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Mechanism of the '60( Li,a)' F reaction at 20 Mev

S. Mordechai* and H. T. Fortune
Physics Department, University of Pen»sylvania, Philadelphia, Pennsylvania l9104

(Recei ved 18 June 1984)

The ' 0('Li,a) "F re)action has been investigated at an incident energy of 20 MeV. Complete an-

gular distributions were measured in the angular range Ol, ~
——7.5'—157.5' using a multiangle spectro-

graph. Known (sd)' states are populated about twice as strongly as the core-excited four-
particle —one-hole (4p-1h) states. Angular distributions for members of the ground-state band show

only a moderate forward-angle rise, and those of the negative-parity band and other weak states are
approximately symmetric around 90'. Results have been analyzed in terms of Hauser-Feshbach
compound-nucleus calculations and finite-range distorted-wave Born approximation calculations in

which the three transferred nucleons enter the sd and/or 1p shells. The contribution of the
compound-nucleus cross section has been estimated. The data for the K"=—, and K"=—, bands

in ' F could be well fitted by an incoherent sum of direct and compound reaction cross sections.

Simple analysis of the integrated cross sections based on a (2J +1) rule is consistent with results of
the Hauser-Feshbach calculations. Comparison between the present experimental results and previ-
ous triton cluster transfer reactions on "0 emphasizes the enhanced compound/direct ratio for the
4p-1h and other weak states in the present data.

I. INTRODUCTION

Considerable effort has been spent in recent years to
understand the reaction mechanism responsible for the
population of states by the ( Li,a) reaction' and other
multinucleon Li-induced transfer reactions, i.e., ( Li,X)
(Refs. 5—7) and ( Li,X) (Refs. 8 and 9), where X=p, d, t,
'He, or a. Early studies of the ( Li,a) reaction at bom-
barding energies above 30 MeV found a very high degree
of selecti vity in populating final states. In the
' 0( Li,a)'9F reaction at 35 MeV, ' strong population of
the low-lying (sd) states in ' F was observed, as would be
expected if the reaction proceeds via a direct three-
nucleon transfer to a doubly-closed-shell '~Q nucleus. In
such a mechanism the low-lying negative-parity 4p-1h
states in ' F would be only weakly excited through the
2p-2h and 4p-4h components in fhe t~O g.s. wave func-
tion. However, no detailed direct-reaction analysis was
performed in Ref. 3.

At lower energies, compound-nucleus formation might
be expected to compete with direct processes —especially
for the weaker states. Thus, the compound component
could be best estimated from transitions to negative-parity
4p-1h states or to other core-excited states.

In the present work, we report the results of a study of
the ' Q( Li,n)' F reaction at an energy of 20 MeV. This
study was undertaken to attempt to determine the com-
pound and direct reaction components of the reaction.
Qur choice of the target was motivated by the approxi-
mate closed-shell nature of ' O(g.s.) and the large number
of low-lying final states in ' F (Ref. 10) which have
known J . For most states below an excitation energy of
about 5.5 MeV the dominant configuration has also been
determined. These include the K = —, g.s. band which
has a predominant (sd)' structure, the negative parity
K"=—, band which has an (sd) (lp~~2)

' character,

and higher core-excited states, e.g. , (sd)' ( lp)
(sd) ( lp) ', etc.

II. EXPERIMENTAL PROCEDURE
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Alpha spectrum from the ' 0( Li,o.)' F reaction
20 MeV incident energy and at a laboratory angle
levels in ' F are indicated by their excitation ener-

The experiment was performed with a 20-MeV Li
beam from the University of Pennsylvania Tandem Ac-
celerator. The oxygen gas was enriched to 99.5% and
contained in a gas cell with no entrance window. Gas
pressure was 15.0 Torr. Outgoing alpha particles exited
the gas cell through a window and were momentum
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analyzed with a multiangle spectrograph and recorded on
Ilford K-1 nuclear emulsion plates in the angular range of
7.5 —157.5' in 7.5' steps. The exposure was 5500 pC.
Mylar foil absorbers of variable thickness (0—0.5 mm)
were placed in front of the focal plane to stop all ions
with z&2.

