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Optical model analysis of polarized neutron scattering from yttrium, lanthanum, and thulium
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Based on neutron differential cross section and analyzing power measurements at £, =7.75 MeV,
optical-model parameters were deduced via spherical optical-model and coupled-channel calcula-
tions for the odd-even-nuclei *°Y, '*°La, and '®Tm. For the strongly deformed thulium (3,=0.31),
good fits to the sum of the angular distributions of the experimentally unresolved states could be
achieved by coupling the ground-state rotational band.

I. INTRODUCTION

Angular distributions of neutron differential cross sec-
tion and analyzing power of several nuclei have been
measured at the Stuttgart SCORPION (Ref. 1) facility
during the last few years. For the nuclei *’Y, '*°La, and
1Tm, the experimental results, together with their cor-
responding optical-model parameters at E, =7.75 MeV
will be presented. Spherical optical-model (SOM) calcu-
lations were carried out for the nuclei yttrium and lan-
thanum, coupled-channel (CC) calculations were used for
the strongly deformed nucleus thulium. In the case of yt-
trium it was possible to separate elastically from inelasti-
cally scattered neutrons, whereas for lanthanum with its
first excited state at 166 keV the experimental resolution
prevented the separation. Concerning thulium the situa-
tion was extreme: Within the range of the resolution
there exists a couple of rotational bands. The assumption
that only the ground-state rotational band contributes to
the scattering process led to quite good fits to both our
cross section and polarization data.

II. EXPERIMENTAL PROCEDURE

The scattering facility SCORPION and the experimen-
tal technique used have been presented in detail in Ref. 1.
Neutrons of the °Be(a,n)!’C-reaction were produced
with the 500 uA currents of the Dynamitron accelerator
with a polarization degree of 60% at 50° reaction angle.?
The neutron flux at the scattering sample was 5X10*

target-backing which was designed for high power dissi-
pation.! The neutrons are collimated inside a spin pre-
cession magnet, which is switched in intervals of 5 min.
The angular range for positioning the neutron detectors
is —124° to +124°. Neutron spectroscopy was per-
formed by using NE-213 scintillation counters and un-
folding of the proton recoil spectra with the improved
Ferdor-code FANTL.! The contribution of ¥ events could
be kept below typically 1% by means of sophisticated n-
y-discrimination circuits.! The overall energy resolution
(detectors and unfolding procedure) was about 800 keV.
Four scintillation detectors were installed to monitor the
neutron flux at the target and at the sample position dur-
ing long foreground and background runs. Background
runs were performed with the sample in position and by
closing the collimators of the detectors with rods of
copper (15 cm) and polyethylene (60 cm). The calibration
of the setup to absolute cross section values was per-
formed by normalization to the hydrogen cross section
using a polyethylene sample. To arrive at sufficient
counting statistics of the scattered events a minimal sam-
ple size is required, which was not available for thulium.
The properties of the samples used for this experiment
are listed in Table I. The data for lanthanum were
corrected for scattering contributions from its steel con-
tainment.

III. DATA EVALUATION AND RESULTS

After unfolding the proton recoil scintillation spectra
the relative angular distributions were obtained. An im-
portant step of data evaluation is the finite geometry

cm™?

s~ ! using a beryllium layer of 1.2 u deposited on a

correction including corrections due to flux attenuation

TABLE I. Properties of the scattering samples.

Size Abundance Weight Nuclei
Element (mm) (%) (g) (X 10%)
oy 50.15X40.25 @ 100.000 285.20 19.32
1391 a2 49.60<39.40 @ 99.911 366.10 15.73
169Tm 30.00X19.20 @ 100.000 76.70 2.71
PE 40.00X30.00 @ 26.37 22.48
Steel cylinder (wall 0.3 mm in thickness).
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and depolarization in the scattering sample. In the first
step the experimental differential cross section angular
distribution was raised by a normalization factor due to
an estimate of the overall flux attenuation, which was ob-
tained using Kinney’s method.® The distribution correct-
ed in this way was used as input for an extended version
of the Monte Carlo code JANE.*> JANE was modified to
calculate also flux attenuation (XJANE).® The contribu-
tions of single and double scattering were calculated, and
the next iteration was based on these results, as did an es-
timate for triple scattering. Within the quoted range of
errors this procedure led to consistent angular distribu-
tions, which will be referred to as experimental data in
the following text. They are given in Figs. 1-3. Tables
are available from the authors.

