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THE 14 MeV NEUTRON WORK 
AT THE LAWRENCE LIVERMORE NATIONAL LABORATORY 

L. F. Hansen 
Lawrence Livermore National Laboratory 

University of California 
Livermore, California 94550 

ABSTRACT 

The 14 MeV neutron work at Lawrence Livermore National Laboratory (LLNL) 
covers two main areas of interest to this Symposium: 1) measurements and 
calculations of differential cross sections, and 2) integral measurements of 
the neutron and gamma emission spectra. In both areas a large number of 
materials have been studied, spanning a wide mass range (6 < A < 239), of 
interest to fusion and hybrid reactors. In this presentation a brief 
description of the experimental techniques and calculational analysis is given 
for each of the above areas and the measured and calculated cross sections are 
discussed. 

DIFFERENTIAL NEUTRON MEASUREMENTS 

OBJECTIVE 

A large body of elastic differential cross sections measurements has been 
published in the last therty years for materials ranging from hydrogen to 
uranium. However, these measurements and their analysis have been carried 
under quite different conditions of beam energy resolution, size and geometry 
of the targets, flight paths, detector efficiency, and multiple scattering 



correction for large targets. This lack of uniformity which accounts for the 
wide variations observed in the quality of the published data was our main 
incentive to carry out these measurements at Livermore. We were also 
interested in assessing the value of microscopic optical potentials, such as 

2 3 
the Jeukenne, Lejeune, and Mahaux (JLM) and Brieva and Rook (BR) 
potentials, as a tool to predict neutron differential cross sections. This 
test required a consistent set of measurements over a wide mass and energy 
range. In this paper the measurements of the angular distributions will be 

Q 
dicussed for the elastic scattering of 14.6 MeV neutrons from Be, C, 2 7 n 1 P o 59 r„ 89 v 93... . 140 r Q 181, 197. 208D. Al, Fe, Co, Y, Nb, In, Ce, Ta, Au, Pb, 
2 0 9 B i . For 2 3 2 T h , 2 3 8 U and Z 3 9 P u the angular distributions were 
measured at 14.1 MeV. 

MEASUREMENTS 

The measurements have been made using as a 14.6 MeV neutron source the 
2 3 
H(d,n) He reaction at 0° using the 12 MeV incident deuteron beam from the 
LLNL tandem electrostatic accelerator. The beam is bunched, 1-2 ns wide, and 
swept at a 2.5 MHz burst rate. The deuterium target is a 1 cm diameter by 
3 cm long gas cell filled to a pressure of 2 atm. Details on the target 
fabrication can be found elsewhere . Two identical cells mounted on their 
respective parallel stems can rotate into position in the deuterium beam path 
are used during the measurements. One cell is filled to 2 atm of deuterium 
and the second one is evacuated in order to measure the neutron background 
contribution from the empty cell. The zero degree 14.6 neutron burst impinged 
on the scattering samples positioned at 20 cm from the gas cell. The targets, 
Be, C, Al, Fe, Co, Y, Nb, In, 1 4 0 C e , Ta, Au, 2 0 8 P b , and Bi, are cylinders 
of 2.5 cm diameter and 5 cm height. They are mounted on a hollow 1 cm 

-2-



diameter nylon pole whose contribution to the background is negligible because 

of its very small mass. 

The scattered neutrons are detected using the LLNL time-of-flight (TOF) 

facility in which 16 NE213 liquid scintillator detectors (11.3 cm diameter 

by 5.1 cm long) allow simultaneous measurements in the angular region 3.5° to 

159°. In the present work the elastic angular distributions have been 

measured between 9.2° and 159° with a 10.75 m flight path for all the 

detectors. The 3.5° detector turned off during the scattering run is used to 

measure the incident flux on the scatterer. The detector bias is 5.4 MeV and 

pulse shape discrimination is used to reduce the gamma-ray background. Figure 

1 shows a schematic view of the TOF facility. Details on the experimental 

technique and analysis of the data can be found in Ref. 1. 

