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Fifty-four-point angular distributions in the angular range 2.5' to 170' have been measured for the
' O( Li, a)"F reaction to the 1+ (Q.Q MeV), 3 (Q.937 MeV), and Q + 5+ (1.1 MeV) states in "F at a
bombarding energy of 34 MeV. In addition, forward angle data have been measured for the 2 (2.101 MeV),
1+ (3.725 MeV), 3 (3.791 MeV), and 2+ (3.836 MeV) states. The angular distributions for all of the above

states are forward peaked and have little structure at back angles. The general structure of the first 60' of
the angular distributions can be reproduced by zero-range two-particle transfer distorted-wave Born-

approximation calculations; however, the calculations are generally 3' and as much as 10' out of phase with

the data past the first maximum. A zero-range distorted-wave Born-approximation normalization factor of 100
is obtained assuming the 5+ state to be a pure (d», )' configuration. Finite-range distorted-wave Born-

approximation calculations which include the 2S and 1D components of Li do not improve the fits to the

data and are similar to zero-range calculations at forward angles. The 1D component was shown to have little

effect on the calculated angular distributions. The absolute magnitudes of the cross sections are predicted to
within a factor of 2 when the "F shell model wave functions of Kuo and Brown are used in the finite-range

distorted-wave Born-approximation calculations. Two-particle and cluster form factors used in the finite-range

calculations gave equivalent fits to the data. The magnitude of the cross section at angles greater than 90'
and the phase of the forward angle data could not be reproduced by any of the calculations. The failure of the
distorted-wave Born-approximation calculations at back angles suggests that a more complete description of
the reaction mechanism which includes the exchange of an a particle in "0 with the 'Li projectile is

necessary.

NUCLEAR REACTIONS ' O(6Li, &) F, E =34 MeV; measured o(0) 0=2.5'-170'
lab, 40=2.5'; compared data to zero-range and finite-range DWBA calcula-
tions using shell model wave functions. Extracted ( Li, ct) zero-range nor-

malization factor.

I. INTRODUCTION ('Li, o.') data' and also with light ion (p+ n) transfer
reactions"' to "F.

Previous measurements by White et al.' con-
cluded that the "C('Li, n)"N rea, ction is princi-
pally a direct reaction at 33 MeV. However, the
distorted-wave Born-approximation (DWBA) anal-
ysis of the "C('Li, n)"N reaction' was unsuccess-
ful in reproducing the experimental angular dis-
tributions. The difficulties were attributed to the
possibility of multistep contributions arising from
the strong coupling between the ground and first
excited states of the deformed nucleus "C.

In the present work, detailed measurements of
the "0('Li, o.')"F reaction at a bombarding energy
of 34 MeV are reported. The "0 target nucleus
was chosen for this present study because of its
very nearly spherical shape. Complete angular
distributions for "0('Li, n)"F were obtained for
the 1' (0.0 MeV), 3'(0.937 MeV), and 5' (1.122
MeV) states in "F. These states were chosen be-
cause they have comparatively simple structures. '
Excitation functions from 33 to 34.5 MeV bombard-
ing energy were also taken. Both zero-range and
finite-range distorted-wave Born-approximation
(DWBA) calculations were performed for the states
studied. A comparison is made with other detailed

II. EXPERIMENTAL PROCEDURE

An inverted sputter source' was used to obtain a
negatively charged lithium beam for injection into
the Florida State University super FN tandem Van
de Graaff accelerator. Average beam currents of
600 nA of 'Li"' were obtained on target. The tar-
gets used in this work were 50 pg/cm' Al,o, films
made by electron gun bombardment of a sapphire
crystal. These targets did not result in apprecia-
ble energy straggling of the 'Li projectiles and
they easily withstood an 800 nA'Li beam for as
long as 25 hours.

The large positive Q value (+ 6,054 MeV) of the
"0('Li, o.')"F reaction makes it possible to use a
single Si surface barrier detector when measuring
the n particles populating the low-lying states of
"F since the cx particles have the highest energy
of all the reaction products over most of the angu-
lar range. Data were taken at laboratory angles
of 2.5', 3, 80', and 100'and in the angular ranges
5' to 72.5' and 110' to 170' in 2.5' increments. A
quadrupole spectrometer' was used to take data
forward of 15', while data at other angles were ob-
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tained in a large volume scattering chamber. e

