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Cross section angular distributions for the '®O elastic scattering on **Ni at an incident energy of Eq, = 60
MeV and the **Ni (*°0,'>C)*?Zn reaction leading to the strongly excited states at 0.0 MeV, 0.95 MeV, and
3.19 MeV at Ej;, =46 MeV and 60 MeV have been measured. Six different sets of optical model
parameters are-able to reproduce equally well the measured cross section angular distribution of the oxygen
elastic scattering. The EFR-DWBA arialysis of the ('°0,'2C) results shows that only one set of surface
transparent optical model parameters predicts the (*°0,'?0) angular distributions at E,q, = 60 MeV, while no
optical potential was able to provide good fits to the 46 MeV data. The position of the maxima of the “bell
shaped” angular distributions at 46 MeV are shifted to forward angles compared to the DWBA calculations.
Relative spectroscopic factors obtained from comparison of data and calculations will be compared to
previous (°Li,d) results. Using a Q3D magnetic spectrograph an energy spectrum resolution of 60 keV was
obtained for the **Ni(*®*0'>C)** Zn reaction and 13 energy levels are identified in the excitation energy range
from 3.19 to 6.30 MeV.

NUCLEAR REACTIONS *Ni(*%0, 60), Eyq,=60 MeV; ®Ni(*%0, 12C), Eye,=46 MeV
and 60 MeV; measured ¢(6), 6,,,=14°-84° for (%0, 1%0) and 6, ,,= 3°~36° for (!0,
12¢y, A6, 4, =1°; deduced optical model parameters from elastic scattering; EFR-
DWBA analysis; identified 13 energy levels in #2Zn between E,=3.19 MeV and

6.30 MeV, resolution 60 keV.
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I. INTRODUCTION

In recent years single and multinucleon transfer
reactions induced by heavy ions have been studied
extensively experimentally as well as theore-
tically. The particular features of these reactions
have been summarized in many review articles.!"®
One of the most interesting aspects of studying
multinucleon transfer reactions is to obtain infor-
mation on four nucleon correlations in nuclei.

The first systematic studies of 2p-2x transfer
reactions on 1f-2p shell target nuclei were per-
~ formed with (*°0,'2C) reaction.”® It has been sug-
gested that the observed strong selectivity in the
population of the final states might reveal a
quartet structure of nuclei as proposed by Danos
and Gillet.” However, no reliable nuclear struc-
ture information could be obtained because not
enough was known about the reaction mechanism.
The poor energy resolution of 250 keV in (*°0,'2C)
spectra with silicon detectors has been improved
to 60-100 keV for thin targets since quadrupole-
dipole-dipole-dipole (Q3D) magnetic spectrographs
are used to detect heavy reaction products.'®! In
the present work the Saclay Q3D spectrograph was
used to measure high resolution energy spectra
(full width at half maximum ~60 keV) and angular
distributions of individual levels in ®2Zn populated
by the ®Ni(*°0, 2C)®2Zn reaction at 46 and 60 MeV
incident energies.

Despite several studies the mechanism of the
(*%0,'2C) reaction is not yet well understood. The
EFR-DWBA (distorted-wave Born-approximation)
calculations which reproduce the (**0,'*C) data
are often based on optical model (OM) parameters
which do not describe the elastic scattering
data.’*!12715 This may be due to the fact that elastic
scattering and transfer reactions are sensitive to
different regions of the OM potential.'¢='® 1t has
been shown'® that the elastic scattering is sensitive
only to the tail of the OM potential far outside of
the nucleus while transfer reactions take place
near the nuclear surface. Several studies!®?? of
heavy ion induced one and two particle transfer
reactions show that adequate fits to the transfer
data can be obtained only with surface transparent
potentials. Owing to well known OM ambigu-
ities,?%2¢ however, very different types of OM
potentials (surface transparent, surface absorp-
tion, and weak absorption) can provide equally
good fits to elastic scattering data.

