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CHAPTER 1
INTRODUCTION

The purpose of this work is to determine experimentally
the depression of the neutron density by a detecting faii;
The depresslion factor is known as the "self-shading’ of the
folls

The use of metal folils, such as indium, a8 neutron dew
tectors depends upon the absorption of the neutrons by the
detector, When a neutron is absorbed by the detector, the
neutron density is lowered In that region, Since the absorpe
tion of neutrons by the detector depends on the neutron dens
sity, the absorptlon is not as large as it should be to indi=
cate the true neutron density,

Obvious ly, the magnitude of this effect must be known if
measurenents invelving absorbing detectors are to be accurste
and dependable, The extent of the depression of the neutron
density in the region of the detector is a function of the
medium and the detector, The larger the detector, the greater
{e= the absorption by the detector and the greater is the de~
pression of the neutron density, The medium affects the de-

pression by its ability to scatter neutyrons,
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Bothe derived an expression from which the value of

the depression factor may be found, The general expression

is:
3
f = | for Ry As
| . 3L
! *"éé" ('%&E R + “’i)
and
i
f = , for R As,
1+ 0,23 _B_
AS

where f is the depression or self-shading factor, _ {is the
probability of absorption of a neutron in one cressing of
the detector, R is the radius of the detector, s is the
scattering mean free path of the medium, and L is the dif-
fus{on length of the medium,

Bothe considered spherical shell detectors for purposes
of developing the formulaj; while disc shaped detectors are
used almost excluslively in practice, To correct for this
Bothe assumed that a disc would have the same effect as a
sphere of radius two-thirds that of the disc, ‘

Tittlez has found that it is more appropriate to use the

trans port mean free path<ﬂyw than the scattering mean free

: 4
We Bothe, "Zur Methodik der Neutronensonden,® Zeits. f.
Physik, CXX (1943), 437.

2
Ce We Tittle, wnpublished research, North Texas State
College,
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path [\; « The transport mean free path has a value of

04433 t 0,01 cms in water and the scattering mean free path
has a va!.vce"i of 0,3 cm,s in water, This difference is large
enough to change the value of f significantly,

. The question arises as to when to use the formula for
RYy)Ap; and when to use the formula for R« Q. It is desirable
to know what restrictions must be placed on the rezagion of
R to), s Experimental data would be useful to determine what
the relation of R to Ay, must be for the formulas to be valid,

In waier, which has a transport mean free path of
0,433 & 0.01 cm., it is difficult to know whether or not the
formula for R))Ay applies to foils of radius 1,0 cme |

Bothe did some experim@ta to verify his expressions for
f. His method was based on choosing a medium which had a
large mean frce path so that the factor f would approach
unity and the error of neglecting it would be vanishingly
small, For detectors with a radius of 1.4 cms or less, alum;-
inum, for which the mean free path Is about 10 cm., is good,
By comparing the detection of neutrons with Dy,03 detectors
of radil 0,7 cme and 1.4 cms in aluminum with the detection
in paraffin, Bothe found that his formulas were good, The
detectors were made in three thicknesses to provide data on
the dependence of f upon foll thickness as well as the depend=
ence of £ upon radii of the detector,

ihid,

4
Bothe, Ope Cite, pPe 1o




Unfortunately, Bothe did not take data over az very wide
range, Consequently, the formulas are not wverified in some
regions that are of interest,

Dacey, Palne, and Gaadman“ did an experiment using
another method for determining f, Their measurements were
made in a water medium only. They were able to determine f
by first, activating a single foil and counting its activae
tion; second, placing a similar foil on each side g£ltn§ ari§~
inal foil and repeating the measurements, counting §ﬁi&;tha
act ivation of the original foil; and third, placing tmas {me
ilar folls on each side of the original foll and rap@éﬁiﬁg
the measurements, again counting only the activatianfﬁfgtha
original folil, 4;

It is clear that the neutron flux through the agiéﬁhaf’
foil is lowered by the presence of other folls, Fr#mfﬁﬁ}s
reduction of neutron flux, it is possible to find thgiﬁalue
of fa oo
The theoretical formula by Bothe and the two axp#ﬁ%ments
by Bothe and Dacey, Paine, and Goodman are the exﬁaﬁi4ﬁf the
major determinations of depression factors, SinaaAEbihe*sxﬁx#
periments were performed in paraffin, it is difficult to apply

his data to measurements made In water, This diff;@é}ty is

John E, Dacey, Re Ws Palne, and C. Goodman, M.1.Ts Lab,
faréﬂux. Sci., and Enge. Tech. Report No, 23, Oct. 20, 19849,
Pe 46,




due to the fact that transport mean free path for paraffin
is not definite but varies from sample to sample begause of

variations in the chemical composition of the samples.




