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ABSTRACT

Eftective activation resonance integrals for
thin and thick foils in an isotropic neutron flux
were measured by a cadmium ratio method. Gold was
used as a standard. Values obtained for dilute
resonance integrals in barns, not including 1/v
capture, were: Au*®7, 1390 40 (Reference); UZ°®
capture, 280 *10; Cu®®, .17 #0.18; Cu®®, 1.39 +0.22;
Mo®8, 9.9 +1.1; Mo°°, 4.06 +0.2%; W®°, 476 +50;
and Na2®, 0.075 #0.010. Dilute resonance integrals
including 1/v capture above 0.60 ev were: UZ3°
fission, 263 *9 and Inl'®, 3200 $100. These resonance
integrals and the measured resonance flux self-
shielding factors were generally in good agreement
with calculations. However, the two 1sotopes of
molybdenum appeared to have majJor contributions to
thelr resonance integrals from nontabulated
resonances.
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RESONANCE INTEGRALS AND SELF-SHIELDING
FACTORS FOR DETECTOR FOILS

INTRODUCTION

Resonance detector foils are an essential tool for reactor
physics measurements. However, thelr usefulness depends on
the precision with which their resonance parameters are known.
Such parameters include the resonance energy, resonance width,
resonance integral, and self-shielding factors. The resonance
energies and reaction widths are generally,available(l) from
neutron cross section measurements for the energy regions in
which resonances for various isotopes can be resolved.
Reasonably complete summaries of resonance integrals have
also boon published! ™), nnut resonancc integiwl meusuréments
are subject tn sizable crrors arlslng rrom self-shielding
effects, non-1/E spectra, and other sources.

The present experiments were undertaken to obtaln precilse
measurements of resonance integrals for some of the more
commonly used resonance detectors. The experiments were
designed to give the dilute, or unshielded, resonance integrals
as well as to give the variation of the effective resonance
integral with foll thickness over commonly used thickness
ranges.

SUMMARY

Measurements and calculatlons of resonance integrals and
flux depression factors have been made for [foll activatlons
in Uzss, Uaae’ w186’ InllS’ Naza’ Cués, Cués, MQSE!’ and M()loo.
Mcaguremenls were made by the "cadmium ratio" method, wilth
Au'®? as the reference material. The infinite dilution
activation integrals are given in Table I.

The resonance flux depresslion factors were calculated
as a function of foil thickness for those materials whose
resonance parameters were avallable. -The calculations
included the effect of Doppler broadening but neglected the
effect of resonance scattering. The agreement with experiment
was extremely good for U2®®, In''®, Au'®", Mu"®, und Mo*°°.
A marked disparity was observed for w186, which 1s qualitatively
explained by the very large scattering component of the
tungsten resonance. Computations of self-shieldling effects
for the copper isotopes were not made because sufficient data
for the resonances were not avallable. The resonance self-
shielding for Na2®® and U®%° was negligible for the foil
thicknesses used.



Speclal methods were devised to treat the specilal
problems imposed by the varlious foll materials. For wlaé, a

" resonance in Cd*® overlaps the 18.8-ev resonance. Measure-
ments of the resultant shielding were made by comparing cadmium
ratios of the tungsten activity with similar boron ratlos.

The boron measurements gave resonance integrals for W% about
244 greater than those derived from the cadmium measurements.
For In''®, neutron capture leads to two modes of decay; one
with a 54%-minute half-1life, the other with a 13-8econd half-
life. The branchlng ratio of the two modes for thermal
neutron capture has been published{!’, but a report of such
measurements for eplcadmium captures could not be found.

This determinatlon was made in the present experiment by
comparison of cadmlum ratios for the twu activities. A special
double counter method was used to obtaln precise activity
ratlios for the l3%-second actlivity. The measured resonance
integral of Mo®® greatly exceeded that calculated from the
parameters of the single tabulated resonance. Measurcments
were undertaken with successive thickness of boron shielding
to try to locate the difficulty. These experiments showed
that a major portion of the Mo®® resonance integral originated
at an energy in the vicinity of 100 ev, well below the
tabulated resonance of U480 ev. They also indicated that

Mo*®® has significant resonance integral contributions at
energies much higher than the tabulated resonance at 367 ev.
Until the unknown resonances are ldentified, nelther of these
molybdenum lsotopes appears useful as a resonance detector.

TABLE I

Dilute Resonance Activatilon
Intggrals for Varilous Netector Maberials

Isotope € O¢p’ barns(2) RIRSS, barns (P)

Au'®? (Reference) 99.4 1490 40
NaZ® 0.52 0.075 $0.010
cu®? I 3.17 +0.18
cu®s 2. 1.39 $0.22
Mo®® 0.18 9.9 +1.1
Mo1°° 0.199 4,06 $0.23
wiee 35 476 150

U2°® (Capture) 2.73 280 10

U235 (Fission) 561 263 %9

InttS (5u4M) 156 2550 180

In!1% (138) 38.7 650 130

{(a) Values of Resonance Integrals are directly
proportional to value of g ogy, assumed. For
revisions of thermal cross sectlons, revised
resonance integrals should be used.

(b) Resonance Integrals do not include epicadmium 1/v
capture except for U23® (E.4 = 0.600 ev) and In**®
(Ecd = 0.622 ev).
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DISCUSSION

THEORETICAL

DEFINITION OF RESONANCE INTEGRAL

The resonance absorption integral 1s an index of the
epithermal neutron absorption by a material in a reactor flux.
Since most thermal reactors have an epithermal flux that
varies approximately as 1/E with the neutron energy, E,
resonance 1ntegrals are usually defined with respect to such
a 1/E flux distribution.

If the microscoplc absorption cross section of the
material is‘ca(E), and if there are no self-shielding effects,

the fATAl epllliermal rogonance integral 1s given by

00

(RI)T“--/ a_(F) % (1)
Eo

where the lower energy limit Ej is normally taken to be five
times the energy kT which characterizes the Maxwelllan thermal
flux destr'ibution(4 . The value of kT depends on the tempera-
ture; for a temperature of 20°C, kT is 0.0253 ev. The tempera-
ture dependence of the resonance integral may be eliminated by
any one of several practical devices. One such device 1s to
specify a lower energy limit greater than five times the
highest value of kT encountered. A value of Ej = 0.5 ev 1s
frequently used. Another device 1s to specify a lower energy
limit determlined by the effective cadmium cutoff energy.

While this latter method removes the temperature dependence,
it Introduces a dependence on cadmium fhickness and the degree
of flux anisotropy. In addition, this method introduces a
dependence on the manner in which the absorption cross section
varies with energy in the vicinity of the cadmium cutoff
energy (which 1s at approximately 0.5 ev). For absorbers

that have resonances above 3 to 4 ev, the most convenient
devlice is to define RIR®S as the total resonance integral
minus the 1/v component. This gquantity 1s then indepcndent

of temperature and of Eo over a wide range. It may be
expressed as

- © S E
(rD)® = (R0 - (r)YY [ o ®EF-f o N5 F @
EO

Eq
where Sth 1s the absorption'cross section at the thermal

energy, Eth'
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for this effect are 0.985 for gold and 0.937 for indium at

a cadmium thickness of 0.030 inch. Corrections for Wwe® are
discussed in a later section. Shielding by cadmium 1s assumed
to be negligible for the other detector folls of the present
experiment. :

TECHNIQUE

METHOD (EXPERIMENTAL)- -

Foil activations were made in the Standard Pile (SP) of
the Savannah River Laboratory (SRL) The;SP(S’lo) 1s a water-
cooled, graphite-moderated reactor, fueled with fully enriched
uranium. - ..The construction is. similar to that of the Thermal
Test Reactor (TTR){!!. The irradiations were conducted in
the central thimble, a 3.00- inch-dlameter tube along the axis
of the reactor. Solid graphite cylinders 3 inches in diameter
were loaded in one end of the central thimble up .to 3/4 inch
past the reactor mldplane. The remalnder of the thimble
contained the foll holders as indicated in Figure 1. Folls
were affixed to the aluminum spinner discs with a silngle
thickness of cellophane tape, Four bare and four cadmium-
covered folls were placed on each disc. The aluminum rod and
a serles of "Teflon" blocks served-as a mandrel so that the
spinner discs could be rotated during the irradiations, thus
eliminating the effect of possible flux gradients across the
cavity. The endmost spinner disc served to position the
holder. During the irradiations Jjust enough pressure was
applied to keep thls disc iIn contact with'the graphite end
face. This allowed accurate repositioning after removal of
the holding dppdldtus.

The structural matepials.of the irradiation apparatus
were selected for their nuclear as well as thelr mechanical
properties. Both aluminum and "Teflon" have low slowing down
powers, small thermal neutron absorption cross sections, small
scattering cross sections, and negligible resonance effects.
The full set of eight cadmium covers was used in each
irradlation whether or not the full elght sets of foils were
used. This served to standardize the thermal neutron flux
depression in the vicinity of the cavity since the variation
in total neutron absorption in the cavity due to the different
folls was negligible compared to the constant absorption of
the cadmium and the structural materials. The cadmium covers
were in the form of cylindrical pilllboxes and were 0.030 inch
thick on each face uas well as at the cdge.

