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Elastic deuteron scattering and optical model parameters at energies up to 100 MeV
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Differential cross sections of elastic scattering of deuterons on the target nuclei 'Al, Y, ' Sn,
and Pb were measured at Ed ——58.7 MeV and Ed ——85 MeV. "Best-fit" parameters in terms of the
phenomenological optical model were extracted from the data including in addition differential

cross section and analyzing power data from the literature. A set of global optical potential param-
eters is derived.

I. INTRODUCTION

In the interaction of a light ion with nuclei, elastic
scattering is the largest of all partial cross sections. For
projectile energies sufficiently above the Coulomb barrier,
the elastic angular distribution is dominated by a
diffractionlike pattern. It was realized' that this
phenomenon is due to the finite size of the nucleus and
the fact that nuclei are "partially transparent. " In a
simplified description of the process, the optical model
replaces the many-body problem by a complex effective
potential in a one-body Schrodinger equation. The suc-
cess of the optical model to account for elastic nucleon
scattering leads one to apply this model also to composite
particle scattering. It is of special interest to probe the
validity of the optical model for the elastic scattering of
deuterons which are weakly bound composite particles.

Previous work either dealt with studies on best-fit pa-
rameters for single nuclei or with systematic investiga-
tions to derive energy and mass number dependences for
the optical-model parameters. Such studies include data
with unpolarized deuterons as well as data including
polarization. ' Reference 14 gives a compilation of
previous work. In most cases the analysis resulted in a
satisfactory description of the differential cross sections.
Further improvement in the description of the data was
achieved by taking into account an imaginary spin-orbit
term in the potential. ' However, at a deuteron energy of
80 MeV the phenomenological analysis fails to reproduce
both differential cross sections and analyzing powers
simultaneously. ' Because of the large number of poten-
tial parameters in the case of the deuteron optical poten-
tial, fits to the data can be produced with similar quality
for quite different and partly unphysical potential param-
eters. This is especially true when no or only a few
analyzing power data are included in the analysis. Furth-
ermore, discrete and continuous ambiguities occur at low
energies. Many analyses were performed with an a priori
choice of certain parameters. Therefore, a comparison of
results obtained in different works is rather difficult.

For these reasons, attempts have been made to derive
theoretically a deuteron optical potential. ' ' This is
more complicated than in the case of nucleon- or a-
particle scattering where satisfactory results have been
obtained. Because of the low binding energy of the

deuteron, one is dealing in elastic deuteron scattering
effectively with a three-body problem, the target nucleus
interacting with both nucleons of the deuteron. In par-
ticular, the breakup and different inelastic processes have
to be taken into account. The Pauli principle is effective
even at the present high energies as has been shown by
Ioannides and Johnson.

Early attempts in the framework of the folding model'
neglected spin-orbit effects and the breakup of the deute-
ron,' in comparison to phenomenological analyses they
yielded potential depths which were 10—20%%uo deeper for
the real part and rather shallow for the imaginary part.
Keaton and Armstrong' took into account spin-orbit
coupling of the nucleons and the D-state breakup of the
deuteron. Important results of their work were (i) a ten-
sor term in the deuteron optical potential, which is very
sensitive to the breakup channel, and (ii) that the terms in
the deuteron optical potential could have Saxon-Woods
form or derivatives of it, respectively. More recent
folding-madel calculations' including various breakup
channels and realistic nucleon-nucleon forces are able to
give a reasonable description of different cross sections of
elastic scattering, vector and tensor analyzing powers for
80 MeV deuterons scattered on Ni (Ref. 21). However,
serious discrepancies in the reproduction of data exist;
thus the folding model is not without criticism as is dis-
cussed recently by Austern et al. z2 Further, the poten-
tials of Refs. 19 and 21 cannot be expressed analytically
and are, therefore, not appropriate for global analyses.

The analysis of the present data will be performed us-

ing a phenomenological optical potential with a Saxon-
Woods form factor or its derivative in the potential
terms. But the potential parameters or the starting
values for the fit procedure, respectively, will be properly
chosen in order to approximate the folding model accord-
ing to Ref. 18.

