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We measured differential cross sections and d~-y angular correlations for the scattering of 10 MeV

deuterons on Mg, Mg, Si, and Si. The data were analyzed in terms of coupled channels in a
0+-2+ coupling scheme on the basis of a symmetric rigid rotator model and in the framework of the

distorted wave Born approximation. The correlation data of Mg show a remarkable prolate-

oblate sensitivity. They can be described also in the distorted wave Born approximation, but only in

the prior interaction form. For Si multistep processes can be indicated. The results are consistent

with a prolate nuclear shape of ' Si.

NUCLEAR REACTIONS " Mg 2 Si(d,d'y), Ed ——10 MeV; measured in-

plane d ~-y correlations. ' Mg ' Si deduced prolate-oblate nuclear shape, re-

striction of optical model parameters. Coupled channels and 0%'BA analyses,
enriched targets.

I. INTRODUCTION

By particle y-angular correlations it is possible to deter-
mine the polarization of excited nuclear states. As phases
between reaction amplitudes enter into the description of
the magnetic substate population, particle y-angular corre-
lations yield a sensitive tool in nuclear structure and reac-
tion mechanism studies. This has been demonstrated in a
series of investigations (see, e.g. , Refs. 1—6). For example,
(a,a'y) measurements with a particles of 104 MeV yield-
ed a unique determination of the sign of the deformation
for sd-shell nuclei. The results could be interpreted not
only by coupled channels calculations but also within a
simple picture of Fraunhofer diffraction. It was one aim
of the present work to see to what extent the results of 104
MeV a scattering could be transformed to the scattering
of 10 MeV deuterons, where, due to the large number of
open channels, compound nucleus contributions are ex-
pected to be small. On the other hand, we emphasized in
a previous work that the analysis of angular correlation
data can be a powerful way of determining nuclear reac-
tion mechanisms. This was demonstrated by comparing
differential cross sections and in-plane (d,d~y) angular
correlations of the inelastic deuteron scattering on "Mg at
Ed ——10 MeV with coupled channels (CC) and distorted
wave Born approximation (DWBA) calculations, respec-
tively. Only the CC calculations were found to be able to
reproduce the angular correlation data whereas the cross
sections can be described with CC and DWBA calcula-
tions as well. From this we concluded that multistep pro-
cesses are important for this reaction and that the DWBA
cannot be assumed to be an adequate reaction model solely
from the fact that it can describe differential cross sec-
tions.

In the meantime we have continued these investigations.
We found that there are DWBA calculations which indeed
lead to a reasonable description also of the angular corre-
lation data. It seems to be most remarkable, however, that
the only DWBA calculations which succeed in describing
the Mg(d, d, y) data are those in which the prior interac-

tion form is used. (The DWBA calculations in Ref. 7
have been performed exclusively with the post interaction
form. ) From these results, it is suggested that the condi-
tions under which the DWBA will be able to simulate CC
effects should be investigated. Recently this question was
also discussed by Ascuitto et al. They analyzed the
' 0+ Ca system, finding the DWBA to be an adequate
model for the description of inelastic cross sections, if the
exit-channel distorting potential is chosen correctly. A
procedure for choosing it is discussed. In this context it
seemed worthwhile to extend our investigations to some
other nuclei. We measured again in-plane (d,d~y) angular
correlations together with differential cross sections at
Ed ——10 MeV on Mg, Si, and Si. The individual
properties of these neighboring even-even nuclei are of
special interest for our studies. Considering the sign and
magnitude of deformation, Mg can be assumed to
behave similarly to Mg, whereas Si is known to be neg-
atively deformed. Among these four nuclei, Si is the
only case in which the differential cross section of the in-
elastic scattering to the first excited state can be described
by a "symmetric" DWBA (i.e., one in which the elastic
scattering optical potential is used also as the exit-channel
distorting potential).

