
SH IFT AN 0 PENETRATION FACTORS 417

APPENDIX

The function I"=F+tG is given by:
W„,„(s)W„,„(i)= [r(1—~—X)]-t(g)o+he-h&~r&

I' t (n,p) = [r(I+I—t'n)/r (I+I+tg) )'
X egw i(t+1—gs)W. (2sp)

where 8' is a Whittaker function. Thus,

A„ ts= I I"*=a & W, „, t+*, (2ip)W, „ t+;( 2—t'p) .(A-2)

However, we have the relation"

where

XsFr(s —tt+tt, ,' P.+-tt—; 1—tt —lt; O)dt, (A-3)

t(s+f+t)

(s+t) 0-+t)

's W. Magnus and F. Oberhettinger, Formrdas artd Theorems for
the Special FNnctioas of Mathematical Physics (Chelsea Publishing
Company, New York, 1949), p. 91.

Introducing values for the various parameters, ~, X,

and employing Kummer's relations for the hyper-
geometric function yield the result given in Eq. (9).
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The scattering of slow neutrons by indium was observed by using a crystal spectrometer as a mono-
energetic neutron source. Thin scattering samples were placed in the neutron beam with the plane of the
samples at a small angle to the incident beam. The samples therefore appeared thick for the transmitted
neutrons but thin for neutrons scattered at right angles to the direction of the incident beam. A measurement
of the scattered and the transmitted neutrons gives o.,/oq. The total cross section o~ was also measured in
the energy range from 0.3 to 11 ev and the value of o., then computed. Both the total cross section and o,/o &

results could be well matched to the Breit-Wigner formulas from 0.3 to 3 ev with the same set of parameters,
assuming that the spin of the compound state in In"' for the 1.456-ev level was 5. No determination of the
spin state of the compound nucleus could be made for higher levels.

I. INTRODUCTION ing cross section, o-, =capture cross section, O.g=total
cross section, E=energy of incident neutron, Ep= reso-
nance energy, 2+Kp=neutron wavelength at resonance,
I' =partial width for neutron decay, 1 ~=partial width
for electromagnetic radiation, I'= r„+r7= total width
of resonance, R~ ——radius of nucleus for resonance inter-
action, and R~~ radius of nucleus for nonresonance
interaction.

'HE Breit-Wigner single-level equation gives the
variation of scattering, capture, and total cross

sections with the energy of the incident neutron. These
formulas are given in Eqs. (1), (2), and (3).' In Eqs.
(1'), (2'), and (3') are presented alternative formula-
tions which abbreviate certain groupings of the primary
parameters by expressions which are convenient for
analysis. 0 pF I(&—&o)

o.,=o.„+
4(E—Es)'+r' 4(E—Es)s+r'4sglto'r ' 16rrgher Rtt(E &o)—

o,=4srgRtt'+ +
(g—Eo)'+r' 4(E—go)'+

(Ep )
'* 4vrgltp'r„I',

0 8 ] 4(E—Es)'+I'

+4sr(1 g)RNtt', —(1)

(2) &t =&a+a c,

(2')

(3')

t= os+ oc)a

where the symbols represent the following: o-,= scatter-

*This work partially supported by the U. S. Atomic Energy
Commission.' J. M. Blatt and V. F.Weisskopf, Theoretical Nuclear Physics
(John Wiley and Sons, Inc., New York, 1951).

where
o„=47rgRtts+4rr(1 g)R tts, —

~„r'=4 glt,s(r„/r)'r',

~„rs=4 gz,s(r„/r) (r„/r)r',

I= 16sgksRttr „.
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where the subscripts "x" and "std" indicate the
unknown and standard targets, respectively, the S's
are observed scattering rates, the T's are observed
transmissions, the C's are multiple-scattering correc-
tions, and n is a numerical factor equal to 1.106 deter-
mined in paper I.Lead, which has a ratio o,/o &

——1, was
the standard used. The multiple-scattering correction
is given in I in graphical form as a function of o,/o ~

and T.
(c) By using o,/o.

& from (b) and rr& from transmission
measurements, 0., is calculated.

(d) o., as a function of neutron energy is fitted by a
Breit-Wigner equation to determine the parameters of
a level.

