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Neutron total cross sections of '22W, %W, and '®W were measured from 0.3 to 5.0 MeV
at intervals of <50 keV to accuracies of 1 to 3%. Differential elastic- and inelastic-
scattering cross sections of the same three isotopes were measured from 1.5 to 4.0 MeV at
incident-energy intervals of <200 keV over the angular range 20 to 160 deg, Approximate-
ly thirty scattered-neutron groups were observed for each isotope. Prominent among these
are excitations attributed to rotational and vibrational bands. The experimental results are
interpreted in terms of the statistical and the coupled-channels models with particular at-
tention to the ground-state-rotational and the beta- and gamma-vibrational bands.

NUCLEAR REACTIONS Measured o, (total) of '2W, 184w, 186wy,
0.3—5.0 MeV; measured do/dQQ, (elastic and inelastic) 1.5—4.0 MeV,
20— 160 deg; statistical and coupled-channels model interpretations.

I. INTRODUCTION

Fast-neutron interactions with the even isotopes
of tungsten are of basic and applied interest. Ap-
proximately 85% of the element consists of the iso-
topes '32W, ¥*W, and '®*W. These isotopes lie in a
region of large and changing deformation.! They
offer an unusual opportunity to study the effects of
deformations on the neutron interaction at few
MeV energies. Such interactions are a mixture of
compound-nucleus (CN) and direct-reaction (DR)
processes not easily studied using charged-particle
probes. Neutron excitation of collective rotational
and/or vibrational levels can be large2 and
anomalous excitation of the ground-state-rotational
band (GSRB) in the complimentary region of
changing deformation near 4 =150 has been report-
ed.’ It has been suggested that fast-neutron total
cross sections in this region are sensitive to the
character of the deformation and observations have
been interpreted in terms of quadrupole and hexade-
capole deformations.*® Neutron differential-elastic
scattering is also sensitive to deformation, particu-
larly at large scattering angles,® and direct excita-
tion of the GSRB can be larger than the CN contri-
bution in the several MeV region.’

Elemental tungsten finds application in high-
temperature nuclear-energy systems. The tungsten
isotopes are, in some ways, similar to fission-
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product and actinide nuclei which are of consider-
able applied importance but are very difficult to
study experimentally. Because of this, applied in-
formation is often obtained using theoretical extra-
polation, the validity of which is ultimately based
upon observations such as those presented here.

The experimental methods employed in this work
are outlined in Sec. II. Section III presents the ex-
perimental results and Sec. IV deals with their in-
terpretation. More detailed discussion of this work
is given in Refs. 6 and 8.

II. EXPERIMENTAL METHODS

The measurements employed three cylindrical
metal samples 2 cm in diameter and 2 cm long en-
riched to >95at. % in the primary isotope.” The
physical and chemical details of the samples are
given in Ref. 8.

The neutron total-cross-section measurements
were made using the monoenergetic pulsed-beam fa-
cility at the Argonne Fast Neutron Generator.!°
The "Li(p,n)’Be reaction was used as a neutron
source with the protons incident upon a thin
lithium-metal film. The source dimensions were
confined to a ~3 mm diameter spot. The proton
beam was pulsed at a 2 MHz repetition rate with a
pulse duration of ~1 nsec. The mean neutron
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energy was determined to within =10 keV by con-
trol of the proton-beam energy and verified by the
observation of well-known neutron total-cross-
section resonances in a number of materials (e.g.,
carbon). The neutron source was placed within a 60
cm diameter and 40 cm long cylindrical cavity
within a massive shield. That portion of the cavity
facing the incident-neutron beam was open. The
shield consisted of a tank 2 m in diameter and 2.3
m long filled with a saturated solution of lithium
carbonate. A collimator penetrated the shield tank
at a zero-degree source-reaction angle. The collima-
tor was constructed of solid copper with a 1 cm in
diameter aperture and arranged with the collimator
entrance ~20 cm from the neutron source. The
collimated neutron beam was incident upon the
bases of the cylindrical transmission samples. The
latter were located 2 m from the source and mount-
ed upon a wheel with a radius of 20 cm. The wheel
provided eight sample positions which contained
the three tungsten samples, two voids, and three
carbon reference samples. The latter were 2.5 cm in
diameter and varied in length from 1 to 4 cm. The
wheel was rotated in a stepping motion interchang-
ing samples (or voids) in the neutron beam twenty
or more times a minute. No independent monitor-
ing of source intensity was required as the rapid in-
terchange of the samples averaged possible
neutron-source fluctuations. @A  proton-recoil-
scintillation detector was placed 4 to 7 m from the
samples on the neutron-beam axis. Conventional
time-of-flight techniques were used to determine the
velocity spectrum of the neutrons passing through
the samples and arriving at the detector. The velo-
city spectra were stored in a digital computer in
correlation with the sample (or void) position of the
sample wheel. The neutron velocity resolution was
sufficient to resolve the primary source-reaction
neutron group from the secondary neutron group
and from the time uncorrelated background and to
define the spectral distribution of the neutron beam
to within =100 keV.