This work presents data for elastic angular distribu-
tions on some target nuclei throughout the periodic table.
The deuteron energy was chosen as high as 58.7 and 85
MeV, and the measurements were carried out up to back-
ward angles even larger than the rainbow angle2 in or-
der to minimize discrete ambiguities as discussed in Ref.
24.

Starting from the present data we will derive a set of
global potential parameters including cross-section data
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and analyzing power measurements from the litera-
ture. ""' ' We will compare the results with those of
potential L of Ref. 13, to date the only one study for glo-
bal potentials for elastic deuteron scattering in the
present energy range.
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II. EXPERIMENTS

A. The beam
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FIG. 1. Energy spectrum of 85 MeV scattered deuterons
from a polyethylene target at 0= 15 . Peaks due to scattering on
H, ' C and ' 0 contamination are indicated.

The experiments were carried out with 58.7 and 85.0
MeV deuteron beams of the isochronous cyclotron JUL-
IC. The beams were focused to the center of a scattering
chamber with a beam spot of 1.5 mm diam. At a distance
of 3 m downstream the beam was dumped into a well-
shielded Faraday cup for current integration.

At small angles data were taken with a momentum-
analyzed beam resulting in a beam energy resolution of
hE /E = (2—4) X 10, and typical beam currents of
10—50 nA. Large angle measurements were performed
with the nonanalyzed beam ( hE /E = 3 X 10 ) and beam
currents of 100—150 nA. Higher currents were not used
to keep the background (due to neutrons and y rays) low
and the dead time of the data-taking system always below
3%%uo.

The beam quality was checked from time to time by in-
serting a polyethylene target; a typical spectrum is shown
in Fig. 1. Because of the kinematics of the scattering on
hydrogen, the corresponding peak shape is very sensitive
to energy resolution and angle divergence of the beam.
The slit settings in the beam-transport system were opti-
mized to achieve a narrow and symmetric peak shape for
scattering on hydrogen with the analyzed beam. At the
same time an energy resolution of hE/E =115 keV or
0.14%%uo was obtained for heavy nuclei and worse for
lighter nuclei due to kinematic broadening (Fig. 2). From
the peak shape of the elastic scattering on hydrogen we
extracted an angle divergence of the beam of 0.28'.
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FIG. 2. Same as Fig. 1 but for the indicated targets and
8=35'.

B. Experimental set up

1. Scattering chamber

The particle detectors were mounted outside the 20-
cm-diam scattering chamber on a rotatable ring which
pivots around the targets with a precision of 0. 1'. Thus
on their way to the detectors the scattered particles
passed through (i) a 19-pm Mylar window, (ii) 1 —7 cm of
air depending on the detector position on the ring, and
(iii) finally a 2.2-pm Havar window of the detector cryo-
stat. The energy loss of 100—300 keV and energy strag-
gling of 60—82 keV for the deuterons do not influence the
elastic cross section. Because of the rapidly changing
elastic angular distribution pattern, the scattering angle
and hence the beam direction must be known to better
than 0.2'. We observed deviations of the "0' beam direc-
tion" of up to +0.4. The slit system helped to reduce
short-time variations of the beam. However, long-time
variations of up to 0.2 within three days were still ob-
served. Therefore, we measured in regular time intervals
the scattering on the polyethylene target at fixed angles
and deduced the precise scattering angle by the kinemat-
ics. Thus including corrections for the energy losses as
discussed above, the scattering angle and the actual beam
direction could be determined to less than +0.1'.
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2. Targets I ' I ' ( ' i ~ I ' I ' I ' I ' f ' f ' I & t10

The targets were positioned in the center of the scatter-
ing chamber. The vertical target positions of the
different targets employed were reproducible up to 0.5
mm and the target angle to 1'.