An array of six Si surface barriex' detectors was
used simultaneously to take data in the scattering
chamber. The thicknesses of the detectors were
1500, 700, 380, and 300 pm and were chosen so
that the highest energy tritons, deuterons, and

protons would not be stopped in the counters. The
detectors, mounted 10' apart in an aluminum

wedge, were cooled to -20'C. The "0elastic scat-
tering yield from a stationary monitor counter was
used to cox'x'ect the data fol fluctuations in target
thickness and current integration. The detector
collimation was such that a solid angle of 0.19 xnsr
and an angle of 0.26'wexe subtended. The small
polar angle was necessary to reduce the large kine-
matic broadening of the detected a particles. Spec-
tra were also taken with 4E x E Si surface barrier
counter telescopes to make certain that in the re-
gion of interest the single counter spectra did not
have any contaminant peaks from other particle
types.

The quadrupole spectrometer was used to obtain
higher resolution spectra [-45 keV full width at
half maximum (FWHM)] at forward angles. An

angle of 0.56' and solid angle of 0.51 msr were
subtended for charged particles by the single 1500
p,m silicon surface barrier detector placed at the
focal position of the spectrometer. The collima-
tion was such that a uniform efficiency was ob-
tained for particles within half an MeV of the fo-
cused energy. The quadrupole spectrometer was
set to focus the 5' (1.119 MeV) state of "F for the
angular distribution measurements. Absolute
cross sections were obtained by normalizing to
data taken at 15', 17.5', and 20 in the scattering
chamber.

The signals from the detectors were amplified
with active filter and biased amplifiers and then
pulse height analyzed by analog-to-digital convert-
ers interfaced via CAMAC to an EMR-6130 com-
puter. The data were written on magnetic tape for
off-line peak fitting using a Gaussian peak fitting
progx'am controlled by an interactive light pen.

The relative statistical and peak fitting errors in
the cross sections are represented by the error
bars on the individual data points for the angulax'
distributions. The product of solid angle and tar-
get thickness for the "0('Li, n)"F reaction data
were detexmined by measuring the elastic scatter-
ing yield of 4.5 MeV protons scattered by '60 at an
angle of 30' c.m. where the cross section has been
previously measured by Salisbury et gl.e The ex-
citation function for proton scat tering is stx'ucture-
less between 4.4 and 4.6 MeV. The resulting error
in the determination of the absolute cross section
for the "0('Li, n)"F reaction is 8%, which arises
from the quadrature addition of the following er-

rors: absolute cross sections from Ref. 9 (0.5/0),
extraction from the graphs of Hef. 9 (2.5%%uo), cur-
rent integration for each run (5/o), statistical and
background determination errox' in the proton yield
(1.5/o), and statistical and background determina-
tion error in the extraction of the "0('Li, n)"F re-
action yields (2.9/o).

III. EXPERIMENTAL RESULTS

A. States popu1ated

An n-particle spectrum obtained with a single
counter at the focal position of the quadrupole spec-
trometer for states of 'BF is shown in Fig. 1 for
the "O('Li, n)"F reaction. This spectrum is the
combined result of data taken at two focal settings.
Higher-lying states of "Fwere observed with a
counter telescope in the scattering chamber and a
typical spectrum is shown in Fig. 2. The spins„
parities, and excitation energies of known states
in "Fare given in Table I along with a comparison
of the cross sections for the "0{'Li,o.)"F,"0-
( He, p) F, and O{cE,d) F reactions. The ( Ll, &)
reaction generally populates states with the same
relative intensities as those populated in the
('He, p) reaction but with about a 10th the magnitude
observed in the ('He, P) reaction.

Complete angular distributions were obtained for
states (or groups of states) at 0.0, 0.937, and 1.1
MeV excitation energy, while partial angular dis-
tributions were obtained for groups of states at
2.101, 3.725, 3.791, and 3.836 MeV excitation en-
ergy in "F. The peak at 1.1 MeV is an unxesolved
doublet. The shape of this peak was observed to
broaden and shift its centroid at forward angles as
seen in Fig. 3 indicating the presence of the two
known states, 0 (1.081 MeV) and 5' (1.122 MeV).
The characteristic I.= 1 transfer of the 0 state
would account for its presence at extreme forward
angles compared with the 5' state, producing the
broadened peak.

No evidence for the population of the 0' (1.042
MeV), T = 1 state, which is forbidden both by iso-
spin and spin selection rules, was observed. The
2' (3.060 MeV) state, which is forbidden by isospin
selection rules, was also not observed.