II. EXPERIMENT

We measured for the nuclei Mg, 8Si, and 3oSi dif-
ferential cross sections for elastic and inelastic deuteron
scattering and d&-y double differential cross sections of
in-plane angular correlations at the Erlangen EN tandem
accelerator at a bombarding energy of 10 MeV. As tar-
gets we used self-supporting foils, apart from 3 Si where
we used Si02, with areal densities of
(1.2+0.05) X 10' /cm for Mg, (13+0.3)X 10'9/cm for

Si and (1.8+0.05) X 10'9/cm for 3 Si. The differential
cross sections were measured in a conventional way by use
of AE-E surface barrier detector telescopes. In the angu-
lar correlation experiments surface barrier detectors,
placed at fixed angles between 30' and 100, were used for
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the order of —10%%uo for N„;„(statistical error) and about
7% for the rest, which together with the error in the dif-
ferential cross section led to an error for the angular corre-
lation function of (15'. In order to check the reprodu-
cibHity of the data, we measured overlapping angular set-
tings, which generally led to fair agreement within these
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FIG. 1. y spectrum coincident with deuterons scattered at an
angle of 65 from the reaction Si(d,d'y) for the y detector at
—65 . The y energy resolution is about 9 keV.

The error for the double differential cross section was on

the detection of the scattered deuterons. Up to eight parti-
cle detectors were mounted in a distance of 10 to 11.5 cm
to the target. Rectangular slits with solid angles from 1.6
msr up to 3.6 msr were used. The energy resolution for
the scattered deuterons was about 60 to 100 keV according
to the kinematics. The y radiation was measured by two
Ge(Li) detectors having efficiencies of 10% and g%%uo in
comparison with a 7.6 cm)&7. 6 cm NaI detector, respec-
tively. Lead collimators defined the solid angle of the
Ge(Li) detectors, in front of which a thin layer of lead
shielded against a low energy background. The opening
angle was +7' or +9', respectively, so that the correction
of the angular correlation function due to the finite angle
was negligible. Especially in the case of the Si02 target
the use of a Ge(Li) y detector was essential due to the
complexity of the y spectra. The total y-energy resolution
in the experiment was -9 keV. Each of the y detectors
worked in coincidence with all particle detectors. In this
way d&-y coincidence spectra were measured for five posi-
tions of the y detectors. In order to give an impression of
our data, in Fig. 1 a y spectrum coincident with deuterons
scattered at a particular angle is shown for the reaction
sSi(d,d'y) as an example. In the coincident y spectra also

for the other nuclei, the corresponding 2+~0+ transition
appears nearly free of background so that the extraction of
the double differential cross sections from the photopeak
area was possible without any problems. More details
about the experimental setup and the data evaluation are
described in Ref. 10. To present the results of our angular
correlation measurements and their analysis we use the
in-plane angular correlation function which is obtained
from the measured double differential cross section. The
double differential cross section follows from the number
of coincident counts in the photopeak of interest N,~;„, the
areal density Nz of the target, the number of incoming
deuterons j, the particle detector solid angle dQd, the y-
detector solid angle dQ&, and the y-detector photopeak ef-
ficiency ez

Ncoin

d Add Qr zVFjd Qde+Q~

CT d0
dQ 0 dQd

=A+csin (Pr—P~)+Csin 2(gr —Pz) .

Pr is the angle between the beam direction and the y detec-
tor. The parameters 2, 8, C, P&, and Pz depend on the
deuteron scattering angle and are functions of the reaction
amplitudes for transitions between the magnetic substates
of the entrance and exit channels. " Since the parameters
of the angular correlation function contain combinations
of the reaction amplitudes other than the differential cross
section, which is proportional to the sum of the absolute
squares of all reaction amplitudes, the angular correlation
function is able to yield additional information about nu-
clear structure and reaction mechanism.

The values for the parameters A, C, and Pz were deter-
mined by fitting our angular correlation data with an an-
gular correlation function according to Eq. (1) neglecting
the so-called spin-flip term B, which is important only at
very backward angles. The X values of the fits of Eq. (1)
to our experimental data, neglecting the parameter B, were
within the confidence limit. Therefore, we assumed 8 =0,
i.e., we neglected "spin-flip" processes in our analyses.
The values of B calculated within the DWBA and the CC
formalism, respectively, also prove to be very small in the
angular region considered.