The “observed” neutron total cross sections were
calculated from the measured sample transmissions
in the conventional manner.!! Inscattering correc-
tions were estimated, found small, and neglected.
Small dead-time corrections were made using a
reference-clock pulse introduced into the data-
acquisition system. Throughout the tungsten-
sample measurements the neutron total cross sec-
tions of elemental carbon were concurrently deter-
mined with good (better than 2%) agreement with
the values reported in the literature.'?

The neutron-scattering measurements were made

using the time-of-flight technique and the Argonne
ten-angle scattering apparatus.”® The 'Li(p,n ) Be
neutron source was pulsed on for ~ 1 nsec intervals
at a repetition rate of 2 MHz. Incident-neutron en-
ergy spreads varied from ~10 to 50 keV. The
scattering samples were placed ~13 cm from the
source at the focus of the ten flight paths. General-
ly, the flight paths were ~5.4 m long with some
additional measurements made at ~20 m flight
paths. Scattering angles were determined to < 1.0
deg. The ten neutron detectors consisted of
proton-recoil scintillators. An additional time-of-
flight detector monitored the primary-source inten-
sity. The relative energy-dependent responses of the
detectors were determined by the observation of
neutrons emitted at the spontaneous fission of >>2Cf
and/or by the observation of monoenergetic neu-
trons scattered from hydrogen over a range of
scattering angles.!* The absolute normalizations of
the relative responses were determined by scattering
neutrons from hydrogen (CH,) at each measure-
ment energy. These calibration procedures implied
that the tungsten scattering cross sections were
determined relative to the well-known H(n,n) cross
sections.!* Off-line analysis reduced the observed
velocity spectra to cross sections as described in
Ref. 6. All scattering-cross-section results, includ-
ing those associated with the H(n,n) reference
standard, were corrected for angular-resolution,
beam-attenuation, and multiple-event effects using
Monte Carlo and analytical procedures.® The
multiple-scattering corrections employed an explicit
Monte Carlo simulation of the experimental mea-
surements giving consideration to elastic scattering,
up to 20 inelastically-scattered neutron groups, and
to inelastic-neutron evaporation spectra where
relevant. The initial input to the calculations was
taken from the measured neutron total and scatter-
ing cross-section results. Generally, neutrons were
followed through either three or five collisions
within the sample and those emitted from the sam-
ple were sorted into 24 equally-spaced angular bins.
The angular-bin selection was a compromise be-
tween statistical uncertainty and angular resolution
at the extreme minima of the elastic-scattering an-
gular distributions. In such regions both the mea-
surements and the simulations were subject to larger
statistical uncertainties. The Monte Carlo simula-
tion was verified by studies of neutron scattering
from bismuth samples varying in mass by factors of
8. Throughout the scattering measurements fre-
quent determinations of the well-known C(n,n)
cross sections'? were made in order to verify the
performance of the measurement system.
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III. EXPERIMENTAL RESULTS
A. Neutron total cross sections

Measurements were made in three periods with
energy resolutions of ~20 to 50 keV and to statisti-
cal accuracies of 1% to 3%. The results were gen-
erally consistent to within the statistical uncertain-
ties. The observed cross sections were explicitly
relevant to the specific sample thicknesses employed
in the measurements. Poenitz et al.'’ have shown
that self-shielding corrections can significantly dis-
tort broad-resolution heavy-element total cross sec-
tions well into the 100 keV region with observed
values that can be significantly smaller than the
“true” or infinitely-thin-sample results. The self-
shielding correction can be calculated from the sta-
tistical properties of the underlying fluctuating
structure or determined experimentally using a wide
range of transmission-sample thicknesses. The
latter approach was not explicitly possible in the
present case as the integrity of rare samples could
not be destroyed. Therefore the calculational ap-
proach was chosen. The potential cross sections
and average resonance properties were derived from
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FIG. 1. Neutron total cross sections of '*W, !3¢W,
and '8W. The present experimental results are indicated
by data points. Curves denote averages of previously re-
ported experimental results referenced as follows: 4 =10
keV average of Ref. 17, B =100 keV average of Ref. 18,
and C =100 keV average of Ref. 19.

optical-model phase shifts using an optical potential
that described the low-energy behavior of the
energy-averaged total cross sections. Assuming a
single-level Breit-Wigner formulation, average level
spacings from a Fermi gas model, and Wigner and
Porter-Thomas distributions of level spacings and
width fluctuations, respectively; a Monte Carlo
simulation of the resonance cross sections was con-
structed from which the correction factors for the
present experiments were inferred. Details of this
calculational procedure are given in Ref. 15. The
effect of these correction factors was large at low
energies (nearly 20% at 100 keV) and decreased
with increasing energy to a negligible amount at 1.0
MeV.