The negative parity states at 2.101 and 3.791 MeV
were observed to be weakly populated relative to
the positive parity states. The 2 (2.101 MeV)
state, which has been assigned' a p '(sd)' configu-
ration, was obsexved to be strongest at forward
angles whexe it has about a fifth of the cross sec-
tion of the 1' (0.0 MeV) state. The 3 (3.'f91 MeV),
state is in a triplet of states that was only resolved
for spectra obtained with the single counter in the
quadrupole. This state can arise from either a
particle-hole configuration or a low-lying lf, ~,
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FIG. 1. A composite spectrum for the reaction 0( Li, n) F obtained with the quadrupole spectrometer. The quad-
rupole was set to focus & particles populating excitations in ~SF of 2.0 and 5.0 MeV.

component in the "Fwave function. At forward
angles the cross section to the 1' (3.725 MeV) and
2' (3.836 MeV) states are nearly equal in magnitude
and greater than that of the 3 (3.791 MeV) state.
The 1' (1.701 MeV), 2' (2.524 MeV), and 1 (3.135
MeV) states were assigned' as having particle-hole
configurations and they are all weakly populated in
the "0('Li, n)"F reaction. Peaks were observed
in the spectra at excitation energies of 4.119,
4.229, 4.4, 5.61, 6.11, 6.20, 6.53, 6.80, and 6.88
MeV as seen in Figs. 1 and 2; however, it was not
possible to resolve individual higher-lying states
because of the high density of states.

The experimental angular distribution for the
"0('Li,n)"F reaction to the 1', ground state is
compared with angular distributions to 1' states in
the "C('Li, n)"N reaction' in Fig. 4. The angular
distribution for the 0.0 MeV state in "N is out of
phase with the other 1' angular distributions at
forward angles as expected from ('He, p) stud-
ies."""The ('He, P) reaction studies have shown
all of these 1' transitions to have predominately
L = 0 shapes, except for the 0.0 MeV state in "N
which is predominately L = 2. The 6.200 MeV state
in "N and the 0.0 MeV state in "F have almost
identical shell model configurations and their angu-

lar distributions are also similar as can be seen
in Fig. 4.

Angular distributions for the 3' states are shown
in Fig. 5. Angular distributions from ('He, p) re-
actions to these states have been shown to be pre-
dominately L = 2. The nuclear structure of both of
these states is believed to be similar and the angu-
lar distributions for the two ('Li, n) reactions are
also similar.

B. Compound nucleus effects

Compound nuclear contributions have been shown
to be small in the "C('Li, n) reaction at bombard-
ing energies above 30 MeV by White et pl. ' They
observed "flat" yield curves in the energy range
32-36 MeV for the first nine T = 0 states in "N at
angles of 15' and 65' for "C('Li, n)"N Fluctua-.
tions in the '60('Li, n)"F reaction cross section be-
tween 20 and 26 MeV have been observed" to be
less than 2(Pq for states of excitation energies 0.0,
0.927, 1.1, 1.701, and 3.8 MeV at angles of 15 and
65'. Yields were measured in the present work
between 33.0 and 34.5 MeV in 0.1 MeV increments
at angles of 20', 30', and 170 . The 20' and 170'
data are shown in Fig. 6. The sum of the energy
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FIG. 2. Sample spectra from the 60( Li e) SF t tak
States up to 6.80 MeV in excitation energy were observed

i, reaction taken with a counter telesco e in a scp in a scattering chamber.

stability of the 'Li beam and energy loss in the
target was less than 35 keV for these data. The
excitation functions are rather structureless. As
seen zn Fag. 7, which is a best resolution spectrum
at 170', the 1' (0.0 MeV), 3' (0.937 MeV), and 1.1
MeV states are decidedly more pronounced than
any other states. The 1' (1.701 MeV) state which
has a particle-hole configuration is never more
than one-fifth as intense as the ground state over
the entire angular and energy range studied. If the
('Li, n) reaction were compound at back angles,

t
the 1' (1.701 MeV) state would have the same 'e same in-
ensity as the ground state. Consequently the

compound nucleus contribution in the ground state
can be no more than 20% and is neglected in the
analysis of the ('Li, o.') data for the strongly popu-
lated states.