We measured the %0+ 5Ni elastic scattering
angular distributions up to 6., =100°at Emo =60
MeV in order to determine OM parameters neces-
sary for the EFR-DWBA calculations. By refitting
existing elastic scattering data?® OM potentials for
46 MeV incident energy were obtained. The in-
fluence of different types of OM parameters on the
results of the EFR-DWBA calculations for the
measured *3Ni(*°0,'2C) %2Zn transitions will be
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discussed.-

It has been shown recently that the failure of
EFR-DWBA calculations in reproducing the trans-
fer data may be due to shell model state polariza-
tion,2% neglected in usual DWBA calculations.
This effect is expected to be strong for incident
energies close to the Coulomb barrier and should
decrease with increasing energies. Our analysis
. of the transfer data taken at 46 and 60 MeV inci-
dent energies will be a test of this model.

The question whether the four nucleons trans-
ferred in the (*%0,2C) reaction behave like an &
particle has been the subject of many discuss-
ions.2”32 Shell model calculations of Kurath and
Towner®® showed that at the nuclear surface the
contribution of Os relative motion dominates over
the other components (0p, 1s, 0d, 1p, 2s). To
verify this hypothesis, a quantitative comparison
of the relative spectroscopic factors with those
derived from the (°Li,d) reaction,* assumed to be
a good “a transfer reaction”, has been done.

II. EXPERIMENTAL DETAILS

To investigate the 58Ni(®0Q,'6Q) elastic scattering
and the %®Ni(*°0,2C)%2Zn reaction we used the 60O
beam of 6* atomic charge state from the Saclay
super-FN tandem accelerator. The beam was
steered into a scattering chamber and focused
through a 1.5 X 2.0 mm? entrance slit on the 5®Ni
target which was fixed at 90° to the beam direc-

tion. All angular distributions have been measured

with a target consisting of a 188 ug/cm? thick
layer of °8Ni evaporated on a 30 pg/cm? thick
carbon foil. The typical resolution for this target
was about 150 keV. For the spectra at higher ex-
citation energy a resolution of about 60 keV was
obtained with a 30 ug/cm? °®Ni layer on a 10 ug
/cm? carbon backing. Some examples of '2C
spectra are shown in Fig. 1. The isotopic enrich-
ment of *®Ni was (99.95+0.01)%. Outgoing reaction
‘products were momentum analyzed in the Saclay Q3D
magnetic spectrographand detected by a 85 cm long
gas counter®® in the focal plane. This counter wasa
two stage proportional counter filled with a gas mix-
ture of argon-methane (90~10%). The1cm thickre-
sistive wire transmissiondetector delivered the en-
ergy loss AE and the positionalong the focal plane.
The 10 cm thick rear detector measured the re-
maining energy E,. The gas pressure was ad-
justed to 540 Torr to stop the '2C ions. Incident
ions were particle identified by appropriate limits
in the AE and E, spectra. Some examples of *C
position spectra ‘are shown in Fig. 1. The sol-
id angle was defined by the Q3D entrance slits.
For the measurements at 60 MeV incident en-
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FIG. 1. Sample spectra of the reaction ®Ni(1*0, 2C)
827n at three scattering angles 6;,=17°, 19°, and 30°
with identified energy levels between E,=3.19 and 6.30
MeV. The unknown impurity marked in the 19° spectrum
falls in the 17° spectrum right on the doublet at 3.88 and
4.05 MeV. For detailed discussion see Sec. III.

ergy a relatively small angular acceptance of
A0 =15 mrad was chosen in order to resolve
the oscillatory structure of the angular distri-
butions. The azimuthal opening was A¢ =40
mrad for scattering angles 6,,<10° and was
reduced to A¢ =+20 mrad for 6,, <10°to avoid
appreciable deviations of 6 for angles out of the
reaction plane. At EISO =46 MeV the angular dis-
tributions are structureless and therefore a large
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TABLE 1. Measured atomic charge state contribution for 12C and 160 ions.

