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At a bombarding energy of 27.2 MeV, complete angular distributions have been measured for the reaction
"Al(a,d)' Si, populating the seven lowest states of ' Si. Data have been analyzed in distorted-wave Born
approximation, using both cluster and microscopic formalisms. For the latter, transfer amplitudes were
taken from shell-model and weak-coupling calculations.

NUCLEAH REACTION zA1(e, d); E=27.2 MeV. measured z(E&, 8), 8=3—169'
2~Si levels. DWBA analysis, microscopic and macroscopic.

I. INTRODUCTION

The reaction 27A1(a, d) Si has previously been
studied at bombarding energies of 28.4 MeV' and
18.7 MeV, but data are sparse. At the higher en-
ergy, measurements were performed for only four
angles in the range 23'-55' (lab). In Ref. 2, the
angular range was large enough but data were ob-
tained for only the ground and first excited state.

The present report concerns an investigation of
this reaction at a bombarding energy of 27.2 MeV
and includes data for the first seven states of Si
for an angular range of 9 -169, with additional
measurements at more forward angles for a few
states. A spectrum is displayed in Fig. 1. Pre-
liminary experimental results have been published
elsewhere3; differential cross sections are tabu-

lated in Ref. 4. Data have been analyzed in the
framework of distorted-wave Born approximation
(D%BA) using both microscopic and macroscopic
formalisms.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The measurement of the differential cross sec-
tions was carried out at the R-V cyclotron of the
Institute of Nuclear Research in Kiev. The geom-
etry of the experiment, monitoring technique of
the incident beam, and the method of absolute cross
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FIG. 1. Spectrum of the reaction zA1(n, d) ~Si, at a
bombarding energy of 27.2 MeV and a laboratory angle
of 30'.

SL, c' o,~/o.,z„with bound-state parameters co= 1.175,
a= 0.40.
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section determination are identical to those which
were published earlier. 5 The deuterons from the

reaction ~A1(n, d) Si were detected by a set of
LK -Z Si(Li) counter telescopes. The thickness of
the ~ detectors was about 200 p, m and the thick-
ness of the F. detectors about 1500 p, m. At angles
less than 60'(lab) Ta or Mo absorbers were placed
before the ~ detectors to cut off the elastically
scattered alphas.

Angular distributions were measured in 3 steps
in the angular range of 3'-169'(lab) for the ground
state and first excited state, and from 9'-169 for
other levels. Spins and parities of these states are
listed in Table I. Experimental angular distribu-
tions are displayed in Fig. 2. The experimental
errors are the weighted mean values of the statis-
tical errors of several measurements. The uncer-
tainty in the absolute cross section is =7/q.

Two features of the experimental angular dis-
tributions are immediately apparent. All angular
distributions are forward peaked, indicative of a
direct reaction mechanism. However, with in-
creasing excitation energy the ratio of backward to
forward angle cross sections increases as illus-
trated by comparing the angle-integrated cross
sections from 10 -90' (c.m. ) and 90'-160'(c.m. )
(Table 1). Another feature of the angular distributions
is their rather smooth oscillatory structure at both
forward and back angles.

III. ANALYSIS

Experimental angular distributions were first
analyzed with the assumption that the (n, d) re-
action proceeds by the transfer of a proton-neu-
tron correlated pair, i.e., a quasideuteron cluster.
Neglecting the spin-orbit interaction in the exit
channel the theoretical cross section may be writ-
ten as'
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FIG. 2. Experimental angular distributions for
Vhl(o. ,d) Si compared with cluster-transfer DWBA

curves calculated using optical-model and bound-state
parameter set X listed in Table II. Admixtures of dif-
ferentL values are listed in Table I.

where J„and J~ are the spins of the target and re-
sidual nuclei respectively; L, S, J, are the or-
bital, spin, and total angular momentum trans-
ferred to the target nucleus, and a~»(e) is the
DWBA cross section. All angular momenta are
related by the obvious selection rules for one-step
single-particle" transfer. If both 'Al and Si

are deformed in their ground states an additional
selection rule is present:

(2)

where 0, k~, and k„are the projections of J, J~,
and J„on the symmetry axis of the corresponding
nuclei. This restriction will suppress some al-
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TABLE II. Optical-model parameters used in analysis of Al(n, d) esi [strengths in Mep,
lengths in (fm)].

Label Channel 'Vp W'= 4$g f
p

a'

K
Kb

K

A5
D1 c

2'Al+ n
Si+ d

d bound
state

27Al+ n
29sj. + d
bound

state

196.5
102.5
varied

228.0
98.1

varied

1.30
1.175
1.175

1.366
1.127
1.260

0.630
0.585
0.400

0.557
0.848
0.600

24.3
0

23.3
0

0
88.0

0
59.5

1.30
1.25

1.242
1.394

0.63
0.68

0.557
0.655

~Reference 10.
"Reference 11.
Reference 12 ~

Included Thomas spin orbit with X= 25.

lowed L transfers if the strong-coupling model is
important for the description of the excited states
of Si. It has been suggested that the low-lying
levels of Si may. be explained as members of
three rotational bands: (1)K'=-,' ' band (Nilsson
orbital 9) containing the g.s.(-,' ), 2.028-MeV(-,")
and 2.425-MeV( —', ') states; (2) K'= —', " band (Nilsson

orbital 8) containing the 1.273-MeV(-', '), 3,067-MeV
(—', ) and 4.080-MeV(-,' ) states; and (3) K'= -' band
(Nilsson orbital 10) containing the 3.623-MeV(- )2 .level. Under these assumptions, L =0 transfer is
prohibited for the 2.028-MeV( —,") and the 2.425-MeV
(-', ') states if we assume K'= —", for the ground state
of Al.