The targets chosen were self-supporting foils of Al,
Y, ' Sn, and Pb. In these nuclei, the first excited

state is at least at 1 MeV excitation energy. The target
thicknesses and isotopic abundances are listed in Table I.
The areal density was measured in three ways: by weigh-
ing, by measuring the energy loss of a particles from a

Cm source, and by comparison of scattering data on
two targets which were independently produced. These
procedures result in an error for the target thickness of
+ 6%.
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3. Detectors

The detectors employed were commercial Si-surface-
barrier detectors of 1000 pm thickness as hE detectors
and home-made 20-mm-thick Ge(Li) detectors of the side
entry type as E detectors. Peak intensity losses from
scattering out of the detector volume are expected to be
negligible due to a favorable detector geometry chosen.
In the initial state of each experiment the intensity of a
low-energy tail due to nuclear reactions in the detector
material and slit edge scattering on the apertures was
determined. The peak intensity losses from reactions
were taken into account for the determination of the
cross sections. Because of radiation damage the tail in-
tensity increased during the runs. This was then compen-
sated by applying a larger bias voltage. After typically
four days of running, the detectors had to be regenerated.

The effective solid angle covered by the detector tele-
scope was determined by a tantalum aperture with an
inner diameter of 2 mm in front of the hE detector and
was, depending on the distances chosen, between
0.41)&10 sr at forward and 0.66)&10 sr at backward
angles. The corresponding openings in 8 were 0.21' and
0.26', respectively. To avoid background or slit scatter-
ing from the beam-transport system a second aperture
with an opening of 4 mm diam was used, situated approx-
imately 100 mm in front of the solid angle determining
aperture.

Deuterons were selected by an electronic particle
identification system. To detect the high-energy particles

f
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FIG. 3. Elastic angular distributions for the scattering of

58.7-MeV deuterons in terms of Rutherford scattering on nuclei
indicated in the figure. The solid curve is an optical-model fit
with parameters in Table II. The arrows indicate the positions
of the rainbow angle.

with reasonable counting rates the gain of the commer-
cial preamplifiers was modified. Details were given else-
where. 27

4. Experimental uncertainty

Beam current and target thickness were monitored
continuously by one counter at a fixed position. The fol-
lowing uncertainties contribute to the relative error be-
tween different values within one angular distribution:
counting rate and dead-time correction result in a 3—4%%uo
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Table I. Properties of the targets used.

Thickness (rng/cm )

Nucleus Isotopic abundance (%) %'eighing a source
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Al

89Y

120Sn

208Pb

98.4

99.1

2.6
11.3
6.4
8.03
4.84
6.07
5.04
6.39

2.69

6.85

5.56
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FIG. 4. Same as Fig. 3, but for Ed ——85 MeV.
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total relative error which may increase to 5—6% in the
steep dropoff of the cross section due to the finite angular
resolution. For angles larger than 100 the errors in-
creased up to 20% due to poor statistics. The absolute
values of the deduced cross sections include in addition
the following uncertainties: beam current integration
( & 1%), solid angle ( & 2% ), target thickness ( & 6% ),
and corrections due to losses in the detectors ( & 2% )

leading to an overall absolute error of -7% except for
angles larger than 100'.

C. Experimental results

Two typical deuteron spectra both taken at the bom-
barding energy of 85 MeV are shown in Fig. 2. In the
case of Al, peaks are broader than for the heavier target
nuclei due to kinematics. For all target nuclei investigat-
ed there is good separation between the ground and the
first excited state.

The angular distributions for the elastic scattering
measured for the four target nuclei are displayed in Fig. 3
for the lower bombarding energy of 58.7 MeV and in Fig.
4 for the higher bombarding energy of 85.0 MeV. The
solid curves shown are the results of optical-model calcu-
lations which will be discussed below. The angular distri-
butions show a diffraction pattern at forward angles
which is washed out at the larger angles. Such a behavior
is expected from the interplay between diffraction and re-
fraction (rainbow scattering) of the incoming waves as
can be explained, for instance, in semiclassical treat-
ments. ' In calculating the rainbow angles indicated
by arrows in the figures spin-orbit effects were neglected
for the sake of simplicity.

