ho ^^'^('^)'^«(-^) 7 / ^ Hnir)GniE) dE dV (32) 

( 0 = f^ j ^ Wnir)FciE) ([V-Dii,E,t)VHuii) ~ Mr,E,t)Huii)]GniE) +U 2rnir,E'-^E,t)GdE') dE' 

(1 - fi)xiE) + ifi,x,iE) J^ vMr,E",t)GuiE") dE"\ H^ir)') dE dV 

I/3 = E (3; , the total delayed neutron fraction 1 , 

^ ( 0 = E ^ . (0 = E / s J WAi)PoiE)x,iE) vMr,E",i)GAE")dE" Hnir)dEdV. (34) 
3=1 J—1 •'y Jo Jo 

Furthermore, the /-dimensional column matrices Cjit) are defined by 

i^fi/J) = [ I Wnir)FoiE)Snl<t>iir,E,t)]dEdV, (35) 
1=1 Jy Jo 

p{t) = 
Jy JO 

ko 

(33) 

r r°° TF (T)F iE) 
J J V / ^ [IlUrfl)GnoiE,0) - IlAr)GniE)NciO)] dE dV 

so that the delayed neutron source for Eq. (31) can be found as well. 
Note that Ncit) in Eq. (31) is subject to initial conditions derived as follows from forming an initial residual: 

Wnir)FciE) 

•\/2mE 

s^diat 
^ B Ac(0) = ir'A„(7i, (36) 

where Ao is the generation time matrix at stead}' state, A is the generation time matrix found using the current 
shape and spectral functions, and Ci is a column vector whose entries are all unity. 
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Once the N,it) are found they can be used to improve either the /f j(r) or the GtiE) by means of the i t e r a t ^ ^ B 
scheme. To find new functions for HriT), for example, the following scheme is used: ^ ^ 

0 = V-Pir)VHcir) - i ?^ ( r ) i / c ( r ) + RTuir)HciT) + i i ? , . ( r )Fc( r ) - Unir)Hcit) + SnlHaix)], (37) 
Ko 

where the I X I matrices P, RT , RTR , RF , and U, and the /-dimensional column vector SR are given by 
^00 itt 

R, 

Pir) = [ I FniE)Teit)DiT,E,t)GRiE)N„it)dtdE 

r(r) = Fj>iE)Tcit)^Tix,E,t)GuiE)Nj,it)dtdE 
Jo Jo 

/tOO fit | ~ />0C 

liTRix) = FniE)Tcit) ^TRir,E' ~^E,t)GRiE')dE' 
Jo Jo \_Ja 

R,ir) = f [ FniE)Teit)xiE)l f v^tir,E",t)GRiE")dE" 
Jo JQ \_JO 

URir) = / ; / ; F.iE)TM) : ^ GRiE) ^ dt dE 

SRlHcir)] = FniE)Tcit)S^[ct>rir,E,t)]dtdE, 
Jo Jo 

where Tdt) = col[T'i(0 • • • Tiit)] is a column vector of weighting functions. The elements of SR contain both 
homogeneous and inhomogeneous terms. The eigenvalue is retained; however, it now really has the value of unity. 
I t has been found t ha t retention of the eigenvalue is useful in obtaining rapid convergence when the system is almost 
homogeneous. Tha t is, in the numerical solution, iterations occur until X is arbitrarily close to unity. 

The next logical step is to improve the GiiE) by utilizing the latest values of / / , ( r ) and N^i^t). This is done by 
means of the following weighted residual method: 

Ndt)dtdE 

Nnit)dt dE 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

™co 

0 = QiE)GoiE) ~ SriE)GciE) + STuiE' -^ E)GciE')dE' 
Jo 

+ T xiE) [ SFiE")GeiE")dE" - UEiE)GciE) + S^GdE)], 
Ko J a 

(44) 

where 

(45) 

(46) 
^ 0 j y 

STRiE'-^E) = f I Tnit)Wcir)l.TRit,E' -^E,t)HRix)Nnit)dVdt (47) 

(48) 

(49) 

(50) 

The sequence of events, then, is an iterative solution of Eqs . (31) , (37) , and (44) , in order to obtain updated 8 B 
tions of 4>iix,E,t) by inserting the freshly calculated modes into Eq . (19) . The i teration continues until the nux 
values agree arbitrarily closely for successive i terates. 

QiE) = f f Tnit)Wcix)'^-Dix,E,t)VHuix)Ndt)dV dt 
Jo Jy 

SdE) = [ [ Ti>it)Wcix)Mr,E,t)HRix)Nnit)dVdt 
Jo Jy 

(E'-^E) = [ I Tnit)Wcix)l.TRix,E' -^E,t)HRix)Nnit)dVdt 
Jo Jy 

SdE") = [ I Tdt)Wcix)v^iix,E'\t)HRix)Nr>it)dV dt 
Jo Jy 

UAE) = / ; ( TM)Weix) ; 7 = i?«(r) -̂1? dV dt 

Sj^lGciE)] ^ f [ Tnit)Weix)Sn[Mr,E,t)]dVdL 

Jo Jy 
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Transient Behavior: Temporally Discontinous Shape and Spectral Functions 

The iterative method as just outHned assumes that the same spatial modes, once they are calculated properlj-, 
are to be used throughout the transient. Much more flexibility is required in practice, particularly if the transient 
is nonlinear. This can be done either by introducing temporally discontinuous shape functions or by using the "im
proved quasistatic approximation".* In both cases the objective is the same: to allow the analysis to proceed with 
fewer modes than are otherwise needed, and still not impair accuracy. We shall here consider only the discontinuous 
shape function approach. 

Suppose that the shape and spectral functions are to be changed a,t t = ti. Then, the approximate solution for the 
flux can be written as 

<t>nir,E,t) = E HniT)G,iiE)Niiit) for 0 < t < t^, (51) 
1 = 1 

and as 

<t>nix,E,t) = '^H,iir)G^,iE)N^,it) for t > t^. (52) 
8 = 1 

Note that / i and I-i do not have to be equal. Now, the true flux must be continuous at < = fi ; that is, 

<i>iix,EM) = <t>2ix,E,ti). (53) 

The approximate solutions, however, probably will not match at i = ^i. Hence, a residual must be formed and the 
method of weighted residuals employed to evaluate the initial conditions N,2iti) for the use of ^n . The residual is 

Rnix,EM) = 4>nix,E,ty) - ^nix,E,ti). (54) 

It can be shown '̂ "̂ ^ that the most logical choices for the weighting functions are WD2ix)RciiE), that is, those to be 
used throughout the second time interval. The weighted residual criterion for the new initial conditions is thus 

0 = f f Wmix)Fc2iE) ~^= [HR2ix)GmiE)Nc2iti) -- HRiix)GmiE)Nciik)]dE dV. (55) 
•'F •'o •\/2mE 

Note that, for the first iterate, HRiix) and GoiiE) axe trial functions (perhaps elements of HRI and GDI). If we define 
the following I2 X I\ matrix 

L21 = f f Wmix)Fc2iE)-~jL=HRiix)GniiE)dEdV, (56) 

Jy Jo •\/2mE 

then the initial conditions for the second interval are found by 

Nc2iti) = Al'LiiNiiM). (57) 
The solution now proceeds as it did over the first time interval, either until it is again time to change the shape and 
spectral functions or until the end of the transient is reached. 

Spatially Discontinuous Shape and Spectral Functions 

If Eq. (17) were written for several regions in the reactor and approximations like Eq. (19) were used for each, 
then more flexibility is introduced toward obtaining an accurate solution. Hopefully, the number of modes per region 
is quite a bit less than would be required if partitioning were not used. Such methods have been successful in the 
past for doing synthesis calculations, particularly when good sets of trial functions were chosen in such a manner as 
to minimize the discontinuities. They will now be extended for incorporation into the iterative scheme. 

In addition to a set of diffusion equations there must be interface conditions for maintaining continuity of flux and 
current between adjacent regions. For discontinuities in one space-dimension, for example, the interface conditions 
could be (for a two-dimensional reactor) 

<l>^'\x,,y,E,t) = <t>'-'+'\x,,y,E,t), k = 1, • • • , K - I 

d 

Dkixk,y,E,t) 
,(k) 

dX 

, (k+i) 

= Dt+iixk,y,E,t) ~ 
ax 

fc = 1, • • • , / r - 1. (59) 
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Now, the approximate solutions can be inserted into Eqs . (58) and (59) to form the following residuals: 

Rr,ix,,y,E,t) = ai[<l>?+'\xk,y,E,t) ~ 4>?ix.,y,E,t)l k = 1, • • • , Z - 1, (60) 

Rj^ixu,y,E,t) = aa 
r j , ( J ; + l ) 

D,,+jixk,y,E,t) ^— 
dX D,ixk,y,E,t) "̂ ^ 

dx 
k = 1, •••,K - 1, (61) 

where ai and a2 are weighting parameters. It is also convenient to form equivalent interface residuals by adding and 
subtracting as follows: 

Rs,ixL,y,E,t) = Rr,ixi,y,E,t) + Rj,ix,,y,E,t), k = 1, • • • , K - I (62) 

RDiSxk,y,E,t) = R^ixk,y,E,t) - Rj,_ixk,y,E,i), k = I, • • • , K — I. (63) 

The next steps are to choose weighting functions, formulate weighted residual criteria, and incorporate them into 
the weighted residual scheme. The interface residuals are treated in two different ways, depending upon which set 
of functions is being calculated. If the functions X,(a;) are to be found for each region k, then the weighting functions 
are just the Wy.niy)FDiE)Tdt) for each region k. These are combined in an appropriate manner to obtain a set 
of equations analogous to Eq. (37), plus equations for the interface conditions. These are solved in the same manner 
as are the usual multiregion diffusion equations. 

If, on the other hand, one of the other sets of functions is to be found, then the interface weighted residuals must 
be added in an appropriate way to those formed in constructing Eq. (37), and the result is then allowed to vanish. 
Interaction between one region and another is then expressed by means of coupling coefficients. The details are very 
similar to those given in Ref. 13. 

DISCONTINUOUS ENERGY MODEL—THE ^MULTIGROUP DIFFUSION EQUATIONS 

The iterative scheme can also be carried out if the energy variable is discretized, for instance if multigroup diffu
sion theory is used. The group diffusion equations are 

p - i ^ = V-i)(r,OV<A(r,0 - A(r,O<^(r,0 + (1 - /3)x.F^(r,0<^(r,0 + Sd4>ij,t)l (64) 
at 

i'here 

<^(r,/) 
p - i 

Dix,t) 

F'ix,i) 

Aix,t) 

Xp 

= coIL.̂ '" •• 

= diag[l/ri 

= diag[/)i • 

= rowfvS/i • 

= diag[Sir • 

= col[xpi • • 

• <!>'"'] 

••• 1/va 

• Do] 

• • vXjo] 

• • SerJ — 

XPG]-

[s,.,-] 

(65) 

(66) 

(67) 

(68) 

(69) 

(70) 

This time, the trial solution is given by Eq. (3). 
Each product 4'i^^i is a G-dimensional column vector that can be formed in either of two ways; 

^.(r)A.(i) = 4^,nix)Nidt) = :\\nit)hdr). (71) 

Thus, there are G X I undetermined functions to evaluate at each sequence of the iteration. 
Let us introduce the matrix of weighting functions 

W,dx) = diag[IFf • • • W'i% 

We can no\v use the following weighted residual criterion to determine the -V»(<): 

E A„- ' ^ = E [P»' - MN.'cit) + E X,C,(0, t = 1, • • •, I, (72) 
i'=i at t '=i 3=1 

where Ait' , pit' , and ^jj- are all G X G matrices defined by 

A„- - [ Winii) V-'h'Dix)dV (73) 
Jy 
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Pii'it) = f IF«(r) \v-Dix,t)V - Aix,t) + (1 - ^)xvF\r,t) + Y. 1^iXiF^x,t) 
Jy L 3=1 

fe,(0 = ^ f TFiz>(r)xy/'^(r,0\J'i'D(r)dF, 
•'F 

and the C,j are (?-dimensional column vectors given by 

^idiit) = f IF«(r)S«(r,OrfF. 

^»'«(r)clF (74) 

(75) 

(76) 

Equations (72) are thus a set of ((? X / ) bj^ (G X / ) equations to solve for the (G X / ) undetermined functions 
N'-f\t). 

After the amplitude functions are found the shape functions can be recalculated. Consider the matrix of weighting 
functions 

Tinit) = diag[r^"(i), ••• ,T'i°\t)]. 

Then we can use the method of weighted residuals to obtain 
I r -f 

E ^i'cix) 
«'=i L»'=l 

W'here P,i' and Mn' are G X G matrices, defined as 

P,v(r) = f Tiuit)Dix,t)Ni'Dit)dt 
JQ 

Mii-ix) = f Tinit)[il ~ fi)xpEdx,t) -- Aix,t)Wi'Dit)dt, 
Jo 

and E- is a G-dimensioual column vector given bj^ 

0 = E V-Pii-(r)V,/',.c(r) ™ E M«,(r)^,-c(r) + E ^ i 
»'~1 i ' = l »'=1 

i = 1, • / 

-E, E ^."0(1) f r«(O-Sp[0(r,«)]dF. 
.'0 

(77) 

(78) 

(79) 

(80) 

After the (G X / ) undetermined functions i^/'(r) are found from Eqs. (77), they can be used in Eqs. (73)"(76) 
to recalculate the Ni''\t), etc., until a converged solution is obtained. Finally, the method can be extended to include 
spatially and temporally discontinuous trial functions as was outlined for the continuous-energjr model. 

DISCUSSION 

Nothing has been said to this point on how ^veighting functions are chosen. In theory the choice is completely 
arbitrary; in practice, it has been found that Galerkin weighting works quite well, especially when the trial functions 
are well-chosen. Other alternatives that should work well are least-squares weighting^* and reaction-rate weighting.^ 
In theory, adjoint weighting could be used, but this would be completely impractical because the adjoint equations 
would also have to be formulated and solved by a similar iterative procedure in which the trial functions for the real 
system would be the weighting functions for the adjoint system. 

Another aspect of the method that has not been discussed is the method of solving the various systems of one-di
mensional equations for the various undetermined functions. Let us discuss these one at a time. Firstly, at least one 
method exists^^ for the solution of the multimode kinetics equations. Solving for the shape functions requires modifica
tion of existing one-dimensional diffusion theory codes. The coefficients of the equations, however, are such that the 
favorable mathematical properties exhibited by the multigroup diffusion equations may not exist. Thus, more work 
needs to be done in this area. Finally, the spectral equations should be solvable numerically in a straightforward 
manner since they are integral equations that are, in effect, a coupled set of slowing down equations. The method 
could be time consuming, however, especially if much spectral detail in cross sections is required. 

Finally, the question of rate of convergence has not been raised. The few applications of the iterative scheme that 
ave been made'-*-^ have indicated that only a few iterations are needed to obtain convergence. One other aspect of 
e convergence question appears in solving eigenvalue problems; namely, how does one know that the solution has 

selected the proper eigenvalue? These and other (as yet unformulated) questions must be answered if the method is 
to be successfully used. Experience is expected to provide all of the answers. 
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IV-16. Further Studies o n the Use of the Method of Undetermined Parameters 
to Integrate the M u l t i m o d e Kinet ics Equat ions 

E. L. FULLER 

INTRODUCTION 

A description of how the method of undetermined 
parameters can be used to integrate the multimode 
kinetics equations was presented in Ref. 1. The solu
tion method was described, the method of time step 
selection was outlined, and some numerical results were 
presented in order to indicate the utility of the method. 
These results showed how the run time varied as a 
function of the number of spatial modes used. It was 
also seen that, if good spatial trial functions were used, 
one could obtain a very accurate solution with a fairly 
loose convergence criterion (ei = 0.01) and with piece-
wise quadratic trial functions. Since then, studies have 
been done with various convergence criteria and with 
piecewise polynomials of varying degree, in an attempt 
to establish limits within which the method is stable. 
The results of this rather limited study will now be re
ported. 

The multimode kinetics equations can be written as 

Ait) ^ = bit) - mwit) + E \,cdt) (1) 
at j=i 

^ = PjiDNit) - \,CM) (2) 

i8(0 = E f t ( 0 , (3) 
3 = 1 

where A(i5), pit), fiit), and Pjit) are I X I matrices 

( / = number of spatial modes) called, respectively, 
the generation time matrix, the reactivity matrix, and 
the delayed neutron fraction matrices. The manner in 
which their matrix elements are formed from the multi-
group diffusion equations is shown in Ref. 2. Equations 
(1) and (2) can be solved by assuming the following 
trial solution over the interval It < t < ti+i : 

Ndt) = 'ZAkH-ti)" (4) 
4=0 

^=±kA,it~ti)'~\ (5) 
at k=i 

The parameters At are evaluated by inserting Eqs. (4) 
and (5) into the multimode kinetics equations, and 
then performing the method of weighted residuals (see 
Ref. 1 for details). This results in a set of algebraic 
equations that can be solved for the parameters ,4j: to 
be used over the ith time step. The results to be re
ported below are for subdomain weighting only. Com
parisons are made for K = 1,2, 3, and 4. 

RESULTS AND CONCLUSIONS 

The reactor to be analyzed is a 240 cm slab reactor 
which, for convenience, is treated in a symmetric man
ner by imposing a zero-current boundary condition im 
the origin and by making the perturbations symmetri^l 
about the origin. For simplicity, one-group diffusion 
theory is used. The parameters for criticalitj' listed in 
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fable IV-16-I lead to the initial shape shown in Fig. 
IV-16-1. The final shape is that calculated by the 
WIGLE code^ as the result of a ramp increase in vS/ in 
Region 1 to 0.0202962 cm" '̂ at 0.1 sec, after which no 
further changes occur. The transient is then terminated 
at t = 1 see; the shape function at this time is the final 
shape shown in Fig. IV-16-1. 

All of the results reported below are for two spatial 
modes. These are the initial shape and the final shape. 
Since they bracket the true solution at all times, the 
true solution should be closely approached if the average 
time step size is small enough. This indeed happens, as 
can be seen in Fig. IV-16-2 and Table IV-16-II. Figure 
IV-16-2 shows the values of the amplitude function at 
the end of the ramp it = 0.1 sec) as a function of 
average time step size. I t may be seen that WIGLE 
solutions are the first to diverge. This is because the 
finite difference time integration technique in WIGLE 
essentially uses piecewise constant functions over a 
time interval. Piecewise linear functions, as expected, 
allow larger time steps to be taken. Correspondingly 
larger time intervals are allowed as the degree of the 
piecewise polynomials becomes larger. Note that a 
single (juartic function over the 0.1 sec interval gives a 
very good approximation. 

