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FOREWORD 

The United States and the European Atomic Energy Community 
(EURATOM), on May 29 and June 18, 1958, signed an agreement which 
provides a bas is for cooperation in p rog rams for the advancement of 
the peaceful applications of atomic energy. This agreement , in par t , 
provides for the establ ishment of a Joint U . S . - Eura tom r e sea r ch 
and development p r o g r a m which is aimed at r eac to r s to be constructed 
in Europe under the Joint P r o g r a m . 

The work descr ibed in this repor t r ep re sen t s the Joint U . S . -
Eura tom effort which is in keeping with the spir i t of cooperation in 
contributing to the common good by the sharing of scientific and tech
nical information and minimizing the duplication of effort by the l imited 
pool of technical talent available in Western Europe and the United 
S ta te s . 
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ABSTRACT 

Measurements of the resonance capture in tegral and assoc ia ted 
phenomena for Th and Th02 rods have been made using p r i m a r i l y an 
activation technique. The effective resonance in tegral (above l /v) at 
room tempera tu re is given by 

I T h = 3.91 + 14.81 >Js/M barns 

I_. _ = 3.41 + 17.32 \ / s /M barns 
I1HJ2 

for rods from 0 .4 to 2.9 cm d i a m e t e r . The t empera tu re dependence 
for a 0 .68 cm rod is given by 

I(T) = I ( T 0 ) [ 1 + 0.016 ( J T - N I T ; ) ] 

where T is the Kelvin absolute t e m p e r a t u r e . The t rea tment of Dancoff 
and Ginsburg to account for the mutual shielding of para l le l rods is 
confirmed by di rect m e a s u r e m e n t . 
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1 . INTRODUCTION 

1 . 1 . P r e l i m i n a r y Information 

The exper iments repor ted here constitute an investigation of 
neutron resonance capture in tegrals for thor ium under var ious 
condit ions. The effects of rod s ize, t empera tu re , and shadowing by 
neighboring rods have been m e a s u r e d using p r i m a r i l y the activation 
technique. Similar m e a s u r e m e n t s have previously been made at this 
Labora tory in the same exper imenta l facility by the react ivi ty method. 
The use of a different and independent measu remen t technique in the 
p resen t work is intended to expose any systemat ic e r r o r s which may 
be introduced by the apparatus or exper imental p rocedure associa ted 
with ei ther of the two methods . 

Apparently no comparable work using both techniques at the 
same facility has been repor t ed . There have been a number of 
previous m e a s u r e m e n t s , yielding ra the r widely different r e su l t s , by 
one or the other method. Both methods have, however, been 
previously used at this Labora tory for Uranium-238 resonance integral 
m e a s u r e m e n t s and the resu l t s were in agreement within the uncer ta int ies 
in the cal ibrat ion s t anda rds . These measu remen t s a re descr ibed in 
detail in BAW-1244. 

1.2. Outline of Scope and Objectives 

The p r i m a r y objec t ivesof the p resen t work were as follows: 
1 . the determinat ion of the variat ion of the 

effective resonance in tegra ls of thor ium 
and thor ium oxide rods with rod d iameter 
over the range of p rac t ica l in te res t 

2. the determinat ion of the var ia t ion of the 
effective resonance integral of a thor ium 
oxide rod with t empera tu re from room 
t empera tu re to 800°C 
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3. the determinat ion of the reduction of the 
effective resonance in tegra l (Dancoff 
effect) of an absorbing rod caused by a 
para l le l neighboring rod of the same 
m a t e r i a l . 

F o r the d iameter dependence m e a s u r e m e n t s the sample 
d iamete r s were in the range from l / 4 inch to 1 l / 4 inch for both 
thor ium meta l and oxide. Both the meta l and oxide samples were 
approximately 6 inches in length. The meta l rods consis ted of 
machined cyl inders while the oxide rods consis ted of stacks of 
s in tered pe l l e t s . 

In the t empera tu re dependence m e a s u r e m e n t s the tes t rod 
d iameter was 0.266 in . in d iameter and 6 in. long. Relative 
activation measu remen t s were made at room t empera tu re , 200, 500, 
and 800°C. 

. F o r the Dancoff m e a s u r e m e n t s the rod d iamete r was approximately 
3/8 in . for both thor ium oxide and uranium oxide. The moderat ing 
medium between the rods was D2 O and the cen t e r - t o - cen t e r spacing 
var ied from 0 . 442 in . to 1 . 0 3 7 in. 

1 .3 . Methods of Measurement 

The p r i m a r y facility for all m e a s u r e m e n t s repor ted he re was 
the Lynchburg Pool Reac tor (LPR) . In each case the samples were 
cadmium shielded and located at the center of the c o r e . F o r the 
d iamete r dependence m e a s u r e m e n t s both the activation and the 
react ivi ty methods were used . In the activation case a tes t sample 
from the center of the rod was dissolved and the separa ted Pa2 3 3 was 
gamma counted. These m e a s u r e m e n t s were ca l ibra ted with reference 
to the infinitely dilute resonance in tegral of Th232 . In the react ivi ty 
case the react ivi ty coefficients were deduced from per iod m e a s u r e 
ments and the cal ibrat ion was with reference to infinitely dilute boron. 

F o r the t empera tu re dependence m e a s u r e m e n t s the samples were 
uniformly heated and held at constant t empe ra tu r e during the act ivat ion. 
The subsequent chemical and counting p rocedures were the same as in 
the geometr ic dependence invest igat ion. 

F o r the Dancoff m e a s u r e m e n t s the activation technique was used 
in all c a s e s . The rod containing the counting sample was cadmium 
clad and the shielding rod was aluminum clad . The same tes t 
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assembly was used in both the ThOz and the U0 2 cases . In the U02 

cases the Np239 activity was used as a m e a s u r e of the neutron 
capture in the resonance region. 
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2. EXPERIMENTAL FACILITIES AND APPARATUS 

2 . 1 . Lynchburg Pool Reactor 

All exper imental m e a s u r e m e n t s in the p resen t investigation were 
c a r r i e d out at the Lynchburg Pool Reactor (LPR) . (See F i g s . 2 -1 , 
2-2, and 2-3.) The m e a s u r e m e n t s were made with the exper imental 
sample at the center of the r eac to r approximately 17 feet below the 
pool sur face . F ig . 2-4 shows the core configuration used in the 
geometr ic and t empera tu re dependence measu remen t s . Each MTR-
type fuel element consis ts of 10 plates of u ran ium-a luminum alloy with 
about 19 g rams of U235 in each p la te . Each control element contains 
six plates of the same type . The cen t ra l element position is occupied 
by a void tes t thimble which extends above the pool sur face . The 
lower end of the thimble, which pene t ra tes through the co re , consis ts 
of a 1 5/8-inch OD cadmium tube with a 0 .0226-inch wall sandwiched 
between two thin-walled aluminum tubes . An adjustable aluminum 
spacer is used at the bottom of the thimble to center the samples 
ver t ica l ly in the c o r e . The thimble is equipped with a plenum for 
forced cooling and a surface thermocouple for t empera tu re moni tor ing . 

F i g . 2-5 shows the core configuration used in the Dancoff effect 
m e a s u r e m e n t s . In this case , the tes t thimble is a 3 by 3 inch square 
aluminum tube with no cadmium sect ion. A tes t a s sembly consisting 
of a cadmium clad rod and an aluminum clad shielding rod in D zO 
modera to r is lowered to the center of the core through this th imble . 

2 . 2 . ^Sample Containment Assembly 

The samples used in the geometr ic dependence measu remen t 
range in d iameter from 0.158 to 1.155 inches . These samples a r e 
held in closely-fi t t ing aluminum tubes, and a secondary container is 
used to center the samples in the tes t cavity within the r e a c t o r . The 
inner tube is secured in the outer tube by a sc rew-on cap which slips 
over the projected end fitting and r e s t s on a shoulder of this fitting. 
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The holder assembly is shown in F i g . 2-6 with a typical sample of 
stacked Th0 2 pe l l e t s . Pel le t alignment is maintained by the c l o s e -
fitting cladding tube. This tube is cen te red by a mechanical constra int 
in the outer holder, which is coupled by a short rod to a light chain 
for inser t ion and withdrawal of the a s s e m b l y . All components of the 
holder assembly a re made of aluminum except a smal l s t a in l e s s - s t ee l 
set screw in the coupling rod . 

2 . 3 . Sample Hea te rs and Tempera tu re Measurement System 

The thorium.-oxide sample for the Doppler coefficient m e a s u r e 
ments consisted of stacked pel le ts , half of which contained a 0 .050-inch 
hole for axial placement of a thermocouple . The pel le ts were contained 
in a s ta inless s teel tube insulated with mica and wound with a nichrome 
hea te r as shown in F i g . 2 -7 . The hea te r was closely wrapped with 
asbes tos paper , and the a s sembly was cen te red in a polished s ta in less 
s teel container with Kaowool insulation between the heater assembly 
and the walls of the conta iner . A second thermocouple was inser ted 
along the can wall to monitor t empera tu re near the inside of the 
cadmium thimble, which enclosed the assembly shown in F i g . 2 -7 . 
A th i rd thermocouple was secured to the outside of the thimble to 
m e a s u r e the water t e m p e r a t u r e . 

2 . 4 . Dancoff Test Assembly 

The sample container for the Dancoff m e a s u r e m e n t s was a 
thin-walled aluminum extrusion, 2.812 inches square in c r o s s section, 
with a welded bottom and a detachable top . This container is fitted 
with celluloid top and bottom spacing plates and an 18m.il wall by 
0.412-inch OD cadmium jacket for the cen t ra l rod . The para l l e l 
shielding rod is aluminum clad and is c lamped in posit ion on the 
spacing plates by s ta inless s teel s c r e w s . The components of this 
assembly a r e shown in F i g . 2 - 8 . 

2 . 5 . Chemical P rocess ing Fac i l i t i e s 

Dissolving the thor ium oxide sample pel le ts r equ i res prolonged 
(one to three weeks) boiling in aqua reg ia . This is done in refluxing 
units as shown in F i g . 2 -9 . An ion-exchange p r o c e s s is used to 
separa te the Pa2 3 3 from the solution and the res in column used for this 
separat ion is shown in F i g . 2-10 . 
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2 . 6 . Counting Equipment 

The separa ted sample solutions a re gamma-counted on a 3 inch 
sodium-iodide c rys t a l as shown in F i g . 2-11 . The lucite ring over 
the c rys ta l is used to center the flasks containing the counting solut ions. 
The c rys ta l unit is located at the center of a copper lined 4 foot cubical 
lead cave with 4 inch thick walls and top. The pulse height analysis 
is done with the 400 channel analyzer sys tem shown in F i g . 2-12 . 

The gold monitor foils a r e beta-counted in shielded methane-flow 
proport ional counters (Fig . 2-13) in conjunction with the s tandard 
amplif iers and s ca l e r s . 

