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Low-lying states in Ne populated by the '9F(7Li,6He)20Ne reaction at 34 MeVf
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Angular distributions have been measured for transitions to Ne states up to 7.43 MeV in
excitation populated in the 9F( Li, He) Ne reaction at E& . =34 MeV. Elastic scattering of
6Li and ~Li at 34 MeV from '9F was also performed and optical model parameters were
determined from fits to the measured angular distributions. These optical model param-
eters were used in finite-range distorted-width Born-approximation analyses of the single
nucleon transfer data to extract spectroscopic factors for states at 0.0, 1.634, 4.247, 5.785,
6.722, and 7.424 MeV excitation in Ne. Spectroscopic factors obtained from this reaction
agree well with those from light-ion transfer reactions. However, the 2s&y2 calculation for
the Ne ground state is out of phase with the data by 7'. The "p-forbidden" 4 state at
4.247 MeV excitation is found to be weakly excited in the 9F (~Li, He) Ne reaction.

NUCLEAR REACTIONS ~SF(8Li, Li), (~Li, ~Li), (~Li, eHe), E=34 and 37 MeV;
measured 0(0); deduced optical model parameters, deduced S for Ne. Natural
targets, finite range DWBA analysis, resolution 150 keV, ~ =1-50', &&=2-2.5'.

I. INTRODUCTION

A recent study of the ~Ni('Li, 'He)~Cu reac-
tion'&' showed that it was possible to distinguish
between 2p, &, and 2p, ~, single particle states, de-
scribe the shapes of the measured angular dis-
tributions well with the finite-range distorted-
wave Born approximation (DWBA), and extract
spectroscopic factors which agree well with those
obtained with light-ion transfer reactions. These
results indicated understanding of the ('Li, 'He)
reaction in that mass region.

Spectroscopic information about states in "Ne
has been obtained from the "F(He, d)"Ne and
"F(d, n)"Ne reactions. ' ' Because nuclei in the
&=20 region have large deformations, ' large col-
lective inelastic excitations occur, and it is ex-
pected that multistep processes in single nucleon
transfer reactions are important. The strong
population of the "j-forbidden" 4+ state at 4.247
MeV excitation in "Ne by the "F('He, d)"Ne reac
tion is one example of a transition where multi-
step processes produce a large cross section. In
the present work, the "F('Li, 'He)"Ne reaction is
studied in order to determine how well the transi-
tions populating the low-lying states in "Ne can
be described by the finite-range DWBA. Experi-
mental data include differential cross sections for
the proton transfer reaction populating states at
0.0, 1.634, 4.247, 5.785, 6.722, and 7.424 MeV
excitation in "Ne and elastic scattering of 34 MeV
'Li and 'Li by "F. Optical model parameters ex-

tracted from fitting the elastic data were used in
the finite-range DWBA analysis. Spectroscopic
factors have been extracted and compared to those
obtained in the light-ion transfer reactions. Reac-
tion data at 37 MeV were taken at a few angles to
determine if the transfer reaction cross section
varied with energy. Preliminary results of this
work were reported earlier. '

II. EXPERIMENTAL PROCEDURE

Beams of Li and 'Li, produced initially by a
Heinicke direct extraction negative ion source, ' a
sputter source, ' and finally with an inverted sput-
ter source, "were injected into the Florida State
University Super FN tandem Van de Graaff. Beam
currents on target varied from 100 to 400 nA at
34 MeV. Targets of natural CaF, evaporated onto
20 pg/cm' carbon backings were 40 to 80 pg/cm'
thick.

