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Differential cross sections-for neutron scattering from the '®>'818418W jsotopes have been measured at an
incident energy of 3.4 MeV. Angular distributions have been obtained for elastic scattering and inelastic
scattering to the first and second excited levels of the four isotopes. Nuclear deformations have been extracted
for these nuclei from a coherent analysis which combines the data presented here with low energy neutron
scattering properties and total cross sections over a wide energy range. The coupled-channel and compound
nucleus formalisms were used in this analysis. Volume integrals and root mean square radii of the obtained
neutron optical model potential are presented and compared to the theoretical predictions of Jeukenne, Lejeune,
and Mahaux. In addition, the quadrupole and hexadecapole moments of our potential are compared to the
potential moments deduced from deuteron and alpha-particle scattering measurements and to experimental
charge distribution moments. Finally, matter rms radii have been estimated for the four isotopes and are
compared with new Hartree-Fock-Bogolyubov calculations involving Gogny’s D1 effective force.

NUCLEAR REACTIONS 818,184,186y (1), (n,n’), E,=3.40 MeV; measured

a(E,, 6), 6=20-160°. Coupled-channel and statistical model calculations. De-

duced optical potential parameters, deformation parameters, potential mo-
ments, volume integrals, and rms radii. Estimated rms matter radii.

I. INTRODUCTION

Most of the experimental information about nu-
clear shapes presently available has been obtained
from measurements of Coulomb excitation and
electron inelastic scattering. Such measurements
give some information on the charge distribution
in nuclei. On the other hand, there have been
scattering measurements involving light charged
particles (protons, deuterons,. .. ) and heavy
ions with incident energies well above the Cou-
lomb barrier in order to make negligible the Cou-
lomb interaction effects. The purpose of these
measurements is to determine the mass distribu-
tion in nuclei.

Analyses of neutron interactions with nuclei
may be an alternative way of nuclear shape inves-
tigation because, unlike charged particles, neu-
trons interact only through the nuclear field. Such
studies are now possible since high energy resolu-
tion spectrometers, which yield reliable mea-
surements'? of inelastic scattering, are available
in several laboratories. In their pioneering work
Glasgow and Foster® demonstrated in an indirect
way the influence of nuclear deformations on the
total cross section (or) for permanently deformed
nuclei, and Marshak et al.* evidenced the effects
of nuclear deformations on oy measured with ori-
ented and nonoriented '%*Ho samples. In another
work, Palla® showed for the first time that nu-
clear deformation effects on neutron differential
cross sections calculated for 2*Th and ***U are
important. More recently a joint analysis®" of

the differences in total cross sections, and elastic
and inelastic scattering for the 148,150,152, 154g 1y
isotopes confirmed these effects and illustrated
nicely for these nuclei the evolution from a spheri-
cal shape (**Sm) to a permanent deformed shape
(**sm).

The present work is devoted to the investigation
of the nuclear structure of the '82+183:184:186y j5,_
topes. It is part of a systematic study performed
at Bruyeres-le-Chitel on nuclei in and near the
rare-earth region. The W isotopes are at the ro-
tational edge of the A =190-200 transitional re-
gion, where even and odd nuclei have shapes
changing gradually from prolate at the low-A end
to oblate at the high-A end. In addition, it has
been shown from phenomenological approaches®®
and Hartree-Fock-Bogolyubov (HFB) calculations'®
that the hexadecapole deformation parameters 8,
of the even W isotopes have large negative values.
The level schemes (ground state and next K# 0
bands) of the tungsten isotopes are shown in Fig.

1 to illustrate the deformed character of these
nuclei. We have performed elastic and inelastic
scattering measurements at an incident neutron
energy of 3.4 MeV. The choice for this energy
relies upon Lagrange’s calculations' which evi-
denced that around this kinetic energy there is a
large sensitivity of the '®W total cross section to
variations of the quadrupole deformation paramet-
er B;. The experimental apparatus used for the
measurements, and the data reduction are de-
scribed in Sec. II. In Sec. III we present the
analysis of the measurements and the method
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FIG. 1. Simplified level schemes of tungsten isotopes
at low excitation energies. Ground states bands (K =0)
and y-vibrational bands (K =2) for the even-A isotopes.
K=% and K=2 bands for 18w,

used to determine the parameters of the deformed
optical potential (DOP). The results of our coupled-
channel and statistical model calculations are
given and discussed in Sec. IV. The DOP is then
adapted for proton scattering in order to check
our deformation parameters at 16 MeV incident
energy for which elastic and inelastic scattering
angular distributions have been measured'? for the
even W isotopes. Our study is completed by de-
termining volume integrals and root mean square
(rms) radii of the real and imaginary parts of the
potential, quadrupole and hexadecapole potential
moments, and rms matter radii. These average
parameters are presented and discussed in Sec. V
and they are compared with some corresponding
deuteron and alpha particle experimental results
and with theoretical predictions of the Jeukenne,
Lejeune, and Mahaux (JLM) model'*** and HFB
calculations.'

II. EXPERIMENTAL METHODS AND RESULTS

The differential cross section measurements
were performed using the four detector neutron

Bruyeres-le-Chitel tandem accelerator labora-
tory.15

The incident 3.40 MeV neutrons were produced
by the TLi( b, no)"Be reaction using a thin target.
The EN tandem Van de Graaff accelerator pro-
vided a proton beam of 5.07 MeV, pulsed at a
repetition rate of 2.5 MHz and bunched into bursts
with a time dispersion of 1 ns full width at half
maximum (FWHM). By using a post-pulsing sys-
tem, burst widths as short as 0.7 ns were achiev-
ed, as checked by time-of-flight measurement of
the prompt ¥ rays from proton induced reactions
in the target. The average current was typically
2 pA. The target consisted of 99.8% enriched
"Li evaporated on a 2-cm-diam, 1-mm-thick tan-
talum disc. The energy spread of the incident
neutrons, due to the thickness of the target, was
about 25 keV for the even-A W measurements and
around 10 keV for the W ones. The energy dif-
ference between neutrons from the "Li( b, n)'Be
reaction which leave "Be in its ground state and
in its first excited state (431 keV) was large
enough to enable scattering measurements for the
ground state and the two first excited states of
each nucleus (see Fig. 1).

The primary neutrons bombarded cylindrical
samples located at 0° with respect to the proton
beam axis and at 10.3 cm from the target. The
separated isotope tungsten samples, on loan from
the USSR (Technabexport), were in the form of
metallic powders. Each of them was placed in a
polyethylene container 2 cm diam X5 cm high.
The four samples had the same number of atoms
(0.215 mole). The dimensions, masses, and en-
richments are presented in Table 1.