IV. DWBA ANALYSIS

A. DWBA formalism

The diffe rential cross section for a stripping re-
action A(a, b)B, in which a = b+ c and B= A+ c is ex-

pressed" using the distorted-wave Born approxi-
mation as

do p, p, k, (2Is+ 1)(2I,+ 1)
did (2wh')' F, (2I„+l)(2I, +1) i~a+ L I~I g

where

(2)

The total angular momentum of nuclei A, B, a

spectively, to the angular momemtum transfer,
projection of the angular momentum transfer, to-
tal angular momentum transferred to the target
A by c in forming the residual nucleus B, and the
t to al angular momentum stripped from the pro-
jectile a in the formation of the emitted particle b.
The reduced mass and wave number of incident
and exit channels are given by p. and k for the re-
spective channels. The stripping amplitude P~ ™~

is expressed in the post formalism as
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TABLE I. A comparison of states populated in the (6Li, u), (3He, p), and (n, d) reactions.
Curly brackets indicate clusters of unresolved states. The cross section is placed where the
strongest state is expected.

Ta

do—(6Li, n)

{mb/sr)
~~('He, p) ' v~(n, d) '

(mb/sr) (mb/sr)
Dominant '

configuration
Dominant '

L

0.0
0.937
1.042
1.08 1
1.122
1.701
2.101
2.524
3.060
3.135
3.357
3.725
3.791
3.836
4.119
4.229
4.361
4.402
4.650
4.739
4.849
4.957
5.301
5.501
5.599
5.606
5.674
5.785
6.095
6.135
6 ~ 161
6.240
6.261
6.280
6.309
6.385
6.483
6.565
6.646
6.647
6.780

6.808

1+ p
3+ O

p+

0 0
5+ o
1+ 0
2 0
2+ 0
2' 1
1 0
3+ p
1+ O

(3) 0
2+ 0
3' 0

(2 ) ~ ~ ~

~ ~ ~

—2 0
4 1
o+ 1
1 0
2+ 1
4+ o

(4+) 0
1 0, 1
1 0, 1

T=0
4 0
p+

3+

(3 ) ~ ~ ~

(1)
2+ ~ b ~

3+ ~ ~ ~
b

(1+),2, 3 ~ ~ ~

(1 ), 2, 3 - ~ ~

5' 0
1 ~ ~ ~

(2 ) ~ ~ ~

4+ 5+ p
2+ 3+

2 p

0.24
0.43

& 0.07
0.12
0.15

0.27
0.1
0 .63

I
o .24

0.63

0 ~ 1

0.3

.8

& 0.01

2.42
6.10

4.96
0.45
1.05
0.46
3.04

0.70

6.41

I
1.02

1.90
2.45

1.36
0.61
0.48

2.71

5.62

~ ~ ~

$ 2.2a

0.85
1.89

~ ~ ~

8.46
0.13
0.27
0.10

0.13
0.22

0.89

I
o.44

0.55

0.55

0.37

1~ 68

0.60

(s, d)2

(s, d)~

(s, d) 2

(p) '(s, d)'
(s, d) ~

(p) (s d)
(p) (s d)
(p) (s d)

(s, d) 2

(p) '(s d)'
(s, d)2

(s, d)2

(p) '(s, d)'
(s, d) 2

(s, d) 2

(s, d)2

'See Ref. 10.
Cross section at O~,b =15 in the present work.' See Ref. 5. Cross sections taken at 3He = 19.8 MeV and E„=40.3 MeV, are integrated

from 0,. =12'-80 .

g
L

~LM
+Iblb (2L + 1)IIb XbB (kb Bb)+Ibf ( A b

where y~~' and X,'„' are the distorted waves for
exit and incident channels. The form factor ELI«

contains the wave functions of the particle c bound
to both b and A. In the present case, c represents
two nucleons. To facilitate computation of the in-
tegral in Eq. (3), the two-particle wave functions
are transformed into relative and center of mass
coordinates by using the Moshinsky transformation.
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and A. of occupied states by

ZV, +L,= 2n,.+X,. (4)

for the target and

2'+ Lp = 2n~+ X)
2=1

for the projectile. Additionally, the vector sum of

L, and L~ form the angular momentum transfer L.
The sum over L, I~, and I, in Eq. (1) is incoherent.

The sum over L~ and L~ that form a single value
for L is coherent. The cluster wave function of
'Li(n+ d) taken from a previous analysis of 'Li-
(1), 'He)'He experimental data" gives a 2S compo
nent with amplitude 0.8 and a 1D component with
amplitude 0.2.