III. RESULTS AND DISCUSSION

For the present analysis of our data we have used the
DWBA code DwUCK (Ref. 13) and the coupled channels
code Eels (Ref. 14) modified for the calculation of the an-
gular correlation. ' First we tried to find an optimum
description of the differential cross section. With the pa-
rameters so obtained we calculated angular correlations.
We concentrated mostly on the discussion of the angular
correlation parameter C, which turned out to be very use-
ful in the (a,a'y) correlations at E =104 MeV. At this
energy the isotropic part A of the angular correlation func-
tion proved always to be zero, and the phase Pz yielded
values close to the adiabatic limit, thus giving no further
information. At lower energies A is strongly influenced by
compound nuclear contributions, which, however, should
be negligible in the case of d scattering due to the large
number of open channels. This has been verified by model
calculations of the reaction Si(d, dy) in which coupled
channels and compound contributions were taken into ac-
count. ' Also the phase Pz shows deviations from the adi-
abatic limit at lower energies, especially in the angular re-
gion of cross section minima. The dependence of Pz on
the used reaction models, however, is not as pronounced as
for the correlation amplitude C, which we will discuss in
the following.
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FIG. 2. (a) Differential cross section for the elastic (upper
curve) and inelastic (lower curve) scattering to the first 2+ state
of 10 MeV deuterons by Mg compared with coupled channels
calculations for different signs of the quadrupole deformation
Pq. (Optical model parameters are listed in Table I.) (b) Correla-
tion amplitude C of the in-plane particle y-correlation data of
the reaction Mg(d, d&y) compared with CC calculations. The
calculations correspond to those of the cross sections. The
shown error bars contain mainly statistical errors (see Sec. II).
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FIG. 3. Same as in Fig. 2 for Mg.

not manifest itself in a 8 term in the angular correlation
function was found to also have no remarkable influence
on other parameters. Especially there is no dependence of
C on the spin-orbit part of the optical potential. ' It was
our objective to see to what extent d'-y correlations are
sensitive to prolate-oblate effects obtained in CC calcula-
tions as well as to test the sensitivity of various potential
parameters in d scattering.

Prolate-oblate nuclear shape
The coupled channels calculations have been performed

in a 0+-2+ coupling scheme for a rigid symmetric rotator, In Ref. 6 we have shown for (a,a'y) angular correla-
mostly for spinless particles. The deuteron spin which did tions at 104 MeV that a remarkable prolate-oblate sensi-
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TABLEI p r™etersetsets used in the CC 81cu1gtion

24MI
g

Mg
Mg

28S ~

28S.

3pS

3ps ~

4~D ~~a
P'p 2g 1/3

105.0
105.0
105.0
100.0
137.2
115.7
70.45
90.69

1.54
1.63
1.54
1.31
1.14
1.04
142
1,19

~so
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0.43
0.63
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M»imum

in C
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7.Q6

18.48
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1.63
1.58

0.83
0.59
0.80
o.61
0.57

0.39
0.59
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—0.51
+Q40
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+ 0.31
—0.38
+ 0.21
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0.081
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series of sd shell nuclei have been made. It turned out that
only the Si cross section data could be described with pa-
rameter sets being the same for entrance and exist chan-
nels, whereas asymmetric sets were needed for Mg,

1 I I I I I

100«, c.m.
FIG. 6. (a) Differential cross section for the elastic (upper

curve) and inelastic (lower curve) scattering to the first 2+ state
of 10 MeU deuterons by Mg compared with the coupled chan-
nels calculation for prolate deformation and DWBA calculation
in post interaction and prior interaction form. (Optical model
parameters are listed in Table II.) (b) Correlation amplitude C
of the in-plane particle y-correlation data of the reaction

Mg(d, d~y) compared with CC and DWBA calculations. The
calculations correspond to those of the cross sections. The error
bars shown contain mainly statistical errors (see Sec. II).