Indium was chosen as the second element to be inves-
tigated because (a) there is a considerable body of
total cross-section information on indium and by using
the scattering and total cross-section data available,
it should be possible to evaluate all the Breit-Wigner
parameters for at least the first level; (b) in the region

TAsLz I. Multiple-scattering correction for lead. The percentile
difference between the two values of the correction is given
in the last column. The agreement is satisfactory.

Transmission

0.8866
0.7946
0.6273 t,'std)
0.4107

Ne

76.2
141.3
265.1
434.7

Ca/C std
expt.

0.928
0.957
1.000
1.052

C~/Cata
corr. curve

0.932
0.955
1.000
1.068

DifFerence
lo

0.5
0.3
0.0
1.7

' H. E. Foote aud J. A. Moore (to be published).

Another paper' describes an improved method for
measuring the slow neutron scattering cross section of
materials and results are given for a measurement of
the cross section of gold. The present paper describes
an extension of this technique to the much more diKcult
element, indium. The principal features of the measure-
ment as described in detail in reference 2, henceforth
referred to as I, are as follows:

(a) A beam of monoenergetic neutrons from a crystal
spectrometer impinges at a small angle (about 6') upon
a target of the material under investigation. Part of the
incident beam is transmitted through the target, the
remainder is either captured or scattered. With the
geometry used, the probability is high that a neutron
which is scattered in the direction of the scattering
counter (perpendicular to the incident beam) will leave
the target without suffering another collision. Therefore
the multiple-scattering correction will be small.

(b) The scattered and transmitted neutrons are ob-
served for a standard and an unknown target. The
relation between the observed counting rates, scattering
and total cross sections is given by

rosl (o+l E (1 Tsts ) Cata

Eoi), Eo(l,~gE,~g (1—T, ) C

to be investigated the source of neutrons was strong
enough to yield a good counting rate; (c) since the spin
of In"' is 9/2, indium is a suitable element for inves-
tigating the sensitivity of the present experiment in
determining the "g" value of the compound nucleus;
(d) In"' has three levels in the range up to 10 ev. There-
fore the single-level formulas given by the Breit-Wigner
equations will overlap. However, if the individual levels
could be successfully separated in the analysis, a
valuable check on the validity of summing single levels
would be obtained.

For the case of gold, where there is a single isolated
level and the difference between possible g values is
fairly large, the cross section can be evaluated from
Eq. (4) using a rough value of the multiple scattering
correction. However, in order to obtain the higher
accuracy required to achieve signi6cant results from
the analysis of indium data, many other factors involved
in the measurements and the analysis of results had to

I I I I ~~ I
l

I I I I

l
I I I I
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I I I I

[
I
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be carefully investigated. The factors studied were (a)
the effect of the energy loss of a neutron having an
elastic collision; (b) instrument resolution; (c) a more
accurate evaluation of the Doppler effect; (d) effect
of a mixing of individual levels. These effects are dis-
cussed in separate appendices. All analysis was done
for values of E (the neutron energy) such that

~
8—Es

~

&3I', where I' is the total level width. Fortunately, all
the corrections are quite small in the wings of the
indium 1.456-ev level where corrections for these
effects are applied.

To check the validity of the multiple-scattering cor-
rection, which was calculated in I by using a ray-tracing
technique, two simple experiments were performed. The
first experiment was to measure the ratio of o.,/o. & of
carbon using lead as a standard and compare the value
obtained with the known value which is o.,/o. &= 1, for
the energy range considered. The calculated multiple-
scattering correction for both the lead and carbon was
1.10. The correction for energy loss on collision for

0 I I I I l I I I I l I I I I I I I I I l I I I I I I

0 .5 I.O 1.5 2.0 2.5
NEUTRON ENERGY (ey)

FgG. 1.Neutron transmission as a function of neutron energy for
1.456-ev level of indium for several different sample thicknesses.
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C (1—Tgg) X
)
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carbon was 0.925 and for lead it was 1.00. The result
was o.,/o&= 0.99&0.01, after applying these corrections.
The error is calculated from the statistical accuracy of
the number of counts taken on the lead and carbon
targets.

