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The neutron total cross sections of !16118120.1221245y have been measured in the energy
range E,=0.3—5.0 MeV with an energy resolution ranging from 100 keV at 0.3 MeV to
30 keV at 5 MeV. The measurements were made in good geometry using the time-of-flight
method to reduce background effects, and the uncertainty in the cross sections ranges from
1.0% at low energy to 2.4% above 4 MeV. Unresolved fine structure can be seen in the
cross sections of some of the isotopes below 1 MeV. Ignoring this fine structure, all the
measured cross sections agree within 5% up to 2 MeV and 10% over the whole energy
range with the cross section calculated from a complex potential whose real and imaginary
well depths have the usual linear energy dependence, and also a neutron excess dependence.
This potential was originally determined to fit the elastic scattering differential cross sec-
tions of these isotopes at a bombarding energy of 1 MeV.

NUCLEAR REACTIONS !6118,12012,1245y 4y F —0.3—5.0 MeV;
measured transmission, deduced o, compared o with optical model.
Isotopically enriched samples, resolution 30— 100 keV, neutron time of

I. INTRODUCTION

This paper is the first in a series reporting on the
results of an experimental investigation into the
neutron excess dependence of the optical potential
parameters which describe neutron-nucleus scatter-
ing, both elastic and inelastic. Five even-A4 tin nu-
clides, !16:118:120.122,1245,, were chosen for this study
for three reasons. Firstly, this isotope set offers one
of the largest ranges of the neutron excess parame-
ter, (N —Z)/A, in the Periodic Table. Secondly, the
well-known nuclear structure similarities for the
isotopes of tin are as strong as or stronger than are
found in any other element, leading one to expect
the smallest perturbations of systematic neutron ex-
cess dependence by structural variations. The prop-
erties showing similarity include the low-lying ener-
gy level structure, shown in Fig. 1, the static quad-
rupole moments of the first excited states which are
close to zero! for all five isotopes, and the quadru-
pole excitation parameters for the first excited
states (3, =0.1 for all five isotopes) determined both
from Coulomb excitation’ and from neutron and
proton inelastic scattering at bombarding energies
of 11 MeV,’ and 16 MeV,* respectively. These
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similarities between all five isotopes indicate that
they should provide a satisfactory system for the
study of the effects of adding successive pairs of
neutrons to a nucleus. The third reason is the rela-
tively large natural abundance of each of these iso-
topes, which results in sufficiently large separated
isotope samples being available to do precision neu-
tron scattering and total cross section experiments.
The concurrence of these three factors make this
isotope set a unique case for such an investigation.

Satchler® reviewed the state of knowledge about
the neutron excess dependence of the optical model
potential in 1969, including the results of both glo-
bal studies and studies of isotopic sequences. By
then it was clear that for proton scattering there
was a fairly well determined neutron excess depen-
dence for the real potential and also a strong indica-
tion of a similar dependence in the surface imag-
inary potential. However, the poor precision of the
neutron scattering data available at that time made
it impossible to say whether the size of the neutron
excess dependence was the same for the neutron and
proton potentials.

Since then the precision of neutron scattering
measurements has improved considerably, and there
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FIG. 1. Energy-level diagrams of the isotopes used in
this study.

have been a number of studies published in recent
years on the neutron excess dependence of the neu-
tron optical potential. Included in these published
works are global analyses for 24<A4 <209 at
E,=11 MeV,° and for 40<A4 <208 in the energy
range E, =7—26 MeV.” There have also been anal-
yses of the neutron scattering from sequences of Se
isotopes at E,=6—8 MeV,! Mo isotopes for
E,=7—26 MeV,” and Sn isotopes for E, =11 and
24 MeV."?

In the series of papers of which this is the first,
we will report on the neutron excess dependence of
the neutron optical potential as determined by the
scattering of neutrons in the energy range E, =1—4
MeV from a sequence of Sn isotopes. The incident
neutron energies were chosen so as to strongly vary
the number of open channels and look for the effect
of this variation on the neutron excess dependence.
Such a study could hardly have been done for pro-
ton scattering because of the large Coulomb barrier.