Ton E ., MeV) 5% (%) 6% (%) 7 (%) 8* (%)
2¢ 49.04 13.5+0.5 86.6 3.5
12¢ 55.80 9.9:+0.4 90.1 +3.6
160 © 54.25 0 3.17+0.11 30.2+1.1. 66.6+£2.4
160 56.96 0 2.70+0.08 28.4+0.9 . 68.9+2.1

angle opening of Af=+30 mrad was chosen. The
azimuthal angle opening was A¢ =+35 mrad for
these measurements. In order to monitor the
dead time of the analog-to-digital converters
(ADC) the total number of events arriving at the
ADC and the number of events leaving them were
counted in scalers. The ratio of these two scaler
counts determined the dead-time correction factor
which was typically 2% but always smaller than
6%. All data are properly corrected for these
losses. During the experiment the magnetic field
of the spectrograph was adjusted to count the most
abundant atomic charge state which was the 6*
state for the 2C ions and the 8* state for the %0
ions. We measured the charge state contributions
using the (°0,'2C) reaction and the elastic scat-
tering on 2C by simply turning around the *®Ni
+12C target so that the 2C side was facing the
incident beam. This allows the outgoing *2C and
160 ions to obtain equilibrium charge distribution
when passing through the 58Ni layer. The use of a
12C target has the advantages of a large 2C(*¢0,2C)
cross section and an easy access to a wide range
of ion energies simply by changing the scattering
angle 6. In this arrangement the above specified
thick target was used for 2C while for the €0
charge distributions a target of a 30 pg/cm? 2C
foil with a layer of 80 pg/cm? 5®Ni was used. Our
results shown in Table I are in good agreement
with the measurement of Weber et al.3® Charge
states smaller than 5* for '2C and 6* for %0 are
assumed to be negligibly small.3” All data are
corrected for charge state losses and correction
factors for energies different from the measured
ones are calculated by linear interpolation.

A surface barrier detector at 0,,=30°was used
to monitor elastic scattering from the target.
Relative cross sections were obtained by normali-
zing to the number of counts in the elastic peak
of the monitor detector for a particular measure-
ment. In order to determine the normalization
factor for the absolute cross section we assumed
the elastic scattering of ®0 on %®Ni to be pure
Rutherford scattering between 6,,,=20° and 25°.
All cross sections are normalized to the calculated

Rutherford cross section in this range of scatter-
ing angles. The overall uncertainty of the absolute
cross section is estimated to be 10% for the
8Ni(*€0,'2C) reaction. This uncertainty results
from the uncertainties in atomic charge state and
dead-time correction factor, the error in the
ratio of solid angles, and the deviation of the
measured elastic scattering from the calculated
Rutherford cross section.

III. EXPERIMENTAL RESULTS

The overall energy resolution in the '*C spectra
results mainly from the energy spread in the tar-
get and the stability of the oxygen beam energy.
The resolution of 60 keV obtained with the thin
5®Ni target allowed to identify 13 energy levels in
©27n between 3.19 and 6.30 MeV using the
*®N1i(*%0,'%C) %2Zn reaction at 60 MeV incident ener-
gy. These energy levels are listed in Table II
and compared to results from the (°Li,d) work of
Fulbright ef al.®* Measurements for higher ex-
citation energies E_=6-10 MeV show many over-
lapping peaks but no level is dominantly populated.

TABLE II. Identified energy levels in 2Zn.

Ex a E_x} b J1|’ (&
3.19+0.02 3.19 3"
3.88+0.03 3.84 1
4.05+0.03 3.99 o*d
4.54+0.04 4.49 6*)
4.75+0.04 coe

" 4.89+0.04 4.96
5.09+0.07 5.09 ")
5.27+0.07 5.33
5.41+0.03 5.47
5.58 +0.04
5.79+0.03
6.03+0.03
6.30+0.03

2This work.