It was possible to experimentally test the above
correction factors for elemental tungsten. Assum-
ing an “element” consisting of even isotopes (85%
abundant), elemental correction factors were derived
from the above isotopic factors. These elemental
correction factors were applied to observed elemen-
tal total cross sections determined with a wide range
of sample thicknesses at several incident energies.
The resulting corrected elemental cross sections
were constant with sample thickness to within the
< 1% statistical accuracies of the measurements.'®
This elemental test gave confidence to the above
isotopic corrections. Low-energy isotopic total
cross sections previously reported from this labora-
tory'” used the same samples as the present work.
Therefore similar corrections were applied to the
previously determined low-energy values.

The present results, measured at various times,
were combined and averaged over 50 keV intervals
to 2.0 MeV and over 100 keV intervals at higher en-
ergies. The statistical uncertainties of the averaged
values were generally <1%. Systematic uncertain-
ties were small except at low energies where the
self-shielding factors introduced an additional
several percent uncertainty. These averaged results
are illustrated in Fig. 1. Qualitatively, the results
for the three isotopes are similar. Quantitatively,
there are magnitude and energy-dependent-shape
differences beyond the experimental uncertainties.

There apparently are only three sets of previously
reported data that are directly comparable with the
present total-cross-section results. Whalen'” has re-
ported results for all three isotopes from 0.1 to 0.65
MeV. As corrected for self-shielding, they are in
good agreement with the present values as illustrat-
ed in Fig. 1. Martin et al.'® have reported total
cross sections for these isotopes from ~0.7 to 15.0
MeV. The **W and "W results of Ref. 18 are
qualitatively inconsistent with the present values as
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FIG. 2. Neutron time-of-flight spectrum obtained by
scattering 1.8 MeV neutrons from %W at an angle of 115
deg (histogram). The flight path was 5.5 m. The smooth
curve indicates the result of fitting two Gaussian distri-
butions to the measured values corresponding to the
elastic- and inelastic- (observed E,=121 keV) neutron
groups. The time scale is ~0.75 nsec/channel.

shown in Fig. 1. The discrepancies are not simply
attributable to sample-density effects or the above
self-shielding phenomena. Foster and Glasgow'’
have reported results for these isotopes over the en-
ergy range 2.5 to 15.0 MeV. Their values are gen-
erally consistent with those of the present work (see
Fig. 1). The isotopes employed in the present study
make up ~85% of the element. Thus, assuming
the total cross sections of the remaining 15% of the
isotopes are similar, the weighted average of the
present results should agree with the elemental
values. An inspection of reported elemental infor-
mation? indicates that this is true.

B. Elastic neutron scattering

The primary problem in the elastic-scattering
measurements was the resolution of the elastic-
neutron group from the inelastic components corre-
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FIG. 3. Time-of-flight spectra obtained by scattering
neutrons from '3W using instrument settings selected for
the observation of higher-energy excitations. The flight
path was =5 m and the time/channel ~1.5 nsec. In-
cident energies and scattering angles are numerically
given in the respective sections of the figure. Level ener-
gies (in keV) are numerically indicated. Primed quanti-
ties refer to events due to the second group from the
source reaction. Plural scattering is also indicated. The
inelastic groups are emphasized with Gaussian “eye-
guides.”

sponding to the excitation of the ~110 keV level.
Most of the measurements were made with flight
paths of ~5.4 m. At higher energies some mea-
surements were made with ~20 m flight paths in
order to improve the resolution of the elastic-
scattered components and the results were also used
to correct the shorter-flight-path values, measured
at similar energies, for unresolved inelastic-neutron
contributions. A wide variation of instrument
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FIG. 4. Differential-elastic-scattering cross sections of W, %W, and '®W. The present experimental values are not-
ed by data symbols and curves indicate the results of calculation as described in the text.

