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I = 1 transfer reaction Si( OB, Be) Ps, (1/2+)
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The l = 1 single-nucleon transfer reaction ' Si(' B, Be) Pg, (1/2+) has been investigated at incident energies

of 59, 75, and 132 MeV. In addition, the transfer to the first (3/2+) and second (5/2+) excited states was

observed. The data were analyzed using exact finite range distorted wave Born approximation calculations.

The agreement between experimental data and calculations is rather good for all transitions.

NUCLEAR REACTIONS Si( B, Be), 8=59, 75, 132 MeV (lab); measured o(e),
DWBA analysis, spectroscopic factors.

I. INTRODUCTION

It has been found in the past few years that cer-
tain single-nucleon transfer reactions induced by
heavy ions cannot be reproduced with distorted
wave Born approximation (DWBA) calculations if
the "normal" procedure is adopted in these calcu-
lations, ' i.e. , if the same optical model parame-
ters are used for the calculation of both incident
and exit channel distorted waves. This procedure
gives good agreement between experiment and
theory in the overwhelming majority of single-
nucleon transfer reactions. However, in the few
cases mentioned above the lack of agreement is
quite obvious. Qscillations in the measured angu-
lar distributions are out of phase with DWBA. cal-
culations (these angular distributions are called
"anomalous" in the literature).

Single-nucleon transf er reactions which exhibit
these features involve mainly transitions between
the 1P orbit and the 2s orbit, i.e. , the transferred
angular momentum / is uniquely equal to unity. A

compilation of those reactions ' led to the conclu-
sion that anomalous angular distributions should
show up in a particular reaction only if the inci-
dent channel wave number k is within a certain
k window (3.5 fm ' 6 k & 5.0 fm '). However, no
k= 1 reaction has been studied so far for k values
both within and beyond this k window in order to
test this conclusion. In this paper we report an
investigation of the l = 1 single nucleon transfer
reaction "Si("B,'Be)"P, , (—,") measured at inci-
dent energies 8=59, 75, and 132 MeV. 'The cor-
responding k values are 3.92, 4.42 and 5.87 fm ',
respectively. Therefore, a test of the conclusions
given in Ref. 1 should be possible.

II. EXPERIMENTAL METHODS AND RESULTS

Self-supporting Sio, targets (approximately 300
p, gjcm' thick) were bombarded with the "Bbeam
of the Texas A @ M variable -energy cyclotron.
The detected particles were identified with a

counter telescope consisting of two surface bar-
rier detectors. An energy resolution of approxi-
mately 300 keV allowed separation between tran-
sitions to the first three states in the residual
nucleus '-'P. Excited states of the ejectile are
particle unstable. Estimated errors in absolute
cross sections were about 20%% due to uncertain-
ties in target thickness measurements and charge
collection in the Faraday cup.

Figures 1-5 show the experimental results.
The first three figures exhibit elastic data and
angular distributions of the l =1 transfer reaction
leading to the J' = —,"ground state of "P. Figures
4 and 5 show angular distributions for the transi-

. tions to the J'= -" and J=-" states in "P at 1.38
2 2

and 1.95 MeV, respectively. The l = 1 transfer
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FIG. 1. Angular distributions of the elastic scattering
B+ Si (upper part) and of the /=1 transfer reaction

28Si( B, BeP9P~, (2") (lower part) measured at E~
= 59 MeV, The solid line in the upper part is an optical-
model calculation. The solid and the dashed lines in
the lower part are EFR-DWBA calculations. (See text
for details. )
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FIG. 2. See legend of Fig. 1. The incident energy
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data show pronounced oscillations which are in
phase with oscillations in the elastic channel.

III. DWBA ANALYSES

FIG. 4. Angular distributions of the reaction
28Si(IOB, Be) SP(l. 98 MeV, 32+) measured at E~z, ——59,
75, and 132 MeV. The solid lines are EFR-DWBA
calculations.

Exact finite range DWBA calculations including
recoil effects (EFR-DWBA) have been performed
for the transfer reactions shown in Figs. 1-5.
The program used for this purpose was SATURN-

MARs. 'The post representation without inclusion
of Coulomb terms in the form factor was chosen.
The popular set F0=1.25 fm, a, =0.65 fm, and

V,o= 6 MeV for the bound-state parameters was 10—

I I

Si( B, Be) P(195MeV, 5/2+)

used. Optical-model parameters were deduced
from fits to the elastic data. 'The elastic data at
59 and 75 MeV could be reproduced with the same
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FIG. 3. See legend of Fig. 1. The incident energy
is 132 MeV.
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FIG. 5. Angular distributions of the reaction
8Si(i B, BeP9P(1.95 MeV, 2+) measured at E&~ 59, ——

75, and 132 MeV. Solid lines are EFR-DWBA
calculations.
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TABLE I. Optical-model, parameters fpr B+ Si.

E (MeV) V (MeV) y&„(fm) a „(fm) 8' (MeV) yo,. (fm) a; (fm)

59
75

132

100
100
63.37

0.977
0.996
0.915

0.728
0.715
0.988

18.03
18.03
13.93

1,223
1,194
1.271

0.752
0.852
0.798

set of parameters (V=100 MeV, r,„=0.989 fm,
a„=0.7 fm, 8'=18.03 MeV, r«= 1.1S8 fm, a,.=0.786
fm). The smallest }f' values, however, were ob-
tained with two slightly different sets (see Table
I). The results of these calculations are shown
in Figs. 1 and 2 (solid lines in the upper parts).
In order to reproduce the 132 MeV elastic data
a different parameter set had to be used (see
Table I). The solid line in Fig. 3 (upper part)
represents the optical model results.

