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Nuclear structure of ~A1 studied by two-nucleon transfer reactions Si(d~) and Mg('Hey)
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The differential cross sections for the reactions "Sifd,a)' Al and "Mg('Hey)"Al were measured at the incident

energies of 33.0 and 27.5 MeV, respectively, in order to investigate the structure of "Al in connection with the nuclei
"Siand "Mg. The angular distributions and the relative magnitudes of the cross sections were analyzed by using the
distorted-wave Born approximation theory of the two-nucleon transfer reactions. The shapes of the calculated

angular distributions reproduced well the experimental data. The transferred angular momenta L extracted from the

angular distributions were consistent with the spins and parities already known. A qualitative picture of the
structure of the nucleus "Al from the data of the relative transition strengths of the two-nucleon transfer reactions
was attempted using two simple models of nuclear structure, the Nilsson model with pairing correlations and the

simple pairing model of a spherical nucleus. In the former the final state was described by a single configuration of
two Nilsson quasiparticles and in the latter, by a single configuration of two quasiparticles in a spherical basis. This
Nilsson model showed that the two-nucleon transfer strengths for the low-lying states of "Al supported the idea that
there exist states with opposite signs of the deformation parameter in the low-lying states of "Al. The simple pairing
model predicted well the overall features of the two-nucleon transfer strengths. This success evolved from the

assumption that the final states of "Al were described separately for stripping to "Mg and pickup from "Siby using

realistic values of the occupation number probabihties for the shell model orbitals of the respective nuclei. These
facts suggest also the existence of states with different character in the "Al nucleus.

NUCLEAR REACTIONS Si(d, u) Al, E& =33.0 MeV and +Mg( He, p)"Al, E3
=27.5 NeV; measured cr(E, 0) and cr(E&, 8); enriched Si and +Mg targets.
DWBA analysis, deduced L, J . Analysis with Nilsson model with pairing cor-

relation and simple pairing model of spherical nucleus.

I. INTRODUCTION

The nucleus "Al is located in the transition
region bet veen prolate and oblate shapes, making
it difficult to obtain a unified description of its
involved level structure. Experimentally, the
level scheme of "Al below 5 MeV is well known. '
The spin and parities of these levels were deter-
mined mainly by P- and &decay studies. ' " In
these studies, the lifetimes of these levels and the
electromagnetic transition strengths between them
were also measured. Spectroscopic data on "Al
have also been obtained by means of such par-
ticle transfer reactions as ('He, d), "'" (d, n},"
('He, p),"" (a, d),""(p, d},"'" ('He, a), ' and
(d a} 24, 25

No single model of the nuclear structure has
been successful in describing all of the observed
spectroscopic properties. Horvat et ol. suc-
cessfully interpreted the low-lying states ob-
served in the (p, y) experiment with a simple
Nilsson model with a prolate deformation. This
model, however, was found to be inadequate in
explaining both the single-particle spectroscopic
factors deduced from the various single-nucleon
transfer reactions, "'~"" and the data from the
two-nucleon transfer reactions. " The rotational

model with extensive band mixing via the Coriolis
coupling" gave a good explanation of the level
density but did not adequately account for the
electromagnetic properties. A shell-model cal-
culation" with the truncated basis space of the
1s-Od shell qualitatively reproduced the energy
spectrum and agreed better with the observed
single-neutron pickup strengths"'" than the simple
Nilsson model did. On the other hand, Sharpey-
Schafer et al.' and Price et al."presentedevidence
for the rotational bands by observing high-spin
states and their y-ray transitions. This fact
indicates that "Al can be a deformed nucleus.

All of these preceding results may reflect the
versatile character of this nucleus. Recently,
Brut and Jang ' pointed out the importance of the
multiplicity of Hartree-Fock intrinsic states with
different shapes for the nuclei in the transition
region between the prolate and oblate deforma-
tions, such as for the nuclei of "Al and "Si.
Thus, the nuclear structure of "Al may be char-
acterized by the existence of various intrinsic
states with different natures.

%Me a detailed high-resolution study of the two-
nucleon stripping reaction "Mg('He, b) "Al (Ref.
1f) was made at the incident energy of 18 MeV,
information about the two-nucleon pickup reac-
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ti.on"'" is very limited. Therefore, we per-
formed an experiment on the "Si(d, a) ' Al reaction
at 33 MeV. An emphasis was placed on a high
energy resolution to obtain clear separations of
many states involved, up to 5 MeV in excitation,
and a systematic measurement of their angular
distributions. In addition, the reaction
"Mg('He, p)"Al was repeated at a higher incident
energy, 27.5 MeV, to obtain a set of data for
spectroscopic analysis from both the stripping
and pickup reactions. We are particularly in-
terested in analyzing the relative intensity of the
cross sections for the transfers to various final
states. These intensities were analyzed by two
different nuclear models, the Nilsson model with
pairing correlation and the simple pairing model
of a spherical nucleus. In the former, each final
state of "Al is described by a single configuration
of two Nilsson quasiparticles. In the latter, each
final state is described by a single configuration
of two quasiparti. cles on a spherical basis. The
present analyses of the cross sections using these
two different models produce a qualitative picture
for the nuclear structure of "Al, which can be
characterized by the existence of various intrinsic
states with different deformations.

Section II gives the experimental procedures and
results. The methods of analysis are described
in Sec. III. Results calculated by the distorted-
wave Horn approximation (DWBA} are compared
with the experimental data in Sec. Dt', and a dis-
cussion and conclusions are presented in Sec. V.