III. OPTICAL-MODEL ANALYSIS

The analytical expression of the potential form was

U(r)=V, (r) Vf, (r, R„,a—„) i W—„,~f (r,R,a ) —4a W,„& f (r,R,a )
d
dr

1 d
+VL,s (I s)—

d fl.s(r RLs al.s)m„c r dr

with the Saxon-Woods form factors

f„=I I+exp[(r —R„)la„]I
and the nuclear radius

R„=r„A '

(2)

(3)

where a„denotes the diffuseness. The Coulomb potential
V, is taken as that of a charged sphere of radius
R, =r, A ' . In the imaginary part of the potential,
volume and surface absorption are used. The last poten-
tial term denotes the spin-orbit potential with a Thomas
form. An imaginary spin-orbit potential' * was not em-
ployed because we found that such a potential is rather
weak. In addition to the vector term, three tensor terms
may be introduced in the potential, however, they were
neglected in the present investigation since they have no
influence on differential cross sections and vector polar-
ization, the observables we are analyzing.

A. The method

Fits to the present data and to data from the litera-
ture "' ' ' were performed by varying the optical-model
parameters so as to minimize the quantity J separately
for elastic cross section and analyzing power. In some
cases the fits were searched simultaneously for both quan-
tities, but minimizing P alone is not always a reliable cri-
terion. A visual inspection of the agreement between all
data and the fit calculation seemed to be preferred. Some
a priori guidance for the parameters in the searches were
employed to obtain physically meaningful solutions.

Therefore, the parameter space was scanned by calcula-
tions on a grid to come close to the minimum 7 value.
These values were used then as starting values for addi-
tional iterative searches. In all calculations the optical-
model code MAGALI (Ref. 30) was employed. For the
present energies, partial waves up to 1=40 were included.

As has been pointed out, there are two possibilities
for determining optical-model parameters: best-fit pa-
rameters for a particular nucleus or global parameters
valid for a large number of nuclei. We present both pro-
cedures. In choosing starting values for the parameters
we will stick to the folding-model geometry as close as
possible.

Following the folding model we chose as starting
values for the real potential the sum of the nucleon po-
tentials at half the bombarding energy. If elastic scatter-
ing cross sections were analyzed and only the real poten-
tial was adjusted the best fits resulted in one rather shal-
low 7 minimum. The best known continuous ambiguity
is the correlation between the real potential depth and
the radius parameters R„, VR„with x-2. We have
chosen starting values again from folding-model analysis,
namely, r, =1.17 fm and r =1.30 fm. It was found that
the depth and the geometry of the spin-orbit potential
cannot be determined unambiguously because it can draw
strength from the real as well as the imaginary part of the
potential. Such an effect was also found in the He opti-
cal potential. ' Even if analyzing power data are includ-
ed in the analysis it is not possible to remove this ambi-
guity. It is, therefore, necessary to keep the spin-orbit
parameters within reasonable limits.
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Table II. Best-fit parameters with fixed geometry and pure surface absorption.

(MeV) Target
V

(MeV)
av

(fm) (MeV) (fm) (fm)
VLs

(MeV)
ri.s
(fm) X'/N

85

208pb

120Sn

89Y

Al

80.9
75.7
74.6
61.7

0.84
0.83
0.82
0.72

13.9
14.0
12.9
9.6

1 ~ 18
1.18
1.22
1.23

0.98
0.93
0.87
0.85

7.9
8.9

10.3
9.7

1.05
1.05
1.05
1.05

1.29
0.92
1.11
1.43

58.7

208pb

120Sn

89Y

Al

86.3
82.9
81.6
70.9

0.83
0.83
0.81
0.72

13.6
13.4
12.5
10.0

1.22
1.22
1.25
1.27

0.96
0.91
0.84
0.83

5.7
6.2
7.3
84

1.00
1.00
1.00
1.00

0.59
0.92
0.72
0.48

r, =1.30 fm; r„=1.18 fm; aLz ——1.0 fm.

B. Best-St parameters

The values of the radius parameter r„are scattered be-
tween 1.16 and 1.21 fm. In the best-fit analysis this pa-
rameter was chosen to be fixed to r„=1.18 fm. For the
spin-orbit term we have chosen rLz-aL~-1. 0 fm and al-
lowed only for small variations of rlz. If we used starting
values like rL+-0. 75 fm and alz-0. 5rlz, a typical
geometry in analyses at smaller deuteron energies, we
were unable to reproduce the data of the heavier target
nuclei even if a mass dependence was included. Further,
we assumed surface absorption only in the imaginary po-
tential for the first time.