CHAPTER 11
EXPERIMENTAL ARRANGEMENT AND PROCEDURE

The determination of the depression factor I was based
upon a comparison of foil activations obtained in the medium
under study with activations obtained under similar experie
mental conditions in a medium in which the factor I is only
slightly different from unity. Since water Is used exten~
sively as a slowing~down material in neutron studies, the
measurements to be described were carried out with water as
the medium of interest, A large tank of water (2 ft. x 2 ft,
X 4 ft,) was used as the medium,

There are few materlals that have a transport mean free
path of sufficient size to reduce the depression factor to
unity, Aluminum is one such material, but was not avallable
in sufficient quantity to make its use feasible, The next
best substitute which was available was white sand (S10;),
which has a transport mean free path of about 6.5 crmqt

For the activations in sand, the sand and the foils were
inclosed in an Beinch box constructed of thin sheet iron and
water~proofed, The box in turn was submerged in the water
tank for activation of the foilss The details of the cone

struction are shown in Figure 1,

n ,
He Re Kroeger, "Thermal Neutron Cross Sections,®

Nucleonics, Oct, 1949,




The distribution of thermal neutrons in water is a very
critical function of the distance from the source. For this
reason, some means of supporting the detecting foils in a
definite position that could be reproduced with precision was
necessarys The supporting device should have slowing~down
properties similﬁr to chose of the medium in order for the
experiment to glve a correct value for f, Hence, sheet alum=
inum was used for supporting the folils in the sand (?1gur¢ 5)a
After calculations were made on the properties of several
plastics, Lucite, which has the chemical formula”
CH2:C{CHs)COOCHa, was found to have approximately the same
transport mean free path as water, Details of the construce
tion of the Lucite support used for the measurements in water
are shown in Figure &,

The detectors were made of a special grade of purified
indium, The specifications of the foils are given in Table 1,
The supply of indium was a little less than 100 mg/bma thicke
In order to have thinner foils, a set of rollers was made to
roll the foil to the desired thickness, Thin folls were come
bined to obtain thicker ones. Since the accuracy of the exw
periment depended on the accuracy to which the foil area was
known, a set of foil cutters was made to stamp out foils of
precise radii, The foll thickness was determined by weighing
on an analytical balance,

The neutrons were supplied by a 50 mg, radiumeberyllium

2
Handbook of Physics and Chemist Chemical Rubber
publishing Company, %EIrtiafE EdItion, 1279=-1289,




TABLE 1
FOILL SPECIFICATIONS

Foll

2
Diameter § tmg/em’y L §
E +F 2,0 190,47 01700
D 2,0 98,92 0,0876
2.0 45,19 0.0403
240 23,17 0.0207
A+B 245 192,82 0.1720
2.5 98,16 0,0876
245 53457 0.0477
2.5 29,91 0,0267
G+ 1 3.0 193,83 041730
340 98,42 0,0688
0 3,0 43.17 0.0385
P 3.0 26,81

00308




source inclosed in a monel metal cylinder., The source was
held by an aluminum tube which was reamed 50 that the source
position was well defined,

The Rawbe source emiis both groups of fast and slow neu=
trons., The Initially fast neutrons will be slowed dawh by
water and will eventually reach thermal energies, In the
nefighborhood of the foil, then, there will be neutrons of
every energy from the highest emitted by the source down to
and including those with thermal energlies, An indium detector
will respond primarily to neutrons having the indium resonance
energy (l.44 electron volts) and to thermal neutrons, In this
case we were interested in the density of thermal neutrons in
the vicinity of the foil, In order to realize this, two sets
of measurements were carried out, One set of exposures was
made with bare indium foils as detectors (to give thermal
plus resonance activation) and a second was made with the
foil holder surrounded by a cadmium shield, Since ! mm, of
cadmium absorbs practically all thermal neutrons that pass
through it, the foil activation in the second case corresw
ponded to resmance activation alone, By subtraction we were
able to obtain the activation due ta'the thermal neuirons.
The cadmium shield used around the supporis is shown in
Figure 4, The absorption of the neutrons results in the pro=-

1ie
duction of In , which has two radicactive isotopes, one with
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a halfe-life of 13 seconds; the other, 54 minutes, The 13-
second activity was eliminated by waiting at leas: 4 minutes
before counting the foils,

The activation of the foils was measured by counting the

beta particles emitted with a Tracerlab TGC=2 Gelger-Muller
tube together with the accompanying Tracerlab "64 Scaler."
The tube had a 1,54 mg/bmz mica window, A UX; standard
source was used to check the sensitivity of the counting
arrangement and to determine the drift from one time to
another,

It was necessary that the backscattering be constant fop
a given thickness, To Insure this, foi}l adptors were made for
the counter set-up. The adaptors were identical with each
~other except for the radii of the recess that held the foils
in position (Figur& 3).