The EFR-DWBA calculations have been per-
formed with the optical-model parameters given
in Table I. 'The same parameters have been used
for the calculation of the distorted waves in the
incident and exit channel. Figures 1-3 show the
calculations for the l = 1 transition (solid lines,
lower part). Figures 4 and 5 show the results for
the J'= -" and -" states, respectively.

IV. DISCUSSION

Inspection of Figs. 1-3 shows that EFR-DWBA
calculations and experimental angular distribu-
tions for the unique l =1 transition are in rather
good agreement. 'This was expected for the 132
MeV data (Fig. 3) on the basis of the survey of
Ref. 1, since the incident channel wave number
is larger than 5.0 fm '. The agreement in ease
of the 59 and 75 MeV data (Figs. 1 and 2) is, how-
ever, quite unexpected since the corresponding
k values (0 =3.92 and 4.42 fm ', respectively) are
well within the 0 window for which anomalous
angular distributions should exist. Furthermore,
reactions involving the same projectile-ej ectile
combination'("C("B, 'Be)"N(-"), 0 = 3.8 fm ') or
targets in the same mass region' [for instance'

"Si("C,"C)~~Sig, (-,"), k =4.8 fm '] exhibit anoma-
lous angular distributions for comparable k
values. In particular, l = 1 single-nucleon transfer

, reactions in the silicon region are believed to be
candidates for anomalous angular di'stributions
due to the existence of coupled-channel effects'
which are not properly taken into account by nor-
mal single-step DWBA calculations.

Another point should be mentioned in connection
with the present data: Analyses of l = 1 transfer
reactions have shown that anomalies are connec-
ted with a strong sensitivity of the l = 1 transition
amplitude on the optical-model parameters used'.
'This sensitivity depends on the special form of
the l= 1 transition amplitude. It has been shown
in Refs. 1 and 8 that small changes in the exit
channel parameters can result in dramatic
changes in the EFR-DWBA calculations (reorien-
tation of the relative strengths of the two m sub-
state partial cross sections and shift of the oscill-
ations). Furthermore it is shown in Ref. 1 that
this sensitivity can be expected for a particular
A range. Thus anomalous angular distributions
should be a general feature of l = 1 transfer reac-
tions for certain 0 values. Apparently this sensi-
tivity does not exist in the present case as can be
seen in Figs. 1 and 2. 'The dashed lines repre-
sent EFR-DWBA calculations which have been
performed with a slightly increased radius para-
meter r«of the imaginary potential in the exit
channel [r«(exit) =r„.(incident)+ 0.1 fm]. The
same normalization has been used as for the solid
lines in Figs. 1 and 2. It is obvious that no dra-
matic changes occur.

Figures 4 and 5 show the results of the EFR-
DWBA calculations for the J' = -" and -" states at

2 2

TABLE II. Spectroscopic factors for P. Values in parentheses are relative spectroscopic factors.

i+

3+
2
5+

2

1P3/2

1P3/2

1P3/2

2si/

lq/2

ld~/2

Single-particle
orbits

(a, b) (A, B) g transfer

123
1,2, 3

S2
(59 Mev)

0.22 (1)

0.32 (1 45)

0.06 (0.29)

S2
(75 MeV)

0.38 (1)

0.70 (1.84)

0-.12 (0.32)

S2
(132 MeV)

0.28 (1)

0.28 (1)

0,07 (0.25)

29Si a

0.53 (1.00)

0.74 (1.40)

0.12 (0.23)

29p b

(1.29)

(0.24)

'Prom the reaction Si(d, P) SSi, Ref. 10.
Prom the reaction 28Si(d, n) SP, Ref. 11~
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1.38 and 1.95 MeV, respectively. The agreement
with the experimental data is quite satisfactory
in all cases.

Table II contains the spectroscopic information
obtained from the normalization of the EFR-
DWBA calculations to the experimental data.
From the normalization factor CySyC2S2 the spec-
troscopic factor S, for "P= "Si+P has been de-
duced assuming S, =1.2004 for "B='Be+P as
given by Cohen and Kurath. ' It is obvious from
Table II that the S, values deduced at 59 and 132
MeV are almost identical. The S, values deduced
at 79 MeV are larger than at the other two ener-
gies by a factor of approximately 2 but agree
rather nicely with S, values for the J'=-,", -",
and -" states in "Si deduced from the reaction"

2
"Si(d,pP'Sl. It is not clear if this difference has
a physical meaning or if it is simply due to the
uncertainties involved in this method. 'The rela-
tive spectroscopic factors for the J'=-,", —", , and
-" 'states agree at all three energies rather nicely
2
with values deduced from the reaction" "Si(d, n)
"P (last column of Table II).

In summary, we have studied the 1=1 single
nucleon transfer reaction at different incident
energies (%=3.92, 4.42 and'5. 87 fm '). In addition,

transitions involving the transfer of several /

values were studied. It was found that EFR-
DWBA calculations reproduce both oscillations
and absolute magnitude of the measured angular
distributions. This agreement is unexpected in
the case of the /-- 1 transfer and incident channel
wave numbers k = 3.92 and 4.42 fm ' according to
predictions deduced from a survey of /= 1 single-
nucleon transfer reactions. ' Our measurements
show that the incident channel wave number is not
a parameter which uniquely determines whether a
reaction yields normal or anomalous angular dis-
tributions. They also show that channel-coupling
effects which exist most probably in the present
case must not necessarily result in anomalous
distributions and that the same projectile-ejectile
system can yield both types of angular distribu-
tions. This means, however, that the reasons
for the occurence of anomalous angular distribu-
tions are still not understood.
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