II. EXPERIMENTAL PROCEDURES AND RESULTS

A. Si(d,o|) AI reaction

An analyzed beam of 33.0-MeV deuterons was
obtained from the INS-SF cyclotron (a sector-
focusing cyclotron) at the Institute for Nuclear
Study, University of Tokyo (INS).28 Its energy
spread was estimated to be less than 10 keV."
The target was a "Si self-supporting foil prepared
by the vacuum evaporation of enriched SiO, powder
(99.84%} with Ta reduction. The thickness was
estimated to be 67 p, g/cm'. '0

Alpha particles from reactions were analyzed
with a quadrupole-dipole-dipole- (QDD-) type
magnetic spectrograph. " The solid angle of the
spectrograph was 1.93 msr. A 40-cm single-
wire gas proportional counter" with resistive
readout was used as the position-sensitive detector
along the focal plane. This length covered an en-
ergy range of about 4 MeV for the detected e par-
ticles. Its position was adjusted to minimize the
kinematic energy spread. Two additional gas
proportional counters backed up the position
counter and were used to suppress the background

yields in the measured spectra. Alpha-particle
spectra were measured at 12 laboratory angles
between 8~=6 and 60'. The energies of the n
particles were calibrated with known peaks from
the contaminants "C and "0 and those from the
"Si(d, o.) reaction to known states of the final
nucleus.

A typical spectrum measured at 12' laboratory
angle is shown in Fig. 1. The overall energy
resolution was about 30 keV at full width half
maximum (FWHM). Alpha-particle groups from
contaminants "C and "O masked peaks of interest
above 3.5 MeV in excitation energy at some angles.
This spectrum of the o particle covers the exci-
tation energy region of up to 9 MeV in "Al.
Twenty-four peaks were identified below 5 MeV
as coming from the "Si(d, a)"AI reaction. The
correspondence between their excitation energies
and those of the known levels' is given in Table
L Errors in the excitation energies are estimated
to be 6 keV. No peak above 5 MeV had enough
intensity to attract our interest.

Angular distributions were obtained for twenty-
three a groups, and are shown in Fig. 2. Some
points in the angular distributions are missing
because of the contamination. The errors shown
in the figures are from the counting statistics and
background subtraction. The uncertainty in the
absolute values of the cross sections was esti-
mated to be 20%.

B. ~Mg(3Heg)A1 reaction

This experiment was made by using the INS
FF cyclotron (an ordinary cyclotron) facility at
INS." An analyzed beam of 27.5-MeV 'He from
the cyclotron was used to bombard a '4Mg target.
The target was prepared by the vacuum evap-
oration of enriched MgO (99.96%) with Ti reduction
onto a gold backing. The thickness was estimated"
to be 0.34 mg/cm2 in ~~Mg.

The protons from the reaction were analyzed
with a magnetic spectrograph and were recorded
on nuclear emulsion plates 2.5 cm wide, 25 cm
long, and 100 p. m thick placed along the focal
plane. An aluminum absorber 400 p. m thick was
used in front of the plates to stop all particles
except the protons. One exposure covered an en-
ergy range of about 10 MeV. The solid angle was
typically 0.3 msr. The proton energies were
calibrated by using peaks corresponding to known
low-lying states in "Al.

A typical spectrum measured at 10' laboratory
angle is shown in Fig. 3. The overall energy
resolution was about 60 keV at FWHM. This reso-
lution resulted mainly from the beam-energy
spread, resolution of the spectrograph, and target
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FIG. 1. Alpha-particle spectrum from the 28Si(d, o.)2~Al reaction measured at 33.0 MeV incident energy and at a labor-

atory angle of 12 . Alpha-particle groups from the Si{d,u) Al reaction are denoted by the excitation energies of the
residual nucleus in MeV. Those from the contaminants are hatched and labeled by the residual nuclei and their excita-
tion energies.

thickness. Proton groups from the contaminants
' C and '60 were not found, except for those for a
few low-lying states of the respective final nu-

clei. Many strongly populated peaks were ob-
served at high excitation energies and were iden-
tified to come from the '~Mg('He, p)"Al reaction.
Possible errors in the excitation energies were
estimated to be 20 keV below 6 MeV in excitation
and 30 keV above it. The excitation energies for
the observed groups and those of the known levels
are given in Table I.

Angular distributions of the proton groups cor-
responding to the isolated low-lying states and the
strongly populated states in a higher excitation-

energy region are given in Figs. 4 and 5. The
errors from counting statistics and background
subtraction are shown in those figures. The un-
certainty in the absolute cross sections is about
20%.

III, METHOD OF ANALYSIS OF CROSS-SECTION
DATA

The differential cross section for a direct two-
nucleon transfer reaction A(e, b)B can be written
as the following by assuming zero-range inter-
action and neglecting spin-orbit potentials both
in the incident and outgoing channels" "

In this expression, the symbols L, 8, J, and T
are orbital, spin, total angular momentum, and
isospin carried by the transferred pair, respec-
tively, and a=- (n, I,j,m, m, ) describes a single-
nucleon orbit. The coefficient C» contains the
Clebsch-Gordan coefficient for the isospins, the
spectroscopic factors for the light particles n

and b, and the strength factor of the spin-isospin
exchange terms in the interaction potential. The
factor ( } is the jj- to LS-coupling transformation
coefficient. These two factors, C~ and ( ), give
the selection rules for the angular momentum and
isospin. The factor S'~'(a, a„JT) is the spectro-
scopic amplitude for the two-particle configuration

I

(a, a, )~r. This is essentially the parentage factor
which connects the nucleus J3 with the nucleus A,
and depends on the nuclear-structure model used.
The factor B~(8, E, Q) is the usual distorted-wave
amplitude.