- 1] -
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GOLD CALIBRATION .

The method of measuring resonance 1integrals by cadmium
ratios requires- the use of a reference materlal whose thermal
cross section and resonance integral are preclsely known.

In principle, a material whose activatlon cross section has a
l/v energy dependence would be an ideal standard except that
no such material.exists, and 1if it did, its use would require
a knowledge of the preclse effective cadmium cutoff energy.
What 1is actually done is to use an activating reference
material that has 1itself been calibrated to a boron counter
as the 1/v detector. Recent measurements by Jirlow and
Johansson'’ ' of the resonance integral of gold now make gold
a sultable reference material. In those measurements a beam
flux permltted the comparison to be made between the gold
activations and boron counters of conventional size and
shape. In addition the effectlve cadmium cutoff energy was
determined by means of a neutron chopper. They have thus
given a caréfu1 calibration of gold in terms of a 1/v
absorber. The value obtalned for the total epicadmium
resonance activation integral for infinitely thin gold foils
was 1535 +40 barns, based on a thermal cross section of

98.8 barns and a cutotf energy of 0.49 ev.

" In the present experiment, half-inch-diameter gold foils
of approximately 10 mg/cm® were used as the baslc reference
folls. Fqilithicknesses were determined by welghing the
individual foils. Since foll thicknesses varled by as much
as 10% from foll to foil and since this difference in foil
thickness 1s sufficient to cause appreclable difference in
the amount of resonance self-shiclding, 1t was necessary to
make a self-shielding correction as well as the normal weilght
correction to the 1individual measured cadmium ratios. Although
experimental data have been,obtained(s) on which to base such
corrections, 1t was felt that corrections based on calculatlons
from basic resonance parameters would be more accurate.

The calculatlions follow the procedure given in Appendix A

and include depresgsions for the nine strongest resonances,

the epicadmium 1/v component, and the thermal flux. The effect
of Doppler broadening is also 1ncluded. The results of the
calculation are presented in Table II.

The resonance flux 1s based on .2 cadmium cutoff energy
of 0.622 ev. The expression "flux depression factor" is a
shorthand notatlion to describe the activity per unit welght
of the t'olls relative tu Lhe activity pcr unit weight of an
infinitely thin foil.

- 13 -



The data of Table II are shown graphically in Figure 2
where they are compared to the earlier experiments(e) at the
Savannah River Laboratory and to some new measurements.

In this figure the experimentally measured quantiltles, the
ratios of [CR - 1]O for an infinitely thin foll pair to

[CR - l]x, for a foil pair of finite thickness, are compared
to the theoretical equivalents, the activation ratios of the
last column of Table II. The earlier experimental data have
been renormalized to allow for the fact that the calculated
extrapolation to zero foll thickness 1s different from the
extrapolation used in the earlier experiment. This renormali-
zation reduces the experimental ratios to O. 980 times the
earlier values.

The agreement of the calculated values with the experi-

mental valuoo 1o very good excepl ln Lhe thickness range

from 10 to 30 mg/em2, In order to determine whether the
experiment or the calculation is in error in this range, a
remeasurement with poth thin and thick gold foils (0.22 and

10 mg/cm®) was made under the present experimental conditions.
Cadmium ratios were taken t'irst with the paired folls
alternately bare and cadmlum covered and then with the
positions reversed. The geometric mean cadmium ratio of the
normal and reversed positlons was used after making corrections
for the small difference of resonance self-shieldlng among

the thick foils. As seen from Flgure 2, the present experiment
agrees with the calculated curve. The three data points shown
actually represent the average of a total of 18 cadmium ratio
measurements. The validity of the calculations may also be
demonstrated by comparing the zero thickness cadmium ratios

as calculated from the 10 mg/cm? foils to those calculated
from the very thin foils. The thicker folls glve zero
thickness cadmium ratios of 2.005 $0.008 for "A" position and
2.086 *0.008 for "B" position compared to 2.010 *0,010 and
'2.093,i0.010 for the corresponding cadmium ratios from the
very thin foills. The validity of the computed depression
factors Of Table II is further verified by comparison with
recent measurements by Brown!12), et al. Our computations
agree closely with all the experimental points but deviate
markedly from the interpolation curve drawn by these authors
through their somewhat more limited number of data points.

The thermal cross section, o¢,,, of gold at 0.0253% ev is
taken to be 98.8 barns(4’7), the value of g in Equation 7 is
1.006 at an estimated neutron temperature of 30°C, and the
value of the resonance component of the resonance integral 1is
1490 *40 varns!”! to which must be added a 1/v component of
40 barns for a cadmium cutoff energy of 0.622 ev. The value
of the resonance shielding factor is 0.985 for gold covered
by 0.030-inch-thick cadmium(s). It is important to note that

- 14 -
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Computed Resonance and Thermal Depression Factors

TABLE II

for Gold Foil Activations in an Isotropic Flux in a Cavity

Foil Thickness;

Resonance Depression

Thermal Depression

mg/cm? Factor, Fo° Factor, FOO Res/F“_‘
0.05 0.994 1.000 0.994
0.1 0.987 1.000 0.987
0.2 0.975 1.000 0.975
0.5 0.950 1.000 0.950
0.75 0.931 0.999 0.932
1.0 0.919 0.999 0.920
2.0 0.867 0.998 0.869

3.0 0.828 0.997" 0.830 .
5.0 0.763 0.995 0.767
7.5 " 0.698 0.994 0.702
10 0.645 . . . 0.992 0.650
20 0.501. 0.985 0.529

40 0.410 0.969 0.423 .
60 0.347 0.959 0.362
120 0.264 0.930 0.283
240 0.202 0.882 0.229

a

3

Present Experiment

Jacks, G.M. (Ref. 9)
Calculated

T s

Ce——a 5

5Fi 387

50

100

150

‘Foil Thickness, mg/em?

(Isotropic Flux in Cavity)
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this same correction 1s implicitly made in the reference
experiment(7). From these cross sections and the cadmium
ratios derived from the 10 mg/cm? foils one obtains the
following calibration relations for the present experiment.

RITot -1
= 15.00 [CR - 1] "A" Position

ag ; - .

th . ]

(8)

Tot -1
RI = 16.21 [CR - 1] "B" Positlon
g

th

-

EFFECTIVE RESONANCE INTEGRALS —

cu®® AND Cu®®

Copper 1s frequently used as a neutron poison for
reactor experiments. Its utility in this service depends
on a prececiae knowledge ol Lls Lhermal cross section as well
as 1its resonance integral. Although the thermal cross section
of 3.77 +0.04 barns(la) is known sufficlently accurately, the
value of the resonance integral and its dependence on foil
thickness have not been measured precisely. An added
complication i1s that two isotopes, cu®® and Cués, contribute
to the resonance integral, but in many reactor experiments
only the 12.8-hour activity from neutron capture by cu®® can
be counted conveniently. The results of the present experiment
provide the basls for computing the total copper absorption
from measurements of the 12.8-hour activity alone.

Foils were made of metallic copper and ranged in thickness
from 0.002 to 0.020 inch. TIoll thicknesses were based on
measured foll welghts and a copper density of 8.94 gm/cm®.

The activated foils were counted on a scintlillation counter
system using sodium iodide (Tl) crystals.

The 5S5-minute activity of cu®® was counted at an integral
bias of 0.6 Mev in order to minimize background from the
0.51-Mev positron annihilation radiation of cu®®. Bare and
cadmium-covered folls were counted alternately to minimize
errors from decay time corrections. Background counts to
determine the contribution from the 12.8-hour Cu®? activity
during the counting of the Cu®® were made approxlmately
50 minutes after the initial counts and were extrapolated to
the initial countlng period.

For the Cu63 measurements, the 12.8-hour activity was
measured several hours after irradiation at a bilas of 0.4 Mev.
The small differences in foil thickness were taken into account
by simple weight corrections of the actlvities.

- 16 =



The results of the measurement are tabulated in Table III
and are shown graphically in Figure 3. 1In Table III the column
labeled Fuel Position indicates whether the foil pailrs were
on Spinner "A" or Spinner "B" of Figure 1. The thermal flux
depression factors are derived from the measured subcadmium
activities of the present experiment, i.e., by ratioing the
measured activities with the product of the relative thermal
neutron exposure tlmes the foll weight. These factors can be
measured to a sufficient accuracy for copper, and, moreover,

. the calculational ‘method given in Appendix A may be in error

for copper because of the high ratlio of scattering to absorption
cross sections. The column RIgrp glves the number obtained

from Equation 8 for the total resonance integral above

07622 ev including the 1/v component. The final column,

RI%%?, is the total resonance integral minus the 1/v component.
The values are based on thermal cross sections of 2.0 barns

for 'Cu®® -and 4.5 barns for Cu®® to make them consistent with
values given by Dahlberg(**), et al.