Some results at the end of the transient are shown in 
Table IV-16-II. The parameter ei is a measure of de
gree of convergence in the procedure for time step selec-

TABLE 

Parameter 

7), cm 
j ' S / , cm~i 

S„ , em-i 
V, cm/sec 

1V~16-I. PABAMETEBS FOB CKITICALITY 

Region 1, 
0-15 cm 

1.69531 
0.0194962 
0.0194962 

10« 

Region 2, 
15-60 cm 

1.69531 
0.0194962 
0.0194962 

101 

Region 3, 
60-120 cm 

1.69531 
0.0194962 
0.0183343 

10« 

15 30 45 60 75 90 105 
DISTANCE FROM CENTER OF REACTOR, Cm 

F I G . IV-16-1. Shape Functions Used in Analysis of Transi 
ent. ANL Neg. No. 113-3690. 

TIME STEP, sec 

F I G . IV-16-2. Amplitude Functions at t = 0.1 sec versus 
Average Time-Step Size. ANL Neg. No. 116-299. 

TiBLB IV-16-II. R E S U L T S AT < = 1 SEC FOB Two M O D E S 

Linear Quadratic Cubic Quartic 

Amplitude Function 

1.0 
0.1 
0.01 
0.001 

4.20 X 10" 
5.34 X 1012 
4.22 X 1012 
3.95 X 1012 

1.13 X 10" 
1.11 X 10" 
3.93 X 1012 
3.94 X 1012 

6.37 X 1012 
4.06 X 1012 
3.94 X 1012 
3.94 X 1012 

4.22 X 1012 
3.94 X 1012 
3.94 X 1012 
3.94 X 1012 

Time Steps 

1.0 
0.1 
0.01 
0.001 

21 
78 

180 
727 

11 
14 
90 

183 

11 
30 
54 
98 

25 
131 
137 
159 

tion (for details, see Ref. 1). The smaller the value of 
€1, the more time steps taken and hence the more ac
curate the solution. It is evident from Table IV-16-II 
that, as the degree of the piecewise polynomial in
creases, the larger ei may be. These can be pitfalls, 
however, if too large a value of ei is used. Unexpectedly 
large inaccuracies can occur, as may be seen for ei = 1.0 
and 0.1 with piecewise quadratic trial functions. In 
these cases, too few time steps were taken to obtain an 
accurate solution. Once the value of e\ became small 
enough (0.01), a proper number of time steps were 
taken, and a fairly accurate value for the amplitude 
function was obtained. 

Another anomaly was seen when piecewise quartic 
trial functions were used: too many time steps were 
taken for any choice of n . Note, however, that ac
curate results were obtained. It is not known for certain 
what caused the anomaly. One explanation might be 
that the effects of roundoff error differ for different 
degrees of polynomials, and the automatic time step 
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selector tried to minimize these also. Another cause 
could be the fact that, as the degree of the polynomials 
increases, more and more weight is given to the times 
near ti at the expense of accuracy near ^,+1. This could 
cause rather serious errors in extrapolation if the de
gree of the polynomials is relativelj' high. 

A few conclusions can be reached from this limited 
study. The most obvious one is that one needs fewer 
time steps to obtain accurate solutions as the degree of 
trial polynomials is increased. This does not mean, how
ever, that savings in computation time automatically 
result. Alore time is required to calculate the solution 
over a time step using quartic functions than using 
cubic functions, etc. When two spatial modes are used, 
cubic and quadratic solutions require about the same 
amount of computer time, for a given ei. Linear and 
quartic solutions require quite a bit more time. An 
optimum degree exists for the polynomial because, al
though fewer time steps might be required for higher 
degree polynomials, more time is taken by the matrix 
inversion routine. For the cases considered here, the 
optimum appears to be cubic, but only marginally over 
quadratic. 

The most important conclusion is that the use of 

piecewise quadratic or piecewise cubic functions in a: 
undetermined parameter method is a far more efficient 
method of integrating the multimode kinetics equations 
than is the use of traditional finite difference techniques, 
such as that employed in WIGLE. This conclusion 
could have important ramifications in other applica
tions as Avell. Higher order differencing methods can be 
used to integrate over the spatial and energy variables 
of the diffusion (or transport) equation. The results of 
this study indicate that such approaches could very 
possibly allow practical three-dimensional diffusion 
theorjf calculations. This possibility deserves further 
investigation. 

REFERENCES 

1. E. L. Fuller, Integration of the Multimode Kinetics Equations 
by the Method of Undetermined Parameters, Reactor Physics 
Division Annual Report , July 1, 1968 to June 30, 1969, 
ANL-7610, pp. 528-532. 

2. F . L. Fuller, D . A. Meneley and D . L. Hetrick, Weighted-
Residual Methods in Space-Dependent Reactor Dynamics, 
Nucl. Sci. Eng. 40, 206 (1970). 

3. W. R. Cadwell, A. F . Henry and A. J. Vigilotti, WIGLE^-^A 
Program for the Solution of the Two-Group Space-Time 
Diffusion Equations in Slab Geometry, W A P D - T J M - 4 0 6 
(1964). 

IV-17. Spurious Eigenvalues i n Flux Synthes i s 

V. Luco and W. WOODRUFF 

INTRODUCTION 

The multigroup synthesis equations do not share in general the mathematical properties of the multigroup diffu
sion equations that guarantee the existence of a unique positive solution corresponding to a unique maximum posi
tive eigenvalue.^ 

Recently Froehctf was able to present examples of synthesis equations not having a largest positive eigenvalue 
with the exception of the case of downscattering only with no group-collapsing. 

Adams, Rydin and Stacey^ have shown group-collapsed situations with Galerkin weighting in which the eigenvalues 
of the synthesis equations can take real or imaginary values and in which, in some cases, the maximum positive 
eigenvalue obtamed did not correspond to the fundamental mode eigenvalue of the diffusion problem, and in which 
the synthesis flux had mixed positive and negative values. 

Yasinsky and Kaplan^ encountered group-collapsed synthesis calculations with adjoint weighting in which a poor 
eigenvalue approximation was associated with fluxes exhibiting mixed negative and positive values. 

There are no anomahes on record for the case of down-scattering only without group-collapsing. In the present 
paper we investigate analytically the behavior of the eigenvalues and fluxes for a two-group slab-geometry version 
of the downscattering only, noncoUapsed, synthesis calculation. Our results to the present have shown a unique maxi
mum positive eigenvalue, but in many of the cases analyzed its value does not correspond to the fundamental mode 
eigenvalue of the diffusion problem, and the fluxes exhibit a mixed positive-negative behavior similar to that found by 
some of the other authors mentioned.'-* 

T H E ANALYSIS 

The problem we have treated is a simple one, in order to make the rather long and involved manipulations tracta
ble. We consider a uniform slab reactor and use a two-energy-group model with fission in the low-energy group and 
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mscattering only. The equations for the diffusion model are 

D i ^ ' - 2i0i + X î:,< 2̂ = 0 (1) 

Di -y-r- — Z2>̂ 2 + 2l2 ̂ 1 = 0, (2) 
dx^ 

where the symbols have the usual meaning. The exact solution is easily obtained: 

(x) = cos "X (3) 

(j)2ix) = o c o s - a ; = a^iix), (4) 

where a is the spectrum factor defined by 

^ A(7rV4)-FS2* ^""^ 

The system adjoint to Eqs. (1) and (2) is defined in the customary way, and its solution is (with obvious normahza-
tions) 

<i>tix) = cos -a ; = (j)iix) (6) 

<t>2ix) = a* cos 2 '̂ = a''<t>iix), (7) 

with 

^^^Mr^l^l+3, (8) 
2 l 2 

The eigenvalue (inverse fc<,//) for the problem is 

^ [i>l(^V4) + Sl][i)2(x74) + Ss] .„^ 
Ae = =r-:r; . ( 9 ) 

VZf 2/12 

In the usual manner we will synthesize the solution for the problem by expressing the fluxes as linear combinations 
of known trial functions and determining the combination coefficients, which in this case will be numbers, by making 
stationary a conveniently chosen functional. The functional chosen is 

/

-t 
dx 

dui „ dui , du2 j ^ du2 
/>! -=-- -F --j— Di-j- -\- ui (SiWi — \vZfU2) -j- Ui (Z2M2 — 2i2Mi) 

iJjtXj il/Jj (j/J(/ (JjJj 
(10) 

where ui, Ui, u* , and u* are the admissible functions, the variables of the variational problem. The set of admissible 
functions will be functions continuous and differentiable in the interval — 1 < x < 1, and which take zero 
values at both ends of the interval. The Euler-Lagrange stationarity conditions for this problem are Eqs. (1) and 
(2) and their adjoints. 

For the synthesis calculation we have to define a reduced space of admissible functions and its corresponding re
duced functional and Euler equations. We expand ui and U2 as follows: 

mix) = Ci4>iix) + cii^'iiix) (11) 

U2ix) = C2a4>iix) + C22'/'22(x), (12) 

and similarly for the adjoint fluxes: 

utix) = ci<^i(x) -f Ci2^i2(a;) (13) 

Uiix) = cta*<j>iix) -f c*2i/'*2(x). (14) 

We are using a two-trial-function expansion for both groups, and we are using the exact solution to the problem 

file:///vZfU2
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as one of the trial functions. The synthesis calculation should in this case reproduce the exact solution. In other wor 
there should be a synthesis solution with an eigenvalue equal to Eq. (9) and 

'^' = 0, ^^ = 0. 
Cl C2 

The other expansion fimctions are selected from a two-parameter family of functions formed by adding perturba
tions to the exact spatial solution: 

fnix) = cos I .T -f Ai f cos | aix — cos | ai ) 

4'22ix) = cos - X -f A2 { cos -a2X — cos ^ "2 1 

>/'i2(x) = cos - x -f Ai ( COS - a ix — cos 2 "1 ) 

fe(x) = cos - X -f A2 I COS - 0:2X — cos 
(« 

7r * \ 

2"V' 

do) 

(16) 

(17) 

(18) 

where the A's and a's are numerical parameters which take real values. All of these functions satisfy the zero-flux 
boundary condition at x = ± 1 identically. 

Introducing Eqs. (11)-(14) into the functional we obtain the reduced functional. 

/ [Ci, C12 , Ci , C22 , Ci, C12 , d , C22] = Ci 

+ C12 Cl ( a ^ + i.) 

Cl f/>! "- -F Si j -f C12 (/>! -J- + 2i j 4i2 — C2\vY,fa — 022X^2^22 

^12 + ciiiDiDi2 + Sii?i2) — C2X»'S,-^i2a — C22 Xi'E/-52; 

+ caa C2 O (/>2 ^ + S2 j + C22 (/>2 ^ + Sz j ^22 — Cl 2.12 — C12 2.12 . 4 1 2 

(19) 

+ C22 C2a {D2 \ + I2) A22 -\- C22(/̂ 2/)22 + 22i?22) — Cl2 2l2vl22 — Cl2 2l2 i?!: 

where 

A12 = j hiix)4>iix) 

Ati = j _ î*2(x)< î(x) 

(•+1 
A22 = \ ^2iix)4>iix) 

•t-i 

^2*2 = / fUx)<Plix) 
J-1 

/•+1 

^12 = j '/'I2(x)l/'12(X) 

B22 = j ^12(X)̂ 22(X) 

£"12 = I i^Ux)<Pu(x) 

i?22 = j \5'?2(a;)<A22(x) dx 

I'ls = / 4'i2ix)4'ii{x) dx 

dx 

dx 

dx 

dx 

dx 

dx 

dx 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(2( 

(28) 
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/>22 = j 4'*2 ix)4'2iix) dx. 

The stationary point for J' is obtained by solving the set of necessary conditions 

aj;; _ a j ^ _ a J ' _ 3 / ' _ 
. , * — „ * — „ * — . * — 0, 
OCl dCl2 OC2 aC22 

f o r t h e v a l u e s c i , C12, C2, a n d C22. 
The conditions (30) in detail are 

Cl (/>! -J- + 2i j + C12 (Di — + I i j ^12 — czXi'S/a — C22XCE/A22 = 0 

ciiDi ^ + 1.1) Au + CniDiDii -f liBii) — c2\vI,fAtia — C22Xv'LfB22 = 0 

— Cl S12 ~ C12 2l2 A12 + C2 (/)2 ^ + S2 j a + C22 (/>2 ^ + ^2 j A22 = 0 

— ClSl2^22 — Cl2Sl2i?12 + CilDi-—-^ E2JA*2a-f C22(/>2/>22 + '^^2 E22) = 0. 

This homogeneous system of algebraic equations has a solution for those values of X satisfying the equation 

(DI J + 2 i ) Ai2 (DI ^ + Si^ - X v E / -Xp^fA22 

A*2 (DI J -F El j (/)i Dn + Si B12) -Xvlf Ai*2 -\v^f B22 

-2 l2 -^12 Sij {D2 ~ + S2) {D2 ^ + 1^ A2^ 

— A22 2l2 —En^li i ' ^ ^ T '^ 2̂2 1^22 (/)2/)22 + "^2 E22) 

This is a quadratic equation in X. Its two roots are real and distinct. Their values are 
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(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

= 0. (35) 

Xl — Xe — 
[ / ) i ( / /4) + Si][/)2(xV4) + £2: 

yS/ 2i2 

I * r 7-> / 2 I 

X2 = X , = 
- {^22A?2[/)2(7r74) -F £2] - (/>2/'22 + 112 E22)] {iPl Dn + ^1 Bn) - 1̂2 il*2[/)l(7rV4) + El]} 

'S/El2(£'l2 — .^22 4l2)(422^12 — JB22) 

(36) 

(37) 

As expected one of the roots is the exact solution to the problem, reflecting the fact that the set of trial functions 
contains the exact solution. The other one, which we call Xs for "lambda spurious" is the nondiffusion eigenvalue 
introduced by the synthesis manipulations. 

The values of the ratios Cu/ci and C22/C2 are 

Cl_2 ^ 2 . 
Cl F i 

J.E/Si2(X, - \)At2 (D2 J + 12^ A22At2 - (i)2/>22 + Ss E22) 

and 

where 

C2S 

Ci 
as'2/Si2(Xe — X)Ai2(£'i2 — A12A22)}, 

(38) 

(39) 

^ k i = iD,Dl2 + Si ^12) ('/>2 J + S2) {D2 - + 22) .422 2̂*2 - iDiDii + 'S.iE^i) 

-f Xi^E/Si2<A (D2 ^ + 2 : 2 ^ , D2 — -\- Hi ] A22E12 — (/>2/'22 + 22/^22)^12 
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+ B22 (D2 J + £2) (412^2*2 - ^12) 

and 

F2 = XvTf "En BiiiEn -— ̂ 12 ̂ 22) — iDiDn + Sii?i2) -4-22̂ 22 — iD2D22 + E2E22) _(/)2 \ + S2) 

- Att {DI J + Si") (D2 J + S2) 2̂2̂ 1̂2 ~ (/)2/)22 + 22^)^12 • 

For X = Xe we get, as expected, 

C12 ^ 

Cl 

C22 

C2 

= 0 

= 0, 

(40) 

yieldiag the exact solution for the flux. When X = Xs, we get flux solutions different from those of the exact solution 
Having obtained analytical expressions for the eigenvalues and fluxes, we have to use them now to answer the 

questions: Is the value of X̂  always the smaller of the two synthesis eigenvalues obtained, and what are the charac
teristics of the fluxes corresponding to Xs ? 

The magnitudes Xs, (C12/C1), (C22/C2) can be expressed as functions of the a and A parameters using the results just 
obtained: e.g. Eqs. (37) through (39) together with the definitions in Eqs. (15) through (18) and Eqs. (20) through 
(29). The very complex functions of the parameters resulting are unmanageable for hand calculations, especially for 
the survey type needed here. A computer code called SPURIOF'S has been written to calculate the values of Xs, 
(C12/C1), and (C12/C2) and of the reconstructed flux as functions of a i , af , a2, a* , and Ai, A2, Af , A* . The reactor 
chosen for this numerical survey is the 60-cm slab reactor of Yasinsky and Henry* with XS/̂  neglected. The numeri
cal results obtained to the present are the following: 

(1) The synthesis flux for X = Xs is in general unrealistic, having large regions of negative magnitude. 
(2) There are numerous choices of parameters a and A that yield values of Xs smaller than X .̂ In numerous cases 

the values of Xs are even negative. 
The following are just a few typical results among the many similar ones obtained so far: 
Cose 1: 

ai = 3.00; at = 5.002 

aa = 0.90; at = 1.003 

X, = 1.0218; ke = 0.9786 

Xs = 0.0233; fcs = 42.9056. 

In this case the value of Xs is much smaller (and of course the value of kef/ much larger) than the corresponding 
exact values. Both energy groups exhibit large areas of negative values. 

Case 2: 

ax = 1.010; aX = 4.502 

ai = 1.500; at = 5.003 

K = 1.0218; ke = 0.9786 

Xs = 1.0085; h = 0.9916. 

Exact and spurious eigenvalues are in this case close to each other but the corresponding fluxes are quite different. 
The spurious fluxes exhibit large areas of negative values. 

Case 3: 

at = 4.500; af = 3.000 

aa = 2.000; af = 5.000 
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Xe = 1.0218; h 0.9786 

Xs = -0.2394; h = -4,1764. 

The spurious k is negative in this case and larger in magnitude than the true one. Once more the fluxes have nega
tive values. Multiple areas of negative values for Group 1 are observed in this instance. 

The parameters A have no influence on the eigenvalue and their effect on the flux has not been investigated yet. 
Their values throughout were taken as follows: Ai = 1.0; A2 = 1.0; Af = 1.0; and A | = 1.0. 

SUMMARY OF RESULTS AND CONCLUSIONS 

We have been able to show that anomalies of the type previously reported for collapsed group flux synthesis occur 
also for non-coUapsed synthesis calculations. 

The values found for the spurious eigenvalues cover a wide range from very large positive to very large negative 
values. The accompanying fluxes are quite unreahstic. The situation is one with a great deal of potential trouble for 
synthesis calculations performed by a machine code using a power iteration routine to search for the eigenvalues. 
The code would always converge to the largest kef/ and consequently would produce totally wrong results. 

