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Angular distributions for the single nucleon transfer reactions Mg( Li, SLi) Mg
and 4Mg( Li, He) 5Al have been measured to study the effects of target deformation
on heavy-ion transfer reactions at Ev .=34 MeV, Elastic and inelastic scattering

Li
angular distributions have also been measured for 7Li+24Mg at the same energy.
Optical model. fits to the elastic scattering data were good in the diffraction region,
but they overestimated the cross section at forward angles. Coupl, ed channels calcu-
lations, which coupled the ground and first excited states of Mg with Li in its
ground state, yielded deformation lengths that are in agreement with those obtained
from light-ion scattering measurements. The single nucleon transfer data were com-
pared to exact finite range distorted wave Born approximation calculations. While the
extracted spectroscopic factors are in reasonabl. e agreement with those obtained from
light-ion works, the calcul. ations are out of phase with the data. Parameter variations
by as much as 2(Pip did not resolve this problem. The cross sections for transitions to
the j-forbidden 2 (1.61 MeV) states in 5Al and Mg were smaller relative to the
allowed transitions than observed in corresponding light-ion single nucleon transfer
reactions.

NUCLEAR REACTIONS ~ Mg(VLi, ~Lio &) Mgo &, F- =34 MeV; measured cr(8);
deduced optical model parameters and deformation lengths for 24Mg.
4Mg( Li, Li), (VLi, He) E =34 MeV; measured 0'(8); deduced S from finite

range DWBA analysis.

I. INTRODUCTION

Studies of single nucleon transfer reactions have
proven to be a valuable tool for gathering nuclear
spectroscopic information. However, considerable
uncertainty exists in the magnitude of the extracted
spectroscopic factors for highly deformed nuclei
since reactions involving these nuclei are often
influenced by inelastic excitation in the incident
and exit channels. Recent attempts' ' to analyze
light ion reactions in the 2&-1d shell with the in-
clusion of inelastic excitations have resulted in
considerable confusion. The fits to the shapes of
the experimental angular distributions have been
in general improved by including inelastic excita-
tion, while the magnitudes of the calculations have
had to be adjusted by as much as a factor of 10,
with different renormalizations for each state
studied.

The use of heavy-ion reactions greatly increases
the number of single nucleon transfer reactions
which can be used to extract spectroscopic factors.
These extracted spectroscopic factors can provide
a check on the light-ion information unless the
heavy-ion reactions introduce too many additional
complications into the analysis. A recent study of

the "Ni('Li, 'He)"Cu reaction' indicated that finite
range distorted wave Born approximation (FRDWBA)
calculations were able to describe the shape of the
angular distributions and their magnitude. In the
present work, the "Mg('Li, 'Li)"Mg and '~Mg-
('Li, 'He)"Al reactions have been measured to
study the additional complications which occur
when deformed nuclei take part in the reaction.
Elastic and inelastic scattering of 'Li by '4Mg has
been measured in addition to the transfer data.
The elastic scattering data have been analyzed with
the optical model, while the inelastic scattering
data with 'Li in its ground state and "Mg in its
first excited state were analyzed using the coupled
channels method. The data for the ground and first
excited states of "Mg with 'Li in its first excited
state were not analyzed but are presented. The
single nucleon transfer data were analyzed with the
exact FRDWBA. The extracted spectroscopic
factors are compared with those obtained from
light-ion reaction studies.

II. EXPERIMENTAL PROCEDURE

The Florida State University super FN tandem
Van de Graaff accelerator was used to accelerate