Figure 3 shows the variation of effective resonance
integral with foll thickness and compares the present measure-
ments to those of Dahlberg'**’, et al., and of Bennett!®’,

In Figure 3, Bennett's 1lntegrals have been re-evaluated on

the basls of the calculated thickness correction for gold
glven 1n Table II and on the basis of the same gold resonance
integral and cu®® thermal cross section used in the present
report. The values initially quoted by Bennett are based on
boron cadmium ratios and are even lower than those shown in
Figure 3. The dilscrepancy between Bennett's results and those
of the present experiment 1s possibly due to a deviation from
a 1/E flux in the spectrum of the PCTR in which Bennett's
measurements were made. -The resonance self-shielding factors
measured by Bennett for the very thin folls were used to
extrapolate the present results to zero thickness. The
results of the measurements by Dahlberg, et al., are also
indicated. The data points at the origin are Dahlberg's
calculated extrapolation to zero thickness. Because their
experiment was done in a beam flux, only the extrapolation

to zero thickness 1s directly comparable to the results of the
present experliment. The values from the present experiment

of 3.17 +0.18 and 1.39 *0.22 barns compare closely with the
values of 3.09 *0.15 and 1.38 £0.23 barns given by

Dahlberg, et al. The major part of the 1indicated uncertainties
lies in the thermal cross sections for copper and in the value
of the resonance integral for gold, uncertaintles common to
both experiments. If -these are removed, the relative
uncertainties are +2 to 3% of the quoted resonance integrals
and the comparison 1s seen to be quilte good.

- 17 -



Measured Cadmium Ratlos and Resonance Integrals for Cu®® and Cu®S

TABLE ITI

Res

Foil Thermal RIE?;, RI o2
Foil Thickness, .Cadmium Flux Depression () ()
Isotope Experiment Position\@ inch{b Ratio Factor 'bams el - barns
cub® 1 A 0.0052 17.22 0.993 - 4y 2.32 $0.06
A 0.0205 20.20 0.972 3.43 1.60 10.04
B 0.0052 18.31 0.993 4.18 2,36 +0.06
B 0.0205 21.49 0.972 3.46 1.63 10.04
cub® 11 A 0.00186 15.81 0.998 4,55 2.72 10.08
A 0.00187 15.90 0.998 4.51 2.68 +0.08
A 0.00%23  16.45 0.99% C 434 2,51 10.07
A 0.00870 18.10- 0.988 3.90 2.07 +0.04
B 0.00189 16.61 0.998 4.65 2.82 +0.08
B 0.00191 16.48 0.998 4.70 2.87 t0.08
R N.00k4E  1R.0A n.agh 425  2.42 0.0T
B 0.00005 19.39 0.908 .91 £.00 10.0%
Cu®® III A 0.01013 15.9% 0.986 1.98  1.18 #0.05
. A 0.01981 16.66 0.973 1.87 1.06 $+0.05
™ A 0.00106 14.08 0.990 2.15 1.3 10.05
A 0.00423 15.61 0.994 2.04 1.23 10.05
(a) See Figure 1
(b) Based on density of 8.94 gm/cm®
(c) Based on oy, = 4.5 barns for Cu®® and Oz = 2.0 barns for Cu®® (Ref. 14)
K 1
§- Present Experiment
x - Bennett (Ref. 15)
(Re - evaluation)
3.0 ®-Dahlberg, etal. (Ref. 14)
Beam Flux -
Reference Values of 7y,
» Cu85 . 2.0 bamns
Cu%3 . 4.5 barns
2.5 I‘ 3
T% p = 8,94 gm/cm
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Mo®® AND Mol®°

The molybdenum 1sotopes Mo®® and Mol®° are presumed to
be useful as resonance neutron detectors in reactor experiments
in that both 1sotopes have only a single tabulated resonance
at an energy of several hundred electron volts and both have
a high ratlo of resonance to 1/v absorption. Under the
condltions of the present experiment, these are the only two
isotopes of natural molybdenum which give detectable
activations.

Folls were made from sheets of molybdenum metal with a
nominal thickness of 0.0005 and 0.001 inch. Foils
thic¢ker Lhan 0.001 inch were ohtained by stacking. The
activated foils were counted on the standard scintillation
counter system. The countlng procedure was somewhat complex
because of the two-step decay schemes of the activated
1sotopes. The Mo®® formed from neutron capture by Mo®8
primarily decays with a 67-hour half-life by B and (B,v)
emlsslon to an isomeric state in Tc®®. This isomeric state
in turn decays wilith a 6.0-hour half-1ife to the ground state
of Tc®® by emission of an 0.14-Mev gamma ray. The Mo*°?
formed from neutron capture by Mo1°° decays with a 1l4.6-minute
half-life by (B,y) emission to the ground state of Tel©%. .
Thls isotope 1n turn decays with a 15-minute half-1ife by
(B,v) emission to the ground state of Ru*°?.

Because of the complicated time behavior of the Mol®°
actlvations, a reference foll technique was used to measure
the time decay characteristics for each experiment. Pairs of
cadmlum-covered and hare folls were counted alternately to
minimize the magnitude of the time correction for each pair.
In order to simplify the background correction for the
unwanted activity from the'Moga, it was necessary to bias
above the 0.l4-Mev gamma-ray energy of the isomeric state
of Tc®®. A bias of 0.200 Mev was determined to be sultable
and a simple exponential time correction with a 67-hour
half-life then used for the background correction.

The activity of -the Mo®® was counted one to two days
after the 1rradiation to minimize possible contamination by
activation of Mo®Z with its 6-hour half-life. A bias of
0.100 Mev was used to increase the count rate by including
the gamma rays from the isomeric transition in Te®%.

During the same interval the folils were counted at a blas
of 0.200 Mev to provide the background data for the short-
lived activity.
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The experimental results are shown in Table IV and
Figure 4. Resonance integrals were computed directly by
Equation 8 for thermal cross sections of 0.18 +0.02 barn for
Mo®2(24) and 0.199 £0.005 barn for Mo*°°!%®) .  The computed
thermal flux depression was negligible for the range of foil
thicknesses used. The indicated uncertainties in Figure 4
are for the present experiment and do not include errors in
thermal cross sectlons or in the resonance 1ntegral of gold.
The curves shown on Figure 4 are normalized to the experimental
data, but thelr shape was calculated from listed resonance
parameters(l) for the single tabulated resonance of each
lsotope using the procedure glven 1n Appendix A. Even though,
as discussed later, the absolute values of the calculated
resonance 1ntegrals did not agree with those measured, the
calculated depresslon factors fit the data quilite well.

FPigure 4 also includes a comparison of the present
experiment with other measurements. Dahlberg('*), et al.,
extrapolate thelr méasurements .on Mose to a zero thilolinesps
resonance integral of 10.7 *2.5 barns compared to the value
of 9.9 1.1 barns obtained from the present experiment.

It seems probable, however, ‘that thelr ‘extrapolation to zero
thickness is in error. If the resonance flux depresslon
factor for thelr beam experiment 1s calculated from the same

TABLE IV

Measured Cadmium Ratlos and

88 100

Resonance Integrals for Mo and Mo
Foil Tot Res
Foil Thickness, Coadmium RIEff’ RIErf’
Isotope Experiment Position(a) inch(b) Ratio barns(c) barns(c)
Mo 2@ I A 0.00052 1.757 3.96 3.87 #0.15
A 0.00091 1.716 4,04 3.95 £0.15
A 0.00189 1.768 ‘4,01 3.92 $0.12
A 0.00382 1.743 3.88 3.79 t0.12
B 0.00052 1.699 4,18 4.09 +0.15
B 0.00091 1.760 4.23 4,14 £0.15
B 0.00189 1.769 4.17  4.08 0.12
B 0.00286 1.844 3.9% 3,87 t0.12
Mot°° II A 0.00052 1.722 4,13  4.04 10.15
A 0.00091 1.729 4,10 4,01 %0.15
A 0.00286 1.756 3.95 3.896 10,12
B 0.00091 1.763 h.2s 414 20.15
B 0.00189 1.763 4,23 4,14 $0.15
Mo®® I A 0.00052 1.272 9.93 9.85 $0.12
A 0.00091 1.282 9.67 9.59 #0.12
A 0.00189 1.292 9.25 9.17 #0.12
A 0.00382 1.303 8.93 8.85 $0.10
B 0.00052 1.293 9.96 Y.88-10.12
B 0.00091 1.300 9.73 9.65 10.12
B 0.0018y 1.306 9.54 9.46 $0.12
B 0.00286 1.314 9.29 9.21 10.10

(a) See Figure 1

(b) Based on a density for molybdenum density of 10.2 gm/em®

(c) Based on oyp = 0.199 $0.005 barn for Mo1®® (Ref. 17) and oyy = 0.18
+0.02. barn for Mo®® (Ref. 14). Indicated probable errors are for
present measurements only and do not include thermal cross section
and gold resonance integral uncertalnties.
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resonance parameters which flt the present experiment, an
infinite dilution resonance integral of 9.8 barns is obtained
from their data. Thils agrees very closely with the present
results. As 1n-the case of copper, the experimental
uncertainties for comparison between experiments are much
smaller than the: absolute uncertainties.

