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The levels of %*Cu with E, < 2.51 MeV have been studied with the ®?Ni(’Li,*He)**Cu reaction at
E(Li) = 34 MeV to test the usefulness of this reaction as a spectroscopic tool. Elastic scattering data
were taken for the "Li 4 %Ni and °Li + %Cu systems and optical model parameters were extracted so
that finite range distorted-wave Born-approximation (DWBA) calculations could be performed. The
DWBA differential cross sections well reproduce the shapes of the data. The absolute spectroscopic
factors are in excellent over-all agreement with previously published light-ion studies, indicating that the
extracted °Li optical parameters are a reasonable approximation for the *He optical parameters and that
the 'Li — ®He + p spectroscopic factor is in good agreement with the theoretical value of Cohen and
Kurath. In addition, this reaction permits a clear distinction between p;,, and p,,, final-state
configurations when very forward angle data are taken.

NUCLEAR REACTIONS ®Ni(Li, ®He), ('Li,"Li) E =34.0 MeV; measured o(6);

deduced optical model parameters; deduced S, from finite range DWBA analy-

sis. ®3CuLi,®Li) E=28.1, 30.1, 32.1 MeV; measured 0(8); deduced optical
model parameters.

I. INTRODUCTION

Single-nucleon transfer reactions with light-ion
(A <4) projectiles have been used extensively to
examine the structure of nuclear levels. In recent
years, heavy-ion-induced single-nucleon stripping
reactions have been the subject of increased
study in an attempt to extract spectroscopic in-
formation complimentary to that obtained from
the light-ion efforts. Almost all heavy-ion studies
have been done with 'O, N and, '2C projectiles.
Poor energy resolution has limited most of these
studies to just a few states in the residual nucleus
or to residual nuclei where the level spacing is
large. When "Li is used as the projectile the ex-
perimental difficulties diminish while the theo-
retically interesting p-state motion between the
transferred proton and its core in the projectile
is retained; this motion provides a true test of
the ability of the finite range distorted-wave Born-
approximation (DWBA) theory to reproduce spec-
troscopic factors as well as the correct shape of
the angular distributions.

Only a small amount of published work has dealt
with lithium induced single-nucleon transfer reac-
tions.'~* For several targets in the p-shell and
the lower half of the s-d shell, Schumacher et al.?
have shown that the angular dependence of the
differential cross sections as well as the spec-
troscopic factors for lithium induced single-nu-
cleon transfer reactions are reasonably well
reproduced by finite range DWBA calculations.
However, because of the well-known difficulties
encountered in light-ion studies in this mass

region, sufficient anomalies are present so that
a rigorous test of the DWBA was not possible.

The present work describes the results of an
investigation of the ®2Ni(’Li, ®*He)®**Cu reaction.
The target nucleus %>Ni was chosen for two reasons:
(1) The ('O, '*N) and (*2C, !'B) reactions have been
performed on this target® and some difficulties
were encountered in explaining the relative spec-
troscopic factors.5*® (2) There have been sev-
eral light-ion proton transfer reactions performed
on ®2Ni with which a comparison of spectroscopic
factors may be made.”"!° In the experimental re-
sults presented here, angular distributions mea-
sured for eight levels were analyzed using the
exact finite range DWBA theory. Since no lithium
elastic scattering has been reported on targets
of mass larger than 40, it was necessary to mea-
sure the ®®Ni("Li, "Li)®2Ni reaction. In addition,
the %3Cu(°Li, ®Li)**Cu reaction was also performed
to get optical model parameters which approximate
the exit channel ®He elastic scattering.

II. EXPERIMENTAL PROCEDURE

The °Li and "Li projectiles used in these experi-
ments were accelerated by the Florida State
University super FN tandem Van de Graaff ac-
celerator. The ®Li~ and "Li~ beams were pro-
duced by a Heinicke direct radial extraction nega-
tive ion source.!! Maximum beam currents during
these experiments were 350 nA of Li*** on target,
but the average current was about 150 nA. The
82Ni and ®Cu targets were made by conventional
vacuum evaporation techniques. The 2Ni (98.75%
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enriched) was evaporated onto thin (~10 pg/cm?)
carbon foils while the ®Cu was evaporated onto a
glass slide coated with NaCl as a release agent,
and made into self-supporting targets. The thick-
nesses of both types of targets were found to be
80-100 ug/cm?.

Reaction products were detected with a AE-E
solid state counter telescope. After amplification
and appropriate gating, the energy signals were
digitized and collected pairwise (AE and E) through
a CAMAC interface by an EMR-6130 on-line com-
puter. At the end of each run, the events were
displayed in a two dimensional array (AE vs E) on
a storage scope, gates were drawn around each
particle type of interest, and the events were
sorted by particle type into linear energy spectra
(AE +E).