The second experiment was to determine the mul-
tiple-scattering correction for lead, using targets of
varying thicknesses. Equation (4) can be rewritten in
the form

I.O

.8

~ 7

z .6
0
o) .5(0

(n .4
Z

~3
I-

~2

0
9

NEUTRON ENERGY (ev)
10

00
0 Q V

'The results of this experiment are shown in Table I.
II. RESULTS AND ANALYSES

Total Cross-Section Measurements

The transmissions of several indium samples were
studied in the wings of the resonances at 1.456 ev,

I.O-

.8—

I- 7

.6

v) .5
v) .4
m .3

2.5 3.0 4.0
NEUTRON ENERGY (ev)

5.0

FrG. 2. Neutron transmission as a function of neutron
energy for 3.85-ev level of indium.

Analyais of the 1.456 ee Ievel-
To remove the effects of the 3.85-ev and 9.01=ev levels

-from the first level in indium, a set of Breit-signer
-parameters was calculated using the results of Landon'
and Carter' together with an approximate value of g
of —,

' and a nuclear radius of 1.5X10 "A" cm. The cross
,section predicted by these parameters was subtracted

'H. Landon and V. Sailor, Phys. Rev. 98, 1267 (1955).
4 R. Carter (private communication).

3.85 ev, with the results as shown in Figs. 1, 2, and 3.
Because the resonance energy was not well known, the
central region as well as the wings was studied for the
9.01-ev level.

The experimental value of the total cross section is
calculated from T=e "~".

The experimental cross section is corrected for the
Doppler effect and the eGect of other levels and the
resultant curve fitted by a Breit-Wigner formula.

FIG. 3. Neutron transmission as a function of neutron
energy for 9.01-ev level of indium.
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FIG. 4. Total cross section as a function of neutron
energy for 1.456-ev level of indium.

V. Sailor and I . Borst, Phys. Rev. 87, 161 (1952).

from the measured cross section in the range 0.3 ev to
3 ev. The resulting cross section was fitted to a Breit-
Kigner curve by means of least squares and the param-
eters for the 1.456-ev level obtained. To determine the
effect of the weak 1.80-ev level of In'" (abundance 3%)
reported by Borst and Sailor, ' the residuals, which are
the measured cross sections minus the cross sections
calculated from the parameters, were examined in the
region from 1.7 to 1.9 ev. The residuals show consistent
positive values so these points were excluded from the
fitting procedure. In the fitting procedure statistical
weights were assigned to each point in accordance with
the statistical accuracy of the point as determined from
counting-. The parameters obtained were: 0-&OI'= 213&4
barn-ev'; I=13.4&4 barn-ev; 0„=6.7&1 barns. The
errors quoted are those obtained from the sum of the
residuals squared and the effect of varying the reso-
nance energy Eo. Figure 4 shows the corrected total
cross sections ~s the neutron energy and the curve cal-
culated from the parameters. If the value of the cross
section calculated using the parameters is subtracted
from the measured cross section in the vicinity of 1.8 ev
the curve shown in Fig. 5 is obtained. The resonance
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Aeolysis of the 3.85-ev Level

Proceeding as before, the cross section was corrected
for the Doppler effect and the effects of the levels at
1.456 ev and 9.01 ev. The resulting cross sections are
shown in Fig. 7. Omitting the points in the vicinity of
4.7 ev the remaining values were fitted and the following
parameters obtained: o.goF'=8.2&0.1, I=0.28~0.16,
0.„=6.1+0.1.The error associated with the interference
term is large, however there is yet another effect which,
tends to make all the errors even larger. This is the
eBect on the 3.85-ev cross sections produced by varying
the 1.456-ev resonance parameters within their limits.
of uncertainty. (The correction from the 9.01-ev level
is so small that it need not be considered in this con-
nection. ) Upon taking o &OF'= 217, I= 17, for the param-
eters of the 1.456-ev level and using the cross section
predicted by these values to correct the 3.85-ev level,
the values obtained by fitting are: o-&OF'=8.3+0.1,
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I I
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V)~ 40—
L
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FIG. 5. Total cross section as a function of neutron
energy for 1.8-ev level of indium.

energy is 1.81&0.02 ev. From this figure the limits of
F(0.12 ev and a~0&50 barns can be placed on th=
Breit-Wigner parameters for that level.
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ANalysis of the P.Ol-ev Level

Using the Breit-Wigner parameters determined above
for the 1.456-ev level and the estimate of the 3.85-ev
level from Landon's' results, levels were subtracted
from the total cross section in the vicinity of 9.01 ev.
The resulting cross section was further corrected
for the Doppler effect and the following parameters
obtained from a least squares fit: a-~OI'=19.7%3.0
barn-ev'; I=6.3&2.0 barn-ev; o-„=4.8&1.0 barns. The
experimental and calculated cross-section curves are
shown in Fig. 6.