OPTICAL MODEL ANALYSIS OF THE DATA 

2 3 A. Microscopic calculations. The microscopic optical potentials ' 

(MOP) contain the central and spin-orbit potentials which include the direct 

and exchange terms. The central potentials are calculated by folding 

integrals of an effective interaction g(r) between the projectile and target 
nucleons with the nuclear density. The exchange terms are calculated by 

carrying a suitable local momentum approximation of g(r). 

U(r 7) = ; p(r 2)g(r)d 3r 2 (1) 

where r, and r 2 refer to the pro ject i le and target nucleons respect ively; 

r = ( r 1 +rn)/2 is a reasonable, although not r igorously tested " local 

density approximation". The nuclear density ( r ) for neutron scatter ing was 

assumed to be proportional to the proton density obtained from electron 
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scattering. For heavier nuclei (A > 100), calculations were done also 
assuming a "neutron skin" with about 2.6% increase in the neutron rms radius 
over the one of the proton, but the results were not sentitively different for 
the energy of these measurements. This is not the case for proton scattering 
where it has been shown that by introducing a neutron skin in the 
calculations the agreement with the measurements is improved. The effective 
interaction g(r) is complex, radial, density and energy dependent. Only the 

2 3 central potential has been calculated following the JLM and BR 
procedures and details of these calculations can be found in Ref. 7. The 
effective interaction used in the calculation of the <pin-orbit potential has 
been taken from the work of Bertsch et al. (Elliot matrix elements). 

The predictions of the MOP were compared with the elastic angular 
distribution data. The real and imaginary terms of the central potential were 
multiplied by normalyzing constants Ay and X w respectively. These 
parameters, which are the only ones used in the calculations, were adjusted by 
least squares for an optimal fit to the data. In Table I are listed their 
values together with the values of x /N obtained from the JLM and BR 
calculations. It can be seen that for the real central potential, the value 
of X v is close to unity for all the values of A in both calculations. 
This indicates that the volume integrals are correctly predicted in both 
models. The normalizing constants X u for the imaginary potential show 
more scatter than those for the ri?al potential (specially the values for the 
BR potential), although they have a definite decreasing trend with energy. 
The overall agreement found between the MOP calculations after normalization 
and the measurements is reasonably good, with the JLM potential giving a 
better representation of the data over the entire mass range. In Figs. 2-4 
(solid lines) the latter calculations are compared with the data. 
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B. Phenomenological calculations. In addition to the comparison with the 

microscopic potentials, the data have been compared with calculations carried 

out with phenomenological optical model potentials (OMP) for two global 

parameter sets optimized for neutron data, the Becchetti-Greenlees and the 
Q 

Rapaport ^t jj_. global potentials. The results obtained with these two 

sets are quite similar, with the Rappaport et̂  &]_. (the "Ohio set") giving 

slightly better agreement with the measurements. Accordingly, only the OM 

calculations performed with the parameters given in Ref. 9 for the set A, E 

< 15 MeV will be reported. Following the same normalizing procedure used 

for the MOP, the strengths of the real and imaginary terms of the central 

potential were adjusted to optimize the fits to the data. The values found 

for the normalizing parameters Ay and A w , which correspond to the 

ratios between the values of V R and Wr. after the search and their initial 
g values , are listed in Table I. The agreement between the calculations with 

the "Ohio set" and the data are quite close to the results obtained with the 

JLM potential as can be seen in Figs. 2-4 (dashed lines). The values of 
2 X /N obtained with this global set are listed in Table I. They are 

similar to those obtained with the JLM calculation, while the values obtained 

with the BR potential are 2 to 3 times larger than either one of the above 

potentials. 