In the present work the total cross sections of
116,118,120,122,1249,  have been measured by the
transmission method using isotopically enriched
samples. The availability of these samples,!! each
enriched to more than 90% in a given isotope, en-
abled a search for systematic cross section varia-
tions that could be correlated with the neutron ex-
cess. We have measured the total cross section of
carbon at the same time as those of the tin isotopes
as a check against systematic errors. Time-of-flight
(TOF) methods were used to reduce background
and improve precision. A preliminary report'? of
this work has appeared. This total cross section
study was originally motivated by the need for a
convenient and accurate means of normalizing
low-energy neutron scattering differential cross sec-
tions measured in this laboratory at 1.0 and 1.63
MeV."® It was found that using the measured total

cross sections for normalization resulted in a signi-
ficant improvement in the precision of the scatter-
ing differential cross sections. The study was then
extended in scope in order to compare to the
neutron-excess dependent potential, as well as to
make the cross sections available for others to use.
The only previous total cross section measurements
at these specific energies were on natural tin by
Adair'* and by Miller et al.'* Almost all previous
neutron total cross section measurements'® in the
energy region studied here, 0.3 to 5.0 MeV, were
also made with natural tin samples.

II. EXPERIMENTAL METHOD

The University of Kentucky Van de Graaff ac-
celerator produced a pulsed proton beam with a
pulse frequency of 2.0 MHz and a pulse duration of
8—10 ns. The protons passed through a 3.3 10~*
cm thick Mo foil and entered a cell 3.0 cm in length
containing approximately 0.2 atm of tritium gas.
Neutrons were produced by the T'(p,n)*He reaction.
The experiment was performed with good geometry
using a forced-reflection neutron collimator,!”!®
shown in Fig. 2, between the source and the at-
tenuation sample. The collimator was designed for
use with neutron energies below 2 MeV, but was
found to reduce the background even at 5 MeV.
The distance from the source to the sample was 87
cm and the distance from source to detector was
290 cm. This extended geometry with close col-
limation made the alignment of the system rather
critical (the sample axis had to be within 1.0 mm of
the source to detector axis) but was chosen over a
more conventional compact, open geometry because
it reduced the neutron background and reduced in-
scattering corrections to about one part in 10%. The

KX Paraffin + Li,CO4
ma o
BE Cu

FIG. 2. The forced-reflection neutron collimator,
cut-away view.
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TABLE 1. Composition and dimensions of scattering samples.
Isotopic composition

(atomic %) Mass Diameter Length
Sample 'Sn  '“Sn  '’Sn  !%§pn Sp 8§ !%§n 0§p  2§p  §n (g (cm) (cm)
165 <001 003 006 9574 1.02 149 032 106 013 015 42610 1.590 3.020
18gn <003 <0.03 <003 039 040 97.15 0.64 1.20 0.10 0.12 43.069 1.590 3.002
1208n <005 <005 <005 020 0.12 050 039 9839 015 026 44975 1.590 3.080
1228q <0.02 <0.02 <0.02 101 0.8 191 077 3.75 90.80 1.16 29.198 1.590 1.975
12480 0.05 0.05 0.05 092 049 1.60 0.58 236 0.77 93.28 45.902 1.590 3.054

large source-detector separation also had the advan-
tage of giving a good signal-to-background ratio be-
cause of the use of the TOF method of neutron
spectroscopy.

The neutron detector was a 3.25 cm diameter by
2.54 cm long cylinder of NE218 liquid scintillator
coupled to a 56 AVP photomultiplier. The elec-
tronic setup for the TOF neutron detector was
essentially the same as that shown in Ref. 13. At
bombarding energies greater than 300 keV, the
detector was biased at a neutron energy of 300 keV,
corresponding to the valley of the spectrum of the
24Am v ray, and at 300 keV, the bias was lowered
appropriately. The detector was mounted in a large
Li,CO;-loaded paraffin shield to reduce the back-
ground from room-scattered neutrons. This is the
main or rear shield shown in Ref. 19.

The absorption samples were set on a low-mass
plastic cradle which could be moved vertically and
horizontally with fine-pitch screws for precision po-
sitioning. The samples were approximately one-
third mole apiece, and their dimensions and compo-
sition are given in Table I. The symmetry axes of
the collimator, sample, detector shield, and detector
were aligned optically with the proton beam enter-
ing the gas cell, and the alignment was checked by
translating the samples horizontally and vertically
across the collimator axis while measuring the neu-
tron transmission. The neutron monitor was a long
counter placed 1 m from the tritium cell at an angle
of about 100° to the beam. The proton beam
current incident on the tritium cell was integrated
and provided a second monitor of the neutron flux.
Details of the University of Kentucky neutron TOF
system may be found elsewhere.!>!%20