Thermal cross sections and resonance integrals for Mo®
and Mo°° have. also been measured by Cabell!®,27), mor Mo
he obtains(lé) a thermal cross section of 0.199 i0.005 barn
and a resonance integral of 3.73 +0.20 barns. For Mo®® he
obtains(17) a thermal cross section of 0.136 *0.003 barn and
a resonance integral of 6.69 +0.13 barns. The 6.69-barn
value 1s increased to 8.85 $0.17 barns for a thermal cross
section of 0.18 barn.. This higher value 1s shown in Figure 4
so that the different measurements can be compared on a
common basis. Cabell's value for the Mo®® thermal cross
section would reduce all resonance Integrals for Mo®® 1in
Table IV and Figure 4 by 24.5%. Cabell's values of the
resonance integrals for both isotopes are about 10% lower
than those of the present experiment and those glven by
Dahlberg. The difference 1s belleved to be due to a deviation
from a 1/E spectrum in the neutron flux used by Cabell.

100

15

|

@ Present Experiment

® Dahlberg, et al. (Ref. 14)
(Re- evaluation, Beam Flux)

® Cabell (Ref. 16 & 17)

Normalized Calculation

Reference Values of o1

Mo%8 . 0.18 barn
Mo ' . 0.199 barn

) Mo98 ®
v o]
5 B L
£ .
2
&", .
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§ Resononce Integrals do not
g include 1/v component
H .
o
5 -
M°100 .
F v A ST 399
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FIG.4 EFFECTIVE RESONANCE INTEGRAL FOR Mo AND Mo AS A
FUNCTION OF FOIL THICKNESS (Isotropic Flux in Cavity)

- 21 =



It is of interest to compare the calculations of the -
resonance integral with the measurements. From the tabulation
of Hughes and Schwartz(l), Mo®® has a single  resonance at an
energy of 480 ev and Mo'®° has 'a single resonance at 367 ev.
Under these condltions the resonance integral may be calculated
from the resonance parameters(s) or from the thermal cross

section‘1®) by the following relations.
‘ | % :
RI = Eﬂ(Eth/Eo) cth/r | (9)
6 2 :
RI 4,10 x 10 gl v/ “go (10)

Here Eth is the energy_in ev at which the thermal cross -
section dth is given, Eo is the resonance energy in ev, the
I''s are reaction widths in ev, and g 1s a welghtlng factor
which 1s unity for both lsotopes of molybdenum. Table V
compares measured guantllbles with caléulations made by the
above equatlons and standard values of resonance
parameters!*»*®),  The 1/v component is not included.

TABLE V

Resonance Integrals for Mo®® and Mol°°

v Resonance Integral, barns
Eos, ev Equation 9 Equation 10 Experiment

Mo®2® 1480 © 3.9 %.4 0.9 9.9 *1.1
Mo 1% 367 3.1 6.2 £1.6 4,06 +0.23
For Mo°® the measured value lles between the valucso

calculated by the two methods, and appears consistent with
the accuracy expected by the two methods. For Mogs, however,
the measured value 1s about three times that calculated by
éither method and 1s well outside the expected uncertainty
of the calculations. Thils result indicates that a second
unidentified resonance is responsible for the major part of
the resonance integral of Mo®®. Because of the size of

this resonance it almost certainly is lower in energy than
the 480 ev of the identified resonance. This in turn implies
that one of the lower energy resonances'!»2?) for molybdenum
is misidentified or that an accidental coincidence of
resonances by two 1sotopes has occurred.
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Verification of this assumptlon 1s gilven by an experiment
described in Appendix D in which the attenuatlion of the
resonance activation by successive layers of boron absorber
is measured. The experimental results suggest that at least
half of the resonance integral for Mo®® 1lies in the energy
range from 70 to 200 ev. The presence of a lower energy
resonance for Mo®® has also been observed by Furr!2°) in a
beam transmission measurement. In addition, the experiment
descrlbed 1n Appendix D suggests that the effective resonance
energy for Mol®® is considerably higher than the 367 ev of
the tabulated resonance. Possible explanations are incorrect
isotopic designations of the molybdenum resonances or
accidental colncidences of resonance energles. In either
event, the present experiment indicates that nelther isotope
is sultable for use in reactor spectrum measurements 1in
which a single dominant resonance 1s required. .

It is Interesting to note from Figure 4 that the
resonance flux depression calculated for Mo®® from the
resonance parameters for the identified 480-ev resonance
fits the experimental data very closely. This implies that
any second resonance must have approximately the same maximum
absorption cross section as the 480-ev resonance. Instead of
assuming a second resonance, one may assume that the radiation
width, Ty, for the 480-ev resonance is in error, and that
instead it should be obtained from the measured resonance
integral and Equation 10. The resulting parameters, however,
give a. calculated flux depression with a slope about four
times that shown in Figure 4, which clearly does not agree
with the experiment. This gives further evidence of the
existence of a second resonance which has a maximum absorptlon
cross section approximately equal to that at 480 ev. Similar
argunents can also he advanced for Mo1°°.

Na3?

Sudium has two intcresting applications for reactor
spectrum measurements. First, it approximates the 1deal 1/v
detector better than any other activating material since the
absorption from the single strong resonance 1s weak compared
to the 1/v absorption and since that resonance 1s at the
relatively high energy of 2.85 Kev. Second, the presence of
a single resonance at this high energy makes it a useful
detector for spectrum measurements in the kilovolt region.
Unfortunately, the features that make 1t useful for one of
the two applicatlions are undesirable for the other. In order
to make the necessary correctlons for either application, it
1s necessary to know preclsely the value of the resonance
integral.
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For this experiment, foils were made by two different
methods. In one method small amounts of sodium blcarbonate
were mixed with dental resin, which was then cast into sheets
approximately 0.020 inch thick. Half-lnch-diameter foils
were punched from these sheets. Variations in sodium content
were taken Into account by reversing cadmium and bare foll
positions. A source of error with these folls 1s the effect
of moderation by the contained hydrogen. Neutrons at
energies Just above the cadmium cutoff energy may enter the
cadmium pilllbox and be slowed down into the thermal energy
region where the capture probability 1s considerably higher
than at the initial epicadmium energy. This effect would
cause an 1lncrease 1n activity of the cadmium-covered foils.
In order to measure its magnitude, the activities of bare
copper foils inside cadmium pillboxes were compared to copper
activities obtained when foils of dental resin were included
with the copper inside the cadmium pillboxes. With the
assumption that the difference 1n activity was due entirely
to slowlng into the thermal region, the data for copper
were uaed Lo calculate the ¢orrectlons applicable to the
sodium foils. These corrections are indicated in Table VI.

A second set of hydrogen-free foils was made by
compressing thin cakes of sodium carbonate against aluminum
backing foils 0.015 inch thick and 0.5 inch in diameter.
Aluminum foil 0.001 inch thick was wrapped around the foils
to protect and contaln the compressed cakes. When these
folls were used, 1t was necessary to irradlate identical
aluminum backling plates and foll covers to make corrections
for activities from Impurities in the aluminum as well as
for the Na3* activity resulting from fast neutron capture
by alumlinum.

The results of the experiment are glven in Table VI.
Resonance integrals were determined by Equation 8 with a
value of 0.52 +0.010 barn for the thermal absorption cross
section of sodium. No systematic variation in cadmium ratio
was noted wlth foll thicknesses; nor could a thickness
correction be simply calculated since the extremely high
ratio of scattering to absorption in the sodium resonance
invalidates the conditions for whilch the corrections gilven
in Appendix A apply. For these reasons the value of the
resonance integral for sodium is taken to be the average of
the values glven 1n Table. . VI. This average glves a resonance
integral of 0.075 *0.010 barn compared to the value of
0.07 $0.01 reported by Dahlberg'l*’, et al.
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TABLE VI

Measured Cadmium Ratios and Resonance Integrals for Na2®

Corrected
’ Mean Mean RI B Res
Foll Na Thickness, Cadmium Cadmium Eff RIEff’
Experiment Position Foll Materilal mg/cm? Ratio Ratio{a) barn(b) barn
I A NaHCOg4 in dental 2.7 27.9 29.9 0.270 0.059
A resin (60 mg/cm?) 2.7 27.7 29.7 0.272 0.061
A 2.7 27.9 29.9 0.270 0.059
A 2.7 27.2 29.2 0.277 0.067
B 2.7 28.4 30.3 0.207 0.076
B 2.7 28.9 30.8 0.282 0.071
B 2.7 28.14 30.3 0.287 0.076
II A NaCO; in 26.0 27.7 0.292 0.081
A aluminum envelope 26.0 2(.3 0.297 0.086
A 26.0 27.7 0.292 0.081
B 6.5 30.1 0.290 0.079
B 6.5 29.4 0.297 0.086
B 6.5 30.1 0.290 0.079
B 6.5 29.0 0.301 0.090

See text for correction for dental resin.
Based on Oth = 0.520 #0.010 barn.