With the exception of the light nuclei Be and C, both calculations 

reproduce rather well the measurements. It has been shown that the 

failure of the calculations to fit the angular distributions at the backward 

angles for these two nuclei results mainly from their strongly deformed 

nature, which has not been accounted for in the present calculations. 
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Actinide Targets 

The 2 3 2 T h , 2 3 8 U and 2 3 9Pu(n,n) elastic angular distributions were 
measured at 14.1 MeV. Because these targets are characterized by large and 
permanent quadrupole (P~) and hexadecapole (P.) nuclear deformations, 
coupled channel (CC) calculations were carried out for both MOP and 
phenomenological optical model potentials. Levels of the ground state (GS) 
rotational band up to the 6 + for Th and U, and up to the 9/2 for Pu have 
been included in the calculations. 

The microscopic calculations have been done by folding the JLM effective 
interaction with the deformed GS nuclear density 

8 
p(r) = I p,(r)Y (9) (2) 

X=0 A A U 

The Legendre polynomial expansion includes terms up to L „ = 8. Only the 
max 

real and imaginary central potential are deformed. The spin orbit potential 
is real, spherical and independent of energy. Details of these calculations 
can be found in Ref. 11. The only free parameters are the normalization 
constants Xy and X w, the effective interaction ranges t v and t w 

included in the real and imaginary potential respectively, and the strength of 
the spin-orbit potential V<-. The values of these last three parameters are 
t v = 1.2 fm, t y = 1.3 fm and V s = 50 MeV - fm 5. They were obtained 
from the analysis of neutron and proton scattering cross sections for 
208 

Pb. In Fig. 5 is shown the comparison between the calculations (solid 
lines) and the data. The agreement is quite reasonable given that the 
normalization constants Xw = 0.94 and X w = 0.82 are the only two 
parameters optimized in the present calculation. 
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CC calculations with the global potential of Klepalskij et al. have 
also been done. The optical parameters used in these calculations are those 
prescribed by the set, since this potential has been optimized for the 
actinide region in the energy region of a few keV to 15 MeV. In other words, 
the normalization constants A„ and A,, are both equal to 1 for this 
calculation. The calculated differential cross sections are shown in Fig. 5 
by the dotted lines. The good agreement found with the measurements is not 
surprising since phenomenological global potentials have as many as nine 
available parameters to optimize the fits in for a given mass and energy 
region. 

INTEGRAL NEUTRON MEASUREMENTS 

OBJECTIVE 

The optimum design of fusion, fusion-fission hybrid reactors requires 
calculations that accurately describe the interaction of 14 MeV neutrons with 
the materials present in the design. The value of such studies depends in 
large measure on the accuracy of the codes and cross sections used in 
calculating the design parameters of the reactor concepts. Codes and 
evaluated cross sections can be checked directly against measurements of the 
neutron- and gamma-emission spectra from simple geometrical assemblies 
(spherical targets) and individual isotope materials. 

Under the Pulsed Sphere Program (PSP), we have measured the neutron and 
gamma spectra emitted by many materials from lithium to plutonium bombarded 
with 14 MeV neutrons. From the comparison of these measurements with 
calculations using evaluated neutron and photon cross sections, many problems 
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1 5_1Cj 

have been unfolded related to the magnitude and representation of the 
cross sections in the libraries. In Ref. 16 can be found a tabulation of all 
the measured spherical assemblies under this program. 

EXPERIMENTAL METHOD 

Measurements of the neutron emission spectra have been made using the 
sphere transmision and TOF techniques . The 14 MeV nominal energy neutrons 
from the H(d,n) He reaction are generated using the 400-keV H + beam 
from the LLNL insulated-core-transfcrmer (ICT) accelerator. The beam, swept 
at a 0.5 MHz rate and bunched to <2 ns burst width, strikes a tritium-loaded 
titanium target mounted at the end of a low mass conical assembly. The 

2 titanium which absorbs the tritium is 1.59 cm in diameter and 4 mg/cm thick 
and is evaporated on a 0.076 cm thick tungsten backing. Details on the 
geometry and composition of the low mass assembly can be found in Ref. 17. 
The 14 MeV neutron production at the tritium target is monitored by counting 
the associated alpha particle with a t;iin (25 m) silicon surface-barrier 
detector. This detector is mounted on the conical assembly at about 35 cm 

? + from the tritium target and at a 174 angle from the H beam line. A 
schematic representation of the experimental set up is shown in Fig. 6. 