Reaction data from 1' to 20 and elastic scat-
tering data for both 'Li+ "F and Li+ "F, from
12.5' to 35', were taken in 2' or 2.5' steps in the
Florida State University quadrupole spectrome-
ter." A standard scattering chamber was used to
take reaction data from 17.5' to 40' and elastic
scattering data from 25' to 45' (in 2.5' steps). The
angular resolution in the horizontal plane was 0.5'
for the quadrupole data, and 0.2' for the scattering
chamber data. A aE-E counter telescope consis-
ting of 75 pm and 700 pm Si surface barrier detec-
tors, respectively, was used to detect reaction

12 1899



1900 E. WILLIAMS -NORTON &«l. 12

products at all angles and elastically scattered
'Li and 'Li at angles ~ 25'. The experimental en-
ergy resolution was approximately 150 keV. Elas-
tic scattering forward of 25' was detected with a
single 700 pm E detector. Resolution for the sin-
gle cou"~ter was 80-100 keV. Pulse height infor-
mation corresponding to coincident 4E, E events
was stored via a CAMAC interface in an EMR 6130
computer. Regions corresponding to different par-
ticle groups were drawn on a two dimensional dis-
play of AE vs E. The boundaries of these regions
served as gates to sort events into linear energy
spectra. A monitor detector was used to check for
target deterioration and allow for relative normal-
ization among data taken at different angles.

III. EXPERIMENTAL RESULTS

Elastic scattering of 'Li at 20 and 34 MeV and
"F('Li, 'He)"Ne reaction data (E, . =34 MeV) were
all obtained at several angles using the same CaF,
target. The 20 MeV 'Li elastic yields on "Ca were
normalized to optical model cross sections using
parameters obtained by Bethge, Fou, and
Zurmuhle. " Absolute cross sections for the elas-
tic scatterings and the ('Li, 'He) reaction on "F
were calculated assuming the target contained two
F atoms for each Ca atom and referring 'He and
elastic 'Li and 'Li yields at 34 and 37 MeV to the
20 MeV elastic scattering cross sections. The
error in this normalization procedure is estimated
to be about 12%%uo. Combined statistical, background
subtraction, and peak separation errors in the
elastic scattering and "F('Li, 'He)"Ne reaction
differential cross sections range from

1%%uo

f elas-
tic scattering at forward angles to 39/l~ for weak
"Ne states at back angles. The absolute cross
sections for the quadrupole spectrometer data
were obtained by normalizing to data taken in the

IV. ANALYSIS

A. Optical model analysis

The angular distributions for elastic scattering
of 'Li and 'Li on "F were fitted assuming an op-
tical model potential of the following form":

F( Li, He) Ne

E7 = 54 MeV
Li

O. t— 5+0+4 (-7.l MeV)

~ ~

scattering chamber at 17.5' and 20'. At 34 MeV
angular distributions were obtained for states at
0.0 (0+), 1.634 (2+), 4.247 (4+), 5.785 (1-), 6.722
(0+), and 7.424 MeV (2') excitation in "Ne. A
spectrum of "F('Li, 'He)' Ne at 0 „,= 17.5' is
shown in Fig. 1. Limited angular distributions of
states observed at 4.97 (2 ) and 5.63 (3 ) MeV and
an unresolved multiplet of states at -7.1
(3 +0+ +4 ) MeV excitation are shown in Fig. 2.
Statistical, background subtraction, and peak sep-
aration errors are shown.
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FIG. 2. Angular distributions for transitions to 20Ne

states at 4.97 MeV (2 ) and 5.63 MeV (3 ) and for an un-
resolved multiplet of states at 7.1 Me& (3"+ 0++4").
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TABLE I. Optical model parameters.

Ehb
(MeU)

U

(MeU)

a
8

(fm)
a

(fm)
ws

(MeU) (fm)
aI

(fm)
4 8'D

(MeU)
r a

CaI
(fm) (fm) (fm)

