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Angular distributions have been measured for the reaction ®Cu(®Li, "Be,,()®Niy ; at ECLi)
=34 MeV in the angular range 2—-52.5°(lab). Exact finite-range distorted-wave—Born-approx-
imation (DWBA) calculations were not able to reproduce the shape of the angular distribu-
tions even though similar calculations with the same optical model parameters were able to
describe the ®Ni ("Li, *He)®Cu reaction. Elastic scattering data for 'Li+®2Ni and ®Li + ®Cu
were reanalyzed with the optical model assuming a real radius given by R =1.2A4,!/3 instead
of the previously used R =1.2(A;/3+ Ap!/3). The optical model fits to the elastic scattering
data and the finite-range DWBA calculations for the ®2Ni("Li, *He) reaction data were equiva-
lent with both optical parameter sets while the ®Cu(®Li, "Be) fit was greatly improved. The
shape of the forward angle ®Cu(®Li, 7BeO.1)G2Ni0 data indicates that "Be, has a larger 1p3/5/1Py5
ratio than found in the ground state of "Be. Ratios of 1p3/y/1py/y strengths in 7Beo'1 extracted
by fitting the shape of the forward angle data with finite-range DWBA calculations of the
cross sections are in excellent agreement with the calculations of Cohen and Kurath. In addi-
tion, the spectroscopic factor for #Cu is in good agreement with values found from other re-
actions when the Cohen and Kurath results for "Be are assumed. The spectroscopic factor
for the component in the ¥Cu ground state wave function which corresponds to 52Ni(2+) ® 204/
has also been extracted. An upper limit for the magnitude of the cross section for the reac-

tion 3Cu(®Li, Be) has been determined.

NUCLEAR REACTIONS %Cu(°Li, "Be) measured o(9) at E (°Li) =34 MeV for
0 =2-52.5°, A9 =2.5°. Deduced S(®Ni, ;) and S("Be, ;) from finite-range DWBA
analysis. ®Cu(®Li,°Be) measured o at 15, 20, and 25°.

I. INTRODUCTION

Heavy-ion induced direct single particle trans-
fer reactions have not been extensively used to
extract nuclear spectroscopic information because
the complexity of the structure of the projectile
and ejectile makes the analysis of the data more
difficult than in the equivalent light-ion case.
Also, the simplifying assumptions of the zero-
range distorted-wave—Born-approximation (DWBA)
cannot be made. However, the added complica-
tions present in heavy-ion induced transfer reac-
tions can often provide new information such as
the spin of the final state populated in the reac-
tion.!”® In a study of the ®Ni("Li, ®*He)®*Cu reac-
tion®* it was shown that 2p,,, single particle
states could be easily distinguished from 2p, ,,
single particle states. Also, the shapes of the
measured angular distributions were well de-
scribed by finite-range DWBA calculations and
the extracted spectroscopic factors were in good
agreement with light-ion measurements. These
results imply a considerable understanding of
the ("Li, ®He) reaction. Recent measurements®
of the *°Ca(!3C,2C)*'Ca and *°Ca(*3C, *N)*K reac-
tions have shown that the (*3C,2C) reaction could
be described by finite-range DWBA calculations
while the (:3C,*N) reaction could not. These re-
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sults indicated the need for further studies of Li
induced single particle transfer reactions. The
present work reports on measurements of the
83Cu(°Li, "Be)®2Ni reaction. The experimental
data consist of angular distributions for the reac-
tion populating the ground and first excited states
of %2Ni with "Be in its ground and first excited
states. The results have been analyzed in terms
of the exact finite-range DWBA which yielded
spectroscopic factors for "Be and ®3Cu as well

as 1p,/, to 1p, /, relative strengths for the first
two states of "Be.

II. EXPERIMENTAL PROCEDURES

Both a Heinicke direct radial extraction negative
ion source® and sputter source” were used to pro-
duce ®Li" for injection into the Florida State
University super FN tandem Van de Graaff ac-
celerator. Average beam currents on target
varied between 100 and 300 nA at 34 MeV.

Free standing ®3Cu (enriched to 99.8%) targets
80 to 100 ug/cm? thick were made by conventional
evaporation techniques. Thicker targets (~300 pg/
cm?) were evaporated onto carbon backings for use
at large angles.