The scattered neutrons were detected by an ar-
ray of four recoil proton detectors placed at 20°
intervals. Each detector consisted of a 10 cm
diam X2.5 cm thick NE-213 liquid scintillator op-
tically coupled to an XP-1040 photomultiplier tube.
Each detector was housed in a massive shield of
paraffin loaded with lithium carbonate and borax.
Four 1-m-long shadow bars made of polyethylene
and lead intercepted neutrons from the source in

time-of-flight facility of the Centre d’Etudes de

the detector direction.

TABLE I. Characteristics of the tungsten samples.

Main isotope Sample
(At.wt) Isotopic composition (%) Height Diameter Mass
A 180 182 183 184 186 (cm) (cm) (g8)
182 <0.05 91.4+0.2 5.48 2.28 0.84 3.6 1.5 39.05
183 <0.03 5.12 75.0x0.4 17.76 2.12 2.9 1.5 39.26
184 <0.03 0.85 1.39 94.9+0.1 2.86 3.6 1.5 39.48
186 «0.01 0.04 0.04 0.13 99.79+0.03 3.4 1.5 39.91

In order to avoid illumina-
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tion of the bar tips a separate lead block was plac-
ed near the neutron source; the size and dimen-
sions of this block depended on the location of the
four-detector array. Intermediate 1.5- and 0.5-
m-long collimators of paraffin loaded with lithium
carbonate and borax were placed between the de-
tector shielding and the shadow bars; they greatly
reduced time-independent background in the scat-
tered neutron spectra. The flight path from the
sample to each detector was 8 m for the even-A W
measurements and 10 m for the '®W measure-
ments, and the total energy resolution of the spec-
trometer was <50 and <28 keV, respectively. A
time-of-flight spectrum for the 186y sample is
shown in Fig. 2 to illustrate the experimental
resolution and the good separation of the scattered
neutron peaks.

Data were collected using a standard electronic
setup. Pulse shape discrimination was employed
to reject most of the ¥ rays detected in the scintil-
lators. A two-parameter data acquisition system
recorded the time-of-flight and the recoil proton
pulse height for each detected event. The detector
pulse-height threshold has been adjusted in off-
line data analysis to minimize the statistical un-
certainties in the yields extracted from the time-
of-flight spectra.

The primary neutron flux was monitored by
using an auxiliary neutron detector in the time-of-
flight mode, and also by counting with a Ge(Li)
diode the 431- and 478-keV 7Y rays produced by
proton induced reactions in "Li. The ¥ ray and
neutron monitor indications were consistent with
each other within 1% throughout the course of the
measurements. The energy dependence of the
detector efficiency was determined by comparing
measurements of the neutron yields from the
"Li(p, n)"Be reaction for the ground and first ex-
cited states of "Be, with the known cross sections

186 s 0*

150 | Wi(n,n')
9 En =3,4 MeV
o 8, =90°
> 100
w
>
2 50
-
w
4

0

60 360 320 300 280
TIME OF FLIGHT (ns)

FIG. 2. Time-of-flight spectrum of 3.40 MeV neutrons
scattered at 90° by %W, The flight path is 8 m. The
spectrometer time resolution is ~2.3 ns corresponding
to an energy resolution of ~50 keV. Heavy lines on this
figure are standard line shapes fitted to the peaks.

for that reaction.’® The absolute efficiency was
not needed since we removed the sample and
brought the detector to 0° with respect to the
proton beam axis in order to measure the incident
neutron flux. Hence, the incident and scattered
neutron fluxes were measured with the same de-
tector.

Measurements were made at 19 angles for each
sample over the angular range 20° to 160°. In
addition, runs with empty containers were taken
in order to substract the polyethylene contribu-
tion to the scattering spectra. After background
subtraction was achieved for each scattered neu-
tron spectrum, yields were obtained for isolated
peaks both by direct summation of counts and also
by fitting standard line shapes to the peaks. For
peaks too close to each other, yields were extrac-
ted by line-shape fitting procedures only. The
net yields were corrected for the anisotropy of the
incident neutron beam and the finite size of the
sample. These latter corrections included those
for neutron flux attenuation by the sample, multi-
ple scattering, and geometrical effects; the cor-
rections were made using the analytical method
described by Kinney.17 Since the incident and scat-
tered neutron fluxes were measured with the same
detector, normalization uncertainties were small.
Uncertainties in the measurements arose from
counting statistics and background subtraction,
monitor counting dispersion, detector efficiency,
and sample corrections. These contributions,
listed in Table II, were added quadratically to
give the experimental uncertainties.

The elastic scattering cross sections, measured
at E, =3.40 MeV neutron incident energy, for the
even-A isotopes '8 '#®8W are plotted in Fig. 3;
the curves are the results of theoretical calcula-
tions to be described below. The essential fea-
tures are directly evident from the data. One
notes that for these deformed nuclei the elastic
scattering angular distributions are almost iden-
tical for the three isotopes, with barely discerni-
ble differences at angles beyond the forward peak.
That these nuclei have very similar scattering
properties is also reflected in the inelastic scat-
tering cross sections to the first excited 2" state
(Fig. 4) and 4" state (Fig. 5). However, the slight
differences in the angle-integrated inelastic scat-

TABLE II. Uncertainty estimates for cross section
measurements.

Counting statistics in the peak and

background subtraction 2-35%
Dispersion of monitor indications <1%
Detector efficiency 2—4%
Sample corrections 1-3%
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FIG. 3. Comparison at 3.40 MeV incident neutron en-
ergy of measured and calculated elastic scattering angu-
lar distributions for 182:18186y Compound elastic scat-
tering components are included in the calculations.

tering cross sections seem to result from the

changing deformation from one isotope to the other.

For the odd nucleus W the data for elastic scat-
tering (7)) and inelastic scattering to the first 3"
and 3~ excited states are presented in Fig. 6.

III. DATA ANALYSIS

The interaction mechanism of 3.4-MeV neutrons
with the W isotopes involves both direct interac-
tion (DI) and compound nucleus (CN) processes,
the mixture of which will be discussed below. To
which extent the tungsten isotopes may be assumed
to be rotational nuclei is reflected in Fig. 1 which
shows the low energy part of the level schemes
for 182:183:184:180y  The gequences of low-lying
energy levels'® in the even isotopes exhibit two
rotational bands built respectively on the ground
state (I"=0", K=0) and the second 2" excited state
(I"=2",K=2). One may notice that the level
spacing in the ground state band increases with A.
This trend indicates a regular decrease of the
moments of inertia and the related nuclear defor-
mations from A=182 to A=186. The K=0 and
K =2 bands, moderately well separated for 1"ZW,
become mixed for '®W. These last properties

which are the signature of nonaxial components in
the deformations were carefully studied by Kumar
and Baranger.!® Kerman,?® Rowe,’* and Brock-
meier et al.? have analyzed in detail the low-lying
level properties of 18w, From these works, it
seems clear that Coriolis forces mix the K=3
and K = $ bands in "W, As the band mixing gen-
erally increases with the energy of the excited
states, a test might be performed by comparing
coupled-channel calculations involving K-mixed
wave functions to measured cross sections for in-
elastically scattered neutrons from high-lying
excited states. In the absence of such desirable
data this comparison is not possible. Consequent-
ly, the only way in which our measurements can
be analyzed is to assume for the tungsten isotopes
a symmetric rotational model. This model is
crude but offers the advantage of making easier
the entire analysis of the neutron scattering data
studied in the present work. Thus, the W iso-
topes are assumed similar in nature, the remain-
ing differences being to a first approximation the
deformation parameters which vary for the even
isotopes in the way suggested by Gotz et al.® and
Moller et al.?