The extracted optical-model parameters are given in
Table II. The corresponding fit curves are shown in Figs.
3 and 4. We observe (i) a decrease of r„wit henergy and
(ii) a mass dependence of the depth of the spin-orbit po-
tential in contrast to the folding model. ' This may be an
indication that surface absorption only is inadequate. We
therefore repeated the analysis with the geometry but
with both volume and surface terms in the imaginary
part. This procedure results in excellent fits. In this
analysis we obtained values for Vl& of around 6 MeV in
good agreement with the folding model. The average

value of VLz was slightly higher for Ed ——58.7 MeV than
for Ed ——85.0 MeV; in agreement with folding model' we
keep a fixed value of VLz

——6 MeV. We reduced the num-
ber of free parameters further by fixing W„,&

to the mean
values W„,~

——2.0 MeV for Ed ——58.7 MeV and W„„=5.0
MeV for Fd ——85 MeV. For the radius parameter a sta-
tistical scatter of values between r„=1.25 fm and
r =1.30 frn showed up. We have chosen r =1.27 fm as
in folding-model predictions. ' The extracted optical-
model parameters of these fits are shown in Table III.
The reproduction of the data is similar to the one shown
above, but most X iN values are better now.

C. Global potential

Starting with the constraints derived from the analysis
of our data in the previous section we included data from
the literature"" ' into our considerations. We per-
formed the analysis again in order to extract a global pa-
rameter set based on as much experimental data as possi-
ble. First, differential elastic cross-section data were ana-
lyzed, and in a second step, analyzing power data were
included for a better determination of the spin-orbit po-
tential term. Only data with elastic angular distributions

TABLE III. Best-fit parameters with fixed geometry and average values for the depths of volume absorption and the spin-orbit po-
tential. Also included are the volume integrals and RMS radii of the real and imaginary potential.

(MeV) Target

208Pb

120S

89Y

Al

V
(MeV)

80.0
75.5
74.5
66.5

(fm)

0.832
0.815
0.796
0.745

~surf
(MeV)

10.2
9.5
8.4
7.1

(fm)

0.874
0.884
0.896
0.834

X'/N

0.62
0.76
0.98
1.01

J„/2 A

(MeVfm )

313.8
310.1
314.1
328.9

(g2) I/2

(fm)

6.24
5.43
5.04
3.90

J /2A
(MeVfm )

83.6
94.6
96.0

119.2

g 2 I/2

(fm)

7.97
6.97
6.52
5.03

58.7

208pb

120S

89Y

Al

85.9
82.5
80.5
71.7

0.832
0.827
0.796
0.716

12.5
12.2
10.8
9.2

0.894
0.852
0.850
0.834

0.75
0.69
1.6
0.68

336.9
338.8
339.4
354.6

6.24
5.46
5.04
3.82

88.0
88.9
98.1

130.7

8.25
7.08
6.59
5.15

r, = 1.30 fm; r„= 1.18 fm; r = 1.27 fm; rL&
——aLz

——1.00 fm;
8'„1 (85 MeV) = 5.0 MeV; 8'„,1 (58.7 MeV) = 2.0 MeV; Viz ——6 MeV.
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V=81.33+1.43Z/A ' 0.24Ed—MeV,

a„=0.636+0.035 A ' fm,

(4a)

(4b)

extending up to angles beyond the rainbow scattering an-

gle and the first excited states being well separated from
the ground state were included. Although both condi-
tions are not fulfilled in the cases of Al, Ni, and ' Rh
of Ref. 5, they were included for completeness. Data pre-
viously reported by our laboratory were not con-
sidered because of problems in the absolute cross sections
stemming from tailing in the Ge(Li) detectors (see the dis-
cussion of the experimental procedure in Sec. II).

Global potentials containing data with energies above
52 MeV are reported only by Daehnick et al. ' In view
of the expanded data base we think it is useful to derive a
more recent set of global potential parameters.

The dependences of the real potential depth V, the sur-
face absorption depth 8',„,f, and the diffuseness parame-
ters a„and a„on the masses are shown in Figs. 5(a)—5(d).
In Fig. 5(e) the variation with energy of the volume ab-
sorption term W„,~

is shown. Also shown are least-
square fits to the observed dependences which yield

0. 132(Ed —45) MeV for Ed &45 MeV,
0 elsewhere,

8 f =7.35+ 1.153 —0.7128 vol MeV

a.=0.768+0.021~ '" fm .