Set 1
7L~ + 19p
6L +i9p

Set 2
7L~ + 19p

6Li+ i9p

Set 3
7Li+ i6O

6Li+ 16O

Set 4'
Li+ Mg

6Li+ '4Mg

34.0
34.0

34.0
34.0

36.0
36.0

34.0
34.0

198.49
164.79

198.49
164.79

189.5
164.3

195.32
161.9

1.235
1.22

1.235
1.22

1.21
1,21

1.21
1.21

0.733
0.733

0.733
0 ~ 733

0.743
0.826

0.78
0.80

26.01
20.86

13.11
20.86

21.3
10.6

31.23
17.3

2.01
2.06

2.01
2.06

2.0
2.017

1.67
1.85

0.71
0.69

0.10
0.10

0.821
1.064

0.89
0.89

39.85
29.22

2.01
2 ~ 06

0.60
0.59

2.0
2.05

2.0
2.05

2.0
2.1

2.0
2.1

Reference 15.
Reference 16.

() -U iWS
1+exp[(r -R„)/a„] 1+exp[(r -Rl )/az]

4i WD exp[(r -R,')/a,']
(1+ex [p( r—Rz )/az'] j'

where

V, = ~

ZZB
[3 —(r/Ji. )'], r ~a,

C

Z~Zp B
r&Rc

and R„=r„&~' ', g~ is the mass of the target,
and Z~ and Z~ are the charges of the projectile
and target, respectively. Best fits to the data
were obtained using only an imaginary volume ab-
sorptive potential (WD = 0). The computer code"
JIB was used to perform these fits. The results
are listed as optical model parameter Set 1 in
Table I. These parameters are very similar to
those obtained by Schumacher Bt al."to fit elastic
scattering of 36 MeV 'Li and 'Li from 'M. The
Schumacher Bt al. parameters are listed in Table I
as optical parameter Set 3. Parameters obtained"
for 'Li and 'Li scattering on '

Mg are listed as
Set 4. The fit to the data using Set 1 is shown in
Fig. 3 for Li+ F and Li+ F. The sharp rise of
the cross section with decreasing angle could not
be reproduced well by the optical model, but the
structure in the angular distribution at larger an-
gles is reasonably well reproduced. The normal-
ization of the forward angle points was checked,
but no systematic error could be found. A similar
result was observed for Li scattering by '4Mg.

Baltz, Bond, Garrett, and Kahana" have pro-

posed a pnenomenological imaginary potential con-
sisting of a deep volume term (WS) of small dif-
fusivity (az ) and a shallow surface term (WD) with
standard diffusivity (a~ ) and have used it in DWBA
calculations to reproduce the shapes of angular
distributions for such reactions as ~'CaPC, "C)-
~Ca„, 4'Ca("C "N)"K.. . and "Ni("6 ' 0) Ni
They argue that as the separation between the
centers of projectile and target decreases, com-
pound reactions begin to take place which sharply
decrease the "... probability for exit into direct
channels. The onset of such processes as a func-
tion of the (decreasing) separation between centers
is likely to be sudden. " The volume part of the
potential, with small diffusivity, simulates the
rapid surface change. Because Baltz Bt gl. had
reasonable success reproducing the magnitude and
the phase of the 4'Ca("C, '4N)"K, , angular dis-
tribution, we have investigated an optical model
potential of the same form for 'Li and 'Li scat-
tering on "F to use in the subsequent DWBA anal-
yses. The computer code' OPTIX1was used to fit
the elastic scattering data. A diffusivity of 0.10
fm was used for the volume imaginary potential.
The surface and volume imaginary potential depths
and the surface imaginary diffusivities were varied
to yield the best fits of the optical model angular
distributions to the data. The best fit parameters
for this form of the optical model potential are
listed as Set 2 in Table I. The fits for 'Li and 'Li
elastic scattering on "Fare shown in Fig. 3. The
calculations using optical parameter Sets 1 and 2
differ in phase at angles 8, &50' and the calcula-
tions using Set 1 give a slightly better fit to the
data.
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FIG. 3. Cross sections and optical model calculations for elastic scattering of 34 MeV ~Li and ~Li from ~SF. The
solid line is fitted using optical parameter Set 1; dashed line, parameter Set 2.