PFrom (°Li,d) work of Ref. 34.

°Ref. 34 and references therein.

dThe 0% spin assignment of the state at E, = 3.99 MeV
is based on Refs. 43—45 in Ref. 34.
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To identify energy levels we measured several lar to the (°Li,d) reaction.3* Strongly excited
spectra for different scattering angles between states are the ground state 0*, the 0.95 MeV 2*
6=16°and 40°. Three sample spectra are shown state, the 3.19 MeV 3~ state as well as the levels
in Fig. 1. Energy levels were adopted only if lying at 3.88, 4.05, and 4.56 MeV excitation en-
their peaks could be seen at least in three dif- ergies. On the contrary the 1.80 MeV 2*, the
ferent spectra. In this way impurity peaks can be 2.18 MeV 4*, and the 2.74 MeV levels are weakly
identified by their different kinematical behavior populated in both reactions. The relative selec-
from the peaks of the ®Zn levels. A good resolu- tivity of the states populated in the (*°0,'2C) and
tion in the Q3D spectra depends on the appropriate the (°Li,d) reactions has been discussed by
kinematic correction by a magnetic multipole Erskine et al.'! for ‘°Ca and by Peng et al.?* for
field. Because this correction was set for the - Mg and 28Si targets. )
best resolution for the *Ni(*°0,2C)*2Zn reac- No evidence was found for the ®Ni(*%0,2C} ,; wev)
tion, impurity peaks are usually rather wide ©Zn, ., reaction which should show a Doppler
as for example the *C(*°0, **Cf ;5 yov'°O,, s, im- broadened peak at E,=4.43 MeV. This reaction is
purity peak on Fig. 1. of interest because its strong population would
The energies of the ®Zn levels given in Table indicate that for (*¢0,'?C) reactions on °*Ni a two
II are determined using the measured calibration step mechanism via the 4.43 MeV state in *C may
p channel, where p is the curvature radius of the be important.
particle path in the magnetic field B. The excita- The measured cross-section angular distribu-
tion energy E,=3.19 MeV of the lowest 3~ state tions of the 58Ni(*6Q,'2C) %3Zn reaction leading to
was taken from (°Li,d) results of Fulbright et al.®* ' the 0* g.s., 0.95 MeV 2* state and the 3.19 MeV 3~
By changing the magnetic field B the peak of the state are represented in Fig. 2 and Fig. 3. Nu-
3~ state was moved to different counter positions. merical results are published elsewhere.3® The:
In first order approximation the calibration p data for 46 MeV incident energy (Fig. 2) are
channel is linear but shows small deviations from measured for scattering angles 6, ., =35°-90° and
- linearity due to the characteristics of the Q3D show typical “bell shape” angular distributions
spectrograph and the counter. Uncertainties of the with maxima at about 6., =65°for the 0* and 2*
excitation energies are calculated from the stan- states and 75° for the 3~ state. Figure 3 shows
dard deviations of the measurements at different the data points in the angle range 6, ,, =5°-45°
scattering angles. The errors given in Table I for E,, =60 MeV. At this energy measurements
include the error of +20 keV given in Ref. 34 for were ta(.)ken in 1° steps in the laboratory system in
the 3.19 MeV level. : order to resolve the oscillations for the 0* and 2*
- The selectivity of the (*%0,'2C) reaction is simi- transitions. Missing data points at certain angles
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FIG. 2. Measured cross-section angular distributions of the %Ni (%0, 12C)®2Zn reaction at 46 MeV incident oxygen en-
ergy leading to the strongly excited low lying 0%, 2*, and 3~ states. Error bars indicate statistical errors. The curves
A, D, and F represent the EFR-DWBA calculations using the corresponding OM potentials from Table III. Calculations
with OM potentials B, C, and E given in Table III are not shown because they are very similar to curves A and D.
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FIG. 3. Measured cross-section angular distributions of the 58NiA(IGO, 12¢)827n reaction similar as indicated under
Fig. 2 but at 60 MeV incident oxygen energy. Only the EFR-DWBA calculation using OM potential F reproduces the ex-
perimental data points. Calculations using OM potentials C, D, and E of Table III are not shown but give results very

similar to curves A and B.

are due to impurity peaks. The oscillations are
most pronounced for the 0* state. While the oscil-
lations are still present in the 2* transition they
disappear completely in the 3" transition.