2 . 7 . Data Reduction Fac i l i t i es 

Machine computation was employed wherever it was feasible with 
most of the work being done on the Burroughs 205 and Philco 211 . The 
IBM 7090 was also used briefly for an AIM-6 calculation of cer ta in 
p roper t i e s of the LPR c o r e . 
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Fig . 2 - 1 . LPR Core for Geometr ic and Tempera tu re Dependence 
Measurements 



I F i g . 2 -2 . LPR Core for Dancoff Effect Measurements 



F i g . 2 - 3 . LPR Instrumentat ion 
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F i g . 2 -4 . Core Configuration for Geometr ic and Tempera tu re 
Dependence Measurements 
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F i g . 2 - 5 . Core Configuration used in the Dancoff Measurements 
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F i g . 2 -6 . Sample Holder Assembly 
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Fig . 2 -7 . Heated Sample Assembly 
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F i g . 2 - 8 . Dancoff Measurement Assembly 
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F i g . 2 -9 . Refluxing Apparatus 

16 



F i g . 2-10. Resin Column 
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F i g . 2 - 1 1 . Detector Crys ta l and Sample Solution 
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Fig . 2-12 . 400-Channel Analyzer and Data-Readout System 
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F i g . 2 - 1 3 . P ropor t iona l Counter 
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3. LPR CHARACTERISTICS 

3 . 1 . Information Required for Data Interpre ta t ion 

In o rde r to compare m e a s u r e d resonance integrals with the 
highly idealized theoret ica l calculations it is nece s sa ry to account 
for the depar ture of the exper imental conditions from those assumed 
in the ca lcula t ions . This requ i res a knowledge of the neutron spec t rum 
at the sample position inside the cadmium tube . In addition the in t e r -
compar ison of react ivi ty m e a s u r e m e n t s requ i res a knowledge of the 
neutron importance spec t rum and the spatial flux shape. The 
determinat ion of these p roper t i e s is descr ibed below. 

3 .2 . Neutron Spectrum 

The mos t detailed pic ture of the neutron spec t rum in the cadmium 
tube has been obtained from a 5 region, 75 group, cyl indrical P1MG 
calculat ion. This spec t rum is shown in F ig . 3-1 and agrees very well 
with an ea r l i e r mult igroup diffusion calculation previously r e p o r t e d . -
Here the ze ro of le thargy is taken as 10 m e v . The spec t rum is 
essent ia l ly l / E over the resolved resonance region but r i s e s somewhat 
in the fission region and drops sharply near the cadmium cutoff. 

3 . 3 . Importance Spectrum 

The cadmium sleeve has a severe effect on the importance 
function as well as on the neutron spec t rum near and below the cadmium 
cutoff. This is due to the fact that some neutrons which a re captured 
in the sample would have been captured in the cadmium sleeve anyway 
and therefore a r e not detected in a react ivi ty m e a s u r e m e n t . In the 
region near the cadmium cutoff where these events a r e highly 
probable the importance drops sharply to z e r o . Also the importance 
drops slightly at high energy due to the inc rease in the reac tor 
escape probabi l i ty . Since the P1MG code does not compute group 
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adjoints the relat ive importance for each group has been obtained 
from a smooth curve drawn through calculated points from 18 group 
AIM-6 adjoint ca lcula t ions . The resu l t s a re shown in F i g . 3-2 . 

3 .4 . Flux Shape in the Test Cavity 

A set of gold foils mounted on an aluminum bar was used to 
m e a s u r e the epicadmium flux distr ibution along the axis of the 
cadmium thimble . Each foil (1/4 inch in d iameter and 0 .005 inch 
thick) was held in a small aluminum cover . The resul t of this 
t r a v e r s e is shown in F i g . 3 - 3 . The occur rence of the flux maximum 
at the ver t ica l center of the core verif ies that the sample activations 
a r e c a r r i e d out in essent ia l ly a ze ro -grad ien t posi t ion. This condition 
is a consequence of the core loading, in which the rods a r e well 
removed from the tes t thimble, the th ree shims a re fully withdrawn, 
and the regulating rod is a lmost fully withdrawn. 
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Fig . 3-1 . Relative Flux Spectrum in the LPR Cadmium Thimble 
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F i g . 3-2 . Relative Importance Spectrum in the LPR 
Cadmium Thimble 
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F i g . 3 -3 . Ver t ica l F lux Distribution in LPR Cadmium Thimble 

3 

> 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

USa^;.— 

- 4 0 - 3 0 - 2 0 - 1 0 0 10 

Dis t ance Above C e n t e r of C o r e , c m 

20 30 40 50 



THIS PAGE 
WAS INTENTIONALLY 

LEFT BLANK 



4 . EXPERIMENTAL SAMPLES 

4.1 . Samples for Geometr ic Dependence Measurements 

The thor ium meta l samples used in these measu remen t s were 
made up of two 3 inch long rods of c i r cu l a r c r o s s - s e c t i o n . The rods 
were machined to a smooth finish with accura te ly matching end faces . 
The oxide samples consis ted of s tacks of s in tered pellets held in 
accura te alignment by close-fi t t ing aluminum tubes . Table 4-1 gives 
the p a r a m e t e r s of these samples . 

F o r the activation m e a s u r e m e n t s , smal l disks or pel lets as 
shown in F i g . 4-1 were placed at the ver t i ca l center of the bulk sample . 
These counting samples were of the same m a t e r i a l and of p rec i se ly 
the same d iamete r as the bulk samples and were held in accura te 
alignment by the aluminum cladding. 

4 . 2 . Samples for Doppler Coefficient Measuremen t s 

The Doppler coefficient m e a s u r e m e n t s were made with a 6 in. 
long by 0 .266 inch d iameter thor ium oxide rod having a density of 
9. 12 g m / c m 3 . The center pellet of the stack was replaced with an 
uni r rad ia ted pellet for each run and the i r r ad ia t ed pellet was dissolved 
and used as the counting sample . A ch romel -a lume l thermocouple 
was inser ted through a 50 mi l axial hole in the upper pel lets and 
embedded in the second pellet above the counting sample as shown 
in F i g . 2 - 7 . 

4 . 3 . Samples for Dancoff Effect Measu remen t s 

The Dancoff m e a s u r e m e n t s were made using both thor ium 
oxide and depleted (approximately 350 ppm U235) uranium oxide rods 
of approximately the same s i ze . The exact thor ium oxide rod 
d iameter was 0.364 in. and that for the uranium oxide was 0.358 in. 
In each case the rod length was approximately 7.5 in. The average 
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density of the thor ium oxide rods was 9.39 g m / c m 3 and that for the 
uranium oxide was 10.2 4 g m / c m 3 . The cen t ra l rod and the shielding 
rod were essent ia l ly identical in each c a s e . The center pellet of the 
cen t ra l rod was used as the counting sample and this was replaced 
with an uni r radia ted pellet before each run. 

4 . 4 . Activity Calibrat ion Samples 

The activation m e a s u r e m e n t s were ca l ibra ted with respec t to the 
infinite dilution resonance integral of tho r ium. This requi red a 
measu remen t of the rat io of the specific activity of an i r r ad ia t ed rod 
sample to that of an ext remely thin f i lm. The thin samples were made 
by depositing 0 .20 mg of thor ium from a thor ium solution on to Teflon 
planchets and allowing them to dry uniformly over an a r ea of about 
1 cm2 . The rod samples were obtained by dissolving the i r r ad ia ted 
thor ium disks descr ibed in Section 4 .1 and depositing 0.20 mg on 
identical Teflon p lanchets . This p rocedure provided identical counting 
geometry for the subsequent (3-counting. 

4 . 5 . Reactivity Cal ibrat ion Samples 

The calibrat ion samples for the react ivi ty m e a s u r e m e n t s con
s is ted of four dilute d ispers ions of elemental boron powder (325 mesh) 
in aluminum powder held in s ix- inch- long aluminum tubes, 0 .25 inches 
in OD and 0.035 inches in wall t h i ckness . The amount of boron 
contained in these samples var ied from 0 .059 to 0 . 301 g r a m s . Other 
samples with identical dimensions but no boron in one case and neither 
boron 'nor aluminum powder in another case were provided for reference 
measu remen t s . 

4 . 6 . Miscel laneous Samples 

Reactivity m e a s u r e m e n t s were made on samples of aluminum, 
aluminum oxide, and bismuth to de termine the neces sa ry cor rec t ions 
for scat ter ing in thor ium and thor ium oxide. 
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Table 4-1 . Sample P a r a m e t e r s 

Mate r i a l 

Th 

Th 

Th 

Th0 2 

Th0 2 

ThOz 

ThQ2 

Diamete r , 
cm 

0.401 

1 .008 

2 .934 

0.401 

0.676 

2.377 

2.934 

Length, 
cm 

14.78 

14.91 

14.61 

14.40 

14.83 

11 .40 

14.29 

Mass , 
gm 

21 .72 

138.37 

1148.00 

13.09 

48.50 

359.39 

690.68 

Density, 
g m / c m 3 

11.62 

11.62 

11.62 

7.19 

9.12 

7.10 

7.15 

J S / M (cm gm- 1 / 2 ) 7 s / M (cm g m " ^ 2 ) 

Excluding Ends Including Ends 

0.926 0.933 

0.584 0.594 

0.342 0.359 

1.178 1.186 

0.806 0.815 

0.487 0.511 

0.437 0.459 



F i g . 4-1 . Typical Counting Samples of Thorium Metal and Oxide 
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5. EXPERIMENTAL PROCEDURES 

5 . 1 . Sample Activation 

The activation samples , held in a container assembly as shown 
in F i g . 2-6, were lowered through the void access thimble to the center 
of the LPR core where they res ted on a s ta t ionary aluminum plug. Ten 
minute exposures were made for all i r rad ia t ions and the reac tor power 
level was held at 0 .5 to 10 kilowatts depending on the sample s i z e . 
Each activation was moni tored by a 0 .25 in. d iameter by 0.005 in. 
thick gold foil held in a water- t ight aluminum container and located 
at an accura te ly reproducible position about 10 inches from the edge 
of the c o r e . 

5 .2 . Chemical P roces s ing and Separat ion 

In the p resen t m e a s u r e m e n t s the counting samples were of such 
var ied s izes that d i rect counting was not feas ib le . The samples were 
therefore dissolved and counted in solution in volumetr ic f l asks . In 
the p roces s the protact inium was chemical ly separa ted from the 
thor ium to minimize the background co r r ec t ion . 

The Th233 formed in the (n, v) react ion in Th232 decays by the 
following scheme: 

1.6 x 10 ' y 

In this work a gamma line associa ted with the Pa2 3 3 decay was used as 
a m e a s u r e of the neutron capture , and it was therefore neces sa ry to 
wait severa l days after activation for the Th233 to decay before chemical 
separat ion could be accompl ished. 

Dissolving thor ium meta l p r e sen t s l i t t le difficulty, since it is 
vigorously at tacked by hydrochloric acid, and the black res idue produced 
will vanish upon the addition of a smal l amount of sodium f luosi l icate . 
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A smal l amount of white res idue (probably Th0 2 ) somet imes remains 
but dissolves when ni tr ic acid is added and the solution is boiled. 

Dissolving of s in tered thor ium-oxide pel lets is more difficult 
but has been accomplished successfully and completely by boiling for 
one to four weeks in aqua regia (3 p a r t s concentra ted hydrochloric 
acid and 1 par t concentrated ni tr ic acid) to which a pinch of sodium 
fluosil icate (Na2 Si F$) has been added. The fluoride ion is nece s sa ry 
not only to help in dissolving the oxide but also to keep the protact inium 
in solution. Without the fluoride ion presen t the protact in ium tends to 
adhere to the g l a s s w a r e . C a r e mus t be taken, however, to keep the 
amount of sodium fluosilicate to a minimum, since any excess will 
c rea te an insoluble thor ium-f luor ide p rec ip i t a t e . F o r boiling pellets 
for long per iods of t ime , as requi red in this investigation, it has been 
convenient to use the continuous refluxing apparatus shown in F i g . 2 -9 . 
Occasional evaporation a lmost to dryness was c a r r i e d out, however, 
so that fresh aqua regia could be added. 