103 r -y 2
INELASTIC SCATTERING ]

02| En=3.40 MeV
" .

1024

do/dQ (mb/sr)

10

1 1 1 e 1.

0 [35) 80 135 180
8(deg)

FIG. 4. Differential cross sections for 3.40 MeV neu-
trons scattered from the 2* excited states of the even W.
The curves are calculations including both direct inter-
action and compound nucleus contributions as described
in the text.
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FIG. 5. Differential cross sections for 3.40 MeV neu-
trons scattered from the 4* excited states of the even W.
The curves are calculations including both direct inter-
action and compound nucleus contributions as described
in the text.

A. Methods of analysis

For our analysis we follow the method described
in Refs. 7 and 23. However, the set of data in-
volved presently is less extensive and includes
some measurements whose accuracy may be ques-
tionable as discussed below. The lack of recent
data especially in the low energy region (i.e., E,
<300 keV) does increase the uncertainties on the
model parameters due to the method of analysis.
In the coupled-channel calculations, a unique,
complex, and deformed potential was used. In
addition to the systematic variations (i.e., A de-~
pendence of potential radii), the potential has been
varied from one isotope to the other through the
deformation parameters 8, and 84 and the asym-
metry term € =(N - Z)/A. The isotopic dependent
term has been assumed to be complex. The neu-
tron data included in the analysis were (i) poten-
tial scattering radii R’ (Ref. 24) and s- and p-wave
strength functions Sy and S; (Refs. 24-27) deter-
mined at very low incident energy, (ii) total cross
sections op measured by Whalen ef al.,2® Martin,?®
and Glasgow et al.,® and (iii) the present differen-
tial scattering cross sections at 3.40 MeV. This
so-called SPRT method®® (S and P for s- and p-
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FIG. 6. Neutron elastic and inelastic scattering angu-
lar distributions at 3.40 MeV incident energy for 183y,
The full lines correspond to the following values of de-
formation parameters: B,=0.220, 84=-0.075. The
dashed lines are for g, =0.245, B4 =-0.054.

wave strength functions, R for potential scattering
radius, and T for total cross section) was em-
ployed to obtain a reliable set of optical potential
parameters within a large energy range. The pa-
rameters were constrained to fit S;, S;, R’, and
the energy variation of o, with particular attention
to the energy range below 1 MeV. The parameters
were then slightly varied in order to optimize the
fits to the differential scattering cross sections of
the present work. As noted above, the compound
nucleus (CN) effects are not negligible at 3.40 MeV
incident energy; they were taken into account in the
fitting procedure of differential scattering cross
sections. The estimate of the CN cross sections
was obtained from statistical model calculations
by using transmission coefficients deduced from
the coupled-channel calculations performed at

the almost final stage of analysis. The differential
scattering cross section calculations were then
completed when a good fit to the data was obtained.
The final results are shown in Figs. 3, 4, and 5.

B. Optical and statistical model calculations

At incident energies (E,) below 10 MeV, where
the volume absorption effects on cross sections
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are generally believed® to be negligible, the neu-
tron potential has the following form:

d
U==Vf(r, a, R,) +4iayW)p E;f(”, ap, 7p)
-1 d
+2X,ZV,OT‘S;-d—Tf(r,a,°,R,O). (1)

The form factor f is of a Woods—Saxon type:

f(r, ay, R)={1+expl(r- R)/a,]}"'; R;=7,A"1
+2h2.4 B Y(Q")] is the “nuclear” radius and (Q')
refers to the intrinsic angular coordinate system.
The spin-orbit potential V,, has not been deformed
since the effects® of its deformation on the calcu-
lated differential cross sections were found to be
negligible. The depths of the real and imaginary
surface potentials were, respectively, V=V,

-~ @E-Vyi[(N=2Z)/A] and W, =W, + »WE - Wy[(N

- Z)/A]. The symbol E represents the incident
neutron energy (MeV) and @ and ¥ the energy-
variation parameters of the potential strengths.
The coupling basis (0°, 2%, 4°) was used for the even
isotopes. The equivalent basis adoped for '¥W
was (37,27, 2,%4,%). In the intrinsic coordinate
system, the deformed potential (1) was expanded
in spherical harmonics:

Ulr, sr):ZA: U (nYYQ’), A=0,2,... (2)

with A < 8 and complex coupling form factors.
Raynal’s code ECIS¥ was used to test the effects
(see above) of a full Thomas-Fermi spin-orbit
potential®® on the cross sections and to perform

the time consuming calculations for 18w, A modi-
fied form® of Tamura’s code® JUPITOR-1 was
used for the other calculations. The statistical
model (SM) calculations were performed by using
Lagrange’s et al. code®® HELMAG This computer
code was modified in order to include the mo-
dern®*3® SM theories. Lagrange tested® their in-
fluence on neutron elastic and inelastic scattering
cross sections below 2.4 MeV for some Mo iso-
topes and showed that the fits were improved.

For the 3.4 MeV SM calculations, the predictions
of Dresner’s formalism*® were compared with
those of the new®”'®® ones. The differences thus
obtained were negligible for the inelastic scatter-
ing cross sections. The main effect of the new

theories is to reduce the compound elastic scatter-
ing cross sections by an amount of ~10%, leading
to an improvement of the fits. The possibility

for interference between direct and compound
mechanisms was ignored. This is due to the fact
that many channels are open at 3.4 MeV incident
energy then making this effect negligible.®

IV. DISCUSSION
A.182,184,186yy 4 scattering

For the potential parameter search the starting
values of the deformation parameters (8, 8;) were
those from Moller et al.® These parameters and
the geometrical parameters were then varied fol-
lowing the method explained in Sec. II. We met
some unexpected difficulties while making the
parameter search; that is, it was not possible to
reproduce reasonably well (i.e., within a 5% ac-
curacy) the total cross sections measured®®*?® at
incident energies below 2 MeV. Our purpose in
the present work is not to discuss in detail the
origin of these disagreements. Thus, we adapted
our method of analysis (Sec. II) by forcing the
optical potential to fit the low-energy neutron scat-
tering properties (S, Si, R’), the total cross sec-
tions measured® at incident energy E,> 2.3 MeV,
and our elastic and inelastic scattering angular
distributions corrected for estimated compound
nucleus components. Furthermore, the total
cross section for the element built from the cal-
culated or for the isotopes 8 '#:18w 104 to follow
closely the energy variation of the measured or
for ***W in full energy range.’'?8:%°