The form factor in Eq. (3) expressed in terms of
the nuclear structure factor G(N, L,SI,T,), inter-
action potential V(r~, ) radial wave function of c
bound to 2, 4)„~ (r„,), radial wave function of c
bound to 5, 4„I, and amplitude a» is given by

P P P P

(6)

i~( 1)~&'~ '~'"(2L-+ 1)'~'(2I + 1)'~'
„( *, ,) =g (2 (),/,

' W(L,I l,r; L (,)G(Ã,l,SI,T', ) „v(Y,).
NtL t

x H 1)"C~,i,(r-~.)~~,i,(».))~ .

If n» for 'I i is much less than n» and the spatial
extent of 'I.i can be reduced to a 5 function, then
the zero-range approximation can be used to deter-
mine the scattering amplitude.

B. DKBA calculations
l. optical modeI parameter'

Schumacher et g/. "have obtained two sets of op-
tical parameters from fits to elastic scattering of



984 G. E. MOORE AND K. W. KEMPER 14

I20-

l00-
CU

C

a 80-
(3

(n 60-

O 40-

20-

l6O(6, lIBF

~lab l70'

'5'+ 0
I. I

I'
0.0

0.937

2. Shell model wave functions of ' F

The wave functions of Kuo and Brown' for the
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Table III. The structure factors G(N, L„S=1,
I,T, = 0) have been calculated by Mangelson' from
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has a pure (Id, &,
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makes it an interesting state to study. Also, the
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pIQ. 7. A best resolution spectrum for the ' 0( Li, n)-
~SF reaction taken at an angle of 170' lab.

'Li by "0 at E, = 34 MeV. There parameters,
given as Sets I and II in Table II were used in Ref.
16 in a DWBA analysis of the "0('Li, 'Li)"0 re-
action. Somewhat better fits were obtained with

Set I rather than Set II for this ease. Both sets
are investigated in the "0('Li,n)"F reaction anal-
ysis presented here.

The n-particle elastic scattering parameters are
more ambiguous because "F is not stable, so the
needed elastic scattering measurement cannot be
carried out. Harvey, Meriwither, and Mahoney".

have used the optical model to fit 40.5 MeV o. -par-
ticle elastic scattering by "0 in the angular range
10' to 60' c.m. Hansen et al."have obtained opti-
cal model parameters from fits to 28.5 MeV n par-
ticles elastically scattered by "Ne. The param-
eters of Hansen et al. have been used by Obst and
Kemper" in coupled-channels Born-approximation
calculations for the "F(o., t)2ONe reaction at 28.5
MeV. The two optical model parameter sets of
Harvey et al."and Hansen et al."are also given
in Table II as n-particle sets I and II, respectively.

The initial analysis of the data was made in terms
of the zero-range DWBA. These calculations, de-
noted by ZRTNT, were performed using the two-
nucleon form factor option of the computer pro-
gram DWUCK. This option performs the trans-
formation to relative and center of mass coordin-
ates according to the method of Bayman and Kal-
lio." The "Fwave functions of Table II are used
in conjunction with single-nucleon radial wave
functions generated from a Woods-Saxon potential.
The radial integrations were carried out to 20 fm
in 0.1 fm steps and 30 partial waves were included
in the calculations presented in this work.

Zero-range DWBA calculations for the 1' (0.0
MeV) state of "F were used initially to examine
the sensitivity of the "0('Li,n)"F results to the
optical and bound state potentials. The magnitude
and phase of the calculated angular distributions
was found to be similar with either set of 'Li op-
tical parameters in conjunction with each of the
n-particle optical parameter sets. Sets I and IV
produced angular distributions with somewhat
deeper minima at back angles.

Further DWBA calculations for the 3' (0.937
MeV) and 5 (1.119 MeV) states reflected the same
insensitivity to choice of optical parameters. The

TABLE II. Optical model parameters.

Particle Set
U

(MeV)
a„

(fm) (fm)

W

(MeV)

r a
j +ca;

(fm) (fm) (fm) Ref.

6Li
6Li

I

III
1V

164.3
222.3
46.6

191.0

1.21 0.826
1.21 0.800
1.40 0 ~ 55
1.52 0.54

10.6
11.8
15.7
33.0

2.017
2.017
1.40
1.52

1.086
1.035
0.50
0.52

1.30
1.30
1.25
1.25

16
16
17
18
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TABLE III. Two-particle shell model configurations of states in F.