The angular distributions are analyzed by the
DWBA primarily to deduce the transferred L
value and, hence, the spins and parities of the
final states of "Al. The magnitudes of the cross
sections calculated by assumed nuclear models
are compared with those observed to get more
information on the nuclear structure of "Al. We
are particularly interested in analyzing the relative
intensity of the cross sections for the transitions
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TABLE I. Energy levels of Al. The results of previous works and those of the present study by means of the
Si(d, n) SA1 and Mg( He, p) Al reactions are compared. 0 ~(8) is the differential cross section at the maximum of

the angular distribution.

Previous
works ~

Excitation
energy
(MeV)

(0)
Pb/sr)

8Si(d, a)26Al

Excitation
energy
(MeV)

+ ITSX(g)

(p,b/sr)

Present study
Mg( He, p) Al

Excitation
energy
(MeV)

Assignment
J7l

0.0
0.228
0.417
1.058
1.759
1.850
2.069
2.070
2.072
2.365
2.545
2.661
2.739
2.913
3.073
3.160
3.403
3.508
3.595
3.674
3.681
3.723
3.750
3.753
3.923
3.963
3.979
4.191
4.205
4.349
4.430
4.479
4.547
4.599
4.622
4.705
4.772
4.938
4.952
5.006

0.0
0.23
0.418
1.058
1.762
1.850

1 2.065

2.369
2.542
2.661
2.735
2.914
3.075

3.403
3.506
3.600

3.681

3.750

3.920

3.974

4.769

4.943
5.001

5+
0+ 1
3+
1+
2+

1+
4+
2+
1+
3+
3+
2+
1+
2'
3+
2+ 1
5+
6+
3+
4+
3+
1+

(2, 3)+
0+ 1

7', (5)+
3+

(0 1)'
3 (1)
4+

(1,3)+
2

n =unnatural
(2, 3)+ (1)

3+ (1)
(1' 2 3')

(3,4)+ 1
(3,4)+

1
3+

(0-5)+

1440
7d

893
108
11
96

46

28
147

8
9

90
9

170
30
70

113

94

75

342

34

330
83

2
0+2

2
0+2

4
2+ (4)

2
0+2

2
2+(4)

0.0
0.23
0.42
1.05
1.76
1.85

2.07

2.36
2.55
2.66
2.74
2.91
3.07
3.16
3.40

3.59

3.75

4.35

4.55

4.61

5.87
6.27
6.42
6.59
6.72
6.87
7.11
7.40
7.81
8.04
9.29

10.07

51
147
277
125
1O'

441

120

95
81
20
35
29
60

137
1O'

68

226

135

160

290

490
250
335
275
470
350
190
580
340
330
490
395

4
0
2

0+2

0+2

2+4
2
2
2
2
4
2

(2)

(5)'

(0,1 )

(1'.2)

Taken from Ref. 1.
See the text for assignment.
Taken from Refs. 8 and 12.

~Value at 01 =15 .
~Values at 0~ =15'.
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FIG. 2. Angular distributions of the 2 Si(d, o.) Al reaction measured at 33.0 MeV bombarding energy. They are la-
beled by the excitation energies in MeV and J' values of the final states and the transferred L values. The J' values in

the bracket are the possible candidates for that level. The solid curves are the results of the DNBA calculations using

the optical parameters in Table III. The calculated curves were adjusted by the eye to fit the experimental data. The

dashed curves represent the components of the cross section when two L values contribute to the reaction. The triplet
at 2.065 MeV excitation energy was not resolved and the summed yields are shown. The level at 3.750 MeV is an un-

resolved doublet. The 3.974-MeV level is not resolved from the 3.963-MeV 3' level, but the yield of the latter seems to
be small (see text).

to various final states.
As mentioned in Sec. I, the "Al nucleus is

located in the transition region between the prolate
and oblate shapes, and is so complicated that no
single model has been known to describe all of
its spectroscopic properties quantitatively.
Gamma-ray studies~' produced evidence for the
two rotational bands in "Al, while the single
nucleon pcikup strengths to low-lying states"'"
were predicted better by the detailed shell-model

calculations than by the simple Nilsson model.
Recently, the importance of the interplay between
the prolate and oblate shapes was shown for the
nuclei of ' Al and ' Si in the transition region. "
Therefore, the nuclear structure of "Al may have
the multiple character of various intrinsic states
with different natures.

In this analysis, we adopt two different simple
modles, the Nilsson model with pairing cor-
relation and the simple pairing model of spherical
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nucleus, and attempt to produce a qualitative pic-
ture for the nuclear structure of "Al, rather than
to determine which model is better. This picture
of 'Al can be characterized by the existence of
various intrinsic states with different natures.