An exposure and counting schedule was adopted that wvuid
allow the Ra=Be neutron source to be kept in the water during
counting periods, This was done so that the background counte
ing rate would be as nearly constant as ppzaible,

The activation of the foils was not the same on both
sldes, The average activation of the twe sides is the actie
vation that is proportional to _, the probabllity of absorp=
tion of a neutron on one crossing of the foll. A counting rat
proportional to the average activation was taken in each case
by turning the foil over several times during the course of

counting, The schedule was to count one side of the foil for

N s e
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a period of five minutes, wait one minute during which time
the foil was turned over, count five minutes, walt one minute
during which time the foil was turned back over, etc, This
procedure was followed until sufficient counts were made to
keep the value of the statistical probable error 0.5 per cent,
This was not guite true for the small thin folls because the
counting rate was too low,

The foll adaptors were made sc that they would just slide
inte the Tracerlab unsheilded holder, This arrangement per=
mitted the foll to be in close proximity to the Geliger tube,
which gave higher counting rates than could have been attained

otherwise,
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Fige 3. Foil adaptor
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Fige 5 Aluminum foll holder
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CHAPTER 111
THEORY AND DATA

The data taken according to Chapter II had ta,kaﬂréﬁuced
to a form that would allow comparison of one mmaﬁué&&éﬁt with
another, ‘: M 

Comparison of data must be made through initiaiﬁ%%ﬁufau
tion counting rates, The initial saturation eauntiﬁéf%%ié}
Co sat., can be calculated from raw data, i 5

The initlal counting rate C, is given by

= Total Counts
Cle%-e¢

and the initial saturation counting rate is

Co

(1-e¥)

Cﬁ gsat =

or

N

Total Counts
Cg sat = »

A—t’ t' Qg—
T(be e T e *

Lt B
where is the mean life of the artificially activated In ,

tp is the time elapséd from the end of the activation to the

beginning of the count, ¢ is the base of the natural




16

logarithms, and t, is the time elapsed from the end of the
activation to the end of the count,

All the data taken was corrected to Co sat, One other
correction was made before the thermal plus resonance data
was compared with the resonance data, The cadmium sheild
in which the resonance data was taken had cadmium walls
0.040 inch thicke Cadmium has small cross~section for ine
dium resonance neutrons but 1t captures enough of the resone
ance neutron that a correction must be made, The value of
the correction for this effect was taken from Figure 7,

C, sat for thermal neutrons was obtained by subtracting
the corrected C, sat for thermal plus resonance neutrons,
The resulting data is compiled in Table 2;

The data In Table Z had to be plotted before it could
be interpreted, Figure 8 is the plot of the data in Table 2,
The data could not be plotted until it was narmaiizeég,q$he
neutron flux did not have the same value for all activations,
the efficiency of the counter was different for different
radli of folls, and the efficlency of the counter was dif-
ferent for different thicknesses of foils, All these things
had to be corrected for so that the counting rates could be
compared directly., The process of correcting the data in
this respect is called normalization. If CR is the counting
rate; E(r), the radius dependent efficlency of the counter;

E(t),the thickness dependent efficienty; Fgs the neutron flux




1.20

1.18

1.16

1.12

CORRECTION FACTOR

1.10

1008 ]

1.06

17

K U W N |

I W I |

F W I Y |

T D S |

Ll 1.l

100

150

200

TOIL THICKNESS (mg/cm®)

0.0k

inch

250

Flg. 7--Correctlion factor for absorption of
indium resonance neutrons in

cadmiun.

T
Y g

®

Fo We Paine, and C. Goodman, MIT
24.6 (Oct., 19‘5#9)0
Data for thls point obtaincd

geport No. 23,

Ce

8. Un

ta for this point obtained

Data for this point obtained

5

Lab. Nuc.

from: Re

from: J.

Sci.

L. walker,

e Pacey,
Ine, Tech,

Phys. Rev., 73, 271 (1948),

d. Dat

for this point.ovtasined

Phys. Rev., 78, L&, (1950).

fromes J.

from: J.