The values of potential depths and geometrical
parameters are given in Table III and the deforma-
tion parameters in Table IV; the potential param-
etrization contains energy dependences and geo-
metries which are commonly accepted._‘1 In par-
ticular, our W, energy variation (see Table III) is
found to be identical to the one given by Lister
et al.* in a previous analysis of neutron differen-
tial cross sections for the even W isotopes below
1.5 MeV incident energy. A comparison between
calculated and measured Sy, S;, and R’ is present-
ed in Table V. The agreement between data and
calculations is good for Sy and R’ and moderate

TABLE III. Tungsten isotopes. Neutron optical potential parameters. Strengths in MeV;
geometry parameters in femtometers. Incident neutron energy E, in MeV; E,<9 MeV.

_ -z
V =49.90 - 16.00 (NAZ)-O.st,, WD=4.93—8.00(NA )+1.30E,,‘/2 Vo =6.00
ry=1.26 rp=1.28 70 =1.26
ay=0.63 aD=0.47 a”=0.63
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TABLE IV, Deformation parameters determined from
the present analyses.

Nucleus By By
182y 0.223 —0.054
183wy 0.220 —0.075
184y 0.209 —0.056
186y 0.203 —0.057

for S;. This last result is not too surprising since
the “experimental” values quoted for S; were not
deduced from direct measurements but were de-
rived either from capture measurements or from
estimations. Thus uncertainties on these values
are probably rather large. However, if one re-
fers to Musgrove’s compilation*® devoted to S,

and Sy, the neighboring nuclei have p-wave strength

functions whose magnitude is compatible with that
calculated in the present work.

A full comparison between calculated and mea-
sured total cross sections is not presented in this
work but will be reported soon.** In short, some
strong disagreements appear between the calcula-
tions and the data of Whalen et al.*® and Martin.?®
However, since our optical model (OM) analysis
was completed, new or measurements have been
performed by Whalen®® in the energy interval 300
keV-5 MeV on the even W isotopes. The compari-
son between these new data and the present optical
potential calculations shows that most of the dis-
crepancies previously observed vanish. If one ex-
cepts the case of the '®W total cross section be-
low 500 keV, a satisfactory agreement is now ob-

tained between calculations and new measurements.

The discrepancies at low energy seem to be re-
lated to self-screening effects which were not

taken into account.
Further and more precise tests of our analysis

are shown in Figs. 3, 4, and 5 where the elastic

and inelastic scattering cross sections measured
at 3.4 MeV incident energy for '®#'®+1%W are pre-
sented. The compound nucleus components are in-
cluded in the curves and represent approximately
1%, 15%, and 50% of the full cross sections for
the 0°, 2*, and 4" scattering cross sections, re-
spectively. These estimates are more important
than generally believed at this incident energy for
such medium-mass nuclei. The fits displayed in
Figs. 3, 4, and 5 are good, with comparable
quality for each isotope. The analysis of these
neutron scattering data shows that the deformation
parameters B, and B4 can be determined with good
accuracy. In particular, the effect of changing the
sign of B, is illustrated in Fig. 7 for '®W; the

full (84 < 0) and dashed (8, > 0) curves represent
the calculated cross sections including both DI
and CN contributions. The effects of variations
of By values, especially for the direct inelastic
scattering cross sections, is large enough to be
significant. Similar conclusions can be drawn

for '™W and '®W. Calculated total cross sec-
tions at incident energies below 500 keV give re-
sults which confirm these conclusions. It is thus
well established that the sign of By deformations

of the even W isotopes can be deduced from neu-
tron scattering data without any ambiguity.

B. 183w +p scattering

A careful comparison between cross sections
for the even and odd (***W) neighboring W isotopes
may lead to appreciate, in addition to possible
even-odd effects, the extent at which the simple
rotational model could well represent the wave

TABLE V. Comparison between experimental and calculated values of the low energy neu-

tron scattering parameters Sy, S;, and R’.

182y 184yy 186y
Parameter Exp Calc Exp Calc Exp Calc
Sp(x10%) 2.50+0.30% 2.39 2.60:0.30% 2.60 2.20£0.302 2.72
2.60+0.54" 3.00+0.60° 2.15+0.46°
2.40£0.31°¢ 2.35+0.24 ¢ 2.23+0.27°¢
$;(x10% 0.30+0.102 0.98 0.30£0.10° 0.86 0.30+0.10° 0.81
0.28+0.52° 0.28+0.52" 0.28+0.52"
-0.15 -0.15 -0.15
2.00%0.50¢ 0.76 £0.30¢
R’ (fm) 7.30£0.302 7.43 7.30£0.30 2 7.54 7.30£0.30° 7.64
2 See Ref. 24.
b See Ref. 25.
¢ See Ref. 26.

4 See Ref. 27.
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FIG. 7. Neutron elastic and inelastic scattering angu-
lar distributions at 3.40 MeV incident energy for lazgy
showing the effects of hexadecapole deformation change
(i.e., B4> 0 and B, <0) on calculated angular distributions.

functions of low-lying excited states in the ®w
ground state rotational band (I"=3"). However,
one has to notice that neutron data other than the
scattering cross sections measured and presented
in this paper are rather scarce. This means that
uncertainties related to our method of analysis

are necessarily larger for 18W than for 18218419y

Since our differential cross sections (see Fig. 6)
were the unique set of data analyzed, we attempted
to fit them by assuming (i) the asymmetry-depen-
dent potential (see Table II), (ii) the multipole
expansion (2) for the deformed potential, and (iii)
a coupling basis (£, 27, 7,7, %) which may be con-
sidered as equivalent to the basis (0*, 2, 4") involv-
ed in the even-W calculations. The criterion (iii)
was chosen so as to make the target angular mo-
mentum transfer Al< 4, related to possible tran-
sitions between collective states, common to the
even and odd W isotopes. A first adjustment of
the quadrupole deformation parameter B; for ®W
yielded a value ~10% higher than B, for '®W (see
Table IV). The corresponding theoretical cross
sections (including CN components) are shown as
dashed lines in Fig. 6. But before going further
in the search of potential deformations for !®w