Displayed in Fig. 1 is a spectrum measured at 30' cov-
ering an excitation energy range of about 5.6 MeV. States
are indicated by t'heir excitation energies. The energy
resolution was about 30 keV full width at half maximum
(FWHM) and arose primarily from energy loss of the Li
ions in the target and straggling of the a particles in the
exit window. Absolute cross sections were obtained from
the measured gas pressure and integrated beam current.
The uncertainty in the overall cross-section scale is es-
timated at 20%.

III. RESULTS
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They are presented in Figs. 2—4 and compared with re-
sults of finite-range distorted-wave Born approximation
(FRDWBA) calculations using the code DWUCKs (Ref.
11) and with results of Hauser-Feshbach statistical
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Literature' tot (pb)
0'—90 90 —180'

o.(0 —90')
o.(90'—180')

JOT

1+
2

+'
2 443.1 191.6 2.31

TABLE I.~ suits from the ' 0( Li,u)' F rereaction at 20 MeV.
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419.8
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202.2
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1.99

1.92

2.22

1.73

0.87

1.80

1.41

3.22

0.91

1.98

178.6

209.3

72.8

34.7

38.6

65.0'

38 1'

46.7

81 7'

112.0
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477
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81.7'
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TABLE II. Comparison between the cross sections for the X =
2 and 2 states in ' F measured in the ' 0( Li,a)' F reaction at

20 and 35 MeV.

E„(MeV)

19F

Ratio'

' 0( Li a) 20 MeV
(dg/dQ) „

(pb)
"

Ratio'

' 0( Li,a) 35 MeV"
(do. /d 0),„

(pb)

0.11

0.197

1.35

1.55

1.46

2.78

4.00/4. 03

5.47

1

2
5+
2

5
2

3+
2

7 9
2 ~ 2

1+
2

1

2
+

2

1

2
+

2

1

2
+

2

1

2
+

2

450

538

306

341

330b

291

0.26

0.57

0.48'

0.57'

340

50

1200

150

870

80

1300

480"

1300

0.15

0.04

0.09

0.18'

'[do ldQ(sr= —)],„/[do Id&(~=+ )],„.
Summed cross section for the doublet 4.00/4. 03.

'Assuming the 2 and 2 states share the total strength equally.7 9

"Reference 3.

larger in these cases than those at forward angles. On the
other hand, the values of

o.„,(0 —90')/(2J'+ 1)

presented in the last column of Table I are far from being
a constant as would be expected for a pure compound-
nucleus (CN) mechanism under certain conditions. '

The scatter in

o.„,(0 —90') /(2J + 1)

is also indicated in Fig. 5, which shows a plot of
o«„(0'—90') vs 2J+ 1. States which belong to the g;s.
band are populated more strongly than the negative-parity
states with the same J. The lowest CS's in the reaction
give an estimated value of 35 pb for the minimum ratio
o „,/(2J + 1), which can be considered as a rough estimate
of the CN cross section.

The angular distributions of the negative-parity band
(Fig. 3) and of other weak states (Fig. 4) are structureless
and approximately symmetric around 90 as expected for
a CN mechanism, whereas those of the g.s. band (Fig. 2)
show also a clear forward-angle rise typical of a direct-
reaction process.

Table II presents another feature of the data by com-
paring the maximum differential cross sections of the
K = —, and —,

' states measured in the present work and

in the ' 0( Li,a)' F reaction at 35 MeV. In a direct pro-
cess of three nucleon transfer on ' 0 the 4p-1h states can
be populated only via the 2p-2h or 4p-4h component in
' 0 g.s. The ratios

o,„(J,m. = —. )/o, „(J,m =+ )

at 35 MeV range between 4% and 18%, which is close to
the magnitude of the core excited component in ' 0 g.s.,'

while those of the present work range between 26% and

57%, indicating that the CN contribution is significantly
stronger in the present work. These remarks are made
more quantitative in the following.

