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Using the National Bureau of Standards electron linac and underground time-of-flight
facility, precise average neutron-transmission measurements have been made in the
energy range 1 keV < E = 600 keV on the elements As, Br, Nb, Rh, Ag, In, Sb, I, La,
Ho, Au, and Th. The samples were “thick” in that the s-wave self-protection had to be
accounted for at low energies. However, the samples were still sufficiently thin that any
errors introduced by neglecting p-wave self-protection were negligible. The average R-
matrix theory was employed in the analysis and the ! =0 scattering length R’ and the p-
wave strength function S, were extracted from the data. The behavior of S; vs mass num-
ber A in the region of the 3P maximum was found to vary smoothly with no evidence of any
splitting of the resonance. Using Moldauer’s optical potential, which fits the Z =0 data
well, the behavior of S; vs A was calculated. The predicted behavior was found to differ
significantly from experiment. In particular, experiment indicates S; peaks at a lower
mass number and that the maximum is stronger than indicated by the calculations. When
the constants of the potential were changed in order to reproduce the observed behavior
of Sy, a significant discrepancy with the I =0 data resulted. The results presented here
imply an orbital angular momentum dependence of the low-energy optical potential.

NUCLEAR REACTIONS As, Br, Nb, Rh, Ag, In, Sb, I, La, Ho, Au, Th;
measured average neutron transmission E =1-600 keV; deduced R’, p-
wave strength function; optical-model analysis.

INTRODUCTION

The study of the interaction of low-energy neu-
trons (E less than several MeV) with nuclei has
had an important impact on the picture of how nu-
cleons interact with the nucleus. Prior to the
early 1950’s it was believed that a low-energy
neutron, upon entering the nucleus, promptly
shared its energy with the nucleons of the nucleus.
This view was motivated in part by the compound
nuclear resonances induced by neutrons at eV
energies. One of the implications of this strong
absorption or black nucleus picture was that the
average total cross section should vary smoothly
with energy and mass number A.! Contrary to
these predictions, average neutron cross-section
measurements by Barschall ef al.? demonstrated
that maxima and minima vs E and A were promi-
nent features. This indicated that the neutron does
not immediately share its energy (and form a com-
pound nucleus) upon entering the nucleus. These
results and the fresh success of the nuclear shell
model led Feshbach, Porter, and Weisskopf® to
formulate the low-energy optical model for the
neutron-nucleus interaction. The cross sections
predicted by this model were, in the low-energy
limit, to be compared with an average cross sec-
tion which contained many fine-structure compound
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nuclear resonances. The only predicted cross sec-
tion which is directly comparable with experiment
is oy, the total cross section. Further, the shape
elastic cross section ogg and the cross section for
the compound-nucleus formation, ¢, can also be
calculated. Since o includes elastic scattering via
compound-nucleus formation, the measured elastic
and reaction cross sections cannot be associated
with ogg and g-. At higher energies where the com-
pound nucleus can decay into many channels, oge
and o can be associated with the measured elastic
and reaction cross sections.

For neutrons of keV and lower incident energy
1=0 interactions dominate. Many high-resolution
experiments in the <10-keV energy range have de-
termined the s-wave strength function S,=(I'%)/AD)
and the I =0 elastic scattering length R’ for a wide
range of nuclei throughout the Periodic Table.

(1"?,) represents the average reduced neutron width
of the 1=0 levels and (D) their average spacing. In
the keV region the total cross section exhibits the
sharp structure of the compound nuclear reso-
nances. An average of a sum of single level Breit-
Wigner expressions yields:

o¥0=4n(R")*+272%X2(E/1 eV)V2s,. &

The term 47(R’)? is associated with the =0 shape
elastic cross section ggg of the optical model, while
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the second term, which is proportional to S, is
associated with the compound-nucleus formation
cross section o.. The low-energy optical model
of Feshbach, Porter, and Weisskopf is found to be
consistent with this data. For example, the ob-
served maxima of S, at A ~60, 160 and minima of
S, at A~100, 230 are reproduced by the model.

Any optical potential determined by fits to R’
and S, is representative of how an ! =C neutron
“sees” the nucleus. If the I=1 interaction could
be cleanly “measured” it would be interesting to
discover whether the optical potential as deter-
mined by the s-wave data could describe, with
equivalent accuracy, the p-wave data. A signifi-
cant discrepancy might be indicative of an I de-
pendence of the low-energy optical potential. This
provides the main impetus for the experiment
performed here.