(4c)

(4d)

(4e)

For the real potential a Z/A ' term was chosen as sug-
gested by Percy to account for Coulomb corrections. In
Eq. (4d) we have expressed the surface term as a function
of the volume term. The quantity W= 8',„,f+0.7128'„&
appears to depend on the target mass and not the energy,
whereas in Ref. 13 a dependence on the energy but not on
the target mass was found.

The data were well reproduced by the potential param-
eters from Eqs. (4) with the exceptions of '2C, ' 0, and

Mg at Ed ——52 MeV where the structures in the data are
still reproduced but larger X /N values are observed due
to (a) in the case of ' 0 the poor reproduction of the deep
and narrow minimum at 8=20.2', (b) in the case of ' C
the theoretical curve for angles smaller than 37' is below
the data, and (c) in the case of Mg the predictions are
above the experimental data for angles larger than 20'.
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FIG. 5. The best-fit parameters together with the fits as given in Eqs. (4).
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Possible explanations for these deviations have not been
examined explicitly but might be due to higher-order pro-
cesses.

For a better determination of the spin-orbit term data
of the vector analyzing power iT» measured at Ed ——52
MeV on a variety of nuclei" and of both vector analyzing
power A and tensor analyzing power A of 79 MeV
deuteron scattering on Ni (from Refs. 16 and 21) were58

included. In the following these quantities are treated in
spherical coordinates as iT„and As (0'). The transfor-
mation was made according to Ref. 38:

iT, )
——&3/2 Ay

and

As (0') = ——,
'

( T2c+ &6T22 ) = A~~ /&2 .

Taking only vector analyzing power data, good fits
were obtained. However, the deduced parameters scatter
unsystematically, and it appears to be impossible to
reproduce with such an "optical potential set" the elastic
cross-section data. It even was not possible to simultane-
ously fit both types of observables with the present spin-
orbit geometry taken from a folding-model analysis. An
optimum is achieved when both rLs and ais are equal but
mass dependent as

I.s =~Ls =0.78+0.038A ' fm .

Again the potential depth VIs scatters around VLs ——6
MeV. The mass dependence of the radius parameter is in
agreement with folding-model predictions. In proton
scattering ' a mass dependence of rls but no mass
dependence of the diffuseness aLs was observed. Also the
global deuteron potentials reported in Ref. 13 have a con-

1O'

1O"'-

'lp

~ 10

10

10

1p1

10

20 40 60 80 100 8,

(degas

FIG. 7. Same as Fig. 6, but for Ed ——85 MeV.

V=81.32+1.43Z/A ' —0.24Ed MeV, (6a)

stant value for ais. It might be that the aLs mass depen-
dence is a consequence of the mass dependence of a„
which was introduced to reproduce the high-energy data.
The elastic cross sections were still well reproduced with
this spin-orbit term. Again VLs does not depend on the
energy in the present investigation in contrast to poten-
tial L in Ref. 13 and the result in proton scattering.

The studies resulted in the following global potential
parameters:

1pp

101

10

1O'.—
CL

10—-1

gl

10

Ed =79.5 MeV

0.5

~ ~ ~'~ ~ ~
~ ~ ~

~ ~ ~

1O"'-

10

10

10

20 40

I I I I I I I I I I I

60 80 100 e (deg)

0.0

-0.5

05O
CD

l/l
p p ~ s

~ ~

~ ~
~ ~

20 40 60 80 100 8 (de g)

FIG. 6. Elastic angular distributions in terms of Rutherford
scattering cross sections at Ed ——58.7 MeV. The predictions of
the present global potential Eqs. (6) are shown as solid curves,
those of the potential L (Ref. 13) as dashed curves.

FIG. 8. Same as Fig. 6, but for Ed ——79.5 MeV. Also shown
are the vector analyzing power iT» and the asymmetry As (0 ).
The data are from Ref. 21.
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101

10

100

-1
10

100

100

10
0
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FIG. 10. Vector analyzing powers (Ref. 11) are compared
s. (6)with the predictions of the present global potential Eqs. ! !