The true solution could be present, as is the case in our calculation, but masqued completely "behind" the spurious 
one. The situation clearly deserves attention, and we intend to devote some time to it: by making a more detailed 
and systematic study of the behavior of Xs as a function of the parameters; by using the two-dimensional Argonne 
synthesis capability (the ARC system module SYK2D) to calculate the cases presented here by iterative methods; 
and by extending the theory to more complex cases. 
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IV-18. Modification of the Mult ireg ion Resonance Absorption Code RABBLE 

P. H. K I E R 

A method of computing regional slowing down 
sources has been developed which eliminates the in
stabilities^ that appeared previously. In RABBLE,^ 
the energy region of interest is divided into broad 
groups for which effective cross sections are edited. 
These broad groups are divided into very narrow fine 
groups of equal lethargy width. For each fine group an 
integral transport formulation uses regional slowing 
down sources to compute regional coUision densities. 

The regional slowing down source for a fine group of 
width Aw is the rate at which neutrons are scattered 

to AM. If the group extends from M to u + AM, the 
gional slowing down source is taken to be Siu)Au: 

Siu) = t r~^-~ r FsM')e - ( « — « ' • ) du, (1) 

where F^iu) is the rate at which neutrons are scattered 
at lethargy u by nuclide n, e„ is the maximum lethargy 
gain per collision (or scattering interval) for nucKde n, 
and a = ln(l/e„). The method of evaluating Siu) 
must be extremely fast because it is computed tens of 
thousands of times in typical problems. Obviously, 
straightforward numerical integration is too slow. The 
methods that had been tried were based on recursion 
formulations in which Eq. (1) is essentially differen
tiated: 

dSiu) 
du 

+ Siu) = F,iu) - aF.iu - i), (2) 

where, for simplicity of notation, the nuclide index has 
been suppressed. From Eq. (2) it can be seen that in a 
fast reactor in which the flux can be attenuated greatly 
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over a scattering interval, it is possible for negative 
slowing down sources to be computed. 

In the method of calculating the slowing down source 
that has eliminated these instabilities, the lethargy 
range of interest is divided into sections, each a scatter
ing interval wide. Thus lethargy t< = we -f § is in the 
in H- l)th section. The source is expressed as the sum 
of two components: one which consists of neutrons that 
are scattered from the same scattering interval section 
and another component which consists of neutrons that 
are scattered from the preceding section. 

For the first component, which will be denoted by 
Siiu), neutrons are scattered from the interval ne to 
ne -f d. Therefore Siiu) is given bj^ 
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in — l)e. Then S2.1 is found by substituting Fix) i ^ J ^ 
Eq. (3) and integrating over the appropriate limits: 

Siiu) 
1 

1 
/ du Fs(u )e -(.u—u^) (3) 

With the objective of relating Siiu) to Siiu — AM) let 
us rewrite Eq. (3) in the following form: 

Siiu) r duFXu')e~^^-'''^ 

+ duFsiu')e-'-''^'''\ 
a Jne 

(4) 

The second term on the right hand side of Eq. (4) is 
AM) ; hence Eq. 4 becomes: just e '^"Siiu 

Si,k = PiFs.k^i -\- e Si,k-i, (5) 

where k is the group index and Pi is the probability that 
a neutron is scattered down one group. It should be 
noted that Eq. (5) can be evaluated rapidly, that it 
does not require much memory and that it jdelds an 
inherently positive Si,h. 

To insure that the slowing down be positive, a some
what different procedure is used to compute the con
tribution to the slowing down source from the preceding 
scattering interval section, S^.k. The scattering rate 
distribution in the preceding interval is assumed to 
have an approximate form. Fix), where x = M — 

Si.k f 
Ji 

-(e+5—a:) p Fsix) dx. (6) 

A form for FJ^x) that has been quite satisfactory is 

Fsix) = e"'^(ai 4- a2X -f Sjx'). (7) 

The lethargj' moments of the scattering rate distribu
tion, 

M„ r x^'F.ix) 
Jo 

(8) 

are computed. Then the coefficients a„ are obtained by 
substituting Eq. (7) into Eq. (8), for n = 0, 1, 2, and 
by inverting the resulting matrix. The use of Eqs. (6) 
and (7) to compute S2,h has several favorable charac
teristics: Si.k is computed rapidly, it is positive, and 
it requires relatively little storage, in contrast to earlier 
formulations which required the storage of tens of 
thousands of scattering rates. 

Several other changes have been made in RABBLE 
to reduce its running time and to increase its utility. A 
major reduction in running time has been achieved bj' 
permitting the user to specify the number of closest 
resonances of a particular sequence that contribute to 
the cross section at a given energy. The utility of the 
program has been increased by permitting it to compute 
elastic scattering matrices, by allowing for a transverse 
buckling, and by permitting group cross sections to be 
averaged over specified regions. 
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ARNE P . OLSON 

The theory used by the RABID code to solve the 
one-dimensional slab geometry integral transport equa
tion for neutrons slowing down in the resonance energy 
region has been reported in Ref. 1. In that work, the 
integral transport equation was written as 

CR = P[So + R CR], (1) 

where CR and So are collision rate and source vectorfljfc 
P is a collision probability matrix, and E is a diagonaW^ 
matrix representing the probability of scattering within 
a group. 



olving Eq. (1), 

CR = W BV'So 

19. 

(2) 
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Formerly, the RABID code solved Eq. (1) by an ap
proximate method which had the property of reducing 
to the exact solution for the homogeneous case. Since 
that time it has been found possible to solve Eq. (2) 
exactly for heterogeneous problems without incurring 
more than a few percent increase in computation time. 

The basic fault of the approximate method was the 
build-up of errors in fluxes which came about as a result 
of errors in the spatial transfer of ingroup scattered neu
trons. In the rather extreme example of a binary cell 
consisting of a heavy-atom absorber plate and a light-
atom moderator plate, the flux in the absorber plate 
was overestimated by about 1 % when it was optically 
thin. Physically, most of the ingroup scattered neutrons 
were produced by collisions in the absorber plate, and 
should have suffered their next collision in the optically 
thick moderator plate. However, it was found that in 
the approximation method, the ingroup scattered neu
trons tended to remain in the absorber plate, giving too 
high a flux there. 

The matrix inversions of Eq. (2) can be eliminated 
by introducing the assumption that ingroup scattering 
does not occur. In order to conserve neutrons, the down-
scatter probability, P< (as defined in Eq. (10) of Ref. 
1), must be slightly altered. The sum of the down-
scatter probabilities must remain unitJ^ Noting that 

Z '̂' = 1 —Aw , -t 

e 5̂  1 (3) 

e " will conserve it is apparent that dividing Pt by 1 
neutrons when ingroup scattering has zero probability 
iPs = 0). In that case. 

P( AM = P< AM/(1 

1 - e""' 

*) 

- « - 1 ) A M 

1 
e = I *? L. 

(4) 

• : 

The user can decide whether or not to include ingroup 
scattering. An exhaustive study has not been made to 
establish how important this choice is. Certainly in 
many typical problems where L > 100, one can safely 
ignore ingroup scattering. Problems for which L < 100 
should be examined using both options before arbi
trarily ignoring ingroup scattering. 

In order to represent neutron losses by leakage from 
a finite-sized system with buckling B^, one need only 
scale the collision probability matrix P by a nonleakage 

obability, PNL. A reasonable definition of PNL is 
tained as follows: 

PNL, = <2«)* 
{S,), + {D},B^ (o ) 

where 
k is the fine-group index, 

(S()j, is the flux-volume-weighted total macroscopic 
cross section for the unit cell, 

KBEG KREG 

{^t}k = E (Su<^/cA),/ E i'l>kA)t (6) 
i= l t= l 

KREG KREG 

^ E i^t,4>k-iA)t/J2 (<^^-iA),, (7) 
»=i j = i 

A t is the thickness of region i, 
KREG is the number of regions, and 

{D)k = 
tCOMP KMAT 

E -̂ m E Nj„^fft, 
m = l 3=1 fe + ' ~ '') 

KCOMP 

E A„ 

(8) 

KCOMP and KMAT are the number of compositions 
and materials, respectively, and jioj is the average cosine 
of the scattering angle for material j . Hopefully, a 
better recipe for (D) can be found, for example, by using 
a transport-theory code which will account for leakage 
parallel and perpendicular to the plates in slab geome
try. In the meantime, it should be noted that PNL is 
rather insensitive to errors in (/)) for large systems. 
Also, group-averaged cross sections will in general be 
quite insensitive to (D). Provision has been made to 
use broad-group-dependent bucklings in finite systems. 

To illustrate the use of RABID in studying in-cell 
reaction rates, some results will be given for comparison 
with experiments on U-238 capture rates in ZPR-3 
Assemblies 53 and 54. In the experiments, depleted 
uranium foils were irradiated in the cell locations as 
shown in Fig. IV-19-1. 

Heterogeneously self-shielded, 23-epithermal-group 
neutron cross sections generated by MC were used by 
the TESS transport code in a one-dimensional, double 
Si2 cell calculation. The amplitude variation exhibited 
by this calculation was clearly too small, because the 
self-shielding of each foil was inadequately accounted 
for. 

More accurate calculations of the reaction rates in 
each foil were obtained from RABID. U-238 capture 
cross sections in the energy range from 24.8 keV to 
3.35 keV (a span of 8 j\IC fine groups, each 0.25 
lethargy units wide) were obtained from statistically 
generated resolved resonance sequences for ( / , / ) states 
of (1/2,0), (1/2,1), and (3/2,1). The Schmidt* tabula
tion was used for both the unresolved and the resolved 
resonance parameters. The resonance sequences were 
centered on each MC fine group. Resolved U-238 
resonances were used from 3.35 keV down to 13.7 eV. 
Resolved resonances for aluminum, iron, chromium, 
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F I G . IV-19-1. U-238 In-Cell Capture Rates in ZPR--3 Assemblies 53 and 54. ANL-ID-lOS-AUmo. 

and nickel were used from 24.8 keV to 13.7 eV. Smooth 
cross sections for Pu-239 were used down to 275 eV, 
below which resolved resonance parameters were used. 
Similarly, Pu-240 was accounted for by smooth cross 
sections above 130 eV and resolved resonances below 
130 eV. Fine group fluxes from an ultra-fine group 
homogeneous 'MCf calculation were used to weight the 
RABID foil reaction rates. Above 24.8 keV the spatial 
flux was very flat, the self-shielding of each foil became 
uniform, and the contribution to the total capture rate 
was about 28 %. The RABID calculations are the same 
(to within 0.3%) whether a spatially flat flux is as
sumed above 24.8 keV, or if TESS spatial fluxes are 
used to weight the foil activations. Also, the contribu
tion by neutrons below 13.7 eV is neghgible. The ampH-
tude variation shown by this calculation would be ex
pected to increase sHghtly if resonance sequences were 
used above 24.8 keV, but not enough to display the 
experimental variation. 

It is concluded that broad-group transport calcula

tions of L -̂238 capture rates in foils are rather inade
quate, and that "exact" RABID calculations agree 
fairlj' well with experiment. Uncertainties in FT-238 
resonance parameters maj^ explain those differences re
maining between theory and experiment. Also, "scat
ter" in the experimental data indicates that the errors 
assigned to them may be too small. 
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IV-20. Tes t ing of the Perturbat ion Modules i n the Argonne 
Reactor C o m p u t a t i o n (ARC) S y s t e m 

P. H. KIER 

Testing of the ID-perturbation module and the 2D-
perturbation module in the ARC system' and their 
associated paths, which was begun during the pre
ceding hscal year, was completed successfully during 
this period. The types of perturbations considered 
were: changes in chi fission vectors and matrices, 
changes in isotopic cross sections, and region-dependent 
buckling changes. Also the capability of computing the 
effective delayed neutron fraction was tested. An error 
in the modules that appeared with a change in trans
verse leakage was uncovered and corrected. This error 
accounted for the discrepancies between the results of 
perturbation and of diffusion calculations that were 
reported earlier.^ 

TABLJO 1V~20~1. CoNFiGi H.vTio\ I O R COMPOSITION C H I 
M A T R I X P L R H R B W I O N S 

Region 

1 

2 

3 

4 

'S outer , 
cm 

10 

60 

80 

110 

Composition 

1 

2 

3 

4 

Material 

B l 
B2 

Cl 
C2 

B l 
B2 
Cl 
C2 

R l 

Volume 
Fraction 

1.0 
1.0 

1.0 
1.0 

0.7 
0.7 
0.3 
0.3 

1.0 

CHI ^IATRIX AND VECTOR PERTURBATIONS 

Problems were run with both the ID- and the 2D-
perturbation standard paths in which an isotopic cross 
section set, ARC.J^I31F, was used which has fission
able isotopes with different chi vectors. Isotopes sub
scripted with " B " have one chi vector while isotopes 
subscripted with "C" have the standard data set chi 
vector. The problems were run for a parallelepiped re
actor described in Table IV-20-I and IV-20-II. Because 
Composition 3 is composed of isotopes with different chi 
vectors it has a chi matrix. A ID criticality search re
sulted in a critical half-height of 92.02078 cm (the ex
trapolation distance was taken to be 16 cm) in the two 
transverse directions. In the 2D computations, the half-
height of the reactor in the ^/-direction was taken as 
92.03078 cm and a logarithmic boundary condition 
was imposed so that a cosine flux distribution would 
vanish at 108.03078 cm. 

The description of the problems and the comparison 
of the results of ID-perturbation, 2D-pertiirbation and 
ID-diffusion calculations are given in Table IV-20-III. 
For these calculations and others to be described the dif
fusion calculations were run with very tight convergence 
criteria so that k was computed with eight figure ac
curacy. In these problems, the chi vector for certain 
isotopes was perturbed by multiplying it by a factor for 
specified groups to yield reactivities between 10^* and 
l(y-i^ As can be seen from Table IV-20-III the agree
ment between the three types of calculations is excel
lent. 

Problems vere also run to test the ID-perturbation 

TABLE IV-20-1I. ISOTOPIC CONCENTRATIONS o r ^IviLHiiLs FOR COMPOSITION.^ LSLD IN C H I 

MiTKix PERTURBATIONS, lO'̂ '' atoms/cin=' 

Material 

B l 

B2 

Cl 

b -
W 

R l 

Isotope 

Fe B 
Na B 

U-235 B 

Fe C 
Na C 

U-235 C 

Fe R 
N a R 

Cone. 

0.03 
0.006 

0.000025 

0.03 
0.008 

0.00004 

0.04 
0.01 

Isotope 

Ni B 

U-238 B 

Ni C 

U-238 C 

Ni R 

Cone. 

0,003 

0 01 

0 003 

0 008 

0 004 

Isotope 

Cr B 

Cr C 

Pu-239 C 

Cr R 

Cone. 

0.006 

0 000 

0.0013 

0.008 
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TABLE IV-20-III . COMPARISON OF I D - D I F F U S I O N AND 2 D -

P E R T I I R B A T I O N CvLCULlTIONS FOR C H I V E O T O R C H A N G E S 

Isotope 

U-235 B 
U-236 B 
S E T C H I 
S E T C H I 
S E T C H I 

Factor 

20 
1.1 
1 0004 
1,01 
1.004 

Group 

From 

6 
1 
1 
5 
5 

To 

7 
22 
22 

5 
7 

ID-Diff. 

8.100 
2.029 
3.943 
1 684 
2.824 

Ak/k^, 10-^ 

ID-Pert. 

8.034 
2.028 
3.943 
1.684 
2.824 

2D-Pert. 

8.033 
2.028 
3.942 
1.684 
2.824 

TABLE IV-20-IV. DESCRIPTION OF CRITICAL SPHERICAL 

RF.ACTOR FOR ISOTOPIC C H I M A T R I X PERTURBATIONS 

Region 

1 

2 

Radius, 
cm 

22.594 

55.094 

Composition 

1 

2 

Isotope 

U-235 
U-238 
AI 
Ni 
Cr 
Fe 

U-236 
U-238 
AI 
Ni 
Cr 
Fe 

Concentra
tion, 
10« 

atoms/cm^ 

0.006727 
0.007576 
0.019019 
0.000839 
0.001918 
0.007712 

0.000089 
0.040026 
0.001359 
0.000049 
0.001129 
0.004539 

module with respect to perturbations in the neutron 
source induced by changes in isotopic chi matrices. For 
these problems the 26-group, Bonderenko, isotopic cross 
section set, XS233.D1R was used. The reactor was cho
sen to be a two-region sphere with compositions shown 
in Table IV-20-IV. The outer radii for criticality were 
obtained from a search within which the mesh was 
changed. 

The description of the problems and the comparison 
between the results of ID-perturbation and ID-diffu
sion calculations are given in Table IV-20-V. The cross 
section set has an energy structure such that neutrons 
are born in Groups 1-11 and a neutron can induce 
fission of U-238 only in Groups 1-5. In the first four 
problems selected elements of the chi matrix for U-235 
were multiplied by the factor / . In the fifth problem, 
elements of the chi matrix for U-238 for source neutrons 
appearing in Groups 12-18 were made non-zero. In the 
last problem, neutron-induced fission reactions for U-
238 were added in Groups 6-10 and the chi matrix was 
changed so that source neutrons appear in all groups. 
For all six problems the agreement between perturba
tion and diffusion calculations is excellent, the dis
crepancies being less than 0.1 %. 

ISOTOPIC CROSS SECTION PEETUBBATIONS 

Problems were run to test the perturbation modules 
with respect to changes in cross sections for specified 
reactions and groups for specified isotopes. The con
figuration considered and the cross section set used 
were the same as in the chi vector perturbation prob
lems described earlier. The cross sections, a/ , <Jc, va/ 
and atr were perturbed by multiplying them by a factor 
for specified groups. The description of the problems 
and the final comparison of ID-diffusion, ID-perturba
tion, and 2D-perturbation calculations are given in 
Table IV-20-VI. It can be seen that the agreement is 
excellent. 

When these problems were first run there were large 
discrepancies between the diffusion calculations and the 
perturbation calculations when the transport cross sec
tion was changed. It was found that the limits of inte
gration in transverse directions were being taken as the 
physical heights of the reactor. However this was in
consistent with diffusion theory in which the only rele
vant transverse dimension is the extrapolated height. 
The basic equation for Ak/k'^ used by the perturbation 
modules is 

dii/k) 
= <[5M - il/k)SF],l>, <!>*•} 

{F'i>, $*) (1) 

where F is the fission operator, AI is the operator that 
contains the Laplacian, absorption and scattering terms, 
<̂  is the real flux, and <̂ * is the adjoint flux. The brackets 
represent the inner product integrated over the volume 
of the reactor. The use of incorrect limits of integration 
in Eq. (1) causes errors only when there is a change in 
transverse leakage so that discrepancies arose when the 
transport cross section was perturbed. 