Mg, and Si. The question arises whether these asym-
metries in the DWBA are due to underlying CC effects.
Since these nuclei are strongly deformed we would expect
that channel coupling plays an important role. It has been
shown indeed, in a previous study, that for deuteron
scattering on Mg the differential cross sections can be
reproduced by the DWBA whereas the amplitude C of the
(d,d~y) angular correlation is only described by CC calcu-
lations. From this behavior it has been concluded that the
minimum in C is connected with the existence of mul-
tistep processes as they are taken into account in the cou-
pled channel formalism. In that case an asymmetric
DWBA was used for the description; i.e., the potentials
for the calculation of the distorted waves were different in
entrance and exit channels, respectively. The form factor
was calculated by use of the potential parameters of the
exit channel (so-called "post interaction form"). Now,
surprisingly, the analysis of the Mg data has shown that
one is able to reproduce the minimum in C even by
DWBA, but only if one uses the potential parameters of
the entrance channel ("prior interaction form") instead of
those of the exit channel for the calculation of the form
factor. Figure 6 shows the DWBA calculations for post
interaction and prior interaction forms and again the CC
calculation of Fig. 3 for P&0 compared with the elastic
and inelastic experimental cross section data. In order to
avoid confusion with different arbitrary potential parame-
ter sets, the DWBA calculations were performed with the
same parameters for the post interaction and prior interac-
tion forms. They are shown in Table II together with the
corresponding parameters for Mg, Si, and Si. The
parameter sets of the entrance channel are optical model
best fit parameters to the elastic scattering data. The pa-
rameters of the exit channel were chosen so as to describe
the indastic scattering data in the post interaction and pri-
or interaction forms reasonably well. Of course, the pa-
rameters thus obtained are not necessarily equivalent to
the best fit parameters for the respective form of the
DWBA. Detailed investigations, however, showed that
calculations with best fit parameters do not impair the
statements, which we will make below.

The lower part of Fig. 6 shows the different DWBA
calculations and the CC calculation for P~O of Fig. 2
compared with the experimental values for the correlation
amplitude C. Only the CC calculation and the DWBA
calculation in the prior interaction form are able to repro-
duce the minimum in C. As mentioned above, the DWBA
calculations are not really best fit calculations. Hy adjust-
ing the parameters in the exit channel, description of all
experimental data as good as that by the CC calculation
cou1d be achieved in the prior interaction form, whereas in
the post interaction form no parameter set could be found
giving a reasonable description of the cross section and the
correlation amplitude C, simultaneously. Owing to this
behavior of Mg we reanalyzed our Mg data with
DWBA. It turned out that, as for Mg, besides the CC
calculation with 13~0, the DWBA in the prior interaction
form is also able to describe the pronounced minimum in
C.

While we could not find any parameter set for Mg and
Mg in the post interaction form which is able to describe

all experimental data, in the case of Si both the post in-
teraction and prior interaction forms of the DWBA lead
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TABLE II. Parameter sets used in the DWBA calculations.

Mg
Entrance
Exit

V

114.8
109.4

fv

1.32
1.09

av

0.53
0.76

18.5
17.0

1.06
1.59

0.89
0.51

Vso

5.5
5.5

I'so

0.98
0.98

aso

0.98
0.98

Post interaction: 0.44
Prior interaction: 0.59

Mg
Entrance
Exit

114.8
109.4

1.25
0.99

0.61
0.87

27.5
17.0

1.15
1.59

0.78
0.51

5.5
5.5

0.98
0.98

0.98
0.98

Post interaction: 0.42
Prior interaction: 0.48

28S1

Entrance
Exit

103.1
100.0

1.14
1.05

0.80
0.75

22.3
15.0

1.56
1.46

0.49
0.55

Post interaction: 0.68
Prior interaction: 0.38

"Si
Entrance )
Exit J

97.65 1.16 0.74 17.1 1.44 0.62 6.9 0.95 0.54
0.34

to a reasonable description of differential cross section and
angular correlation data. It seems remarkable that the cal-
culations for Mg and Mg need unrealistically large P
values for the prior interaction form, whereas in the case
of sSi one needs a large value of P in the post interaction
form (cf. Table II). From the different results for the pri-
or interaction and post interaction forms for "Mg and

Mg, we do not derive different abilities of both forms to
simulate CC effects. In principle, both interaction forms
must be equivalent. Nevertheless, their different
behavior in the calculation of correlation data should be
noticed.

The nucleus Si plays a special role in our discussion
because it is the only case where the cross section is repro-
duced by a symmetric DWBA, i.e., the potential param. e-
ters of entrance and exit channels are the same. In Fig. 7
one can see that the differential cross section data for elas-
tic and inelastic scattering is described by DWBA and CC

calculations (for the CC case the prolate solution of Fig. 5
is shown, which is able to fit all data). For the (d,diy) an-
gular correlation only the CC predictions describe the
data, whereas (symmetric) DWBA calculations fail to,
especially in the forward angle region. It is therefore obvi-
ous from the correlation data that for the description of
the Si(d,d') reaction inelastic (multistep) processes are
essential, which are taken into account in CC calculations.