At low energies® the p-wave interaction is usual-
ly expressed in terms of the p-wave strength func-
tion® S, =4(gT's) AD), where (gT;) is the average
reduced neutron width times a spin factor g for
the =1 levels and (D) their average spacing. The
optical model predicts a maximum for S, around
A =100. Previous measurements of the p-wave
strength function do show a peaking of S, near
A =100. However, the measurements are not
sufficiently precise for a meaningful picture of the
behavior of S, vs mass number to emerge. The
methods usually employed to determine S, are:

(1) identification of /=1 levels in a high-resolution
experiment,

(2) average neutron-capture measurements,

(3) average total neutron cross section or trans-
mission measurements.

The first method requires the necessary resolu-
tion, sample thickness, etc. to observe many of
the small p levels. A knowledge of the smallest
observable width vs energy is necessary, as is

a method of distinguishing the p levels from the
small s levels. A method of distinguishing p and s
levels based on the known statistical behavior of
neutron resonances has been described,® and a
careful recent application of this approach is dis-
cussed in detail by Liou et al.”

The second method involves measuring the
average neutron-capture cross section as a func-
tion of neutron energy, e.g., 0<E <200 keV. The
s-wave contribution is determined through a fit-
ting procedure or by using /=0 parameters deter-
mined in other experiments. The remaining cap-
ture cross section is assumed to be p wave, and
S, is found by a best fit to the data. This approach
is difficult experimentally, and further, the anal-
ysis usually assumes the s- and p-radiation widths
are equal. Recent experimental data® indicate this
can be a serious source of error. Pioneering neu-

tron-capture measurements by Gibbons et al.® im-
plied extremely large S, values in the A =100
region. A more current measurement!® using the
same technique resulted again in much larger S,
values in the region A = 100 than is reasonable.

The last approach is essentially an average
total-cross-section measurement. As such it
does not require a knowledge of neutron flux,
detector efficiency, etc. The main disadvantage
of this method is that below several hundred keV
the 1=0 shape elastic cross section forms the
major contribution to the average transmission.
Consequently, very precise measurements are
required for S, to be determined with good accu-
racy. Experiments of this nature performed on a
few elements with the Harwell linac'! are of good
quality, and the values of S, determined here are
in general agreement with their results. Other
average transmission measurements performed
at Brookhaven'? (these experiments were not suf-
ficiently precise and covered a significantly smal-
ler energy range) and Duke'® resulted in S, values
which are in qualitative, but not quantitative,
agreement with the results here. However, a cur-
rent reanalysis of the Duke data' has lead to S,
values in better agreement with those obtained
here.

EXPERIMENT

Average transmission measurements were per-
formed over the energy range 1 kev <E <600 keV
for a number of elements concentrating in the
region A=100. The measurements were carried
out using the National Bureau of Standards elec-
tron linac as a pulsed source of neutrons in con-
junction with an underground time-of-flight (TOF)
facility. This TOF facility has been developed by
Schwartz and his co-workers (see Ref. 15) for neu-
tron cross-section measurements in the energy
range 1 keV<E <1 MeV.

The experimental setup for the transmission
measurements performed here is depicted in
Fig. 1. 80-MeV electrons strike a thick tungsten
target producing neutrons which are moderated by
an H,0 plus fluoroboric acid (HBF,) mixture. The
addition of fluoroboric acid to the water moderator
resulted in a decrease in the observed background.
This was due to the capture of slow neutrons by
1°B rather than hydrogen which produces a 2.2-MeV
y ray which is difficult to shield against. The
relevant features of this moderator have been
described in some detail elsewhere.® The 36-m
flight path is shielded from the tungsten target
and views only the moderator. A piece of bismuth
was kept permanently in the neutron beam; this
serves a twofold purpose. It reduces the y flash
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FIG. 1. Schematic view of the TOF experimental setup. 80-MeV electrons strike a thick tungsten target producing
neutrons which are moderated by an H,O plus fluoroboric acid (HBF,) mixture. A bismuth filter 2.5 cm thick was per-
manently in the beam and samples of interest were cycled in and out of the beam every 10 min. The normalization of
sample and open runs was provided for by the P2-ionization chamber and shielded BE; proportional counter. At 36 m
4 Nal detectors viewed 1 kg of 1°B housed in a 12.7-cm-diam container.