1099



1100 G. E. MOORE, K. W. KEMPER, AND L. A. CHARLTON

a 'Li ' beam obtained from a Heinicke ion source'
to 34 MeV. The "Mg targets were made by vacuum
evaporation of 99.9%%uo pure "Mg onto 5 p, g/cm'
carbon foils. Typical target thicknesses were
150 p, g/cm'. The data for angles greater than 15'
were obtained in a scattering chamber using two
Si surface barrier counter telescopes and a moni-
tor counter. Data forward of 15' were taken using
a single counter telescope at the image position of
a quadrupole spectrometer (QDO). ' The resolution
was typically 80-100 keV for data obtained in the
QDO and 120 keV for data obtained in the scatter-
ing chamber. A monitor counter was used for
normalization of the different runs. Only one par-
ticle type at a time was focused, and the band pass
of the QDO allowed for a uniform detection effi-
ciency for levels within half an MeV of the focused
energy. The azimuthal angle subtended was 1' for
angles 10' and greater and 0.55' for angles less
than 10' . The data taken in the QDO were normal-
ized at 15' to data taken in the scattering chamber
for the purpose of obtaining absolute cross sec-
tions. The counter telescopes consisted of 25 and
40 p, m AE counters and 690 p.m E counters. The
dE and E signals were amplified and then pulse
height analyzed by analog to digital converters
(ADC) interfaced via CAMAC to an EMR-6130 corn-
puter. The stored hE-E coincidences were dis-
played on a storage scope where gates could be
drawn around the various particle types with an
interactive light pen. After establishing the gates

around the regions of interest, the data were ac-
cumulated and sorted into linear spectra on line.
The 'Li, 'Li, and 'He spectra were accumulated
simultaneously for data taken in the scattering
chamber.

The extremely high 'Li count rate at angles less
than 15' resulted in an incomplete separation of
'Li from 'Li. This "leak through" resulted in a
high background in the 'Li spectra. It was not pos-
sible in general to take 'Li spectra forward of 5'
lab, and the ground state transition to "Mg in the
reaction "Mg('Li, 'Li)"Mg, which has a Q value of
0.076 MeV, could not be separated from the elastic
scattering forward of 10' lab. Forward angle 'Li
and 'He spectra are shown in Fig. 1. Data were
taken in 2.5' increments from 1' to 40' for the
('Li, 'He) reaction and from 5' to 57.5' for the
('Li, 'Li) reaction. Spectra for other angles are
shown in Fig. 2. An energy calibrated pulser was
used to determine an upper limit of 5 p, b/sr for
the ' Mg('Li He)"Al reaction at 165' lab.

The elastic scattering of 'Li by "Mg was mea-
sured at E7L.

—-34 MeV in the angular range 7.5' to
65' lab in 2.5' steps. A typical elastic scattering
spectrum is shown in Fig. 3 where each 'Li peak
appears as a doublet corresponding to 'Li in its
ground and first excited state. In order to mini-
mize the experimental difficulties which occur for
the high elastic count rates obtained at forward
angles, the QDO was used to measure the 'Li"'
yield between 7.5' and 15'. In order to obtain the
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FIG. 1. Forward angle spectra taken in the quadrupole spectrometer. The quadrupole spectrometer focus was set
for 0.5 MeV excitation in the residua1. nucl. eus. The contribution to the Li spectra from the incomplete separation of
the Li elastic events from the 6Li events at forward angles can be seen.



REACTIONS ('Li, 'Li), ('Li, Li), AND ('Li, 6He). . .

50-
C

3.8 5 l3
C

3.68

Mg( Li, Li) Mg

E7LI 34 MeV

estab =4O

. 4.0

25-

.0

I 7O

2.78 0.58
0.0

LLI

Z'

z
I

I 00
I

200
CHANNEL NUMBER

I

300

Z 50—
CI

Mg( Li, He) Al

E7L =34 MeV

el b
=30' I3N

0.0
0.0

25

l.79

I

100 I 50
I

300 350
CHANNEL NUMBER

FLQ. 2. Sample transfer reaction spectra taken in a scattering chamber.

I
I

Mg( Li Li) M

E7, =54 MeV

hJ

50—o

I-
z
Oo 25—

12C

4,43

I60

6.I3

4.I2
l2C IS()

0.0

x I/2

1.37 0.0r r

I

IOO
CHANNEL NUMBER

I

300

F&Q. 3. Sample Mg (7Li, YLi) Mg spectrum. The
double arrow indicates the spacing between 7Li in its
ground and first excited states.

total elastic cross section, it was assumed that
the ratio of charge state 2 to charge state 3 did
not change for the small change in ejectile energy
which occurs in this angular range. This ratio
was checked by comparing with data taken in the
scattering chamber at 10', 12.5', and 15' lab.
The two sets of data agreed to better than 3%.