IV. ANALYSIS AND DISCUSSION

A. Direct reaction calculations

The exact finite-range DWBA code DWUGK5 (Ref. 11)
was used to perform the calculations for the direct-
reaction process. In these calculations the triton cluster
was bound to an alpha in a relative 2p state forming Li.
The binding potential was of the Woods-Saxon type and
was adjusted to give the binding energy of 2.465 MeV.
The bound-state wave functions of ' F were also generated
in the same type of potential with the depth adjusted to
reproduce a binding energy of (11.699—E„) MeV, where

E„ is the excitation energy of the final state in ' F. The
Li optical-model parameters used in the present analysis

were taken from the recent ' Li optical-model parameter
compilation of Cook (Ref 17). F.or the exit channel a
standard alpha set has been used. Table III lists the opti-
cal parameters used in the present analysis as well as those
used in the reanalysis of the 35-MeV data of Ref. 3. Ex-
cept for the transition to the g.s. of ' F which can proceed
only via I.=l transfer and for the transition to the
0.109-MeV —, state for which the allowed I transfers
are 1 and 2, for all other excited states three l. values are
allowed due to the coupling with the L, = 1 Li =u + t g.s.
These were added incoherently to yield the CS's shown in
Figs. 2 and 3. The normalizations of the DVVBA curves
to the data will be discussed in a later section.

For a stripping reaction the experimental differential
CS is given by

(doldQ), „~=NsS(I,J. ) (do. ldQ)Dw5,
(2J+ 1)
(2J, +1)
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TABLE III. Optical parameters used in the analysis of the ' 0( Li,o') "F reaction. Strengths are in MeV and lengths in fm.

"6+'Li'
l 6O+ 7Lia

"F+ab
851("F="O+t)
BS2('Li =a + t)

33 ~ 1

189.5
180.0

1.73
1.21
1.42
1.26
1.26

0.85
0.74
0.56
0.65
0.65

21 ~ 3
16.5

2.00
1.42

0.82
0.56

10.3 1.87 0.72 1 ' 5

1.3
1.4

0.0
0.0

'Reference 8 ~

'Reference 27.
'Adjustable to give a binding energy of 11.699 MeV —F.„.
Adjustable to give a binding energy of 2.465 MeV.

where X is the normalization constant for the reaction
and theoretically is expected to be 1 for an exact finite-
range calculation. The quantity s is the spectroscopic fac-
tor of the Li projectile and measures the probability that
Li g.s. is composed of t+ a clusters, and S(l,J) is the

spectroscopic factor of the finaI state in ' F. In this ex-
pression, (da/dQ)D~. is the incoherent sum of cross sec-
tions for the allowed I. values leading to a specific final J.

B. Analysis of the integrated cross sections

300—

I

0 ( Li, a) F, 20 MeV

K = 1/2 g.s. band

The procedure described here assumes that the only im-
portant reaction mechanisms are the direct and statistical
compound ones, and that the interference between these
two mechanisms is negligible. If the (2J+ 1) rule were to
hold for the CN component of the cross section, we could
express the integrated experimental CS as follows:

a'„„(0'—90') =(2J + 1)ocN+Xscrd;„(0'—90'),

where o.d;„1s defined as

(2J +1)
crd;„(0'—90') =5 o Dws(0' —90'),

(2J, +1)

then

a o /(2J+1) =acN+Mod. /(2J +1)
as J;=0. Thus a plot of o„,f(2J+1) vs od;„/(2J+1)
{Fig. 6) should give a straight line with intercept and slope
determining o.cN and Xs, respectively. The last two
columns of Table IV give the values for o,„„/(2J+ 1) and
od;„/(2J+ 1) for the g.s. band. The spectroscopic factors
5 included in od;, /(2J+ I) were taken from a recent
shell-model calculation-" and are also listed in the table.
The line drawn in Fig. 6 was obtained from a least-
squares fit to the data. The data points for the —, and

7 +
)s +

states are marked in parentheses since they are both
members of unresolved doublets, as indicated in Table IV.
The —, state was not included in the fit. The results in-

dicate that o c~ ——36.6+ 1.0 pb and Xs =0.583+0.004.
This estimation of the CN cross sections is in excellent
agreement with the value of 35 pb obtained from Fig. 5,
and discussed earlier.