we would like to compare this preliminary value
of B, for 'BW to the results of Coulomb excitation
measurements,*® studies of fragmentation of Nils-
son single quasiparticle strengths and ¢33, or-
bits,*”"*® and Hartree-Fock-Bogolyubov (HF B)
studies.!® The Coulomb excitation measurements*®
indicate a smooth decrease of the charge quadru-
pole moment with increasing mass from A =182
to A =186 reflecting a corresponding decrease in
charge quadrupole deformations. As far as charge
and potential deformations compare and reflect
nuclear shapes, the present deformations B; for
even tungsten nuclei display a variation with mass
number comparable to the variation of the charge
deformations. On the other hand, the preliminary
value of B, (***W) disagrees with these results.
An additional argument against B, (**W) > g, (***w)
is provided by HFB calculations' which indicate
that the W isotopes are rigid against quadrupole
deformations. As a consequence, the ground
state properties (i. e., quadrupole mass deforma-
tions) must vary smoothly when one neutron or
more is added to ®W. Since then, Casten et al.!"
and Casten*® have proposed that large hexadeca-
pole deformation might be important for under-
standing the fragmentation of Nilsson model
strengths and the (7, @) and (d, t) cross sections
to %' states in odd-mass tungsten isotopes. Con-
sequently we made a new analysis of our angular
distributions. Taking into account the previous
information, we assumed for B, (**W) a value in-
termediate between B, (*¥*W) and B, (**W), and the
hexadecapole deformation parameter B,(*®*W) was
varied in order to optimize the fits.

The adopted values for the deformation param-
eters B, and By are

B, (BW) =0.220; B,(**W) =-0.075.

If one considers that 8; and B, cannot be deter-
mined separately, the above values have uncer-
tainties probably higher than those estimated for
the even-W isotopes (see Sec. V). Then the com-
parison between ‘W and '#+'%+1%W deformation
parameters indicates that B; decreases with in-
creasing mass and B,(***W) is higher than B,(**W)
by 40%. The value of B,(**W) that we obtained
is large but consistent with B ~~-0.09 given by
Casten*® and with deformations obtained for '*'W
by Bernthal et al.** In Fig. 6 the comparison be-
tween the new calculations (full lines) and the
measured differential cross sections is shown.
The CN components though small (i.e., <1 mb/
sr) at 3.40 MeV, a result which is not too sur-
prising for an odd target nucleus, were not neg-
lected. The fits presented in Fig. 6 are satis-
factory but not as good as the ones obtained for
the even isotopes at the same incident energy.
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In order to improve the agreement between cal-
culations and measurements the parameters B,,

Bs, and W, (absorptive potential) were varied.

The imaginary potential might change since in ad-
dition to the asymmetry [(N — Z)/A] it may depend®®
on the density of CN states leading to a possible
even-odd effect. As we failed to improve the fits
by slightly changing B;, By, and W,, it seems ques-
tionable to assume the simple version of the ro-
tational model for '®*W if the same quality of fits
to angular distributions is desired for all the
tungsten isotopes. For this purpose it might be
desirable to use more realistic collective wave
functions in which a strong band-mixing should

not be ignored.20#

C. Comparison between neutron and proton scattering

Our rather extensive analysis of neutron cross
sections for the tungsten isotopes has clearly
shown that the deformed optical potential is asym-
metry dependent. In order to test the [(N - Z)/A]
dependence of our potential, we analyzed proton
angular distributions measured? at 16 MeV for the
even isotopes by changing the sign of the [(N - Z)/
A] dependent terms in the optical potential. In
other words, we were interested in knowing if it
were possible to determine a consistent complex
isospin pot:ential51 in the tungsten mass region
starting from the analysis of neutron cross sec-
tions. Moreover, we took the opportunity of test-
ing, for proton interactions, the deformation
parameters (see Table IV) extracted from our
neutron interaction studies.

At 16 MeV incident energy, the volume absorp-
tion W, cannot be neglected. Following Becchetti
and Greenlees,?® W, was assumed to be isospin
independent. The energy variation of W, was
chosen to fit the data. The geometrical param-
eters (i. e., diffuseness and radius) were taken
identical to those of the real central potential
(see Table III). Furthermore, the potential W,
was deformed. We took into account the compe-
tition between surface and volume absorptions.
The Coulomb radius was R, =1.10 A (fm) and

the Coulomb potential V, was deformed assuming
a sharp-edge charge density form factor. We
used for the charge deformation parameters 5§
those which reproduce the quadrupole charge dis-
tribution moments deduced from Coulomb excita-
tion measurements.’?> We checked that this choice
made for B§ did not induce appreciable ambiguities
in our analysis. On the other hand, as in (d, d’)
calculations® at 12 MeV incident energy, the Cou-
lomb excitation was required to reproduce both
the magnitude and the shape of the measured'?

(p, p') angular distributions. The proton optical
potential parameters are gathered in Table VI
The Coulomb correction term 4, included in the
real potential was calculated following Satchler’s
prescription.54 The above assumptions yield sat-
isfactory agreement between our calculations and
measurements.”? In addition, fits to angular dis-
tributions can be improved at backward angles

by taking a proton spin-orbit (so) potential strength
V,o(p) smaller than that given in Table III for the
neutron so potential strength V,(z). This observ-
ed trend [i.e., V,(p) <V, (n)]is consistent with
an isospin-dependent spin-orbit term in the optical
potential.*® The results obtained for ‘¥W using
Vio(p)=4.5 MeV are shown in Fig. 8. As a short
conclusion, these results confirm the utility of
proton and neutron scattering experiments for
determining complex isospin-dependent terms®

in the optical potential.

V. MULTIPOLE MOMENTS, VOLUME INTEGRALS,
AND rms RADII

The present analysis provides a reliable para-
metrization of the deformed potential. In order to
remove some ambiguities due to the model em-
ployed currently and to perform a comparison with
some results obtained from (e, e’), (p,p’), (d,d’),
(@, @’), muonic atom measurements, and some
fundamental calculations we have determined (i)
the multipole moments of our optical potential,

(ii) the volume integrals and root mean square
(rms) radii of the real and imaginary parts of
this potential, and (iii) the rms matter radii
estimated from the potential radii.

TABLE VI. Even tungsten isotopes. Proton optical potential parameters. Strengths in

MeV; geometry parameters in femtometers.

Incident proton energy E in MeV; 9SE =16

MeV. See Table III for the spin-orbit potential parameters.

-z -
V =49,90 +16.00 (NA )-—0.25E +Ac Wy=0.20E-0.80 WD=8.83+8.00< NA Z)—O.IO(E—Q)
ry=1.26 r=1.26 rp=1.28
ay=0.63 a=0.63 ap=0.47
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FIG. 8. Proton elastic and inelastic scattering angular
distributions at 16 MeV incident energy for 1w, Com-
parison between measurements (Ref. 12) and coupled-
channel calculations (CCC). The full lines are for CCC
including Coulomb excitation (CE). The dashed lines are
for CCC without Coulomb excitation.