O
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FIG. 7. Total cross section as a function of neutron
energy for 3.85-ev level of indium.

Scattering Measurements

I=0.51&0.28 0-„=5.5+0.2. The parameters with their=

errors for the 3.85-ev level are therefore

0 &OF2= 8.2+0.2, I=0.3~0.3, 0-„=6.1~0.6.

The error in the interference coefficient is so large"
that this quantity is essentially undetermined. The
effect of this upon the scattering fit is considered below.

The observed cross sections near 4.7 ev after the-
values calculated from the parameters have been sub-
tracted are shown in Fig. 8. These results show the-
resonance in the indium 113 isotope at 4.69&0.01 ev.'
The value of F for this level must be less than 0.15 ev-

and 00 must be greater than 11 barns.

I

'ro ~.5
I I I

8,0 8.5 9.0 9.5 10.0 I 0.5
NEUTRON ENERGY (ev)

The scattering counting rate for indium as a function
of the spectrometer arm angle is shown in Fig. 9. The'

FIG. 6. Total cross section as a function of neutron
energy for 9.01-ev level of indium.

Dabbs, Roberts, and Bernstein, Oak Ridge National Labora-.
tory Report ORNL-CF-55 5 126 (unpublished).
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discontinuity at 52' is occasioned by the introduction
of a cadmium filter in the beam to remove thermal back-
ground. The oblique transmission of the scattering
target from 0.3 to 3.0 ev is shown in Fig. 10(a). By
using the values of the counting rates and oblique trans-
missions, the ratio a,/a~ was calculated. This was cor-
rected for multiple scattering and the result for the
1.456-level is shown in Fig. 10(b).

By using the values of o-& from 6tting the Breit-
Wigner curve to the transmission data for the level,
0., is obtained. The significant contributions from the
levels at 3.85 ev and 9.01 ev may be calculated by using
the parameters obtained from the transmission analysis,
the assumption of g= —,

' for both levels and the value of
F from the analyses of Landon' and Carter. 4 There is a
considerable uncertainty in the value of I for the 3.85
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I ro. 8. Total cross section as a function of neutron
energy for 4.7-ev level of indium.

ev level. To ascertain the effect of this uncertainty, two
6ts were made to the scattering cross-section data. The
6rst used a correction for the 3.85-ev level with I= 1.2
(too large) and gave the results: a,pI'=8.6+0.2,
I=17.42+0.27 r„=4.88&0.08. The second fit used
I=0 (too small) and gave o.,pr'=8. 52, I=17.13,
0-~=4.65. When this uncertainty is included, the values
of the parameters for the 1.456-ev level are O-,pF'=8.6
&0.2, I=17.4&0.4, t7~=4.8&0.2. The fit calculated
from these parameters is shown in Fig. 10(c).

There is another method' of analyzing the results of
the scattering experiment which makes no use of the
results of the transmission measurements except the
value of the resonance energy. The basic data from the
scattering measurement are the ratios a,/a ~. This ratio
has no simple analytical representation. However, if it

' C. Sheer and J. A. Moore, Phys. Rev. 98, 565 (1955).

FxG. 9. Scattering rate of indium target as a function
of spectrometer arm angle.

is converted into (Ep/E) '*(a,/a. ,), the following relation
is obtained:

(Ep/E) '(,/a „.) =a+bE+CE',

where a.„/a,pI"-= 1/4C; I/o, pI'= b+ 2cEp, I'„/I'~ = a
+bEp+ cEp'.

The values of (Ep/E)*'(a, /a, ) calculated from the
observed o,/a~ together with the standard deviation
associated with each point are shown in Fig. 10(d). A
weighted fit to these data gives the Breit-Wigner
parameter ratios: I"„/I'=0.039+0.001; I/a„pI'=0. 0747
&0.0015; a„/o, pr'=0 0194+0.0005.