B. DWBA analysis

Exact finite range DWBA calculations using the
code MEHCUH~" were performed with the optical
model parameter Sets 1, 2, 3, and 4 (Table 1) for
some or all of the "F('Li, 'He)' Ne transitions.
The 'Li parameters were used for the He exit
channel in aQ cases. ' ~ ' Experimental angular dis-
tributions and DWBA fits, based on calculations
using optical parameter Set 1, for transitions to
the 0+ (0.0 MeV), 2+ (1.634 MeV), 4+ (4.247 MeV),
1 (5.785 MeV), 0+ (6.722 MeV), and 2+ (7.424
MeV) states in "Ne are shown in Fig. 4. A radius
F0=1.25 fm and diffusivity p = 0.65 fm were used
in the calculations of the bound state wave func-
tions for protons in 2s, /„2p, /» 2p, /» 1d3/27
1d,&, , 1g,&„ or 1g,&, orbits in 2 Ne and for the
1p3 /2 proton in 'Li. The bound state potential wel I
depths were determined by varying the depths un-
til the proper binding energies were achieved.

For the transitions to the 0+ states at 0.0 and
6.722 MeV, a single orbital angular momentum
transfer, l =1, is allowed. In both cases, the
slopes of the experimental and calculated angular

distributions are about the same, but ihe oscilla-
tions in the calculation are out of phase with the
data over most of the angular range. A similar
effect has been noted for 2s, /, transitions" in
"Mg('Li, 'Li)"Mg. Calculations using the surface
transparent optical parameters, Set 2, are out of
phase with the data by the same amount as those of
parameter Set 1. Although one might expect some
shift in phase with the surface transparent form of
the optical model potential because contributions
from the nuclear interior would be different, "no
change is observed in this calculation. The agree-
meni in both phase and magnitude for the calcula-
tions using parameter Sets 1 and 2 can be under-
stood by comparing the shapes of the imaginary
potentials, as shown in Fig. 5. The potentials are
the same in the region of the "critical radius"
where much of the absorption occurs" and, there-
fore, where direct reactions would be expected to
occur.

Angular momentum selection rules" allow three
possibles transfers, l =1, 2, or 3, when a 2+

state in "Ne is populated by transfer of a proton
into a d3/, or d, /, single particle state. Each d3/2
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or d, ~, transfer cross section is composed of an
incoherent sum of / =1, 2, and 3 transfer cross
sections. The angular distribution for the transi-
tion to the 2" state at 1.634 MeV was fitted by an
incoherent sum of d, &, and d, &, cross sections, but
the angular distribution for the 7.424 MeV state
was best fitted by only a d, &, cross section. The
angular distribution for the transition to the
1 state at 5.785 MeV was fitted by an incoherent
sum of 2p, &, and 2p3&2 transfer cross sections.

For the j-forbidden transition to the 4' state, the
most important difference observed between the
('He, d) and ('Li, 'He) reactions is the shape of the
angular distributions. For the same energy above
the Coulomb barrier, the ('He, d) angular distribu-
tion' is constant between 20' and 60' c.m. , while
the ('Li, 'He) reaction decreases in cross section
by a factor of 10. Since the shape of the 4+

('Li, 'He) angular distribution is characteristic of a,

single step stripping reaction, DWBA calculations
were done assuming the transferred proton to en-
ter either a 1g,&, or 1g,&, orbit in "Ne. A bound
state well depth of 135 MeV was required to bind
the g state protons when the bound stage geomet-

rical parameters were x, = 1.25 fm and g =0.65 fm.
The best fit to the 4+ data was obtained for a pure
g, &, transfer. The results of the calculations are
shown in Fig. 4.