The relative statistical and peak fitting errors
in the cross sections are represented by the error
bars on the individual data points for the angular
distributions. Where no error bars are visible,
the dot size exceeds or equals the relative error
associated with that point. To obtain absolute
cross sections, a weighed foil of thickness 530
+16 p, g/cm' was used to measure elastic scatter-
ing in the scattering chamber. The detector solid
angle was determined by measuring the dimensions
of the collimator and distance from the target. A
combination of errors in the charge integration,
target thickness, solid angle determination, and
counting errors gives an absolute error of 12%.
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TABLE I. Optical model parameters. a and b are starting values for the searches.

Particle (Mev)
a„

(fm) (fm)
W

(MeV) (fm) (fm)

~Li

Ll
~Li

Ll
~Li
'Li

'Li

a
I
b
II
I
II
III

177.3
214.6
195.3
49.7
53.2

208.6
161.9
37.2

1.21
1.21
1.21
1.78
1.21
1.21
1.21
1.75

0.78
0.83
0.78
0.58
0.57
0.75
0.80
0.65

9.4
14.4
31.2
8.52

38.7
19.8
17.3
29.2

2.1
2.1
1.67
1.78
1.27
1.79
1.85
1.50

0.85
0.73
0.89
1.01
1.26
0.89
0.89
1.14

1.49-1.69
~ ~ 4

l.28-1.43

III. ELASTIC AND INELASTIC SCATTERING ANALYSIS

A. Elastic scattering

with

r —R
.-iW i +exp s + Vc

ar

and

il3
Rg(s )

— f.(s )~ target

ZZe r2

C C

The elastic scattering data were analyzed in
terms of the optical model using a modified version
of the computer code ~I&." The Moods-Saxon po-
tential used in the calculations was of the form

r -R„
V(&) = —U 1+exp

a„

part. The value of the two real potentials (Vs
= —3.& MeV) is the same at ft =6.7 fm. For these
potentials, the strong absorption radius" is R
=7.1 fm and the strong absorption partial wave is
1S.5. The imaginary potentials for the two poten-
tial sets have the same value (V, = —2.5 MeV) at
R = 7 fm. The calculations give a good description
of the data in the diffraction region, while the fit
to the data. at forward angles was well above the
data. . This type of fit was also obtained by Schu-
macher et al."for 'Li elastic scattering by other
light nuclei.

B Inelastic scattering

The angular distribution for the inelastic scat-
tering to the 2' (1.37 MeV) state of '4Mg is shown

I I I I I I I

Z Z28
r r&R, .

Two sets of optical parameters for 'Li elastic
scattering by "Si obtained by Schumacher et ai."
were used as starting values for parameter
searches. These optical parameters are labeled
a in Table I. A third optical Set b, obtained by
White and Kemper' for 'Li elastic scattering by"¹i,was also used as a starting value for an op-
tical parameter search. This set was character-
ized by a much shallower real potential and was
used to see if equivalent sets with large and small
potential depths could be obtained.

The optical parameter searches consisted of
varying U, a„, W, rs, and as. Starting Sets a con-
verged to final Set I as listed in. Table I. Final
Set II resulted from starting Set b. Both final sets
give nearly identical fits to the data and are shown
in Fig. 4. The tail of the real potential in Set I
minus the Coulomb part is similar to the tail of
the imaginary potential in Set II. The tail of the
imaginary potential in Set I is similar to the tail
of the real potential in Set II minus the Coulomb
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FIG. 4. The elastic scattering angular distribution
and optical model fits to the data. The tw'o sets of
optical model parameters listed in Table I yielded
almost identical fits to the data.
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along with the elastic scattering in Fig. 5. As can
be seen, the magnitude of the 2' cross section is
the same order as the ground state for angles
greater than 40'. The angular distributions for
the scattering to the ground state and first excited
state of "Mg with 'Li in its first excited state are
shown in Fig. 6. The magnitude of the cross sec-
tions to these states competes in strength with that
of the elastic scattering at angles greater than 60'.
As seen in Figs. 5 and 6, the first excited state
of '4Mg is out of phase with the ground state for
both states of ~Li, which is in agreement with the
Blair phase rule. "