Thor ium and its daughters can be separa ted from protact in ium by 
utilizing the ion-exchange p rope r t i e s of Dowex 21 K r e s i n . The feed 
solution is approximately 14 N HCl from which protact inium is strongly 
absorbed by the r e s in . Thorium and its daughters a r e only weakly 
absorbed and appear in the feed effluent. The elutr iant is 1,5 N HCl 
with about 5 drops of concentrated HF added to each 100 m l . 

The solution of dissolved Th or Th0 2 is brought to the p roper 
normal i ty in HCl by success ive ly evaporating a lmost to dryness and 
rediluting with concentrated HCl . These success ive operat ions of 
evaporation and dilution a r e n e c e s s a r y to el iminate most of the nitr ic 
acid, since thor ium forms absorbable ni trate complexes in a ni t r ic 
acid solution. After the final dilution with concentrated HCl , the 
solution is not heated, since this will dr ive off HCl gas and thus reduce 
the acid concentrat ion of the feed solution. 

A column of res in about 6 inches in height contained in a 50 ml 
buret was used in the p resen t work . This apparatus is shown in 
F i g . 2-10. A glass-wool plug at the bottom of the column supports 
the res in beads . The res in column is initially conditioned with 
concentrated HCl for severa l hours , and then the feed solution is 
poured in . The flow ra te through the column is regulated to about one 
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drop per second. After all the feed solution has passed through the 
column, it i s washed severa l t imes with concentra ted HCl to remove 
any remaining thor ium from the r e s i n . 

About 75 ml of elutr iant has been found sufficient to remove the 
las t t r a c e of protact in ium from the column. Thus, the protact in ium 
could be eluted direct ly into a 100-ml volumetr ic flask for counting. 

The uran ium oxide samples employed in the Dancoff m e a s u r e m e n t s 
were dissolved in HNO3 and were t r a n s f e r r e d di rect ly to 100-ml 
volumetr ic flasks and diluted for counting. 

5 . 3 . Counting P rocedure 

The flasks containing the protact in ium solutions were positioned 
on a 3-inch sodium-iodide c rys t a l by means of a lucite center ing ring 
as shown in F i g . 2 - 1 1 , and the gamma spec t ra was analyzed through 
the 400-channel analyzer sys tem shown in F i g . 2-12. The protact inium 
gamma spec t rum is shown in F i g . 5-1 . There a r e s trong photo peaks 
at 105 Kev and 310 Kev. The la t t e r peak was used for quantitative 
measu remen t , and the counts in the cen t ra l 11 channels of this peak 
were summed . This operat ion is facil i tated by automatic digital 
printout of the counts s to red in each channel of the ana lyze r . P r i o r to 
sample counting, the flasks were ca l ibra ted with a s tandard protact in ium 
solution to obtain cor rec t ion factors for slight var ia t ions in geometry 
and bottom th ickness . The analyzer response was checked with a 
Cs1 3 7 s tandard before each count. 

The flasks containing the uran ium and neptunium resul t ing from 
neutron capture , were counted in a manner s imi l a r to that used for 
p ro tac t in ium. The gamma line at 105 Kev assoc ia ted with the Np239 

decay was used as a m e a s u r e of the neutron capture in uranium, and 
counts in the cen t ra l 17 channels of this peak were summed . Background 
subtract ions were employed to account for the p re sence of u ran ium. 

Each gold monitor foil was counted on both s ides in th ree 
different gas flow porport ional counters of the type shown in F i g . 2 -13 . 
After the s tandard cor rec t ions the resu l t s were averaged to obtain 
the exposure normal izat ion for each run . 
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The thin cal ibrat ion samples deposited on Teflon planchets were 
also counted in the gas flow propor t ional counters and in addition some 
were gamma counted to obtain an independent m e a s u r e of the thor ium 
rod to dilute thor ium specific activity r a t io . 

5 . 4 . Reactivity Measurements 

In the react ivi ty m e a s u r e m e n t s , the tes t sample was f irs t 
lowered to the center of the r eac to r where it r e s t ed on an aluminum 
spacer in the cadmium th imble . Cr i t ica l i ty was establ ished and 
maintained for approximately 10 m i n u t e s . To aid in establishing the 
exact c r i t i ca l condition, the s teady-s ta te signal from a g a m m a -
compensated ion chamber was bucked out and the amplified t i m e -
dependent e r r o r signal was observed on a r e c o r d e r . This indication, 
together with a special switching a r rangement by which the control rod 
could be driven in minute inc rements , allowed rapid and p rec i s e 
s tabi l izat ion. 

With exact cr i t ica l i ty establ ished and the reac tor stabilized, the 
tes t sample was withdrawn from the core and the reac to r was allowed 
to approach an asymptotic per iod for a sufficient t ime to ensure l ess 
than 1% deviation from the asymptotic condition according to the 
c r i t e r i a of Toppel.-2- The per iod was determined from the exponential 
power variat ion in the asymptotic region as indicated by the l inear 
r e c o r d e r c h a r t . The react ivi ty worth for each sample was der ived 
f rom the period m e a s u r e m e n t s through the inhour equation. 

Exactly s imi la r m e a s u r e m e n t s were made on the s e r i e s of boron 
samples to obtain a cal ibrat ion relat ive to the boron resonance integral 

Similar m e a s u r e m e n t s were also made for samples of bismuth, 
aluminum, and aluminum oxide to provide data for cor rec t ion for the 
effect of scat ter ing by thor ium and thor ium oxide. 
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F i g . 5-1 . Pro tac t in ium Gamma Spectrum 
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6. DATA ANALYSIS 

6 . 1 . Relative Sample Activit ies 

Three independent activation m e a s u r e m e n t s were c a r r i e d out 
for each of the th ree rod s izes for both thor ium meta l and thor ium 
oxide. Table 6-1 gives basic counting data and the resu l t s of 
sequential data reduction and normal izat ion for thor ium meta l ; Table 
6-2 gives comparable data for thor ium oxide . The relat ive exposures 
were de termined from the act ivi t ies of gold moni tor foils . The g ros s 
count was co r r ec t ed for background by automatic subtract ion of a 
s tored spec t rum in the ana lyzer . The decay factor applies cor rec t ions 
for decay during and after exposure including the counting t i m e . The 
flask factor is a smal l co r rec t ion for var ia t ions in thickness and shape 
of the counting f lasks . These factors were de termined from m e a s u r e 
ments with accura te ly known quanti t ies of a s tandard solution. The 
re la t ive specific act ivi t ies a r e co r r ec t ed for al l of these effects and, 
within the l imi ts of uncertainty, a r e propor t ional to the effective 
resonance in tegra ls in the LPR spec t rum. 

The relat ive specific act ivi t ies in the thor ium oxide t empera tu re 
dependence measu remen t s a re given in Table 6 - 3 . The sample d iameter 
for all c a ses he re is 0.266 in. The data t r ea tmen t he re was the same 
as descr ibed above. 

Tables 6-4 and 6-5 give the activity data for the m e a s u r e m e n t s 
of the Dancoff effect. The data t r ea tmen t here a lso follows the method 
outlined above . 

6 . 2 . Activity Calibrat ion 

By the procedure descr ibed in Section 5 . 1 , the rat io of the 
resonance capture per atom for a 0. 158 inch d iameter thor ium rod 
sample to that of an infinitely thin sample ( see Appendix A) was found 
to be 0.235 for the LPR spec t rum. This capture rat io can be expressed 
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as follows: 
0 0 17.25 

(<ra (u) 4> (u) du < 4>i > Ii + \ <ra (u) 4> (u) du 

= 12J. = 0 . 2 3 5 (6-1) 

! • 

°° <*oo> ^ 
°"a (u) 4»(u) du oo oo 

00 
0 

where I t is the resonance in tegral of the 0.158 inch thor ium rod to 
le thargy of 13.5 or 13.71 ev, I is the thor ium infinite dilution resonance OJ oo 
in tegral to le thargy 17.25 or 0.322 ev, below which the flux is 
essent ia l ly zero , and the absorpt ion weighted flux averages <<h> and 
<<{> > a r e taken to le thargy 13.5 and 17. 5 respec t ive ly . The value of 

17.25 
/ ■ > 

o"a (u) <|>(u) du is found to be 1 .624 using the express ion for o-
1.3-5 

3 

\ 

given by Weitman 3 and the calculated flux spec t rum. We have then, 

0.235 <d> > I - 1 .624 

'. 5^*= (6-2» 
The value of I , with reference to which these m e a s u r e m e n t s a r e 

oo 
cal ibrated, is tentatively taken to be 86 barns in accord with recent 
m e a s u r e m e n t s , -f5- The flux averages a re computed from the 
spec t rum in Fig . 3-1 and the calculated energy distr ibution of the 
absorpt ion. In the resolved resonance region the energy distr ibution 
of absorption was obtained from the exact t r ea tment of the capture 
in tegra l in Appendix B for the infinite dilution case and from the 
calculations of Nordhein— for the rod c a s e s . The distr ibution below 
17.6 ev was taken from the express ion adopted by Weitman 3 . In the 
unresolved region from 1 to 1 5 kev the distr ibut ion was taken to be 
that of equally spaced levels with D = 20 ev, T = 0.024 ev, and 
< r > = 0.0013 ev. Here a cor rec t ion factor of 0.75 was applied to 
account for fluctuations in T . In the high energy region the 
distr ibution was taken from BNL-325 . The values of <4> > and <<J>i> 
a re found to be 1 .006 and 1 .063 respec t ive ly . F r o m Equation 6-1 we 
then find Ix = 1 7 . 6 0 barns for the effective resonance in tegral of the 
0.158 inch rod in a l / E flux to 13.71 ev. 
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T a b l e 6-1 . T h o r i u m - M e t a l A c t i v a t i o n Da ta 