Two separate scattering systems were used in
the experiment, a large general purpose scattering
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chamber® and a quadrupole spectrometer.® The
reaction data for the laboratory angular range
15 to 52.5° in 2.5° steps were taken in the scat-
tering chamber with an angular acceptance of
0.30°. The 2 to 15° data were taken with the
quadrupole spectrometer in 1 and 2.5° steps with
an angular acceptance of 0.5°. The band pass and
solid angle of the quadrupole spectrometer were
defined by normalizing the 15° quadrupole data
to the 15° data taken in the scattering chamber.
The reaction products were detected by AE-E
silicon surface barrier counter telescopes. The
signals were amplified, digitized, and then trans-
ferred and stored in E, AE pairs via a Camac
interface in an EMR-6130 computer. The E, AE
pairs were then displayed on a storage scope and
gates were drawn around the particle types of
interest with a light pen. These gates were then
used to sort the events into linear energy spectra.
A monitor counter was used to determine target
stability and to normalize the data over the mea-
sured angular range. A typical spectrum taken
in the scattering chamber is shown in Fig. 1.
The energy resolution was 150-175 keV FWHM
(full width at half-maximum). The yields for the
reaction groups were extracted by a Gaussian
peak fitting program.!® The product of target
thickness times the detector solid angle, which
is necessary to determine the reaction absolute
cross section, was found by measuring °Li +%Cu
elastic scattering at 32 and 34 MeV at the angles
15, 20, and 25°(lab) and comparing these results
to the cross sections determined by White and
Kemper® at 32 MeV. The absolute error in the
(°Li, "Be) reaction occurring from a combination
of charge integration and statistical errors in
the normalization data and the absolute error
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FIG. 1. Sample spectrum for the #3Cu(Li, "Be)®*Ni re-
action. The peaks are labeled by the combined energy
and J 7 of the states excited in ®Ni and "Be.

reported in Ref. 4 is 12%. The relative errors
in the (°Li, "Be) reaction measurements ranged
between 9 and 22%, coming from a combination
of statistical and peak fitting errors.

In addition to the "Be data, attempts were made
to observe the ®*Cu(°Li, °Be)*Ni reaction at 15, 20,
and 25°(lab). However, only an upper limit for the
cross section of 5 wb/sr at 25° could be made.
These observations are in agreement with the pre-
dicted three particle spectroscopic factors cal-
culated by Kurath and Millener™! for the °Be - °Li
+(1p)? system. Also observed was the (°Li, "Li)
reaction which was several times more prolific
than the (°Li, "Be) reaction. The high density of
states in 82Cu and poor energy resolution due to
the thick targets used made the simultaneous
study of the (°Li, "Li) and (°Li, "Be) reactions un-
feasible.

II. EXPERIMENTAL RESULTS

The %*Cu(®Li, "Be)®?Ni spectrum in Fig. 1 shows
that the two strongest states excited in %Ni are
the 0% ground state and the 1.17 MeV 2% first ex-
cited state. These two states will be labeled %Ni,
and %Ni,. For each of the ®Ni state excited, two
peaks occur corresponding to "Be in its $~ ground
and 3~ 0.43 MeV first excited states. These two
states will be labeled "Be, and "Be,. The angular
distributions for these four states are shown in
Fig. 2 where it can be seen that the shapes of the
angular distributions are all similar for angles
greater than 20°. The ratio of cross sections for
"Be,/ "Be, for ®Ni in its ground state averaged
over the angular range 20 to 35° was 1,77 in good
agreement with Groeneveld e¢ al.'? who found this
ratio to be 1.60 for the reaction *N(°Li, "Be)'%C
at E(°Li) =32 MeV.