The magnitude of the cross section to the 4'
(4.12 MeV) member of the ground state rotational
band is less than 10 pb/sr over the angular range
studied. The 2' (4.23 MeV) and 4' (6.01 MeV)
members of the K =2 y-vibrational band are even

weaker than the rotational states and could not be
extracted.

The large relative magnitude of the inelastic
scattering with respect to the elastic scattering
makes it necessary to use coupled channels tech-
niques to analyze the inelastic scattering. Only
the ground state and first excited state of '4Mg

with 'Li in its ground state were coupled in the
calculations discussed here. The coupling to the
first excited state of 'Li should also be important,
but it was not analyzed in the present work. A

program which allows coupling to excited states
in the residual nucleus and ejectile is presently
being developed. '4 The parameters obtained from
the optical model analysis were used in the coupled
channels calculations performed with the computer
code ZUI'ITOK" It was found necessary to use 35
partial waves when coupling the ground state and
first excited state. The target nucleus was as-
sumed to be axially symmetric, and the Legendre
expansion of the potential was used. Complex
form factors were used in the calculation, and the
adiabatic approximation was not made. Using P,
as the only variable, the best simultaneous fits
to both states were obtained with P, in the range
0.31-0.35 for optical Set I and 0.35—0.39 for opti-
cal Set II. The calculations for a P, of 0.35 are
shown in Fig. 5 along with the data. Variation of
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FIG. 5. Angular distributions for ~4Mg in its ground

and first excited states and ~Li in its ground state. The
curves are the results of coupled channels calculations.
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FIG. 6. Angular distributions for reactions with Li
in its first excited state and Mg in its ground and first
excited states. The curves are to guide the eye.
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U and W by as much as 20% did not result in ap-
preciably better simultaneous fits to both states.
The coupling to the 4' (4.12 MeV) state with P,
= —0.015 had little effect on the 0' and 2' differen-
tial cross sections when included in the calcula-
tions.

The fits to the 0' and 2' angular distributions
are exceptionally good. A comparison with deuter-
on elastic and inelastic scattering' ' shows that
the 'Li elastic and inelastic scattering fits to the
shape of the data are as good, if not better, over
the angular range studied. In determining the de-
formation length, P,R, an uncertainty exists as to
whether the real or imaginary potential radius
should be used for R." It was noted in the previous
section that optical potential Set I (II) produced a
potential which was dominated by the real (imag-
inary) potential in the tail region. To determine
whether the real or imaginary radius should be
used in computing the deformation length, the
coupled channels calculations were performed with
only a rea) form factor, and then again with only

an imaginary form factor. It was found that the
structure and magnitude of the 0' and 2' angular
distributions were determined by the imaginary
potential for both optical sets. Consequently, the
imaginary radius was used in determining the de-
formation length, P,R, . The values so determined
were P,R~ = 1.49-1.69 for Set I, and 1.28-1.43 for
Set II. These values are in agreement with those
obtained from light-ion studies''" "

(P, R =1.3-
1.9). Thus, 'Li elastic and inelastic scattering
analysis yielded results that were comparable to
that obtained from light-ion studies even though

coupling to the first excited state of 'Li was not
included.