The measurements of angular distributions for
the '®0+3®Ni elastic scattering in the angular
range 6, . =18°-100° are shown in Fig. 4.

IV. EFR-DWBA ANALYSIS
A. Elastic scattering and optical model analysis

The analysis of the *®Ni(*®0,'*C)®*Zn data using’
the exact finite range distorted-wave Born approx-
imation (EFR-DWBA) requires the knowledge of
the wave functions which describe the elastic
scattering in the entrance and exit channels. To
provide the OM parameters necessary to calculate
the entrance channel wave function we refitted the
1604+ 58Nj elastic scattering data at E,,, =46 MeV
of West et al.?® using six different OM starting
parameters from the literature 25:3%39-41 We em-
ployed the OM part of the computer code ECIS*?
using a Woods-Saxon form for the real and imagi-
nary potential. The potential depth, radius, and
diffuseness parameters are denoted V, 7,, a, and
w, 7,, a, for the real and the imaginary poten-
tials, respectively. The potential radius is defined
as R=7(A;*/3+A,*/?) for both potentials where A,
and A, are the mass numbers of projectile and
target. All six parameters have been allowed to
vary to obtain best fits. The radius parameter of
the Coulomb potential »,=1.25 fm was fixed for
all calculations. Table Il gives the starting pa-
raméters and the fitting results. The OM param-
eters for E,,, = 60 MeV shown in the same table

are results from fits to our measurements of the
160 +58Ni elastic scattering. Numerical cross
sections®® are published separately. The param-
eter sets for 46 MeV were used as starting param-
eters. Figure 4 represents these measurements
and the fitting results. The calculations for pa-
rameter sets C and E are not shown, because they
are very close to the curves of sets A and B. All
six potentials reproduce the data equally well in
the angular range measured from 6, =18°-100°,
except for the fact that they fail to reproduce the

S8 (%0, 160)BN, |
N Elob=60MeV

0/0x

1.

0 50
8cm (deg)

FIG. 4. Measured cross-section angular distributions
_of the %0+ ®Ni elastic scattering at incident energy
E14,= 60 MeV represented as ratio to the Rutherford
cross section gg. The curves A, B, D, F, are calculations
using the corresponding OM potentials listed in Table
III. For further discussion see Sec. IV A.
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TABLE III. Optical model parameters for %0 +%%Ni elastic scattering. The Coulomb radius 7c = 1.25 fm for all pot-

entials.
Starting
VviMeV) 7, (m) a, (fm) W (MeV) 7, (fm) a, (fm) Type of potential® parameters
A 46 MeV 85.4 1.22 0.498 39.2 1.204 0.476 SA' " Ref. 25
60 MeV ” ” ” ” ” 2]
B 46 MeV 70.0 1.202 0.57 © 106.6 1.202 .39 ST Ref. 39 (ST16)
60 MeV 67.7 1.196 0.574 116.8 1.195 .386
C 46 MeV 2142 1.307 0.552 7.427 1.37 448 WA Ref. 40
60 MeV 20.97 1.313 0.554 9.677 1.357 360
D 46 MeV 74.35 1.35 0.337 78.0 1.342 174 ST Ref. 30
60 MeV 70.15 1.343 0.339 76.39 1.344 .156
E 46 MeV 31.2 1.31 0.49 42.3 1.25 43 ST Ref. 41 (MNi)
60 MeV 294 1.311 0.488 "36.5 1.245 421
F 46 MeV 40.74 1.303 0.473 59.19 1.216 .164 ST seo
60 MeV 45.09 1.298 0.461 57.39 1.217 .163