E„Allowed Amplitudes ~

(MeV) J" I. values (1d,/2) (1d5/&, 1d3/&} (1d5/2, 2s f/2) (1d3/2} (Ids/2, 2s, /2) (2sg/2)

0.0
0.937
l.122
3.725
3.836

0.592
0.522
1.00

-0.512

-0.667
-0.243

0.090
0.569

0.8 18
-0.049

0.021

0.101

0.158
0 O 0

0.080
0.406

0.421
~ ~ ~

T. T. S. Kuo and G. E. Brown, Nucl. Phys. 85, 140 (1966); C. Rolfs, W. E. Kieser, R. E.
Azuma, and A. E. Litherland, Nucl. Phys. A199, 274 (1973).

calculations for all states are slightly out of phase
with the data and do not predict the magnitude of
the back angle cross section when normalizations
were made to the forward angle data. The optical
parameters in Sets II and IV for 'Li and e were
varied by 20% in calculations for the 1' state. The
variation of the parameters did not result in better
fits to the phase of the data or magnitude at back
angles. All of the following results were obtained
with optical potentials II and IV for 'Li and n.

The nonlocal correction factor (PNLQC) with a va.l-
ue of 0.85 and a'Li rms radius of 2.18foundby White'
to give the hest fit to the "C('Li, n) "N angular distri-
butions are used here also. The bound state wave
functions used in these calculations were generated
from a Woods-Saxon potential as suggested by
Philpott" from continuum shell model calculations
for "0+P(n). The geometrical parameters are
listed in Table V. Variation of the geometrical
potential parameters by as much as 50/0 did not
result in any better fit to the phase of the experi-
mental angular distributions, although the magni-
tude was affected by as much as 30k in some
cases. The bound state pa, rameters of Philpott
were used in all further calculations.

The results of ZHTNT calculations normalized
to the forward angle data for the population of the

1' (0.0 MeV), 3' (0.937 MeV), and (0, 5') (1.1 MeV)
levels of "F are shown in Figs. 8-10. The nor-
malization factors range from 100-300 implying a,

value forD ' of (1-3)x 10' MeVfm'. The fits to the
data are not particularly good except at the ex-
treme forward angles.

4. Finite-range DWBA cafeufations

The effects of including the finite extent of 'Li
were investigated in finite-range DWBA deuteron
cluster transfer (FHDCT) calculations using the
computer program MERCURY. 23 In the calculations
the deuteron cluster was bound to the a-particle
core in a Woods-Saxon potential with r = 1.5 fm and
a= 0.65 fm as indicated in Table V. The use of a
somewhat larger bound state radius for 'Li, as
suggested by Neudatchin and Smirnov, "is consis-
tent with results obtained from electron scattering.
The inclusion of the 1D component of 'Li in these
calculations did not contribute significantly to the
differential cross section except where the cross
section from the 2S component was at a minimum.

A comparison of FRDCT and ZHTNT calculations
is shown in Fig. 8 for the 1' state. The FRDCT
calculation does not predict the magnitude of the
back angle cross section when normalized at for-
ward angles. The 'Li bound state geometry was

TABLE IV. Two-particle structure factors for '8F fL. M. Polsky, C. H. Holbrow, and
R. Middleton, Phys. Rev. 186, 966 (1969)].

E„{MeV)
Theory Experimental

G(N&L&, S =1,I,T, =0)
N, '= 0 1

0.96

0.0

1.122
3.725

3.836

0.015
0.008
0.058
0.016
0.603

-0.005
-0.018

0.056

0.090
0.097
0.592

0.081
-0.119

0.563

-0.179
~ 0 ~

' Node at the origin is not included.
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cluster form factor calculation (FRDCT), and a finite-range calculation using a two-particle form factor (FRTNT) for
the 1+ (0.0 MeV) state of F.

IQ

0
IO

E
IQ

E

C',
O

0

2
IO

I60 (6LI )
IBF

3 0.937 Mev

—FRDCT x0.63
ZRTNT iL 200

$ ~

'e
f

)f4

f

ff
&(ff

/

3
IO

I

20
I

40
I

60
I

80
I, I . I, I

I 00 120 l40 I 80

9 (deg )

FIG. 9. Comparison of a zero-range two-particle
DWBA calculation (ZRTNT) with a finite-range cluster
form factor calculation (FRDCT) for the 3+ (0.937 MeV)
state of 18F.

varied in a further attempt to fit the magnitude of
the data at back angles. The phase does not change
at forward angles when a larger (2.51 fm) radius
is used, as shown in Fig. 11, while the various
maxima change in magnitude with the larger ra-
dius. The back angle cross section is larger with
the larger radius, but the absolute cross section
at forward angles is lower and falls off faster.