S a m p l e 
d i a m e t e r , 

c m 

0 . 4 0 1 

1 .008 

2 . 9 3 4 

Coun t ing 
s a m p l e 

m a s s , g m 

0 . 2 0 4 2 

0 . 2 0 6 5 

0 . 7 3 3 3 

1 .3048 
1.3090 

1 .3103 

1 1 . 0 3 7 2 

1 1 . 1 0 0 4 

1 1 . 1 2 3 6 

R e l a t i v e 
e x p o s u r e 

14 .030 
1 4 . 7 5 4 5 

5 .2600 

1 .4484 

1 .5288 

1 .5291 

0 . 3 1 6 8 3 
0 . 3 0 8 7 8 

0 . 3 1 5 8 8 

Net 
count 

207843 
240216 

326621 

108732 

124625 

126088 

162528 
165512 

172291 

D e c a y 
f a c t o r 

1 .594 
1 .4695 

1.396 

1.587 

1 .438 
1 .398 

1 .478 

1 .4345 

1 .4025 

F l a s k 
f a c t o r 

1.026 
1.047 

1 .044 

1 .008 
1 .014 
1 .037 

1.000 

1.010 

1.006 

R e l a t i v e 
spec i f i c 
a c t i v i t y 

1 .1865 
1.2130 

1.2341 

0 . 9 2 0 3 
0 . 9 0 8 0 

0 . 9 1 2 3 

0 . 6 8 6 9 
0 . 6 9 9 6 

0 . 6 9 1 8 

A v e r a g e 

1.2112 
±0.0138 

0.9135 
±0.0036 

0.6928 
±0.0037 



T a b l e 6 - 2 . T h o r i u m - O x i d e A c t i v a t i o n D a t a 

o 

S a m p l e 
d i a m e t e r , 

c m 

0 . 4 0 1 

0 . 6 7 6 

2 . 3 7 7 

Coun t ing 
s a m p l e 

m a s s , g m 

0 . 5 0 9 4 5 

0 . 5 5 3 5 
0 . 4 9 1 2 

2 . 8 1 9 0 

2 . 9 6 0 0 

3 . 0 4 5 8 

7 .6290 

7 .7790 

7 . 8 2 0 7 

R e l a t i v e 
e x p o s u r e 

7 .0376 
6 . 9 8 5 8 

7 .2611 

1 .1235 

1 .1314 

1 .1385 

0 . 4 3 7 1 8 
0 . 4 1 8 7 0 

0 . 4 2 7 5 8 

Net 
count 

258612 

408877 
" 252615 

207313 
258957 

120086 

132111 

156483 

85859 

D e c a y 
f a c t o r 

1 .852 

1 . 2 9 8 
1 .894 

1 .547 
1 .298 

2 . 8 5 3 

1.850 

1 .512 
2 . 8 6 8 

F l a s k 
f a c t o r 

1 .027 

1 .035 

1 .037 

1 .045 
1 .018 

1 .053 

1 .044 

1 .032 
1.056 

R e l a t i v e 
spec i f i c 
a c t i v i t y 

1 .5611 
1 .6165 

1 .5818 

1 .2041 

1 .1625 

1 .1839 

0 . 8 7 0 5 

0 . 8 5 2 9 
0 . 8 8 4 8 

A v e r a g e 

1 .5862 
± 0 . 0 1 6 2 

1 .1835 
± 0 . 0 1 2 0 

0.8694 
±0.0092 



Table 6 - 3 . Activity Data for the Doppler Coefficient Measu remen t s 

Tempe ra tu r e, 
CC 

22 

200 

500 

800 

Counting 
sample 

m a s s , gm 

2.8878 
3.0833 

2.9777 

2.9459 

3.0141 
2.9729 

Relative 
exposure 

1.1320 
1.1135 

1.1018 

1.1187 

1.1256 
1.1069 

Gross 
count 

92445 
96699 

81118 

91084 

135686 
109097 

Decay 
factor 

3.5323 
3.6403 

4.4755 

4.3625 

3.1078 
3.7191 

F la sk 
factor 

1.055 
1.043 

1.040 

1.015 

1.038 
1.060 

Relative 
specific 
activity 

1 .0538 
1.0694 

1 .1508 

1 .2238 

, 1 . 2 9 0 1 
1 .30 70 

Average 

1 .0616 
±0.006 

1.1508 
±0.009 

1.2238 
±0.009 

1.2986 
±0.006 

1 



T a b l e 6 - 4 . T h o r i u m Oxide A c t i v a t i o n Da ta 
(Dancoff M e a s u r e m e n t ) 

4^ 

C e n t e r - t o -
c e n t e r 

s p a c i n g 

0 . 4 2 2 

0 . 5 2 7 

0 . 7 3 8 

1 .037 

Count ing 
s a m p l e 

m a s s , gm 

10 .5540 

1 0 . 5 4 8 3 

1 0 . 9 5 8 2 

1 0 . 6 3 4 6 

11 .0116 

1 0 . 4 2 3 4 

12 .8139 

R e l a t i v e 
e x p o s u r e 

4 . 2 8 1 1 

4 . 3 6 6 3 

4 . 4 4 6 3 

4 . 3 4 4 4 

4 . 3 0 6 8 

4 . 3 0 9 6 

4 . 3 0 7 5 

Net 
count 

209248 

185207 

269323 

219315 

280750 

302942 

343583 

D e c a y 
f a c t o r 

3 .0210 

3 .50 89 

2 . 6 7 5 5 

3 . 1 0 0 4 

2 . 5 9 3 7 

2 . 2 1 5 9 

2 . 5 4 6 1 

F l a s k 
f a c t o r 

1 .041 

1 .027 

1 .079 

1.025 

1 .053 

1 .045 

1 .017 

R e l a t i v e 
spec i f i c 
a c t i v i t y 

2 . 9 1 2 9 

2 . 8 9 8 2 

3 . 1 9 1 4 

3 . 0 1 7 1 

3 .2336 

3 . 1 2 3 3 

3 . 2 2 3 7 

2 

3 

3 

3 

A v e r a g e 

906 ± 0 . 0 4 6 

104 ± 0 . 0 4 6 

178 ± 0 . 0 4 6 

224 ± 0 . 0 6 5 



Table 6 -5 . Uranium Oxide Activation Data 
(Dancoff Measurements ) 

oo 

C e n t e r - t o -
cen te r 
spacing 

0.442 

0 .527 

0 .738 

1.037 

Counting 
sample 

m a s s , gm 

8.3385 
8.3734 
8.3748 
8.2624 

8.2884 
8.4436 
8.3578 
8.2397 

8.3449 
8.0952 
8.3346 
8.1995 

8.3853 
8.3512 
8.3313 

Relative 
exposure 

4.3050 
0.40911 
0.41827 
0.40 746 

0.41750 
0.41107 
0.41590 
0.41719 

0.42425 
0.41402 
0.42115 
0.42528 

0.41612 
0.40805 
0.41097 

Net 
count 

3875475 
369400 
365597 
377816 

379846 
388817 
402905 
386188 

387945 
368931 
388368 
401661 

402157 
272378 
373218 

Decay 
factor 

3.1932 
3.2331 
3.2431 
3.1689 

3.1624 
3.0684 
3.0577 
3.0748 

3.0913 
3.2646 
3.1422 
3.0175 

3.0621 
4.4930 
3.2619 

F la sk 
factor 

1.025 
1.025 
1.027 
1.029 

1.037 
1.038 
1.035 
1.032 

1 .044 
1.045 
1.039 
1 .041 

1.047 
1.043 
1.055 

Relative 
specific 
activity 

11779 
11912 
11587 
12198 

11999 
11893 
12227 
11883 

11788 
12518 
12041 
12061 

12317 
12486 
12504 

Average 

11869 ± 128 

12000 ± 80 

12102 ± 1 5 2 

12436 ± 59 

I 



For the other meta l and oxide rods the effective resonance 
in tegra ls a r e found from the relat ion 

<<b> I. + 1 .624 
_ J J 

A, J < + i> Ii + 1-624 
1 ' m e a s Y 1 l 

A. 
where —i~ is the activity per thor ium atom relat ive to that of the 0 .1 58 A i 

inch rod, <<{».> is the absorption weighted flux average computed as 
above, and I. is the effective in tegra l of the j rod to 13.71 ev in a 

, J 
l / E flux. The resu l t s a r e given in Table 6-6 . 

(6-3) 

Table 6 -6 . Effective Resonance Integrals to 13.71 ev 
in a l / E Flux, Activation Resul ts 

Sample 
number j 

1 

2 

3 

4 

5 

6 

Mater ia l > 

Th C 

Th C 

Th C 

ThOz J 

ThOz C 

ThOz C 

S/M 

).926 

) .584 

).342 

L.178 

).806 

).487 

Relative 
specific 
activity 
A / A , 

1 

0.7542 

0.5720 

1.3096 

0.9771 

0.7178 

Average 
flux 
<d>. > 

J 
1.063 

1.087 

1 .119 

1.047 

1.059 

1.088 

Resonance 
integral , 

barns 

17.60 

12.61 

8.94 

23.88 

17.22 

11 .92 

6 . 3 . Reactivity Coefficients 

In the investigation of the dependence of the resonance integral 
on rod d iamete r the d i rec t ly m e a s u r e d quanti t ies a r e the g ross 
react ivi ty worth of sample plus holder and the holder react ivi ty worth 
for each of the rod samples , the cal ibrat ion samples , and the scat ter ing 
s a m p l e s . These data a r e l is ted in Table 6-7 along with the net react ivi ty 
and specific react ivi ty worths . 

In the case of the boron cal ibrat ion samples the holder cor rec t ion 
includes the effect of the aluminum powder in which the boron par t i c les 
were d i spe r sed . The bismuth react ivi ty coefficient also includes a 
calculated 1% cor rec t ion for resonance cap tu r e . 
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T a b l e 6 - 7 . M e a s u r e d R e a c t i v i t y Coef f i c ien t s 

G r o s s H o l d e r Net Spec i f i c 
D i a m e t e r , M a s s , R e a c t i v i t y , R e a c t i v i t y , R e a c t i v i t y , R e a c t i v i t y , 

M a t e r i a l c m g m c e n t s c e n t s c e n t s c e n t s / g m 

Th 
Th 

Th 

T h O z 

T h O z 

T h 0 2 

T h 0 2 

Al 

A 1 2 0 3 

Bi 

B 

B 

B 

B 

0 . 4 0 1 
1 . 008 
2 . 9 3 4 

0 . 4 0 1 

0 . 6 7 6 
2 . 3 7 7 

2 . 9 3 4 
2 . 3 6 0 

3 . 0 9 5 

2 . 8 5 9 
0 . 4 5 7 

0 . 4 5 7 

0 . 4 5 7 
0 . 4 5 7 

2 1 . 7 2 
1 2 8 . 3 7 
1148 .00 

1 3 . 0 9 
4 8 . 5 0 

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

355 .40 

9 8 1 . 4 1 

0 . 0 5 9 3 7 

0 . 0 9 6 6 3 
0 . 1 6 2 1 1 

0 . 3 0 1 0 6 

0 . 0 0 3 
- 0 . 7 7 4 

- 5 . 7 9 6 
0 . 0 6 4 

- 0 . 2 3 4 

- 2 . 2 4 2 

- 4 . 0 8 8 
0 . 7 0 1 

0 . 1 1 2 

1 .173 
- 0 . 0 3 0 

- 0 . 1 4 9 
- 0 . 3 6 6 

- 0 . 7 8 3 

0 . 2 4 2 
0 . 2 5 0 

0 . 3 0 7 
0 . 2 4 2 

0 . 2 3 1 

0 . 2 5 9 
0 . 2 9 0 

0 . 4 1 4 

0 . 4 2 3 
0 . 4 1 4 

0 . 1 7 5 

0 . 1 7 6 

0 . 1 7 9 
0 . 1 8 3 

- 0 . 2 3 9 
- 1 . 0 2 4 

- 6 . 1 0 3 

- 0 . 1 7 8 

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

- 4 . 3 7 8 
0 . 2 8 7 

- 0 . 3 1 1 

0 . 7 5 9 
- 0 . 2 0 5 

- 0 . 3 2 5 
- 0 . 5 4 5 
- 0 . 9 6 6 

- 0 . 0 1 1 0 
- 0 . 0 0 7 4 1 
- 0 . 0 0 5 3 2 

- 0 . 0 1 3 6 0 

- 0 . 0 0 9 5 9 
- 0 . 0 0 6 9 6 

- 0 . 0 0 6 3 4 

0 . 0 0 1 6 0 

- 0 . 0 0 0 8 7 5 

0 . 0 0 0 7 8 

- 3 . 4 5 3 

- 3 . 3 6 3 
- 3 . 3 6 2 

- 3 . 2 0 9 



In o rde r to obtain the react iv i ty coefficient due to boron capture 
at infinite dilution it is n e c e s s a r y to make further cor rec t ions for self-
shielding and boron sca t t e r ing . The self-shielding factors < P > for each 
sample were computed as explained in Appendix C. These factors a r e 
given in Table 6-8 together with the infinite dilution react ivi ty coefficients 
The average value of the infinite dilution react ivi ty coefficients is found 
to be - 3 . 4 8 8 / / g m . The sca t te r ing contribution computed as descr ibed 
in Section 6.4 is - 0 . 0 0 8 ^ / g m . When this cor rec t ion is made the final 
infinite dilution react ivi ty coefficient due to boron capture is found to be 
- 3 . 4 8 0 / / g m . 