The perturbation modules were modified such that 
the limits of transverse integration in the denominator 
of Eq. (1) were fixed at the extrapolated height of the 

TABLE IV-20-V. COMPARISON OF THE R E S U L T S OF P E R T U R 

BATION AND D I F F U S I O N COMPUTATIONS FOR ISOTOPIC C H I 

M A T R I X CHANGES IN A T W O - R E G I O N SPHERICAL REACTOR 

Isotope 

U-235 
U-235 
U-235 
U-235 
U-238 
U-238 

Matrix 
Perturbed for 

Groups: 

Ab
sorp
tion 

1-26 
1-26 
3-6 
3-6 
1-6 
6-10 

Source 

1-11 
3-6 
1-11 
3-6 

12-18 
1-26 

/ 

1.0006 
1.0006 
1.001 
1.002 

X i ) 

0.005 
0.00026" 

Ali/P, 10--' 

Diffu
sion 

1.707 
1.332 

Pertur
bation 

1.708 
1.332 

1.505 j 1.505^ 
1.466 
1.701 
1.631 

1.46(i 
1.702^ 
1.532 

pXf = 0.1 was added in groups 6-10. 
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' ]5LE IV-20-VI. COMPARISON OF I D - D I F F U S I O N , I D - P E R T U R B A T I O N , AND 2D-PEKTnRBATioN CALCULATIONS FOR CHANGES 

IN ISOTOPIC CROSS SECTIONS 

Isotope 

U-235 B 
U-235 B 
U-238 B 
U-238 B 
Pu-239 C 
Pu-239 C 
Na C 
N a C 
Na C 
Na C 

(T^ 

cr/ 

af 

O'c 

Oc 

vZ, 

V^j 

air 

atr 

a-tr 

Ttr 

Groups 

From 

1 
22 

1 
22 

1 
5 
1 
1 
1 
1 

To 

22 
22 
22 
22 
22 

5 
22 
22 
22 
22 

Factor 

1.15 
1.76 
1.003 
1.0075 
1.0002 
1.1 
1.04 
1.01 
1.004 
1.01 

ID-Diff. 

- 1 . 2 9 5 
- 1 . 7 9 0 
- 1 . 4 9 6 
- 1 . 4 6 2 

1.739 
1.304 
6.311 
1.581 
0.633 

Ak/k'', 10-' 

ID-Pert. 

- 1 . 2 9 6 
- 1 . 7 9 6 
- 1 . 4 9 8 
- 1 . 4 6 5 

1.739 
1.304 
6.315 
1.579 
0.632 
1.317« 

2D-Pert. 

- 1 . 2 9 6 
- 1 . 7 9 6 
- 1 . 4 9 7 
- 1 . 4 6 3 

1.739 
1.304 

1.316'' 

» Per turbat ion extended over extrapolated height in z-direction and over physical height in i/-direction. 
'' Per turbat ion extended over extrapolated height in z-direction; boundary condition imposed at phj^sioal height. 

TABLE IV-20-VII. R E . tCTOR CONFIGURATION FOR 2D 
R E G I O N - D E P E N D E N T BUCKLING PERTURB.4.TIONS 

Region 

1 
2 
3 
4 

Comp. 

C l 
C2 
C3 
C4 

X-Dimensions, 
cm 

0-9.2 
9.2-54.0 

54,0-94.0 

Mesh Points 

4 
12 
12 

94.0-148.0 8 

TABLE IV-20-VIII. COMPARISON OF PERTURBATION AND 
D I F F U S I O N C.ILCCLATIONS FOR 2D R E G I O N - D E P E N D E N T 

BUCKLING PERTURB.ITIONS 

reactor, while the limits of integration in the numerator 
are specified by the user. The latter permits the reactor 
to be perturbed over only a part of the transverse dis
tance and gives the perturbation modules the same 
versatility as the JMACH-1'^' package. 

The validity of perturbing only part of the reactor in 
the transverse direction was confirmed as follows. A 
ID-perturbation calculation was run in which the 
perturbation extended over the extrapolated half-
height, 108 cm, in the ^-direction and over the physical 
half-height, 92 cm, in the ^/-direction, etc. This system 
was mocked up in a 2D-perturbation problem by hav
ing the perturbation extend over the extrapolated half-
height in the 2-direction and by imposing a logarithmic 
boundary condition at the physicial half-height. From 
Table IV-20-VI we saw that the agreement between the 
ID- and the 2D-perturbation calculations was excellent. 

REGION-DEPENDENT BUCKLING PERTURBATIONS 

Problems were run to test the 2D-perturbation 
module with respect to region-dependent buckling 
changes for finite x-y geometry. The reactor was com
posed of the four compositions that are described in 
}ables V-5-1 and V-5-2 of Ref. 2. In the ^/-direction, 

''the reactor was taken to be uniform with a physical 
half-height of 102 cm. A logarithmic boundary condition 
was imposed to correspond to an extrapolation distance 

Problem 

1 
2 
3 

Region 

1 
2 
3 

Half 
Height, 

cm 

102.5 
100.882 
96.0 

Extrap. 
Distance, 

cm 

16.0 
16.75 
16.0 

A k/k, lO-i 

Diffu
sion 

1.006 
- 1 . 2 0 3 
- 1 . 0 9 3 

Pert. 

1.0053 
-1 .2024 
- 1 . 0 9 6 

of 14 cm. A buckling search was made to attain the 
critical system; it converged to an extrapolated half-
height of 116.882 cm for the transverse 2-direction. 

The configuration is described in Table IV-20-VII 
and the comparison of results of perturbation with dif
fusion calculations is given in Table IV-20-VIII. From 
Table IV-20-VIII, we see excellent agreement between 
the results of diffusion and perturbation calculations, 
the discrepancies being less than 0.1 %. 

EFFECTIVE DELAYED NEUTRON FRACTION 

During the fiscal year, data on delayed neutron 
parameters have been incorporated into the ARC sys
tem and the perturbation modules and their associated 
standard paths have been modified to use these data to
gether with the real and adjoint fluxes to compute the 
effective delayed neutron fraction |8<,// . 

For the same reactor configuration as was used in the 
testing for region-dependent buckhng perturbations, 
the ID- and 2D-perturbation modules were tested for 
the calculation of j3eff. The computed ffeff differed by 
only 0.1 % between the two modules when using iden
tical basic ENDF delayed neutron data. The jSe/f com
puted by the ARC modules differed from that com
puted by the BAILEFF portion of the lMACH-1 
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package by approximately 1 %. Much of this discrep
ancy can be attributed to approximate neutron emis
sion spectra in the ]MACH-1 library. 
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I V - 2 1 . M o d i f i c a t i o n s l o t h e I n t e g r a l T r a n s p o r t H e t e r o g e n e i t y C o d e C A L H E T - 2 

ARNE P. OLSON and P. H. K I E R 

A method for calculating heterogeneity effects on 
flux, adjoint flux, and eigenvalue in fast reactors was 
developed by Storrer et al. It consisted of considering 
the difference between the true heterogeneous structure 
of a reactor and the homogeneous equivalent as a per
turbation. This integral transport perturbation method 
is the basis for the CALHET-2 code.^ 

CALHET-3 is the Argonne version of CALHET-2. 
Extensive modifications have been made in order to in
crease its speed, accuracj^, and scope. For example, in
teraction with the ARC system^ without cross section 
format conversion problems is now achieved through 
the ability to read input cross sections in XS.IS0 
(ARC) format. 

A new output edit option is available in which neu
tron cross sections are cell-averaged using real flux 
weighting, and placed in an XS.IS0 data set. The 
method of cross section weighting is as follows: 

(a") = cr" f ct>ix)Nix)dx / NK [ 4>ix) dx 
Jcell I L ^cell 

(1) 

(2) 

where 0? is the real flux in group g and in plate f; N, is 
the atom density of a given material in plate j ; and V, 
is the volume of plate j , respectively. The homogeneous 
atom density of the given material is 

i:N,v,/Y.Vi. Nn (3) 

The same weighting factor is applied to cr" for all reac
tion processes: o-j, , a^, aj , and o-j,̂ , [elastic, inelastic, 
or (w,2n) scattering]. 

Collision probabilities are obtained using the methods 
which were developed for RABID. That is, the col
lision probabilities are calculated from analytical ex
pressions or by numerical integration using a special 
4-point Gaussian quadrature. The original collision 
probability calculation performed b}' CALHET used a 

oO-point Simpson's Rule numerical integration. It was 
found that collision probabilities were obtained by the 
methods used in RABID in about 20 % of the time re
quired by the Simpson's Rule approach. The acciiracj'' 
of the latter method was also inferior, especially for 
optically thin plates. 

Neutron leakage originally was accounted for by in
troducing a group-dependent DgBg term as a fictitious 
absorption cross section. Another treatment now op
tional consists of reducing the collision probabilities b}^ 
a group-dependent non-leakage probability: 

PNL" = (S?.) 
(S?̂ ) + D,B\ 

(4) 

where (S?,) is the homogenized macroscopic transport 
cross section in group g. An additional feature now avail
able is provision for using different DgBg terms in cal
culating the homogeneous collision probabilities than 
those used in calculating the heterogeneous coUision 
probabilities. In this maimer, the effects of streaming 
introduced by neutron leakage parallel to the plates 
can bo included if an appropriate recipe for the D^Bg 
were available. 

The capability of treating a cylindrical cell which 
consists of a rod surrounded by concentric anntili has 
been incorporated into the code. The collision proba
bilities for this configuration are obtained from an 
adaptation of the method used to obtain regional colli
sion densities from regional slowing-down sources in 
RABBLE. '̂*^ In RABBLE, the regional collision densi
ties are obtained from the regional source distribution 
by an integral transport procedure which utihzes the 
first-flight escape probabihties for a spatially flat volume 
source in an annular region and the first-flight transmisamii 
sion probabilities for neutrons impinging on one of ff^HB 
surfaces of an annular region. If in the RABBLE formu-
lation the source distribution is taken as unitj' in region 
i and zero elsewhere, the resulting collision density in 
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ion j is identically the collision probability that is 
needed by CALHET-3. 

A subroutine has been incorporated into CALHET-3 
which solves the PtABBLh] algorithm for regional source 
distributions that are Kronecker delta functions. For 
each energy group, the algorithm is solved N 0 R times, 
where N0R is the number of regions. 
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I V - 2 2 . T h e I m p r o v e d S p a t i a l C r o s s S e c t i o n H o m o g e n i z a l i o n C a p a b i l i t y 
o f t h e D o u b l e Sn T r a n s p o r t T h e o r y C o d e T E S S 

J. P. PLUMMER and R. W. GOIN 

INTRODUCTION 

TESS is a one-dimensional code which solves the 
transport equation in slab or spherical geometry and 
has been operational on the CDC-3600 computer since 
early 1968. The code is based on a direct method of solu
tion (i.e., one requiring no "inner iterations") of the 
double *S„ formulation in slab geometry, developed by 
G. E. Putnam and programmed as the MIST Code.' 
TESS allows up to 26 groups, 150 mesh points, 40 re
gions and 20 angular intervals. The number of down-
scatter groups is limited to 12 with the option of one-
group Pi anisotropic downscatter. TESS has certain 
user conveniences, like change case capability and flux 
or bilinear (flux and adjoint) cross section homogeniza-
tion over both space and energy. Currently TESS oper
ates on a CDC 3600. 

TESS was written to perform heterogeneity analysis 
on the plate-type Argonne fast critical facilities. The 
cross section homogenization routine is thus a major 
feature of the program, and this has been completely re
vised and expanded recently. The theory upon which all 
the weighting prescriptions now programmed in TESS 
are based is due to R. B. Nicholson.^ This theory indi
cates that the proper normalization of the cross section 
weighting expressions depends on whether the entire 
system of repeating cells is to be represented as a slab 
or an equivalent sphere in a later calculation in which 

e homogenized cross sections would be used as the 
•e composition data. Furthermore, a system with 

'akage predomioantly parallel to the plates, rather 
than perpendicular, is better treated by a third nor
malization. 

~?eal 

T H E CHANGES TO THE PROGRAM 

The various weighting options differ in the way in 
which the quantity—called r; in Ref. 2—which divides 
every weighted cross section is calculated. Following 
are the three different expressions for TJ : 

(1) 

(2) 
r}a 

1 
ITTV 

Y.n Kix,il)Ntix,Q)dVdQ (1) 
atG J J 

^ E \lKix,il)\p.\Ntix,<il)dV 
i-TTV gtG J J 

v'P - ^.T. Umix,Q) 
TT^V geG J J 

(M (2) 

(3) 
• V l - iJ.^Nl'ix,Q)rlVdQ. 

N'gix,Q) and NI (a;,0) are the angular flux and adjoint, 
respectively, and are functions of position and angle; 
V is the volume of the repeating cell; g is an energy 
group within homogenized energy group G (if one is 
doing group collapse); Q, is the direction vector of the 
neutron, with n being the direction cosine with respect 
to a designated direction (in TESS, the p, = 0 direction 
is perpendicular to the direction of the one-dimensional 
calculation; hence the two values of /x = 0 in slab ge
ometry properly treat discontinuities in the angular 
flux at slab interfaces and allow higher accuracy at lower 
angular order than single S„ codes.); finally, the super
script "c" on the angular flux and adjoint denotes that 
these quantities are solutions to the cell problem with 
appropriate leakages and boundarj- conditions input to 
the code. 

Let us assume that the structure of an individual cell 
in the repeating lattice is in slab geometry. However, if 
the entire system is to be represented in the ensuing 
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TABLE IV-22-I. REVISED OUTPUT OPTIONS IN TESS 

XOT Weighting 
A^ HZ [ f f dVdQ do! 

6 
6 
7 
8 
9 

10 

Bilinear 
Flux 
Flux 
Bilinear 
Flux 
Bilinear 

1 
1 
2 
2 
3 
3 

l^-wW-nGgiO i€.J J J J f g ) 

•'N'';ix,Q)%'gix)Nl]ix,^) 

v(i) ^Y.Y.\dvt^:ix) 
TT V7]G giG ]tJ J I&TTWT] 

•fdQ\,x\ Ng'ix,Q) f do.'I p.'I N'gix,9.'). 

(7) 

calculation by an equivalent sphere, the proper r? to 
use is ?7*̂ '. If the entire system is a slab, ?j'̂ ' is preferable. 
If it is a cylinder, one must decide whether its height-
to-diameter ratio makes it closer to a sphere or a slab. 
The third expression defines r;''', and use of ri ^^ is indi
cated in the special case in which the leakage from the 
system is predominantly parallel to the plates. Table 
IV-22-I shows which values of the output parameter 
NOT correspond to which cross section homogenization 
schemes. For NOT = NOT -|- 6, the weighting option 
•s unchanged, but the code expects fluxes (and ad-
•oints if bilinear weighting is to be performed) already 

Expressions (4) through (7) define, respectively, the 
homogenized total cross section, fission cross section 
(multiphed by the fission spectrum fraction in ho
mogenized group G and the number of neutrons pro
duced per fission of a neutron with energy in homoge
nized group J), isotropic scattering cross section, and 
first-order anisotropic scattering cross section. 

We shall briefly indicate how the code performs the 
numerical integration of products of functions de
pending on both position and angle. Take, for example, 
1)0 as defined in expression (3). Both flux and adjoint 
are expanded to the following order in a two-variable, 
finite difference Taylor series: 

fir,p.) = fijt ,Pj) + 
firi+i,Pj) — /(r,-,Mj) 

(r. U) 
ir — fi) -f firi,pj+i) ~ firt,nj) 

in — P;) 

'fin +i,pi+i) 

it^j+i — Pi) 

firi+i ,PJ) - / ( n ,Pj+i) + firi ,p,) 
(8) 

(r — rdip P] 

stored in memory from a preceding problem. For values 
of NOT < 5, TESS does not do cross section homogeni
zation. It should be pointed out that the onljr option for 
cell weighting of cross sections which works in spherical 
geometry is NOT = 6. 

The options NOT = 7 and 8 have been thoroughljr 
tested and compared in the GEDANKEN studies, the 
results of which have been reported in Ref. 3. The op
tions NOT = 0 and 6 did not apply since the GEDAN
KEN systems are semi-infinite slabs but occasional use 
of NOT = 6 gave a heterogeneity factor typically about 
15% too high. The results for NOT = 7 and 8 were 
invariabljr (juite good, to the extent that a choice be
tween the two would be difficult to make. 

It is of interest to repeat here the expressions for the 
various cell averaged quantities just as they are de
fined in Ref. 2, because this is exactly what TESS cal
culates: 

Se = do. dV 

Ntix,moix)Nlix,Q) + Ntix,Q) " '^^°ff'^^ 
-, (4) 

{xv^f)ja = 
g€0 jeJ J J J 

dV dQ dS 
l&7rWlflO gta jeJ J J J ( 5 ) 

•Nfix,Q)xoV,^fjix)N:ix,Q') 

(r,-+i — ri)ipj+i — pj) 

This expansion applies to the ranges r̂  < r < )\+i and 
Pj ^ P ^ Pj+i • The product of an expansion like this 
for the flux and a similar one for the adjoint is formed. 
Each term is multiphed by -s/l — p^. The resulting 
lengthy expression is then integrated analyticallj^ from 
p, to /Xj+i and from fj to ?\+i . This expression is then 
summed over all i in the cell and all j such that pj runs 
from —1 to 1. 

There has been one more significant addition to 
TESS, and that is in the area of leakage treatment. 
As mentioned previously, TESS accepts buckling input 
in any of four forms: 1) a single value of B ; 2) a differ
ent value of B for each material; 3) a different value of 
JB" for each group, independent of material; and 4) a 
different value of B for each group and each material. 
The choice is determined by setting input parameter 
IBUK equal to 1, 2, 3, or 4, respectively. The code 
calculates D for each group and material as l /(3St) 
and calculates DB^ for each group and material which 
it then adds to S( as a pseudo-absorption cross section. 
After the flux iterations have converged, the DB^ addi
tions are subtracted from the S; values so that any 
ensuing cross section homogenization is done correct 
The new addition to TESS involves an entirely differed 
method of handling leakages, developed by A. P. Olson 

,nv 
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the CALHET-2 code. It consists of multiplying the 
source term for each group by a non-leakage probability 
for that group which is simply S;/ (S ( + DB^). The cross 
sections are unaltered, and in this case the user inputs 
as many DB (not B ) values to the code as there are 
energjr groups in the calculation. The option is chosen 
by setting IBUK = 5. Comparisons of the effectiveness 
of this option, compared to IBUK = 4, are also made 
in Ref. 3. Both gave quite good results. 