parameters was employed in the measurements,
selected to emphasize particular aspects of the ob-
servations. Therefore, there is no “representative”
time-of-flight spectrum. A number of illustrative
velocity spectra are given in Ref. 8. Two of these
examples, directed toward very different measure-
ment objectives, are shown in Figs. 2 and 3. They
should not be construed as representative of results
obtained in all aspects of the measurements.
Measurements were made at intervals of <200
keV from 1.5 to 4.0 MeV and generally at >20
scattering angles distributed between 20 and 160
deg. At some energies a large number of differen-
tial cross-section values were obtained (e.g., ~100
at 3.0 MeV) and in these instances the data were
averaged to reduce the angular distributions to be-
tween 20 to 30 differential values. The results of
the measurements are summarized in Fig. 4. The
quality of the angular distributions varies depending
on the particular experimental conditions. General-
ly the statistical accuracies were several percent and
frequently <1%. The detector normalizations were
reproducible to within =~4%. Correction pro-
cedures (e.g., for multiple events) introduced a 1%
to 5% uncertainty except near the extreme minima
of the distributions where the correction uncertain-
ties could be larger. The H(n,n) reference cross
sections were believed known to 1%. In addition,

uncertainties were influenced by the experimental
resolution. In some cases the resolution was very
good and was not a factor in estimating uncertain-
ties. In other instances the resolution was not as sa-
tisfactory and consequently the respective cross-
section uncertainties were larger. The total uncer-
tainties, reflecting the above factors, are given by
the error bars of Fig. 4.

The measured differential-elastic-scattering dis-
tributions were least-square fitted with eight-order
Legendre-polynomial series. The fitting procedures
were constrained to be consistent with “Wick’s lim-
it”?! and to provide a reasonably smooth energy
dependence of the extrapolated 180 deg values.
Some results of these fitting procedures are shown
in Fig. 5 and more are given in Ref. 8. The fitting
also provided the angle-integrated elastic-scattering
cross sections shown in Fig. 6. The latter are be-
lieved known to between 5% and 7% and the re-
sults are generally consistent to well within these
uncertainties.

Comparable previously reported elastic-scattering
results appear limited to the low-energy work of
Lister et al.?? and the 3.4 MeV results of Delaroche
et al.3 The present results reasonably extrapolate to
the lower-energy values of Ref. 22, as illustrated in
Fig. 6, and are similar to the differential-cross-
section values of Ref. 23 as shown in Fig. 5.
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FIG. 5. Illustrative differential-elastic-scattering cross scattering sections of '2W, '*W, and '¥W. The present mea-
sured values are indicated by circular symbols (with numerical energy values), those of Ref. 23 by squares (measured at
3.4 MeV). Curves note results of fitting a Legendre-polynomial series to the present experimental values.

C. Neutron inelastic scattering

The experimental definition of a given inelastic-
neutron group was sensitive to the particular instru-
ment configuration and was optimum over a limited
energy range. Therefore measurements were made
in systematic incident-energy steps so that the in-
elastic identification in regions of optimum defini-
tion could be followed into regions of marginal
resolution. Where at all practicable, artifacts due to
multiple events and the second neutron group from
the source reaction were identified and removed.
An example is given in Fig. 3.

The observed inelastic-neutron excitation energies
were calculated from the measured incident ener-
gies, flight paths, and flight times. A neutron
group was accepted for the determination of excita-
tion energy when reliably observed on at least five
occasions each involving several detectors. The ob-
served excitation energies were defined as the simple
averages of the respective measured values with the
uncertainties expressed as the root- mean square
(rms) deviations from the means. Approximately
30 excitations were so identified in each of the three
isotopes, as summarized in Table I. Many of these
corresponded to energies of >1.5 MeV where the

experimental resolution was not comparable with
the expected detail of the structure. Even at excita-
tion energies of 1.5 MeV many of the observed neu-
tron groups were composites of several components.
Plots of the observed level density versus excitation
energy qualitatively behaved in the expected ex-
ponential manner between 1.5 and 2.0 MeV and
then departed from the exponential form as would
be expected from incomplete experimental resolu-
tion. Thus the majority of the values of Table I
should be considered observables in the context of
the experimental resolutions. However, the results
of Table I are reasonably consistent with previously
reported structure information as illustrated in Fig.
7.

The inelastic-scattering cross sections were de-
rived from the observed velocity spectra in a
manner analogous to that employed for elastic
scattering. The most accurate cross sections were
sought rather than the best possible resolution of
the components. The angle-integrated cross sec-
tions were determined by least-square fitting the
differential values with Legendre-polynomial series
constrained to provide a smooth energy dependence
of the extrapolated 0 and 180 deg cross sections.