TABLE III. Two-nucleon transfer amplitudes for Al "Si (Ref. 13). The symbols d, s,
d' denote 1d5i2, 2s~g&, and 1d3~2, respectively.
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Al (a, d) Si, E=27.2 MeV
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to the choice of parameters was studied. These
parameters are the geometrical parameters of the
bound state of the quasideuteron in the residual
nucleus and the optical potentials in the entrance
and exit channels. The ground state transition is
most favorable for this investigation: (l) The os-
cillatory pattern is more pronounced than in the
other states, and (2) the number of different ang-
ular momentum transfers allowed is smaller than
for the other states (Table l). The bound-state
wave function was calculated in a Woods-Saxon
potential well with the assumption that the trans-
ferred neutron and proton are moving as a single
body (quasideuteron) with principle quantum num-
ber N and orbital angular momentum L. These
quantities are related by N= ,'(4-L-) if we consider
only the 2s-1d orbitals in Si.~

The depth of the bound state potential well was
found by requiring that the binding energy &~ of the
quasideuteron in the state of excitation energy 8*,
be equal to the separation energy B, of a deuteron
from that state of ~Si. This requirement is not
sufficient to determine a unique set of parameters
V, xo, and a, but rather defines an infinite set of
bound-state potentials. The depth of the potential
Vo is strongly dependent on ro and weakly related
to a. The choice of these parameters substantially
influences the shape of the theoretical angular
distributions. This fact was used to determine
empirically ~f, and a. The best fit to the ground
state angular distribution was found for ro ——1.175
fm and a =0.40 fm. The angluar distributions for
the other states were then analyzed with the same
bound-state geometry.

A four-parameter Woods-Saxon potential, with
volume absorption, was used for the entrance
channel. The parameters V, lY, ~„and a were
found from an analysis" of the elastic scattering
of 27.2 MeV alpha particles on Al and are listed
in Table II. The deuteron potential is from Ref. 11.
Results of these DWBA calculations are shown in

TABLE IV. Normalization factors from microscopic
DWBA calculations.

FIG. 3. Same as Fig. 2 but compared with micro-
scopic DWBA curves calculated with potential setA5,
D1 of Table II. Curves are labeled with LSJ values.

The reduced differential cross section ry»~(8)
was computed with a computer code. The factors
A»~ in Eq. (l) are related to the "spectroscopic"
factors S~~ of the quasideuteron states in the final
nucleus: IA J gg I

aa Sgj.
Initially, the sensitivity of the DWBA calculation
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TABLE V. Weak coupling amplitudes for ~Al BSi.
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Fig. 2.
The macroscopic selection rules for the ground

state permit the transfer of two values of angular
momentum, L = 2 and L =4. However, the con-
tribution of L =4 to this transition is found to be
negligible and the ground state can be fitted by a
pure L = 2 distribution.

In contrast to the ground state, the excited states
can be fitted only by mixing different L values.
The theoretical distributions for L = 0 and L =4
have oscillations which are out of phase with the
L =2 distribution so that their mixing produces a
relatively smooth curve in accordance with the
data (Fig. 2). For angles ~70 (c.m. ) the fit is good
for levels of the supposed ground state rotational
band (Z = —,'). The transitions corresponding to the
K =-', band [1.273(-', ), 3.067(-,"), and 4.080(-,' }] are
not fitted as well at forward angles, possibly in-
dicating a different bound-state geometry for each
rotational band. The back angles are consistently
underpredicted by DWBA with the difference in-
creasing with increasing angle. If one assumes
that this is due to compound nucleus contributions
exclusively, then the compound reaction contri-
bution for the ground state and six excited states
would be 41%, 36%, 52%, 47/p, 54/p, 58%, and
78%, respectively. This very crude estimate from
the integrated cross sections should be regarded
as an upper limit only.

Among all of the excited states studied only the
3.623 MeV level has negative parity (~~ ). The ang-
ular distribution of this state looks very similar

to the data for the &~' 4.08 MeV state. This may be
partially explained as the consequence of similar-
ities in the forward angles of L =2 and 3 and L
mixing. For the mixing of L =1, 3, and 5 there
is considerable discrepancy between the DWBA
predictions and the experimental data for angles
()(c.m. ) ~20 .