A. Quadrupole and hexadecapole moments M0 N =24

Following Mackintosh®® one can define normal-
ized potential moments M$, for an axially sym-
metric field as follows:

M, =§ f VEP V) dr, (3)

where V is the real part of the optical potential,
J, the volume integral of V:

Jy= f V(® dr,

and Z is the charge number. The choice made in
(3) for M%, involves Z rather than A so as to com-
pare the M4, values to the charge M§, and matter
moments Mg, respectively defined as

Mo =Z(rYD,, @)
and
ML= j—uyb (5)

In the relations (4) and (5), the brackets ( ), and

The signs + (—) beside moments indicate agreement (disagreement)

TABLE VII. Tungsten isotopes. Quadrupole and hexadecapole potential and matter moments.

between these values and respective neutron potential moments of the present work.

MM (e bz)

lﬂGw

Moz (e b)

M04 (e bz)

l&(w

My (eb)

My (e bz)

IBSW

Moz (2 b)

182W
My, (eb?)

Moz (e b)

—0.2432 (+) 1.830 2 (-) —0.266 2 (4
1.310° (-) —0.362"° (-)

1.940 % (<)

2.053 2 (4 —0.3002(-)

Exp

—0.444 ¢ (=)

2.402°(4)

0.2329 (=)

2.3949 ()

—0.195°% (4

2.166° (+)

—-0.245+0.025
—0.2038

2.033+0.061

1.8458

—0.227+0.023f
-0.1608

2.084+0.063

2.0328

—0.348+0.070f

2.164+0.151f

—0.188+0.028 f
—0.084 8

2.222+0.111 f

2.080°8

This work
HFB

theory

2 Potential moments: see Ref. 64.

b Potential moments:

see Ref. 63.

¢ Potential moments: see Ref. 65.

d Potential moments:

see Ref, 12.

€ Potential moments: see Ref. 53.

f Present work.
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8 Matter moments: see Ref. 10.
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()4 represent averaged values of r‘Yf over the
charge and matter distributions, respectively.
The data reported in the present work are taken
from Coulomb excitation measurements®®**"™ in
the Coulomb and Coulomb-nuclear interference
region for the charge moments, from inelastic
scattering measurements,12 +93:636% 9nd compared
with Hartree-Fock®® (HF)and Hartree-Fock-Bogo-
lyubov (HFB) predictions“’ for the charge and mat-
ter moments.

The experimental values of the moments are
gathered in Tables VII and VII and compared with
the neutron potential moments of the present work
and HF and HFB calculations. Some moments,
not reported by the quoted authors, were deter-
mined. In addition, the (d, d’) measurements by
Siemssen ef al.’® in the Coulomb-nuclear inter-
ference region were reanalyzed“ in the frame of
coupled-channel formalism (taking into account
the Coulomb excitation) so as to make consistent
the comparison between moments.

1. Neutron and charged particle nuclear potential
moments

The neutron quadrupole potential moment (NQPM)
M%, of the even isotopes and the odd one is a
smoothly decreasing function of the mass number
A, while the magnitude of the hexadecapole mo-
ments (NHPM) M, for the even isotopes increases
with A. These trends reflect corresponding vari-
ations of the deformation parameters (B;, 8;) de-
termined in Sec. IV. The NQPM and NHPM values

J. P. DELAROCHE et al.
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are given in Table VII with their respective uncer-
tainties. These were estimated on the basis of
corresponding (8;, B;) uncertainties in order to
perform a relevant comparison between NQ PM
and NHPM and other available nuclear potential
moments (see Table VII). In the following, we
consider two measurements as compatible if they
deviate from each other by an amount smaller than
twice the standard deviation. Results of this com-
parison between NQ PM and NHPM on the one hand
and the other respective moments on the other
hand are shown in Table VI. Agreement (dis-
agreement) is noted + (-) beside the compared
experimental value. As for the deuteron potential
moments for 1"ZW, the good agreement which was
obtained is perhaps fortuitous. If one excludes
these results, no systematic trend was obtained
either for quadrupole or for hexadecapole mo-
ments determined in the Coulomb-nuclear inter-
ference region. This disappointing conclusion
might be related to a previous study by David

et al.%® who show a strong interdependence be-
tween the potential deformation and the Coulomb
deformation when deformations are extracted
from (@, @’) measurements in the Coulomb-nucle-
ar interference region. The unique agreement
between NQPM and alpha-potential moments is
provided for (@, @’) measurements®® on '®W well
above the Coulomb barrier. Thus, as long as new
measurements are not performed, it will be hard
to conclude if the disagreement between neutron
and charged particle potential moments for W iso-
topes is real.

TABLE VIII. Tungsten isotopes. Quadrupole and hexadecapole charge moments.

182w IBSW 184W IBGW
Mgy (eb) Mo (eb®) My (eb) My (b My, (eb) My, (eb? My, (eb) My, (e b?)
Exp 2.00+0.052 1.90+0.052 1.89+0.072
2.07+0.02° 1.96+0.02° 1.87+0.02°
2.04+0.05° 1.91£0.04 € 1.88+0.05°€
2.02+0.01¢ 1.97+0.03¢ 1.92+0.019 1.86+0.02¢
2.13°¢
2.07+0.025°F 1.98+0.025f 1.86+0.025f
2.053£0.0158 —0.639:348
1.764+0.035"
4 _ 1.636+0.0221 —0.639+0.162"
2.053%0.015) —0.63%5:4’ 1.94£0.027 -0.68+0.257 1.83+0.027 —0.2520.25J
(Jexp  2.04£0.024 % 1.97+0.03K 1.94£0.024 1.85+0.024
Theory 2.053! —0.076! 2.009! —0.145! 1.832! —0.185!
1.952™ -0.214™
2 See Ref. 57. f See Ref. 60. J See Ref. 64.
b See Ref. 52. 8 See Ref. 61. X Averaged values.
© See Ref. 58. b See Ref. 62. 1 See Ref. 10.
4 See Ref. 46. i See Ref. 63. MSee Ref. 66.

€ See Ref. 59.
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2. Neutron potential and charge distribution moments

Many accurate Coulomb-excitation measure-
ments have been performed, at least for the quad-
rupole moments M§,. These results and their
average values are shown in Table VIII and can
be compared to the moments NQPM and NHPM
(see Table VII). Both M$, and M4, (neutron) be-
have approximately like linear functions of A, and
M$, exceeds M§, by about 8%. These trends are
not too significant since they are within the uncer-
tainties on M$; and M4, (neutron). However, this
comparison provides a tendency for M% (neutron)
to be slightly higher than Mg,.

B. Volume integrals and rms radii

We have also calculated the volume integrals
per nucleon (J,/A and J,/A) and rms radii ((r2)!/?
and (,2!/?) of the real and imaginary parts of the
neutron optical potential. These parameters are
defined as follows:

J,/A=A" | v(@)dr,

J,/A=A" | w(r)dr,

odi=( [ vea ) [ voa]”,
<m2>”2=[ f AW(r)dr / f W(?)d?]m.