A finite-range DWBA calculation (FRTNT), using
two single-nucleon wave functions expanded in a
harmonic oscillator series, was performed using
the computer code T&T,"written by Charlton. The
shell model wave functions of Kuo and Brown' were
used for "F and a (P)' L = 0, S = 1, T= 0 configura-
tion for 'Li was assumed. The 'Li bound state
parameters are those indicated by n+p(n) in Table
V. The results of this calculation (FRTNT) are
shown in Fig. 8 for the 1' state of "F. The mag-
nitude and phase of the FRTNT and FRDCT calcu-
lations are similar at forward angles. There are,
however, differences in magnitude at back angles.
Compared with the data, both calculations are
slightly out of phase and underpredict the forward



POSSIBLE EVIDENCE FOR EXCHANGE EFFECTS IN THE. . .

IG

'0('LI, o I 'F

t

IG
E

E

b
IG

20 IGG I6040 60 80 l40
8 (deg)

FIG. 10. Comparison of a zero-range 0%'BA calculation (ZBTNT) and a finite-range calculation (FHDCT) for the 0
+5' (1.081+ 1.122 MeU) doublet in '8F.

angle to backward angle ratio. Good fits to the data
over the entire angular range cannot be attained
with either FBTNT or FBDCT DWBA calculations.

FBDCT calculations were performed for the 3'
(0.937 MeV}, 5'+0 (1.1 MeV), 1' (3.725 MeV),
and 2' (3.836 MeV) states, as shown in Figs. 9, 10,
and 12. Normalization of the calculations to the
data are indicated in the figures. The first maxi-
mum of the 3' angular distribution is fitted fairly
well by both FRDCT and ZBTNT calculations, but
the phase gradually becomes worse with increas-
ing angle. The rise at forward angles in the 0 + 5'
experimental angular distribution is due to the 0
state. The first maximum of the 5' calculation as
shown in Fig. 10 is 10' out of phase with the data.
Angular distributions of forward angle data from
the 1' (3.725 MeV) and 2' (3,836 MeV) states are
shown in Fig. 12 with the FBDCT calculations. At

these angles the 1', 2', and 3 yields could be
separated more completely because of better reso-
lution. The cross section for the 3 (3.791 MeV)
state is indicated for two angles where yields
could be obtained by fitting the peaks. A FBDCT
calculation for the 2 (2.101 MeV) level, assuming
a 2E and 3I' cluster configuration, is shown in Fig.
13. As can be seen, the I. transfer for this state
can only be distinguished at angles forward of 5'
lab where it was impossible to obtain data because
of the high background, small cross section.

5. Absolute magnitudes

The real test of shell model wave functions in re-
action studies is that of predicting the absolute
magnitude of the differential cross section with
D%BA calculations. The factors necessary to nor-
malize the FBDCT, FBTNT, and ZRTNT calcula-

TABLE U. Bound state parameters (the potential well depths were varied until the proper
binding energies were attained) .

Particle + core
Li rms

PNLQ{ radius (fm)

P(n)+ 6O

d + "O
P(n)+ 0.

d+ck

+3.76 —E„
+7.53 —8„

0.74
1.47

1.00
1.40
1.50
1.51

0.65
0.65
0.65
0.65

1.25
1.25
1.25
1.30

0.85

The proton and neutron binding energies were assumed to be identical and equal to half
the deuteron binding energy. The excitation energies E„were subtracted to give the bind-
ing energy for the excited states.
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tions to the first maximum of the data are given in
Table VI. The magnitude of the first 1', 3', and 5'

states, whose structure is well known, is predicted
to within a factor of 2 for FRDCT calculations.
For the 5' angular distribution, the normalization
factor is 1 at the second maximum. It is quite im-
portant for the 1' and 3' states to have data for-
ward of 20' in order to obtain the true normaliza-
tion. This is most apparent for the 3' (0.937 MeV)
state as shown in Fig. 9. The magnitude of the
first maximum is fitted well with a normalization
of 0.63, while the second maximum of the FRDCT
calculation is entirely out of phase with the data.

The ZRTNT calculations predict the absolute
cross section with a consistent normalization fac-
tor of 100 to 300 for all states. Since the ratios
of magnitudes of zero-range and finite-range cal-
culations are essentially constant, the much faster
ZRTNT ca,lculation with a normalization factor of
100 might provide reasonable estimates of absolute
cross sections for other ('Li, n) reactions. How-
ever, other ('Li, n) studies are needed to check
this.