At excitations of <0.8 MeV the inelastic scatter-
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FIG. 6. Measured and calculated cross sections of
182w, 134w, and "W. The present experimental values
(and those of Ref. 22) are indicated by data symbols as:
& = total cross section, @ = elastic scattering, B = in-
elastic scattering to the first 2 + level, and @ = inelastic
scattering to the first 4 + level. Curve “B” is an eye-
guide constructed through the present measured total
cross sections and those of Ref. 17. Curves “4” (or un-
marked) result from calculations using the base model of
the text and curves “C” result from modified CN calcu-
lations as described in text.

ing was dominated by contributions from the
GSRB. Scattered-neutron anisotropy associated
with the first two GSRB levels (2 + and 4 + ) rap-
idly increased with energy as shown in Figs. 8 and
9. The corresponding angle-integrated cross section
values are shown in Fig. 6. Qualitatively, the cross
sections of these isotopes are similar but there are
detailed differences in both shape and magnitude.
Above excitation energies of ~0.8 MeV the
scattered-neutron angular distributions were essen-
tially isotropic but small anisotropies were observed
for excitations corresponding to 0 + levels and to
beta- and gamma-vibrational bands as discussed
below. Some of the resulting angle-integrated
inelastic-scattering cross sections are illustrated in

Fig. 10 and more comprehensive illustrations, corre-
sponding to the levels of Table I, are given in Ref.
8.

Uncertainties associated with the above differen-
tial and angle-integrated cross sections varied from
5% in the best cases to as much as 30% to 50% in
marginally observed cases. The origin of these un-
certainties was similar to that outlined above in the
context of elastic scattering with greater emphasis
on subjective judgment. The uncertainty estimates
are supported by the reproducibility of results ob-
tained over an extended period of time. In addition,
the sum of elastic- and inelastic-scattering com-
ponents is generally consistent with the observed to-
tal cross section as discussed in Ref. 8.

Apparently only two previous measurements of
inelastic-scattering cross sections comparable with
the present results have been reported. The lower-
energy results of Lister et al.?? reasonably extrapo-
late to those of the present work as illustrated in
Fig. 6. Delaroche et al.?® have reported cross sec-
tions for the excitation of the GSRB at an incident
energy of 3.4 MeV. The latter are generally con-
sistent with the results of the present work as illus-
trated in Ref. 8.

IV. PHYSICAL INTERPRETATION
AND COMMENT

The interpretation was based upon the coupled-
channels model.?* Neutron cross sections were cal-
culated using the computational code JUSTSO, aug-
mented by the spherical optical-model code
ABAREX.?” JUSTSO determines transmission coeffi-
cients from the deformed potential and calculates
the compound nucleus (CN) contributions using the
Hauser-Feshbach  formula?® with the width-
fluctuation and correlation corrections. The latter
corrections were based upon the formalism of Mol-
dauer?” which considers the enhancement of elastic-
and inelastic-neutron processes in the coupled chan-
nels. The calculations explicitly considered the in-
elastic excitation of levels to ~1.5 MeV using the
energies, spins, and parities of Ref. 1. CN competi-
tion due to higher-energy levels was approximated
using the statistical level parameters of Gilbert and
Cameron.?®

The potential of Delaroche et al,?* defined in
Table II, was used as the “base” model with cou-
pling of the first three levels of the GSRB (0 +,
2+, and 4 +). That potential was generally suit-
able for the present interpretations and was support-
ed by extensive parameter studies by one of the au-
thors (P.T.G.) reported elsewhere.%® The calculated
results were compared with the present experimen-



GUENTHER, SMITH, AND WHALEN 26

2440
TABLE 1. Observed excitation energies.
Energies for '32w?2
Number E, (keV) Number E, (keV)
1 102 +8 19 2059 +25
2 326 +15 20 2121
3 671 +14 21 2185
4 1138 +16 22 2247
5 1229 +12 23 2299
6 1281 +22 24 2382 +28
7 1309 +18 25 2468 +15
8 1357 +21 26 2543 +22
9 1428 +38 27 2615 +15
10 1492 +15 28 2690
11 1539 +16 29 2768
12 1618 +24 30 (2819)
13 (1678) 31 (2867)
14 1745 +23 32 (2932)
15 1792 +20 33 (2979)
16 1858 +20 34 (3022)
17 1914 +20 35 (3062)
18 1988 +21
Energies for 34w
1 111 £10 16 1911 +25
2 365 +20 17 2008 +30
3 737 +32 18 2105 +37
4 905 +24 19 2155 +34
5 1000 +24 20 2240 +25
6 1125 +17 21 2324 +24
7 1237 +31 22 2440
8 1323 +43 23 2520
9 1376 +23 24 2580
10 1435 +17 25 2638
11 1528 +12 26 2663
12 1613 +18 27 2735
13 1667 +13 28 (2811)
14 1725 +29 29 (2866)
15 1787 +32 30 (2918)
Energies for '3¢W
1 121 7 19 2004 +15
2 399 +10 20 2073 +12
3 742 +7 21 2118 +12
4 858 +18 2 2177 +13
5 950 +21 23 2241 +26
6 1028 +32 24 2347 +18
7 1182 +26 25 2406 +12
8 1296 +31 26 2462
9 (1397 +£35) 27 2552
10 1449 +24 28 2643
11 1515 +35 29 (2713)
12 1589 +19 30 (2768)
13 1656 +21 31 (2820)
14 (1685 +10) 32 (2868)
15 1728 +25 33 (2933)
16 1805 +15 34 (2979)
17 1893 +29 35 (3023)
18 1942 +35 36 (3063)