The detectors used in the measurements of the neutron (1 < En < 15 
MeV) and gamma leakage spectra are NE213 and stilbene scintillators. For 
neutron energies from 1 MeV to below 1 eV, a Li scintillator is used. 
Measurements of the relative and absolute efficiency of these detectors have 
been discussed in detail elsewhere. ' 
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CALCULATIONAL METHOD 

Calculations have been carried out with the code TART, a coupled 
20 neutron-photon Monte Carlo transport code . The variations in energy and 

intensity with angle of the of the 14 MeV neutron source, the time spread of 
the deuteron beam from the ICT accelerator and the geometry and composition of 
the low-mass tritium target assembly are included in the calculations. The 
validity of the representations of these elements in the calculationai model 
can be inferred from the excellent agreement between calculations and 

l' measurements for a "Blank" run . A "Blank" run is by definition a 
meusurement of the TOF spectrum with the spherical assembly removed (see Fig. 
6). These runs, which alternate with those taken with the sphere in place, 
are used for time indepedent background corrections and source strength 
determination. 

The TART code tabulates the energy and time-of-arrival of each neutron at 
the detector position. Folding in the detector efficiency as a function of 
neutron energy yields a calculated time-of-arrival neutron count spectrum 
which can be directly compared with the measured TOF spectrum. The 
transformation from measured time-of-arrival spectra to energy spectra is 
strictly valid only for small spheres and non-multiplying assemblies. The 
error introduced in the transformation can be ascertained by transforming the 
calculated time-of-arrival spectra to energy spectra and comparing directly 
with the Monte Carlo calculations of the energy spectra. 
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RESULTS 

Extensive tests of cross sections evaluations for 14 MeV neutrons for 
materials of interest to the fusion and shielding communities has been done 
under the Pulsed Sphere Program during the last fifteen years. The neutron 
leakage spectra from spherical assemblies (thicknesses varying between 1 and 5 
mean free paths, mfp, for 14 MeV neutrons) have been measured for over 30 

materials . These measurements have been compared with the Monte Carlo 
21 calculations as described above, using the ENDF/B files . Versions III, IV 

and V of this library have been used during the years as updating of the cross 

sections between succeeding versions has taken place. Calculations have also 

been done with the Livermore evaluated neutron and photon libraries, 
22 ENDL . Because most of the results can be found in the published 

literature (see list of publications in Ref. 16), only the last set of 
19 measurements and calculation:; will be presented here. 

Recently we have measured the emission spectra from Holmium (0.8 mfp), 

Tantalum (1 and 3 mfp), Gold (1.9 mfp), and Lead (1.0 mfp). Lead is of 

special interest since it has been proposed as a neutrc multiplier in some 

conceptual designs of fusion blankets. These elements were chosen to cover a 

wide range of heavy nuclei characterized by different nuclear structure as a 

result of their shape and closure of neutron and proton shells. Holmium and 

tantalum are strongly deformed nuclei, while gold and lead are spherical 

nuclei. In addition, in lead both neutron and proton shells are closed for 

the isotope of greatest abundance. We have measured the neutron leakage 

spectra in the energy region of 1 to 15 MeV and the results have been compared 

with the predictions of the Monte Carlo calculations using the ENDF/B-V and 

ENDL neutron cross sections libraries. ENDF/B-V contains independent 
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evaluations only for gold and lead; it does not have an evaluation for holmium 
and the one for tantalum is from an earlier ENDL evaluation which presently 
has been superseded, In addition to these two evaluated libraries, a test 
library (ALICE<. , ) based on the ENDL was generated in which the code 
ALICE/LIVERMORE 82 was used. This code provided substitute differential data 
for reaction cross sections and spectra for (n,n') contir.ium, (n,2n), (n,3n), 
(n,p), (n,n'p + n,pn'), (n,a) and (n,n'a+n,an') reactions for incident 
neutron energies between 2.0 and 20.0 MeV. The single and multiple particle 