IV. ANALYSIS

A. DWBA analysis

The optical model parameters reported in Ref.
4 were used in exact finite-range DWBA calcula-
tions performed with the code MERCURY!® for
the reactions ®*Cu(°Li, "Be,, ,)**Ni,. It was as-
sumed in these calculations that the optical model
parameters which describe "Li +%Ni elastic scat-
tering also describe "Be +%2Ni. The "Li +%Ni
elastic scattering measurements* were done at
34 MeV, while in the present study the "Be energy
is about 32 MeV and the ®Li +%Cu measurements*
were done at the energies 28.1, 30.1, and 32.1
MeV; in the present study the °Li energy is 34
MeV. However, the lack of any observable energy
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dependence of the ®Li optical model parameters
over the 4 MeV range studied in Ref. 4 indicates
that the parameters obtained earlier should be
applicable in the present study. The standard
form* of the optical model potential has been as-
sumed in the present work. The structure of %3Cu
was assumed to be composed of a 2p,,, proton
coupled to the ground state of 2Ni, and the struc-
ture of both states in "Be was assumed to be a
combination of 1p,,, and 1p, , proton states coupled
to ®Li in its ground state. The Cohen and Kurath!'*
values for the 1p,,, and 1p, ,, components in "Be
were assumed. The bound state geometrical pa-
rameters used were 7,=1.25 fm and ¢ =0.65 fm;

a spin-orbit factor A =25 was also used in the cal-
culations. The bound proton potential depths were
determined by varying the potential depths until
the proper proton binding energies were found.
The experimental cross section is related to the
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FIG. 2. Angular distributions of the ®3Cu(®Li, "Bey, ;)-
82Ni, , reaction. The angular distributions are labeled
by the J T of the states excited in ¢*Ni and "Be.

calculated cross section by

do . do
i (0)exp = C?S (*N1) [CZS ("Be)y, , o (O)sere

do
+Crs(Be), (Q)MER(;I’

1)

where S is the appropriate spectroscopic factor
and C is the appropriate isospin Clebsch-Gordan
coefficient. The calculations normalized to the
data and the data are shown in Fig. 3. The cal-
culations give a reasonable description of the
data for angles greater than 15° but the rise at
extreme forward angles is much greater than ob-
served in the data. Several changes were made
in the calculations to try to improve the fit at
forward angles. These changes included in-
creasing the bound state radius parameter in

the °Li+p system from 1.25 to 1.50 fm and using
equivalent imaginary surface absorptive optical
model potentials instead of volume imaginary
potentials in the finite-range DWBA calculations.
No improvement in the fit to the data was obtained
from either change. The amounts of the 1p,,, and
1p,/, components in "Be were allowed to be free
parameters in the calculations and the relative
weights of the two components were found by fitting
the data. It was still not possible to fit both the
grazing angle region (20-35°) and the forward
angle region simultaneously. Analyses of "Li
induced single nucleon transfer reactions in the
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FIG. 3. Angular distributions for transitions to the
62Ni ground state with “Be in its ground and first excited
states. The curves are finite-range DWBA calculations
with the two optical potential parameter sets given in
Table I.
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TABLE I. Optical model parameters.
U rg? ag w v ? a; 7,
Set (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
81 +62Ni I 47.4 1.78 0.58 11.6 1.70 0.90 1.78
I 176.6 1.21 0.81 22.4 1.70 0.80 1.78
"Li+%cu I 49,7 1.78 0.58 8.5 1.78 1.01 1.78
il 199.0 1.22 0.86 21.6 1.78 0.70 1.78
AR= ’Y‘ATU3.

1p*° and 2s-1d'® shells have used optical model
parameters with a smaller real radius of inter-
action than that used by White and Kemper.* These
finite-range DWBA calculations have had con-
siderable success in describing the transfer data.
The elastic scattering data of Ref. 4 were analyzed
with the interaction radii defined by R =7,A ;!/3
instead of R =7 (A3 +Ap'/?). A real radius pa-
rameter 7, of 1.2 fm was used. The search pro-
cedure followed with the program JIB'” varied the
real potential (U) and the imaginary potential (W)
with the real radius parameter 7, fixed at

1.2 fm until the best fit to the data was found.

Then the real diffuseness @, and the imaginary
radius 7; were varied followed by the real radius
¥, and the imaginary diffuseness @;. The best fit
set of potential parameters is Set II in Table I.

T

L «S3cu(BLIPLI®PCu  Ejgp=30. Mev

o%2Ni (7L, "Li®2Ni

Ejob = 340 Mev

—— Pot. Set I (U~50 MeV)
---- Pot.Set II (U~200 MeV)

-2
10+

10 30 50 70 90
8¢ m.(deg)

FIG. 4. Angular distributions for the elastic scattering
of SLi +%%Cu at 30.1 MeV and "Li +%Ni at 34 MeV taken
from Ref. 4. The curves are the results of optical model
calculations carried out with the parameter sets given
in Table I.