The extent to which the influence of coupled channels
can be simulated by DWBA has been discussed recently by
Ascuitto et al. in the case of inelast'ic scattering of ' 0 of
60 MeV on Ca leading to various states with spin-parity
of 2+, 3, and 5 . Rehm et aI. ' stated for these transi-
tions that DWBA cannot reproduce the cross sections,
whereas CC leads to a significantly better description.
This is also true for the 5 state, although this state is
only weakly coupled to the other states. Ascuitto et al.
show that it is necessary to calculate the distorted waves
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0.3—

I I I

" Ca(" 0" 0, &j" Ca (3 j

fects, using the procedure suggested in Ref. 8. We were
able to reproduce their calculation. It turned out, howev-
er, that their DWBA calculations simulating CC effects
are equivalent to CC calculations only if one restricts one-
self to the cross section. In Fig. 8 the calculations for the
amplitude of the (' 0, ' 0'y)3 + angular correlation
function is shown. There are remarkable differences be-
tween the CC calculation and the DWBA calculations,
even for the one which seem. s to simulate coupled channels
effects, if only the cross section is considered. Therefore,
one should not conclude that one is able to simulate CC
effects with the aid of DWBA from cross section data.

:,~ .:I
I

CCBA jt
t I——DWBA ll
&I

~" ". DWBA(CCsimu~. j &

100 20' 40'30'
4 Ocm

FIG. 8. CC and DWBA calculations for the correlation
amplitude C* of the in-plane angular correlation of the re-

action Ca(' 0, ' 0'y) Ca(3 ), with C*=5
i
X~ = —3

i
iXM

= —3
i
(doldQ) where XM are the reaction amplitudes in

B
the notation of Ref. 11.

with different potentials. With the help of CC calcula-
tions they generated so-called "bare-optical potentials"
and used these potentials in a DWBA which was asym-
metric in referring to entrance and exit channels. In this
way they obtained a good description of the cross sections.
We tried to extend their simulation method also for the
case of stronger coupling like that in the Mg(d, d') reac-
tion, where we have both cross sections and angular corre-
lation data. For that purpose we took best fit values, i.e.,
for the entrance channel DWBA, for the form factor 0+-
2+, and for the exit channel 0+-2+-4+ CC parameters.
This procedure, however, failed even in the description of
the cross section. Therefore, we calculated for the case of
the Ca(' 0, ' 0') reaction discussed by Ascuitto et al.
differential cross sections in the framework of CC,
DWBA, and an asymmetric DWBA simulating CC ef-

IV. CONCLUDING REMARKS

In conclusion, our coupled channel analyses have shown
that remarkable differences for prolate and oblate nuclear
shapes are present also in the (d,d'y) angular correlation of
10 MeV deuterons. However, the big differences in the
minimum of the angular correlation amplitudes C for

Mg and Mg are mainly caused by the large values of
the absorption potential needed for the description of the
cross section data with the (wrong) oblate shape. In the
case of Si the angular correlation data are consistent
with a prolate nuclear shape in accordance with shell
model calculations. From the DWBA analyses it turns
out that, in contrast to previous studies, the angular corre-
lation for "Mg and Mg can be described also by DWBA.
This was only possible, however, for the so-called prior in-
teraction form. The Si data can be described as well by
the prior interaction as by the post interaction form of
DWBA. In the case of Si it was not possible to describe
the correlation data with "symmetric" DWBA calcula-
tions which are able to reproduce the differential cross
sections. Only coupled channels calculations which take
multistep processes into account lead to a description of
the angular correlation. A simulation of coupled channels
by an asymmetric DWBA as proposed by Ascuitto et al.
did not lead to a description in our cases. Even for the ex-
ample discussed by these authors, namely, the scattering
of ' 0 on Ca, remarkable differences remain in the pre-
dictions of the angular correlation between a full CC and a
CC calculation simulating DWBA.
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