C. Spectroscopic factors

The differential cross sections calculated by the
DWBA code MERCURY, ~'

g&(g), are related to the
experimental cross sections by the following equa-
tion:

g,„p (8) =Q C'8„,. (exp)C'8, o~ (8),

where Q'S2, the spectroscopic factor which de-
scribes the ovex'lap of Li with He +pq ls taken
from Cohen and Kurath" to be 0.59 and C'8„~ (exp)
is the spectroscopic factor for total angular mo-
mentum transfer j determined from fitting the
data with an incoherent sum of calculated cross
sections. The spectroscopic factors extracted by
fitting the data with cross sections calculated us-
ing optical model parameter Sets 1, 2, 3, and 4
are listed in Table II. The spectroscopic factors
extracted from fits to the 34 MeV data for calcu-
lations using parameter Set 1 (the parameters
determined from fitting 'Li and Li scattering on
"F) and parameter" Set 3 agree within approxi-
mately 10%. Those extracted using Set 4 are 35%
smaller. The spectroscopic factors obtained for
the transition to the 0.0 MeV (0+) state using
standard optical model parameter Set 1, and the
surface transparent potential, Set 2, agree to
within about 15%.

The spectroscopic factox's extracted fox' the 4
state from data taken at 34 MeV (over an angular
range of 3' to 40' in the lab) and at 37 MeV (over
a limited range from 10' to 20' —the region where
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FIG. 4. Angular distributions and finite-range DAB'
calculations for transitions to Ne states at 0.0 MeV
(0, 2sf/2 transfer), 1.634 MeV (2, 1d3/2+ ld5y2 trans-
fer), 4.247 MeV (4, 1gey2 transfer), 5.785 MeV (1,
2P(/2+ 2p3/2 transfer), 6.722 MeV (0', 2s, ~2 transfer),
and 7.424 MeV {2+, 1dsy2 transfer). Solid lines are cal-
culations done with optical model parameter Set 1, while
the dashed line is a calculation with Set 2.

RR RI

j

R (fm)

D 1/2
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I'IG. 5. Imaginary potentials as a function of radius
for optical parameter Set 1 (solid line) and Set 2 (dashed
line). D'&y2 is the "critical radius" (Bef. 19).
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TABLE II. Spectroscopic factors & &~ (exp).

Z, (MeV)
Set 1

(34 Mev)
Set 2

(34 Mev)
Set 3

(34 MeV)
Set 3

(37 Mev)
Set 4

(34 MeV)

Q2g

(model)

0.0

1.634

4.247

5.785

6.722

7.424

d 3/2

5/2

sum

~V/2

gS/2
sum

Ps/2
sun1

Sg/2

d 3/2

d 5/2

sum

0.364

0.237
0.304
0.541

0.0
0.066
0.066

0.008
0.026
0 ~ 034

0.202

0.222
0.0
0.222

0.312 0.369

0.229
0.324
0.553

0.0
0.06
0.06

0.008
0.024
0.032

0.174

0.198
0.003
0.201

0.671

0.06

0.275

0.362

0.502

0.224
0,087
0.311

0.003
0.003
0.006

0.023
0.138
0.261

0.251

0.099
0.044
0.143

the cross section peaks) agree very well. The
agreement for the 2+ and 0+ states is not as good.
This poorer agreement is probably because the
cross sections vary rapidly in the region from 10'
to 20' in the lab and the fit to the data is very sen-
sitive to differences in the phases of the calcula-
ted and experimental angular distributions.

Listed in Table II are spectroscopic factors cal-
culated using the Nilsson model. Nilsson coeffi-
cients Q„„. were calculated with the code
NEPTUNE" assuming a deformation" p of 0.45.
The Nilsson model spectroscopic factor is given
by

C'S(model) = lC„,&

'
ya +

for members of the ground state rotational band,
and for all other states

C'S(model) = lC„„',
g +

where J~ is the angular momentum of the final

state. The agreement between predicted and ex-
tracted spectroscopic factors is reasonably good,
considering the simplicity of the model, except for
the 4+ state, which is about a factor of ten stron-
ger than predicted and for the 1- state, about eight
times weaker than predicted.