A. *Ni('Li, *He)®*Cu reaction

The majority of the data for the *?Ni("Li, °He)**Cu
reaction was taken in a quadrupole spectrometer'?
(QDO) which allowed measurements to be made at
very small angles. A typical spectrum is shown
in Fig. 1. The angular acceptance of the QD0 was
limited to A8=1.5° for §>5° and A9=1.0° for
6 <5°. For scattering angles greater than 5° the
data was taken so that when the QDO was set to
pass the ®He** ions corresponding to a 1.5 MeV
excitation energy in ®Cu, the “flat” part of the
momentum band-pass curve easily encompassed
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excitation energies from 0.0 to 2.5 MeV. The
exact shape of the band-pass curve was determined
by comparing the relative peak intensities of two
spectra taken at §=20°, one of which was taken in
a large general purpose scattering chamber
(LGPSC)® and used as the calibration standard.
For angles less than 5° the collimation was reduced
in size to approximate the beam spot of the focused
SHe** particles. This procedure minimizes the
relative number of unwanted "Li*** ions but it also
reduces the width of the flat region of the band-
pass curve, which was then recalibrated.

Angular distributions were measured for E("Li)
=34 MeV at lab angles of 1°, 2.5°~30.0° in 2.5°
steps, 35 and 40° for the first three states in ®Cu.
Angular distributions for five other states of ®*Cu
were extracted for § <30°. To estimate the im-
portance of nondirect nuclear processes, a data
point was also taken at §=165°. A calibrated
pulser was used to identify the energy region of
interest and to confirm that the electronics were
properly adjusted to view this energy region. No
events were observed for 1500 uC accumulated
charge placing an upper limit of 1 ub/sr on the
cross section at §=165°. In addition, several
forward angles were measured at E("Li) =36 MeV.
The cross sections at 36 MeV were within 15% of
those measured at 34 MeV, giving further con-
firmation of the direct nature of the ("Li, °He)
reaction in this energy range. A fixed monitor
counter was used for the relative normalization
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FIG. 1. Sample spectrum from the ®2Ni("Li, *He)®*Cu reaction taken in the QDO with the focus set for E,=1.5 MeV in

GSCu .
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FIG. 2. Sample spectrum of the Ni("Li, "Li)®2Ni reaction. The double arrow indicates the peak positions when the
"1i is detected in its ground and first excited state (0.478 MeV) and the target is left in the state indicated above the

arrow.

of the various runs. The product of the solid angle
and number of target nuclei (Nd Q) was found by

6 MeV « particle scattering which was taken at
6=25, 30, 35, and 40° and was shown to be Ruther-
ford to at least 40°. With this product, the absolute
cross sections for the %2Ni("Li, ®He)®Cu reaction
were calculated.

B. ®*Ni("Li, "Li)**Ni and **Cu(°Li, °Li)**Cu reactions

To obtain the best possible estimates for the
elastic scattering wave functions, the reactions
82Ni("Li, "Li)®*Ni at E("Li) =34 MeV and **Cu-
(°Li, ®Li)*Cu at E(°Li)=28.1, 30.1, and 32.1 MeV
were performed. A typical "Li spectrum is shown
in Fig. 2. ®Li was chosen for the measurement on
8Cu because the instability of ®*He (87; T,/, =0.81
sec) makes its use as a primary beam impossible.
The energy range chosen corresponds to typical
outgoing ®He energies. The scattering was done in

TABLE 1. Optical model parameters.

U R a, w 7y a,
(MeV) (fm) (fm) (MeV) (fm) (fm)

TLi +62Ni
34.0 MeV 49.7 1.20 0.58 8.5 1.20 1.01

$Li+8Cu
28.1 MeV 44.2 1.20 0.58 11.8 1.15 0.90

30.1 MeV 47.4 1.20 0.58 11.6 1.15 0.90
32.1 MeV 54.8 1.20 0.58 9.4 1.15 0.90

the LGPSC mentioned previously. The data were
taken at two angles simultaneously for §=10°-25°
in 2.5° increments and for §=25°-75° in 5°
increments. Particle identification techniques
were used for §>25° because of the rapidly de-
creasing cross section. Absolute normalization
was done by the method described in Sec. A. Data
for the inelastic excitation of the %2Ni(2*) were not
extracted because of contaminant peaks and its
small cross section.