For the microscopic analysis, we have used the
well-matched set of optical model parameters
Dl-A5 from Ref. 12 (in order to minimize finite-
range effects), and two nucleon transfer ampli-
tudes from a shell-model calculation. These am-
plitudes (Table III) have given a reasonable ac-
count of data for the 'Al( He, P) Si reaction. "
Cross sections were calculated with the two nu-
cleon transfer options of the code DWUCK, ' using
the half-separation energy technique for binding
energies. Experimental cross sections were re-
lated to theoretical ones through the expression

2J~+ 1 ~p'p~s~(()}
2J, +I ~ 2Z, +I

Theoretical curves for different LJ transfer
were added together in the ratio required by the
shell-model amplitudes, and the summed cross
section then arbitrarily normalized to the data
(Fig. 3) to get the normalization factors, N, listed
in Table IV. The fits are generally quite good.
They underestimate the back-angle cross sections,
but not to such an extent as the cluster calcula-
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)04 TABLE VI. Cluster-transfer amplitudes.

to 5 (n)g), (n))),
Amplitude

L=O, S=1 L=2, S=1 L=4, S=1

to 4=— (1d, /2)
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(1d5/2)(1 3/))
(2s g /2) (1ds /2)

(2s(/2)

0.353
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0
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0
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-0.285
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0
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FIG. 4. Theoretical angular distributions for
Al(a, ,d), using two-nucleon transfer amplitudes from

shell model (solid) and weak coupling (dashed).

tions.
We have also calculated transfer amplitudes in

a weak-coupling picture, in which states of 'Si
are considered to be neutron single-particle states
weakly coupled to the ground and first excited
states of Si. For 'Al- 8Si(0'), the amplitude is
pure Ids/2, whereas for Al- Si(2'), it is a mix-
ture of I =0(2s«2) and I =2 (assumed ld~/2). For

giving A(2s«2) =0.84, A(ld3/2) =0.54. Resulting
two-nucleon amplitudes are displayed in Table V.

This is probably not a good description of the
states of Si. In fact, the transfer amplitudes
calculated from weak coupling (Table V) show
marked differences from the shell-model ones
(Table III). Nevertheless, the calculated cross
sections for the two sets of amplitudes are re-
markably similar (Fig. 4). It thus appears that a
weak coupling description contains most of the
essential features.

Finally we have computed cluster transfer spec-
troscopic factors from the microscopic two-nu-
cleon amplitudes using SU(3) coefficients" listed
in Table VI. These cluster spectroscopic factors
are compared with those extracted from the clus-
ter-transfer analysis in Table VII. Except for
certain L =4 transfers, the ratio of experimental
to theoretical spectroscopic factors is roughly
constant at about 8 plus or minus about a factor of
two. The large deviations for L =4 may be con-
nected with the fact that this shell-model calcul-
ation does not correctly reproduce the degree of
a 1d&/2 shell closure at Si.

Finally, in Fig. 5, we display the experimental
angular distribution for the —,' state at 3.62 MeV,
and microscopic DWBA curves for L =1, 3, and



REACTION Al(0.', d) Si AT 27. 2 Me V

TABLE pQ. Comparison of theoretical and experimental cluster spectroscopic factors for
Al(o. ,d) Si

SssJ (t Sl (exp)

0.0
2

0.2776
0.5939
0.0138

0.8715

0.0138

4.28

0.0

4.91

1.27 0
2
2
2
4

0.2940
0.0061
0.1368
0.0515
0.0720
0.4931

0.2940

0.1944

0.5651

1.62

0.44

8.33

0.78

2.03 5+
2

1
1
1
1
1
1
1

0.0435
0.0002
0.0363
0.0071
0.0010
0.0
0.1181

0.0435

0.0436

0.1191

0.48

2.76

11.01

23.17

2.43 0.1385
0.0358
0.0875
0.0
0.0099
0.0059

0.1385

0.1233

0.0158 2.70 171

3.07 1
1
1
1
1
1
1

1
1
2
3
3

5

0.0302
0.0592
0.0397
0.0
0.0019
0.0090
0.0137

0.0302

0.0989

0.0246

0.41

0.31 12.6

4.08 7+
2

0
2
2
2
4

0.0010
0.0219
0.0230
0.0024
0.0038
0.0123
0.0003

0.001

0.043

0.0164

0.0

0.70

1.16

14.80

70.7

a 2

SlS J(th)= Q 0 j)& ISJa(j(j))
(jg j2)

bS~(th&=Q Sssz(th&.

' From Table I.
~R= Sl, (exp)/S& (th).
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Al {a,d) Si, E = 27.2 MeV
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FIG. 5. Experimental angular distributions for the $
state at 3.62 MeV compared with microscopic DWBA

curves forL =1, 3, and 5.

5. A combination of the allowed L values can give
a good account of the data up to about 90, but for
larger angles the DWBA curves fall below the
data, as was the case for positive-parity states.

In conclusion, both cluster and microscopic
DWBA calculations give reasonable accounts of
the data for the reaction tA1(o. ,d), although both
fail to account for all the measured back-angle
cross sections. Two-nucleon transfer amplitudes
calculated in weak coupling give results similar
to those obtained from a shell-model calculation.
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