24 emission are calculated from evaporation processes and precompound decay 
?ci using the hybrid/geometry dependent hybrid models . In Fig. 7 are shown 

the comparisons between the measured TOF spectrum for the 1 mfp Ta sphere and 
the TART calculations with the ENDF/B-V, ENDL and ALICE S cross section 
libraries. From the agreement obtained it can be concluded that the 
calculation with ALICE,- . (bottom curve) gives an overall better 
representation of the measurements. This is quantitatively shown in Table II, 
vvhere the measured integrals for three energy intervals 1-5, 5-10, and 10-15 
MeV intervals are given together with the ratios of the calculated/measured 
integrals obtained from each calculation for these energy intervals. 

The sensitivity of the pulsed sphere data to deformation effects arising 
from the nuclear shape in the calculated emission spectra was also 
investigated. A second test library (ALICE—. ) was generated where the ENDL 
elastic and inelastic neutron cross sections to low excited levels in the 
ALICE,. . library were replaced by those obtained from a coupled channel 
calculation. These calculations were carried out with the code ECIS79 written 
by Raynal , using global optical potentials optimized for neutron 

g 
scattering . The values of the ratios - calculated/measured - for the above 
energy intervals obtained with the ALICE--, test library are listed in the 
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last column of Table II. For both the 1 and 3 mfp Ta spheres, the 
calculations carried out with ALICE.,,, show a small improvement in the 
region of 5 to 15 MeV. All four calculations overestimate the production of 
neutrons in the 1-5 MeV interval. The evaluated libraries overpredict the 
production of neutrons in this energy interval by as much as 20-30 % and ALICE 
does it by 15-20%. This effect seems to result mainly from the shape of the 
energy differential spectrum predicted for the secondary neutrons. A 

19 comparison with the measurements of the neutron differential spectrum at 
14.1 MeV by Vonach et al. 2 7, and at 14.6 MeV Hermtdorf et al. 2 8 , has also 
shown that the above calculations overestimate the measured spectra in the 
region of 2 to 5 MeV. For a detailed discussion of these results and those 
obtained for Ho, Au and Pb, see Ref. 19. 

In order to facilitate the comparison of the present measurements with 
calculations carried out elsewhere, the measured TOF spectra of the emitted 
neutrons have been transformed to energy spectra by calculating the energy 
relativistically from the time of arrival t- of the neutrons. 

E i = 939.6 ([1 - (L/t.c) 2]~ 1 / 2 - 1) (3) 

Where L is the distance from the center of the sphere to the face of the 
detector. Unfolding the detector efficiency from the time spectra and using 
the differential energy spectrum for the source neutrons, the energy spectrum 
is obtained from the above formula in units of neutrons per MeV per -4 MeV 
source neutron (Table III). 
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SUMMARY 

In t h i s paper t h e 14 MeV neutron work done at LLNL, has been d iscussed, 

which covers neutron t ime-o f - f l i gh t measurements and calculat ions of (1 ) , 

d i f f e r e n t i a l cross sect ions, and (2) , of the integral leakage neutron and 
g 

gamma-ray spectra. The materials studied coverd a wide mass range, Be to 
239 

Pu, and are found in the conceptual design of fusion reactors. 
The calculational analysis of the differential data have been done 

using microscopic optical potentials derived from the treatment of Jeukenne, 
2 3 

