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Two mode, finite range distorted wave Born approximation analysis of the9Be„p,a…6Li reaction
at 45 and 50 MeV

Y. Yamashita and Y. Kudo
Department of Physics, Osaka City University, Sumiyoshi-ku, Osaka 558, Japan

~Received 3 June 1996!

The 9Be(p,a)6Li reaction at 45 and 50 MeV has been analyzed in the finite-range distorted-wave Born
approximation~FR-DWBA! formalism including both the direct and the exchange modes, in which all one-
step DWBA terms have been treated coherently. The spectroscopic factors are obtained theoretically by
making use of the cluster-coupling shell-model wave functions. Numerical calculations show that the inclusion
of the coherent contribution of the direct and the exchange modes is of considerable importance to give a
reasonable agreement with the experimental data.@S0556-2813~96!03610-2#

PACS number~s!: 24.10.Eq, 24.50.1g, 25.40.Hs, 25.55.Hp
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Recently several authors have reported the results of
experimental study of the (p,a) reactions in the nuclei9Be
at a proton bombarding energies of 45@1,2# and 50 MeV@3#.
While this reaction for proton bombarding energies belo
the Coulomb barrier is of interest in studying the mechanis
of primordial nucleosynthesis@4,5#, our main interest at
present will be to obtain the useful information concernin
the reaction mechanism itself. At high bombarding energi
(p,a) reactions can be generally described by a direct re
tion mechanism. The distorted wave Born approximati
~DWBA! is a very successful tool in analysis of direc
nuclear reactions.

On the basis of the pictures of the cluster model of t
nuclear structure, a finite-range DWBA~FR-DWBA! analy-
sis of the reaction9Be(p,a)6Li ~g.s.! at 45 MeV has been
given by DeVrieset al. @1#, suggesting that both the light-
particle pickup~LPPU! for forward angles and the heavy
particle pickup~HPPU! for backward angles should be con
sidered in describing the behavior of the experimen
angular distributions. Their calculations generally yield a
ceptable fits to the experiments, while have a tendency
overestimate the absolute values of the experiments for ba
ward angles by three or four times of magnitude, but gi
rough estimates for the relation between spectroscopic f
tors of LPPU and HPPU processes. For the same reactio
18245 MeV, Hauseret al. @2# have shown that the inte-
grated cross sections of the forwards(0°290°) and the
backwards(90°2180°) are proportional to the spectro
scopic strengths for the LPPU and the HPPU processes,
spectively. Based on the measurements of the strong ris
forward and backward directions of the angular distribution
they have shown the HPPU process, in which the ligh
particle knockout~LPKO! is consequently contained, to b
an important contribution in describing the experimental da
reasonably. Moreover, Gurevichet al. @3# have investigated
the same reaction at 50 MeV and compared the experime
angular distributions with theoretical ones calculated by t
FR-DWBA with the LPPU~triton pickup! in the direct mode
and the HPPU (5He pickup! in the exchange mode incoher
ently. The experimental angular distributions cannot be re
resented by the resulting calculated ones at whole angles

In this paper we investigate the reactio
9Be(p,a)6Li ~g.s.! at 45 and 50 MeV in the framework of
540556-2813/96/54~4!/2077~4!/$10.00
an

w
m

g
es,
ac-
on
t

he

-
-
tal
c-
to
ck-
ve
ac-
n at

-
re-
e in
s,
t-
e
ta

ntal
he

-
p-
.
n

the FR-DWBA including both the direct and the exchange
modes, in which all one-step DWBA terms involving trans-
fers of single particles or bound clusters may be treated co
herently. Moreover the spectroscopic factors for each mod
are obtained theoretically by making use of the cluster-
coupling shell-model wave functions@6,7#.

Now we briefly explain our FR-DWBA formalism for the
9Be(p,a)6Li ~g.s.! reaction. The details of the formalism
presented here are discussed more completely in Ref.@8#.
The differential cross section is given by

ds

dV
5
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~2I p11!~2IBe11! (
MpMaMBeMLi

uM u2,

~1!

whereM is the total transition amplitude which is the sum of
the direct transition amplitudeMD and the exchange one
ME as follows:

M5ND3MD1NE3ME ~2!

with the statistical factorsND andNE @9#. The DWBA tran-
sition amplitudesMD for the direct mode, which is described
as p19Be(5t16Li)→6Li1a(5p1t), with multi-
interactions in the prior form is

MD5^x f
DuVp-t1Vp-Li2Up-Beux i

D&. ~3!