The resonance integral for sodium may be calculated from
Equations 9 and 10. From the thermal cross section of
0.520 barn (Equation 9), a value of 0.067 barn is obtained.
No direct measurements of the parameter Fy could be found in
order to calculate the resonance integral from Equation 10.
The value given for Iy in BNL-325(1) is also obtained from
the thermal cross section by combining Equations 9 and 10.
The value given in BNL-325, lncidentally, 1s misprinted.

-The value of' Fy should be U.j4(°f) ev and not 3.4 ev.

U2%° FISSION

The U2°° foils were in the form of an alloy of aluminum
and oralloy (93% U®%®°) with a total foil thickness of
0.010 inch or a UZ®*° thickness of 5.6 mg/cm2. Relative U2
contents of the foils had been determined by activations in
a thermal flux and these uranium concentrations were used to

make corrections for the small variations in the foil. weights.

Activities were obtained on the scintillation counter at a
bias of 0.5 Mev. Blank aluminum foills, bare and cadmium
covered, were also 1lrradlated in order to make the small
correctlion for activations induced in the aluminum.
Comparison experlments made wlth natural uranium foils
demonstrated that, although the U2®® caused a perceptible
count in the natural foils, no correctlon for its activation
was rcquired for the oralloy foils.
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The measured cadmium ratios for U2 fission were
22.0 0.3 for the "A" position and 33.9 *0.3% for the "B"
poslition in the SP. Three sets of foils were used for each
poslition with two separate lrradiations for each set. ‘
Resonance integrals were calculated by Equation 8 with the
cross sections and correction factors given below. The
calculations showed that for the foll thickness used, the
resonance flux depression was negligible, but the thermal
flux was depressed by a factor of 0.976. A value of
O¢h = 577.01 barns and a g factor of 0.973(4) were used,
with the g factor based on a neutron temperature of 30°C.
The average resonance integral for the two positions 1s then
267 barns. A calculated correction of 1 barn must be applied
to take 1nto account the non—l/v character of the epithermal
subcadmium fisslon cross séction in Equation 7. This glves
a final value for the U®3® fission resvnance 1ntegral of
266 *9 barns including all uncertainties other than a
deviation of the flux from a 1/E energy dependence. The
effective cadmium cutoff energy tor UZ®® fissions under
these conditions is given by Hardy(22), et al. as 0.60 ev
for 0.030-1inch-thick cadmium. These authors also report a
value of 267 t1l barns for the resonance integral of U2%°
fission at a cutoff energy of 0.60 ev. However, a correctlon
for the computed deviation of their spectrum from 1/E
reduces their value to 262 %11 barns.

- Recent measurements‘2®) in the Thermal Test Reactor
(TTR) at Hanford indicate that the effective neutron tempera-
ture at the center of the TTR is approximately 40°C above the
physical temperature. The g factor at thilis higher temperature
glves a resonance integral 3 barns lower, or 263 *9 barns
tor the present measurement. Of the foll materials 1n the
present experiment, U2%% 18 the only one that devliates
sufficiently from a 1/v cross section so that the higher
temperature would cause a perceptible difference in the
measured resonance integral.

The resonance integral for UZ%° fission has also been
measured by Clayton(24) by two methods, both employlng a
U2°% fission chamber. In one case he compared cadmium ratios
of the fisslon chamber with those for a BFs counter. From
thlis measurement, he obtains a value of 258 +25 barns
corrected to a cadmium cutoff energy of 0.60 ev. A second
method, based on the fisslon chamber measurements and slowing
down strengths measured by indium foils, glves a value of
271 *25 barns at a cutoff energy of 0.60 ev. The results of
the present experiment are seen to agree qulte well wlth all
of the earlier measurements.
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All measurements based on fission product activations
of the U2%® foils implicitly assume that the isotopic
distribution of fission products 1s the same for resonance
fission as for thermal fission. Those with a fission
chamber do not. Although the assumption 1is not strictly
true(es), numerically the error thus introduced 1s not
important. This fact 1s demonstrated by the observed
independence of the measured cadmium ratio of U2%® fission
product activities on the time after 1rradiation at which
the folls are counted.

U®%® QADPTURE

The resonance integral for UZ®*® capture 1is one of the
most important parameters in the design and analysis of
thermal reactors using natural or slightly enriched uranium.
Many measurements have been made on highly self-shilelded
uranium rods typlcal of those used in reactor design.
Measurements have also been made on extremely thin folls.
Such thin foils are frequently used as the standard whose
resonance integral 1s known (281 barns) in order to make
further resonance integral measurements on the highly .
shielded rods. No prilor measurements have been found for .
uranium folls of intermediate thickness. These 1ntermediate.
thicknesses are important for providing resonance integral
calibrations for folls of the typlcal thickness used in
reactor lattice experiments. In addition, they provide a
sensitlive check of various methods for calculation
of resonance integrals.

Folls were made of uranium depleted to 190 and 350 ppm
One set of extremely thin folls was made by depositing
uranyl nitrate dissolved in alcohol on foils of filter paper
and allowing the solvent to evaporate. The average uranium
thickness in these foils was 0.05 mg/cm®. Microscopic
examlnation showed that the deposited crystals were exlremely
small (about 0.01 of the diameter of the indlvidual paper
fibers) and that the small crystals were dispersed through
the individual fibers rather than on the surfaces. The
effect of self-shielding in the individual microcrystals was
Judged to be negligible. A second set of folls was made
from an alloy of 16.0 wt % of the depleted uranium in
aluminum. Foils ranging from near 0.001 to 0.020 inch thick
were rolled from this material. ~ Addltional foll thicknesses
were obtained by stacklng individual foils. Metallic uranium
foils made up the third set of depleted foils. Nominal foll
thicknesses of 0.002, 0.006, and 0.010 inch were available.

23s
8) .
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The actilvation measurements were obtained by scintil-
latlon counting of the 103-Kev X-ray in the 2.3%-day decay
of Np=2°° leading to Pu®®°. A single channel analyzer was
used with an acceptance width of 90 to 116 Kev. The foils
were counted during the time interval from 48 to 96 hours
after the irradiation in order to minimize the fission
product background. A small correction for the fission
product actlvity was obtained by comparing natural uranium
and depleted uranium activities for the uranium metal foils.
For the thin foils of uranyl nitrate on filter paper and
the foils of uranium in aluminum alloy, cadmium ratios were
also obtained with the position of bare and cadmium-covered
foils reversed in order to correct for minor variations in
U238 content of the palred foils.

The vesults of the measuremsnts aré shown in Table VIT.
For the computatloun of resonance integrals from the measured
cadmium ratios by Equation 8, the quantity g oy, for UZ°®
was taken to be 2.73 barns. Thermal flux depression factors
were negligible for all but the metallic uranium folls.
The correction factor for the thickest metal foils was 0.984.

The results are shown graphically in Figure 5. The
resonance Iintegrals are plotted against the parameter'VS7M‘
where S is the total surface area of the foll, including
edges, in cm® and M 1s the total mass 1n grams of U23® in
the foill. For U2®® this parameter has several advantages
over the simple thickness parameter used for the preceding
isotopes. It gives a scale which convenlently separates
the 1individual measurements for the thin foils and shows the
structure in detail. Furthermore, it 1s the same parameter
which 1s used to coordinate the measuremento for thick rods
and rod clusters.