IV. OPTICAL MODEL ANALYSIS

Upper limits for compound scattering contributions
were estimated with the code’ CERBERO3. They were
found to be negligible, as the level densities are already
high enough at our excitation energy of 7.75 MeV. Re-
quired data were taken from Refs. 8-12, 13-16, and
17-19 for Y, La, and Tm, respectively. The usual com-
plex optical-model potential in the presented energy
range—including a central real, a surface imaginary, and
a complex spin-orbit interaction—is of the form

U(r)= —VRfR(r)+4iaD WDgD(r)

F A VSO+iWSO)%gSO(r)(21-s) ,

A= LI pion compton wavelength .
m_c

with the Woods-Saxon form factors
1

S = eolr “Ry)/ax]
and (2)
af 1
ex(N="gr = fxlfx=1),

with X =R, D, and SO. The nuclear radius is given by
R=R,=ryA'” for spherical nuclei. In the case of de-
formed nuclei the radius is expressed by an expansion in
spherical harmonics. The deviation from spherical sym-
metry introduces a coupling of the Schrddinger equations
for different scattering channels.?’ The model is able to
describe rotational as well as vibrational excitations of a
nucleus. The calculations were carried out with the
code?! ECIS79. The absolute normalization of the
differential cross section was used as an additional pa-
rameter in the search.

A. Yttrium

The first excited g4, state can be explained by an exci-
tation of the single unpaired proton in the shell mod-
el.?»23 Therefore only the ground state was included in
the calculations. To start the parameter search the global
set of Delaroche et al.?* for neutron differential cross sec-
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FIG. 1. Differential cross section and analyzing power angu-
lar distributions for yttrium. The data are given together with
the optical-model results of the present work (solid line). The
dashed curves were calculated with the TUNL parameters.

tion data was taken. The result for the spherical optical
model (SOM) provides an excellent description of the
measured angular distributions, as can be seen in Fig. 1.
The coupling of a L =5~ phonon to the 0% ground state
of the strontium core in order to describe the first excited
state was not convincing. The introduction of an imagi-
nary spin-orbit potential?®> drastically reduces the 2 for
the analyzing power. Only the depth W, was searched
independently, the geometry was kept the same as for the
real potential. The calculations revealed a reasonable
value of about 0.4 MeV with the same sign as the real
part. Although our neutron energy lies slightly below the
cited range of validity (7.9<E, <16.9 MeV) for the Tri-
angle Universities Nuclear Laboratory (TUNL) parame-
ters of Ref. 25, these are consistent with the analyzing
power data of the present work, too. The parameter sets
are compared in Table II.

B. Lanthanum

The correction for scattering events in the steel con-
tainment was carried out with cross section data for *Fe
from Ref. 28 and polarization data for natural iron mea-
sured at SCORPION.?’ It turned out that the analyzing
power distribution remained nearly unchanged, whereas
in the first minimum of the differential cross section the
corrections were large. The first two states of lanthanum
can be described by the shell model. The rather small
quadrupole moment suggests that the nucleus is of spher-
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TABLE II. Neutron optical-model parameters at E, =7.75 MeV.

89Y 139La 169Tm
Parameter This work TUNL? 0t —2%—47%
Ve (MeV) 45.90 49.31 44.44 45.39
rg (fm) 1.25 1.20 1.25 1.28
ap (fm) 0.65 - 0.69 0.65 0.49
J/ A MeV fm?)® 425.2 414.8 399.2 417.5
(r2)172 (fm)® 4.947 4.872 5.558 5.774
Wy (MeV) 6.59 7.29 6.74 7.91
rp (fm) 1.29 1.31 1.33 1.16
ap (fm) 0.51 0.50 0.46 0.58
J/A (MeV fm?)® 64.5 72.1 54.0 57.6
(r2)172 (fm)® 6.115 6.186 7.134 6.821
Vso (MeV) 7.95 6.58 6.90 5.22
rso (fm) 1.19 1.14 1.11 1.11
aso (fm) 0.54 0.50 0.47 0.31
J/ A3 (MeV fm)® 237.5 188.3 192.3 145.5
(r2)'2 (fm)® 5.575 5.325 5.935 6.213
Wso (MeV) 0.70 0.67 0.92 —0.28
rso (fm) 1.19 1.26 1.11 1.11
aso (fm) 0.54 0.50 0.47 0.31
J/ A3 (MeV fm)° 20.9 21.2 25.6 —7.8
(r2)12 (fm)® 5.575 5.838 5.935 6.213
renormalized,, 0.96 0.86 0.95 0.89
x5 (N) 32 (31) 70 (31) 24 (36) 20 (30)
Yy N 23 (30) 63 (30) 34 (38) 32 (29)
Oy (mb) 4296 4140 4477 5312¢
Teyp (mb) 4300+100¢ 4300+90° ~5150¢

#Reference 25.

*See Appendix.

°Direct channels included (27:279 mb; 47: 90 mb).
dReference 26.