accompanying neutron production and the Bi was
of sufficient thickness (2.5 ¢cm) such that the Bi
neutron resonances in the keV region were black;
this enabled a constant monitoring of the low-
energy background. The detector system at 36 m
consisted of 1 kg of 1°B metal powder housed in a
12.5-cm-diam Al container which was viewed by
4 Nal detectors.!®

The linac was operated at 720 pps with a 20-
nsec-wide pulse and a peak current of ~0.5 A.
The data-taking period per machine pulse was
100 usec. The signals from the Nal detectors
were transmitted to TOF hardware with an on-line
computer sorting the information into histogram
form.!” The 4096 timing channels were divided
into 4 groups, the first, second, third, and fourth
group having 8-, 16-, 32-, and 64-nsec channel
widths, respectively. This enabled data to be
taken simultaneously over the energy range 1 keV
to 1 MeV with good resolution.'® Samples of in-

terest were located 3 m from the neutron source
and cycling of sample and open runs was carried
out every 10 min.

The electron beam power was monitored by a
P2 ionization chamber,'® while the neutron beam
intensity was recorded by a properly shielded BF,
proportional counter. For the measurements pre-
sented here the beam normalization for sample
and open runs implied by the P2 and BF, monitors
agreed to within 0.5% or better. The background
was found to have an energy-dependent and con-
stant component. The constant background was
cleanly identified with neutron-induced activity
of the Nal crystals and was only important below
several keV where the beam intensity was low;
at 1 keV it contributed a 4% background. This
constant background was easily subtracted out.
The energy-dependent background at 250, 28, and
2 keV was determined by using filters of Li, Fe
(not permanently in the beam), and Bi. At these
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energies this background was ~1%.

The excellent beam stability and background
conditions of the National Bureau of Standards
underground TOF system makes this facility
ideally suited for very precise (< 1%) average
transmission measurements. For reasons men-
tioned above this accuracy is essential for S, to
be determined with good precision. As a test of
the precision and reliability of the TOF system,
a measurement of the carbon total cross section
was made several times. Over the energy region
of interest (<600 keV) the carbon cross-section
measurements made with this facility agreed with
each other, to within statistics, and agreed to
within 1 or 2% with other very precise measure-
ments.?°

SAMPLES

All samples used were at least 99% pure. Ex-
cept for Rh and Ho, which had ~3.3-cm diameters,
the standard format was 5.1-cm-diam samples.
Nb, Rh, Ag, In, La, Ho, Au, and Th were self-
supporting foils, whereas As, AlBr,, Sb, and I
were powders (> 100 mesh) pressed into contain-
ers. The open beam measurements for the ele-
ments in powder form had equivalent empty con-
tainers in the open beam. For AlBr,, an appropri-
ate amount of Al was placed in the open beam so
that the experimentally measured transmission was
that of Br only. Table I lists the sample thick-
nesses used.

ANALYSIS

After dead-time corrections were made the
energy-independent background was subtracted.
This left a residual 1% background which was not
subtracted. With an average transmission =0.75
the 1% background enters in both sample and open
runs, and consequently, has a negligible effect on
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the measured transmission. The data were pro-
cessed into a T vs E format and then averaged
over energy to form (T),,,. In the low-energy
region 2-keV intervals were averaged increasing
to 20 keV in the high-energy region. The next
step in the analysis was to evaluate (T) theo-
retically for comparison with the data. The nature
of the expression for (T') depends strongly on the
sample thicknesses chosen. For example, if the
samples are sufficiently thin, then (e~"°T) = e~
and the theoretical average cross section is simply
related to (T, through:

(9r) == In(T)

exp *

)

For the sample thicknesses employed in this ex-
periment and, most importantly, considering the
severe Doppler broadening of the /=1 resonances,
the thin sample approximation was found to be
valid for the p levels. This was examined analyt-
ically by estimating the self-protection of the p
levels and comparing it with the thin sample-ap-
proximation result. Furthermore, an experi-
mental test was made in the case of Nb, which has
“strong” p levels, by running a thinner Nb sample
(1/n=55.7). The value of S, (6.2x 10™*) found with
the thinner sample was in good agreement with
the “thick” Nb result (see Table II). The [=0
resonances are too strong at low energies for the
thin sample approximation to be valid, except for
undesirable thin samples where small uncertain-~
ties in the transmission imply large errors in
{(or). Furthermore, it is important to analyze the
data down to 1 keV so that a more accurate de-
termination of R’ (and hence 0;°) can be made.
Consequently, samples of intermediate thickness
were used (see Table I) and the self-protection of
the 1=0 levels was accounted for where necessary.
Generally speaking, above 70 keV the thin sam-