WORK STILL IN PROGRESS 

The options NOT = 9 and 10 are still being tested 
to determine how useful they are. Due to the reduction 
in the number of tapes available to the CDC 3600, the 
reaction rate option in TESS is currently not available. 
This calculation will probably be converted to employ a 

disk. The manual for TESS is now near completion 
and will be released as AXL-7406('". 
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IV-23. Self Shie lding of Annular and Solid Cylinders 

R. B. NICHOLSON 

There are in the available literature^ tabulations and 
graphical presentations of neutron self-shielding factors 
for monoenergetic neutrons and pure absorbers (negligi
ble scattering). I t has been found convenient in the 
analysis of central reactivity worth samples in the fast 
critical assemblies to develop some analytical approxi
mations for the self-shielding factors and related func
tions for use on the computer. Also it was useful to de
rive a simple correction factor for finite-length thin-
walled annular cylinders. Usually in the experiments 
the mean chord length in the sample is less—and often 
much less—than a neutron mean free path. One can 
therefore employ series expansions. 

In this paper the self-shielding factor is the ratio of 
the average flux in the sample to the incident surface 
flux. The latter is assumed to be monoenergetic, iso
tropic, and unperturbed by the presence of the sample. 
The monoenergetic limitation can of course be removed 
by averaging the self-shielding factor / over the inci
dent energy spectrum. 

INFINITE SOLID CYLINDERS 

The self-shielding factor for an infinite solid cylinder 
can be expressed as an integral over the K% function : 

1 / cos dK%{2i, cos e) de 
T Jo / = 2? 

where 

1 = R^, Ki,(x) = f^ ~^\e - ly • dt 

e 
R is the radius of the cyUnder, and S is the macroscopic 
cross section (pure absorber). 

An infinite series expression for / in the expansion 
parameter J is obtained by integrating the expansion 
for Kiz. The Ki^ expansion is obtained by a threefold 
integral of the expansion for the Ko Bessel function. 
The result is 

6 M=o 
In a), 

where 

a„ = In 2 -f (-I-—0-
+ 

12n + 24ra + 11 
(2n -f l)(2n + 2)(2n + 3) 

E 1 
=0 (2m -1- l)(2m + 2) 

bn = 
4(2n - 1)!! 

(n + l)(n!)2(2n -f 4)!! 

7 = 0.5772156649015. 

The first three coefficients are given in Table IV-23-I. 

m(TO — 2) (m — 4) • • • (1) m odd 
m{m — 2) (m — 4) • • • (2) m even. 
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Because of the rapid convergence of the coefficients 
of the series, it is a practical calculational formula for 
values of J < 2.0. Asymptotic formulae are available^ 
for larger values. 

INFINITE HOLLOW CYLINDEES 

The situation is more complex for the hollow cylinders 
and the most economical approach appears to be solu
tion of the final integral by a computer. The self-shield
ing factor is^ 

/ = - { I cos dKiiim cos 6) dd 
IT [Jei 

- f / COS dKis.[m{(i08 6 

m COS di, 

where 

- Vcos^ d - cos^ di)] d6 

m = 2Ro^ 

di = sin"' (Ri/Ro) 

and J?o and Ri are the outside and inside radii of the 
hollow cylinder, respectively. 

We have found power series and asymptotic expan
sions for Kii suitable for small and large values of the 
argument respectively. However, many terms are re
quired to obtain good accuracy at intermediate values. 
A more useful approximation for use on the computer 

TABLE IV-23-I. COEFFICIENTS FOB S E B I E S EXPANSION OP 

/ FOB I N F I N I T E SOLID CYLINDERS 

n 

0 

1 

2 

dn 

l n 2 - 7 + ' 
4 

l n 2 ™ 7 + ^ 

'°2--+S 

bn 

1 

2 

1 

24 

1 

384 

.• is given in terms of a ratio of polynomials^ and is v; 
for the complete range of arguments. Table IV-23 
gives the results for / for the range of radii and cross 
sections of interest in the critical assembly measure
ments. 

THIN-WALLED FINITE HOLLOW CYLINDERS 

The reactivity samples for the critical assembly meas
urements do not have a high enough length-to-diameter 
ratio to treat them as infinite cylinders with no end 
correction. The correction can be made to an accepta
ble approximation by considering the ratio of self-

TABLE IV-23-III. SELF-SHIELDING FACTOR FOE F I N I T E 

T H I N - W A L L E D HOLLOW CYLINDERS 

i 

0.01 
0.02 
0.05 
0.10 
0.20 
0.50 
1.0 
2.0 
5.0 

L/D 

0.25 

0.979 
0.963 
0.927 
0.880 
0.809 
0.665 
0.519 
0.366 
0.173 

0.5 

0.978 
0.961 
0.922 
0.872 
0.796 
0.645 
0.495 
0.333 
0.158 

1.0 

0.976 
0.958 
0.917 
0.863 
0.781 
0.621 
0.464 
0.303 
0.139 

2.5 

0.975 
0.956 
0.910 
0.852 
0.763 
0.591 
0.428 
0.268 
0.118 

5.0 

0.974 
0.954 
0.907 
0.846 
0.753 
0.575 
0.410 
0.252 
0.109 

10.0 

0.973 
0.953 
0.904 
0.842 
0.747 
0.566 
0.400 
0.244 
0.105 

25.0 

0.973 
0.952 
0.903 
0.839 
0.743 
0.561 
0.394 
0.238 
0.102 

TABLE IV-23-IV. R A T I O OF SELF-SHIELDING FACTORS FOB 

F I N I T E AND I N F I N I T E T H I N - W A L L E D HOLLOW CYLINDERS 

f 

0.01 
0.02 
0.05 
0.10 
0.20 
0.50 
1.0 
2.0 
5.0 

L/D 

0.25 

1.007 
1.012 
1.028 
1.052 
1.093 
1.196 
1.330 
1.518 
1.734 

O.S 

1.005 
1.010 
1.023 
1.042 
1.075 
1.159 
1.268 
1.417 
1.584 

1.0 

1.004 
1.007 
1.017 
1.031 
1.055 
1.115 
1.190 
1.290 
1.394 

2.5 

1.002 
1.004 
1.010 
1.017 
1.030 
1.061 
1.096 
1.140 
1.185 

S.O 

1.001 
1.003 
1.006 
1.010 
1.017 
1.033 
1.061 
1.073 
1.096 

10.0 

1.000 
001 
003 
006 
009 
017 
026 
037 
048 

2S.0 

1.000 
001 
001 
002 
004 
007 
010 
015 
019 

TABLE IV-23-11. S E L F - S H I E L D I N G FACTOR FOB I N F I N I T E HOLLOW CYLINDERS 

RoS 

0.10 
0 
0 
1 
2 
5 

10 

20 
50 
0 
0 
0 
0 

0.95 

0.984 
0 
0 
0 
0 
0 
0 

969 
928 
868 
770 
577 
402 

0.90 

0.972 
0.946 
0.878 
0.786 
0.646 
0.414 
0.248 

0.85 

0.962 
0.927 
0.838 
0.721 
0.669 
0.320 
0.176 

0.80 

0.953 
0.910 
0.804 
0.670 
0.495 
0.261 
0.138 

R,/Ro 

0.75 

0.944 
0 
0 
0 
0 
0 
0 

896 
774 
627 
444 
220 
114 

0.70 

0.937 
0 
0 
0 
0 
0 
0 

882 
748 
591 
404 
192 
098 

0.65 

0.930 
0 
0 
0 
0 
0 
0 

869 
726 
560 
371 
170 
086 

0.60 

0.923 
0.858 
0.705 
0.633 
0.345 
0.154 
0.078 

0.55 

0.918 
0.848 
0.686 
0.610 
0.323 
0.142 
0.072 

0.50 

0.912 
0 
0 
0 
0 
0 
0 

839 
670_ 

mk ^ 
132 
067 
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gelding factors for finite and infinite hollow cylinders 
calculated in the thin-walled limit. The parameter of 
thinness in this case is the ratio of thickness-to-diameter. 
It is not necessary for the thickness to be small com
pared to a mean-free path, although this is usualty also 
true in the fast critical experiments. 

In the thin-walled limit we find 
tan™! (xL/cos 0) 

f=± dd dx 

( -( ) 
\cos 0 cos (j>/ 

cos 6 cos $ 

TTJ 

where 

1 — exp 

- de dx 
TTJ JO JO •'tan~' 

cos 6 cos <j>/ 
ir/2 1,1 pTcli 

i $ 

{XLIGQB d) 

COS 0 cos # 

exp ( J ] rf$, 
\ 2 COS B cos $ / J 

t = wall thickness 
L = ratio of length to diameter. 

In the same limit the self-shielding factor for an in
finite cylinder is 

/ » = — : / dd I dx \ d^ cos B cos^ $ 
TTg Jo •'0 Jo 

( -^ )1 
\cos 0 cos $/_ 

1 — exp d^. 

Table IV-23-III gives / as a function of | and L for the 
thin-walled finite cjdinder. Table IV-23-IV is the ratio 
o f / t o / „ . 
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TV-24. A n Extended Equivalance Relat ion 

C. N. KELBEH 

Despite advances in computing hardware and meth
ods, the computation of resonance capture still repre
sents a serious problem. In an effort to reduce computing 
time, recourse is frequently made to the equivalence 
relation as modified bj- Levine and Bell. Such a 
method represents the escape probability from the 
lump by Wigner's rational approximation. The approxi
mation is modified by dividing the mean chord length 
in the lump by a material-dependent factor, A. 

Otter pointed out that if the factor A were adjusted 
to vary from resonance to resonance, more accurate 
results could be obtained. In his paper Otter" presented 
methods for calculating the variation of A. In a subse
quent paper^ we showed how Otter's procedure could 
be modified to yield more accurate estimates with no 
change in computational method. 

In a recent paper* this problem was again taken up 
in an effort to present a formula for A that includes the 
significant dependence of A on resonance parameters 
but does not materially increase computing time. The 
technique was straightforward: Otter's relationship was 

id for the detailed dependence on line shape, and the 
nghting procedure developed earlier^ was used to 

calculate an effective value for A for a wide range of 
resonance parameters. Then, after cross plotting to get 

TABLE IV-24-I. VALUES OF F I T T E D PAEAMBTEBS FOR 

1 = Co -h (Ci -F CeSp + C O / S o + C,X^ + C3SI 
+ Cd + C,XJ 

Parameter 

Co 
Ci 

C2 

C3 

C4 

C5 

Ce 
C7 

X̂  

4-Parameter Fit 

Value 

1. 
1.305 

—-
— 
— 
— 

- 0 . 0 4 2 
- 0 . 5 4 7 

Standard 
Deviation 

0 016 
0.042 

— 
— 
— 
— 

0.0026 
0.05 

0.0199 

8-Parameter Fit 

Value 

1 
1 

- 0 
- 0 

0 
- 0 
- 0 
- 0 

302 
0021 
0000019 
171 
00254 
0367 
922 

Standard 
Deviation 

0.011 
0.028 
0.003 
0.00000002 
0.004 
0.000089 
0.0018 
0.04 

0.0086 

approximate parametric forms, the effective values 
were fitted by a least-squares procedure to get the best 
values of the parametric representation. This process 
was applied to cylindrical geometry onljr. 

The representation studied was: 

A = Co + (Ci + CeSp + C7/)/So 

+ C22p -{- CgSp -f- Ci( -f- CiZpi, 
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where 

t = rod radius, cm 

So = peak resonance cross section, cm"' 

Sj, = potential scattering cross section, cm~\ 

The results of this procedure are given in Table IV-
24-1. The average residual of the eight-parameter fit, 
0.093, is high; hj excluding the range of values 2o < 20, 
i < 0.3, the average residual is decreased by a factor 
of about two. Inasmuch as the constant value of A = 
1.35, which is commonly used, is in error by 0.17 to 
0.35 over the entire range, use of the fitted form should 
yield a better representation of capture on a fine energy 
cale and, hence, of differential effects such as Doppler 

IV. Reactor Computation Methods and Theory 

coefficient without causing serious discrepancies in dHHf 
culation of resonance capture. 
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IV-25. A Fas t Exponent ia l Subrout ine for Calculat ing 
Coll is ion Probabil i t ies o n the IBM/360 

ARNE P . OLSON 

A method of calculating collision probabilities in slab 
geometry has been previously described. ' The numeri
cal technique involves integration via special Gaussian 
quadratures of the form 

E Eniz -f kh) = f" 

(1) 

dt 
(1 - e-'")t" 

^J2wi exp (—zti). 

The TO-point quadrature weights and nodes are Wi and 
ti, respectively, and E„{x) is the exponential integral 
function of order n. 

The use of this method in the RABID code results in 
about half of the central processor time being devoted 
to evaluating e"" for 0 < a; < 18. Hence a 50% cut in 
time involved in calculating e""" would provide a gain in 
speed of about 25 % for RABID—a significant improve
ment for any code. 

Such large gains in speed have been obtained at the 
expense of accuracy and core requirements. The method 
by which Eq. (1) is evaluated uses linear interpolation 
to approximate e~'^ by a continuous sequence of line 
segments. The usual method of linear interpolation 
would approximate e~̂  as follows: 

e = y ^ yi + ai{x — x,-). (2) 

This method retains numerical precision by keeping 
the linear increment, ai(x — Xi), relatively small. 

However, the x, are redundant subject to this accuracy 
restriction. The most compact linear interpolation 
scheme, 

y ^ Vi rrtiX, 0 <i < 1022 (3) 

does result in a loss of precision due to round-oft", but 
it is much less than the error inherent in the linear ap
proximation. The tabular intercepts yt and slopes m; 
are 

* z I — e 
7/- '— y' A 1 + e-^ 

* - A * 
2/i = e ^ , - 1 , 

* * 
0 < ^ < 1022 

0 < i < 1022 

(4) 

(5) 

(6) 

Vi yi + iAnii 0 < i < 1022. (7) 

The tabular interval is A = 18.0/1022. With these 
definitions, the average error in Eq. (3) is zero for 0 
< a; < 18. 

A function subroutine, SXP, has been coded in 
Assembler Language for the IBM/360-75. Logical ex
tractions and bit-shifting are used to generate the table 
addresses of the y, and m, . Arithmetic operations M^ 
the same result would be much slower. The tables S V 
initiated by a single prior call to a companion subrou
tine, SXPTBL, which is coded in FORTRAN-IV. 
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flhe maximum relative error found by testing with 
10,000 random number generated arguments was 3.5 X 
lO"̂ ", the average relative error was 1.0 X 10^ , and the 
computation time was 0.0366 milliseconds per func
tional value—53% of the time used by the standard 
EXP Library Subprogram. Typical gains in speed of 
the RABID code of 21-23 % have since been obtained 
using this method. The errors introduced by the re
duced accuracy of SXP compared with EXP were 
found to be insignificant. 
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IV-26. Improved Subrout ine Efficiency T h r o u g h Cal l ing-Sequence Modification^ 

CHARLES EBWIN COHN and MARK H . ELFIELD* 

In present programming practice, the calling se
quence for subroutines has become standardized. With 
minor variations, it consists of a save-place-and-branch 
instruction pointing to the subroutine entry, followed 
by a series of words containing the argument addresses. 
We have found some efficiency gains possible if the 
words in the calling sequence are replaced by instruc
tions which do all or part of the subroutine's job. This 
replacement is done by the subroutine the first time it 
is called from a given location. 

Our implementations of this concept have been done 
on computers whose word length is sufficient to carry 
any operation code in association with the address of 
any location in memory (i.e. the 24-bit-word DDP-24 
and SEL-840). Some of the ideas may not be applicable 
to shorter-word machines that do not have this capa
bility. 

A simple example is a FORTRAN-callable two-
argument integer function subroutine whose result is 
the bit-by-bit logical product of the arguments. Before 
execution, the calling sequence for this function con
tains the following three words: 

1. Save-place-and-branch to the subroutine 
2. Address of first argument 
3. Address of second argument. 
On entry, the subroutine replaces the above with the 

following: 
1. Load-accumulator instruction addressed to first 

argument 
2. No-operation instruction 
3. And-to-accumulator instruction addressed to sec-

ttBk ond argument. 
^ l ^ t h e process, any index tags and/or indirect flags 

* Ohio State University, Columbus, Ohio 

associated with the argument addresses are carried 
over to the respective instructions. This takes care of 
cases where the arguments are subscripted variables, 
dummy variables, or arithmetic expressions. The no-
operation instruction is included just to fill up space. 

After performing these substitutions, the subroutine 
transfers control to the first instruction in the sequence. 
On subsequent passes, the sequence is executed in-line 
with no further reference to the subroutine. Such exe
cution saves six memory cycles out of eleven over the 
tightest possible conventional subroutine coding on the 
DDP-24. Similar routines have been written for logi
cal-sum and exclusive-or operations. 

The concept is particularly well suited to intrinsic 
functions in FORTRAN. Sophisticated compilers often 
implement such functions with in-line coding. How
ever, compilers for smaller computers usually resort to 
subroutine calls because of memory size limitations at 
compile time. 

An example is lABS, integer absolute value. Its call
ing sequence has the form 

1. Save-place-and-branch to lABS 
2. Address of argument. 

For machines with sign-magnitude arithmetic, the 
above may be replaced by 

1. Load-accumulator instruction addressed to argu
ment 

2. Masking instruction to drop sign bit. 
On the DDP-24, this takes 4 memory cycles for each 
execution after the first, compared to 10 for optimal 
conventional coding, and 17 for the existing library sub
routine. For a machine with a suitable instruction set, 
still another memory cycle may be saved by the se
quence 

1. Clear-accumulator instruction 
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2. Add-magnitude instruction addressed to argu
ment. 

The limitation on the use of this technique is the 
calling sequence not being long enough for all the in
structions needed to do the subroutine's job. This is 
true of the lABS function for machines with two's 
complement arithmetic, where the accumulator is ne
gated if it is negative but left unchanged if it is posi
tive. Here, the work can be partitioned between an in
struction in the calling sequence to retrieve the argu
ment and a special closed subroutine that operates on 
the accumulator. That subroutine is coded as part of 
lABS. The calling sequence would thus be altered to 
contain a load-accumulator instruction addressed to 
the argument, followed by a save-place-and-branch to 
the subroutine. This saves 1-2 memory cycles over op
timum conventional coding on the SEL-840. The saving 
arises from the improved efficiency of argument re
trieval. 