Table 6 -8 . Boron Self-Shielding Cor rec t ions 

r 

0 

0 
0 

0 

Boron 
n a s s , 

gm 

.05937 

.09663 

.16211 

.30106 

Sample react ivi ty 
coefficient, 
c en t s /gm 

-3 

-3 

- 3 

- 3 

453 

362 

362 

209 

Self-shielding 
factor 
< P > 

o 
0.9835 
0.9736 
0.9568 
0.9234 

Infinite dilution 
react ivi ty 

coefficient, 
c e n t s / g m 

-3 .511 
-3 .453 
-3 .514 
-3 .475 

6 . 4 . Scat ter ing Correc t ions 

The specific react ivi ty values l is ted in Table 6-7 for thorium and 
thor ium oxide include a contribution due to sca t t e r ing . In the case of 
thor ium meta l this cor rec t ion is obtained from the bismuth react ivi ty 
coefficient by assuming that the scat ter ing react ivi ty worth per atom is 
propor t ional to the potential sca t ter ing c r o s s - s e c t i o n . The cor rec t ion 
obtained on this bas is is 0 . 0 0 0 9 8 / / g m . In the case of thor ium oxide 
an additional cor rec t ion was neces sa ry to account for the oxygen 
sca t t e r ing . The react ivi ty coefficient for oxygen was obtained direct ly 
from the aluminum and aluminum oxide m e a s u r e m e n t s and was found to 
be -0 . 0 0 3 6 5 / / g m . These values yield a net sca t ter ing cor rec t ion for 
thor ium oxide of 0. 0 0 0 4 2 / / g m . A ve ry smal l sca t ter ing cor rec t ion 
(~0 .2%) was also applied to the cal ibrat ion samples to account for boron 
sca t t e r ing . This was obtained from the oxygen coefficient under the 
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assumption that, for these light e lements , the scat ter ing react ivi ty pe r 
atom is proport ional to £ tr . 

A genera l discussion of the effects of sca t ter ing on react ivi ty 
m e a s u r e m e n t s is given in Appendix D. This t r ea tmen t gives an 
explaination of the difference in the sign of the react ivi ty coefficients 
of oxygen and b ismuth . 

6 . 5 . Reactivi ty Analysis 

The deduction of the resonance in tegrals from the m e a s u r e d 
reactivity worths of the samples and the cal ibrat ion s tandards is com
plicated by the fact that the energy dis tr ibut ion of the capture is not the 
same for thor ium and boron, and by the fact that the fast fission in 
thor ium contr ibutes an exper imental ly inseparable posit ive react ivi ty 
effect. Therefore , for the thor ium samples , the net react ivi ty, p, 
after sca t te r ing cor rec t ions is given by the importance weighted 
integral of the neutron removal minus product ion. 

00 00 

i tr (u)<|>(u)Hu)du+\ o- (u)4>(u) P(u) du 
4) eff ->o 

p = C N V 

oo 
:p f> Cv(u) CTf (u) $ (u) du (6-4) 

where C is a constant, NV is the number of absorbe r a toms in the sample , 
a is the (n, y) c ros s section, <ĵ (u) is the flux pe r unit le thargy at the 
sample position, P(u) is the neutron importance at the sample position 
and at le thargy u, cr, is the fission c r o s s section, < P J ^ > is the average 
of P(u) over the fission spec t rum, and v (u) is the average number of 
neutrons produced by a fission at le thargy u . The f i rs t in tegral may be 
wri t ten as 

00 13.5 A7-2 5 

\ tr (u) c|>(u) P(u) du = <c{>P> \o- (u) du + \ o- (u) $ (u) P(u) du 
J 0

 aeff J o a e f f J i3 .s aeff 

17.25 

= <<t>P> I + \ o- (u) 4>(u) P(u) du (6-5) 
J i 3 . 5

 a e f f 
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w h e r e <<j> P> is t a k e n to l e t h a r g y 1 3 . 5 o r 1 3 . 7 1 ev and I i s the effect ive 

r e s o n a n c e i n t e g r a l o v e r the s a m e r a n g e . The l a s t two i n t e g r a l s of 

E q u a t i o n 6-4 and the l a s t i n t e g r a l of E q u a t i o n 6 -5 a r e i ndependen t of the 

s a m p l e s i z e and if the s u m of t h e s e i s r e p r e s e n t e d by -K we t h e n have 

P = C N V[<<|>P> I - K ] (o-6) 

o r 

p / m = ^ [ < ^ P > I - K ] (6-7) 

w h e r e m is the s a m p l e m a s s and A i s the a t o m i c o r m o l e c u l a r weight 
of the s a m p l e . The c o n s t a n t C i s d e t e r m i n e d f r o m t h e b o r o n r e a c t i v i t y 
m e a s u r e m e n t s . 

A ( p / m ) 
C = — _ (6-8) 

< * P > B I B 

w h e r e < t^P > and I a r e t a k e n to l e t h a r g y 1 7 . 2 5 o r e n e r g y 0 . 3 2 2 ev 

to inc lude a l l r e s o n a n c e c a p t u r e in b o r o n . F r o m E q u a t i o n s 6 -7 and 6 -8 

the r e s o n a n c e c a p t u r e i n t e g r a l is t hen g iven by, 

1 
<<|>P> 

« j » P > R I u A (pAn) + K 
v B B TSir (p/myr 

(6-9) 

The a v e r a g e v a l u e s of the p r o d u c t <j>P a r e c o m p u t e d f r o m the 

c a l c u l a t e d flux and i m p o r t a n c e func t ions g iven in F i g s . 3-1 and 3-2 

by n u m e r i c a l i n t e g r a t i o n . The we igh t a s s i g n e d to e a c h g r o u p i s the 

c a l c u l a t e d f r a c t i o n of the t o t a l r e s o n a n c e c a p t u r e wh ich o c c u r s in t ha t 

g r o u p . F o r the b o r o n s a m p l e s t h i s d i s t r i b u t i o n i s p r o p o r t i o n a l to l / v 

and t h e f a c t o r <<bP> i s found to be 0 . 3 7 0 7 . F o r the t h o r i u m and 
B 

t h o r i u m oxide s a m p l e s the d i s t r i b u t i o n s w e r e o b t a i n e d a s exp l a ined in 
S e c t i o n 6 . 2 . The f a c t o r I i s the r e s o n a n c e i n t e g r a l of b o r o n f r o m 

J D 

0 . 322 ev and i s g iven by 

J 0 .322 

= 4 24 b a r n s (6-10) 
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where 

or (E) = tr (0.0253) 
\ 

0.0253 
E 

ev 
and 

o- (0.0253) = 761 barns 

The t e r m K is given by 

oo 17.25 

K = f crf(u) <Ku)[v (u)<P f> - P(u)] du - f cr (u) 4> (u) P(u) 
J o J13. 5 e f f 

du 

where 
= 1.08 - 0.66 = 0.42 

v (E) = 1.877 + 0.177 E 
mev 

(6-11) 

(6-12) 

as repor ted by Conde and Starfe l t . l < P > is the importance function 
averaged over the fission spect rum, and cr (u) is taken from the work 

aeff 
of Weitman.— The final express ions for Equation 6-9 for t h e resonance 
in tegra ls of thor ium and thor ium oxide to 13.71 ev in a l / E flux a r e , 

970 p / m + 0 .42 
4-h " ' T$F> (6-13) 

ThO-
1104 p / m + 0 . 4 2 

<$F> (6-14) 

The co r rec t ed specific reac t iv i t ies , the <<£P> fac tors , and the resonance 
in tegra ls to 13.71 ev a r e l i s ted in Table 6 -9 . 
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Table 6 -9 . Effective Resonance Integrals to 13.71 ev 
in a l / E Flux, Reactivi ty Resul ts 

ate r ia l 

Th 

Th 

Th 

ThOz 

ThOz 

ThOz 

ThOz 

JS/M 
0 . 9 3 3 

0 . 5 9 4 

0 . 3 5 9 

1.186 

0 . 8 1 5 

0 . 5 1 1 

0 . 4 5 9 

C o r r e c t e d 
spec i f i c 

r e a c t i v i t y , 
c e n t s / g m 

- 0 . 0 1 1 9 8 

- 0 . 0 0 8 3 9 

- 0 . 0 0 6 3 0 

- 0 . 0 1 4 0 2 

- 0 . 0 1 0 0 1 

- 0 . 0 0 7 3 8 

- 0 . 0 0 6 7 6 

<<|>P> 

0 . 7 3 3 

0 . 7 6 5 

0 . 8 0 5 

0 . 7 1 3 

0 . 7 2 7 

0 . 7 6 4 

0 . 7 7 1 

R e s o n a n c e 
i n t e g r a l , 

b a r n s 

1 6 . 4 3 

11 .19 

8 .11 

2 2 . 3 0 

1 5 . 7 8 

11 .21 

1 0 . 2 2 
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7. RESULTS AND DISCUSSION 

7 . 1 . Geometr ic Dependence 

The resu l t s of the activation m e a s u r e m e n t s of the geometr ic 
dependence a r e shown in F i g . 7-1 for both the meta l and oxide c a s e s . 
As explained in Section 6.2 these resu l t s do not include any " l / v " or 
negative energy resonance contribution below 13.71 ev. The cal ibrat ion 
s tandard is infinitely dilute thor ium for which the total resonance integral 
in a l / E flux to 0.322 ev is tentat ively taken as 86 barns . This value 
is to some extent a r b i t r a r y since m e a s u r e d values ranging from 67±5 
to 106±10 barns (above l /v) have been repor ted , -t - However, the 
choice of 86 barns to 0 . 322 ev cor responds to about 83 barns for the 
above l / v contribution of the posit ive energy resonances and is 
consistent with the most recent m e a s u r e m e n t s . it 1 The uncertainty 
in the absolute cal ibrat ion is es t imated to be about ±5% . 

Fo r both the meta l and oxide cases the data a r e ve ry well co r re l a t ed 
by a l inear function of y S / M . Leas t squares fits to the data give 

I T h = 3.91 + 14.81 >|s/M barns (7-1) 

I = 3.41 + 1 7 . 3 2 \ J s / M barns (7-2) 

The uncertainty due to random exper imenta l e r r o r s is negligible in 
compar ison with the 5% cal ibrat ion uncertainty ass igned . There is , 
however, an additional uncer ta inty of about 0 .3 barns a r i s ing from 
the removal of the " l / v " and negative energy resonance contr ibut ion. 