C. Hauser-Feshbach calculations

Calculations of the compound-nuclear cross sections
were performed using the computer code sTATIS. The
details of such calculations were outlined in Refs. 18 and
19 and the formalism was taken from Refs. 20 and 21.
The nuclear level density was taken to be of the forrn2

(2J+1)
12a '

( U +t)' (2o. )'

200—
0

CU

b 100—
7/2

$/2 && exp[2(a U) '~ ]„p
(J+—, )

20-2

K=(=, )mAR (1+0.31/3+0. 44@ ) for R =roA '~',

where the nuclear temperature t is obtained from
U =at —t and o. =.Kt/A . The rigid-body moment of
inertia is

0 I

0 200 400
o-d, !(2J~))(p.b)

FIG. 6. Graph of o.„,(0'—90 )/(2 J +1) vs o.d;„(0'—90 )/
(2J+1) for the g.s. band. The straight line is a least square fit
to the data.

where m is the mass of a nucleon and A is the nuclear
mass in u. The excitation energy is defined as
U =F —b6, where b is 2 for even-even, 1 for odd-even,
and zero for odd-odd nuclei, and 6 is the pairing energy
[taken to be 2.25 MeV, which is the average of neutron
and proton pairing parameters in the (sd) shell]. No criti-
cal angular momentum cutoff was used and the calculated
cross sections were normalized to the data by a factor
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Energy

TABLE IV. Analysis of the K =
2 g.s. rotationai band.

level

(MeV)

g.s.

0.197

1.55

2.78

4.64

5.47

1+
2
5+
2

3+
2

9 +
2

13 +
2

7 +
2

o.„,(0'—90')

(pb}

443.1

1071.8

837.2

728.1

534.4

1306.5'

OD~5 {0—90 )

352.15

273.3

449.9

84.6

208.0

Th

0.90

0.72

0.70

0.72

0.60

0.50

o tot

2J+1
(pb)

221.6

178.6

209.3

72.8

38.1'

81.7

C
Odjr

2J+1
(pb)

316.9

196.8

314.9

19.5

104.0

O'D~g =277 g o'(8& )sin8& 681.
Reference 23.

odjr Ss OD~5(0' —90'), thus, odjr/2J + 1 S00~5(0 90 ) assuming s ( Li) 1.
l

"Summed CS for the doublet 4.65/4. 68 with J 2' and 2

'Summed CS for the doublet 5.42/5. 47 with J 2 and 2

Assuming the total CS is predominantly due to the 2 state.

which is common to all states, as wi11 be discussed later.
The preceding equation has two unspecified parameters:

the level-density parameter and the moment of inertia W.
We used the standard level-density parameter of 0.125
MeV ' for the sd shell and ro ——1.2 fm, P=O in the cal-
culation of W.

The transmission coefficients have been calculated us-
ing the Li optical-model parameters listed in Table III
and also using the equation

T((E)= 1

1+exp[(E~~ E)/dele E~I—]
where

Z1Z2e A2
+ z(&+ —,')

2p, R,

Z~, Z2, A ~, A2 are the charges and masses of the particles;

R, =R,o(A I +22 );
A)A2

Pc =m m = atomic mass unit .
A)+A2 '

It was found that calculated cross sections using the
preceding expression for T~(E) and with R,o——1.25 fm
and del, =0.06 are close to those obtained using transmis-
sion coefficients from the optical model potential. We
have thus used for simplicity the parametrized T~'s

throughout the paper. The results of the Hartree-Fock
(HF) calculations are shown in Figs. 2—4.

Figure 7 shows a schematic diagram of the CN formed
in the collision of ' 0+ Li at 20 MeV and its subsequent
decay to various channels. Numbers next to the arrows
indicate the integrated Hauser-Feshbach CS for each
channel. The total fusion CS is predicted to be 550 mb
and thus the a channel exhausts only about ll%%uo of the
total CS. The single neutron is the strongest decay chan-
nel (-70%%uo of the total CS). Except for the enhanced
neutron decay, the calculated cross sections show the ex-
pected Qgg dependence, namely the CS plotted against the

Q value (Qsg) fall on a straight line on a logarithmic
scale.

In terms of o.HF and od;, we express the integrated CS
as an incoherent sum:

Ec.m.
13.9

16O (TLj, g )
19F.