#Uncertainties are rms deviations from the simple mean deter-
mined from at least five measurements. No uncertainty is given
if less than five observations were available. Parentheses indicate
tentative assignments of observed quantities often due to the exci-

tation of several levels.

tal values and with lower-energy results!”?? previ-

ously reported from this laboratory. The neutron
total cross sections received first attention as they
were accurately measured and unambiguously cal-
culable. Next, angle-integrated cross sections asso-
ciated with the GSRB were considered. These were
reasonably well defined by the measurements and
easily calculable at low energies where the CN pro-
cess dominates and at high energies where the cross
sections are largely due to DR processes. Differen-
tial cross sections associated with the GSRB were
given less attention as they were often small and
consequently the associated uncertainties were rela-
tively large. Cross sections for the excitation of lev-
els above the GSRB were calculated using the
coupled-channels model to excitations of =~1.2
MeV and with an equivalent spherical model at
higher energies. No attention was given to low-
energy strength functions as they were experimen-
tally uncertain and there remain questions as to
their interpretation.?’

The measured neutron total cross sections are
compared with those calculated from the base
model in Fig. 6. For '®*W and W the agreement
is good but for '¥2W the calculated values are signi-
ficantly larger than the measured results below
~1.0 MeV. The latter were sensitive to the above
self-shielding corrections but above ~0.4 MeV this
effect was very small. Measured and calculated
angle-integrated cross sections associated with the
GSRB are also compared in Fig. 6. The base model
gives a good account of the observed elastic-
scattering cross sections. The calculated excitations
of the GSRB 2 + (E, ~0.11 MeV) levels are slight-
ly larger than the observed values at <1.0 MeV; at
high energies (e.g., >3.0 MeV), where the DR pro-
cesses dominate, the agreement is reasonably good.
In the intermediate-energy region there are differ-
ences between measured and calculated results that
decrease with increasing target mass. Measured and
calculated cross sections for the excitation of the
GSRB 4 + (E,~0.37 MeV) levels are in reason-
able agreement over the range of appreciable cross-
section magnitudes (see Fig. 6). There is no
anomalous behavior of the 4 4 level excitations as,
for example, reported for the samarium isotopes.®
The calculated excitations of the GSRB 6 + levels
(e.g., the 671 keV level in '**W, shown in Fig. 11)
are notably smaller than the measured values by
amounts not reasonably attributable to direct excita-
tions. These differences may well be of an experi-
mental origin as the respective cross sections are
very small and difficult to measure with reliability.

The measured differential-elastic-scattering cross
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FIG. 8. Comparison of measured and calculated neutron-differential-scattering cross sections for the excitation of the
first 2 + states of "W, %W, and '®W. The experimental results are indicated by data symbols and those obtained via
calculation by curves.
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TABLE II. Base tungsten potential parameters taken
from Ref. 23, where all radii are defined as R=R,4 '/,
the real potential has the Saxon form, the imaginary po-
tential is the surface-derivative of the Saxon form, the
spin-orbit strength is taken to be 6.0 MeV and of the
Thomas form, quadrupole deformations are 0.223 (182),
0.209 (184), and 0.203 (186), and hexadecapole deforma-
tions are —0.054 (182), —0.056 (184), and —0.057 (186).

Real potential

V=49.90—16 ILV_—_Z _0.25E MeV

Ro=1.26 F

A=0.63 F
Imaginary potential

W =4.93—38 1%5 ]+1.3E’/2 MeV

Ro=1.28 F

A4=0.47 F

sections are compared with those calculated from -

the base model in Fig. 4. The agreement is general-
ly good but there are differences, notably near the
minima of the distributions where the experimental
values may be somewhat distorted by approxima-
tions used in the multiple-event corrections.'®
Comparisons of measured and calculated differen-
tial cross sections for the excitations of the GSRB
2+ and 4 + levels are shown in Figs. 8 and 9.
The shapes of measured and calculated results are
reasonably consistent though there are magnitude
differences, particularly in the mid-energy range, as
noted above.
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The results of calculations of the inelastic-
excitation cross sections of levels from the GSRB to
excitations of ~1.5 MeV are shown in Fig. 11.
Higher-energy excitations were not explicitly calcu-
lated as the requisite level information remains
fragmentary. The agreement with the experimental
values is best for %W but there is a general tenden-
cy for the calculated results to be smaller than the
measured values. This was particularly so for '32W
where the calculations are most sensitive to the sta-
tistical level properties governing channel competi-
tion. These differences suggest that the level densi-
ties implied by the parameters of Ref. 28 are too
large in this mass-energy region. The agreement be-
tween calculation and experiment could have been
improved by the adjustment of the statistical level
parameters but that is a pragmatic procedure that
was not pursued.