(solid curves) and of the potential I (Ref. 13, dashed curves).

In comparison with Eqs. (4) only surface absorption and
are changed. Theoretical curves calculatedrLs ——aLs are c

6—10.with this potential are compared with data in Figs. 6—1 .

IV. DISCUSSION

Starting from best-fit parameters for elastic scattering
cross-section data (present data and data from Refs. 5,
11, 16, and 21) a set of global optical-potential parame-
ters [Eq. (4)] was derived with the guidance of folding-
model predictions. Inc1uding the analyzing power
data"' ' ' in the analysis, the global parameters of Eq.
(6) were obtained. In Figs. 6—10 the data and the predic-
t of both the present global potential and the nonrela-ions o o

11tivistic potential L from Ref. 13 are shown. The overa
agreement appears to be reasonable. A more detailed in-
spection shows that especially the backward angles at the
high energy for the heavy nuclei are better reproduced by
the present potential. This may be because the present
po enotential is based on data which extends to angles larger
than the nuclear rainbow scattering angle, whereas po-
tential L is based on data below 90' only. Furthermore,
the analysis of Ref. 13 was based on the only data avai1-
able at that time and with the emphasize on light target
nuclei. The good description of the vector analyzing
powers and the asymmetry is an indication that in first
order the spin-orbit vector term alone is sufficient, as ob-
served in Ref. 8 (at 30 MeV) and in Ref. 12 (at 56 MeV).
Calculations with the mean geometrical parameters pro-
posed in Ref. 11 do not reproduce our present data at 85
MeV, even with modification of all potential depths, since
they predict oscillations at larger angles which are not
observed in the data.

The volume integrals of the real and the imaginary po-
tentials obtained from the best-fit searches including
volume and surface absorption are listed in Table III.
They do follow the systematics of Matoba et al. The
difFerences between the volume integrals of the present
potential and potential L (Ref. 13) are small for the imag-
inary part and large for the real part. It has been pointed
out by Greenless et al. ' that the volume integral
J iA A should be determined more precisely than the
potential itself; in addition, it should be less influenced by
continuous ambiguities than the potential itself.

The root-mean-square (RMS) radius of the real poten-



1161

l
'

III
'

I

38

II I
' I1.00

"Zr (d, d.j
1.00-

0.10—

Z7

0.10—

CX

C7

I
'

I
'

I

80 100 120 140 160 180

ec dg

0.01—

I
'

I
' I0.01

0 20 40 60
I

'
I

I
I I

'
I

180140 160
I ' I

80 100 120

Q, (deg)
20 40 60

lar distribution in terms o RRutherfordFIG. 11. Elastic angular is ri
~ The predictionction at the indicated energy.g

of the present global poten
'

q .tialE s. ass o
The data are from Ref. 44.

11 but for the indicated reaction.FIG. 13. Same as Fig. 11, but or e
'

Data are from Ref. 45.

=0.80 fm and'ven b the parameters r~Lz ——.
m.

'
additional term yielded aOfm. In general, this a i i

e e i X
eV a 50% decrease. on y clike Ni at 79.5 Me

d' potential depththe correspond ing ptions were analyze,
d 0 MeV %1 MeV.uns stematically arounW z scattered unsyLS

ions and vector ant analyzing powersBy Gtting crass section
.5 MeV with onlysimultaneously we owe obtained 8'Lo ——.

of the values in epen
'

d dent of the bom-a small scattering o
h lier value than theThis is a much sma erd' h 1

' flMeV) derive in
o k, t}1Also in other previous wor,energy data. so

'

as found to e ra eth r weak compared tospin-orbit term wa
the real one. Therere was no signi can'fi t improvement in

uction of the data as observe d for other light
1}. Th i lfi ofg g

~ ~

rm and a more precise
o1 b t td itht e rea spin-1 in-orbit potential can on y e es

inde endent o ef the bombarding energy
d d d to th

'
1 L shows a weak energy epen

. The
potentia

e h d'ff seness parameter a„.gy p eoft e i use

fm which ca b compared to
I otential shows a mass e

180 M'V
'

ed in roton scattering up to
f o i h RMSof (R„) =1.6+ .0 78+ m. om

e t lobal analysis to t ehe L analysis ofradii of the preset g
Ref. 13, again for the imaginary part, e
similar.