The resu l t s of the react iv i ty m e a s u r e m e n t s of the geometr ic 
dependence a re shown in F i g . 7-2 . Leas t squares fitis to the data give: 

I T h = 2.75 + 14.56 V S / M " barns (7-3) 

I T K O = 2.66 + 16.45 J s / M barns (7-4) 
2 
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Here the cal ibrat ion is based on the 761 ± 2 ba rn absorpt ion c r o s s 
section of natural boron at 0.0253 ev. In this case the major source 
of uncertainty a r i s e s from the fact that the in terpre ta t ion of the 
exper imental data is s trongly dependent on the calculated neutron 
importance function inside the cadmium tube . This function va r i e s 
ve ry rapidly with energy near the cadmium cut-off where the boron 
capture c ro s s - s ec t i on is mos t significant. The l imits of e r r o r in the 
react ivi ty cal ibrat ion due to this effect a r e ve ry difficult to es t imate 
because of the nature of the mult igroup diffusion p r o g r a m used in 
obtaining the flux adjoints . A 10% overa l l uncer ta inty in the cal ibrat ion 
is ass igned h e r e . An additional uncer ta inty of about 0 .5 barns is 
p resen t because of scat ter ing cor rec t ions and cor rec t ions for the 
capture below 13.71 ev in tho r ium. The random e r r o r s in the 
m e a s u r e d react ivi ty coefficients a re negligible compared to the above 
sys temat ic e r r o r s . 

The react ivi ty data in F i g . 7-2 a r e in good agreement with the 
activation data in regard to the J S/M dependence and relat ive capture in meta l 
and oxide at a given S/M value . The absolute values a re sys temat ica l ly 
about 10% lower he re than for the activation m e a s u r e m e n t s but the 
d iscrepancy is well within the uncer ta in t ies involved in the cal ibrat ion 
of the two expe r imen t s . The compar ison of the two methods indicates 
that although they yield mutually consistent resu l t s the activation method 
is capable of significantly higher accuracy and this condition will p reva i l 
until m o r e accura te p r o g r a m s a r e available for calculating the detailed 
energy dependence of the neutron importance function. 

F o r purposes of compar ison with previous m e a s u r e m e n t s the 
activation resul ts a re accepted as being the mos t re l iable and no 
further reference to the react ivi ty resu l t s will be made except to note 
that they are in good agreement with previous s imi la r measu remen t s 
made at this laboratory^- when the same analysis p rocedure (see Section 
6.5) , including the effect of the cadmium thimble on the importance 
function, is employed. F i g . 7-3 shows a compar ison of the p resen t 
r esu l t s with other recent m e a s u r e m e n t s and F i g . 7-4 shows a s imi la r 
compar i son for thor ium oxide. In the thor ium meta l case the p resen t 
r esu l t s and those of Hel l s t rand and Weitman a r e in good agreement 
over the entire mutual range of m e a s u r e m e n t . The d iscrepancy 
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between the p resen t work and that of Moore, et al, is within the 
combined es t imated uncer ta in t ies of the two m e a s u r e m e n t s but the 
d iscrepancy would be grea t ly reduced if the co r rec t ion of about 16% 
suggested by Weitman 3 is applied to Moore ' s resu l t s to account for the 
var ia t ion of the neutron importance function. The resu l t s of Rothman 
and Ward lie from 1 .5 to 3 barns lower than the p resen t r esu l t s but 
this d iscrepancy is p r i m a r i l y due to their subtract ion of too la rge a 
cor rec t ion for the ep i -cadmium " l / v " contr ibution. If a cor rec t ion 
of 1 . 5 barns r a the r than 3.6 barns is made the resu l t s will be brought 
into sa t is factory ag reemen t . 

In the thor ium oxide case the resu l t s of the p re sen t work a r e in 
best agreement with the m e a s u r e m e n t s of Weitman, the discrepancy 
here being everywhere well within the exper imenta l unce r t a in t i e s . In 
compar ison with the m e a s u r e m e n t s of Moore, et al and with those of 
Thie * the d i sc repanc ies a r e considerably l a r g e r over most of the 
range of m e a s u r e m e n t . Both of these m e a s u r e m e n t s , however, were 
made by react ivi ty methods and the inherent uncer ta in t ies in analysis 
and cal ibrat ion a r e such that the apparent d i sc repanc ies a r e of 
doubtful fundamental s ignif icance. 

7 . 2 . Tempera tu re Dependence 

The thor ium oxide sample used in the t empera tu re dependence 
m e a s u r e m e n t s has a y S / M value of 0.806 and from F i g . 7-4 its 
resonance in tegral is found to be 17.37 barns at room t empera tu re 
or 22°C. The resonance in tegral at higher t empe ra tu r e s is obtained 
from the m e a s u r e d activity rat ios through Equation 6 - 3 . F o r this 
purpose the absorpt ion weighted flux average <<£> is a s sumed to be 
independent of sample t empera tu re and the room t empe ra tu r e value 
< $ > = 1 .059 is used . F r o m Equation 6-3 we then find 

A " l / v " par t of 1.5 barns has been subtracted from Thie ' s resu l t s 
of I =-2.2 + 25 .3 J s / M ThO, 
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T,_% 2 0 . 0 2 A / A - 1 .624 
I ( T ) - ° _ (7-5) 

I ( T Q ) 18.396 

The resu l t s a re given in Table 7-1 and F i g . 7 -5 . A reasonable good 
empir ica l representa t ion of the data is given by the relat ion, 

I(T) = I(To)[l + 0.016 (J~T- JTQ)] (7-6) 

where T is the Kelvin absolute t e m p e r a t u r e . No previous di rect 
m e a s u r e m e n t s of the t e m p e r a t u r e dependence have been repor ted 
except for some react ivi ty m e a s u r e m e n t s made at this l abora tory l 0 

in 1958. In these measu remen t s it was found that 

I + ( l /v) . , n . _ , T ._ _. 
lo + (i/v) = 1 + ° - 1 7 1 ° g T 9 T ( 7 " 7 ) 

where ( l /v) is the ep i -cadmium contribution to the resonance integral 
below 13.71 ev, T is the Kelvin absolute t empera tu re and the log 
function is the natural logar i thm. Although these were react ivi ty 
m e a s u r e m e n t s they were relat ive m e a s u r e m e n t s for a given rod at 
var ious t empe ra tu r e s and hence a re independent of cal ibrat ion s tandards 
and importance function va r i a t i ons . The resu l t s may therefore be 
expected to be direct ly comparable to those of the p resen t m e a s u r e m e n t s 
and, in fact, the agreement of Equation 7-7 with the p resen t m e a s u r e d 
values is within about 1% over the ent i re range of m e a s u r e m e n t . This 
confirmation by an independent technique indicates that the empir ica l 
representa t ion in Equation 7-6 is rel iable to within a few percent at 
mos t for uniformly heated thor ium oxide rods of p rac t i ca l s ize for 
water modera ted r e a c t o r s . 

Table 7-1 . Variat ion of the Effective Resonance Integral 
of Thor ium Oxide with Tempera tu re 

JT"- J T ^ C K ) ^ 2 A / A O I / I 
Tempera tu re °C N \ J o v / ' o ' o 

22 0 .1 1 
200 4 .58 1.084 1.091 
500 . 10.64 1.153 1.166 
800 15.59 1.223 1.243 

A 

1 

1 
1 

1 

/ A ' o 

084 

153 
223 
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I 
F i g . 7 - 1 . Geometr ic Dependence, Activation Resul ts 
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F i g . 7-2 . Geometr ic Dependence, Reactivity Resul ts 
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F i g . 7 - 3 . Compar ison of Thor ium Metal Resul ts with Other 
Recent Measurements 
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F i g . 7 - 4 . C o m p a r i s o n of T h o r i u m Oxide R e s u l t s with O t h e r 
R e c e n t M e a s u r e m e n t s 
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F i g . 7 -5 . Tempera tu re Dependence of the Effective Resonance 
Integral of Th0 2 
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7 . 3 . Dancoff Effect 

These measu remen t s constitute a d i rec t exper imental tes t of the 
original t r ea tment of Dancoff and Ginsburg i i - to account for the mutual 
shielding of para l le l rods with absorbing r e s o n a n c e s . This theory 
provides a formula for computing the fractional reduction (c) in the 
resonance absorption of a rod having a narrow black resonance, caused 
by an identical para l le l neighboring rod . Since the absorpt ion in a 
black resonance necessa r i ly occurs at the rod surface the factor (c) 
may be regarded as operat ing to reduce the physical surface (s) in an 
empir ica l representa t ion of the resonance in tegral as a function of 

S /M. Accordingly, it may be expected that the ratio of the resonance 
integral of a shielded rod to that of an unshielded rod is given by 

\L_Jv 
A+B i " ^ ^ ) 

I ~ A+B VsTM"- ( 7"8 ) 

where A and B a r e empi r ica l constants a s , for example, in Equation 7-2. 
The ratio 

the express ion 

<4>> I + \ cr (u)<J>(u) du 

The ratio i / l is re la ted to the m e a s u r e d activity ra t io A / A by 

oo 

A u 

A o 
A °o 
A p 

° <$> IQ + \ ora(u)<j>(u) du 

(7-9) 

u o 

Here the values of <<j>> and the in tegrals a r e found as explained in 
Section 6.2 and the value of I is taken from the mos t recent data . 

o 
The value of u which cor responds to the upper energy l imit of the " l / v ' 
pa r t is taken as 13.50 (13.71 ev) for thor ium oxide and 15.75 (1 .44 ev) 
for uranium oxide. The lower energy l imit (at which the flux inside 
the cadmium tube vanishes) occurs at le thargy 17.25 (0.322 ev) and is 
the same for both c a s e s . F o r the thor ium oxide sample the numer ica l 

17.2 5 
values a r e <$> = 1.068, IQ = 15.17, and \ cra(u) § (u) du = 1.624. 

13.50 
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In the uranium oxide case the values a r e <$> = 1.039, I = 20.40, and 
17.2 5 

\ cr (u)4>(u) du = 0.792 . The exper imenta l resonance integral ra t ios 
15.75 

a re then given by 

1 A 0.100 (1 - - £ 1 ThO, 
I A l A 
o o \ o 

_I = _£_ . 0 . 0 3 7 (i - - A ) U O z 
o o V o 

The resu l t s for each lat t ice spacing a r e given in Tables 7-2 and 7-3 
for the thor ium oxide and uranium oxide c a s e s , respect ively, together 
with the comparable theoret ica l r a t i o s . 

In computing the theore t ica l ra t ios by Equation 7-8 the values 
of c were found by interpolation of the resu l t s of Carlvik L5 . F o r 
purposes of obtaining the mean- f ree -pa th p a r a m e t e r needed for the use 
of Car lv ik ' s tables the rod cladding was regarded as homogenized in 
the modera to r port ion of the unit ce l l . In the thor ium oxide case the 
isolated rod resonance in tegral is taken as given in Equation 7-2 . 
F o r the uranium oxide case the resu l t s of Reference 1 a r e used after 
renormal iza t ion from 265 to 280 barns for the infinite dilution resonance 
integral of U238 in accordance with the p resen t ly accepted value of that 
quantity. The renormal ized express ion for the isolated rod resonance 

integral is ITT~ = 0 .85 + 29.8 V s / M . 