C. Errors

The relative errors in the cross sections are
represented by the error bars on the individual
data points. In the cases where no error bars are
visible, the dot size either equals or exceeds the
relative error associated with that point.

For the elastic scattering angular distributions,
the error in the absolute scale of the cross section
is due to the uncertainty in the deviation from
Rutherford scattering at small angles and it is
estimated to be +5%. Based on the reproducibility
of the ("Li, ®He) data and the consistency of the
separate NdQ measurements, the absolute cross

sections of the transfer reaction are accurate to
+15%.

III. OPTICAL MODEL ANALYSIS

The optical model calculations were performed
using the standard potential:

Vopt(7) = Ve(7) = Uf(vg) = iWf(ry)



10

with the Woods-Saxon form factors
fry)=[1-exp(r -R,/a,)] "

for both the real and imaginary geometries. The
first term represents the Coulomb interaction
between a point projectile charge and the field of
a uniformly charged sphere of radius R;. The
radii in the above expressions are defined to be
of the form

R =7, (AY° +A}),

in which Ay and A, are the masses of the target
and projectile,respectively, and », is an adjustable
parameter. All optical model grids and parameter
searches were performed with the code JIB3.!

The question of whether a volume or surface
form factor should be used to describe the absorp-
tion for lithium scattering has not been answered.
In fact, other optical model studies of lithium
elastic scattering have indicated that equally good
fits can be obtained with either imaginary well

NUCLEAR SPECTROSCOPY WITH THE °2Ni("Li, *He)®%Cu...
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shape.'®*'® The Woods-Saxon shape was chosen
for the absorptive form factor in this work so that
the real and imaginary potentials could easily be
compared.

The first step in the optical model parametriza-
tion was the calculation of x 2 contours over the
U, W surface. In all calculations of x 2, the actual
errors were used whenever they exceeded the
average relative error of 5%; otherwise, 5% was
used. The real well depth U was varied in steps
of 10 MeV from 10 to 250 MeV and the imaginary
well depth W was varied in steps of 5 MeV from
5 to 50 MeV. The geometrical parameters were
varied as follows: ajp and ¢, were separately
varied from 0.6 fm to 1.2 fm in 0.2 fm steps and
r; was varied between 1.0 fm and 2.4 in 0.3 fm
steps. The real and Coulomb radii were fixed at
7r =7¢c =1.2 fm because of the continuous rela-
tionship between U and 7, Ury =constant,®: '+
and the insensitivity of the calculations to small
variations of R,. A x?grid over U and W was
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FIG. 3. Elastic scattering angular distributions. The solid lines are best fit optical model calculations.

The dashed

lines are calculations with the average optical model parameter set used in the DWBA calculations.
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performed for each combination of values of a,
7, and a; .

In contrast to studies of elastic scattering of
lithium nuclei on lighter targets!®*~8, no discrete
ambiguities were found in the present work in
either the "Li +%Ni or the °Li +°Cu systems. No
continuous ambiguities, such as Igo’s criterion,'®
were investigated. Direct searches were done
around each of the minima found in the grid calcula-
tions. In each of the four data sets, one set of
potential parameters gave a much smaller value
of x? than any other final set.

Since ag, a;, and 7; were very similar in all
three cases for °Li +%Cu, an average value was
taken for these parameters. Then, searches were
again performed on U and W to obtain final “best
fit” values. These final optical model parameters
are shown in Table I, and the best fit parameter
curves are shown in Fig. 3 as the solid lines.

To study the sensitivity of the fits to the mag-
nitudes of potential well depth, the parameters
obtained from the fit to the 30.1 MeV data were
used to calculate cross sections at 28.1 and 32.1
MeV and are shown in Fig. 3 as the dotted curves.
It can be seen that the curves fit the data extremely
well with the exception of the one point at about
65° in the 32.1 MeV data. Thus, no energy de-
pendence for the potential depths can be extracted.
The parameters found from the 30.1 MeV data
were used in the subsequent DWBA calculations.

R. L. WHITE AND K. W. KEMPER 10

IV. DWBA ANALYSIS

The DWBA analysis of the data from the %2Ni-
("Li, ®*He)**Cu reaction was performed with the
exact finite range computer code MERCURY. 2¢
The wave functions of the bound proton were
generated with Woods-Saxon potentials whose
depths were adjusted to give the correct binding
energies. The ground state binding energies are
~9.980 MeV for p +°He and - 6.124 MeV for p
+%Ni. The shape parameters were fixed at 7,
=1.25 fm and ¢ =0.65 fm and a spin-orbit strength
of A =25 was used in all bound state calculations.
No spin-orbit potential was used in the distorted
waves.