3SA = surface absorption, ST = surface transparent, WA = weak absorption.

maximum at the rainbow angle 6, , =~45°by about
10%. For scattering angles 6, ., >100° the calcu-
lated cross sections for the sets A, B, C, and E
continue to drop while the curves for D and F
remain nearly constant with a value of 0/0;=1073.
A typical feature of the parameter sets D and F is
the relatively small imaginary diffuseness of
a,~0.16 compared to a, = 0.37 for all other poten-
tials. This small value of a, produces a strong
surface transparency of the potentials D and F
which seems to be necessary to provide the oscil-
latory structure of the EFR-DWBA calculations.

B. Description of EFR-DWBA calculations

In order to analyze the measured **Ni(*¢0,'2C) %2Zn
angular distributions, which have been presented
in Sec. III, we performed calculations in the exact
finite range distorted-wave Born approximation
(EFR-DWBA) employing the computer code SATURN-
MARs-1.%3% The two proton—two neutron transfer
was treated in the cluster approximation and the
transferred particles were considered to be an
a cluster in its Os ground state. Since only one
internal state of the a cluster and a single value
of the principal quantum number N for the de-
scription of the center of mass motion of the a
cluster are assumed, the experimental cross
section can be written as

=R+C?2S,+C%S, Opypa s (1)

anD

where oy, is the calculated cross section and
C,2S, and C,%S, denote the spectroscopic factors
for the light system 1 (*°0-2C) and the heavy
system 2 (°®Ni-®*Zn) with C, and C, the usual

1

isospin Clebsch-Gordan coefficients. The renor-
malization factor R accounts for the discrepancies
in magnitude between the calculated and the mea-
sured cross sections. It is often referred to as
“unhappiness factor.” Its origin is not yet clear.
For a more detailed discussion see Refs. 15 and
26. Because of this normalization problem, only
relative spectroscopic factors can be extracted
from comparison of experimental and theoretical
cross sections.

Woods-Saxon potentials were used to calculate
bound state wave functions. The potential geo-
metry was fixed to R=1.25 fm A!/3, where A is
the mass number of the 2C or °®Ni core, and a
diffuseness value of a=0.65 fm. The potential
depth was adjusted to reproduce the experimental
binding energy of the a cluster in the system core
+a. The number of nodes N and the orbital angular
momentum L for the bound state wave functions
are listed in Table IV. Assuming the & cluster to
be in an Os state of the internal motion, energy
and parity conservation require the Talmi-Moshin-

TABLE IV. Number of nodes N and angular orbital
momenta L used for the bound states.

JT E, (MeV) N L
12C +a o* 0 2 0
58Ni +a o* 0 6 0
2% 0.95 5 2
3" 3.19 5 3
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sky*® relationship:

4
2N+L= 2n;+1,). (2)
Z:l ith
Here n; and /; are the number of nodes and orbital
angular momenta of harmonic oscillator states of
the 2C and °®Ni cores into which the four nucleons
go. Owing to incomplete treatment of the residual
interaction potential in the post and prior repre-
sentation, DWBA calculations show different re-
sults for these two representations. It has been
shown by DeVries?*¢ that EFR-DWBA calculations
of multinucleon transfer reactions using the “post”
representation and including the Coulomb inter-
action terms will reproduce the magnitudes of
these reactions with deviations of less than 20%.
Therefore the EFR-DWBA computer code SATURN-
MARS-1 has been modified to include the Coulomb
terms in the interaction potentials*’ and we have
used the post representation.