Another example in this area is the FORTRAN li
brary function FLOAT. In many systems the FLOAT 
subroutine retrieves the argument and then calls a con
version routine that operates on the accumulator. (This 
conversion routine is the same one for which the com
piler generates a call when an integer-to-real mode 
shift occurs across an equal sign.) It is then logical to 
replace the two-word calling sequence with a load-
accumulator instruction addressed to the argument, 
followed by a save-place-and-branch to the conversion 
subroutine. Again, the increased efficiency of argument 
retrieval as well as the elimination of one save-place-
and-branch plus return yields a saving of 6 cycles over 
optimal conventional coding and 13 cycles over an ex
isting library subroutine on the DDP-24. 

In one of our implementations of the method, i.e. a 
pair of FORTRAN-callable subroutines for performing 
shift operations, the need for an auxiliary subroutine 
is dependent on the nature of the argument. These sub
routines have two integer arguments, with a calling se
quence as follows: 

1. Save-place-and-branch to subroutine 
2. Address of word to be shifted 
3. Address of shift count. 

The results are left in the accumulator. 
If the address of the shift count is direct, the above 

may be replaced by 
1. Load-accumulator instruction addressed to word 

to be shifted 
2. No-operation instruction 
3. Shift instruction indirect-addressed to shift count. 

If the address of the shift count is indirect, the above 
would not work, because the direct address of the shift 
count would be misinterpreted as the shift count itself. 

(In most computers, the effective address of a shift i | 
struction indicates the shift count itself rather than its" 
memory location.) There, the following is required: 

1. Load-accumulator-extension instruction addressed 
to word to be shifted 

2. Load-accumulator instruction indirect-addressed 
to shift count 

3. Save-place-and-branch to a shift subroutine which 
takes its operands from the above registers. 

Again, the simplification of argument retrieval im
proves efficiency. 

A final application to be discussed allows the FOR
TRAN programmer to make use of the increment-
memory instruction that is available on many modern 
computers. This is done through a subprogram that 
may be referenced either as a function or subroutine 
to perform the work of the statement 1 = 1-1-1. That 
statement as normally compiled requires a load, an 
add, and a store instruction taking a total of three loca
tions and six cycles. I t is replaced by the statement 
CALL INCRMT(I) which is compiled into a two-word 
calling sequence. The subroutine INCRMT replaces 
the calling sequence with 

1. Increment-memory instruction addressed to argu
ment 

2. No-operation instruction, 
taking a total of four cycles. For the subprogram to 
be used as a function, the no-operation instruction 
must be replaced with a load-accumulator instruction 
addressed to the argument if the increment-memory 
instruction does not leave its result in the accumula
tor. That way, the pair of statements 

I = I -F 1 
I F ( I - N)3, 3, 4 

may be replaced by the single statement 
IF (INCRMT (I) ~- N)3, 3, 4. 

The time savings yielded by these techniques come 
at a slight cost in memory space, since a subroutine 
that substitutes instructions takes a few more words 
than an optimally-coded subroutine for directly per
forming the given task. (For INCRMT, that penalty 
is offset by a saving of at least one word in the call
ing program for each reference.) 

Finally, in contrast to most contemporary program
ming practice, these techniques take advantage of the 
original Von Neumann concept of a computer capable 
of modifying its own instructions. 
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IV-27. Software Methods of Data Acquis i t ion on a Smal l Computer 

D. W. MADDISON and C L. BECK 

The modern small computer has a great potential 
for application to data acquisition tasks. Its applica
tion to such tasks can vary widely. Because it is pro
grammable with software, it can be adapted to several 
jobs simultaneously. The software is easily altered to 
accommodate completely new and different problems. 
As data acquisition requirements change, the appro
priate changes in the computer can be rapidly and 
easily accomplished in most cases. 

As pointed out by Cohn,^ many of these small com
puters are relatively slow in executing certain opera
tions, particularly floating point arithmetic. Most 
data, however, is in integer form or can be considered 
as integer, and the small computer is capable of exe
cuting integer operations very rapidly. Most data ac
quisition applications are strongly time dependent, and 
any data storage module must not introduce signifi
cant time delay with respect to other equipment. Most 
small computers have sufficient instructions that this 
problem is not appreciable. The use of medium sized 
or large computers for data acquisition cannot be 
justified in most cases in terms of cost and time re
quired to service external devices. A small computer, 
however, often can operate as efficiently as a larger 
computer when acquiring data. The extensive data re
duction usually required to produce meaningful results 
can be done with a larger machine by using some inter
mediate storage media, such as magnetic tape. Ex
tensive data reduction can be accomplished even with 
a small computer if sufficient time is available. 

The first apparent drawback of a small computer is 
the hmited storage available. Relatively simple soft
ware techniques, however, can solve most, if not all, 
of these limitations. A 16 bit computer, for instance, 
could store a maximum unsigned number of 65,535. By 
using double precision storage, this can be extended to 
32 bits, or a maximum unsigned number of about 
4 X 10*. The major drawback to using a double pre
cision technique is that the effective storage array is 
halved. If only a few entries are expected to exceed 
65,535, then an "overflow table" is a more economical 
method to use. Another fact, often overlooked, is that 
much of the data acquired is of little or no use. A com
puter can easily and rapidly make a decision as to 
whether any particular datum should be stored, dis-

|ded, or put into a common storage. This decision 
Iking is easily programmed and can be readily con

trolled by external devices or by the operator as de
sired. 

Our particular experience has been with multichannel 
gamma-ray spectra. The system has been described 
before,^ but basically it consists of one small, 16-bit, 
4096-word computer which controls three independent 
gamma-ray spectrometers, including three sample 
changers, three live timers, three analog-to-digital con
verters, a real time clock, and a visual display unit. 
The real time clock is actually done with software 
within the computer. The major output device is a 
magnetic tape unit, but here again the control is ac
complished with software. The primary restrictions 
are on the time required to service three 8192-channel 
analog-to-digital converters. Since our particular data 
analysis method involves, among other things, a deter
mination of the half-fife of the decaying radioactive 
material, the data acquisition must be limited by the 
analog-to-digital converter and not by the computer. 
In addition, the 4096-word computer must store data 
from three 8192-channel converters, and some of this 
space is required for program. Even with complicated, 
unseparated fission-product spectra, we have found 
that about 10 percent of an 8192-channel spectrum is 
all that we require for routine analysis. In the few 
cases where either much more data storage is required 
or the counting rate is extremely high, we use another 
program that services only one analog-to-digital con
verter. 

A high counting rate requires a maximum computer 
data acquisition time of about 20 /tsec and one might 
reasonably expect that several "channels" could ex
ceed a count of 65,535. The particular instructions 
listed are some, but not all, of those available on our 
SEL 810A computer. Most small computers have 
equivalent or similar instructions. The input program 
looks like this: 

1) AIP Input data from converter to A 
register. 

2) TAB Transfer the number in the A 
register to the index register. 

3) IMS R,l Add one to the memory location 
specified by the sum of the index 
register and R, where R would be 
the memory location for "channel 
0 ," and skip the next instruction 
if the result is zero (overflowed). 

4) BRU 1 Go to instruction 1. 
5) LBA OF Load the index register with the 

content of overflow counter. 
6) STA S,l Store the A register (the channel 
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number) in the appropriate place 
in the overflow table. 

7) IMS OF Add one to the contents of OF 
(the overflow counter) and skip 
the next instruction of the result 
if zero. 

8) BRU 1 Go to instruction 1. 
9) BRU STOP Go to data termination loop. 
The main part of this data input loop involves steps 

1, 2, 3, and 4, with a total execution time of 14 ^usec. If 
a particular channel overflows (exceeds 65,535), steps 
5, 6, 7, and 8 are executed. Typically, the overflow table 
will contain 100 locations, so 100 overflows can be ac
commodated. If more than 100 overflows occur, the 
program goes to an exit loop which terminates data 
collection. If this occurs, usually more than enough 
data have been accumulated and the system can then 
go on to count the next sample. 

While the data collection loop is operating, a real 
time clock sequence also is functioning. A fixed fre
quency pulser is connected to a high priority interrupt 
on the computer, and each time a pulse occurs the fol
lowing loop is executed: 

1) IMS X Add one to memory location X 
and skip the next instruction if 
the result is zero (overflow). 

2) BRU P Return to the previous operation 
before the interrupt occurred. 

3) I]MS X -f 1 Same as step 1, except for loca
tion X -f- 1. 

4) BRU P Same as step 2. 
This loop keeps track of the real time since the pro

gram was initialized. Typically we use a 10 Hz pulser; 

thus the 32-bit double precision register, consisting^ 
locations X and X 4- 1, would be capable of counting 
clock time for about 12 years. 

The program that collects data from all three con
verters uses the same clock loop and three input loops, 
each containing an additional check to see if the data 
should be stored or not. Each input loop takes about 
36 yiisec to execute (without overflows) and provides 
considerable freedom in data handling. 

The data for any channel can easily be reconstructed 
to its full value by searching the overflow table and 
then the data storage array. Our technique is to essen
tially make a core dump to magnetic tape of the spec
trum, or all three spectra as the case may be, and then 
reform the data on a larger computer that performs a 
lengthy data analysis.^ There is not sufficient core 
available on our small computer to execute this analy
sis program, but simplified parts of it have been used 
at various times. A manually controlled analysis pro
gram that gives modified visual data displays and 
printed output is operational on our small computer. 
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IV-28. New Features i n the NURF Foi l -Data Program 

G. S. STANFORD 

Some changes and additions have been made to the 
NURF code,^ to provide increased flexibility and to 
incorporate some data corrections that hitherto had to 
be done by hand. Among the new features are: a means 
for making gamma-ray self-absorption corrections; a 
method for making weight-dependent background 
corrections; provision for applying special background 
corrections to specified foils; and automatic rejection 
of seriously deviant datum points. 

The subroutine that has been added to NURF to 
make gamma-ray self-absorption corrections currently 
applies only to 100-keV gamma rays—that is, to coin

cidence counting for determining radiative captures in 
U-238. It makes the correction by modifying the input 
foil weight. Because the absolute magnitude of the 
gamma-ray self-absorption in uranium foils at 100 
keV is not well known at present, the subroutine ap
plies only a compensation for thickness differences, not 
a reduction to zero thickness. The reference thickness 
used is 0.268 g/cm^, corresponding to ~5.58 mils. Tfie 
correction is based on an assumed absolute attenua 
factor G of ^0.73 for foils of the reference thicknes' 

Occasionally one might want to count U-238 cap
tures in enriched uranium foils that were irradiated in 
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hermal flux, requiring a correction for self-shielding 
as well as for self-absorption. This correction also is 
made, if the foil is properly designated in the input, 
on the assumption that an enriched foil of the reference 
thickness has a self-shielding factor of 0.593. Taking 
into account the non-linearity of the self shielding as a 
function of thickness, the composite attenuation factor 
G for such foils was calculated to be '-^0.52. (A very 
large cadmium ratio is assumed.) 

The adjusted foil weight w' is defined to be the 
weight which, when divided into the observed activity 
of the foil, yields the specific activity that would be 
observed for a foil of the reference thickness. The ad
justed weight is calculated according to the formula 

/ w 1 _ ^ ( 1 _ G) 
Wo 

( 1 ) 

where Wo is the weight of a foil of the reference thick
ness, and w is the actual weight of the foil. 

The reference weight WQ is proportional to the area 
of the uranium foil, and several sizes of depleted ura
nium foils are used in the Zero Power Reactor activa
tion measurements. The self-absorption routine assigns 
reference weights on the basis of the foil weight. Occa
sionally the weight of a foil will fall outside the as
signed limits for its type. Such cases require special 
handling. 

The new weight-dependent background-correction 
facility permits subtracting from the counting data a 
background component B^ that is proportional to the 
weight of the foil, along with subtraction of the empty-
planchet background. To allow for decay of the com

ponent By,, or for other purposes, B„ can be multiplied 
by a constant multiplier. 

It sometimes happens that foils that are counted to
gether do not all have the same specific background 
activity, because of different irradiation histories or 
because they are different materials—e.g., enriched and 
depleted uranium. Hitherto in NURF it has been neces
sary to collate the cards in order to make such speci-
fied-foil background corrections. A new feature elimi
nates this requirement, permitting special (weight-de
pendent, as above) background rates to be specified 
for individual foils. 

Occasionally, some malfunction in the counting 
equipment (e.g., a burst of noise) leads to a bad datum 
point, which should not be included when repeated 
counts of the same foil are averaged. For automatic re
jection of the more flagrant of such points, NURF now 
uses a new subroutine, DOCTOR, in two places: to 
reject bad points from the least-squares decay-curve 
determination, and to do the same for the final aver
aging of the repeated counts for each foil. DOCTOR 
computes x̂  for each set of points to be averaged, and 
rejects points on the basis of criteria involving x ,̂ the 
deviation of the point from the (weighted) average, the 
statistical accuracy of the point, and the number of 
points to be averaged. 
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IV-29. T h e Effects of S/N Rat io o n the Resul t s of Polarity Correlation Experiments 

W. K. LEHTO and R. W. COIN 

Polarity correlation involves the coarse quantization 
of an analog signal into two bits, representing the 
positive and negative states, and calculation of the 
correlation functions from the resulting time series. I t 
has been shown that accurate correlation measure
ments can be made using the two-bit quantization.^-^ 
It has also been shown that reducing the level of quan
tization also reduces the available dynamic range,*--'̂  
with the limit being one decade in a two-bit quantiza-

scheme. This work covers the less well-known ef-

Is of varying signal-to-noise ratio on the results of 
polarity-correlation experiments. 

This experimental studj=' was undertaken to deter-

WIUIJ 

mine the practical limit of the »S/A'' ratio. The experi
ment was performed using a polarity correlator (see 
Paper 11-17) coupled to the on-line computer at the 
Zero Power Plutonium Reactor. Prior work^ has es
tablished the limit as 0.1 in a full amplitude cross 
power spectral density measurement. 

Analog data from a detector (phototube and plastic 
scintillator) driven by a neutron source was low pass 
filtered (to simulate fast reactor data) and passed into 
each channel of the polarity cross correlator: these data 
represented the correlated part of the total signal. The 
noise for each channel was derived from separate de
tectors and superimposed on the correlated signal 
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TABLE IV-29-1. L E A S T SQU.IBBS 

S/N 

1.0 
0 
0 
0 
0 
0 
0 
0 

8 
7 
6 
5 
3 
2 
1 

Ci2(r) = Ai + A 

Slope-a sec i 

1323 
1287 
1321 
1268 
1283 
1305 
1357 
1457 

% Error 

2.0 
1 
1 
2 
1 
0 
4 

12 

2 
8 
4 
2 
5 
1 
0 

F I T T E D P.^KAMETBKS 

26 « ' 

4 i 

-0 .0080 
- 0 . 0 0 7 5 
-0 .0025 
- 0 . 0 0 2 1 
-0 .0011 

0.0022 
0.0052 
0.0048 

A, 

0.343 
0.271 
0.228 
0.194 
0.147 
0.067 
0.030 
0.014 

through an isolation network to avoid cross-talk. The 
polarity-cross-correlation function was then calculated 
for systematically varying ratios of signal-to-noise. 
The record lengths were varied to keep the estimated 
errors constant for each run. 

Some of the results are shown in Fig. IV-29-1. The 
amplitude of the correlation function decreases sys
tematically with decreasing signal-to-noise ratio. The 

quality of the data deteriorates rapidly below S/N I 
0.2. The decay constants obtained from a least-squareT 
fit of the data vary from « 1 . 2 to 12% (S/N = 0.1) 
from the true value of 1300 sec~^, as shown in Table 
IV-29-1. 

At the longer delay times, the data with the higher 
S/N ratios exhibit a larger than expected falloff and 
show a downward curvature which resulted in negative 
backgrounds from the least-squares fit. This effect is 
thought to be due to quantizer saturation,^ since only 
the high amplitude low frequency data contribute to 
the correlation function at these long delays. Under 
these conditions the correlation function is no longer 
amplitude dependent and has essentially a linear be
havior with time, indicative of the downward curva
ture. As the S/N ratio is decreased by addition of 
Gaussian white noise, saturation for long times at low 
frequencies is reduced and the data follow the expected 
behavior as evidenced in the results for S/N < 0.5. 
Similar saturation effects have been observed in the 
measured polarity correlation functions of high effi
ciency thermal reactor data. 

These results indicate that polarity correlation meas
urements with this particular equipment require signal-
to-noise ratios at least two times greater than those 
required for the full amplitude cross correlation ex
periments. This limit is expected to apply to similar 
type equipment and is reasonable in view of the re
duced precision of the coarse quantization in polarity 
sampling. 
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IV-30. MATDIAG, A Program for Computing Multilevel S-Matrix 
Resonance Parameters^ 

P. A. MoLDAUEK, R. N. HWANG and B. S. GAEBOW* 

INTRODUCTION 

The purpose of the computer program MATDIAG 
is to compute cross section resonance parameters from 
Wigner's i2-matrix.^'^ 

Thei2-matrix parameters (energy levels i?;̂  and chan
nel ampHtudes y^c) may either be specified individually 
in the input, or they may be generated statistically 
according to appropriate distribution laws. 

The computed cross section resonance parameters 
are the poles and residues of the collision matrix,* 
which are useful for a variety of purposes. They can be 
employed for the direct calculation of Doppler-broad-
ened multilevel cross sections by means of the Adler-
Adler cross section code,'''* or for multilevel cross-section 
and neutron-flux calculations using the improved 
RABBLE program or other similar programs.' Of par
ticular interest to the fast-reactor research program is 
the Doppler effect of the fissile isotopes in the low keV 
region, which has been studied by Hwang with the help 
of the J N I A T D I A G program.'"" 

The statistical analysis of the >S-matrix resonance 
parameters that is performed in the MATDIAG pro
gram is needed for the precise specification of average 
cross sections where resonances overlap and is also 
useful for the interpretation of cross-section fluctua
tions.^^ ^Nloldauer '̂*'" has used the program for the 
study of resonance-parameter statistics and for the 
clarification of the averaging process. 