Lejeune, and Mahaux (JLM), and of Brieva and Rook (BR). The agreement 
with the measured angular distributions is better for the JLM potentials 
than for the BR. The latter overestimates systematically the forward angle 
cross sections and the total cross sections . These effects are 
associated with the pronounced deviation of the BR potentials from the 
Woods-Saxon shape. The microscopic calculations with the JLM potentials also 

g compare quite favorably with calculations using global optical model 
potentials, giving in some cases better fits to the data. Only two 
normalizing parameters, A., and A w, have been used in these 
calculations. Their values (Table I) have been obtained by adjusting the real 
and imaginary parts of the central potential by a least squares procedure to 
optimize the fits to the data. The required normalizing parameters are within 
a few percent of unity in all cases for the real potential. The values of 
A w for the imaginary potential exhibits a mass variation that is most 
pronounced for the BR potentials. The values for the JLM and "Ohio" 
potentials are closer to constant values (0.96 0.15 and 0.84 0.10 
respectively). 

The integral data have been compared with Monte Carlo calculations ?o carried out with the code TART , using the evaluated libraries ENDF/B-V 
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(versions III and IV have also been tested in the past) and ENDL. The most 
19 recent measurements for Ho, Ta, Au and Pb have also been compared with 

calculations done with two "test neutron libraries", ALICE,. , and 
ALICE--, , obtained by modifying the ENDL library. In the first, the 
precompound, compound and reaction cross sections have been obtained from 
nuclear model calculations using the code 2 3 ALICE/LIVERMORE 82. In the 
second test library we have substituted in ENDL, in addition to the above 
cross sections, the elastic and inelastic to low-lying levels cross sections. 
These cross sections have been generated by coupled channel calculations done 
with the code ECIS 79, in order to account for the strong rotational (Ho 
and Ta) and vibrational (Au and Pb) nature of the targets. 

From the comparisons of the calculated TOF with the data the following 
conclusions can be extracted: 1) From the two evaluated libraries, ENDL gives 
consistently better agreement with tha measurements than the ENDF/B-V (see 
Ref. 19). 2) The test libraries give surprisingly good agreement with the 
data. The attractive feature of libraries is that only default parameters are 

used in the calculations, which have been obtained from the use of precompound 
24 25 9 

and compound nuclear models * and global optical potentials over a 
wide range of mass and energy. 3).The introduction of collective effects 
(ALICE,,-,) results in a modest improvement in the agreement with the data in 
the 1.0 to 10 MeV interval. However, collective effects are very important in 
the analysis of differential scattering cross sections from deformed 
nuclei , where a noticeable improvement is obtained in the fits of the 
optical model calculations to the measured angular distributions at the 
backward angles. 
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FIGURE CAPTIONS 

Fig. 1 Schematic representation of the Livermore time-of-flight facility 

and wedge shielding used in the present measurements. 

Fig. 2 Measurements of the neutron elastic differential cross sections for 
9 27 59 Be, C, Al and Co. Calculations carried out with the 

microscopic optical potentials of Jeukenne, Lejeune and Majaux (JLM: 

solid lines) and the global potential of Rapaport et_ aj_- (dashed 

lines). For C and Fe the calculations have been done assuming 100% 
12 S6 C and Fe isotopic composition respectively. 

Fig. 3 Measurements of the neutron elastic differential cross sections for 
8 9 Y , 9 jNb, In and U 0 C e . Calculations as in Fig. 1. 

Fig. 4 Measurements of the neutron elastic differential cross sections for 
1 8 1 T a , 1 9 7 A u , 2 0 8 P b and 2 0 9 B i . Calculations as in Fig. 1. 

Fig. 5 Measurements of the neutron elastic differential cross sections for 
232 238 239 

Th, U and Pu. Calculations carried out with deformed 

semi-microscopic optical potentials (JLM: solid lines) and the 

global potential of Klepatskij et al. (dashed lines) 

Fig. 6 Schematic representation of the experimental set up for the Pulsed 

Sphere measurements. In the insert is shown the spherical target 

geometry. Fig. 7 Comparison of measured (xxx) and calculated (—) neutron TOF 
181 spectra for 1.0 mfp Ta. The calculations have been carrie 

with the ENDF/B-V (upper curve), ENDL (middle curve), and ALICE Sph 
(bottom curve) libraries. 
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Table I. Values of x /N and the normalization parameters \\j 
and Xy for the neutron elastic differential cross sections at 
14.6 MeV, compared with the Brieva-Rook and JLM microscopic optical 
model potentials, and with the Rapaport et^ aj. "Set A" global 
potential. 

