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Deformed nature of the 6 states in Al observed by the (a, t) reaction
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The 'Mg(a, t) Al reaction has been studied at E =50 MeV in the region of excitation energy
from 5 to 10 MeV with an energy resolution of 20 keV. The fragmentation of the strengths for the
stretched 6 states is found to be consistent with the calculation for an oblately deformed nucleus,
in contrast to the prolate shape of the ground-state band.

I. INTRODUCTION

A large fragmentation of the spectroscopic strengths
for the stretched 6 states in A =26 nuclei with a
configuration of (Ods&2) '(Of 7&2) has been found through
various reaction processes' such as inelastic electron
scattering and stripping reactions, (a, t ), (a, He),
('He, d), (d, n ), ' and (a, d ).

Previously, Zamick pointed out the possibility of two
modes of excitation of the stretched states, the shell-
model-like particle-hole excitation and the collective ro-
tator mode. On the basis of the Nilsson model, Peterson
et al. deduced a deformed nature of the 6 states in

Mg and Al nuclei with a negative deformation, and
pointed out that the fragmentatjon of the 6 strengths in

Mg and Al js due to the deform. ed structure of these
nuclei.

In the calculation, the stripping strength ratio of the
first 6 state to the second 6 state should be 2.1 for
f3= —0.3. The ratio obtained from the Mg, ( He, d) Al
data at Eh =55.2 MeV is 1.2 for 6;T=O states. The ra-
tio is 1.1 in the (a, t ) reaction at E = 81 MeV. These re-
sults show a large deviation from the calculation.

The hjgh-resolutjon study of Al by Endt et al. vja
the (p, y) reaction revealed that the 7.540-MeV 2;1 and
the 7.458-MeV 5;0 states also lie close to the second
6;0 state at E =7.529 MeV. The previous work on
the ( He, d) reaction with an energy resolution of 38 keV
was insufficient to deduce cross sections for the second
62;0 state due to the adjacent peaks. Thus further spec-
troscopic study on Al with a better energy resolution is
required to test the applicability of the Nilsson model to
the fragmentation of the 6 strength in 3=26 nuclei.

In the present work, the Mg(ct, t) Al reaction is
studied with better energy resolution around the excita-
tion energy from 5 to 10 MeV, and the deduced spectro-

scopic strengths for the 6 states are compared to the
prediction from the Nilsson model. In order to check
the reliability of the distorted-wave Born approximation
(DWBA) analyses, the spectroscopic strengths for the 5
and 4 states are also compared with the previous work
on the (ct, t ) reaction at the higher incident energy of 81
MeV.

II. EXPERIMENTAL PROCEDURE

The experiment was performed with a momentum-
analyzed 50-MeV o.-particle beam from the Institute for
Nuclear Studies (INS) sector-focusing cyclotron. Reac-
tion products were analyzed by the quadrupole-dipole-
dipole magnetic spectrometer with a setting of EQ=1
msr and 60=+0.33'. Details of the experimental pro-
cedure are described elsewhere. '

An 80-pg/cm and 97.9% enriched target of self-
supporting Mg foil was prepared by a rolling method,
and the thickness was checked by comparing the yields
for elastic scattering with those from a Mg foil for
which the thickness was calibrated to be 0.45 mg/cm
from the weight. Figure 1 shows a typical momentum
spectrum for the Mg(ct, t) Al reaction at O~,b=20'.
The energy resolution of the spectrum is 20 keV full
width at half maximum, nearly twice as good as seen in
Ref. 4 and five times better than seen in Ref. 2.

The peaks around the 7.529-MeV 6;0 state are com-
posed of three peaks with centroid energies cited from
the (p, y) work, as shown in Fig. 2, where the spectrum
is analyzed by a peak fitting program. " The energy scale
is calibrated by the prominent peaks at E =5.685, 6.084,
and 9.267 MeV and by the contaminant peaks due to ' C

d 16O

Obtained cross sections are shown in Figs. 3 —5. Abso-
lute errors in the cross sections are estimated to be no
more than 10%.
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FIG. l. A typical momentum spectrum for the "Mg(a, t ) Al
reaction at E =50 MeV and Ol, b

=20

III. DWBA ANALYSES

The zero-range (ZR) DWBA calculations are more
dependent on the incident energy and on potential pa-
rameters than the exact-finite-range (EFR) DWBA calcu-
lations. The zero-range approximation tends to overesti-
mate the contributions from the nuclear interior. The
local-energy approximation' in the ZR calculation can
correct the overestimation, but the corrections are still
insufficient to obtain consistent spectroscopy over the
wide range of the incident energy, and independently
from the types of reaction channels such as (a, t) and