H. Rush,

Kunstadter,

300



18

TABLE 2

INITIAL SATURATION COUNTING RATE CORRECTED
FOR RESCNANCE ACTIVATION AND BACKGROUND

Foil Cp sat Cq sat
{in"sand) {in water)

G+ 1 1736 6494

1647 6962

0 1224 5952

P 966 4746

A+ B 1385 5339

1316 5800

1097 5080

756 3832

E+F 909 3757

D 837 4227

660 3304

L 441 2294
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in the sand box; Fy, the meutron flux in the water;d
average probability of absorption of the neutron on one
crossing of the foll, and subscript positions on CR and f
represent radius, foil thickness, and medium, respectively,
the normalization factor for the sand medium can be obtalned

by the following equations:

]

CRite E(ry) E(ty) FeX(ty) ,
CRazs = E(ra2) E{ty) Fgal(ty)

and
CRuas = Elra) , (1)
CR;;; E(r;)
Similarly,
CRiis . E(r:) .
CRass E(rs)

Equation (1) shows that for a given foll thickness the
counting rate is a function of E(r) only, Then a normaliza=-
tion factor E(r;)/E(r,) may be applied at a constanf foil
thickness, The argument may be extended to other thick&ns&es
by noting that the same E(r) applies ai any constant thick=
ness since the ratio of the radil of the folls is constant.
The data taken in sand was normalized by the above formulas,
The resulting curves show good agreement (Flgure 8),

For a water and sand medium

CRiiw = %’3‘;‘ E(ry) E{ty) Fyo{{ty)
3

CRizs = E(ri) E(ty) Fgd(t,)
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and

CRiww = CRuig %?; 116 (2)
8

inspection of equation (2) shows that the counting rate in
water is proportional to the counting rate in sand, since

Fws Fg» and 33 are constants, If the counting rate in water
is multiplied by the ratio of the neutron filux in water to
the neutron flux in sand, the measurements in sand and the
measurements in water will be normalized at f = 1, Since
data for & point at which F = 1 could not be taken, the
measurements made in water could not be normalized by a
direct mathematical method, i

If the ratio of the neutron fluxes in the two medla
had been known from Sane other experiment, the problem would
Bave been solved since any detecting foil would depress the
neutron flux in water near the fell, ’

The measurements taken in water were normalized by care-
faily choosing a value for the ratio of the meutron flux,
After the counting rates were plotted against foil thidkaess,
the value of the ratlo of the neutron fluxes in the two media
was chosen so that the curves drawn through points of conw
stant radif converged smoothly to zero counting rate at zero
foil thickness,

The normalization constants used to normalize the data

are as followsg
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For measurements taken in sand medium:

%% X counting rate (2 cm, folils)

% % counting rate (2.5 cm, folls)
%—%—; X counting rate (3,0 cm, foils)

For measurements taken in water medium:

% X counting rate (2 cm, foils)

‘i%g' X counting rate (2.5 cm. foils)

-‘}%; X counting rate (3,0 €ém, foils)

From equation (2) the depression factor f31 is the ratio of
CRyiw to CRyye after CRipw and CRyig have been normalized,
The depression factors (f experimental) found in Table 3
were obtained by this method,

The values of f given by the theoretical formula listed
in Chapter I for which R)yA,, may be compared with the experi~
mental £, To calculate £ it is necessary to calculate &,

1
Bothe!s expression for A is

A= 1e(1eEA el 4+ 1382 Ei(ea),

= NOe , ,
where § is the foil thickness, N is Avagadro's number, G? is
the mus cross=section for thermal neutrons, and Ei(-,nf} is

the exponential Integral function of =«$, The value of

3
Bothe, ops cit., pe. 1.
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TABLE &

THE CALCULATED AND EXPERIMENTAL DEPRESSION FACTOR
AND THE PROBABILITY OF ABSORPTION

Foil f (calculated) f (experimental)
0,0386 0,985
K 0.,0847 0.965 0,970
04150 0.939 0,886
E+F 04260 0,898 0.815
8 0,0511 0.970
6 0,0873 0;970 0,885
A 0.150 0,915 0. 863
A+B 0,261 0.870 0.747
00,0563 0.957
0.,0710 0.948 0.200
H 0.151 0. 896 0,814
G+ 1 04262 0.837 6;?25
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2

(170 barns) was taken from Goodman's value of 190 barns

for 0,025 ev neutrons, The 170 barns for thermal (0,032 ev)
neutrons was found by assuming the 1/v law and multiplying

the 190 barns by 0,025/0,032,.

2 ,
Clark Goodman, The Science and Engineering of Nuclear
Power, ps 458, ‘ '




CHAPTER 1V
DISCUSSION OF RESULTS

The depression factors found by experiment indicate
about 45 per cent greater depression than do the depression
factors found by the Boihe formula, This is not readily ex=
plained, The value picked for the ratic of the neutron
fluxes determines whether the depression factor is large or
small, The value chosen was the one that seemed to make the
data consistent in the reglon where the depression factor was
clogse to unity.

The data taken in the sand shows that the sand has a
transport mean free path which is large enough compared with
the foll radii for £ to aproach unity, The sand s then a
good medium for this purpose, |

There is one other thing that could explain the differw
ence between the measurements and the theory., Beothe's formula
could be in error, However, this is not thought to be the
explanation,

For highly accurate determinations of effects as small
as the Bothe factor, a better counting arrangement is
necassary; The counter drift was sbout two per cent during

the experiment,

25
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