In the code SATURN-MARS -1 optical model pa-
rameters are used to calculate the wave functions
of the elastic scattering in the entrance and exit
channels. The entrance channel potentials were
determined by fitting experimental cross-section
angular distributions of the *0+%®Ni elastic scat-
tering. This is described in subsection A. Since
no OM parameters for the exit channel are avail-
able the same potential parameters were used in
exit and entrance channel. ‘

C. Results

Results of EFR-DWBA calculations of cross-
section angular distributions for the
38Ni(160,'2C) ®Zn reactions leading to the 0* ground
state, 0.95 MeV 2* and 3.19 MeV 3~ states are
shown in Fig. 2 and Fig. 3 together with experi-
mental results already presented in Sec. ITI. Data
and theoretical curves for 46 MeV incident energy
(Fig. 2) show typical “bell shape” angular dis-
tributions but the positions of all experimental
maxima are shifted about 15° to forward angles
with respect to the calculated maxima. DWBA
calculations for all OM parameters (sets A-F)
listed in Table III were carried out but only cur-
ves for A,D,F are shown in Fig. 3 because results
for sets B, C, and E are very similar to curves
A and D. For details of the DWBA calculations
see Sec. IV B.

It has been shown recently by Delic et al.2 that
the use of two-center shell model wave functions
in EFR-DWBA calculations can produce a forward
shift of the angular distribution maxima of about
20° compared to usual EFR-DWBA calculations.
At higher energies polarization effects calculated
in the adiabatic limit should diminish and the usual

EFR-DWBA should be an adequate description of
the transfer reactions.

The experimental and theoretical results for
60 MeV incident energy are shown in Fig. 3. For
scattering angles smaller than about 6, =8°
DWBA calculations for all OM potentials A-F
give the same shape but only potential F' provides
good representation of the data at 6, >8° The
potentials A—E produce “bell shape” angular
distributions. In Fig. 3 only results of the cal-
culations with OM potentials A and B are shown
because C and E give similar results.

The data points of the 0* ground state are in
excellent agreement with the calculations using
potential F' in the measured angular range except
for small deviations near 6., =40°. The calcula-
tion shows the large maximum at 6., m, =0° typical
for L =0 transitions. The experimental angular
distributions of the 0.95 MeV 2* state (L =2) is
not as well reproduced by the EFR-DWBA calcu-
lations as the 0* ground state using potential F.
In particular the experimental minima are not as
deep as in the calculations. The individual M con-
tributions of the L =2 transition are displayed in
Fig. 5. It can be seen that a small misrepresen-
tation of the magnitudes and phases of the M con-
tributions can easily wash out the deep minima
without changing very much the maxima. The ex-
perimental and theoretical angular distributions
of the 3.19 MeV 3~ state are displayed in Fig. 3.
For this L =3 transition the oscillations are al-
most completely washed out. This feature, due
to the increasing number of contributing magnetic
substates (Fig. 5), has already been observed for

" L#0 transitions of the (*°0,'2C) reaction on other

target nuclei.®!
The factors R+ C;2S, * C,2S, containing the spec-

38y (160,12C)622n

T T
319MeV 37

, T
095Mev 2%

oL

. TR L
%0 0 020 %0 40
B (deg) 8cm (deg)

of
3
N
IS

FIG. 5. EFR-DWBA calculations for the 0.95 MeV 2"
and 3.19 MeV 3" states identical to the calculations in
Fig. 3 are shown (SUM) together with the contributions
of different magnetic substates (M).
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TABLE V. Experimental and theoretical relative spectroscopic factors c,zsi.czzsz/ (01231'

szsz)g.s.'
Experimental Theoretical
(160’120) a (GLi,d ) b (1208Be) c (160,_120) d
E (MeV) JT,L 46 MeV 60 MeV SBF oI Shell model
0.0 ot 0 1(1.9)° 14.3) 1(0.20)  1(0.15) 1 1(3.107%)
0.95 2t 2 0.42 0.40 0.36 0.29 0.35 0.55
3.19 3" 3 0.38 0.55 0.39 0.37 soe oee
3This work.
bRef. 34.
CRef. 48.

dShell model calculations of G2S, (system: 160-12C) in Ref. 49 and C,%S, (system: 5®Ni—52Zn)
in Ref. 50. The relative spectroscopic factors are independent of the type of the a-stripping

reaction.