TOF spectra of the unattenuated beam as well as
of the neutrons transmitted by the tin and carbon
samples were measured at energy intervals of
50—300 keV, and typical examples of such spectra
are shown in Fig. 3. With the usual gas pressure of
0.2 atm, neutron energy spreads ranged from 100

keV at 0.3 MeV neutron energy to 30 keV at 4.5
MeV. Runs lasted 3— 10 min with proton beams of
1—2 pa. TOF spectra were accumulated in the
memory of a PDP/8-I computer. Typical sample-
in and sample-out neutron peaks contained 3 X 10*
and - 6X10* counts, respectively. The. time-
uncorrelated background in the region of the peak
was about 4% of the net yield, and was subtracted.
Dead time corrections of 1—5 % were applied. In-
scattering and hardening effects were calculated to
be <0.1%, and hence were neglected as insignifi-
cant. Neutron transmissions of the samples were
used to calculate total cross sections.

The experimental results were checked in a
variety of ways. Many points were repeated several
times, sometimes with different experimental condi-
tions. At several energies, a 28 cm long by 2.54 cm
diameter Cu “shadow bar” was suspended along the
transmission axis at the exit port of the collimator,
and the measured transmission indicated that no
more than 0.1% of the flux detected without the
bar was due to off-axis neutrons. Occasionally the
tritium was removed from the cell and replaced
with air, and a spectrum taken. If a significant
number of neutrons produced from tritium ab-
sorbed into the tantalum cell liner was detected, the
cell was taken apart and the liner and foil were re-
placed. A TOF spectrum with an acceptable back-
ground due to absorbed tritium is shown in Fig. 3.
Finally, comparing the measured carbon total cross
section with accurate results of other total cross sec-
tion experiments?!?? provided a check on the whole
measurement technique.

III. EXPERIMENTAL RESULTS

Figure 4 shows all the data taken for '2Sn.
Somewhat more data was taken for '°Sn and !%*Sn
than for the other samples, and the !2°Sn cross sec-
tion is shown because it is typical, and because the
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FIG. 3. Time-of-flight spectra of 0.81 MeV neutrons taken with and without an absorption sample. The third spec-
trum was measured with air in the gas cell in order to measure the background from absorbed tritium.
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FIG. 4. Unsmoothed cross sections for *°Sn. Some
of these points were taken under experimental conditions
different from those described in the text, and hence
were not included in the smoothed and averaged data
presented in Fig. 6.

fluctuations (discussed in Sec. IV) are clearly evi-
dent in the large number of repeated data points.

In order to reduce the data to a convenient table
of total cross sections versus bombarding energy,
the cross sections for each Sn isotope and for car-
bon were averaged and smoothed as follows. In re-
gions where data was taken at energy intervals of 50
keV or less, the average of the cross sections in the
interval E, +50 keV was taken to represent the mea-
sured total cross section at E,. This procedure was
carried out at 50 keV intervals. Where the data
points were more than 50 keV apart, the data at
each bombarding energy were averaged, and this
was taken to represent the cross section at that ener-
gy. This kind of averaging was consistent with the
energy spread, and the smoothing is justified be-
cause, at a given energy, the fluctuations in the
cross sections outside statistical expectations ap-
peared to be random.
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FIG. 5. The smoothed and averaged total cross sec-
tion for carbon from the present work is given by the
dots. The curve is drawn through the cross sections of
Perey et al. (Ref. 21) below 0.55 MeV and through the
cross sections of Schwartz et al. (Ref. 22) at higher en-
ergies.

Carbon total cross sections measured in the
present work and smoothed in this same way are
shown in Fig. 5. The curve is taken from Perey
et al.?! below 0.55 MeV, and above this energy is
from Schwartz et al.?> averaged over energy
spreads appropriate to this experiment. The sys-
tematic uncertainties in the Perey and the Schwartz
measurements are 1‘"{:33’; and +1%, respectively. A
smooth curve drawn through our energy-averaged
cross section points for carbon below 2.0 MeV
agrees with the measurements of Perey, but is in
most cases just outside the stated +1% uncertainty
in the cross sections of Schwartz. Above 2.0 MeV,
we do not have enough data to draw a curve which
shows all the structure known to be present. Our
cross sections in this region are within 0.05 b of
those of Schwartz except for one data point at 4.2
MeV, which differs by 0.1 b. The average disagree-
ment between our cross sections and those of
Schwartz between 2.0 and 5.0 MeV is 1.6%.

The smoothed isotopic tin total cross sections are
shown in Fig. 6. They are all similar in their gen-
eral energy dependence, reaching a maximum be-
tween 500 and 900 keV, falling to about 4.1 b at 4
MeV, and then are relatively constant up to 5.0
MeV.