Two considerations necessitate the computation of 
;S-matrix parameters in terms of i?-matrix parameters 
in the region of overlapping resonances. 

The first step required to insure the unitary character 
of the collision matrix, which imposes severe and gener
ally complicated restrictions on the resonance parame
ters, particularly when the number of competing open 
channels is small.'^ Second, there exists no satisfactory 
theory that gives the statistical properties of the *S-
matrix parameters directly, but there is a very exten
sive and well-developed statistical theoiy of ii^-matrix 
parameters."'^ 

The program generates resonance parameters by in
version of the level matrix and therefore requires the 
diagonalization of a complex s.ymmetric matrix ^yhose 

^ijiaiension is equal to the number of resonances included 
ttMHthe calculation. The version of the program used in 

* Applied Mathematics Division, Argonne Nat ional Labora
tory . 

earlier apphcations^"'*^ was written for the CDC-3600 
computer and used in complex eigenvalue and eigen
vector routines of Ehrfich v\ith a restriction to a maxi
mum of 50 resonances. The program described in this 
report has been significantly improved in the following 
ways: (1) The program has been converted to run on 
the faster IBM system 360-75; (2) the complex eigen
value and eigenvector routinesf written by Garbow^* 
were used in place of Ehrlich's routine (this change 
reduced considerably the computer time required); 
(3) the modified version is capable of treating a maxi
mum of 120 poles; and (4) options are available to 
punch cards with Adler-Adler parameters""* for the 
Doppler-broadened cross sections in the modified 
R A B B L E ' format for the calculation of self-shielded 
reaction cross sections. 

THEORY 

The theory of multilevel and statistical cross-section 
calculations has been discussed in great detail in Ref. 
12 and was further summarized in Ref. 19. We give here 
only an outline containing the definitions required for 
an understanding of the MATDIAG code. 

The collision matrix elements can be written in the 
form 

Sec' = exp [i{^c + <t>c')] 

TFe, z £'MC.9M.! ' 

T' .E - 6, -f M i r . 

(1) 

where all parameters are assumed to be energy-inde
pendent constants and the multilevel cross section is 
given by 

2 1 J O 12 
fee' — IT I Occ' ~- Occ' I , (2) 

whose energy dependence is directlj^ determined bj^ the 
resonance energies e^, the widths F^ , and the residue 
amplitudes g^c, where the subscript c refers to a par
ticular channel. The program calculates these parame
ters from the eigenvalues and eigenvectors of the matrix 
Bu,v, which is specified in terms of ii-matrix parameters 
E^ and y^tc as follows: 

Bf,^ — Eij,h^„ 
D 

J2 {(Tc + iTc)y^, •y^c (3) 

t The complex eigenvector routine is un!)ublislied 
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where, in the absence of a background Z2-matrbc, 

Oe + iTe = 4.i:{Sl + iPc){ylc)/D (4) 

and 

Tyxo = yiic/{ylef'^, ( 5 ) 

where Sc is the shift function with the 7?-matrix bound-
arjr condition subtracted. This parameter can often be 
selected to be zero. Pc is the penetrability function, 
and D is the mean spacing of resonances; (7^ )̂ is the 
value of y^c averaged over all resonances jx. These pa
rameters are determined by the optical-model trans
mission coefficient Tc in each channel c, which has the 
value 

and 

To = 
(1 + M Tc)^ + ( M <r.)2 

(6) 

For a fission channel, Tc should be associated with the 
penetration probability of Hill and Wheeler.^ 

The resonance energies ê  and the widths r ,̂ are the 
real and imaginary parts of the eigenvalues of B^^ : 

B,,Zl^' = (6x - mn)Zl^\ (7) 

where Zi^' is the Hh component of the Xth eigenvector 
of iJ„„. 

The residue amplitudes are given b}'-

D T nZ^ w> 
2^ (rl + <^y 

The eigenvectors are normalized so that 

/ . Z^ = 1 , 
V 

and the normalization factor 

2 : 1 Zi''> \' = Ax > 1 

7vc- (8) 

(9) 

(10) 

is computed to obtain the definition of partial widths 

T^c = U^a 1 /N^ 

which add up to the total width 

(11) 

(12) 

For statistical analysis, the program also calculates the 
real and imaginary parts of 

= Zz'^ TMO (13) 

as well as their absolute values and phase angles. Also 
it calculates the generalized transmission coefficients.'^ 

e,c = 2wN;r,c/D (14) 

* The meaning of <TC and TO in more general circumstances is 
explained in Ref. 14. 

E 
as well as the statistical parameters' ' 

Be = I {glc)/{g^ef t 

and 

B = {Bc)e . 

(15) 

(16) 

(17) 

Option is also available to print and punch cards 
with the Adler-Adler amplitudes for the Doppler-
broadened cross sections in the format of the modified 
RABBLE so that the self-shielded cross sections can 
be readily calculated. The Adler-Adler amplitudes for 
the Doppler-broadened cross sections are related to the 
fundamental »S-matrix parameters in the following 

5-10 way: 

c' 

Gl" = ReigU X exp (-i2R/\)] 

and 

Hy> = Im[gUXexp(-i2R/\)], 

(18) 

(19) 

(20) 

(21) 

where the complex reaction amplitude f̂ , is defined as 

* * 
Q li'c(j IJ.'c' 

" e, - e,, - I ( r , + r , 0 "̂ ^̂ ^ 

Another option available in connection with the 
Doppler-effect studies is to punch out cards with the 
initially generated i?-matrix parameters in the RAB
BLE format. Such information is useful in examining 
the validity of the Breit-Wigner equation, because these 
studies are often made on the basis of an ad hoc assump
tion that the single-level parameters and i?-matrix 
parameters are identical.' This assumption is correct if 
resonances are widely spaced. 

DESCRIPTION OF INPUT 

Input parameters include the number of resonances 
NN, the number of channels NR, and the i?-matrix 
parameters a-c, TC , E^ , and 7^^. 

The Eit can be specified in three ways: 
(1) They may be specified to have unit spacing with 

an average value {E^} of zero (picket fence). 
(2) They may be read in individually. 
(3) They may be specified statistically so that the 

lowest J?^ and the mean spacing D are specif 
and the individual spacings Â  = i?#+i • 
are generated randomly to follow the Wigner 
distribution 
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lF (A , / i ) ) = ^ 7r(A,/D) exp - 4 A > ' 

The •y^.c may be specified in two ways: 
(1) They may be generated randomly to have a nor

mal distribution with unit standard deviation. 
This means that the ylc have a Porter-Thomas 
distribution. 

(2) Thej'^ may be read in individually. 

DESCRIPTION OF OUTPUT 

The various collision-matrix resonance parameters 
are given in the output. In addition, certain statistical 
properties of these parameters are calculated, such as 
their averages, their dispersions, and their correlations, 
which are defined as follows: 

XAV = {x;}Y.x^/NN, 

X MSQ = {{XD - {Xj)/{Xj, 

and 

X CORR = ((X,+iX,) - {X,f)/{X,f. 

When channels with large transmission coefficients 
(Tc > 0.5) are present, the distributions of collision-
matrix resonance parameters are apt to be distorted 
near the edges of the set of resonances. For this reason, 
provision is made to exclude from the above averages a 
number NKK of resonances at each edge. 

T H E MATDIAG CODE 

The AIATDIAG code consists of several subrou
tines, which are listed in Ref. 1. The function of the 
main program is to read input information, set up the 
matrix B, and then print and punch out the quantities 
of interest as obtained by other subroutines. To set up 
the matrix B, random sequences of y^^e and Ey, are gener
ated by subroutines RANN and ESUB, respectivety, 
using the random numbers obtained in the subroutine 
RANF.^' Where the elements of i?̂ „ are exceedingly 
large, the matrix can be scaled down by a factor of SF 
specified by the users in order to avoid the possible 
overflow in the computation of the eigenvalues and the 
eigenvectors. 

The most important routines required are clearly 
those that compute the complex eigenvalues and their 
corresponding complex eigenvectors. Because the di
mensions of matrices of interest are generally very large, 
these routines must be fast and efficient to be of any 
practical interest. Two such programs available at 

:orme National Laboratory are INIATSUB' and 
AXCC" with VCTR (unpublished). AIATSUB, 

originally written for the CDC-3600 computer,' has 
been converted to the IB1\I 360/75. It was found, how-

• 

ever, that FRANCO'* is faster by as much as a factor 
of three, compared with MATSUB. Furthermore, it 
avoids the direct evaluation of the determinant, which, 
for large matrices of interest, causes overflow in MAT-
SUB. Hence, FRANCO is recommended. Recently, 
another program that treats the complex symmetric 
matrices of interest became available. This program, 
written by Seaton, is based on a modified Jacobi 
method. Preliminary tests have shown that Seaton's 
program is comparable to FRANCO in speed and is 
perhaps more efficient when the diagonal elements of 
the matrix B predominate or when only moderate ac
curacy is required. These programs will be compared 
further. 

Once the complex eigenvalues and eigenvectors are 
obtained, the main program computes and prints out 
the *S-matrix resonance parameters. Subroutines 
ORDER and ORDERl order the quantities | 6̂  — 
e, I VJ2 and N^ in increasing order so that the statis
tical behavior of these quantities can be examined more 
readily. Subroutine AVERAGE computes average 
quantities required in the determination of the averaged 
cross sections. The detailed description and the FOR
TRAN listing of this code is given in Ref. 21. 
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INTRODUCTION 

During a six-week period, starting in April 1970, 
Argonne National Laboratory assisted the University 
of Chicago in assessing the possibilities of shielding an 
experiment planned for Pioneer Mission F/G. This 
report is a summary of the assistance given the Uni
versity of Chicago personnel. 

The experiment objectives included the measurement 
of electron fluxes in outer space and in the Jovian radi
ation belts. For that part of the mission in interplane
tary space, the electron flux was to be determined by a 
type of counter telescope involving a number of solid-
state detectors and anticoincidence circuits. I t was 
considered desirable to measure the flux of electrons as 
a function of energy down to energies of the order of 
150 keV. 

Because of the direction and duration of its flight. 
Pioneer F /G is to be powered by radioisotope thermo
electric generators (RTG's) and chemical propellants 
within the space craft, as well as by nozzles for the 
small rocket motors which are to be heated by radioiso
topic heating units (RHU's). These radioisotope 
sources are to contain Pu-238 as the major source of de
cay heat. Pu-238 decays largely through alpha emission 
which is accompanied by some neutron emission, both 
from spontaneous fission and more importantly from 
(a,n) reactions in light nuclei. The alpha particle decay 
is easily shielded by structural material encapsulating 
the Pu-238. There is, however, isotopic contamination 
present, principally in the form of Pu-236. The latter 
isotope has a typical alpha particle decay chain ending 

18. B . S. Garbow, FRAXCC, Eigenvalues of Complex Matric^M 

Applied Mathematics Division, Argonne Nat ional L a b ^ 
ra tory. ANL-F251S (1968). 

19. P . A. Moldauer, Average Compound Xucleus Cross Sections, 

Rev. Mod. Phys. 36, 1079 (1964). 
20. D . L. Hill and J. A. Wheeler, Xuclear Constitution and 

Interpretation of Fission Phenomena, Phys . Rev. 89, 1102 
(1953). 

21. N . W. Clark, RAXF, OS/360 FORTRAX IV Routine to 
Produce a Series of Random Xumbers, Applied Mathe
matics Division, Argonne Nat ional Laboratory, ANL-
G552S (1967). 

22. M. J. Seaton, Diagonalization of Complex Symmetric Mat
rices, Computer J . 12, No. 2, 156 (1969). 

in Tl-208 with a characteristic 2.6 MeV gamma emis
sion. 

Calculations and early crude measurements on simu
lated RTG's performed at Thompson Ramo-Wool-
dridge Company predicted a radiation level of the order 
of 50-100 photons/cm^-sec in the neighborhood of the 
experiment, and a fission neutron flux of the order of 
50 neutrons/cm^-sec at the same location. The photon 
flux, and to a lesser extent the neutron flux, induce sec
ondary reactions within the electron detector. In par
ticular, there will be Compton electrons induced by the 
principal gamma-ray emissions at 2.6 and 0.8 MeV. 
The Compton electrons have energies in the range of 
interest. There is no way to distinguish these Compton 
electrons from electrons incident from outer space. The 
target of our work was to determine if, within the 
limitations imposed by the conditions of the outer 
space mission, the background of Compton electrons 
induced by radiation from the RTG's and RHU's could 
be reduced by a minimum factor of 20 and hopefully 
by a factor of 100. 

The limitations on the solutions were essentially 
those of weight and placement. The weight limitation 
was strict: no more than four pounds of material was 
allowed. The space limitation was less strict, provided 
the space in question was in the vicinity of the ex
periment site itself. However, volumes of more than a 
few cubic inches were probably out of the question. 

There were three types of solutions considered: ODA. 
was shielding at the radiation source. Such shieldHl 
would be constrained not to degrade the thermal enP 
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HHJlpncy of the source and had to be accommodated within 
^^me space limitations of the existing design, there being 

no time for redesign of the space craft. Moreover, the 
weight distribution in the space craft could not be ad
versely affected. The second method of solution was 
shielding at the experiment site and it was this method 
which received our greatest attention. The third solu
tion was to provide a source with a much lower level 
of contamination and, hence, radiation escaping from 
the source itself. While it does not seem possible to 
provide such a solution for the Pioneer F /G Mission, it 
may be possible to provide such a solution for the so-
called "Grand Tour" Mission for late in this decade. 

In concluding the Introduction, we must record that 
the experiment to measure the low energy electron flux 
was abandoned, although it did seem that a marginally 
effective shield could be constructed, provided back-
scattering from the space-craft auxiliary fuel tank was 
not too effective. The emphasis therefore in this report 
is on the analysis of what was done, as a guide to fu
ture long-range plans—especially for the Grand Tour 
Mission. 

SELECTION OF MATERIALS 

The primary interaction process with which we are 
concerned is the process of Compton scattering. When 
a photon is scattered inelastically and an atomic elec
tron recoils out of an atom, Compton scattering has 
taken place. The energy taken up by the electron de
pends primarily on its recoil momentum. The Compton 
effect is predominant for the 1-5 MeV gamma rays in 
high Z materials. I t is predominant over a much wider 
range of photon energies in low Z materials. The photo
electric effect is predominant for the low-energy pho
tons and is the second process with which we are chiefly 
concerned. In general, the photo-electric effect is pro
portional to the proton number Z to the fifth power and 
decreases roughly as 1/E where E is the photon energy. 
In general, the Compton effect increases with Z and 
decreases slowly with E, with a value typically between 
1 and 0.1 b/electron. From the foregoing we see that 
the major criteria for shielding of photons in the energy 
range from 2.6 MeV downwards is the product ZN, 
where Z is the number of electrons, or equivalently the 
proton number of the element, and N is the number of 
atoms of the element per b-cm. The product is the num
ber of electrons per b-cm and since the Compton cross 
section is somewhere between 1 and 0.1 b/electron, this 
product is an indicator of the magnitude of the macro
scopic Compton cross section in the material. Table IV-

• I lists the product ZN for a selection of materials. 
)f the materials listed in Table IV-31-I, four were 

investigated further: lead, tungsten, depleted uranium 

TABLE IV-31-I. ZN FOB VAEIOUS MATEKIALS 
(Z = proton number; A^ = atoms/b-cm) 

Element 

Fe 
Cu 
W" 
Os 
I r 

ZN 

2.2 
2.5 
4.7 
5.4 
5.4 

Element 

P t 
Au 
Pb 
U 

ZN 

5.1 
4.7 
2.7 
4.4 

" At full density. 

(U-238), and platinum. Lead was selected because of 
its ready availability and easy machinability even 
though its product ZN is low. I t is, of course, a familiar 
shielding material. Tungsten, depleted uranium, and 
platinum are very similar in their shielding properties. 
The reason for the choice of depleted uranium instead 
of natural uranium is, of course, the presence of the 
neutron flux which, through fission of the U-235 iso
tope in natural uranium, would induce high energy sec
ondary gamma rays. Even so, there is a small fraction 
of U-235 in the depleted uranium and this might cause 
some additional trouble. None of these three dense 
materials is particularly easy to machine, although 
methods exist for working with all three. In particular, 
there are various alloys of tungsten, primarily with 
nickel and copper which are only slightly less dense 
than the tungsten itself; these alloys are more readily 
machined. One such is called "heavimet". Depleted 
uranium is readily available and can be machined 
without special equipment, provided the scrap and fine 
metal particles are collected, while platinum requires 
provisions to recover the scrap because of its high in
trinsic worth. Osmium, which is an obvious contender 
on the basis of the product ZN was not investigated be
cause of serious questions about its availability and 
workability. Moreover, it is only marginally better 
than platinum. Both lead and gold suffer from the de
ficiency of being too soft. That is, under the severe ac
celerations to which the space-craft is subject, there is 
the possibility that the lead and gold might plastically 
deform and not only work ineffectively as shields but 
interfere with the experiment itself. In the case of ura
nium, provision would have to be made to encapsulate 
the uranium so that chips would not break off and pos
sibly contaminate other experiments. This comes about 
because of the natural emission of the uranium itself 
and its daughter products. 

METHOD OP EVALUATION AND RESULTS 

In the short time permitted for this preliminary in
vestigation, it was felt that highly sophisticated cal
culational methods would not be justified. Instead, 
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TABLE IV-31-II. G\MMA-R.4Y ATTENUATION F.4.CTORS 
(INCLTJDING B U I L D U P ) OP SLAB SHIELDS 5-CM T H I C K 

(calculated by hand) 

Photon 
Energy, 

MeV 

0.8 
2 
2.6 
8 

Uranium 

3.3 X 10-* 
2.6 X 10-2 
S.l X 10-2 
2.0 X 10-2 

Tungsten 

2.0 X 10-3 
4.1 X 10-2 
4.8 X 10-2 
2,6 X 10-2 

Lead 

0.020 
0.15 
0.16 
0.10 

transport theory in slab geometry was used to calculate 
the transmission of photons through slabs of material. 
These calculations were checked by hand calculations 
of the gamma-ray attenuation factors including 
buildup. Attenuation factors were calculated by hand 
for shields of fixed thickness and isotopic point source. 
The attenuation factors were determined for source 
photon energies of 0.8, 2.6 and 8.0 MeV. The transport 
calculations were based on the use of photon cross sec
tions originally computed by the use of the code 
GAMLEG in which the Klein-Nishina formula for the 
scattering of photons by electrons is averaged over an 
assumed photon energy spectrum and the scattering 
cross sections expanded in spherical harmonics. The 
cross section set used here, known as CK234, contains 
only the spherical harmonics of orders 0 and 1, corre
sponding to the capability of the neutron transport 
theory codes commonly in use at Argonne National 
Laboratory. The capability exists at ANL of generating 
new cross sections of higher spherical harmonic order 
and using them in transport theory codes, but it was 
felt that time did not permit nor did the needs of the 
preliminary investigation require such precision. 
Nevertheless, retention of only the zero and first-order 
harmonics is not a recommended procedure. In the 
transport problems a plane isotropic source was as
sumed at the origin of a slab of material 6 cm thick and 
infinite in the two transverse directions. The photon 
fluxes were calculated at centimeter intervals through
out the 5-cm thick slabs and a vacuum boundary con
dition was assumed at the right-hand side. The gamma 
flux attenuation factors calculated by hand methods 
are tabulated in Table IV-31-II. The gamma fluxes 
from the transport calculations are in Table IV-31-III. 