Upon using a value of r~pF'=214 barn-ev-', which is
an average of the result of the wing analysis, and
Landon's' value, the following parameters are obtained:
0 pF = 8.35+0.40; I= 15.4+0.5; 0'„=4.0%0.2. The
values of O„and I are appreciably lower than those
obtained from the other method of analysis to obtain
0-, . This occurs because the contribution of the higher
levels cannot be removed from the ratio analysis. This
is a fundamental shortcoming of the ratio analysis,
which makes it applicable only to well-separated levels.

The results must also be corrected for the effects
mentioned in Sec. I of this paper. The effect of the
corrections which come from the Doppler correction and
the interference between levels is to change the value of
I by 0.72 barn-ev. The effects of resolution and energy
loss on collision were of the order of one percent and were
neglected. One other correction is the net effect of the
interference terms from the levels higher than 10 ev.
Making some rough estimates of the level parameters,
a contribution of 0.5 barn is to be added to the measured
value of the potential cross section. Listed in Table II
are the measured parameters obtained in this experi-
ment and those obtained by Landon' in his central peak
analysis.

By using a combination of Landon's parameters and
the results of the 0-, analysis, a complete set of Breit-
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source of error was considered besides the counting
statistics. To determine the effect on the parameters of
the uncertainty in the resonance energy (0.002 ev), '
unweighted fits were made for both o.

& and 0., with this
change in the resonance energy. The change in the
parameters was taken as indicative of the error asso-
ciated with this effect. The amount of this error is
contained in the quoted results.

Possibly a comment is merited concerning the
inequality of the radii for the resonant and nonresonant
interactions. Since the nuclear forces are spin-dependent,
these radii should be diGerent. It is dificult to make a
theoretical estimate of how large this difference should
be. Perhaps the wavelength of a neutron inside the
compound nucleus would be a reasonable order-of-
magnitude estimate of the uncertainty of the nuclear
radius for the resonance case. This is of the order of
0.18)&10 "cm, which is about the size of the difference
between the two radii. The deviation of the nonreso-
nance interaction from the value predicted by 0.14
/10 "A' cm might be attributed to the 0.52 barn
addition to the potential scattering cross section from
the levels higher than 10 ev. If this contribution is
neglected, the radius is essentially equal to the value
calculated from this formula. The slowly varying inter-
ference tails from distant resonances make the whole
concept of potential scattering cross section dificult to
understand in the region near 0 ev.

Scatterirtg Artalysis of 3.85 artd P.01-ev Levels
b"jb .20—

.IO—

00 I.O 2.0
NEUTRON ENERGY (ev)

3.0

Fro. 10. (a) Oblique transmission of indium as a function of
neutron energy. (b) Ratio of scattering cross section to total
cross section for indium as a function of neutron energy. (c) Scat-
tering cross section of indium as a function of neutron energy.
(d) (Eo/E)&o, /o, for indium as a function of neutron energy.

%igner parameters can be obtained. These are:

Ep= 1.456&0.002 ev; F=0.075+0.002 ev;
I' =0.0030+0.0001 ev; F~=0.072~0.002 ev;

Eg ——0.589=0.03 barn&; R~~~ ——0.74&0.02 barn';
g= 11/20.

The g is calculated by using Landon's measured
peak cross section, of o-gp= 38 500%1000 barns, with the
value of F„/I' determined by this experiment. The value
of g obtained was g= 0.54&0.02. The possible values are
g=0.45 or g=0.55. The fact that the g value is deter-
mined within 4% indicates the accuracy of the experi-
ment. There is direct experimental confirm. ation of this
selection of the g value in the work of Dabbs et al. '

Because the errors assigned-to both o-&g' and 0 pr'
are important in determining the g value, one additional

An attempt was made to analyze the higher levels
in indium using the scattering cross section obtained
from the o.,/o, ratio. The value of o,sI' for both levels
was found to be negative. The reason for these impos-
sible values may be seen by inspecting Fig. 9, which
shows the scattering rate as a function of the spectrom-
eter angle. Indicated on the figure is the resolution
triangle of the instrument. The dips corresponding to
the levels at 3.85 ev and 9.01 ev are too steep to be
resolved. With the resolution available not even an
order of magnitude estimate could be made for F /F.