A. Theoretical two-nucleon spectroscopic amplitudes

1. Model 1: Nilsson model ~ith pairing correlation

The general formalism for calculating two-
nucleon spectroscopic amplitudes with the Nilsson

102—

IO'—

I I I I I I I

10~—
0.0
5t

L 4
102

101—

I I I I I I

1.85

10'

I I I I I I I

2.66
2'

102

loj

I I I I I I I

3.16

102—

~ IO'-US

0.23

10

- IO'-

~ ~ ~

2.07 IQ2—
4+
2,T=I
I'

— IO'-
~ ~

2.74
102

3.59

c

b 102

IO'—

0.42
102

101—

2.36 102
3+

101

2.91
21'

102

101—'I

3.75
(2,3)+

102
1.05

102—
2.55

102—
3.07

3'
102

4.35
(1,3)+

IO& — IO' — 10~—

I I I I '. .'I I I I I I I I I I I I I I . I I I I'. I I I

30 600 30 60 0 30 60 0 30 60 0
8~~ (deg)

FIG. 4. Angular distributions of the +Mg( He, p)"Al reaction at a bombarding energy of 27.5 MeV. See Fig. 2 for the
notations. The level at 2.07 MeV is an unresolved triplet, and the level at 3.75 MeV is an unresolved doublet.
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strongly by the +Mg( He, p) Al reaction. The angular distributions are labeled by the excitation energies (MeV) in ~ Al.

model with pairing correlation is discussed in
Ref. 38. Here we present only the basic assump-
tions and resulting equations which were required
for the present analysis of the (d, o.) and ('He, 0)
r eactions.

On, e assumes the rotational wave functions of
the adiabatic form" for the initial and final states.
The intrinsic particle motion is assumed to be
described by the Nilsson model with pairing cor-
relation. However, this model neglects the inter-
action between proton and neutron quasiparticles
as well as the Coriolis coupling. The ground states
of the even-even nuclei, Mg and "Si, are the
BCS vacuum of the Nilsson quasiparticles. An

intrinsic excited state of "Al, as well as the
ground state, is constructed by exciting two quasi-
particles (one proton and one neutron) from the

I

BCS vacuum.
If the difference between initial and final BCS

vacuums is neglected, the spectroscopic arnpl. i-
tudes in Eq. (1) are given by

for the stripping to '4Mg, and

=-(2J+I)' ' V V„S' ' (3)

for the pickup from "Si, where U„(V„) is a prob-
ability amplitude for the Nilsson state y to be
empty (full). In the above expressions, s,' is the
spectroscopic amplitude in the simple Nilsson
model, "i.e.,

Z/2

,, i22 Ip+p ~&,',~&,', + —"i&2i2 i (4)

where 8'" is the transformation coefficient be-
tween the shell-model single-particle orbital n
and the Nilsson single-particle orbital y. The
probability amplitudes U„and V„of the Nilsson
single-particle states were calculated by the
usual BCS method. " The Nilsson single-particle
states arising from the Od5/2y 1~y/» and Oa3/
shell-model states were taken into account in
constructing the BCS vacuum. The wave functions
of these Nilsson states were generated in a de-

l

formed oscillator-potential well with a quadrupole
deformation. They were expanded in the spherical
states originating from the same major harmonic-
oseillator shell. The parameters of the Nilsson
singl. e-particle Hamiltonian" adopted were (d,
=41.2/A' ' MeV, v=0.0878, and p=0.0218. These
values of ~ and p were chosen so as to reproduce
the single-particle energies of 0.0, 2.57, and
6.03 MeV (Ref. 43) for the shell-model states of
Od, /» 1s,/» and 04, /» respectively. The strength
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of the pairing was adjusted for a given deformation
parameter P to give a gap of about 2.33 MeV, the
average odd-even mass difference in the mass
region concerned. The values of the strength thus
obtained ranged between 26.6/A and 36.6/A MeV
for the range of -0.3&p&0.3 in the cases of "Mg
and ' Si nuclei.

B. DWBA calculations

DWBA calculations were performed with the
zero-range approximation and without the spin-
orbit coupling by using the two-nucleon transfer
option of the code TWOSTP." The two-particle
form factor was evaluated according to the Bayman
and Kal. l.io method. " The single-particle wave
function of the transferred proton or neutron was
calculated by using a real potential of Woods-

TABLE II. Occupation numbers of the shell-model or-
bitals for the protons and neutrons in Mg and Si, used
in the calculations of the spectroscopic amplitudes in the
case of model 2. Numbers of protons and neutrons (n ~
and n„) are assumed to be the same.

Nucleus Od5y&

Sm Sv
1sg y2 Od3/2 Reference

+Mg
28Si

3.00
5.05

0.30
0.65

0.70
0.30

44
43

2. Model 2: simple pairing model of spherical nucleus

In the simple pairing model of a spherical
nucleus, it is assumed that each final state of
"Al is described by a single configuration of two
quasiparticles of a proton and a neutron on spher-
ical basis. This implies that such a pair of par-
ticles (holes) is formed by adding (removing) a
(j,j„)~ proton-neutron pair to (from) the target.
The spectroscopic amplitudes in this model are
given by the guasiparticle expression""

s' (1, j„;J)=Uq U'

for ( He, S}, and

s"'(j,j„;z)=-(21+I)"'v, v, (6)

for (d, o), where U, (V~) is a probability amplitude
for the shell model orbital j to be emtpy (full), and
m and v stand for proton and neutron, respectively.
These probability amplitudes are calculated with
the occupation numbers of proton and neutron,
n, and n„, for the orbitals j, and j„ in the target
nucleus, respectively. 'The occupation numbers
adopted for the "Mg and "Si ground states are
taken from experimental data" and from a shell-
model calculation, ' respectively. 'They are listed
in Table II. In the present calculations, we
assumed that n&

= n~ .
V

Saxon form. 'The depth of the potential well was
chosen so as to reproduce the single-nucleon
separation energy, which was taken as

~ (deuteron separation energy + 2.225 MeV) .
The Gaussian shape was used for the inter-

action potential between the transferred particles
and the relevant incident and outgoing particles.
The depth and size parameters of the potential
were Vo= 62.2 MeV and P = 0.379 fm '.
Gaussian wave functions were assumed for the
light particles. The size parameters used were
g~ = 0.163 fm ', g = 0.233 fm ', and g,„=0.207
fm ' in the Glendenning notation" for the deuteron,
n particle, and 'He particle, respectively.