TABLE 1. Sample thicknesses of the elements and their s-wave parameters,

Sample thickness (D) <1“.,,>

Element 1/n (b/atom) 1045, x10* (eV) (meV) Ref.
As 25.0 817. 300. 24
Br 29.9 36. 300, 24
Nb 24.9 0.36 90. 115, 25
Rh 73.4 0.54 217, 171, 26
Ag 26.3 0.48 10.6 136. 25,27
In 20.7 “ e .o . 28
Sb 19.9 0.34 10.2 100. 29
I 30.4 0.64 14.3 110, 25
La 50.3 cee oo oo 28
Ho 48.6 1.85 5. 75. 30
Au 35.3 . 16.2 125, 31
Th 32.6 0.86 16.8 21.2 32
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ple approximation was valid. Therefore, a low-
energy and a high-energy (E > 70 keV) expression
for (T') was used in the analysis, but the data were
fitted simultaneously over the whole energy range
(1 keV <E <600 keV). The low-energy expression
employed for (T') is:

(T) = Ty (1- (A /D)), (3a)
@)= f " P(A(x, E)dx . (3b)

P(x) is the Porter-Thomas?! distribution of the
reduced neutron widths. A(x, E) is the Doppler-
broadened area resulting from a single level
Breit-Wigner equation which includes self-inter-
ference and (D) is the average /=0 spacing. The
term 1-(A)/(D) represents the effect of the /=0
levels. The remainder of the s-wave interaction
and the total p-wave contribution to (7) are con-
tained in T:

T, = exp[-n{ot*)- n{eT®) (oo’ (3c)

The expressions employed for the total cross sec-
tions were obtained from the average R-matrix
theory.?? They are:

(o4)y=21x%(21+1)(1-ReT)) , (4a)
and
0-onor (Il | )
1-R, L,
where
¢, =tan"(-j,/n;), (4c)
R, =Ry +ins, , (4d)
L,=S,+1+iP,. (4e)

The notation here is the same as that of Lane and
Thomas?? (S, in the expression above is the shift
function and not the strength function). The cross

section for each partial wave is characterized by
two unknown parameters, Ry and s,. R; repre-
sents the effects due to faraway levels and in the
1=0 case is related to R’ at keV energies by the
expression: R’=R(1-Rg). R is the nuclear radius
which was taken to be 1.44'/% fm. s, is the pole
strength function and is related to the strength
function through:

S = 2kRs; ) (5)
E/TeV)
In the expression for T,
(01=0) = 2725 <-E—) " 5ac0s(2yy), (62)
leV,
where
Yo=kR —tan"Y(RgER). (6b)

This term removes from (¢4™°) the /=0 contribu-
tion already accounted for by (1~ (4)/(D)). At
higher energies where the sample is becoming
thin for =0 levels

e oR (1= (A) /(DY) ~1, (7a)
and
(T) - exp[ =n({a’t?) +(0 5] . (7o)

Also included in the expression for (T) was the
d-wave contribution, expected to be small for
E <600 keV. Since the d- and s-wave parameters
are expected to have similar behavior as a function
of mass number it was assumed that Ry’ =R; and
s, =8,. Under these assumptions, the d-wave
contribution to (7) was 1% or less at 600 keV for
75 <A <139 and a few % in the Ho, Au, and Th
cases, diminishing rapidly with decreasing neutron
energy. This method of analysis is similar to
that used by others.!!:12:23

The data were analyzed in the following way. The
information necessary to calculate the /=0 com-

TABLE II. Optimum parameters determined by fitting the data as described in the text.