Similarly,ME for the exchange mode, which is described as
p19Be(5a15He)→6Li(5p15He)1a, is

ME5^x f
EuVp-a1Vp-He2Up-Beux i

E&, ~4!

where the termsVp-t andVp-Li in Eq. ~3! @Vp-a andVp-He in
Eq. ~4!# are responsible for the usual light-particle pickup
~LPPU! and heavy-particle knockout~HPKO! @light-particle
knockout ~LPKO!, and heavy-particle pickup~HPPU!#.
These interaction potentials for both modes are taken as th
real Woods-Saxon form without the Coulomb interaction.
Parameters for the transition interactions except forVp-5He
given in Table I~middle! were taken to be the same ones as
used by several authors@10,11#. Here, as for the interaction
Vp-5He we derived from the interpolation of the interactions
Vp-6He andVp-3He @12#.
2077 © 1996 The American Physical Society



2078 54BRIEF REPORTS
TABLE I. The potential parameters for~top! the bound state,~middle! transition interaction, and~bottom!
distorting potential used in the calculation.

Bound statea

System State r ~fm! a ~fm! V ~MeV! EB ~MeV!

t16Li 2p 2.20 0.90 257.34 17.69
t1p 1s 1.18 0.80 276.14 19.82
a15He 3s 1.20 0.40 2126.79 2.53
p15He 1p 2.30 0.90 228.19 4.65

Interaction r ~fm! a ~fm! V ~MeV!

Vp-t
b 1.39 0.40 261.40

Vp-Li
c 1.25 0.60 259.00

Vp-a
b 1.40 0.44 245.00

Vp-He
d 1.40 0.30 259.05

Distortion
System Ep ~MeV! V ~MeV! WV ~MeV! WS ~MeV! r ~fm! a ~fm! r I ~fm! aI ~fm!

p19Bee 45 251.6 27.50 28.28 1.11 0.57 1.11 0.50
50 250.3 27.50 28.01 1.11 0.57 1.11 0.50

a16Li f 45 295.0 23.00 24.70 0.97 0.70 2.69 0.45
50 293.6 23.56 24.79 0.97 0.73 2.69 0.48

aReference@3#.
bReference@10#.
cReference@11#.
dReference@12#.
eReference@13#.
fReference@1#.
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D are entrance- and exit-channel wave fun
tions in the direct mode, respectively,

x i
D5C IBeMBe

D ~j t ,jLi ,r tLi !C I pMp

D ~jp!wp
~1 !~kp ,r pBe!, ~5!

x f
D5C IaMa

D* ~jp ,j t ,r pt!C ILiMLi

D* ~j Li !wa
~2 !* ~ka ,ra Li !.

~6!

Similarly, the entrance- and the exit-channel wave functio
x i
E and x f

E in the exchange mode are given. The functio
C IBeMBe

D (j t ,jLi ,r tLi) andC IaMa

D* (jp ,j t ,r pt) are, respectively,

the bound state wave functions for9Be anda in the direct
mode. Both of the bound states of the clusters in the tar
~the residual! nuclei for each mode, which are, respectivel
assumed to be 2p state in direct and 3s state~1p state! in
exchange mode for simplicity, have been obtained in ter
of a real Woods-Saxon type to give the proper separat
energy. The distorted waveswp

(1)(kp ,r pBe) and
wa
(2)* (ka ,raLi) are generated by the optical model potenti

Up-Be and Ua-Li , respectively. As regards the potentia
Up-Be in the entrance channelp19Be, we used the energy
dependent Woods-Saxon type@13#. In the exit channel
a16Li, we used the same potentials as DeVrieset al. @1#
did, whereas parameters at 50 MeV were modified somew
so as to fit the experimental angular distributions. These
rameters are shown in Table I. Hereafter we use the symb
T, R, andC instead of the target9Be, the residual nuclei
6Li, and the core5He, respectively.
c-

ns
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The cluster expansion for the target nucleusT(5t1R) is
given by

C I TMT

D ~j t ,jR ,r tR!5(
[dT]

uT~ t,R!~ I tl 1Mtm1u j 1m1!

3~ j 1I Rm1MRuI TMT!C I tMt

D ~j t!

3C I RMR

D ~jR!un1l1
D ~r tR!Yl1m1

~ r̂ tR!, ~7!

where the expansion coefficientuT(t,R) is fractional parent-
age coefficient ~cfp!, whose value is calculated in the
L-S coupling scheme according to the Appendix o
Ref. @6#. Similarly, the functions C IaMa

D (jp ,j t ,r pt),

C I TMT

E (ja ,jC ,raC), and C I RMR

E (jp ,jC ,r pC)—the second
and the third term of which represent the bound states of
targetT and the residual nucleiR in the exchange mode—are
expanded in terms of the corresponding fractional parenta
coefficients ua(p,t) , uT(a,C) , and uR(p,C) , respectively.
Therefore the spectroscopic amplitudes for the direct and
exchange modeSD and SE are, respectively, expressed by
ND•uT(t,R)•ua(p,t) andNE•uT(a,C)•uR(p,C) . Our results for
the spectroscopic amplitudesSD50.245 andSE520.406
are consistent with the values of Refs.@14–16#, respectively.