, 20 M eV

~exp = ~ ~der ' P~HF

0 20—
C3

DJ

LLi
20F 3H

~) io-

UJ
CL

ONe+t

60~7L

"0+6Li

a+a
19F+~22

N

FIG. 7. Schematic diagram showing the channels taken into
account in the HF calculations. Numbers next to the arrows in-
dicate the total cross section for that decay mode.

b
1

b

0
0

a = 0.68
P = G. 26

9gp

13/2+

~HF/~exp
FIG. 8. Plot of o.dj (0 90 )/o p(0 90 ) vs

oHF{0'—90)/o.,„p(0 —90') for the g.s. band in ' F. The line
represents a least square linear fit to the data.
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FIG. 9. Experimental angular distributions for the two —,

states at 1.55 and 3.91 MeV populated in the "0('Li,a) "F reac-
tion at 20 MeV. The dashed-dotted and the solid curves are the
results of FRDWBA and statistical model calculations, accord-

ingly. The dashed line shown with the 3,91-MeV data is a

1/sinO fit.
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Where od;„——S(2J+1)oDws as was defined earlier, oHF is
the calculated total Hauser-Feshbach cross section, and a
and I3 are normalization factors to be determined experi-
mentally,

o.d;„/o.,„p= 1/a —( f3/cz)( o HF/o, „„).

Figure 8 shows a plot of o.d;„/o.„~ vs o.HF/o. „.~ for the g.s.
band. The data fall approximately on a straight line. A
least-squares fit to the data yields o. =0.68 and @=0.26.
The deduced number for a deviates only about 12% from
the value of 0.58 obtained earlier. The value of P gives an
overall experimental normalization factor for the calculat-
ed HF cross section.

Figure 9 shows again the angular distribution for the

two lowest —, states in ' F. The first at 1.55 MeV is an
(sd)' state and apparently has a large direct component,

q +
whereas the second —; state at 3.91 is much weaker and
its angular distribution is approximately symmetric
around 90. If we assume that the latter has no direct
component then we can obtain an additional normaliza-
tion for the HF calculations. The solid line in Fig. 9 is
the HF calculated differential CS multiplied by a factor of
0.5. The dashed line represents another semiclassical cal-
culation which will be described later. Thus the data for
the core-excited state at 3.91 MeV indicate that a normali-
zation factor of roughly —,

'
will be required for the HF

calculations rather than 0.26 as was suggested from the
analysis of the integrated CS. A factor of 0.5 turns out to
give a reasonably good fit for the angular distributions of
other weak states shown in Fig. 4. We have thus used the
same normalization factor of 0.5 for all positive-parity
states populated in the present study.

The dashed and the solid straight lines shown with the
data points in Fig. 4 are the results of two additional
semiclassical fits to the data. The dashed line is an
0.'/sinO curve where a' is a constant chosen to yield the
same integrated CS as would be expected from the 2J+ 1

rule for a state with spin J. If we adopt the previous
value of ocN ——36.6 pb then a'=36.6(2J+1)/7r . Simi-
larly the straight line represents an isotropic distribution
with a magnitude of oJ(8) =36.6(2J+1)/2rr, which also
yields the same integrated cross section as would be
predicted from the (2J +1}rule.

D. Analysis of the g.s. band

Figure 10 presents again the angular distribution for the
g.s. of ' F compared with HF calculations normalized as
previously indicated (dashed-dotted line), finite-range
DWBA calculations (dashed line}, and as their sum (solid
line). The addition of the HF cross section has only a
small effect at forward angles but improves the fit at the

TABLE V. Comparison between the spectroscopic factors for
the g.s. band of ' F measured in the present work and previous
work.

]02

————FRPW———HF
SUM

Energy
level

(MeV)

g.S. 0.35 0.35

S(' 0+ t~' F)
( Li,a)' ( Li, 'He)

20 (MeV) 24 (MeV) Th'

0.90

O
o ~ &e z

0

0.197 0.40 0.38 0.73

0 60 90 i 20 150 180

8~ ~ (deg)
FIG. 10. Angular distribution for the g.s. of 'F measured in

the ' 0('Li,a)' F reaction at 20 MeV compared with the in-
coherent sum (solid line) of HF calculations (dashed-dotted line)
and FRDWBA calculations (dashed line).

1.55

2.78

5.47

13 +

0.29

0.39

0.38

& 2.03

0.33

0.32

0.27

0.70

0.72

0.60

0.50

'Present work,
5 =[a,„p(8}—oc~(8}]/0.6(2J + 1)crD~g(0}.
Reference 25.