Element ) Ry sy 10%s; x10* RY
As 0.066 —0.145+0.035 6.76+0.25 0.105+0.025 2.7+0.6 —-0.05+0.1
Br 0.045 —=0.14£0.04 6.88+0,35 0.145+0.025 3.8+0.6 0.2+0.1
Nb 0.013 =0.07+0.03 6.80+0.25 0.215+0.02 6.0+0.6 0.2+0.1
Rh 0.019 0.06+0.05 6.2+0.3 0.19+0.03 5.5+ 0.9 ~0.1+0.1
Ag 0.016 0.03+0.03 6.46+0.20 0.13+0.02 3.8x0.6 -0.15+0.1
In 0.0087 0.095+0.02 6.16+0,16 0.105+0.02 3.15+0.6 -0,10+0.1
Sb 0.011 0.09+0.03 6.3£0.2 0.070+0.015 2.1+0.5 -0.30+0.1
I 0.021 0.145+0.03 6.00£0.25 0.050+0.015 1.,55+0.5 -0.25+0.1
La 0.022 0.27+0.04 5.3+0.,3 0.016+0.01 0.5+0.4 -0.25+0.1
Ho 0.055 0.01+0.03 7.60+0,25 0.02+0.01 0.7+0.4 -0.1+0.1
Au 0.053 -0.14£0.04  9.30£0.35 0.012£0.01  0.4*-4 0.120.1
Th 0.025 -0.13+0.03 9.72x0.30 0.04+0.01 1.5+0.4 0.1+0.1
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pound-nucleus contribution to (T), i.e., (1-(A)/(D)),
was obtained from previously published data.?*32
Specifically, S,, (D), and (T',) (average s-wave
radiation width) were obtained from low-energy
high-resolution data. The values used are listed

in Table I. This reduces the number of unknowns
to three, R;, s,, and Ry . Although the whole ener-
gy region (1 keV <E <600 keV) was used to deter-
mine the unknowns, certain energy regions are
more sensitive to one parameter than another. Be-
low 100 keV the influence of Ry (I=1 shape elastic
scattering) is effectively zero. s, is determined
mainly by the data in the energy region 30 <E < 200
keV,3 and even though Ry has a large effect on

(T) at all energies measured, the data below ~30
keV go far toward determining R;. Consequently,
although there are three unknowns the fitting at a
given energy usually involves only two parameters.

In order to determine what constitutes the best
fit of the theoretical transmission to the experi-
mental transmission, the sum x =3 ;[(T)g,~(T) "]
was evaluated for each trial set of- parameters.
The sum x had a well defined minimum and this
determined the selected values of R;, s,, and Ry,
The curves representing the best fits are shown
in Fig. 2. The dashed curves represent the s-wave
contribution to (T) while the solid curves give the
theoretical transmission with the chosen s- and
p-wave parameters which are listed in Table II.
As the parameters were changed from their opti-
mum values the value of x increased and the fits
to the data became less satisfactory. The quoted
uncertainties of Ry, s,, and R; were determined
by the range of values which gave acceptable fits.
An example of an unacceptable fit is shown for the
case of Ag, see Fig. 2. The solid curve which
fits the data well was calculated with the param-
eters given in Table II. The short dashed curve
was calculated with R;=0.01, s,=0.10, and Ry
=0.30. The values of s,, R are barely outside
the quoted uncertainties, but the fit to the data
is clearly unacceptable.

The statistical precision of the data points in
Fig. 2 is better than 1%. Therefore, much of the
scatter in the value of (T) at low energies can be
attributed to the fluctuations of the finite number
of resonances in an energy interval. For example,
the Nb levels have (D)'~°=90 eV while In has
(D)!'*°=5 eV. As expected, the In data are much
smoother. The behavior of (T) vs energy is rather
“flat” in general. The [=0 contribution to (T') de-
creases slowly with increasing energy while the
1=1 contribution slowly increases. In the case of
In these opposing effects result in a flat trans-
mission. For the case of Au the s interaction
dominates and the transmission increases with in-
creasing energy. The opposite situation exists for

Nb where the p interaction is very strong.