The exper imenta l and calculated rat ios a r e in agreement within 
the l imits of exper imental e r r o r and the uncer ta inty in the use of 
Car lv ik ' s tables for a rod with cladding. These resu l t s therefore 
constitute a d i rect confirmation of the validity and p rac t i ca l usefulness 
of the Dancoff t r ea tmen t where the factor (1-c) is r ega rded as a surface 
reduction opera tor in accord with the "black a b s o r b e r " hypothesis 
of the theory . 
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Table 7-2 . Compar ison of Measured and Calculated Dancoff 
Shielding Effects for Thorium Oxide 

Center - to-
center 
spacing, 

i n . 

0.442 
0.527 
0.738 
1 .037 

oo 

Relative 
specific 
activity, 

A A/A 
I/I ' c 
exp. 

2 . 9 0 6 ± 0 . 0 4 6 0 . 8 9 8 ± 0 . 0 1 6 0 . 8 8 7 ± 0 . 0 l 6 0 . 1 2 5 5 

3 . 1 0 4 ± 0 . 0 4 6 0 . 9 5 2 ± 0 . 0 1 6 0 . 9 4 7 ± 0 . 0 l 6 0 . 0 9 2 5 

3 . 1 7 8 ± 0 . 0 4 6 0 . 9 8 2 ± 0 . 0 1 6 0 . 9 8 0 ± 0 . 0 l 6 0 . 0 5 0 5 

3 . 2 2 4 ± 0 . 0 6 5 0 . 9 9 6 ± 0 . 0 2 2 0 . 9 9 6 ± 0 . 0 2 2 0 .0260 

3 . 2 3 6 ± 0 . 0 2 5 ' 1 1 0 

t heo r . 

0 . 9 50 

0..964 

0 .980 

0 .990 

1 

Table 7 -3 . Compar ison of Measured and Calculated Dancoff 
Shielding Effects for Uranium Oxide 

Center - to-
center 
spacing, 

in . 

0.442 
0.527 
0.738 
1 .037 

oo 

Relative 
specific 

activity, 
A 

11869±128 
12000±80 
12102±152 
12436±59 

12529±122 

A/A ' o 

0 . 9 4 7 ± 0 . 0 1 4 

0 . 9 5 8 ± 0 . 0 1 1 

0 . 9 6 6 ± 0 . 0 1 5 

0 . 9 9 3 ± 0 . 0 1 1 

1 

I / I ' o 
exp. 

0.945±0 x .014 

0 . 9 5 6 ± 0 . 0 1 1 

0 . 9 6 6 ± 0 . 0 1 5 

0 . 9 9 3 ± 0 . 0 1 1 

1 

0 . 1 2 2 5 

0 .0900 

0 .0495 

0 . 0 2 5 5 

0 

theor . 

0 . 9 3 7 

0 . 9 5 6 

0 . 9 7 6 

0 . 9 8 8 

1 
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A P P E N D I X A 
S E L F - S H I E L D I N G O F T H E THIN ACTIVITY 

CALIBRATION S A M P L E S 

It i s shown h e r e tha t the t h o r i u m c a l i b r a t i o n s a m p l e s u s e d in the 

a c t i v a t i o n m e a s u r e m e n t s a r e th in enough so t h a t self sh i e ld ing i s 

n e g l i g i b l e . 

F o r a g iven r e s o n a n c e the ef fec t ive r e s o n a n c e c a p t u r e i n t e g r a l 

is 

- ; - a< E ) P o< E > f -

w h e r e P (E) is the a v e r a g e e s c a p e p r o b a b i l i t y g iven in the r a t i o n a l 

a p p r o x i m a t i o n by 

1 
P (E) = o w / _ 1 + t Z (E) a 

2 , With t h i s a p p r o x i m a t i o n and the s u b s t i t u t i o n x = „ ( E - E ) in the 

B r e i t - W i g n e r e x p r e s s i o n for S (E), t he ef fec t ive r e s o n a n c e i n t e g r a l 

b e c o m e s , 

.' r 2 a 
I * ° 1 N E o 

00 

1 
0 

dx 

1 + t l + X2 

a o 

Tier r a o 

2 E ^ 
° I 

1 + t Z a o 

In the c a s e of an inf in i te ly th in foil P = 1 and 
' o 

IT IT r a 
I oo 2 E 

o 

A - l 



The resonance integral rat io for the finite thickness to the infinitely 
thin case is then given by 

I _ 1 
~1 \l 1 + t z 

oo N a 

I ° 
2 a 

o 
F o r the thor ium deposit of 0 . 20 m g / c m 2 used for the cal ibrat ion 
samples this gives 

- ^ - ~ 0 . 9 9 8 
oo 

for the resonance at 21 .9 ev. The self-shielding of the higher energy 
resonances is general ly even l e s s significant and Doppler broadening 
reduces the effect still fu r ther . It is concluded therefore that the 
depar ture of the cal ibrat ion samples from the infinitely thin condition 
is negligible . 
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APPENDIX B 
EXACT EVALUATION OF THE RESOLVED RESONANCE 

CAPTURE INTEGRAL 

The shape of an isolated s-wave (n,y) resonance is given by the 
Brei t -Wigner single level formula 

-ft2 /m + M \ 2 r n r y ,_ . . 

(E - EQ)2 + £ -

where E and T may be regarded as constant, but T and T a r e signif
icantly dependent on the incident neutron energy E . The factor ( m + M)/M 
is the rat io of the m a s s of the compound nucleus to that of the ta rge t 
nucleus and a r i s e s from the t ransformat ion from the c e n t e r - o f - m a s s 
coordinate sys tem to the l abora to ry coordinate sys tem (the ta rge t 
nucleus is regarded as free and at r e s t ) . In computations of the 
resonance integral 

E 2 

a . 
V 

RI = J crjE) -̂ £- (B-2) 
Ex 

it is cus tomary to elude the mathemat ica l complicat ions by symmetr iz ing 
the integrand, i . e . , by ignoring the energy dependence everywhere except 
in the rapidly varying t e r m (E - E )2 in the denominator of Equation B- l 
and extending the integrat ion over the range (-00, 00). In this approxi 
mation the omitted capture on the low-energy side of the resonance is 
roughly compensated by the addition of an integral over a s t ra ight l / v 
c r o s s sect ion. An improved approximation given by Story, neglects the 
energy dependence only in the V2 t e r m in the denominator of Equation B- l . 
In this case the l / v contribution is included as pa r t of the in tegra l . 

* Story, J . S . , Nuclear Data Se r i e s , Atomic Energy R e s e a r c h 
Establ ishment , AERE T / R 2389, Harwel l , Grea t Bri tain, 1957, 
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It is possible , however, to obtain the following closed analytical 
express ion for the resonance integral in which the complete energy 
dependence is retained: 

ir-h2 r" r 
RI = g 

r n r y (m + M\ 2 f 
2m V M / J 

dE 

E, E'A [(E - EJ * + I (r°x|r+ r ) •] 

= K [ A log U + B tan"1 V + C log W + D tan"1 X + FE'V2 ] 

where 
E, (B-3) 

K = 
m 

8 "g* 2 *£r n r v /m + M\ 
(4E2 + r2>) (r2 - E r°2Y V " * * / 

A = 
E^ (p P - aQ) 

* ( 4 E o + Fy) 

B = 
2E2 (a P + pQ) 

" (4Eo + r v) 

H- = N 2E n '+ r 2 

Y 

a = A V.+[ZEQ - n 

p = 
\ 

a - V2E -r \ o 

B - 2 



E 

Q = n 
^ E -

3 + 5 
r°2r2 

n Y 
r2 

-X + 
4 E 2 16E 3 

o o 

, 2 -

n 
4E 

r2 

Y 
2 E ! 

c = 
r ° r 

n Y \ Y 
r2 - E r°' 
' '" o n 

4E2 /4E2 + r 2 \ o \ o Y] 

D = 
-2E r ° o n 
4E2 + r 2 

° Y 

1 + 3 
4 E 2 

o 

r o t r 2 

n Y 
16E 3 

o 

F = 
E r ° 

o n 
- r< 

2 E ' 

U = 

»2\ 2 

E-- t + n 
T6" + 

a{E"+£ + ^ 

/ / E 
o r 

n 

V = 
iP ( E ~ ^ 

o r n 

E "T + 17T 

w 
, {E-*y +T($*+^)' 

E2 
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x= n V 
2(EQ - E) 

o ^ t a n - 1 V ^ IT 

o ^ tan"1 X ^ IT 

If other interact ions with energy-dependent widths T- are, 
effective, then F must be replaced by T + / T. everywhere except 
in the numera tor of the factor K. 

o2 

The apparent singulari ty ar is ing from the factor Tz - E F 
in the denominator of K causes no difficulty because this factor cancels 
from the coefficients C and F , and the remainder of the express ion in 

o2 
bracke ts is zero when Tz = E T . Also, the re is no difficulty in using y o n ' ° 
Equation B-3 to obtain the contribution of a negative energy resonance 
since the formula is expressed so that only rea l numbers appear as 
input p a r a m e t e r s or derived auxi l iary p a r a m e t e r s . We note also that 
the Story approximation, in a general form suitable for negative energy 
resonance, may be obtained from Equation B-3 by putting V = 0 and 
r = r everywhere except in the numbera tor of K. 

Table B- l gives the resonance integral of each resonance calculated 
by Equation B-3 to 0 .4 ev for the zero t empera tu re , infinite dilution, 
thor ium c a s e . The value of T, was taken as 0.024 ev for all r e sonances 

Y 
and the other resonance p a r a m e t e r s a r e given in the t ab le . The 
symmet r i ca l resonance in tegra ls over the range ( -oo, oo) a re given for 
compar ison . 
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T a b l e B - l . R e s o l v e d R e s o n a n c e I n t e g r a l s of T h o r i u m 

R e s o n a n c e R e d u c e d 
e n e r g y , n e u t r o n width , 

ev ev 

2 1 . 9 
2 3 . 6 

5 9 . 6 

6 9 . 7 

1 1 3 . 1 
121 .0 

1 2 8 . 5 
1 2 9 . 4 

1 4 6 . 2 

1 5 4 . 6 

1 7 0 . 8 
193 .0 

1 9 6 . 8 

. 1 9 9 . 8 
203 .0 

2 2 1 . 8 

2 5 2 . 3 
2 6 4 . 0 

2 8 6 . 8 

3 0 6 . 5 
3 3 0 . 4 

3 4 3 . 3 

3 6 6 . 7 
371 .0 

4 0 2 . 8 

4 1 3 . 4 

4 5 6 . 4 
4 6 5 . 0 
4 9 1 . 0 

513 .0 

0 . 0 0 0 5 1 
0 . 0 0 0 8 5 
0 .00060 

0 . 0 0 4 7 0 

0 . 0 0 1 0 4 

0 . 0 0 1 6 8 

0 . 0 0 0 0 0 8 9 
0 . 0 0 0 2 6 5 
0 . 0 0 0 0 0 8 2 7 

0 .0000180 

0 . 0 0 4 4 5 
0 . 0 0 1 0 1 

0 . 0 0 0 0 0 9 3 
0 . 0 0 0 6 4 

0 . 0 0 0 0 0 3 
0 . 0 0 1 5 4 

0 . 0 0 1 5 1 
0 . 0 0 0 9 2 
0 . 0 0 1 2 2 

0 . 0 0 1 1 4 
0 . 0 0 3 0 2 

0 . 0 0 1 6 2 

0 . 0 0 1 8 3 

0 . 0 0 1 2 5 

0 . 0 0 0 4 5 
0 . 0 0 0 0 0 5 

0 . 0 0 0 0 0 5 

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

S y m m e t r i c a l E x a c t 
r e s o n a n c e r e s o n a n c e 
i n t e g r a l , i n t e g r a l , 