Calculations with the sets of potential param-
eters available in the literature" could not re-
produce the experimental angular distributions
of the present "Si(d,n) "Al reaction. Therefore,
we searched for the optical-model parameters
to fit elastic cross sections by using the code
ELAST rl" under the condition of "wel.l-matching
criterion. "' In these searches, the radius and
diffuseness parameters of the real wells were
fixed at the physically reasonable values of r~
= 1.25 and a =0.75 fm, respectively. The angular
distributions for the (d, a) reaction were cal-
culated with those parameters thus obtained for
the deuteron and a particle. The imaginary-well
depth of the deuteron potential was further changed
a little to improve the fit of the calculations to
the experimental data. In the case of the ( He, p)
reaction, the experimental angular distributions
were fitted by the use of the optical-model para-
meters in Ref. 51 for 'He and the proton. How-
ever, the real-well depth of the proton potential
was modified to give a better fit to these experi-
mental data. Table III lists the sets of optical-
potential parameters used.

Angular distributions were calculated for various
two-particle configurations formed from the pairs
of the shell-model orbitals Op, Od, Is, Of, 1p, and
0g. Shapes of the calculated angular distributions
for single-L transfer were found to be insensitive
to the two-particle configurations belonging to
the same major shell. Therefore, the following
configurations were adopted for L-value as-
signments: (Od, &,)' for even L(& 4), (Od, &,0g, &,)
for L =6, and (Od, &,OP«, ) for odd L.

The calculated DWBA cross sections were
multiplied by a factor N to produce the theoretical
cross sections which were compared with the ex-
perimental data:

("o
theor d~ ~ D%

The factor lV was determined for each reaction
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TABLZ III. Optical-yotential parameters used in the D%BA calculations for the +Ng(3He,

p) Al reaction at an incident energy of 27.5 NeV and for the Si(d, &)Al reaction at 33.0
MeV. In the calculations, the spin-orbit potentials in all channels were neglected. The opti-
cal potential has the form

d
U~) Uc-Vf(gz) -i W -4ar~o d ("r)

where f (s) = (I + e )+, x& = tr -rp t ~ )/a &, and U o is the Coulomb potential with a radius pa-
rameter rc.

Channel
V

(NeV) (NeV)
Wg

(NeV)
R

(fm)
Qg

(fm) (fm)
ar

(fm)
+c

(fm)

3He

P
173.9
50.0

78.4
199.4

20.6

11.3

13.0
15.0

1.15
1.20

1.25
1.25

0.72 1.50
0.70 1.25

0.75 1.34
0.75 1.65

0.82
0.70

0.68
0.64

1.40
1.25

1.25
1.25

by normalizing the DWBA cross section cal-
culated with model 2 to the experimental one for
the transition to the ground state. The ground
state is believed to have an almost pure con-
figuration (d, &,)' and model 2 employs the realistic
value of the occupation number of this configura-
tion for each target ground state (see Sec. IIIA2).
The values of N used are 273 for the (d, a) reaction
and 10.5 for the ('He, p) reaction. The value N

required for the former reaction might possibly
be the result of our using the 'Well-matching
condition. "'

IV. CALCULATED RESULTS AND COMPARISON
WITH EXPERIMENT

A. Angular distributions

The angular distributions calculated by the
DWBA are shown with the respective experimental
data in Fig. 2 for the (d, a) reaction and in Fig.
4 for the ('He, p} reaction. The calculated curves
were adjusted by the eye to give the best fit to the
data. According to the selection rules" for the
reaction concerned, the angular distributions
leading to natural-parity states have shapes char-
acteristic of single-L-value transfers. In the
case of unnatural-parity states, the cross sec-
tions are incoherent sums of those for two values
of L. In the present analysis, the relative
strength at these two transfers were determined
to reproduce the experimental angular distri-
butions. (Examples can be seen in the transition
to the 1.850 MeV 1' state, etc.} Most of the levels
of "Al below 5 MeV in excitation have well known

spins, parities, and isospins. ' The ground 5'
state is believed to have a dominant (d, &,)~.,'
configuration for which L = 6 is forbidden. The
transition to this state, therefore, is expected
to be an almost pure L =4 transfer. The cal-

culated L =4 shape reproduced well the experi-
mental (d, a) angular distribution. The ('He, i))
shape for an L =4 transfer also showed an accept-
able fit to the experimental data. 'The calculated
shape for the 3.403-MeV state gave a good fit to
the observed shape with L =4 only in the case of
the (d, n} reaction, although the shape was con-
siderably different from that for the ground state.
This is a typical example in which the DWBA cal-
culation could reproduce different shapes of the
angular distributions with the same L but dif-
ferent Q values.