The response of the detector to the gamma flux is 
expected to be proportional to the Compton cross sec
tion since the Compton electron production rate is 
equal to the gamma flux times the Compton cross sec
tion. The response will also be proportional to the effi
ciency for the detection of electrons, and this is as
sumed flat over the range 0.1 to 10 MeV. Then using 
the results given by Goldstein and Wilkins^ the Comp

ton response (actually the cross sections in Thomps| 
units) is listed in Table IV-31-IV. This response func^ 
tion when multiplied by the gamma flux found in Table 
IV-31-III is the relative response for any given mate
rial. As an example, the expected response in platinum 
is tabulated in Table IV-31-V. The response in uranium 
is essentially the same as that in platinum with the 
exception that the uranium is somewhat more effective 
at lower gamma energies and slightly less effective at 
the higher energies. Tungsten is less effective at all 
energies than either uranium or platinum. By examin
ing the ratio of the relative response at various depths 
of penetration through the platinum, one can arrive at 
an average attenuation factor per centimeter for the 
platinum of 3.66 for a 2 MeV source. Using this fac
tor, we estimate that the attenuation of a 3 cm thick
ness of platinum will be approximately a factor of 50, 
which will meet most of the experiment obj ectives. 

The recommended solution is to use a shadow shield 
covering approximately 50% of the detector body other 
than the face of the detector itself, with about 3 cm of 
either platinum or depleted uranium. The reason for 
the shadow shield is that otherwise the weight limit 
would be exceeded by a factor of two. Detailed mockup 
experiments are required to determine if backscattering 
from the space-ship components and other experimen
tal equipment is sufficient to require shielding over a 
more extensive portion of the surface of the instrument. 
The instrument itself is in a housing that is similar in 
shape to a truncated cone. The broad base of the cone 
contains the sensitive element and is not shielded. 
There are disadvantages to either form of solution. The 
platinum is estimated to cost, with machining, approxi
mately $10,000. This represents an expensive compo
nent which is essentially nonproductive of data. The 
depleted uranium represents a radiation source which 
was shown to be negligible, provided the uranium is en
capsulated in a layer of heavy material. Not only is 
the natural uranium emission itself a source of radia
tion to other experiments but the other products of the 
uranium also contribute. This was noticed in some of 
the mockup experiments carried out. 

EXPERIMENTAL RESULTS 

Crude mockup experiments were conducted at ANL 
by University of Chicago personnel with ANL assist
ance. The experiments were conducted in an experi
mental cell in Building 316. Backscatter was undoubt
edly present from the nearby concrete walls and a large 
steel tank. Low-intensity sources were used, so cou: 
ing statistics were poor. The summary of results gi 
here was prepared at the University of Chicago: 

"To investigate the extent to which given thick 

l l 
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TABLE IV-31-III . GAMMA F L U X L S TH.^NSMITTED THBOUGH 5-CM SLABS FBOM P L A N E SOURCES 

(Calculated by Pi transport theory) 

Material 

Photon-energy Range, 
MeV 

8-6 
-5 
-4 
-3 
-2 .5 
-2 .0 
-1.75 
-1 .5 
-1.25 
-1 .0 
-0 .8 
-0 .6 
-0 ,5 
-0 .4 
-0 ,3 
-0 .2 
-0.15 
-0,10 
-0 ,0 

8-6 
-5 
-4 
-3 
-2 .5 
-2 .0 
-1.75 
-1 .5 
-1.25 
-1 .0 
-0 .8 
-0 .6 
-0 .5 
-0 .4 
-0 .3 
-0 .2 
-0.15 
-0.10 
-0 ,0 

8 

3,44 
3.7 
2.26 
2.8 
3.7 
2.4 
3.0 
1.8 
2.1 
2.3 
2.6 
2.3 
2.3 
1.05 
9.04 
7,07 
3,83 
4.0 
3.83 

( -3 )» 
(~3) 
( - 3 ) 
(~3) 
( - 3 ) 
( - 3 ) 
( - 3 ) 
( - 3 ) 
( - 3 ) 
( - 3 ) 
( - 3 ) 
( - 3 ) 
( - 3 ) 
( - 3 ) 
( - 4 ) 
; - 4 ) 
;--4) 
- 5 ) 
- 6 ) 

Lead 

2 

4.75 ( - 2 ) 
7,96 ( - 3 ) 
8.45 ( - 3 ) 
8.77 ( - 3 ) 
9.1 ( - 3 ) 
7.6 ( - 3 ) 
7.3 ( - 3 ) 
3.4 ( - 3 ) 
2.8 ( - 3 ) 
2,2 ( - 3 ) 
1,3 ( - 3 ) 
1.3 (~4) 
1.25 ( - 5 ) 

Source Energy, 

0.8 

7.35 ( - 3 ) 
3.3 ( - 3 ) 
1.24 ( - 3 ) 
9.13 ( - 4 ) 
6.4 ( - 4 ) 
3.4 ( - 4 ) 
4.4 ( - 5 ) 
3.6 ( - 6 ) 

Tungsten 

5.2 
9.93 
6.5 
8.4 
1.2 
8.07 
1.03 
6.3 ( 
7.2 ( 
8.1 ( 
9.1 
8.1 
8.44 
4.2 
3.76 
3.1 
1.8 ( 
2.3 
2,4 

- 3 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 3 ) 
- 4 ) 
- 3 ) 
- 4 ) 
~ 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
~ 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 5 ) 
- 6 ) 

8,37 ( - 3 ) 
2.2 ( - 3 ) 
2.4 ( - 3 ) 
2.55 ( - 3 ) 
2,7 ( - 3 ) 
2,3 ( - 3 ) 
2,3 ( - 3 ) 
1,13 ( - 3 ) 
1.02 ( - 3 ) 
8.4 ( - 4 ) 
4.9 ( - 4 ) 
6.3 ( - 5 ) 
6,5 ( - 6 ) 

3.9 ( - 4 ) 
2.5 ( - 4 ) 
1.17 ( - 4 ) 
1,06 ( - 4 ) 
6,8 ( - 5 ) 
3,4 ( - 5 ) 
5,68 ( - 6 ) 
5.1 ( - 7 ) 

Mev 

8 

3.44 
6,37 
4.21 
5.4 
7.53 
4.99 
6.26 
3.7 
4.13 
4.26 
4.29 
3.38 
3.07 
1.42 
1.23 
0.932 
0.453 
0.04 
0.009 

( - 3 ) 
( - 4 ) 
( - 4 ) 
( - 4 ) 
( - 4 ) 
( - 4 ) 
( - 4 ) 
( - 4 ) 
( - 4 ) 
( ~ 4 ) 
( - 4 ) 
( - 4 ) 
( - 4 ) 
( ~ 4 ) 
( - 4 ) 
( - 4 ) 
( - 4 ) 
( - 6 ) 
( - 7 ) 

U-238 

2 

5,48 ( - 3 ) 
1.33 ( - 3 ) 
1.38 ( - 3 ) 
1.33 ( - 3 ) 
1.24 ( - 3 ) 
9.29 ( - 4 ) 
8.2 ( - 4 ) 
3,8 ( - 4 ) 
3.28 ( - 4 ) 
2.36 ( - 4 ) 
1.21 ( - 4 ) 
0.1 ( - 4 ) 
0.02 ( - 4 ) 

0.8 

3.55 ( - 5 ) 
1.92 ( - 5 ) 
7.36 ( - 6 ) 
5.36 ( - 6 ) 
3,0 ( - 6 ) 
1.38 ( - 6 ) 
1.68 ( - 7 ) 
3.21 (~8) 

Platinum 

2.6 ( 
5.5 ( 
3.7 ( 
4.9 ( 
7.1 ( 
4.9 ( 
6.4 ( 
3.9 ( 
4.4 ( 
4,8 ( 
5.3 ( 
4.5 ( 
4.5 ( 
2.2 ( 
2.0 ( 
1.6 ( 
8.8 ( 
1.0 ( 
1.0 ( 

- 3 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 4 ) 
- 5 ) 
- 5 ) 
- 6 ) 

4.5 ( - 3 ) 
1.3 ( - 3 ) 
1.4 ( - 3 ) 
1.4 ( - 3 ) 
1.5 ( - 3 ) 
1.2 (~3) 
1,2 ( - 3 ) 
6.0 (~4) 
5.0 ( - 4 ) 
4.0 ( - 4 ) 
2.3 ( - 4 ) 
2.7 ( - 4 ) 
2.7 ( - 5 ) 

6.9 ( - 5 ) 
4,8 ( - 5 ) 
2.3 ( - 4 ) 
1.8 ( - 5 ) 
1.1 ( - 5 ) 
5.4 ( - 6 ) 
9.0 ( - 7 ) 
7.0 ( - 8 ) 

' x.xx(—y) is read as x.xx X 10"". 

nesses of heavy metal absorbers would shield semicon
ductor detectors from the radiations emitted by the 
RTG units to be aboard the Pioneer space-craft, ex-

•rimental studies were carried out at Argonne Na-
al Laboratory using gamma-ray and neutron 

urces and detectors typical of the type to be used in 
the Pioneer experiment. The sources were supplied by 

^l^ri: 

the ANL people and were nominally 1 mCi of Co-60 
(gamma-ray energies of 1.17 and 1.33 MeV), 1 mCi of 
Na-24 (gamma-ray energy of 2.76 MeV), and an amer-
icium-beryllium neutron source with an activity of 
2 X 10̂  neutrons/sec. Studies were carried out pri
marily with a "windowless" lithium-drifted detector, 
called D-1, with a total thickness of 414 p., a sensitive 
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TABLE IV-31-IV. COMPTON R E S P O N S E FUNCTION 

Photon Energy Range, 
MeV 

8-6 
-5 
-4 
-3 
-2 .5 
-2 .0 
-1.75 
-1 .5 
-1.25 
-1 .0 
-0 .8 
-0 .6 
-0 .5 
-0 .4 
-0 .3 
-0 .2 
-0.15 
-0.10 
- 0 . 

Response Function 

0.09 
0.10 
0.12 
0.14 
0.18 
0.19 
0.22 
0 25 
0.26 
0.28 
0.31 
0,35 
0.40 
0.45 
0.47 
0.63 
0.60 
0.67 
0.74 

TABLE IV-31-V. E X P E C T E D PLATINUM R E S P O N S E 

Platinum Thickness, 
cm 

3.0 
4,0 
5.0 

Relative Response 

56. 
13. 
4.3 

TABLE IV-31-VI. ATTENU-ITION FACTORS, A, FOB VARIOUS 

SOUKCES AND SHIELDS 

Material 

Tungsten 
Uranium 

Tungs ten 
P la t inum 

Mallory-2000 
Tungsten 
Pla t inum 

Absorber 
Thickness, 

in. 

Top 

IV2 
W2 

m 
m 
1 
1 

Sides 

2 
2 

None 
None 

None 
None 
None 

Co-60 
(1.17; 1.33 

MeV) 

A(W) = 27" 
A(U) = 30 

A(W) = 18 
A(Pt ) = 28 

A(Pt) = 3 

Na-24 
(2.76 MeV) 

A(W) = le ' ' 

A(W) = 11 
A(Pt) = 16 

A (Mall) = 6 . 7 
A(W) = 6.7 

» See Figs. IV-31-2 and IV-31-3. 
i> See Figs. IV-31-4 and IV-3-15. 

depth of 359 /x, and a sensitive area of 1.6 cm^. This 
detector, hereafter referred to as D-1, was operated at 
20 V bias. The shielding materials studied were tung
sten, "depleted" uranium, Mallory 2000, and platinum. 

"For a given source-detector geometry, the measure
ments consisted of taking energy loss spectra in D-1 

and observing the count rate from D-1 above a give: 
discriminator level, under conditions of no shielding 
and shielding. The gross features of the experimental 
gamma-ray findings are summarized in Table IV-31-
VI, and the corresponding geometry is given in Fig. 
IV-31-1. The discriminator level is 155 keV for all 
measurements. The attenuation factor A is defined 
here as 

, _ count rate from D-1 with no shielding 
count rate from D-1 with shielding 

The quantity A is then a function of the gamma-ray 
energy from the source, the material used for the ab
sorber, and the thickness of the absorber. Figures IV-
31-2 through IV-31-5 give the energy loss spectra in 
D-1 corresponding to the entrees in the first row of 
Table IV-31-VI. The uranium used in these studies 
was found to give counts from D-1 in the absence of 
any gamma source. Attempts were made to correct the 
data taken with uranium for the direct "emissions" 
from the uranium. Thus, the data for the uranium is 
to be considered less reliable than the remaining data. 

"From Table IV-31-VI, one sees that for given ab
sorber thickness, platinum is superior to tungsten at
tenuation (for Wi in. absorber thickness) by approxi
mately 1.6 for both Co-60 and Na-24 gamma rays. 
Also, for a given absorber of fixed thickness, the shield
ing is less effective (smaller A) for the 2.76-MeV 
gamma ray than for the ' - 1 MeV gamma rays. Figure 
IV-31-6 gives the attenuation A for tungsten as a func
tion of thickness for Na-24 gamma rays. Experimental 
points were taken for three thicknesses only but the 
curve illustrates the general dependence to be expected. 

"For a qualitative measure of the effects of "back-
scatter", the arrangement of Fig. IV-31-7 was used. 
The change in count rate observed when the tungsten 

SOURCE OF r = RAYS 

/ | \ 

i 
• 

/ 

1 1 

( DWG NOT TO SCALE} 

,-ABSORBER ON TOP 
OF D-1 

ABSORBERS ON 
"SIDES" OF D-1 
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in. from D-1 so that approximately 10* neutrons/sec 
were incident on D-1. The count rate from D-1 was 35 
counts/sec above 155 keV. A 2-in. thickness of lithium 
hydride between the source and detector appeared to 
have no effect on the count rate from D-1." 

The attenuation factor observed for 1.25 in. of 
platinum (^-3 cm) is only 16 to 28 compared to the 
estimated value of approximately 50. This error arises 
from three sources: 

(1) Backscatter in the experiment 
(2) Lack of conservatism in the calculations 
(3) Poor statistics. 

Nevertheless, the experiments and calculations are in 
good agreement on the relative worth of the various 
materials. An estimate of the backscatter effect may be 
obtained by comparing the first and second entries for 
tungsten in Table IV-31-VI. If we estimate a constant 
attenuation factor per unit thickness between 1.25 and 
1.5 in., then we estimate that about 25% of the counts 
in the I H in. tungsten experiment entered through the 
sides—that is, from back scattering. Eliminating these 
counts would increase A hj & factor of 1.33. For plati
num this would yield A = 37. The other factors men-

1.0 20 
THICKNESS OF W, In — 

F I G . IV-31-6. At tenuat ion Factor for W and Na-24 7-Rays 
versus W Thickness. AXL Xeg. Xo. 116-139. 

X CO ,60 

^ 
D-1 D- I 

PAPER 1-7/8" TUNGSTEN 1-7/8" 

D-1 COUNT RATE 165 cps D-1 COUNT RATE = 205 cps 

F I G . I V - 3 1 - 7 . Backscat ter Experiment AXL-Xeg. Xo. 116-
136. 

tioned above should account for the remainder of the 
discrepancy. 

RECOMMENDATIONS FOE FUTURE WORK 

As can be seen from both the calculations and crude 
mockup of experiments, it is within reason to expect 
that a heavy metal shield of platinum, tungsten, or de
pleted uranium would be satisfactory in a space craft 
experiment. If it is desired to measure the low-energy 
electron fluxes in the Grand Tour Experiment, such 
shielding will be necessary unless the irradiation from 
the sources, that is, the RTG's and RHU's, can be re
duced. We therefore propose that future work, be
ginning in the very near future, should concentrate on 
two lines. 

First, an effort should be made to ascertain if sources 
of low radiation level can be procured for the Grand 
Tour. Some of the ways in which such low radiation 
level sources can be procured are: 

1. Produce low Pu-236 contamination by irradiating 
Np-237 in a highly thermal flux with a clad mate
rial that does not yield energetic capture gammas. 
This reduces Pu-236 production via {n,2n) and 
(y,n) processes. 

2. Electromagnetic separation. 
3. Chemical separation of Pu-236 daughter products 

following aging to allow the Pu-236 (3 year half-
life) to decay. 

4. Prepare Pu-238 from the irradiation of Am-241 
to Am-242 which decays to Cm-242. The Cm-242 
then decays to Pu-238.'^j 

Because of the time limitations and the necessary long 
lead time for the establishment of the design param
eters for deep space probes, this survey cannot take 
very long. 

The second line of endeavor would be to optimise the 
shielding requirements for the space craft. The empha
sis should be on optimizing the shielding requirements 
for all the experiments in the space craft considered a^ 
a system since the procedure of optimizing shieldii 
for each individual experiment does not necessar? 
lead to the minimum shield weight. The shielding 
limitation, for example, of four pounds for the Uni-

. as 
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persity of Chicago experiment was based on the neces
sarily rough estimate of probable needs prepared at a 
very early date without adequate knowledge of the flux 
distribution at the experiment site, nor of the detector 
sensitivity. 

Argonne National Laboratory has exceptional skills 
in the measurement of low energy neutron and gamma 
fluxes and of the operation of particle detectors in 
gamma and neutron fields. I t would appear reasonable 
for the Laboratory to take on the task of optimizing 

the space craft shield requirements with the space 
craft regarded as a complete system. This means in
volvement in the design of the Grand Tour space craft 
and experiment program at a very early stage. 
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