A. p states

Shown in Fig. 4 are the states of / =1 character
along with the calculated DWBA curves. The solid
lines are the calculated DWBA differential cross
sections while the broken lines are the individual
L contributions to that cross section. These partial
cross sections may be examined because of the
factorization which occurs when no spin-orbit
interaction is introduced into the distorted waves.
From (°He, d) studies the E, =0.00 MeV and E,
=0.67 MeV levels have been found to be predomi-
nantly single particle states of 2p;,, and 2p,/,
configuration, respectively.”® At very forward

100

do/da (mb/sr)

(o]

Ocm.(deg)

FIG. 4. °He angular distributions for the ®Ni("Li, *He)®¥Cu reaction at E('Li) =34.0 MeV for transitions to states with
1=1 character. The solid lines are the DWBA calculations while the broken lines are the L dependent components of

those calculations.
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angles (0 <5°) these two states exhibit markedly
different behavior. The 2p,,, cross section is ris-
ing while the 2p,,, state is falling. These features
are well explained by the calculations and have
been shown to be a consequence of the selection
rules.* For the 2p,,, state only L=1 and L =2
transfers are allowed while the 2p,,, state can pro-
ceed by L=0,1,2. The L =0 transfer can be seen
in Fig. 4 to be the reason for the difference at
small angles. The over-all fits to these two levels
are very good considering the complexity of the
calculations and that no parameters were adjusted
to enhance the fit. However, the calculations are
more highly structured than the data.

The level at E, =2.06 MeV is actually a group
of four levels of energies, E,=2.012, 2.063, 2.082,
and 2.093 MeV. In the work of Smith, Chen, and
Enge® it was shown that the 2.012 MeV level is
definitely excited with approximately one-third
the intensity of the other three states as a group.
All four states have been assumed to be 2p,,,
levels for the purpose of (*He, d) DWBA calcula-

[eXe]}

620 30

do/da (mb/sr)
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FIG. 5. ®He angular distributions for transitions to
levels with =3 character. The solid lines are the
DWBA calculations while the broken lines are the L de-
pendent components of those calculations.

tions, and this was also assumed here. The calcu-
lation and data are also shown in Fig. 4. The
poorness of the fit may indicate that one of the
stronger levels in the clump is not of 2p,,, struc-
ture.

B. f states

The states shown in Fig. 5 have been assumed to
be I =3 states for the DWBA calculations. The lev-
els at E,=0.96 and 2.34 MeV are fitted extremely
well by the DWBA calculations. The underestima-
tion of the cross section around the minima is
the only drawback of the calculations. The fit to
the level at E,=1.41 MeV is reasonable although
the main stripping peak in the data is 2 or 3°
wider than the calculation. For the three 3~
states just discussed, the DWBA predictions are
almost entirely due to the L =4 transfer, and so
are quite oscillatory and have very steeply rising
cross sections from 0° to about 14° (a factor of
5 to 10). Also shown in Fig. 5 is the data for the
4- level at E,=1.33 MeV along with a DWBA
calculation which assumes a 1f,,, configuration.
This configuration was assumed in the (*He, d)
work and was used here for comparative purposes.

I .33 -7/2° |
0.l
£
3
E
S
A3
%0.0\
000 ——5=%6 30
O.mdeq)

FIG. 6. DWBA calculation for the E,=1.33 MeV, &
level assuming the state is made by transfer into a
2p 4/, orbit which is coupled to ®Ni(2*).
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FIG. 7. ®He angular distribution of the transition to
the l=4 level E,=2.51 MeV. The solid line is the
DWBA calculation while the broken lines are the L de-
pendent components of the calculation.

It is seen that since the L =2 component is almost
a factor of 11 stronger, relatively, than in the

3~ cases, the oscillatory features are damped and
the cross section is much flatter between 0 and
14°. The makeup of the E,=1.33 MeV state is
predicted theoretically to be predominantly a

2p,/, proton coupled to the 2* state of ®2Ni.?!*??

In the absence of any 1f,,, hole component in the
82Ni ground state, the state can be reached only
through a secondary reaction which would account
for the poor fit to the data. As pure speculation,

a 2p,/, calculation for the appropriate bound state
was performed and is shown in Fig. 6 with the
data for the E,=1.33 MeV level. From the popula-
tion of this level some conclusions may be drawn:
(1) The state does not have an I =3 shape and there-
fore is not due to a 1f,/, hole component in %2Ni.,
(2) Two-step contributions may not be negligible

in ("Li, °He) reactions.