Brieva-Rook J L M • Rapaport _et l i -
Target X 2 /N XV \ X 2/N XV XW X 2/N X V h 

Be 46.4 0.94 1.23 29.4 1.00 1.25 40.2 0.96 0.83 

C 60.3 1.03 1.59 14.1 1.04 1.04 32.5 0.96 0.67 

Al 51.1 1,02 1.68 6.3 0.99 1.06 12.0 0.96 0.72 

Fe 13.0 1.04 1.52 3.9 0.96 0.97 4.0 1.00 0.78 

Co 32.8 1.02 1.48 2.6 0.95 0.96 6.7 0.98 0.82 

Y 38.5 1.02 1.08 5.5 0.97 0.92 8.00 1.00 0.84 

Nb 9.6 1.02 1.28 2.0 0.96 0.94 2.2 0.98 0.96 

In 12.7 1.00 1.51 7.2 0.98 1.18 7.6 1.00 1.07 

Ce 12.9 1.01 1.19 7.6 0.97 0.92 7.5 1.02 0.84 

Ta 24.9 0.99 0.98 6.8 0.94 0.70 6.5 0.99 0.87 

Au 7.4 1.00 1.00 7.6 0.98 1.00 3.1 0.99 0.92 

Pb 11.0 1.01 0.97 4.0 0.97 0.81 2.9 1.00 0.84 

Bi 17.6 1.01 0.92 8.2 0.97 0.80 6.4 1.00 0.82 
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Table II Measured integrals* for 1.0 and 3.0 mfp Ta and ratios of 
calculated-to measured integrals 

#mfp AE Experiment* R(ENDF/B-V) R(ENDL) R(ALICESph R(ALICE)cCh 
[MeV] +5% 

1 1.- 5. 0.256 1.281 1.230 1.152 1.148 
5.-10. 0.024 0.975 1.107 1.045 0.984 
10.-15. 0.618 1.047 1.024 1.071 1.083 
1.-15. 0.898 1.H5 1.088 1.096 1.102 

3 1.- 5. 0.316 1.259 1.266 1.196 1.209 
5.0-10 0.027 0.970 1.118 0.908 0.930 
10.-15. 0.278 0.860 0.813 0.950 0.971 
1.-15. 0.621 1.068 1.056 1.074 1.090 

*In units of neutron counts (sphere in) divided by the total number of H MeV 
source counts (sphere out). The error in the ratios is also 5%. 



Table III. Neutrons/MeV-Source neutron calculated from the 
measured neutron time-of-flight spectra. 

[1 mfp] Ta [1 mfp] 
xlO~J xlO" J 

6.504 

2.902 

1.208 

0.606 

0.382 

0.343 

0.285 

0.272 

0.274 

0.274 

0.286 

0.411 

1.026 

53.797 

7.284 

2.937 

1.239 

0.615 

0.395 

0.355 

0.295 

0.290 

0.309 

0.320 

0.323 

0.428 

1.194 

45.127 

Ta [3 mfp] 
xl0~ J 

10.397 

3.141 

i.290 

0.670 

0.429 

0.398 

0.332 

0.330 

0.346 

0.355 

0.320 

0.313 

0.674 

19.690 

Au [2 mfp] 
xlO 

13.000 

4.587 

1.863 

0.897 

0.527 

0.450 

0.382 

0.382 

0.401 

0.379 

0.354 

0.382 

0.805 

29.559 

Pb [1 mfp] 
xlO"' 

12.830 

7.462 

2.992 

1.294 

0.636 

0.471 

0.367 

0.397 

0.437 

0.393 

0.330 

0.375 

0.852 

48.727 
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