Level ambiguities hampered the above calcula-
tions as illustrated by the 1182 + 26 keV level in
18W. This level was observed a number of times
with reasonable reliability. The reported 1150 keV
level' is at a nearby energy but cross sections calcu-
lated assuming its reported O -+ character were a
factor of 2 smaller than the measured values (see
Fig. 11). Inclusion of the expected 4— member of
the octupole-vibrational band did not appreciably
improve the situation. However, the assumption of
a 2+ level led to results consistent with observa-
tion. Recent interacting-boson-model calculations
suggest a 2 + level at 1156 keV with small B(E2)
coefficients for y-ray transitions to the 0+ and
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FIG. 11. Comparison of measured and calculated inelastic excitation cross sections of '*W, W, and '**W. The data
points represent the present measured values corresponding to the observed excitation energies noted in keV on the sec-
tions of the figure. Curves indicate the results of calculations as described in the text. The requisite J 7 values were expli-

citly taken from Ref. 1.
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2 + members of the GSRB.3® Results of prelimi-
nary (n;n’,y) measurements by one of the authors
(P.T.G.) show strong y-ray transitions from a 1153
+ 2 keV level to the 2 + member of the GSRB
with no companion transitions to the 0 + ground
state. These observations favor the reported 0 +
assignment. No other y-ray transitions consistent
with a 2+ level at =~1180 keV were observed.
Thus, in this example, a dichotomy remains and it
is representative of other level uncertainties.

The discrepancy between measured and calculat-
ed low-energy total cross sections of '2W (cited
above) was troubling and causes were sought.
Prominent among these were quadrupole and hexa-
decapole deformations. Elastic-scattering distribu-
tions were sensitive to 3, and appreciable variations
in this parameter were not attractive.® However, if
B, was reduced from the 0.223 of Table II to
~0.205 (e.g., to a value approximately equivalent to
that of the other isotopes) the description of the
measured low-energy total cross sections of '3?W
was improved and, concurrently, there was a mod-
est improvement in the descriptions of the excita-
tion of the GSRB 2 + level and of the large-angle
elastic-scattering cross sections.*® The smaller B,
was not consistent with other experimental evi-
dence' or with the assumption that these isotopes lie
in a transitional region from deformation to spheri-
city. Perhaps a smaller 3, reflects some other as-
pect of collective deformation, such as variations in
coupling schemes or higher-order deformation, not
addressed in the present calculations.

The above CN calculations employed the correc-
tion factors of Moldauer?” which assume a channel
degree of freedom (v) of =~ 1.8 resulting in elastic-
enhancement factors of ~2.1. The correction fac-
tors are sensitive to resonance pole-residue ampli-
tudes and to pole spacings. Alternate choices of v
can effect the calculated results. The calculations
were repeated assuming v=1.0 with results illus-
trated by the “C” curves of Fig. 6. The calculated
elastic scattering remained reasonably consistent
with observation. The calculated excitation of the
GSRB 2 + level was reduced, relative to that ob-
tained with v=1.8, by 5 to 10% with results in
better agreement with experiment. The effect of
other choices of v are discussed in Ref. 6. These
comparisons indicate that the ability to quantita-
tively calculate CN cross sections is considerably
predicated upon the pragmatic adjustment of
correction factors to achieve agreement with ob-
served values.

The direct excitation of levels beyond the GSRB
was examined assuming the model parameters of