C. g state

The level E,=2.51 MeV shown in Fig. T is known
to be a 2. But, as is shown in the typical spec-
trum, Fig. 1, there are two “contaminant” levels
of energies E,=2.497 MeV and E,=2.504 MeV in
the extracted data group. For this reason, the
1g,/, DWBA calculation might not be expected to
reproduce the data, and such is the case. The
general trend of the data is reproduced as well
as it is in the two (He, d) studies referenced
earlier.

D. Spectroscopic factors

The experimental cross section is related to the
calculated cross section by

do =(C2 2 do_
dﬂ (e)exp‘(c S)7Li (C S)egcu dﬂ (a)mcrca

where the S’s are spectroscopic factors and the
C’s are the relevant isospin Clebsch-Gordan co-
efficients. Therefore, by normalizing the calcula-
tions to the experimental data, the product of the
spectroscopic factors may be obtained. The value

TABLE II. Spectroscopic factors of the low lying 8Cu levels.

Level Measured spectroscopic factors (C2S)
(MeV) Jr (He, a) 2 (He,ad) ® (*He,t) © @d,n) ¢ ("Li, ®He) ©
0.00 4 0.66 0.78 0.56 0.61 0.60
0.67 +- 0.70 0.71 0.76 0.78 0.71
0.96 4" 0.33 0.29 0.46 oo 0.46
1.33 1 0.057 0.072 0.10 oo 0.10
1.41 2" 0.45 0.34 0.68 0.83 0.58
2.06 4 0.23 0.195 0.29 0.30
2.35 £ 0.10 0.53 0.13
2.51 tal 0.31 0.28 oo 0.52

2 Reference 7.
b Reference 8.
¢ Reference 9.

d Reference 10.
€ This work.
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FIG. 8. Three DWBA calculations showing the effect
of using the same optical model parameters for both
the entrance and exit channels.

for S; =(0.8884) was taken from Cohen and Kurath?
and the value for (C2S), . is then 0.59. Using this
value, the (C%S)es c, Was extracted for each level

and they are tabulated in Table II along with values
obtained from other reactions. The ("Li, ®He) reac-
tion is shown to give absolute spectroscopic factors
in excellent agreement with those from the light-
ion reactions.

To investigate the sensitivity of the spectroscopic
factors to entrance and exit channel optical model
parameter sets, calculations were performed for
the ground state transition using the same param-
eters for both channels. For heavier-ion reactions,
this technique has been used frequently. The re-
sults of the calculations for the ground state transi-
tion are shown in Fig. 8. The calculation, using
only the ®Li parameters, yields spectroscopic
factors close to those of the actual calculation
while the calculation with the "Li parameters only
gives spectroscopic factors approximately 60-100%
larger. This points out that even when there are
only small differences in the two potential sets,
large discrepancies in the absolute spectroscopic
factors may result. Therefore, it is a very

10 NUCLEAR SPECTROSCOPY WITH THE °2Ni("Li, ®He)®3Cu...
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dubious practice to use only a single optical param-
eter set in DWBA calculations.

V. CONCLUSIONS

The elastic scattering of "Li by ®2Ni at 34 MeV
and of °Li by ®Cu at 28.1, 30.1, and 32.1 MeV
is well described by the standard optical model.
No discrete ambiguities of potential parameter
families were observed. Also, no energy depen-
dence in the optical parameters was observed in
the 4 MeV range studied for the ®Li +%Cu sys-
tem.

The compound nuclear contribution to the $2Ni-
("Li, *He)®Cu reaction was shown to be negligible
by taking forward angle data at 34 and 36 MeV,
as well as a data point at 165°. The shape of
the angular distribution to the 1.33 MeV state
shows that this state is not predominantly of f,/,
character. If the theoretical interpretation of
this state as ®*Ni(2*)® p,,, is correct then the
population of this state means that two-step con-
tributions are possible in the ("Li, °He) reaction.

The calculated DWBA cross sections and,
therefore, the deduced spectroscopic factors
are from a single calculation for each level. The
use of the same set of optical parameters in both
the entrance and exit channels has been shown to
lead to spectroscopic factors which can vary by
100% from those obtained with the appropriate
potentials. The agreement of shape and magnitude
between the data and the theory illustrates that
to a high degree the °He optical potential can be
approximated by the ®Li optical potential.

The absolute spectroscopic factors, shown in
Table II, are in excellent over-all agreement with
all published values, indicating that the spectro-
scopic factor for ("Li—®He +p) as calculated by
Cohen and Kurath® is consistent with experimental
results. This work has shown that the ("Li, ®He)
reaction can give important final state spin in-
formation as well as reliable spectroscopic factors,
which should make it an important spectroscopic
tool.
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