®Absolute spectroscopic factors R-Cizsi'szsz in parentheses.

troscopic factors have been determined according
to formula (1) by comparing experimental and
theoretical cross sections calculated with OM
potential F. In Table V the spectroscopic factors
relative to the ground state C,2S, * C,2S,

/(C2S,* C,;2S,), . are listed for a better com-
parison with results of the (6Li,d) reaction® and
the (*2C,%Be) reaction.?® Theoretical spectroscopic
factors for the 0* and the 2* states shown in Table
V are obtained from shell model calculations of
C2S. [See Bennett et al.*® for the (*®*Ni-%2Zn) sys-
tem and Kurath et al.5° for the (*%0-'2C) system.]

The experimental relative spectroscopic factors
of the 0.95 MeV 2* state for the (*°0,2C) reaction
are 0.42 and 0.40 at 46 and 60 MeV. This is
10-15% larger compared to the results from
(°Li,d) and (*2C,%Be) reactions. Our result for the
3.19 MeV 3~ state at 46 MeV is C,%2S,° C,2S,

/(C 28, C,%8,),... =0.38 which is almost identical
to the (°Li,d) result. For the 60 MeV data we
obtain a value of 0.55 which is about 40% larger
than the results at 46 MeV. This gives the con-
tradictory result that the 60 MeV data are better
reproduced by the DWBA while the spectroscopic
factors for 46 MeV agree better with the (°Li,d)
results.

In order to estimate the sensitivity of spectro-
scopic factors on the bound state wave function we
changed the radius of the real Woods-Saxon po-
tential in which the form factor is calculated from
1.25 to 1.35 fm. This increases the EFR-DWBA
cross sections by a factor of 3.2 for all levels
and therefore does not change the relative spec-
troscopic factors.

V. SUMMARY

In this work the *®Ni(*®0,'2C) ®Zn reaction has
been investigated. We measured cross-section

angular distributions at 46 and 60 MeV incident
energies and EFR-DWBA calculations have been
carried out. From this investigation we draw the
following conclusions:

(1) The relative selectivity of (*°0,'2C) and
(°Li,d) reactions on °®Ni is very similar.

(2) No evidence was found for the
SSNi(*°0,'2C 45 yev)®ZD, ¢, Teaction.

(3) °®Ni(*¢0,2C) ®2Zn angular distributions are
“bell shaped” at 46 MeV and no L dependence was
found. On the contrary the angular distributions
at 60 MeV show strong oscillations which are
different for L =0 and L =2 transitions. No oscil-
lations are found in the measured L =3 transition
which is due to the incoherent sum over contribu-
tions from several magnetic substates.

(4) Using the surface transparent OM potential
F, exact finite range DWBA calculations repro-
duce fairly well the 60 MeV transfer data. Simul-
taneously potential F provides good fits to the
measured 80+ 5°Ni elastic scattering data. No
DWBA calculation was able to reproduce the 46
MeV transfer data. The experimental maxima of
the “bell shape” angular distributions are shifted
about 15° to forward angles compared to all cal-
culations. )

(5) The improving agreement observed between
EFR-DWBA calculations and the experimental data
with increasing energy qualitatively supports the
.idea proposed by Delic et al.3! that shell model
state polarizations have to be taken into account
for large collision times.

(6) Relative spectroscopic factors between dif-
ferent “a-transfer” reactions and calculations
agree within about +20%. These deviations can
be attributed to sensitivities of spectroscopic
factors to variations in the form factors and the
optical model parameters used in the EFR-DWBA
calculations.
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