IV. RESULTS AND ANALYSIS OF THE
SINGLE NUCLEON TRANSFER DATA

A typical spectrum for the '4Mg('Li, eLi)"Mg
reaction is shown in Fig. 2. Angular distributions
for all the low-lying states were extracted. The
relative strengths of the states populated are simi-
lar to those observed in the "Mg(d, P)25Mg reac-
tion' ' except for the comparatively weak popula-
tion of the —,'' (1.61 MeV) "j-forbidden" state in the
7Li induced reaction. On the basis of the magnitude
of the ('Li, 'He) reaction cross section relative to
that of the ('Li, 'Li) reaction cross section, the
transition to the 'Li, T =1 state should be at least
a factor of 10 smaller than the ('Li, 'Li„, ) transi-
tion, and, in fact, no peaks could be positively at-
tributed to states of "Mg with 'Li in the 0' (3.56
MeV, T =1) state.

A typical spectrum from the "Mg('Li, 'He)"Al
reaction is also shown in Fig. 2. A comparison
of the spectrum with that from the ('Li, ~Li) reac-
tion illustrates the strong effect that angular mo-
mentum mismatch has on the population of states.
The & states at 0.45 and 2.50 MeV are much weaker
relative to the d states in the ('Li, 'He) reaction,
which has a mismatch of -3.6h, than in the ('Li, 'Li)
reaction, which has a mismatch of -1.1@. The
cross section to the —,

'' (1.61 MeV), j-forbidden
state of "Al is of the order of 20 p,b/sr or less.
Data for this state were difficult to extract from
the spectra because of the low cross section. The
cross sections to the ~2' (1.61 MeV) states of "Al
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FIG. 7. FHDWBA calculations. The left figure shows the different components of the cross section. For /=2 and 3,
contributions from both the P3y2 and P ~y2 configurations of the Li Li+n system occur. For both l transfers the
larger contribution comes from the p&g2 component. In the other two figures, calculations with two different combina-
tions of optical parameters are shown.
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and "Mg are about the same size.
The transferred particle in both the 24Mg('Li, 'Li)-

"Mg and '4Mg('Li, 'He)"Al reactions is in a relative
P state, which means that finite range DWBA cal-
culations are necessary when analyzing the data
with the DWBA. The computer code MERCURY'0

was used to perform the exact finite range DWBA
calculations. The selection rules for single nucleon
transfer reactions may be written as

where

J~(2) = L ~(2) + Sx

Here, L„&, (L„J,) are the orbital and total angu-
lar momentum of nucleon x with spin S„when bound
to the residual nucleus (projectile) and I is the an-
gular momentum transfer. A set of l transfers is
obtained for each configuration of the nucleon x
bound to the projectile core. The bound state
wave functions were generated with Woods-Saxon
potentials. The depths of the potentials were ad-
justed to give the correct separation energies.
The geometrical parameters were fixed at +p

=1.25 fm, and a =0.65 fm for both bound states
and the spin orbit parameter was ~ =25. The spec-
troscopic factors were those of Cohen and Kurath. "

The two configurations, P, /, andP, /„ of 'Li
++ allow two angular momentum transfers for the

P, /, configuration and three angular momentum
transfers for the p, /, configuration, except for
~] /2 states which have only one l transfer per con-
figuration. All l transfers are added incoherently

to form a total cross section. The effect of having
a large number of l transfers is to smooth out the
angular distributions. This effect is illustrated in
Fig. 7 for the "Mg('Li, 'Li)"Mg reaction to the
ground state of "Mg. For 'He+P, a P, /, configura-
tion was assumed.

The optical model parameters used in the calcu-
lations are those given in Table I. The 'Li Sets I
and II were the best fits to 'Li elastic scattering
on "Mg obtained by Schumacher et al." An optical
parameter set for Li scattering by 'Cu obtained
from White and Kempere was used as a starting
point for an optical search using the cross section
predicted by Li Set I. The optical parameters
thus obtained are given as Set III. The 'Li optical
parameters are those obtained in this work as dis-
cussed earlier.

The calculations for the reaction "Mg('Li, 'He)-
"Al to the ~2' (0.0 MeV) and —,' ' (0.45 MeV) states
were used to test the different optical parameter
sets since these two states have large spectroscop-
ic factors and are presumably less affected by
multistep contributions. The ('Li, 'He) reaction
was chosen to do test calculations instead of the
('Li, 'Li) reaction because the two P configurations
present in the ('Li, 'Li) reaction greatly increased
the computing time. The choice of the ('Li, 'He)
reaction makes the assumption that the 'He and
'Li optical parameters are similar, which is open
to question. However„ two previous works' " in-
dicate this substitution is valid.