TABLE II. Parameters obtained in this experiment and those
obtained by Landon in his central peak analysis. Scattering I are
the results of ratio analysis, and Scattering II are the results of
cross-section analysis.

Qp
ev

r
ev

OepF& I
barn- barn-

ev~ ev
Op

barns

Landon
Transmission
Scattering I
Scattering II

1.456 0.075

~ ~ ~

216
213 ~ ~ ~

8.4
8.6

~ ~ ~

14.1
16.1
18.1

~ ~

7.2
4.5
5.4

III. CONCLUSION

The present experiment indicates clearly the nature
of the principal difhculties of a scattering measurement.
Dispersing the incident beam over 4x steradians
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decreases the intensity to such an extent that the reso-
lution had to be decreased substantially, making sig-
nificant analysis of results. above 3 ev impossible.

The chief merits of this experiment were: a fairly
small multiple scattering correction (10%);a relatively
simple relation between o/ o~ and the scattering rates;
simplicity in experimental tech'. ique, chieQy the ease
of changing specimens; a small target size (4 cmX 5 cm
X0.1 cm).

The experiment indicates that the Breit-Wigner
single-level equation with slight corrections for con-
tributions for other levels gives an adequate description
of the variation of the scattering cross section of
indium in the energy range 0.3 ev to 3 ev, "adequate"
meaning that the observed cross section can be fitted
within its error of observation by a unique choice of
Breit-Wigner parameters. However, the Breit-Wigner
single-level equation contains six independent param-
eters: Eo, P, a~0, r„/r, I, o . The general shape of a
cross-section variation is that of a resonance peak
somewhat asymmetrical because of the interference
term in the scattering and the 1/v variation in the
capture cross sections. Some 6nite region is chosen over
which the curve is to be fitted; this is dictated by
experimental limitations or the presence of other levels.
With this number of independent parameters available
and the limited range to be htted, it should not be
surprising that an "adequate" 6t may be obtained.
Any small deviation of not too drastic nature (possibly
caused by the presence of other levels) could be taken
into consideration by slight variations in the six
parameters. The point is not that the Breit-Wigner
description should be suspect, quite the contrary since
it admirably represents the shape of resonances (height,
width, asymmetry), but that the parameters determined
from any given fit may not be the parameters of the
single level. One suspects that a considerable improve-
ment in experimental technique must be eGected before
such quantities as the interference between levels can
actually be observed.
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APPENDIX 1. ENERGY LOSS ON COLLISION

In deriving the Kq. (4) for o,/o&, the nuclei of the
target were assumed to remain fixed, i.e., have infinite
mass. The neutron after the collision has the same

energy as the incident neutron. Because of the finite
mass of the nucleus, the neutron after collision has an
energy E' which is E'= E(1—m/M)/(1+m/M), where
E is the incident energy, m is the neutron mass, and 3f
is the mass of the nucleus. Here the neutron comes oG
at 90' to its initial direction, the condition for the
counted first order neutrons in this experiment. This
loss of energy results in two eGects on the scattering
counting rate: first, the probability of the neutron
leaving the target is altered, it decreases if do, /dE is
negative (to the right of a resonance) and increases if
do~/dE is positive (to the left of a resonance); second,
because the eKciency of a BF3 counter increases with
decreasing energy, the probability of the neutron being
counted increases. These eGects will be considered in
turn.

1. The eGect of change of cross section will be
greatest where the cross section changes most rapidly,
i.e., near a resonance. The point of nearest approach
to the resonance energy in the analysis was 3I". Even
at a distance of 3I" the eGect would be appreciable if it
were not for the particular geometry of this experiment.
Here the neutron has a path length in the sample before
the collision about ten times the path length after col-
lision. This tends to lessen any effects which occur after
the collision. A straightforward calculation of the eGect
for the 1.456-ev level in indium gives an asymmetric
change about Eo which would tend to change I by
about 1%. All other terms would be affected by less
than 1%. ,

2. To determine the increase in counting rate asso--

ciated with a change in energy of the counted neutron,
the variation of the scattering counter e@ciency with
energy was measured. The e@.ciency was found to
vary as E ' ".The counting rate would therefore change
by a factor f(1—m/M)/(1+m/M)) "' The only
element for which this factor was greater than 1% was
carbon for which the change amounted to 8%. This
large eGect occasioned by the small mass of the carbon
nucleus was the principal reason for choosing lead
rather than carbon as the standard scatterer.