Table II, the separability of DR and CN processes,
and the above GSRB coupling scheme. These as-
sumptions were reasonable for qualitative investiga-
tion but it is emphasized that coupling schemes do
influence the selection of model parameters. The
most promising isotope for examination was '#*W
where the y-vibrational-band (GVB) head is at low
energies (i.e., the 2 + level at 738 keV,! observed at
742 keV). The above CN calculations generally un-
derestimate the excitation of this level (see Fig. 11).
This suggests the presence of an additional DR
component and this is supported by the neutron an-
gular distributions observed at higher energies (see
Fig. 12) which are asymmetric about 90 deg, in con-
trast with those associated with neighboring lev-
els.%® The latter are the octupole-vibrational-band
head at 950 keV and the observed composite level at
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FIG. 12. Angular distributions of neutrons scattered
after the excitation of the y-vibrational-band head at 742
keV in W, Incident neutron energies are 1.8, 2.5, and
3.0 MeV. Present experimental values are indicated by
circular symbols. Curves denote: C= CN component,
A= DR component from coupling scheme (A) of the
text, B= DR component from scheme (B) of the text,
and C+4 and C+B = the respective sums of DR and
CN contributions.
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858 keV consisting of the second member of the
GVB (3 4+ ) and the B-vibrational-band (BVB) head
(0 +). Two alternate coupling schemes were as-
sumed; coupling scheme (A) GSRB 0+, 2+,
4+) and GVB (24, 3+), and coupling scheme
(B)GSRB(0+,2+,4+),GVB(2+,3+), and
BVB (0 +). The spins and parities of the respective
coupled levels are parenthetically indicated. The
coupling-strength parameter,’! 7gyp, was treated as
an empirical parameter and ngyg [in scheme (B)]
was assumed equal to 0.1. ngyp was determined by
least-squares adjusting the amplitudes of the DR
and CN contributions to the observed (738 keV) an-
gular distributions at a number of energies between
1.8 and 3.0 MeV in order to optimize the agreement
with the experimental results. The DR component
magnitude was largely determined by mgyp and
thus the fitting procedure implied ngyg values. CN
magnitudes were essentially governed by channel
competition, the shape remaining approximately
constant. Thus the fitting procedures minimize
channel-competition uncertainties mainly attribut-
able to uncertainties in statistical level parameters.
Coupling scheme (B) resulted in 1gyg=0. 15, essen-
tially constant (~+10%) with energy. The 7ngyp
obtained with coupling scheme (A) was strongly en-
ergy dependent, decreasing from ~0.13 at 1.8 MeV
to ~0.07 at 3.0 MeV. The resulting ngyg Was em-
ployed to calculate the composite DR and CN cross
sections at a number of energies using JUSTSO with
the adjusted CN contributions. Illustrative compar-
isons of the calculated and experimental values are
shown in Fig. 12. At 1.8 MeV the results obtained
with the two coupling schemes are similar to each
other and to the experimental results. At 2.5 MeV
coupling scheme (B) gives a somewhat better
description of the experimental results. At 3.0 MeV
the results obtained with coupling scheme (B)
remain consistent with experiment while those ob-
tained with coupling scheme (A) diverge from the
data. These comparisons and the constancy of
Ncve With energy support the validity of coupling
scheme (B). Moreover, scheme (B) results in a
somewhat better description of the neutron angular
distributions associated with the 858 keV level
which are partly due to the second (3 + ) member of
the GVB. The above suggests that coupling
schemes should be extended beyond the GSRB, in
particular including both - and y-vibrational
bands. Doing so will influence the choice of under-
lying model parameters. However, rigorous treat-
ments of such complex coupling schemes require
experimental accuracies beyond those thus far
achieved.

V. SUMMARY REMARKS

Results of the present experiments, together with
those previously reported from this laboratory,!” de-
fine the neutron total cross sections of '82W, 184w,
and W from 0.1 to 5.0 MeV. These results
resolve previous experimental discrepancies and
highlight the importance of resonance self-shielding
effects at low energies.

The present measurements, and those of Ref. 22,
provide a quantitative determination of the neutron
differential-scattering cross sections of these three
isotopes from ~0.3 to 4.0 MeV. Approximately 30
scattered-neutron components were observed for
each isotope. Prominent among these were those
associated with the GSRB. The observed
scattered-neutron groups were qualitatively con-
sistent with reported level structure' but quantita-
tive level uncertainties persist, particularly for '3W,

Results of coupled-channels calculations employ-
ing the model and coupling scheme of Delaroche et
al® were generally consistent with the observed
neutron total and scattering cross sections. Howev-
er, detailed discrepancies between measured and cal-
culated neutron total cross sections of #2W suggest
smaller quadrupole or alternate deformations
and/or additional channel coupling as discussed by
Delaroche.®? At low energies the contribution of
CN scattering was large and not unambiguously
calculable from basic concepts. At higher energies
uncertainties associated with statistical level param-
eters®® were a concern. Comparisons of measured
and calculated cross sections for the excitation of
the B- and y-vibrational bands of '®*W suggested
that the direct excitation of these bands makes a
significant contribution to the neutron inelastic-
scattering processes. Such vibrational coupling will
influence the choice of general model parameters.

Some of the above physical questions might be
elucidated by additional measurements. Studies of
the (n;n,’y) process have the potential for resolving
level ambiguities, particularly in '3W. Precise
studies of the (n,n’) process as related to the excita-
tion of B- and y-vibrational bands, particularly in
186w, could make possible rigorous investigation of
vibrational couplings and their impact on the selec-
tion of general model parameters.
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