The angular distribution of the ++ state has a
great deal of structure due to the single l transfer
and should be a severe test of the calculations.
Optical Sets I/II and I/I for 'Li/'Li give essentially
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FIG. 8. Angular distributions for transitions to 2s&/2 final states in Mg and Al. The solid curves are the results
of FRDWBA calculations.
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identical angular distributions. The angular dis-
tributions calculated using optical Sets I/II and
II/III are shown in Fig. 7 for the ~2' and ~2' states.
The slope and magnitude are very similar at for-
ward angles, but the two angular distributions
gradually become out of phase. Comparison with
the data showed the Sets I/II to give the best fit to
the data, and all other calculations to be presented
here were performed with optical Sets I/II. Forty-
two partial waves were used in the calculations,
and it was found necessary after several test cal-
culations to perform the radial integration to 20
fm in 0.1 fm steps. These integration parameters
were most important in the case of reactions going
to "Al where the proton is bound to "Mg by 2.29
MeV or less. Calculationsfor unbound levels were
performed assuming a binding energy of 0.2 MeV.

A. s states

The angular distributions for the ~2 (0.58 MeV)
and +' (2.57 MeV) states of "Mg are shown in Fig.
8 along with the —,' ' (0.45 MeV) state of "Al. The
data for the ~' (0.45 MeV) state of "Al appear to
be fairly structureless except for the first maxi-
mum. The finite range DWBA calculation shown in

Fig. 8 also does not show a great deal of structure.
Even though the angular momentum mismatch of
the ('Li, 'He) reactiondoes not favorthe I=1 trans-
fer, the FRDWBA calculation gives a reasonable
fit to the data.

In the ('Li, 'Li) reaction, the angular momentum
mismatch favors the —,' ' states; consequently, the
magnitude of the cross section to the two —,

'+ states
of "Mg, shown in Fig. 8, is larger than the 2'
states of "Al. As stated earlier, the —,

'' (0.58 MeV)
state should give an indication as to how well the

FRDWBA calculations are able to fit not only the
magnitude of the cross sections but also the details
of the shape, since only one l transfer contributes.
Although the fits to the data are quite reasonable,
they are 4 out of phase. Unfortunately, it was not
experimentally possible to extract data at the ex-
treme forward angles to compare with the calcula-
tions at the first stripping peak to determine if the
calculations were out of phase over the whole an-
gular range. Other combinations of optical param-
eter sets besides Sets I/II did not yield any better
fits to the data. The effect of spin orbit coupling
was investigated by including a 10 MeV spin orbit
potential in the 'Li channel for the P, /, configura-
tion. The only result was a slight filling in of the
minima of the angular distributions. The inability
to fit the phase for the 2' state in "C has also
recently been reported for the "C("N, "N)"C re
action. " As in the "C+"N case, the ('Li, 'Li)
data give a good fit for l =0 transfer, while only
l =1 is allowed by angular momentum selection
rules. There is no explanation for this difficulty
at present in either case.

B. d states

The experimental angular distributions for three
d states of "Al are shown in Fig. 9. It is evident
that the shape of the angular distributions at for-
ward angles distinguishes between the first ~' and
~2' states of "Al as noted in a previous paper. "
The calculations for these states, shown in Fig. 9,
reproduce the shape of the angular distributions
best at forward angles. The ~2' state calculation
has been plotted with two different normalizations
which fit the data from 1' —15' and 15'-35' lab
angle. The reaction to the ~2 (1.80 MeV) state had
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FIG. 10. ( Li, 6Li) angular distributions for 1d state transitions. The curves are the results of FRDWBA calculations.
In the left-most figure, the solid curve has been normalized to the data for «15 and the dashed curve has been normal-
ized to the data for ~& 15'.

a cross section of 100 pb/sr or less over the an-
gular range where data were taken and could not
be reliably extracted. The peak at 2.7 MeV has
been assumed to be predominantly the ~2' (2.69
MeV) state. The fit to the data with this assump-
tion is excellent.