The fit to the data is shown in Fig. 4. Both sets
of optical model parameters reproduce the elastic
scattering cross sections equally well.

The ®*Cu(°Li, "Be,, ,) cross sections recalculated
with the new set of optical model parameters are
shown in Fig. 3. The forward angle fit is con-
siderably improved with this set of optical model
parameters. The ®>Ni('Li, ®He) reaction to the
first two states in %3Cu was also recalculated and
the results of these calculations and the data from
Ref. 4 are shown in Fig. 5. The magnitude of the
two calculated cross sections relative to each other
are as shown in Fig. 5. Again, the fit to the data
is as good as obtained with the shallower potential
set. As can be seen in Figs. 3, 4, and 5, the
major difference in the cross sections calculated
with the two sets of optical parameters is that the
Set I angular distributions are more structured
than the Set II angular distributions. This dif-
ference arises from the stronger absorption of
Set II than Set I. Normally, in the angular regions
where the calcilated structure in the angular dis-
tributions is greatest the cross sections are small,
making the presence of the structure difficult to
confirm experimentally. However, the sensitivity
of the (°Li, "Be) reaction at forward angles to the
optical parameters permitted a clear choice be-
tween the two parameter sets.

B. Spectroscopic factors

The cross section for the #*Cu(®Li, "Be)®Ni
reaction depends on both the structure of "Be and
83Cu, as can be seen from Eq. (1). The allowed
angular momentum transfers L for this reaction
are given by the selection rules

[, - LI<sL<1 +1,
and

|J, =J,| < Lsd +d,,
where I, (I,) and J, (J,) are the orbital and total
angular momenta of the transferred proton in the

target and the ejectile. Since %3Cu can be written
as ®®Ni®2p,,, and "Be as °Li with both 1p,,, and
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FIG. 5. Angular distributions for the $2Ni("Li, *He)®*Cu reaction to the ground and first excited states of 63Cu taken
from Ref. 4. The curves are the results of finite-range DWBA calculations with the optical parameter sets in Table I.

1p,,, components, then the 1p,,, component of
"Be permits L=0,1, and 2, while the 1p,,, com-
ponent allows L =1 and 2. The difference between
the two components should be observable at small

2
10° ; , : 1 : i
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FIG. 6. Angular distribution for the 3Cu(®Li, "Be;)-
62Nio reaction showing the contribution to the total cross
section from the 194/, and 1p,/, components in "Be.

angles, where the L =0 contribution has a maxi-
mum. It has been shown earlier® with the *Ni-
("Li, °He)®*Cu reaction that 2p,,, states can be
distinguished from 2p,,, states by the presence
of the L =0 component in the transfer. In Fig. 2,
it can be seen that at small angles the cross sec-
tion for "Be, rises more than for "Be, implying a
larger 1p,,, component in "Be, than in "Be, as
predicted by Cohen and Kurath.!* In Fig. 6 the
forward angle portion of the (°Li, "Be) data is
shown with finite-range DWBA calculations for
the 1p,/, and 1p, ,, components in "Be. The finite-

‘range DWBA calculations show that differences in

the cross section components occur only for angles
less than 10°,

The product of absolute spectroscopic factors
C?S (®2Ni) C?S ("Be) appearing in Eq. (1) can be ex-
tracted by fitting the finite-range DWBA calcula-
tions for the "Be, and "Be, transitions to the data
in the region of the classical grazing angle; the
product is 0.57 for the %Ni -"Be, transition and
0.77 for the *Ni,-"Be, transition. The ratio of
total 1p strength in "Be, to "Be, is then 1.35 in
good agreement with the Cohen and Kurath'* value
of 1.24. This ratio was found to be 1.55 with the
SLi(®*He, d)"Be reaction' in reasonable agreement
with the present work. The spectroscopic factor
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TABLE II. Spectroscopic factor products.

TABLE III. Spectroscopic factors.

C2S(62Nig) C2S("Bey) = 0.57
C2S(®Nip) C2S("Bey) = 0.77
C2S(52Ni;) C2S("Bey) = 0.16
C2S(62Ni,)C?S("Be,) = 0.20

products are summarized in Table II.

To extract absolute spectroscopic factors for
either "Be or ®Ni, assumptions must be made
about the knowledge of one or the other of the two.
From other reaction studies, the range of values
for C%S(®*Ni) reported is from 0.56 to 0.78. If it
is assumed C?S("Be,) is 1.0, then C2S(®*Ni) is 0.57.