In Figure 5, the experimental data are compared to
calculations made by the procedure given in Appendix A.
The calculations of the resonance flux depression are based
on the tabulated resonance parameters(s) for the nine
strongest resonances, which at zero thickness make up 96%
of the total resonance integral calculated for all resolved
resonances. The calculations include the effect of Doppler
broadening of the resonances, but neglect foll edge effects
and energy exchanges resulting from resonance scattering.
Because of the relatively small ratio of scattering to
absorption for U®*® and because of the thinness of the foils
these effects should be small. The calculated curve for
slab geometry 1s seen to fit the experimental data very.
closely except for the thickest foils where the calculated
curve is lower than the measurements. This is Just what 1s
expected, though, 1n that the calculations neglect the
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TABLE VII

" Measured Cadmium Ratios and Resonance Integrals for UZ°® Capture

. Tot

Foil - Cadmium RIgges  Weight of VS/My

Experiment Position(2) Foll Material Ratio barns'P) U2%® om cm/g?
I A - Uranyl Nitrate 1.148 - 277 = 0.000063 200
B On Paper 1.159 278 % 0.000063 200

II A Metal U2°%® 1.9%9 44,5 #1.5 1.230 1.54

A 1.893 46.7 *1.,5 1.138 1.59

B 1.770 58.0 #1.8 0.608 2.12

B 1.735 60.6 $1.8 0.580 2.16

LIr A - Metal U2%B. 1.349 117 %2 0.1260 4.52

: A - 1.343 119 %2 0.1259 4,52

A 1.570 72.2 +1.8 0.3561 2.73

B 1.759 58.8 +2.0 0.6171 2.10

. B 1.731  61.0 £2.0 0.574%4 2.18

B 1.573 77.4 2.0 0.3535 2.73
v A 16 wt % UZ®® in A1 1.185 221 #5 0.0220 11.1
A 1.172 238 #5 0.0119 14.7
B 1.201 220 %5. 0.0250 10.5

B 1.215 206 %5 0.0376 9.11

B _ 1.196 228 5 0.0198 11.7.,
v A 16 wt % U228 in A1 1.150 273 7 0.00227  33.5
A 1.152 269 =7 0.00315 27.3
A 1.15%3 267 +7 0.00500 22.5
A 1.150 273 £7 0.00258  31.5
B 1.162 273 +7 0.00194  35.8
B 1.181 274 *6 0.01140 15.2
B 1.159 278 %7 0.00179  37.4

B 1.157 281 27 0.00186 6.8 -
vi(e) A 16 wt % U2%® 1n A1 1.200 205 5 0.026%  10.7
A ~ 1.199 206 +5 0.026% 10.3

A 1.228 180 6 0.0526 7.62

A 1.254 160 16 0.0789 6.39

B 1.209 211 #5  0.0263 10.30

B 1.243 182 %6 0.0526 7.62

B 1.239 185 16 0.0526 7.62

B 1.268 164 16 0.0789 6.29

(a) See Figure 1. - .

(b) Based on g Oeh = 2.73 barns. ‘

(¢) The foils in this set were 0.020-inch-thick nominal and were 0.51 inch in
diameter, and consisted of a single foll, or two or three in a.stack.
See text for a discusslon of cadmium covers for the foil stacks.
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unresolved resonances and the nonresonant absorption. The
relatively small thermal flux depression for these captures
becomes important-only for the thick folls (low S/M values).
At the lower values of S/M, it is of interest to compare the
present experimental results wilth previous measurements on
strongly absorbing rods. What are believed to be the most
accurate measurements on such rods were those made by
Hellstrand(2®). For values of the total resonance integral
including a 1/v component of 1.10 barns Hellstrand gives

RI = 4.05 + 25.8 4[s/M (11)

This expression 1s shown plotted in Figure 5. Although based
on measurements at VS/M values below 1.0, his curve is seen
to fit the data of the present experiment over a wilde range.
In particular the values for the thickest folls are seen to
lie precisely on his curve.

The calculated value of the resonance flux depression
expécted ror cyllndrlcal geometsy io algo shown by the
dashed curve of Filgure 5. For reactor lattices 1t is
normally assumed thalt the resonance integral as given by
Equatlon 11 applies equally to rods, tubes, and plates.
The curves of Flgure 5 show that this 1s Justifled for
resonance lntegrals below 50 barns where the two curves
coincide. The dilistinction between the two geometries 1is,
however, seen to be appreclable for higher values of the
resonance integral.

The thickest folls of the uranium aluminum alloy folls
(Experiment VI of Table VI) required speclal conslderation.
The stacks of three 0.020-inch-thick foils, the 0.0789-gm
foils of Table VI, were too thick to permlt normal closing
of the cadmium pillbox. For these folls an additlonal sheet
of 0.010-inch-thick cadmium was wrapped on the edges of the
pillboxes. The change of shadow shielding due to the
increased size of the cadmium pillboxes 1s negliglible, but
changes in the thermal neutron dif'tusion depressions ln the
vicinlity of the cavity may introduce small systematlic errors.
An estimate of thils effect 1s 1ncluded in the experimental
uncertalnties. In addition, for Lhe thickest uranium-alwninum
folls, a correction 1s necessary for the effect of energy
exchange by scattering in aluminum within the foil. In order
to estimate the magnitude of this effect, the narrow
resonance approximation was used, that 1s, the effective
energy wldth of the resonance was taken to be small with
respect to the maximum energy lost 1n an elasillc scattering
of a neutron from an alumlinum atom. The calculated correction
reduces the resonance integral by 0.5% for the 0.0789-gm
foll stack and 0.2% for the 0.0526-gm stack. The effect 1s
therefore negligible for the thinner folls.
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Inlls

The experimental determination of the resonance integral
of In''® has been re-evaluated from the earlier SRL data'®’
on the basis of the present formallsm and cross section
values. Only the data for the central irradiation position
of the earller experiment were used. An inspection of the
cadmium ratlos taken at the two positions used in the earlier
experiment ilndicated a systematic varlation with resonance
energy as one goes from indium (1.46 ev), to gold (4.9 ev),
to tungsten (18.8 ev). This systematic variation 1is most
readily explained by assuming that the epithermal flux
deviates from a 1/E dependence for the outermost position,

24 1nches from the center of .the SP.

Another. complication in interpreting the earller
experiments .arises because about 80% of the neutron captures
in In**® lead to an isomeric state of In''® which decays
with a 54-minute half-1ife by B,7Y emission to the ground
state of Snllé,-and,the remalning 20% lead to the ground -
state of In'%® which decays with a 13-second half-1life by
means of a 3-Mev B particle directly to the ground state
of Sn®, Although the branching ratio of the two alternatives
1s known‘l) for thermal neutron capture, it could not be
determined from the literature if the ratio was different
for epicadmium captures. ' To determine this relation an
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experiment was devised to compare cadmium ratios of the
13-second activity to that of the 54-mlnute activity for a

range of foil thicknesses. The cadmium ratios for the l3-second
activitles were measured with high precision by the method
given 1n Appendlx C. The results of the measurement are shown
in Table VIII.

TABLE VIII

Comparison of the Thermal and Resonance Activation
Cross Sections for the 13-Second and 5%-Minute
Activities of In*1®

Res

(91357950
Foll Thickness, Th
mg/cm® (GIJS/GSMM)
2.9 1 nen
5.5 1.055
5.6 1.033
4.2 1.009
9.4 1.017
1.027 $0.008

Avg

Since no systematlc¢ varlation with thidkness was observed,
the average value of the activatlon ratio was used.

The followlng relations were used in the re-evaluation
of the earlier measurements on the In'?> resonance integrals.

T Au : ' ' Cqhu
RIOMM _ _RI_'Tu F (g cth)snm [£(CR) - 1]54M (12)
(g 0,,) [£(CR) - 1]°
Res
13S RIAu 135 (91357 %5um) [£(cR) - 1]*Y
RI™7" = ——— F (g o, ) - : - (13)
(g o, )" B (O £(CR) - 115
th 138" " 54M
Thi following cross sectigns and measured valuesaﬂﬁre used:
RI u’ 1530 barns; (g Oyp) Y 99.4 barns; (g ct?)’ » 156 barns;
(& o¢n) 25, 38.7 barns; £2%, 0.985; £17, o.gz7(Fefs 8);

(CR)Au, 2.20; (CR)SAM, 2.26; and the activation cross section
ratios from Table VIII. The factor F takes into account the
deviation. from.1/v of the indium absorption cross section in
the epithermal-subcadmium energy interval. Its value was
determined by numerical integratlion and was determined to be
1.017 for the experimental flux spectrum. The resultant
integrals, including the 1/v component, are 2550 *80 barns
for the 54M activity and 650 £30 barns for the 13S activity,.
or a total activation integral. of 3200 +100 barns.
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The exact calculation of the eplcadmlum resonance
integral 1s very laborious for a material such as indium
where the wing of the resonance extends into the subcadmium
region. It can qulte readily be approximated, however, by
calculating the entire resonance ilntegral by means of
Equation 10 for each of the resonances and subtracting from
this quantity the excess of the resonance integral over the
1/v component in the subcadmlium region. This latter value
was obtained by numerical Integration to glve a calculated-
value of 3190 barns for all resolved resonances and the 1/v
component for a cadmium cutoff energy of 0.622 ev. This
compares with the value of 3213 barns gilven by Kelber(27),
and the measured value of 3200 *100 barns.