The angular distributions for the first four d
states of "Mg are shown in Fig. 10. It was not
possible to take data at forward enough angles to
distinguish between the first 2~' and ~2' states of
"Mg. The DWBA fits to the ~2' (0.0 MeV) state are
plotted with two normalizations. The shape of all
four angular distributions is reproduced reasonably
well by the calculations. The weaker ~2

' (1.96
MeV) and ~2+ (2.8 MeV) states vary considerably

from the calculations at forward angles. Forward
angle data for the "Mg(d, P)25Mg reaction to the
~2' (1.96 MeV) state were also found to vary at for-
ward angles. '" This variation may arise from
the small spectroscopic strength of this state which
would enhance multistep contr ibutions.

C. Negative parity states

The angular distributions for the a2'++ (3.40
+3.41 MeV) and + +~2' (3.97+4.05 MeV) states of
"Mg and the ~2 (3.71 MeV) state of "Al are shown
in Fig. 11. The angular distributions for the two
states of "Mg do not have a great deal of struc-
ture. It was assumed in the analysis that these
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FIG. 11. (7Li, 8Li) angular distributions for two groups of states which could not be resolved and the (YLi, ~He) transi-
tion to the 1fvg2 unbound level. in ~A1 at 3.71 MeV. The curves are FRDWBA results. In the (YLi, Li) calcul. ation, it
was assumed the transfer was to a 2P3y2 and 1f7y2 final. state in the left and center figures, respectively.
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states are the P,y, and f,~, single particle states
of "Mg at 3.41 and 3.97 MeV, respectively. The
calculations for the unbound ~~ (3.71 MeV) state
of "Al were very sensitive to the range of the
radial integration and the radial integration was
carried out to 30 fm for the calculation shown in

Fig. 11.

D. g states

E. Spectroscopic factors

The differential cross section as calculated by
the exact finite range DWBA code MERCURY"

IO

I

IO

M(L Li) Mg
7/2'(1. 61 MeV }

E
10

b
Mg(

7

20 40
e (deg )

60

FIG. 12. Data for the "p-forbidden"
2 (1.61 MeV)

transition. The closed circles are (~Li, 6Li) data and
the open circles are (VLi, ~He) data. The curves are
the results of FRDWBA calculations assuming transfer
to a 1g7y2 final state.

The magnitude of the cross sections to the ~2'

states of "Al and "Mg at 1.61 MeV are much
smaller than the other states populated in this
reaction. The angular distribution of the "Mg ~
state does not fall off as rapidly as the other
states observed, as seen in Fig. 12. Only three
data points could be extracted for the "Al ~2'

state, and these are also shown in Fig. 12. For
the FRDWBA calculation, a 130 MeV potential well
depth was needed to bind the proton or neutron in
a g7/Q orbit using a 1.25 fm radius for the bound
state of the residual nucleus. The finite range cal-
culations predict that the cross sections to both

states are the same order of magnitude wjth
the same normalization constant. The —,

' state
cross sections are smaller in magnitude than that
observed in the "Mg(d, P)"Mg reaction, while the
s- and d-state cross sections are about the same
order of magnitude.

is related to the experimental cross section by

N

R R MERCURY

where N is the number of configurations of 'Li and
R refers to the single particle configuration of the
residual nucleus. In this work, the absolute spec-
troscopic factor, S„, was varied to fit the data,
while the 7Li ~Li+n (S» =0.431 and &»
= 0.289) and 'Li - 'He +p (S~

&
= 0.888) spectroscop-

ic factors were taken from Cohen and Kurath. " A

spectroscopic factor maxima and minima were ob-
tained depending on whether forward angle or back-
ward angle data were to be fitted. The "Mg ground
state transition, shown in Fig. 10, illustrates the
difficulty in extracting spectroscopic factors for
a rapidly decreasing cross section when the first
stripping peak is not observed, and the calculation
and data are out of phase. The Nilsson coeffi-
cients" (C„,&') are related to the absolute spec-
troscopic factors by