Table IG lists spectroscopic factors extracted in
the present work, extracted in other experi-
ments, -' and predicted by the Nilsson and shell
models. " Agreement between the (7Li, 'He) spec-
troscopic factors and those obtained in light-ion
transfer reactions is good. One notes that the
spectroscopic factor for the 2+ state at 7.424 MeV
is 30-50%%uo larger than observed in other reactions.
The 4+ state was observed to be strongly excited
in the ( He, d) reaction. ' ~ Obst and Kemper' at-
tribute this strong excitation to multistep process-
es and thus do not report a spectroscopic factor
for this state. The Nilsson model appears to over-
estimate the 0+ (0.0 MeV) spectroscopic factor and
the shell model predicts both 0' spectroscopic

TABLE III. Comparison of spectroscopic factors (& S).

20Ne (7 Li 6He)

&„(MeV) J" (34 MeV)

( He, d)
(20-23 MeV)

DWBA CCBA
(3He, d) (d, n) c

(10 MeV) (3 MeV)
Nils son
model

Shell
model

0.0
1.634
4.247
5.785
6.722
7.424

0+

2
4+

1
0+
2+

0.36
0.54
0.06
0.03
0.20
0.22

0.30
0.42
0.00
0.04
0.25
0.12

0.43
0.38
0.00
0.04
0.22
0.12

0.31
0.62

~0.21
0.05
0.47
0.16

0.62
0.70

0.38

0.502
0,311
0.006
0.261
0.251
0.143

0.72
0.43
0.0
0.006
0.48
0.11

~ Reference 3.
Reference 4.

' Reference 5.
Reference 23.
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factors to be larger than observed. The I spec-
troscopic factor is predicted to be too large by the
Nilsson model and too small (by a factor of about
7) by the shell model.

V. CONCLUSIONS

Spectroscopic factors extracted from "F-
( Li, 'He)"Ne are in good agreement with those
determined by light-ion transfer reactions. This
indicates again that ( Li, 'He) is useful for obtain-
ing spectroscopic information.

The slope as well as the width and depth of os-
cillations of the single nucleon transfer cross
sections are well reproduced by the DWBA calcu-
lations. There is a severe phase problem: oscil-
lations peak farther forward for the data than pre-
dicted by the calculations so that experimental and
DWBA cross sections are out of phase. Changing
optical parameters or even making use of an op-
tical model potential with a volume term with
small diffusivity plus a surface term does not ap-
pear to improve the phase agreement. This phase
discrepancy seems to be especially severe for
light targets (Be, F, Mg, etc.) and has been also
reported for the "C(' N, "N)'SC reaction. '~ The
trouble may be with the calculation of the form
factor and may indicate that theoretical work needs
to be done for strongly deformed nuclei.

The weak excitation of the 4' state in "Ne via the
' F('Li, He)' Ne reaction seems to indicate that
multistep processes are less important for the
population of this state in this reaction than in
('He, d) and in the "F("0,"N)"Ne reactionsm' for
similar energies above the Coulomb barrier in the
three reactions. Finite-range coupled channel
Born-approximation (CCBA) calculations" by
Nagel and Koshel which include inelastic coupling
in both the entrance and exit channels could ex-
plain neither the strength of population of j-forbid-
den states in 'Mg or 2'Al nor the phase problem.
Because the first maximum in the 4' cross section
is reasonably well fit with DWBA calculation, it is
probable that a large part of the transfer cross
section is due to direct g, &, transfer. Proton
stripping reactions on "F are a convenient way to
study multistep transitions in heavy-ion reactions,
since the poor energy resolution which normally
occurs does not prevent the j-forbidden transition
from being extracted. While the "F( '0, "N) re-
action" has been measured, no DWBA calculations
were reported, so that a comparison with the pre-
sent results was not possible. Clearly, measure-
ments of the reactions "F('~N, 'SC), "F("N, '4C),
'9F("C, "B)with full finite range CCBA analyses
of the data are needed before any conclusions
about multistep processes in heavy-ion reactions
can be made.
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