In this analysis Ry, s,, and Ry are treated as
being energy-independent. The optical model indi-
cates, however, that these parameters are energy-
dependent. However, as discussed above, except
for R;, they have an important influence on the
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FIG. 2. The average transmission vs neutron energy.
The points represent the experimental data and have a
statistical accuracy of better than 1%. The long dashed
curve gives the calculated I =0 average transmission
using the optimum parameters, while the solid curve
represents the calculated average transmission with s-,
?-, and d-wave contributions as described in the text.
For Ag the short dashed curve is an example of an un-
acceptable fit to the data.
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transmission only over limited energy regions and

any inherent energy variation should not be signifi-
cant. As a guide to the possible energy dependence

of Ry the following calculation was performed.
Using Moldauer’s optical potential®* (see below)

0d:° and o ° were calculated at E =1 keV. Equating

these cross sections to the corresponding R-ma-
trix expressions:

0%z ) =7x% |1- T |2, (8a)

(&) =m2(1-|05[?), (8b)
values of Rg and s, were found. oi;° was then
calculated over the energy range 1 to 600 keV

using the optical model and the R-matrix expres-
sions. Any deviation of 0 Jf /oY from unity was

taken as evidence that R; was varying with energy.

In the mass region 75 <A <139 the determination
of S, is unaffected by the slight energy dependence
of R;. However, in other mass regions where S,
and R’ are large and S, is small this can be im-
portant. For example, Au, with S;=1.9Xx 1074,

lies close to the 4S =0 strength-function maximum

and has a large shape elastic cross section (&’
=9.3 fm, see Table II). In addition, the p-wave
strength function appears to be very small. In
this case the small deviation (~4%) of 0§’ /o fM
from unity has a significant effect on the implied
value of S;. For these reasons the quoted uncer-
tainty of the p-wave strength function for Au and,
to a lesser extent, Ho, is larger than implied by
the fitting procedure as described above.

A1 v | 4 | . |

80 100 120 140
A

FIG. 3. The I =0 elastic scattering length R’ vs mass
number A. @ represents results from Ref. 35, A from
Ref. 36, and O results of this experiment. The solid
curve was calculated using Moldauer’s optical potential.
The dashed curve was calculated with the same form of
the potential but with the constants altered to fit the p -
wave data.

RESULTS

The quantities of interest here are R; (and hence
R’) and S,. Values of R’ determined previously®® *°
are plotted in Fig. 3 along with values found here
[determined by the relationship R’=R(1 -~ Ry) men-
tioned previously] for the region 75 <A <139. As
is evident from Fig. 3, the agreement with pre-
vious results is good where there is overlap or
where they otherwise follow the trend indicated
by neighboring values. Figure 4 shows the value
of the p-wave strength function S, determined here
for 75 <A <139. Some previous measurements!!?®=7
of S, are also included in Fig. 4 and were deter-
mined using methods (1) or (3) as described in the
Introduction. It is worth noting that the S, values
determined in this experiment are representative
of the p-wave interaction at ~100 keV. Other S,
values plotted in Fig. 4 (A, O) are representative
of the p-wave interaction below ~15 keV. How-
ever, since the change of S, with energy over a
100-keV interval is expected to be small (and well
within the quoted uncertainties), it is meaningful to

10" I [ 1 | |

40 80 120 160
A .

FIG. 4. The p-wave strength function Sy vs mass num-
ber A. @ represents results from Ref. 11, A from Ref.
36, O from Ref. 37, and O results of this experiment:
The dashed and solid curves were generated as described
for Fig. 3.
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plot these data together.

As can be seen from Fig. 4, the agreement among
the measurements is quite satisfactory. In ad-
dition (see Table II), the value of S,=0.7+0.4x 10™*
obtained for Ho agrees well with that obtained by
Liou et al.” (S,=0.7+0.2x 10-*) for *®Er, a
neighboring nucleus. Furthermore, the value of
$,=1.5+0.4x 10~ found for Th is in good agree-
ment with the Harwell!! result (S,=1.65+0.20
X 107%),

Figure 4 shows a strong peaking of S, near
A =100 and also no indication of any “splitting” of
the maximum as a consequence of the spin-orbit
interaction. The optical-model calculations per-
formed here and elsewhere® indicate that the
p-wave strength function,