b a r n s b a r n s 

18 .485 

2 5 . 8 3 4 

4 . 4 6 4 

12 .519 

2 .416 

2 . 9 1 2 

0 . 0 2 5 

0 . 6 5 3 

0 . 0 1 9 

0 . 0 3 8 

2 . 3 7 8 

0 . 9 7 1 

0 . 0 1 4 

0 . 6 7 2 

0 . 0 0 4 

0 . 9 7 4 

0 . 7 7 0 

0 . 5 4 0 

0 . 5 5 1 

0 . 4 7 4 

0 . 6 2 5 

0 . 4 6 2 

0 . 4 3 3 

0 . 3 5 7 

0 . 1 6 5 

0 . 0 0 2 

0 . 0 0 2 

0 . 2 9 6 

0 . 2 7 5 

0 . 0 4 7 

18 .545 

25 .919 

4 . 4 7 5 

1 2 . 5 7 2 

2 . 4 2 1 

2 .919 

0 . 0 2 5 

0 . 6 5 4 

0 . 0 1 9 

0 . 0 3 8 

2 .387 

0 . 9 7 3 

0 . 0 1 4 

0 . 6 7 3 

0 . 0 0 4 

0 . 9 7 6 

0 . 7 7 1 

0 . 5 4 1 

0 . 5 5 2 

0 . 4 7 5 

0 . 6 2 6 

0 . 4 6 3 

0 . 4 3 4 

0 . 3 5 7 

0 . 1 6 5 

0 . 0 0 2 

0 . 0 0 2 

0 . 2 9 6 

0 . 2 7 5 

0 . 0 4 7 
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T a b l e B - l . (Cont 'd) 

R e s o n a n c e 
e n e r g y , 

ev 

5 3 1 . 5 

543 .0 
573 .0 

581 .0 

6 0 1 . 5 

6 2 1 . 5 

6 6 0 . 5 
6 6 9 . 0 

6 7 9 . 5 
6 9 2 . 0 

705 .0 

7 1 7 . 5 
746 .0 

783 .0 

8 1 0 . 0 

8 4 8 . 0 

8 7 2 . 0 

8 9 6 . 0 
9 5 0 . 0 

9 7 0 . 0 

9 9 0 . 0 

9 9 8 . 0 

R e d u c e d 
n e u t r o n wid th , 

ev 

0 . 0 0 0 6 5 

0 . 0 0 0 0 4 3 

0 . 0 0 1 0 4 

0 . 0 0 0 0 6 6 

0 . 0 0 0 4 5 
0 .00020 

0 . 0 0 1 2 4 

0 . 0 0 0 6 6 

0 . 0 0 4 8 

0 . 0 0 1 4 8 

0 . 0 0 0 6 8 

0 . 0 0 0 9 4 

0 . 0 0 5 8 5 

0 . 0 0 0 3 6 

0 . 0 0 4 4 

0 . 0 0 0 7 9 
0 . 0 0 0 3 4 
0 . 0 0 1 0 

0 . 0 0 1 3 

0 . 0 0 0 2 4 

0 . 0 0 0 7 6 

0 . 0 0 2 2 

S y m m e t r i c a l 
r e s o n a n c e 
i n t e g r a l , 

b a r n s 

0 . 1 3 3 

0 . 0 1 3 

0 . 1 5 2 

0 . 0 1 8 

0 . 0 8 5 
0 . 0 4 4 

0 . 1 2 8 

0 . 0 9 1 
0 . 1 7 8 

0 . 1 2 7 

0 . 0 8 5 

0 . 0 9 7 

0 . 1 5 3 

0 . 0 4 7 

0 . 1 2 5 

0 . 0 6 7 

0 . 0 3 8 
0 . 0 6 8 

0 . 0 6 8 

0 . 0 2 5 

0 . 0 5 0 

0 . 0 7 3 

E x a c t 
r e s o n a n c e 
i n t e g r a l , 

b a r n s 

0 . 1 3 4 

0 . 0 1 3 

0 . 1 5 2 

0 . 0 1 8 

0 . 0 8 5 
0 . 0 4 4 

0 . 1 2 8 

0 . 0 9 1 

0 . 1 7 9 
0 . 1 2 7 

0 . 0 8 5 

0 . 0 9 8 
0 . 1 5 4 

0 . 0 4 7 

0 . 1 2 6 

0 . 0 6 7 

0 . 0 3 8 
0 . 0 6 8 

0 . 0 6 8 

0 . 0 2 5 

0 . 0 5 0 

0 . 0 7 3 

79 .481 
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APPENDIX C 
SELF-SHIELDING CORRECTIONS FOR BORON 

CALIBRATION SAMPLES 

F o r monoenerget ic neutrons, the shielding factor for cyl indrical 
abso rbe r s is given by Case , de Hoffman and Placzek as 

P o = X "T r S a + 1 / 2 ( r S a ) 2 l o g ^ + 4 - Y 
a 

for r 2 < 0 . 1 , a 

where r is the sample radius , £ is the macroscopic absorpt ion c ro s s 
section, and y = 0.577216 is E u l e r ' s constant . 

E _ 
d E 3 / 2 m 

j P 0 ( E , 

< P > = 
o 

m f JE. 
J E 

dE 3/2 

E 

where E is taken as infinity , and E is taken as 2.014, which is the 
m J ' o ' 

effective cadmium cut-off defined so that the l / v absorpt ion above E 
in a l / E flux is equal to the importance weighted in tegral of the l / v 
absorption in the actual spec t rum over all e n e r g i e s . 

Then, 
00 

< P > = 1 o 4 J - . < * > £ " 

so 

- 1/2 j jr S a (E)]2 [ l o g ( - ^ + 0 . 67278] - * | 
E o 

2 A F ; 

3 / 3 / 2 

C- l 



Now, 

S.(E ) JE~ av o "> o X (E) = a //FT 

and the energy dependence of 

log 
Fa^? 

may be ignored since it is slowly varying and the t e r m in which it is 
involved makes only a smal l contr ibut ion. 

Therefore , 
oo 

< P >» 1 - ^- r S 
o 3 a 

(Eo} Eo j 
d E 2 

E 

+ l / 4 r 2 a (E ) a o 

00 

E3, f j l o g r S (E ) 
a o 

+ 0.67278 dE 5 /2 

E 

i _ ± r £ (E ) 3 a * o' 

+ H l S a ( E o 'J 2 E°g V ^ T ^ 
+ 0.67278 'J 

* Case , K. M . , deHoffman, F . , and Placzek, G. , Introduction to the 
Theory of Neutron Diffusion I, 1953. 
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APPENDIX D 
REACTIVITY- E F F E C T OF A SCATTERING SAMPLE INSIDE OF 

THE CADMIUM TUBE 

Inside of the cadmium tube the flux is given by the function 
4> (u) and the importance of a neutron of le thargy u is given by the 
function P(u) . The shapes of each of these functions a re given by 
mult igroup, multizone calculat ions, and a r e shown in F i g s . 3-1 and 
3-2 . 

The effect of a scat ter ing collision is to remove a neutron of 
le thargy u and to produce a neutron of le thargy u + Au. The react ivi ty 
effect of each scat ter ing is propor t ional to the number of coll isions 
and to the change in impor tance . We have therefore , 

oo max 
p = C NV C f <r (u) +(u) pU) [ P(u+£)-P(u) ] du dt, 

where p(£,) is the probabil i ty that a sca t te r ing event will produce a 
le thargy change t,. F o r smal l £, the change in importance is smal l 
and the re is a smal l net positive react iv i ty effect due to scat ter ing out 
of the fission spec t rum hump in <{> (u) . F o r la rge £, a relat ively 
large fraction of the coll isions degrade the neutrons into the region 
of ve ry low importance near the cadmium cutoff and the net react ivi ty 
effect is negat ive. These considerat ions explain the difference in 
sigri, for ins tance, in the react ivi ty coefficients of bismuth and oxygen. 

D - l 



A P P E N D I X E 
A M E H T O D F O R ESTIMATING T H E UNRESOLVED 

RESONANCE I N T E G R A L 

In the s y m m e t r i c a p p r o x i m a t i o n the r e s o n a n c e c a p t u r e i n t e g r a l 

is g iven by, 

r r 
I = 4 . 0 8 x 106 y n 

s y m E 2 

o 

with r = r ° J E 
n n "* o 

w h e r e T and T a r e c o n s t a n t s Y n. 
r = r + r° J E 

y n ^ o 
r 

—=— » 1 for l a r g e v a l u e s of E 
r o 

t h e r e f o r e „ 
I = 4 . 0 8 106 "V 
s y m E 2 

o 
A s s u m i n g tha t the high e n e r g y r e s o n a n c e s a r e equa l ly s p a c e d , wi th 

spac ing 6 

n= oo 

y i = 4.08 io6 r y L 
L sym y L ( E + n -1 (E+n6) n= o x ' 

2 

w h e r e E is the e n e r g y of the f i r s t u n r e s o l v e d r e s o n a n c e . To ob ta in 

the s u m , 
n= oo 

^ (E+6n) 2 
n = o 

the funct ion y = is noted to be a m o n o t o n i c a l l y d e c r e a s i n g funct ion 
(E+6x) 2 

E - l 



of x, with c o n c a v i t y a s shown in the f i g u r e b e l o w . 

T h e r e f o r e 

oo 
Io + Ii + I; +Iz + 

2 2 4> (E+1 
6 x - >ix +i2 + . . . . + (i£ 

Jo ( E + 6 x ) 2 V2 4 E 3 ' 

but 00 

T h e r e f o r e 

-£r ♦ 1 

2E 2 

r 6x _ 1 
4, (E+6)2 E6 

4E 3 E 6 

1 
2E 2 

F o r t h o r i u m t h e n u m e r i c a l r e s u l t s a r e , 

E 
6 

r 
Y 

s 
Vi 

= 1000 ev 
= 20 ev 

= 0 . 0 2 4 ev 

= 5 . 0 5 x 10~ 5 

= 4 . 9 4 5 b a r n s 
s y m 

If t h i s r e s u l t i s m u l t i p l i e d by a c o r r e c t i o n f a c t o r of 0 . 75 to accoun t for 
t he f l uc tua t ions in F a v a l u e of 3 . 7 1 b a r n s i s o b t a i n e d for the u n r e s o l v e d 

n 
r e s o n a n c e i n t e g r a l of t h o r i u m . 

E = 2 



r 
The preceding calculation was based on — > 1 for la rge values of E 
However, numer ica l values of T and T for thor ium a re such that 

y n 

this simplification gives an overes t imate of the r e su l t . An improved 
es t imate may be obtained by retaining the more exact express ion , 

T-, y-r T° /~E + n6 
7 I = 4 . 0 8 x l 0 6 r > n V ° 
^ sr™ y L, r + r ° J E + n6 n Y 

u J E + n6 (E +n6)2 
n \| o o 

for n < 1000 and rever t ing to the preceding t rea tment for n > 1000. 
The resul t in this case , after cor rec t ion for the fluctuations in 

r , is 2.60 barns for the unresolved s-wave resonance contr ibution. n 

E - 3 
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