There are significant differences among the iso-
topes, however. The energy position of the cross
section maximum increases with neutron excess ex-
cept for 1228n, whose peak is at a lower energy than
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FIG. 6. The smoothed and averaged neutron total
cross sections for five even-A tin isotopes. The curves
are optical model calculations with a standard energy
dependence, as discussed in Sec. VI.

that of 12Sn. Also, the peak of the 122Sn cross sec-
tion is 0.3 b higher than that of the other isotopes.
Some fine structure with width greater than or
equal to the neutron energy spread was observed for
all the isotopes and appears to become more prom-
inent as A increases. The reproducibility of this fine
structure was more thoroughly tested for '24Sn and
12281 than for the other isotopes.

IV. UNCERTAINTIES

The only known contribution to the uncertainty
in the cross sections that was significant was the
counting statistics in the detected neutrons. The
backgrounds did not contribute significantly to the
statistical uncertainties, and uncertainties in the
sample sizes are insignificant and, moreover, sys-
tematic. However, random fluctuations in the cross
sections of both carbon and tin were two to three
times larger than would be predicted by statistics
alone, and much repeating of points and changing
of experimental conditions did not reduce this fluc-
tuation, nor lead to an understanding of the cause.

At bombarding energies below 2.3 MeV, where
there were typically 5— 10 data points per 100 keV
interval, the 2—3 % random fluctuations present in
the raw data have been almost removed by the
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smoothing and averaging process discussed in Sec.
III. In this region we base our estimate of the un-
certainty in the tin cross sections on the good agree-
ment of our measured carbon cross section with ac-
curate standards.?>?? Thus, we estimate the uncer-
tainty below 2.3 MeV to be 1.0—1.8 %. At higher
bombarding energies there are so few data points
that the averaging process had little effect on the
magnitude of the fluctuations, and we base our es-
timated tin cross section uncertainty on the +0.1 b
fluctuations. This is consistent with the carbon
comparison since our carbon cross section differs
from the standard by no more than 0.1 b. Thus, we
estimate the uncertainty in the energy range
2.3—5.0 MeV to be 2.0—2.4 %.

V. DISCUSSION AND COMPARISON
WITH OTHER MEASUREMENTS

Previous measurements®>2* of natural tin total

cross sections in the region 200— 700 keV with en-
ergy spreads of 5— 10 keV have revealed structures
with a width of 25— 100 keV and an amplitude of
10— 15 % of the total cross section. One would ex-
pect to observe more structure with separated iso-
topes than with natural tin, but in our experiment
any increase was obscured by our large energy
spread. The structure we do observe is not incon-
sistent with earlier measurements on natural tin.
The fact that '**Sn shows more structure than the
other isotopes may be due to clusters of narrow res-
onances in the cross section. High-resolution
transmission measurements by Harvey®® show that
of these isotopes, !**Sn is considerably more
resonant than the others for neutron energies up to
400 keV, the highest energy studied by him.

A weighted average of the isotopic cross sections,
intended to synthesize the natural tin total cross
section, has been calculated and is shown in Fig. 7.
Any comparison of this with measurements on na-
tural tin is somewhat open to question, however, be-
cause of the lack of data on the total cross sections
of the odd-A4 isotopes, which comprise about 17%
of natural tin. We have assumed the total cross sec-
tions of the tin isotopes at each energy to be a linear
function of neutron number for the purpose of
making this comparison with natural tin total cross
sections.

We have averaged the high-resolution tin cross
section data of Seth?* and of Whalen® over 100-
keV intervals to compare with our weighted aver-
age. As can be seen in Fig. 7, our average is 3—6 %
below Whalen’s cross section and from 1% below to

T T ] T | T ] T I
Sn Total Cross Section
*= Present results, weighted average
° Whalen etdl.,lI00 keV average
s Seth , 100 keV average
T4t + Adair etal —5.8
o o Miler etal b
70 = Foster and Glasgow —15.4
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FIG. 7. The neutron total cross section of natural tin,
synthesized from the isotopic cross sections by means of
a weighted average, is indicated by the dots. The other
symbols represent results for natural tin taken from the
literature.

5% above that of Seth. Seth’s measurements indi-
cate a dip in the cross sections at 550 keV that is
not present either in our results or in those of
Whalen. Overall, however, our cross sections agree
with those of Seth within mutual uncertainties, but
are consistently outside the mutual uncertainty
when compared to those of Whalen.

T I T l T
e Present Results
o Rapaport et al.