6. Reaction mechanisms

The difficulties encountered in fitting the angular
distributions of the 1', 3', and 5' states were also
encountered by White et pl. ' in a DWBA analysis
of the "C('Li, np'Nreaction. In the "C('Li, n)"N
reaction the difficulties were attributed to contri-
butions occurring from stripping to "N from the 2'

first excited state in "(:.The inclusion of inelas-
tic scattering in the ('Li, n) angular distributions
to 1' states from the 3 state in "O would produce
different contributions than would be produced by
the inclusion of the 2' state in the "C case. How-
ever, the shape of the 1' state angular distributions
to ' N and "Fwith similar nuclear structure were
observed to be similar. It would seem then that
the inability to describe the "O('Li, n)"F and
"C('Li, n)"N reactions cannot be attributed solely
to multistep contributions. In addition to this it
was already concluded that compound nuclear pro-
cesses cannot explain the problem.

The back angle peaking of light ion reactions on
1P shell nuclei has been explained by Werby
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et al.""'"and by Bohlen, Marquardt, and ~on
Oertzen" in terms of exchange effects. Because
of the strong clustering in "0, the ('Li, n) reaction
may have large exchange contributions. In order to
see what the shape of the exchange angular distri-
bution might be, the 'Li("0, n)"F reaction calcu-
lation was performed with MERCURY. This calcu-
lation does not include the direct amplitude, and
the interaction potential was simplified to include
only the "C+a potential. The wave function for
"0("C+o) was assumed to be 4S, while that of
"F("C+'Li) was assumed to have 5S and 4D com-
ponents. The resulting cross section was back-
ward peaked and flat elsewhere. This same obser-
vation has been made by Werby and Tobocman, "
who are investigating the exchange terms in detail.
It is hoped that inclusion of exchange amplitudes
will enable a more complete understanding of the
('Li, n) reaction.

V. CONCLUSIONS

The positive parity states in "F, which can be
described as a closed "0 core plus two nucleons
in the (2s, ld) shell, are the most strongly popu-
lated states in the "0('Li, o.)"F reaction. Com-

pound nuclear contributions have been shown to be
small. The general structure of the forward angle
data can be reproduced by zero-range DWBA cal-
culations, although the calculations are out of
phase with the data. The magnitude of the data at
back angles is at least an order of magnitude
greater than predicted by the DWBA calculations.
The finite-range fits to the data were not signifi-
cantly better than the zero-range fits and the effect
of the 1D state in 'Li was minimal. In fact, the
1D amplitude would have to be at least 3 times
larger to significantly affect the cross section.

The shape of the l' (0.0 MeV), 3' (0.937 MeV),
1' (3.725 MeV), and 2' (3.836 MeV) states were in
fair agreement with the calculations for angles
less than 20' (c.m. ) so that L-transfer determina-
tion can be made with forward angle data. Finite-
range DWBA calculations using either cluster
form factors or two-particle form factors produce
equivalent fits to the magnitude and shape of the
data. The zero-range DWBA calculations can also
be used to calculate absolute cross sections, since
the zero-range normalization constant is consis-
tently between 100 and 200. From the 5' state,
whose structure is best known in "F, the value of
the zero-range normalization constant is 100. The



99O G. E. MOORE AND K. W. KEMPE R 14

TABLE VI. DWBA normalization factors.

ZRTNT FRDCT FRTNT

0.0
0.937
1 ~ 122
3.725
3.836

1+
3'
5+
1'
2+

100-300
200

100—300
100-300
60-100

1.0—2.0
0.6—1 ~ 0

0.8-1.0
1.0-3 ~ 0
0.6-1.0

1.0—2.0

IO

E
C3

io'

20 40

wave functions of Kuo and Brown, ' when used in
DWBA calculations, predict the magnitudes for the
1' (0.0 MeV), 3' (0.937 MeV), and 2' (3.836 MeV)
states in "F to within a factor of 2.

Similar difficulties to those found in the present
work occurred for the "C('Li, n)"N reaction"
where the phase problems were attributed to the
contribution of inelastic excitation of the target to
the transfer cross sections. However, since these
difficulties are encountered in the ('Li, n) reaction
on "0, it would seem that multistep contributions
from inelastic excitation are not the primary
source of difficulty in the ('Li, n) reaction. The
anomalies in the DWBA fits to the experimental
angular distributions may possibly be explained by
the inclusion of the exchange of an a particle in
"0with the 'Li projectile.

6 (deg)

FIG. 13. Angular distribution for the 2 (2.101 MeV)
state of F with FRDCT calculations.
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