The volume integrals J,/A and J,/A are given
below and rms radii in Table IX. Both these re-
sults are given with estimated uncertainties:

J,/A =455(x 10) - 146(x 15)[ (N = Z)/A]
-2.3(+0.2)E, (MeVim®), (8)
J,/A =34(z 4) - 55(x 14)[(N - Z)/A]

+9(x1)E,'? (MeVim®). (7

The range of validity for relation (6) extends up
to E,~ 15 MeV. This restriction corresponds to
the high energy limit at which a comparison be-
tween measured and calculated total cross sec-
tions has been done. The volume integral per nu-
cleon J,/A [Eq. (7)], was determined at incident
energies below 9 MeV, where the absorption poten-
tial is only of the surface type (see Table II).

We have then compared the values of J,/A [Eq.

(6)] determined at E, =5 MeV with the JLM model®
predictions reported at this incident neutron en-
ergy®®:

J,/A =437(+9) - 142(+ 32)[(N = 2)/A] (MeV fm®),

and with the systematics established by Kailas
and Gupta®®:

J,/A= [440(1 9) - 157(x 13)(5;1_)]

x[1+0.06(+ 0.08)A™7].

From this comparison it follows that excellent
agreement between the values derived from the
present work and calculations™'® is obtained for
the strengths associated with the scalar and iso-
scalar components of J,/A. The values of J,/A,
/A, (r BV and (r,B!/?, determined at E, =8
MeV, are shown in Table IX. These were recently
compared (with exception of (1'“,2)l /%) to the JLM
model predictions' at this incident energy.” With-
in the uncertainty intervals, the agreement is rea-
sonably good. As for (»,%!/%, at the same incident
neutron energy, the comparison with the JLM mod-
el might be questionable since the rms radius
(rwz)” % is calculated'® from an absorptive potential
W which is not, in general, peaked at the nuclear
surface as it is in the present work below 9 MeV.

C. Multipole moments and rms radii of matter
distributions

In this subsection the question arises: How can
we extract relevant information about the struc-
ture of the even W isotopes from our phenomeno-
logical optical model analysis? The answer to
this question is not obvious since there is no sim-
ple relation between optical potential and matter
distribution shapes. However, an approach to that
subject is provided by the folding model. Follow-
ing the pioneering work of Greenlees et al .," it is
common in that model to construct the real part V
of the phenomenological optical model potential
by folding a local effective interaction ¢ with the
nuclear matter density p:

V(r) = f t(|x = o(r)dr .

In subsequent works, this model was improved by
Greenlees, Makofske, and Pyle,"2 who took into
account explicitly the isospin term, and by Slanina

TABLE IX. Even tungsten isotopes. E,=8 MeV. Vol-
ume integral (MeV fm®) and rms radii (fm) for real and
imaginary parts of neutron potential. Estimated uncer-
tainties.

Parameter 182y 18y 186y
JyA 40915 408+15 407+15
(r 112 6.08£0.06 6.09+0.06 6.10%0.06
Jy/A 49+10.0 48.7+10.0 48.5+10.0
(r 172 7.57+0.30 7.59%0.30  7.61+0.30
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and McManus,”™ who generated the real part of the
optical potential by folding in more realistic for-
ces rather than using phenomenological interac-
tions. In more recent work, Thomas et al.” de-
veloped a folding model in which the real part of
the potential is the sum of direct and exchange
terms. It is difficult to appreciate the meaning-
fulness of the folding model since the interaction
t contains adjustable parameters. In addition, ¢
should be nonlocal and energy dependent,” and
should also contain a dependence on the density of
matter similar to that of effective forces used in
self-consistent nuclear structure’ calculations.
The relations connecting the potential and the
matter moments as well as the rms potential and
matter radii are different, depending on whether
a density-dependent folding force { was used or
not.

Let us first consider the effective interaction
t which does not depend on density. In this case
we know from a theorem due to Satchler’” that a
folding potential with such an effective force has
the same multipole moments M%, [Eq. (3)] as
those of the nuclear matter density M§ [Eq. (5)].
In addition to that property, there exists’ a sim-
ple relation between the folding potential rms
radius (r,,z 1/2 and the rms point matter density
radius (7, )”2:

(rB=D+rd, (8)

where (r,2)'/* is the rms radius of the spin-inde-
pendent part of the nucleon-nucleon effective force
t.

On the contrary, if the effective force ¢ is den-
sity dependent (DD) the above properties for mul-
tipole moments and rms radii are no longer valid.
Examining the extent to which Stachler’s theorem
breaks down with the use of Green’s DD interac-
tion™ in folding calculations, Hamilton and Mack-
intosh’ have shown that

M > MR (A=2,4,6) (9)

for some deformed nuclei extending over a large
mass range. As for the rms radii, the relation
between (»,3!/% and (7 ,2)!/? should be similar to
that given in Eq. (8), provided correction terms to
<1,dz>1/2 are included. In that respect and following
Thomas et al.™ it seems reasonable to define an

effective rms radius as follows:
<rdz>e!f =<VDZ> - <Tmz> ’ (10)

where it is clear that (1",2)1’2 is the rms radius of
a folding potential derived from a DD effective

interaction. The (7,%),,'”* values obtained in Ref.
74 depend on the choice made for the DD effective

interactions’®®"® and exchange terms. Taking

the 2%Pp folding potential as an example, one can
estimate (1’,,2),,,1"2 from the folding calculations
involving the so-called (WDDE), (SDDE), and (N)
density-dependent effective forces considered by
Thomas et al.™ We thus obtained the estimated
average value

(7 g = 7.0 fm’ . (11)

In the following discussions we have interpreted
the phenomenological optical potential of the
present work in the framework of the folding mod-
el as outlined above. We have found that (i) the
potential and HFB matter moments (M%, and Mg,
respectively) gathered in Table VII are in agree-
ment with the previously reported results,” Eq.
(9), and (ii) the values of rms matter radii dedu-
ced from (10) and (11) agree with the correspond-
ing HFB calculations' if a density-dependent fold-
ing force is considered. For this reason the re-
sults obtained in the case of the density-indepen-
dent folding interaction are not shown.

1. Multipole moments

The comparison between the neutron optical
potential moments M%, (neutron) and the matter
moments M, (HFB) is given in Table VI for A
=2 and 4. Although the experimental values are
not yet available for the matter moments, the HFB
calculations' probably give a reliable representa-
tion of these moments since the calculated'® and
measured quadrupole charge moments shown in
Table VIII are in excellent agreement. The static
HFB calculations of Girod and Gogny10 involve the
D1 density-dependent force.”® These calculations
predict values of matter moments smaller than
potential moments, as noted above. However, it
is worth pointing out that dynamical effects associ-
ated with the vibrations could improve such a com-
parison. In fact, due to the dynamics, we may
expect a few percent increase of the matter mo-
ments.” In spite of that, the relation (9) between
potential and matter moments remains unchanged.