Any transition to the j'=0 state is forbidden
for the present (d, n) reaction, whereas the ob-
served angular distributions for the 1.058- and

1.850-MeV 1' states were fitted well by the
dominated L = 0 DWBA curves. The transition
to the 2' T =0 states at 1s762 and 2.914 MeV were
candidates for the pure l, =2 shape. The observed
angular distributions for these 2' states were
fitted fairly well by the calculations. In the
('He, O) reaction, the transitions to the 0.228-
MeV O' T = 1 state and the 3.160-MeV 2' T = 1 state
are allowed. The calculated angular distributions
for the L=0 and L=2 shapes reproduced well the
observed shapes for these states. The angular
distribution to the 3.506-MeV state, the only known
6' state, was obtained in the (d, a} reaction, and

this was fitted well by a ca,lculated L = 6 shape
with a configuration (d, &,g, &,),.

Thus in summary, the calculated angular dis-
tributions reproduced well those of experiments
for cases of the single-L-value transfers and also
for cases of incoherent sums of the cross sec-
tions for two values of L. The present results
for the transferred L values extracted from the
angular distributions were consistent with the
spins and parities already known, ' except for
those discussed below.
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The following comments are applicable to some
levels of Al.

The 3.920-Me V level. Price et al. ' assigned
J=7+ to this state, although they did not exclude
the possibility of 5'. The 27Al(p, d) experiment
of Show et' al."suggested l„=4 for the transition
to this state. Although the data points are quite
limited, our (d, a) angular distribution seemed
to prefer the L = 4 transfer to the L = 6 one, which
leads to a possible assignment of 5'. We could
not exclude, however, the possibility of a close
doublet of 5' and 7' states at this energy.

The 3.974-Me V level. Our 3.974-MeV level
was likely to be the 3.979-MeV state observed in
high-resolution studies of the ('He, Py) reaction'
and the (P, d) reaction. " lts spin was suggested
to be 0 or 1 by the "Mg( He, Py) works. " This
level was not resolved from the 3.963-MeV level
in our (d, n) reaction, but its angular distribution
showed a dominant L =1 shape. This suggested
that the transition to the 3.963-MeV 3' state was
weak and that the 3.979-MeV state had the spin-
parity of 0 or 1 .

The 4.423-Me V level. The spin-parity of this
level was shown to be (1-4) by the ('He, a) reaction
on "Al (Ref. 23) and (1-4) by the (p, d) reaction. "
This state was strongly populated via the present
(d, o.} reaction, and its angular distribution was
reproduced well by the L =1 DWBA curve. These
results showed the spin-parity of this state to
be 1 or 2, which is consistent with a recent
compilation. '

The preceding information on the transferred
L values, spins, and parities are listed in Table
I, together with the maximum values of the cross
sections for both reactions.

B. Relative transition strengths

1. Model 1: NiVsson model ~ith puiring corretution

The Nilsson model without configuration mixing
has been applied to the low-lying states of
"Al. ' ' "" In this simple Nilsson model, the
intrinsic states are formed by two particles, a
proton and a neutron, outside a prolate "Mg core.
The ground 5' and 3.506-MeV 6' states have been
identified as the two lowest members of a K=5
band' formed by coupling two nucleons in Nilsson
orbital ~ [202). The 0.228-MeV 0', 1.058-MeV 1',
and 2.070-MeV 2' states are members of K=0
(T = 0, 1) bands which result from the antiparallel
coupling of the particles in the same orbital. The
0.418-MeV 3', 2.069-MeV 4', and 3.403-MeV 5'
states have been assigned as the three members
of a K=3 band' formed on an intrinsic state of a
parallel coupling of a —,'[202] particle to a —,'[211]
one. The 1.762-MeV 2 state is assigned to be the

2 [202]3

2 [200]

K
Ltj

LLI

0
—[202]2

[2 I I]2
X

—C2) )]3
2

2 [220]
I

-0.3 -O. l 0.l 0.3
DEFORMATION ( p)

FIG. 6. Energy levels of theNilsson orbitals as a func-
tion of the deformation parameter P in the case of Al.
The parameters in the Nilsson single-particle Hamilton-
ian adopted in the calculation were up=41 2/A K

=0.0878, and p, =0.0218. The dashed curve indicates the
Fermi level in 6Al.

lowest member of a K=2 band' built on the anti-
parallel coupling of these two particles.

In the simple Nilsson model with a sharp bound-
ary of the Fermi surface, the —,[202] orbital is
full of protons and neutrons in the ground state
of 'Si, while the —,'[211] orbital is empty. Hence,
the transitions to the states with configurations
such as (—,'[202] && —,'[211]) should be largely hindered
in the "Si(d, n) reaction. The transitions to such
states are found in our data of the "Si(d, n)
reaction. The 0.418-MeV 3' and 3.403-MeV 5'
states are populated with considerable yields
which suggest that the Fermi surface is diffused
in the Nilsson model, as was observed also in
the (f, o.'} reactions on "Mg and "Si." Recently,
the influence of pairing on a particle-rotor model
description of the 1s-Od shell nucleus, "Na, has
been investigated, "and most of the available
experimental data could be described well within
the framework of this model.