4.5 .E-,é O%}O_

[ ]
4.0~ eag 0 —
45— P T
— § e $
£ 40 IZZSH o § O O
o 450 .
4.0 ri e t. ¥ § o ’ §o ©
< lZOSn
4.5 —
o)
4.0 —E o b : § o ° § oo |
S PR T T
' 4.0 5.0 6.0
En(MeV) |

FIG. 8. Isotopic total cross sections measured in this
experiment compared to the results of Rapaport et al.
(Ref. 10).



1438 R. W. HARPER, T. W. GODFREY, AND J. L. WEIL 26

Measurements of the natural tin cross section
with energy spreads comparable to ours are reported
by Miller et al.’® and Adair'* between 0.2 and 3.2
MeV using BF; detectors, and by Foster and Glas-
gow?¢ above 2.2 MeV using the time-of-flight tech-
nique. Our synthesized natural tin cross sections
disagree quite badly with the data of Adair, the
worst disagreement being 0.4 b. The arrows indi-
cate the change that would occur in Miller’s cross
section if they had used the recently measured!®
forward-peaked differential cross section in making
the inscattering correction instead of assuming that
the scattering angular distribution is isotropic. This
change improves agreement with Miller above 1.5
MeV but makes the agreement worse at lower ener-
gies, and also leads to worse agreement with Adair.
Our data agree with those of Foster and Glasgow
within uncertainties.

Above 5.0 MeV, Rapaport et al.'” have measured
the isotopic total cross sections of tin with four of
the five scattering samples used in our experiment.
As can be seen in Fig. 8, their cross sections agree
quite well with the data presented here.

VI. THEORETICAL ANALYSIS

The shift of the maximum in the total cross sec-
tion to higher energies as neutron excess increases
can be modeled by an optical potential®’ with
neutron-excess dependent real and imaginary well
depths. The potential used here is a spherical opti-
cal model (SOM) and is the same potential that fit
1.0 MeV elastic scattering differential cross sections
for these isotopes,'!® with the addition of an energy
dependence for the real and imaginary well depths
taken from the global analysis of Wilmore and
Hodgson.”® The complex potential was of the
standard form

V(r)=—Vf(r)—iWg(r)—Ug,h(r)1 -7,

where the real potential has a Woods-Saxon form,
the imaginary potential has a Woods-Saxon deriva-
tive form, and the spin-orbit potential is real with a
Thomas form, i.e.,

F(n=[1+exp((r —rod*)/a)]!,

g(r)=4a’ % [1+exp((r—r{)A1/3)/a')]_1] )
2
hir)= Al —d—f(r)i.
” r|dr

The geometrical parameters used were
ro=1.26 fm ,
a=0.58 fm ,
ro=1.26 fm ,
a'=0.40 fm .

The well depths in MeV were parametrized, for
R =rod'", as

y—53.0-30.5 | V=2 —0.27E, ,
W—=13.6—46.6 | =2 | _0.053E, ,
Uy=5.5.

The calculated cross sections are compared with ex-
periment in Fig. 6. The gross structure and magni-
tude of the experimental cross sections from 0.3 to
2.0 MeV and, in particular, the dependence of the
energy of the cross section maximum on mass num-
ber, agree quite well with this model. At higher en-
ergies, however, the cross sections predicted by this
optical potential are lower than the measurements
by 0.2—0.4 b. This is not surprising in view of the
fact that the potential was constructed to fit the 1.0
MeV differential scattering cross sections, and that
no search was made on the energy dependence.

VII. CONCLUSIONS

The even-A isotopic tin cross sections from 0.3 to
5.0 MeV have been measured with uncertainties of
1—3 % and energy resolution between 30 and 100
keV. Some fine structure is evident, especially for
the higher mass numbers. If one ignores the fine
structure, the position of the cross section max-
imum increases in energy and the overall magnitude
of the cross section increases slightly as the mass
number increases. A neutron-excess dependent op-
tical potential which fits 1.0 MeV differential
scattering cross sections, with an added standard
energy dependence, reproduces these trends and fits
the cross sections within 5% below 2 MeV, indicat-
ing that the low energy total cross sections of the
tin isotopes are consistent with a neutron-excess
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dependent spherical optical model.

These cross sections provide an accurate means
for normalizing low-energy neutron scattering dif-
ferential cross sections of these isotopes. This
method leads to an uncertainty in normalization
about half as large as that resulting from the con-
ventional use of known carbon or hydrogen dif-
ferential scattering cross sections.
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