is the one wi'th the largest uncer-p
rameters, as is discusse a

b d d dThe resently o serve
28'his quahtative y

'

g1 in a reement wit pr
where an even stronger mass depen enc Ls s
observed.

tion to what extent there is a need fory g
an imaginar

'
ary spin-orbit term, we ave a

I
'

II
I ~

t
~

It
'

II
'

II
'

I

~ expZr (d, do j

Ed=22 MeV 0.8—

0.8—

0.6—

0.4—
0.4—

0.2—

0.0—
0.0—

—0.2—

-0.4—-0.4—

I
'

I

140 160 18080 100 120

8, (deg)

-0.6—

-0.8—
0 6020 40

I
'

I

140 16040 60 180

-0.8
80 100 120

8, (deg)
20

F 13 but for analyzing power data.FIG. 14. Same as &g.ower data.FIG. 12. Same as Fig. 1, u1 but for analyzing power

PTICAL MODEL. . .ELASTIC DEUTER ON SCATTERING AND OPT



1162 BOJOWALD, MACHNER, NANN, OELERT, ROGGE, AND TUREK 38

100

10

1.0

0.5—

1 I

206Pb (d, d

Ed=79.4 Me

~ ~ ~ ~ ~ ~

10

D
Q

10

10

————potential L

~ e xp.

20 40 60 80 100 120

8, (deg)
140

0.0—

-0.5—

—1.0

this work
—--- potential L

~ exp.

20 40 60 80 100 120

(deg)

140

FIG. 15. Same as Fig. 11,but for the indicated reaction. The
data are from Ref. 46. FIG. 16. Same as Fig. 15, but for analyzing power data.

high-energy data including especially analyzing powers.
A first set of such data was recently published for the

energy range from 200 to 700 MeV. The cross sections,
vector analyzing power A, and tensor analyzing power
A „data, were successfully described within the phe-
nomenological optical model of Eq. (1) with only volume
absorption being effective. These results cannot be com-
pared directly with ours because the geometry was al-
lowed to vary in the search runs and the problem was
treated with relativistic kinematics. We, therefore, com-
pare only integral quantities. Up to 400 MeV the RMS
radii of both the real and imaginary potential of Ref. 43
do follow the present predictions. For higher energies
our potential set fails in describing the data. Similar to
the potential I' of Ref. 13 using relativistic kinematics,
the volume integral of the real potential is decreasing and
finally becomes negative due to a change in the sign of
the potential depth V, whereas the analysis on Ref. 43
suggests nearly a constant volume integral for energies
above 400 MeV. The volume integral of the imaginary
potential agrees up to 200 MeV with the results from Ref.
43. For higher energies there is a steeper increase in the
volume integral than seen in the best-fit results of Ref. 43.
However, the present potential is based on data from 52
to 85 MeV, and one cannot expect the model to be applic-
able to energies much above this energy range. But it
should be stressed that the high-energy data of Ref. 43,
including the analyzing power data, are well reproduced

by a potential of the form of Eq. (1) with no imaginary
spin-orbit potential.

To test the predictive power of the present global
optical-potential parameter set [Eqs. (6}] we have com-
pared calculated quantities with data which were not in-
cluded in the data analysis. The first example, shown in
Figs. 11 and 12, deals with a rather small bombarding en-

ergy (Ed ——22 MeV) which is an extrapolation of the
present global potential to low energies. The elastic cross
section as well as the analyzing power are produced.
The same is true for data at Ed ——52 MeV (Ref. 45} and
Ed ——79.4 MeV (Ref. 46). In the case of the deuteron
scattering at Ed ——52 MeV on Ca, the cross section is
reproduced quite well, while the analyzing power data
cannot be reproduced around 20' (Figs. 13 and 14). In
the case of Pb at 79.4 MeV it was possible to achieve
with the present potential a reasonable reproduction of
the data (Figs. 15 and 16) without employing an imagi-
nary spin-orbit term, as was introduced by Radhakrishna
et al.4'
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