‘Reference 27.

ical shape, the 2% g.s. and the 3%

plained by states of the single unpaired proton.
Therefore the unresolved scattering to the %* state is
supposed to be negligible. Figure 2 shows that the data
are quite well reproduced by the SOM, parameters are
given in Table II.

excited state being ex-
30,31

C. Thulium

Thulium is a typical example for a strongly deformed
nucleus with a K 2%*' g.s. rotational band.*? The rich
band structure!” in the excitation energy range up to 600
keV is unresolvable by our neutron spectroscopy. As ad-
mixtures of further K =%+ bands are not too strong,>?
our CC calculations included the g.s. rotational band
alone. Due to restrictions on computing time the ficti-
tious coupling scheme 0% —2* —4™" of Table III was ap-
plied. The moment of inertia of the actual nucleus is
used for obtaining the excited states of the fictitious

even-even nucleus.®* The optical-model parameters are
given in Table II. The superposition of elastic and inelas-
tic scattering introduces an extreme ambiguity concern-
ing the central imaginary potential. Figure 3 shows ex-
perimental and model distributions.

TABLE III. Identifications of '®*Tm—Ievels and the corre-
sponding fictitious band.

Tm levels Fictitious levels
keV Im keV Im
0.0 i+ 0.0 o+
8.4 3+
1182 E + \ 72.0 2
' :,
138.9 7 ] !
2 240.0 41
332.0 %1
367.4 5 } N
510.0 6
636.8 B
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FIG. 2. Differential cross section and analyzing power angu-
lar distributions for lanthanum. The experimental data points
are given together with the optical-model results.

104

103

102

10!

da/dQ (mb/sr)

0.4}
0.2+

<& 0.0

-0.2

—0.4f )]

180

—0.6 0 60 90 120 150
bc.m. (deg)

FIG. 3. Differential cross section and analyzing power angu-
lar distributions for thulium. The experimental data points are
given together with the coupled-channel results.
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V. CONCLUSION

It has been shown that polarized neutron scattering at
7.75 MeV is well described by SOM calculations for yttri-
um and lanthanum, and by CC calculations for thulium,
producing reasonable parameters. The coupling of fur-
ther states or bands to the ground-state band of thulium
does not seem meaningful unless some inelastic channels
can be resolved by experiment. It is for the same reason
that a determination of the imaginary spin-orbit potential
should be taken with care, whereas for yttrium and lan-
thanum the values of J Weo / A'73 suggest a smooth behav-

ior over the medium mass range. Compared to the real
central part the smaller radius parameter of the spin-
orbit interaction is a common characteristic of the pa-
rameter sets (Table II).
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APPENDIX

The intercomparison of various optical potentials
essentially involves their volume integrals and mean-
square radii. For the widely used Woods-Saxon (WS) and
quadratic WS form factors analytic expressions will be
listed below. They can easily be extended to higher po-
tences of the WS form.

The volume integral and the mean-square radius are
defined by

J_ |1
= | |Jvwdr
and (A1)
[ voridr
(RY) =
Jvindr
For the evaluation of the integral
® "dx
F (k)= [ "% (A2)
(&) J; 1+e* %

we follow the way of Elton,>* who obtains
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kn+1 0 (_l)m n ) n! B (_l)nn'
F,(k)= 1= (=1) —— k" T+ “e Mk L A3
" n+1 mzz 20[ ]m’(n —nr) m" (A3
[
The last sum is neglected, its largest term being O(e ~¥) 2 4
Thus 142 |72 | + 1 |\ma
R 15 | R
Fok)=k , (A4) (R?*),=3R? 5 . (A13)
ma
k2 g2 3+ |—
k- T A5 R
F (k) > + 6’ (AS5)
2 WS spin-orbit:
Fz(k)zl‘;+”Tk, (A6)
Jso=4m(—2Vgo (—a)F, | —
k* | wk?* | 17t so O 2 |
==+ 05 4T A7
Fy(k) " + 2 60 (A7)
R
5 2.3 4 EAS
Fy=4 2k Trk (A8) okl s
5 3 15 (R*)¢o=3a , (A14)
The usual parametrization of WS volume, WS derivative, F, R
and WS spin-orbit yields: a
WS volume: . .
which gives (Ref. 37)
R 2
F,|— J
a ——~ | =8mrVs and (R?)so=R? |1+
Jy=4nVa’F, ’5“ (R?)y=a’ ,  (A9) A4V o
R
F —_
*la (A15)
. . Quadratic WS:
which gives (Ref. 36) For the evaluation of the integral
2
J 41 3
— | =—rvil+ |— , 1
1 3 R G,(k)= | "x"fXx)dx with f(x)=——" Al6
g @10 I T T K (A16)
(R%*),=L(3R*+77%?) .
we make use of the identity
WS derivative:
o (R O X) _ 24y~ f(x) (A17)
Jyw=4m(—4aW)(—2a*)F, PRE ax ’
(A11)
thus obtaining
R
F3 7
(R?),, 2 ) G,(k)=[x"f]g +F,(k)—nF, _,(k), (A18)
F | R
Lg and for the derivative form factors
which gives ® 2 [y 7270
, fo x x)ldx =[x"f21¢ —nG, _ (k) . (A19)
—i; —16—”R— W{1+% || Ref 36,
w The application of the above scheme for higher potences
(A12)  of the WS form factor is straightforward.
*Deceased. 4E. Woye, code JANE, private communication.
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