Flux depression factors were calculated for indium by
the same procedure as for gold. Only the three lowest
resonances contribute perceptibly to the flux depression
factor for the foil thicknesses used. The epicadmium 1/v
component was not considered separately since 1ts resonance
integral lles chiefly under the 1l.46-ev resonance. The
thermal flux depression factors were. calculated with a
thermal cross section value, Ogy, of 191 barns. The
results of the computations are given in Table IX and are
compared to the earlier SRL measurements(s) in Figure 6.
The agreement 1s seen to be very good over the entire
thickness range. The results of Table IX also agree closely
wlth measurements of the resonance flux depression for
indium given by Trubey!28),

TAELE IX

Computed Resonance and Thermal Depression Factors
for In*'® Activations in an Isotropic Flux in a Cavity

‘Natural Indium

Foil Thickness, Resonance Depression Thermal Depression

mg/cm? Factor, pies Factor, Fth FReS/IFth
-0.05 0.988 1.000 - 0.988
0.1 0.977 1.000 0.977
T 0.2 0.959 0.999 0,960
0.5 0.920 0.998 0.922
1.0 0.868 0.997 0.870
2.0 0.796 0.993 0.801
5.0 0.649 0.987 - 0.658
10 0.519 0.976 0.531
20 0. 400 0.956 0.117
30 0.33k4 0.939 0.357
40 0.294 0.924 0.319"
60 0.243 0.897 0.271
100 1 0.192 0.850 0.226
150 0.156 0.800 0.195
200 0.134 . 0.759 0.177
250 0.120 0.720 0.167
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New activation measurements were made on thin tungsten
foils, and the earlier measurements{®) were re-evaluated on
the basls of the present formallsm and cross sections. The
calculated curve for the flux depression factors 1s shown
in Figure 6 where it is compared to the earlier measurements.
The agreement 1s seen to bé good for all but the two inter-

“medlate foil thlcknesses. Although the discrepancy may be

due to an error in the experiments, it 1s more likely due
to the neglect of resonance scattering in the calculation.
The ratio of resonance scattering to resonance absorption
is much greater than for indium, gold, and U2®®, for which
the agreement was found to be good. The inclusion of
scattering would tend to lower the calculated curve.

A similar discrepancy, but of even %reater magnitude, has
been reported by other observers!(2®’,

The previously reported resonance 1ntegra1(9) of wieeé has
also been re-evaluated. The calculated correction curve of
Filgure 2 glves an average value of 2.53 for the cadmium ratio
of zero thickness W*®® at the central position as determined
from the three thinnest foll pairs. (For the reasons
discussed in the section on indium, the 24-inch position was
ignored.) Using a thermal cross section for W'2® of
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35 13 barns(l? and making the comparison to the gold cadmium
ratio for this locatlon, one obtains a value for the measured
resonance integral of 410 x40 barns, including the l4-barn
1/v component. Calculations from the resonance parameters(l)
for the three strongest resonances by Equation 10 glves a
corresponding value of 464 +56 barns. Assuming only the
18.8-ev resonance, Equation 9 gives a value of 486 *54 barns
which becomes 500 t54 barns when the 1/V component is
included.

Although the discrepancy between calculatiens and the
measured resonance integral are within the comblned errors,
an Investigation was made of possible sources of experimental
error. This investigation disclosed that shielding by cadmium
could glve an erroneously low value for the measured integral.
Tabulated resonance parameters(l) show that cadmlum has a
resonance at 18.5 +0.2 ev which partially overlaps and shilelds
the tungsten resonance at 18.8 0.2 ev. Various methods are
available for experimentally determining such shilelding
effects. The method of varying the cadmium thickness(a) used
for gold and indium does not work for overlapping resonances.
One method, not used in the present work, is to palr the
tungsten foils with foils of a material such as copper for
which there is no shilelding by cadmium. Normalizations for
thlis method are made by simultaneous actlivations obtained for
the two foll materials in a completely thermalized flux.
Another method, the one used here, 1s to substitute a different
filter material for the éadmium, one for which the shlelding
1s negligible or readily calculable. Gadolinium and
samarium, which would normally be the best replacements for
cadmium, also have resonances nesar 18.0 ev, 30 boron was used.

The boron filters used were determined to have an
effective B° thickness of 9.1 mg/cm® by means of the
experlment descrlbed 1n Appendlx D. The tungsten folls
consisted of 5 wt % WOs ‘dispersed in aluminum at an average
tungslen density of 3.0 mg/em®. Cadmium ratios and analogous
boron ratlios were obtained by the usual irradlation in the
SP. The measured geometric mean ratios (from reversing bare
and covered folls) were 2.49 for cadmium and 2.83 for boron-
at "A" position of PFigure 1. The measured cadmium ratio used
in Equation 8, assuming no resonance shilelding, gave a value
of 380 t40 barns including the 1/v component based on
Oth = 35 3 barns. The calculated correctlon to zero thilck-
ness glves a corresponding integral of 394 #*40 barns.

The boron cadmium ratio was converted to an ideallzed un-
shielded cadmium ratio by the followlng computed transmlssion
factors: 18.8-ev resonance; 0.76; epicadmium 1/v, 0.1;
thermal, 0.030. These depression. factors gilve an equivalent
idealized cadmium ratio of 2.20, and by means of Equation 8,
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a value for the resonance 1integral of 473 barns for the

actual foill thickness. Correcting to zero thickness gilves

a value of 490 %50 barns including the 1ll-barn 1/v component.
Comparison of 1deallzed cadmium ratio to the measured one
glves a resonance shielding factor of 0.885. . Use of ‘this
shielding factor in the earlier measurements(2®) gives a
resonance integral of 506 *+50 barns including the 1/v
component. This value agrees reasonably well wlth the present
measurement and with the calculated values.

NEUTRON SPECTRUM IN THE SP

The results of the present experiment strongly support
the validity of the assumption of.a 1/E epithermal flux at
the center of the $P. The resonance integrals derlved . under
thls assumption show good : agreement with measurements taken.
at other facllitles where direct measurements -of the spectrum
were made(7ﬁ;4) or where rellable- spectrum:calculations could
be made!22), The agreement holds from 1.46 ev for indium to
2.85 Kev for sodium and also for UZ°° and UZ®®, which have
many resonances dlstributed over the entire energy range.
Such agreement would be most unlikely 1f there were appreciable
deviation from a l/E spectrum in the SP. Measurements at the
center of the TTR('*), a facility nearly identical to the SP,
also support the assumption. ' )

' /%77 7
P e
' N. P. Baumann.
Experimental Physics Division
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APPENDIX A
CALCULATION OF FLUX DEPRESSION FACTORS

THERMAL

Thermal flux depression factors are calculated with
Maxwelllan-averaged cross sectlons in the monoenergetlic approx-
imation. Here flux'depression factors are defined as the ratio
of the activity per unit mass of a thick foil to that which an
infinitely thin foil of the same material would have had under
"1dentical irradiation condition. For an isotropic and mono-
energetic neutron flux incldent on a slab absorber within a
cavity, the average flux depression within the slab 1s glven
by the following relation.

1 - 2E5(X) (1)

fslab - 2X

Here X = N Oy where N is the atom density of the foll per unit
area and g, 1s the microscoplc absorption cross sectlon per
atom. The Es function is the exponential integral over the
incldent angles discussed in Appendix D. Numerical values

for this function are tabulated by Case(3°), et al. Equation 1
is strictly true only for pure absorptlon; however, the error
introduced by neglecting scattering 1s appreciable only 1f the
scattering cross section 1s much larger than the absorption
cross section. A plot 1s glven 1n Figure 7 for use 1n calcu-
lating thermal flux depresslon factors.

EPITHERMAL 1/v

The monoenergetic depression factor, fslab{ of Equation 1
applles at each energy 1f o, varles with energy. For a foll of
given thickness the activity of a detector foll, wlth an
activation cross section o,(E) in an isotropic flux ¢(E),
relative to that for an infinitely thin foil in the same flux
is given by

f = J(;(N,E) oa(E) ¢(E)d?/<;/;a(E) ¢(E)dE (2)

where f(N,E) 1s given by Equation 1. Equation 2 has been
evaluated for a 1/v cross section in a 1/E flux between the
limits of E; and ». The resultant curve 1s shown in Figure 7,
where the parameter X = N o(Ec). Here N 1is in the atom density
per unit area and o(Ec) 18 the absorption cross section value
at the lower energy 1imit E,. The total epicadmium depression
1s obtained by letting FE, be equal to the effective cadmium
cutoff energy. The curve of Flgure 7 may also be used to
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determine the depression factor for a flnlte energy interval
such as the epithermal subcadmium region. This 1s accomplished
by noting that the depression factors welghted by thelr
respective dilute resonance integrals are additive.