The overlap, (Pz ~ Q;), was taken to be unity. For
both of the single nucleon transfer reactions con-
sidered here

(2&+ 1)
R R 2 nlj

where ~ is the spin of the residual nucleus. The
Nilsson coefficients obtained from this work are
compared in Table II with Nilsson coefficients
obtained from the "Mg(d, P)25Mg reaction. The
agreement is quite good between the 'Li and deu-
teron induced reactions, except for the "Mg
ground state, where the data were insufficient to
determine the spectroscopic factor. The Nilsson
coefficients obtained for analog states from the
("Li, 'Li) and ('Li, 'He) reactions are quite similar.

V. CONCLUSION

The purpose of this work was to investigate the
nature of the 'Li induced single nucleon transfer
reactions on a deformed nucleus. Optical model
parameters were deduced which gave good fits to
the elastic scattering data. A coupled channels
analysis of the elastic and inelastic scattering
data yielded deformation lengths in reasonable
agreement with those obtained from light-ion
studies even though the contribution to the scat-
tering from Li in its first excited state was neg-
lected. The optical model parameters were used
in FRDWBA analyses of transitions to states of
"Al and "Mg. The spectroscopic factors obtained
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TABLE II. Experimental Nilsson coefficients for 5A]. and ~Mg.

E ( Mg Al) (d,p) ' (d,p) (iLi Li) '
( Li He) ' (d n)

(MeV) J E„=15MeV E~ =15 MeV E& . —-34 MeV EY„.——34 MeV E„=7-9MeV

0.0

0.58,

0.98,

1.61,

1.96,

2.57,

2.80,

3.41,

3.97,

0.0 &+
2

0.45
2

0.95
2

1.61
2

1.80
2

2.50
2

2.69 &+
2

3.06

3-71 22

0.81

0.39

0.48

0.16

0.60

1.10

0.25

0.48

0.21

0.09

0.44

0.66

1.62

1.68 (0.76) 0.90 (0.60)

0.25 —0.30 (0.30) 0.34 (0.36)

0.34 (0.40) 0.34 (0.40)

0.01—0.08 0.01-0.08

0.07 —0.14 (0.20)

0.20 (0.13)

0.35 (0.52) 0.40 (0.34)

0.40 (0.35)

1.04 {1.00) 1.00 (1.50)

1.74

0.85

0.90

0.60
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from the ('Li, 'Li) reaction for allowed transitions
are in good agreement with "Mg(d, P)25Mg studies.
Unfortunately, detailed studies of light-ion proton
transfer reaction. s on "Mg have not been reported
so that corresponding comparisons with the
('Li, 'He) reaction were not possible. However,
the spectroscopic factors obtained for the analog
states of "Mg and "Al with the 'Li induced reac-
tions are quite similar. This study of the single
nucleon transfer reactions demonstrated that the
forward angle ('Li, 'He) data exhibits a j depen-
dence between d, ~, and d, ~, final states.

The most significant difference between the 'Li
induced transfer reactions and light-ion transfer
reactions on '4Mg is that the shape of the calculated
angular distributions is out of phase with the data.
For several states, the phase problem made it
difficult to extract spectroscopic factors. It is
possible that the phase problem is a result of two-
step contributions" or the need for a nonlocal op-
tical model potential. " Similar transitions will

be investigated on spherical nuclei to determine if
the phase difficulty is present. The magnitudes of
the cross section of the j-«rbidden states were
much smaller than observed in (d, P) studies, in-
dicating that the contributions from the two-step
reaction channels are either destructively inter-
fering or their magnitude is much smaller. Multi-
step calculations for the transitions to the j-for-
bidden states were not pursued at present, because
of the long computation times necessary. How-

ever, the reduced magnitude of these transitions
when compared with the (d, j) reaction makes
these calculations of interest, and they will be in-
vestigated. "
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