1y 1 (It (DT
'3%)“2'3[3'* o) & <_D‘>LL] ’ ®)

is insensitive to the spin-orbit potential even though
(riy*/(Dy* and (T'})7/{D)~ can be very sensitive
(+ and - meaning [ +3, I- 3, respectively). For
example, on the sides of the maximum, A =80,
115, (T2)y*/(D)* and (T';)"/(D)~ can easily differ
by a factor of 2. (In fact, a good place to look for
a difference between the + and - strength functions
is on the sides of the maximum and not at the peak
where their values can be quite similar.) Since the
average transmission measurement is sensitive to.
S,, no effect of the spin-orbit term is observed.
The strength function S, is sensitive to how an
1=1 neutron “sees” the nucleus. In order to test
for any possible difference between /=0 and 7=1
potentials it is necessary to have an optical poten-
tial which gives a good fit to the /=0 data. Of the
efforts in this direction,+3%3% Moldauer’s work
seems best—at least for nuclei where the spherical
potential is applicable. He obtained good fits to the
s-wave strength-function data and R’ for the mass
region 40 <A <140. Moldauer’s form of the poten-
tial and final choice of constants are:

S

V=~ Voglr) = W)+ Vi [—E—} 5114 0,
e r dr

M
(102)
- -1
ar)= [1+exp(7aR>] : (100)
- - 2
P('r)=exp—<£r—§—ﬂ> , (10c)
where
V,=46, R=1.16A45+0.6,
W=14, a=0.62, (10d)
Vo =1, b=0.50,
d=0.50.
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All potential strengths are in MeV and lengths are
in fermis. With d=0.0 the imaginary part of the
potential would peak at the nuclear radius. A value
of d=0.5 causes the absorptive potential to peak
outside the nuclear radius. This is consistent with
theoretical studies*® and was introduced in order to
reproduce the observed minimum of S, at A=100.

Using this potential, R’ and S, were calculated as
a function of A at E=1keV. For example, in order
to calculate S,, oL™ was calculated at 1 keV and
equated to:

T+ RRY 1 (11)
With R=1.4 A fm a value of S, was determined.
The solid curves of Figs. 3 and 4 represent the
results. The agreement between the predicted and
experimental values of S, is poor. The data indi-
cate a stronger peaking of S, (implying a weaker
imaginary potential strength or a more diffuse po-
tential) at a lower mass number. This latter
feature of the data implies that an /=1 neutron
experiences a stronger real potential strength than
an /=0 neutron. If the constants of the potential
are changed slightly, V,~47 and a~0.72, the re-
sult is the dashed curves of Figs. 3 and 4. While
Fig. 4 shows the dashed curve agreeing well with
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FIG. 5. The p-wave total cross section vs mass number
A at the energy E =100 keV. The “data’ points were cal-
culated using the optimum p-wave parameters determined
in this experiment. The dashed and solid curves were
generated as described for Fig. 3.
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the p-wave data, Fig. 3 shows a poor fit to the
1=0 R’ data. The implication is that when the po-
tential is made to fit the p-wave data, the fit to
the I=0 data becomes unacceptable and vice
versa.*’ This suggests that an /=0 and /=1 neu-
tron experience different potentials. The same
conclusions are reached if the p-wave total cross
section is examined at higher energies. Figure 5
shows the total /=1 cross section vs mass number
at £ =100 keV. The “data” points were calculated
using the optimum p-wave parameters determined
in this experiment. The solid and dashed curves
were calculated with the potential parameters as
described above, and again one sees that the po-
tential as determined by the /=0 data does not
give satisfactory fits to the p-wave data.

The p-wave data indicate that an /=1 neutron
experiences a stronger real potential than an =0
neutron. In this connection it is worth noting a
calculation by Lemmer*? of the bound-state prob-
lem using a nonlocal potential in the €ffective mass
approximation. He was led to the usual Schrdding-
er equation, but with an effective mass, and with
additional terms resulting from the nonlocality of
the potential. Some of the additional terms were
a function of the orbital angular momentum of the
nucleoni and for a spherically symmetric potential
a —C?-1 term can easily be identified. This term
results in a stronger potential for nucleons with
higher orbital angular momentum. To the extent
that the real part of the low-energy optical poten-
tial is similar to the potential a bound-state nu-
cleon experiences, these terms might arise also.

|

SUMMARY

Precise average neutron-transmission measure-
ments were performed for 12 elements and R’ and
S, were extracted from the data. The values of
R’ found here agree well with previous values
where there is overlap. The S, values found are
in good agreement with other accurate measure-
ments and are sufficiently precise to give a picture
of the behavior of S, in the mass region A =100.
The optical-model calculations indicate that the
1=0 and I=1 data cannot be fitted simultaneously
using a potential with the same constants. This
implies an orbital angular momentum dependence
of the low-energy optical potential.
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