'Reference 23.
This upper value. is set by the CS for the doublet 5.418/5.464

7+
with J = —, and —, , respectively.
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V)

fo

b

0 ( Li, a) F, 20 MeV

EXP K =l/2+ BAND

o~;„/(2J+1)(N57 . = 0.55)
Ho user —Feshboch (x l/2)

SUM

x X
-x-.

X x~

I I I t l

I /2 5/2 5/2 7/2 9/2 11/2 15/2

the g.s. band in terms of direct and compound-reaction
components. The dashed-dotted line represents, vs J, the
integrated HF cross section after dividing by 2J+ 1. The
theoretical curve oscillates between 30 and 50 pb showing
an odd-even effect because of the staggering of the excita-
tion energies in the g.s. band. The direct component
o.d;, /(2J +1) (dashed line) shows a sharp decrease with J
due to the kinematical conditions discussed earlier. The
sum (solid line) accounts reasonably well for the strong J
dependent integrated CS observed experimentally. The
figure also indicates that for the low-spin members
( J = —, , —, , —, ) the CN cross section contributes only

1+ 3+ 5+

about 20%%u~ of o.„„but this reaction process becomes sig-
nificantly more dominant for the higher spin members of
the g.s. band.

Estimates of the spectroscopic factors for the E = —,
'

band may be determined experimentally after subtracting
the CN component and comparing with D%UcK5 calcula-
tions. Table V presents such an analysis. The spectro-
scopic factors listed in the table were obtained using the
relation

& =[o.»(8) —o cN(8) ]/0. 6(2J + 1)o'Dw5(8),

JF-

FIG. 11. Plot of o.«,(0 —90 )/(2J~+1) vs JF for the g.s.
band. The experimental angle integrated cross sections are com-
pared with the incoherent sum (solid line) of a direct reaction
component (dashed line) and a compound nucleus component
(dashed-dotted line).

backward angles. Similar behavior was observed for the
other members of the g.s. band, i.e., the 0.197-MeV —,

3nd the 1.55-MeV —, states. The —, and —, states
have apparently a very small direct component due to
kinematic rather than spectroscopic conditions. Since the
reaction has a large Q value (Qss=9.233 MeV), the in-
coming and outgoing waves have almost the same grazing
angular momentum (l. grazing=10). This matching con-
dition drastically reduces the direct CS amplitude for the
high-spin states, although they have spectroscopic factors
as large as those with lower spins (Table V).

Figure 11 presents the analysis of the integrated CS for

where crcN(8) is the (normalized) calculated HF cross sec-
tion. The deduced spectroscopic factors are compared
with the spectroscopic factors obtained from the
' 0( Li, He)' F reaction at 24 MeV (Ref. 24) and with a
recent shell-model calculation. There is remarkable
agreement between the present results and those of Ref.
24, but the theory predicts spectroscopic factors too large
by a factor of about 2 in comparison with the experimen-
tal values. Of course, the 5 values of Ref. 24 are not ab™
solute, as they result from a zero-range calculation. For
the 5.47-MeV —, state only an upper limit on 5 could be
obtained from the present study since the state could not
be resolved from the 5.418-MeV —, state.

E. Analysis of the negative-parity band

The negative-parity band in F with a predominant
4p-1h structure is expected to be weakly populated by a
direct process in the ' 0( Li,a)' F reaction. The compar-
ison between the maximum CS of states with the same

TABLE VI. Analysis of the X"=
2 band in ' F.

(MeV)

0.109

1.345

1.458

3,998

4.032

1

2

5
2

3
2

2

9
2

o.tot(0 —90 )/(2J + 1

(pb)

111.9

76.5

47.7

0.043

0.180

0.024

0.060

o Dw5(0

(pb)

325.4

Xo d;, /(2J + 1)'
(pb)

14.0

21.6

9.9

14.1

o.HF/(2J + 1)

(pb)

77.9

'Extracted in the present work from the ' 0( Li,a)' F data at 35 MeV (Ref. 3).
gn~q(0 —90 )=2m'gg O. o'(8;)sin8;58;.
od' /(2J + 1) ~oDw5(0
Results of Hauser-Feshbach calculations. See the text.
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spin but belonging to the K = —, and —,
' bands present-

ed in Table II has already indicated that these latter states
are populated predominantly by a CN process. Addition-
al evidence comes from their angular distributions (Fig. 3)
which are mostly symmetric around 90' for the —, and

/ —', members. Those for the —', and —; states con-
tain also a small forward rise that may be due to a small
direct triton transfer component.