In the present analysis, the Nilsson model with
pairing interaction is used. The Fermi surface
is diffused in this model. In Figs. 6 and 7, the
diagrams of the calculated single-particle en-
ergies of the Nilsson-particle and Nilsson-quasi-
particle orbitals are shown. The configurations
of the Nilsson quasiparticles were assumed to
be the same as those described in the previous
paragraphs on the simple Nilsson model. In
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FIG. 7. Energy levels of the Nilsson-quasiparticle
orbitals as a function of the deformation parameter P
in the case of Al. The strength of the pairing force was
adjusted for each value of the deformation parameter to
give a gap of 2.33 MeV. This value of the gap is equal
to the average odd-even mass difference in the region of
mass number 26.
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FIG. 8. Bands and their configurations of two Nilsson
quasiparticles in the Nilsson model with pairing correla-
tion (model 1) and configurations of two quasiparticles
in the simple pairing model of the spherical nucleus
(model 2), assumed in the DWBA calculations for the
low-lying states of Al. Model 1 describes the final
states in ~Al as single configurations of the two Nilsson
quasiparticles, shown at the left of the figure. In model
2, these states are described by single configurations of
two quasipa&icles on a spherical basis, shown at the
right of the figure. See the text for further details on
the calculations.

addition, the 2.368-MeV 3' and the 2.542-MeV 3'
states were assumed to be members of the K=O
band with a configuration of (-', [202])' and the
K=2 band with a (2[202] x 2 [211]), configuration,
respectively. " The 1.850-MeV 1' and 2.661-MeV
2' states were assumed to be the members of a
($211]}'band with K= 1, instead of K=0,"and
the 2.914-MeV state to be (—',[211]x —,'[211]}r,.
The bands and their configurations assumed for
the low-lying states of "Al are shown in Fig. 8.
It should be noted that the present analysis was
limited to the T =0 states in "Al because of com-
parison between the (d, o.) and ('He, p) reactions.

Figure 9 shows a comparison between the ob-
served cross sections and the calculated ones
for the assumed configurations in a range of the
deformation parameter -0.3 & P ~ 0.3. In the cal-
culated results, the same deformation P was
assumed for the initial and final nuclei. The
calculated cross sections are normalized to the
experimental ones for the ground 5' state for both
reactions, as was described in Sec. IIIB. In the
case of the "Mg('He, p) reaction, the relative
values calculated with a prolate deformation
around P =0.2-0.3 agreed fairly well with the
observed strengths for the K=1, K=2, and K=3
bands. As for the 2.065-MeV 4' state, the experi-
mental cross section shown in Fig. 9 is that for
the unresolved triplet which includes the other
two states (2', T=1, and 1'), and this may yield
the experimental cross section larger than the
prediction. The predicted values for the K=5 and
K=0 bands deviate largely from the experimental
ones. In the case of the (d, a) reaction, the
strengths for the K=5 and K= 0 bands predicted
with an oblate deformation reproduce well the
experimental data, although such is not the case
for the other bands. The results of the (d, a)
reaction are opposite to those of the ('He, p)
reaction.

The relative values of the calculated transition
strengths of various states within the K=5 and
K=O bands of the same configuration (-,'[202]}' are
independent of P, as is seen in the results pres-
ented in Fig. 9. This is due to the fact that the
Nilsson orbital -',[202] contains only one shell-
model orbital d, ~,. The ratios of the calculated
maximum cross section of the ground 5' state
to the 1.058-MeV 1' state is 10.5 for the ('He, P)
reaction, and it is 13.2 for the (d, a} reaction,
irrespective of P. The ratios measured experi-
mentally are 0.41 for ('He, p) and 13.3 for (d, a).
The calculation disagrees with the experiment
in the ratio for the ('He, p} reaction, but agrees
well with that for the (d, a} reactions.

It should be noted that most of the angular dis-
tributions considered are insensitive to variation
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FIG. 9. Comparison of the theoretical cross sections (model:1) with the experimental ones in the Mg( He, p) and
Si(d, e) reactions for each value of the deformation parameter P. The lengths of the bars represent the maximum

differential cross sections in units of pblsr. The solid and open bars are for the experimental and theoretical cross
sections, respectively. The theoretical cross sections were obtained by normalizing the calculationed ones, as de-
scribed in Sec. III.

in the values of P since the angular distributions
for the natural parity states, which are produced
by single L transfer, are little changed by the
two-particle configuration mixing that consisted
of the same major sheLL-model orbitals. Also,
the unnatural parity states with the (—,'[202]} con-
figuration only contain the (d, y, ) configuration.
This leaves only three states, i.e. , 0.418-MeV
3', 1.850-MeV 1', and 2.543 MeV 3', which could
be used to test this model by such a P dependence.
The results indicate a preference that P be 0.2—
0.3.

The above results may be explained as fol-
lows. In the framework of the present model,
the difference of deformation between the initial
and final nuclei is not taken into account ex-
plicitly; the core overlap of the initial and final
states is assumed to be unity. In fact, '4Mg is
prolate and Si is oblate. " It is reasonable,
therefore, to assume that the overlap of the cores
is unity for the final states with P&0 in the case
of the ('He, p) reaction and unity for those with
P&0 in the case of the (d, o.} reaction. The results

obtained here from the comparison between the
theory and experiment may suggest that the K
=0 and K=5 bands have the opposite sign of the
deformation parameter to the other bands.

The following points should be noted. The
present model does not take into account the
residual interaction between proton and neutron
quasiparticles and the Coriolis coupling. The
configurations adopted in the present calculations
were simple, and further detailed comparison
between theory and experiment may not be well-
founded. In the case of the ground state, how-

ever, the configuration can be believed to be pure
in the frame of the 1s-Od shell. ' "" ' The over-
estimation of the transition strength for the ground
state in the case of the ('He, p} reaction could be
reduced if the core overlap were properly taken
into account.