2. rms matter radii

In this subsection we present the rms matter
radii (r,2!’? which have been estimated from the
rms radii (2! (Table IX) of our phenomenologi-
cal optical potential and from (7%, as given in
Eq. (11). We think that the estimation (r,z),,,
~17.0 fm’® is reliable for the W isotopes since (i)
the rms radius of the effective DD folding forces
vary slowly™ with the A-mass number for large
values of A, and (ii) this rms radius is nearly
energy independent"4 in the energy range consider-
ed at present. In view of determining the uncer-
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TABLE X. Charge and matter rms radii (fm) for the even tungsten isotopes.

Nuclide 182y 184y 186w
Charge 5.367 %
5.449°
Exp 5.359 ¢ 5.370 ¢ 5.377°¢
5.457¢ 5.4584 5.432¢
5.425° 5.433°¢
5.42+0.07f 5.40+0.04f
Olexp 5.408 £0.054 8 5.418£0.054 8 5.411+0.0548
Theory 5.3581 5.370 P 5.371P
. i i i
Matter This work 5.47+0.12 5.48+0.12 5.49+0.12
Theory 5.3451 5.362 5.370

2 Charge rms radii: see Ref. 59.

b Charge rms radii: see Ref, 61.

¢ Charge rms radii: see Ref. 60.

4 Charge rms radii: see Ref. 64.

¢ Charge rms radii: see Ref. 83.
tainty associated with the deduced (r,2)'”* we have
estimated the uncertainty of (%), Finally, the

adopted value for (7,2, is

(7% oe =7.0£1.0 fm’ .

The point matter radii (r,2)'” of the present work

are given in Table X where they are compared with
HFB calculations.!? Also shown are the calcula-
ted'® and measured®®®!'®:## rms charge radii
(r,5'"*. The calculations of (»,%)!’? include center-
of-mass correction® and proton charge smearing®
in order to make a meaningful comparison with the
respective experimental values. The good agree-
ment between calculations and measurements ob-
tained for (7;.2)“2 make reliable our comparison
between the “experimental” (this work) and calcu-
lated'® values of the rms matter radii. Though
slightly high, our estimate of (r,2)'’? agrees with
the HFB calculations.'?

From the estimated (r,2'” values (Table X) it
is easy to determine the respective rms neutron
radii (»,%'?. In doing that, we did not attempt to
make an accurate evaluation of (r,,z)l/ 2, which is
illusive on the basis of the optical potential now
assumed in this paper. Our aim was (i) the esti-
mation of uncertainties on (r,,z)“ %2 when the optical
potential is rather well determined as it is for the
tungsten isotopes, and (ii) the comparison between
the obtained (1',,2)1’2 values and HFB calculations."
Starting from the general relation

A("mz) :N<Tn2) + Z<TP2> )
where (7,°)!”* is the rms proton radius and N(Z)
the neutron (proton) number, we determined
(v, 52, The (r,2'? values are obtained from
(r5'* (exp) (see Table X) by removing proton

d Charge rms radii: see Ref. 84.
8 Averaged values.

hCharge rms radii: see Ref. 10.
i. Matter rms radii: this work.

J Matter rms radii: see Ref. 10.

charge smearing. We thus obtained (7,%)'/? values
slightly higher than (7,”)!? values. These results

may be summarized as follows:
<7n2>1/2/<rp2>1/2 =1.041+0.04 N

where most of uncertainties come from the rms
radius of the two-body folding force. The HFB
calculations®® lead to

(rDV fir,HV=1.02.

Once again, our results are in agreement with the
Hartree-Fock-Bogolyubov calculations.'® In the
present work the uncertainty in the neutron rms
radii (,'” is found to be +0.21 fm. This value
is large when compared to the typical error (+0.07
fm) on the same quantity determined® from an
analysis of 800 MeV polarized proton scattering
from some nuclei.

VI. CONCLUSION

The aim of the present work was the investiga-
tion of shapes and deformations by using fast neu-
tron scattering on tungsten isotope samples. For
that purpose, elastic and inelastic scattering angu-
lar distributions were accurately measured at an
energy of 3.4 MeV and analyzed in terms of a de-
formed optical potential assuming the axially sym-
metric rotational model for the even (*#+18-1%wy)
as well as the odd (*®*W) isotopes. Though the
simultaneous analysis of total cross sections or
available at the beginning of our work was diffi-
cult, the coherence of our calculation methods
led to a satisfactory agreement with most of the
recent neutron cross section measurements.
Finally, the above optical potential is suitable for
the description of cross sections in the energy
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interval 300 keV=15 MeV. Below a few hundred
keV incident energy a disagreement remains be-
tween the available or data and calculations. One
of our preoccupations was the careful determina-
tion of hexadecapole deformation parameters B,.
We thus found large and unambiguously negative
values for them. These results agree well with
nuclear structure studies based on Nilsson type
and Hartree-Fock-Bogolyubov calculations. From
the simultaneous analysis of neutron and proton
cross sections we establish that the nucleon opti-
cal potential is isospin dependent in the tungsten
mass region. The isoscalar component of this
potential is complex and its imaginary part is
small. Most of the properties of the deformed
optical potential agree with the JLM model. The
analysis of our potentials provides multipole mo-
ments and rms radii. For the even isotopes the
quadrupole moment values decrease with increas-
ing mass number while hexadecapole moment val-
ues increase. More interesting are the moments
obtained for '®W: the main effect of adding one
neutron to the *®W core results in a strong in-
crease of the hexadecapole potential moment. If
true, this property should be reproduced in Har-
tree-Fock-Bogolyubov calculations involving an
odd neutron blocked in a quasiparticle orbit. For
the even isotopes the comparison between neutron
and available deuteron and alpha potential mo-
ments provides contradictory results. The only

significant agreement between quadrupole moments

is obtained for alpha particle scattering from 1a2wy

at an incident energy well above the Coulomb bar-
rier. The origin of observed deviations of charged
particle potential moments measured in the Cou-
lomb-nuclear interference region from neutron
potential moments is not definitely established.
This might be related to the ambiguity in the de-
termination of both Coulomb and nuclear potential
moments. Then we emphazised the comparison
between quadrupole potential (M%) and matter
(M%) moments. The A-mass dependences of these
moments are quite similar. Moreover, it ap-
pears that M%, is slightly higher than M. If this
result is significant, it should imply the inappli-
cability of Satchler’s theorem. Consequently, if
further optical model analysis is performed, it
should be done in the framework of a folding model
involving a density-dependent effective force.
Finally, if a density-dependent folding interaction
is assumed, the rms matter radii extracted from
our phenomenological potential analysis are in
agreement with the Hartree-Fock-Bogolyubov
predictions.
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