We calculated the differential cross sections for th
9Be(p,a)6Li ~g.s.! reaction at 45 and 50 MeV in terms of ou
FR-DWBA. In Figs. 1 and 2, the calculated angular distribu
tions are shown together with the experimental data at bo
energies. The solid line is the calculated result with the to
amplitudeM in Eq. ~2! with SD andSE as mentioned just
above. Also, the dotted line and the dashed line are the c
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culated results of the direct mode and the exchange m
which are characterized by the amplitudesMD in Eq. ~3! and
ME in Eq. ~4!, respectively. In these figures, the contributio
of the exchange mode to the angular distributions at ba
ward angles is found to be remarkable. In particular, co
paring with the results by DeVrieset al. @1#, Hauseret al.
@2#, at 45 MeV and Gurevichet al. @3# at 50 MeV, our results
of including the two knockout processes denoted by HPK
and LPKO, namely6Li knockout in the direct mode anda
knockout in the exchange mode, and the interference
tween the each mode considerably improved the fit to
backward angles forEp545 MeV and to the whole angle
for Ep550 MeV.

The predicted differential cross sections at 45 MeV as
ciated with each term, i.e.,Vp-t (Vp-a), Vp-Li2Up-Be
(Vp-He2Up-Be) and all of the terms for the direct~exchange!
mode, respectively, are illustrated in Fig. 3. As mention
above in Figs. 1 and 2, the interference effect denoted by

FIG. 1. Angular distribution for the reaction9Be(p,a)6Li ~g.s.!
at 45 MeV. The solid, dotted, and dashed curves are the calcul
results for the total, direct, and exchange modes, respectively.
experimental data are taken from Refs.@1,2#.

FIG. 2. Same as Fig. 1 but forEp550 MeV. The experimental
data are taken from Ref.@3#.
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solid line in this figure has been found to be large for thes
energies. We cannot reproduce the experimental data witho
any one termVx-y in MD andME. In conclusion from these
figures, we see that the inclusion of the coherent contributio
of the direct and the exchange-mode with all one-ste
DWBA terms is of considerable importance to give a reaso
able agreement with the experimental data.

In summary, we have investigated the reactio
9Be(p,a)6Li ~g.s.! at 45 and 50 MeV in the framework of
the FR-DWBA including both the direct and the exchang
modes, in which all one-step DWBA terms have been treat
coherently. The spectroscopic factors for each mode are o
tained theoretically by making use of the cluster-couplin
shell-model wave functions. Numerical calculations show
that the inclusion of the coherent contribution of the direc
and the exchange mode, in which all one-step DWBA term
are included, is of considerable importance to give a reaso
able agreement with the experimental data.

ated
The

FIG. 3. Decomposition of the calculated differential cross sec
tion for the reaction9Be(p,a)6Li ~g.s.! at 45 MeV into the direct
and exchange mode contributions:~a! the triton pickup termVp-t

~dotted curve! and the other termVp-Li2Up-Be ~dashed curve! in the
direct mode, and~b! thea knockout termVp-a ~dotted curve! and
the other termVp-He2Up-Be ~dashed curve! in the exchange mode,
respectively.



2080 54BRIEF REPORTS
@1# R. M. DeVries, Jean-Luc Perrenoud, I. Slaus, and J. W. Sun
Nucl. Phys.A178, 424 ~1972!.

@2# H. J. Hauser, M. Walz, F. Weng, and G. Staudt, Nucl. Phy
A456, 253 ~1986!.

@3# G. S. Gurevich, V. M. Levedev, O. F. Nemets, Yu. N. Pav
lenko, V. M. Spsskii, and I. B. Teplov, Sov. J. Phys.49, 1
~1989!.

@4# H. Oberhummer and G. Staudt, inNuclei in the Cosmos, edited
by H. Oberhummer~Springer-Verlag, Berlin, 1991!, p. 29.

@5# A. J. Sierk and T. A. Tombrello, Nucl. Phys.A210, 341
~1973!.

@6# Y. Kudo, T. Honda, and H. Horie, Prog. Theor. Phys.59, 101
~1978!.
ier,

s.

-

@7# Yu. F. Smirnov and Yu. M. Tchuvil’sky, Phys. Rev. C15, 84
~1977!.

@8# Y. Yamashita, Nucl. Phys.A582, 270 ~1995!.
@9# S. Edward, D. Robson, T. L. Talley, W. J. Thompson, and M.

F. Werby, Phys. Rev. C8, 456 ~1973!.
@10# M. F. Werby, M. B. Greenfield, K. W. Kemper, D. L. McShan,

and S. Edwards, Phys. Rev. C8, 106 ~1973!.
@11# G. P. Johnston and D. G. Sargood, Nucl. Phys.A224, 349

~1974!.
@12# M. F. Werby and S. Edwards, Nucl. Phys.A213, 294 ~1973!.
@13# B. A. Watson, P. P. Singh, and R. E. Segel, Phys. Rev.182,

977 ~1969!.
@14# S. Cohen and D. Kurath, Nucl. Phys.A101, 1 ~1967!.
@15# D. Kurath, Phys. Rev. C7, 1390~1973!.
@16# D. Kurath and D. J. Millener, Nucl. Phys.A238, 269 ~1975!.