2. Node(2: simple puiring model of spherienl nucleus

In the present analysis, each final state of this
"AL nucleus is described by a single, two-quasi-
particle configuration of a spherical basis. In
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FIG. 10. Comparison of the theoretical cross sections
(model 2) with the experimental ones for the +Mg( He, p)
and 288i{d,u) reactions. The diagram should be read
as described in the caption of Fig. 9. The theoretical
cross sections were obtained by normalizing the calcu-
lated cross sections to the experimental ones for the
ground-state transitions.

other words, the final states of "Al are produced
by adding (removing} a single pair of particles
to (from} the target ground state. The config-
uration for each level in this model was assumed
by taking a dominant component of the shell model
basis in the two-Nilsson-quasiparticle configuration
in model 1. In addition, these configurations for
the final states are not inconsistent with the ex-
perimental spectroscopic data obtained from single
nucleon transfer reactions. """"

Figure 10 shows the comparison between the
calculated and observed cross sections for the

Mg(He, P} and Si(d, n) reactions. The cal-
culated cross sections were normalized to those
for the ground 5' state in both reactions, as was
described in Sec. III B. Disagreements between
the predictions and the experimental results can
be seen for the 2.369-, 2.542-, and 3.0V5-MeV
3 states, and the 2.661-MeV 2' state. The tran-
sitions to those states associated with a Od3/2
orbital are much weaker than the predicted ones,
especially for the ('He, p) reaction. The difficulty
with this model may be caused by the fact that
it puts the Od, y, orbital much too low in excitation
energy in "Al. It should be emphasized, how-

ever, that the predicted values reproduced well
the general features of the experimental data for
both reactions, despite the simplicity of the
model. The prediction explains especially well
the experimental ratios of the cross sections
between the transitions to the ground 5' and the

1.850-MeV 1' states for both reactions. The
angular distributions are also in general agree-
ment between the prediction and the experiment.

These results show that our assumption under-
lying the reaction mechanism is valid in the
present ('He, P} and (d, a} reactions, in which
the reactions proceed by adding (removing) two
nucleons to (from) the target ground state without
disturbing it, and that the present simple model
for the final states of "Al is adequate for ex-
plaing the main feature of the two-nucleon transfer
cross sections.

Each final state of "Al as the two quasiparticles,
however, is not described in a unified way for both
('He, P) and (d, a) reactions. The values used
for the probability amplitudes U, and V, are the
realistic ones obtained from the targets "Mg
and "Si nuclei, respectively. "" The ground
states of these two target nuclei have different
properties, ' which can be understood by such
a term as "deformation" in the Nilsson model.
The agreement obtained in this analysis, there-
fore, only implies that the present model can
explain separately the two-nucleon transfer
strengths for the low-lying states of "Al in their
relation to the target ground states.

V. DISCUSSION AND CONCLUSIONS

It was shown that the two-nucleon transfer
strengths to the low-lying states of "Al were
consistent with the idea that the K=0 and K= 5
bands have opposite signs of the deformation pa-
rameter to the other K = 1, K = 2, and K = 3 bands
in the framework of the Nilsson model with pairing
correlation (model 1). On the other hand, the
simple pairing model of the spherical nucleus
(model 2) predicted well the overall features of
the two-nucleon transfer strengths for the low-
lying states of "Al for both (d, o) and ('He, p)
reactions, although this success was attained by
assuming that the final states of "Alweredescribed
separately for the stripping to "Mg and the pick-
up from "Si.

The correspondence between the two models
employed in the present analysis is not obvious
theoretically. However, the two-quasiparticle
configurations in model 2 correspond generally
to the dominant components of the sheLl-model
basis of the two-Nilsson-quasiparticle config-
urations in model 1. For example, the ground-
state configuration (2[2021)' in model 1 consists
of only one shell-model component (d, y, )', which
is the configuration in model 2. This ground state
configuration has a two-hole character for P
&0 and a two-particle character for P ~ O. i, be-
cause the energy of the ~ [202] orbital changes
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steeply with change of the deformation and be-
cause it is much lower than the Fermi surface
for P &0 and higher than that for P & 0.1 (see Fig.
6). These two phenomena are probably related
to the character of the "Al nucleus, which will
be discussed in the following paragraphs. The
configuration (~[211])'of the K= 1 band head
assumed for the 1.850-MeV f+ state in model 1
has a two-particle character with a dominant
shell-model component of (s,~,).' This shell-
model basis is the configuration in model 1.

It should be remembered that in model 2, real-
istic values of the occupation numbers were used
for the target ground states for each reaction.
This procedure implies that model 2 is not the
simplest model on a spherical basis, and some
correlation is introduced implicitly through the
occupation numbers of the target ground state
employed in the calculations. Furthermore, these
values were different between "Mg and "Si. This
fact and the well-known nature of the direct
reaction —that the target ground state is retained
in the final states as the spectator cores —brought
the two different cores into description of the low-
lying states of "Al. This supports the idea that
these states are characterized by the coexistence
of such different cores, as can be represented by
different deformations in model 1.

The coexistence of states with different natures

has been widely observed in the periodic table. ""
Recently, the projected Hartree-Fock method was
applied" to "Al and "Si, which are also located
in the transition region of the 1s-04 shell. The
interplay between the prolate and oblate Hartree-
Fock states was important in these nuclei.

The features of "Al found in the present study
can be observed only under the following cir-
cumstances: (1) when the two-nucleon transfer
reactions excite preferentially the states that
have strong two-particle correlation, and (2) when
"Al is situated in the transition regionwhere an
increase of four mass units results in a complete
change of shapes of nuclei.
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