N (0 )= Ng(0)R(0 0)d0, —(6)

where 8 is the spectrometer crystal angle, N is the
measured counting rate, E~ is the counting rate with
perfect resolution, and R is the resolution function of
the instrument.

An approximate expression for R is obtained by
taking a "rocking curve" for the spectrometer crystal.
This resolution function has a bell-shaped variation
with energy and is symmetric about the vertical axis
of the bell. For convenience in analytical treatment it

APPENDIX 2. INSTRUMENT RESOLUTION

The eGect of resolution on the scattering counting
rate may be represented as follows:
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was represented by a normalized Gaussian function:

(8—8 )'
9 exp—

ratio was calculated for energies in the region of the
1.456-ev level of indium and represented a contribution
to the cross section which could be absorbed by a
change in the parameter I by 2%.

To find the first-order effect on the counting rate
produced by resolution, Xz(8) was expanded about 8
in a Taylor series of powers of (8—8 ).This was multi-
plied by E(8) and then integrated over 8. All even
terms in the series were zero. The result to the first
approximation was

N„(8 )—Xg(8 )+Co,
with

(8) ' fd'&» (8~ 'dw
I =I-I

E2) & d8' Jo &2P d8 '

The quantity d21V /d8„' may be evaluated experi-
mentally from the observed counting rate es spectrom-
eter angle curve. From this, C3 can be calculated and
the effect of resolution on the counting rate determined.
The maximum value of C3 for the 1.456-ev level in
indium was only 0.01 X .

APPENDIX 4. INTERFERENCE BETWEEN LEVELS

If the level width is assumed small in comparison to
the level spacing, the scattering cross section may be
represented by"

o.,=42rg 812++ +42.(1—g)R0 122. (10)
2(E—Ep;)+ii',

For the following analyses, it is convenient to let g
be 2 for all levels. As a first approximation, the mixed
terms in the product are neglected. The result is a sum
of Breit-Wigner single level cross sections. To determine
the effect of the neglected terms consider the terms due
to nearest neighbors. This may be expressed most simply
in terms of two levels. The expanded quadratic consists
of the sum of two single level cross sections plus a term
corresponding to the effect of the interference between
levels. This term is

APPENDS 3. DOPPLER BROADENING 8(~ p 2~ I 2)-', (E E )(E E )
The effect of Doppler broadening on the scattering t4(E E )2+1, 2jL4(E E )2+1, 2~

analysis is to change o,/0& to a o,'/o &'.

o,'(E )=)t 0( )E2(2E E)dE, —

0,'(E )= "0,(E)w(E —E)dE, (9)

H. Bethe, Revs. Modern Phys. 9, 140 (1937).
9 Rose, Miranker, Leak, Rosenthal, and Hendrickson, Westing-

house Electric Corporation Atomic Power Division Report
WAPD-SR-506, 1954 (unpublished).

Where W(E —E) =pr—
& eXpp —(E —E)2/A2)/A, With

6= 2 (222E0XT/M) &. See Bethe' for derivation and
details.

Tables of the integrals Eq. (8) and Eq. (9) are
presented by Rose et u/. ' in a form convenient for
treating the resonance region. Because the Doppler
effect on 0., is much the same as on 0~ the overall effect
for the ratio will be small. The actual change for the

~~1~2~0j.~02~ I~ 2

(11)
L4(E—E„)2+r,2)L4(E—E„)'+r,oj

The product of the two partial widths, I'~F2, in the
second term makes this negligible with respect to the
first for the case of indium. To find an expression for
the contribution to the first level because of the presence
of the second, the interference term can be expanded in

a Taylor series about the first resonance energy. Upon
neglecting all but the first term, this becomes

2 (0 apl+1 0 s02p2 ) '

(Eo1 E02)

(E—Eo1)
X—

4(E—E01)2+1'1'
(12)

To this approximation the net effect of the interfer-
ence between levels is to increase the interference term
for the first level by the coeS.cient of the energy-
dependent factor. For the 1.456-ev level this change
was 2.2%.