RESONANCE FLUX

Beam Flux, No Doppler Broadening

The problem of the flux depression in an absorbing slab
has been solved analytically for a single Brelt-Wigner resonance
in the absorber with a beam flux at normal incidence to the
slab surface!27:31), A flux constant with energy is assumed.
Consider a slab of total thickness X with N(X) atoms per unit
area. At a distance X, from the front face, wilth N(Xo) atoms
per imit area hetween that peint and the front face, the
depression at that point 1is glven by

“(x/2) |
£(x) =« I (x_/2) (5)
" max
X, = N(X_) o, (4)
e " T
SMax _ 2.6036 x 10° "n Y (5)

a E rs
. o] :
where I  1is a modified Bessel function of the flrst kind. This
function is frequently designated as a Bessel function wilth an
imaginary argument(sz) as Jo(ix). The average depression over
the whole foil is obtained by averaging Equation 3 over the
total foil thickness. The rcsult 1is :

£(X) = e‘(X/z)'[Io(x/z) + 1 _(x/2)] (6)
X = N(X) czax | (7)

where I; 1s also a modlfied Bessel functlon of the firat kind
and 1s frequently designated(32) as - 1 J,(ix). The flux
depression factors obtalned from Equation 6 are plotted in
Figures 7 and 8.

Isotroplic Flux, No Doppler Broadening

The flux depression for isotroplc flux 1lncidence is
complicated by -the 1lntegration over angles.. Such computations
have been performed numerically(27). Useful approximations
are available(27) 1in terms of the effectlive foil thickness
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X=Ngo , for very thin or very thick foils.

a
£(X) =1 + Z—ff—z-- 0.3274X X << 1 (8)
-1
£(X) = 1.3333 (nX) ° % 35 1 (9)

The calculated depression factors are shown in Figures 7 and 8.

Isotropic Flux with Doppler Broadening

Tabulated resonance parameters are given in terms of the
relative motion of the neutron and target atom. When 1t 1s
desired to make calculations in terms of the neutron energy
alone, some corrections must be introduced for any motion of
the target atoms. Ordinarily this 1s thermal motion wilth a
Maxwellian velocity distrlibution 1sotropic in direction. Here
the correction serves to broaden the width and reduce the
maximum cross section of the Breit-Wigner resonance. Solutilons
of the Doppler broadening problem have been obtailned in various
approximations(s’b). For the present purpose, the results of
computations performed by Roe(®3) as presented by Stewart and
Zweifel(®) appear the most suitable. They express these results
in terms of the parameter T, where

T S Na Ga (10)

Here V is the volume, and S 1s the total surface area of the
absorbing material, Na is the volume densgity ol zbsorber atoms,
and ﬁgax the peak resonance absorptlon cross section. For an
infinite slab, 7 = X as defined in the precedling section. For
folls with a non-negligible edge surface, the more general form
1s used. With Doppler broadcning, the depression factor cannot
be calculated from T alone. The added complexity may be
expressed in terms of the single parameter 6,

4 Eth EO

b = (11)

where Eth is the temperature of the absorber in units of
electron volts, EO is the resonance energy, A 1s the ratlo of
absorber to neutron masses, and I' is the total reactlon width
of the resonance. The results for slab geometrles are
reproduced in Figures 9 and 10. Note that for 6 = O, these
curves coincide with the appropriate curves in Figures 7 and 8.
Curves have also been computed for resonance flux depressions
in cylinders and spheres with Doppler broadening included(®3s€),

w BT =
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When the product of the ratios of measured activities is taken,
the time factors, f, and the efficiencies cancel out exactly
and one has the following expression for the cadmium ratio.

1

H Sat
(Al 52)2 - (Act)Bare

Az Bi)  (nct)33®

= Cd Ratio ’ (5)

This method has the adﬁantage that néither the times,
nor the timé intervals need be known precisely. Simultanelty
of time 1s all that is required.
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APPENDIX D

DETERMINATION OF THE EFFECTIVE RESONANCE ENERGY FOR Mo”8 AND Mo 100

For resonance detectors with one or two strong resonances,
the energies of the resonances may be determined by lrradlating
a set of uniform folls of the detector material in a beam of
eplcadmium neutrons with varylng thicknesses of B° absorber
materlal interposed between the folls and the neutron source.
For a 1/v absorber such as B9, the effective absorber thick-
ness, Y = [N Oa(E)], depends on the absorber atom denslty per
unit area, N, and on the absorption cross section, oa(E),
which varies as E"2. For a single‘resonance the measured foll
activations vary with absorber thickness as exp(-Y). Since
the amount of boron and 1ts thermal cross sectlion are known,
measurement of Y uniquely determines the resdnance cneuvgy.
Under ideal condliilions of resuvnance strength and spacing,
measuréments can also be analyzed to obtain the energies of
two or more resonances for a glven defectonr.

Epithermal beam fluxes of sufficient strength to determine
the resonance energy of Mo®® were not available from the SP
80 a method was devised for making a similar analysis 1n an
isotropic flux. Consider a detector foll whose effective
absorption thickness 1s X = No,, where N and 0, now refer to
the detector foll. The folls are encased 1n a plllbox of
B° absorber whose thickness on each face 1s Y, deflned as for
the beam flux. At a glven angle 8 to the normal, the incident
flux is attenuated by a factor exp (-Y/cos 6) at the detector
foll surface and the solld angle of the incident flux is
glven by 27 sin 6 d@. The effective surface area normal to
the direction of 1ncidence 1is reduced by a factor of cos 8.
The fraction of the neutrons reachlng the detector foll which
are absorbed in the foll 13 given by [1 - exp (-X/cos 6)].
Combining the teirms and cancelling out the constant factor,
27, one obtalns the following relation for the relative
activity of an arbitrary thickness foll inslde a varilable
thickness cover.

X
/2 - -
> e
~/~ e ©°F o cos 6 s1in 6 (1 - e cos ) d6
0
£(X,Y) =. -
m/2 " cos 6
f cos 6 sin 6 (1 - e ) dae
0
- 2[Eg(Y) - E5(X+4Y)] (1)
1 - 2E4(X)

- 46 -



The E functions are the exponential integrals which are
tabulated by Case(so), et al. They are given analytlcally as

/2 - X
= cos 8 n-2
E (X) = e cos 6 sin 6 a4 (2)
0

For resonances, Equatlon 1 depends sensitlvely on energy since
X 1s proportional to the foll cross section which varles
strongly wlth energy at a resonance. The energy average over

a resonance 1s in general a difficult problem. In the limiting
case of an extremely thin foll, Equation 1 becomes f(X,Y) =
E-(Y) and in the 1imit of a thick (opaque) foill 1t becomes
£(X,Y) = 2E5(Y). For a detector foll of intermediate thickness,
a close approximation to the energy average of X is gilven by
the constant value of X which would glve the same resonance
self-shielding for a bare foll. This value 1s obtained from
Equation 1 of Appendix A and the measured self-shielding factor.

For the measurement of the effective resonance energy
for the molybdenum isotopes, absorbers were in the form of
18 wt % B'° in aluminum in sheets with a nominal thickness of
0.010 inch. The boron was in the form of finely ground boron
powder granules dlspersed in the aluminum matrix. The
heterogeneous nature of the absorber foils necessitated the
determination of the effectlve absorber thickness for each
foil packet. For this purpose, gold foils of thickness
10 mg/cm® and tungsten foils of thickness 52 mg/cm® were !
placed adjacent to the molybdenum foils inside the absorber B
pillbox. The natural molybdenum foils had a thilckness of B
13.5 mg/em® (0.0005 inch). The pillboxes were made from -
laminations of 0.625-inch D folls. A cavity for the stack. of o
detector folls was formed by removling an 0.500-inch D disc
from the center of one of the larger boron-aluminum foils.
Four, three, two, one, or no boron-aluminum foils were then
placed on elther side of the dete¢tor folls. CLadmium discs
0.020 inch thick on both faces completed the cover packet. The
irradiations were performed in the air-flilled central cavity of
the SP. The five foll packs were equally spaced on the rotating
aluminum disc described earlier.

The activitiles of the detector folls were counted on
sodium iodide scintillation counters. After correcting for
minor varlations in foil weights, the activity of each foil
relative to the foll covered only by cadmium was determined.
These activity ratlos are shown in Figure 12. The gold foil
activities were used to determine the effective thickness of
the boron covers. The curve for the gold folls was calculated
from Equation 1 with X = 0.%0. Additlional curves for gold are
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shown in Figure 12 for the limiting cases of very thin and
opaque foils to indicate the intermediate thickness of the’
folls used. The measured gold actlvitles were plotted on the
calculated curve to glve the effective boron cover thickness.

As a check of the method, the measured W86 sectivities were
compared to calculations. From Flgure 12, the agreement 1s

seen to be well within the experimental errors. The measured
molybdenum activities do not agree for elther i1sotope. The

most likely explanation of the discrepancy is that each isotope
has additional strong resonances other than the single strong
resonance tabulated for eachf27-1) " For Mol°® the experiment
indicates further high energy resonances at energles above those
of the resolved resonances. For Mo®® an additional resonance in
the energy range from 70 to 200 ev is 1ndicated. An accidental
colncldence of such a resonance with the Mo®® recsonance at 75 ev
or the Mo®7 resonance at 133 ev seems most likely. The presence
of such a low energy resonance for Mo®® has also been indicated
by experiments performed by Furr(zo) from the method of boron
absorption 1in beam geometry.
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