T T ! N ! T

L 3cu(®Li, "Be) ®2Ni ]
Elﬂb: 34 MeV

—FRDWBA

N

O (deg)

FIG. 7. Angular distributions and finite-range DWBA
calculations for the $3Cu(®Li, "Be,,;)%?Ni,; reactions.
The curves for the transitions to the ground state of
62Ni were obtained by varying the ratio of 193/, to 194,
in "Be until the best fit to the data was obtained. For
the transitions to the first excited state of ®Ni only
the pickup of a 2p 3/, proton was assumed.

Cohen and Kurath Exp. 2Ni,  #2Niy

b3pp bip P32 Dip Exp. Exp.

"Be, 0.43  0.29 0.37 0.35  0.79 0.22
"Be; 0.85  0.04 0.95 0.00 0.81 0.21

If the Cohen and Kurath value for C2S("Be,) is as-
sumed, the C2S(®?Ni) would be 0.79. Both values
fall in the range of previously obtained values.
The absolute spectroscopic factor results are
summarized in Table III where it was assumed
that the total 1p strength for the ground state of
"Be was equal to the Cohen and Kurath value, and
the other numbers given then reflect this assump-
tion. These values assume no renormalization
factors are needed in the DWBA calculation.

The ratio of 1p,,,/1p,,, strength in the two states
of "Be excited can be extracted by fitting the two
components in the calculated cross section to the
experimental data for the extreme forward angle
region (2.2-16.5° c.m.). The values labeled exp
in Table III were obtained in this manner, and the
best fits to the data are shown in Fig. 7. The
values obtained agree extremely well with the
ratios calculated by Cohen and Kurath'* and show
roughly equal contributions of 1p,,, and 1p,/, in
the "Be ground state and that the first excited
state of "Be is almost totally of 1p,,, character.
Since the shape of the calculations depends on the
assumptions made, these extracted ratios should
be treated with some caution until other targets
have been examined so that the importance of
multistep contributions can be better evaluated.

The cross section for the transition to the 27
state in ®Ni was also calculated assuming a com-
ponent in the ground state of ®3Cu corresponding
to %2Ni(2*)®2p,,,. The calculations and the data
are shown in Fig. 7 and the extracted spectro-
scopic factors are given in Table III. The spectro-
scopic factors are in good agreement with results
(~0.20) obtained from an analysis of @-particle
scattering on ®Cu'® and both works indicate a
sizable ©Ni(2") component in ®3Cu. Since there
are many other components that can also con-
tribute to the reaction, for example ®Ni®1f, ,,
it is not possible to perform a complete calcula-
tion for this transition until more complete struc-
ture calculations for ®3Cu are performed. In addi-
tion, full multistep calculations need to be carried
out since two-step transitions were seen to be
important in the ®Ni("Li, SHe) reaction.* The poor-
ness of the fit to the data at the forward angles
clearly indicates that effects other than direct
one-step pickup contributions are present.
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V. CONCLUSIONS

In the present work it has been shown that the
shape of the forward angle portion of the angular
distribution for the 3Cu(®Li, "Be) reaction cal-
culated with exact finite-range DWBA is very
dependent on the optical model parameters used.
To fit the proton pickup reaction data, a real
potential with a smaller radius of interaction R
=1.2A,1/3 rather than R =1.2(A,!/% +A,'/3) which
is normally used in heavy-ion optical model pa-
rameters was necessary. The type of optical
model parameters which described the (°Li, "Be)
data have also been shown to describe Li induced
single particle transfer data on 1p and 2s-1d shell
nuclei. The present work indicates that "Li optical
parameters are a reasonable substitute for mea-
sured "Be parameters. The extracted spectro-

scopic factors for %3Cu— ®2Ni +p are at the upper
end of the range of values obtained for other reac-
tions if the Cohen and Kurath results for 8Li+p

— "Be are assumed. More importantly, the ex-
tracted 1p,,,/1p, , ratios for the ground and first
excited states of "Be have been found to be in ex-
cellent agreement with the Cohen and Kurath cal-
culations. The magnitude of the cross section to
the %Ni 2 first excited state indicates the presence
of a sizable contribution to the ®3Cu ground state
from an excited ®2Ni core.
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