Since no spectroscopic factors could be obtained from
the literature for these states, no accurate estimates of the
relative sizes of the compound and direct components
could be made. In order to further investigate this point
we have extracted the spectroscopic factors for these
states from previously published data on the ' 0( Li,cx)' F
reaction at 35 MeV, ' where a direct mechanism probably
dominates. The FRDWBA calculations at 35 MeV were
done using the parameters listed in Table III. Table VI
summarizes this analysis. The third column presents the
experimental integrated CS divided by 2J + 1. The
fourth column lists the values of XS obtained from our
analysis of the 35-MeV data of Ref. 3. %'e have used
these values of XS to calculate Xo.d;„/(2J + 1) at 20 MeV,
as listed in the sixth column of the table. The last column
presents o.HF/(2J + 1}from the sTATIs calculations.

The results indicate that compound-nuclear processes
contribute most (70—90%) of the reaction cross section
for these core-excited states. A fit to the data requires an
average normalization factor of 0.95 for the HF calcula-
tion for the negative-parity states. Therefore in Fig. 3 we
have shown the data for the K =- —, band together with
two HF curves normalized by a factor of 0.5 (which has
been suggested for the positive-parity states} and 1.0 (ob-
tained from the analysis of the K = —,

' band). The data
fall mainly between these two curves as would be expect-
ecl.

15—
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CU
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b b
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0 OTHERS
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0
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X

X
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{+)

(b)

0 4.38 7/2

L33 5/2

4.00/4. 03
X

7/2 /9/20
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~ gband

V. CQMPARISQN WITH PREVIQUS RESULTS
AND CQNCLUSIQNS

Figure 12 presents a comparison between the present re-
sults and those obtained from (a) the ' 0( Li, 'He)' P re-
action at 24 MeV, -' (b) the ' 0( Li,a)' F reaction at 35
MeV (Ref. 3), and (c) the ' 0(a,p)' F reaction at 40
MeV. The figure displays the ratio of the maximum
cross section vs J (final-state spin). Except for Q-value
effects the (a,p) and ( Li, 'He) reactions should be
equivalent to the ( Li,a) reaction since all three are triton
transfer reactions. However, two striking facts emerge:
(i) The cross-section ratio decreases significantly with in-
creasing spin of the final state. This effect is probably
due to the large differences in the Q values for the three
reactions. The present reaction has Q=9.233 MeV, while
' 0( Li, 'He)' F and ' 0(a,p)' F have Q=4.094 and
—8.114 MeV, respectively. Therefore the last two have
large angular momentum mismatch, giving a relatively
enhanced population of final states with high spins,
whereas the almost perfect matching conditions in the
present reaction favor low L transfers. (ii) The crass sec-

l $ Q 7 9 11

2 2 2 2 2 2 2

JF-

FIG. 12. Ratios of the maximum experimental cross sections
measured in the present work and in the previously reported
(a', p), ( Li, 'He), and ( Li,a) reactions on ' Q vs JF.

tion ratios for the K = —,
' band and other weak states

are always larger than those obtained for the g.s. band.
These states are populated very weakly in the predom-
inantly direct triton cluster transfer on ' O via the (a,p)
( Li, 'He), as well as the ( Li,a) reaction at 35 MeV, while
in the present study they all have a sizable CN cross sec-
tion.

In conclusion, the study of the ' 0( Li,a)' F reaction
has revealed that no one single reaction mechanism can
account for the data at 20 MeV. A.n analysis in terms of
an incoherent sum of direct plus compound components
can reasonably well account for the measured cross sec-
tions of both positive- and negative-parity states.

An analysis of the compound-nucleus component using
the 2J+ 1 rule yields results which are consistent with
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the statistical compound-nucleus calculations. Compar-
ison with previous studies of ' F in direct triton cluster
transfer reactions emphasizes the presence of the com-
pound component in the reaction mechanism, and gives
support to our separation of the two reaction components.
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