( He, d), etc. The EFR description is more reliable over
the wide range of momentum transfer. At the present;
however, the resonance form factor for unbound states is
available only for the ZR description using the program
DwUcK. 4. ' Therefore, an additional correction on the
normalization of the ZR calculation was used in our pre-
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FIG. 2. Peaks around E =7.54 MeV in Fig. I are fitted by
three peaks (dotted curves) with centroid energies as indicated
in the figure and with a peak shape the same as the neighboring
peaks at E = 8 and 6.89 MeV. A solid curve is the envelope of
the dotted curves.

vious works ' by comparing the cross sections calculated
by ZR and EFR approximations

In order to deduce reliable spectroscopic information
from the ZR DWBA analyses of the Mg(a, t) Al reac-
tion, a normalization constant for the ZR DWBA calcu-
lation is set to give the same cross-section values as the
EPR DWBA analyses for the bound 4 state at E =5.69
MeV.

In the EPR DWBA code TWOFNR, ' cross sections
are expressed

do 2 do=C sSC S
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FIG. 3. Angular distributions for the Mg(cz, t) Al reaction
leading to the 6 and 5 states. Solid curves are ZR DWBA
calculations for the Of7/2 transfer with DwUcK4.

In a case of the Mg(a, t ) Al reaction, the isospin
Clebsch-G ordan factors C are —,

' for both Tf =0 and 1,
and the light particle spectroscopic factor s =2. The
spectroscopic factor S should be unity for the stripping to
an empty single-particle state. In the EFR DWBA calcu-
lation with the TWOFNR code, the p-t relative wave
function P in an a particle is approximated to be of the
Hulthen type. An analytic form for PU is further ap-
proximated to be a Yukawa-type interaction of
Voexp( fr ) lr, wh—ere Vz = 133.26 MeV and $= 1.33f
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do ~ 2 f d02J +1
dQ t (2)+1)(2J&+1) dADw4

(2)

By comparing cross sections calculated by Eqs. (1) and (2)
for the Of 7/2 single-particle transfer to the 5.69-MeV 4
state, the Do value in Eq. (2) is set to

D2 =6. 8 ~ 104 MeV2 fm3 (3)

U is an effective potential between a proton and a triton.
The interaction parameters' are set to reproduce the rms
radius of the a and the separation energy of a proton
from an a. The form factor for the bound proton is gen-
erated by the usual separation energy method in a
Woods-Saxon potential.

The potential parameters used in the present analyses
are listed in Table I, where the parameter for the e chan-
nel is obtained to reproduce the elastic scattering data, as
shown in Fig. 6, by searching with the program
SEARCH.

IN the ZR DWBA code "DwUCK4, "' cross sections
are expressed as

where the local-energy approximation is used to approxi-
mate finite range efFects in the ZR calculation, using a
range parameter of 0.67 fm.

The Do value in Eq. (3) is a little smaller than the gen-
eraly accepted value of 7.1 X 10 MeV fm for the (n, t )

reaction. '

The form factor for the bound state in the ZR calcula-
tion is the same as in the EFR calculation. For the un-
bound state above E =6.3 MeV, a resonance form factor
is used in the ZR DWBA calculation. '

IV. RESULTS AND DISCUSSION

Figure 3 shows the cross sections for the 6 and 5
states observed in the present work. Curves, which are
normalized to the data at forward angles, are ZR DWBA
calculations for the Of 7/z single-particle transfer. As list-
ed in Table II, deduced spectroscopic factors for the 6
and 5 states show good consistency with the previous
works on (a, t ) (Ref. 2) and ( He, d) (Ref. 4) reactions ex-
cept for the second 6;T =0 state at E =7.529 MeV.

I a I ~ I a I ~

Q I a I a I a I ~ I
I 'W

I I a I a I a I

-IIQ-
W

5.39 MeV

4;0 IQ—

7. I I MeV4;0
-I

IQ— 5.9 I MeV

2; p

Lo

Ll \I

E

lo-.
o

-2
I 0 —.

5.69 MeV
4+3;0

6.7 2 MeV

-IIp-

E
C

I 0=

0

7, l7 MeV

4;0

7.35 MeV

-IIO-
L
EA

Xh

I 0=

b

OF7

-3

0 I0 20 3P 40 50

ec ~ (deg)

lp—
-2 ?77 M

I 0-.
I

-2
I 0=

I s I I s t

0 I 0 20 30 40 50

e (deg)

-3
Ip ~, I a I g I t I a

0 I 0 20 30 40 50

e (deg)

PIC 4 Angular distributions for the 4, 3, 2-, and 1
-
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FIG. 5. Angular distributions for the positive-parity states in
Al. Solid curves are ZR DWBA calculations for Od 5&2

transfer. Dashed and dashed-dotted curves for the 5.24-MeV
3+ state indicate a 1s

& &2 transfer and a fit by the Od 5&2 and 1s,z,
curves, respectively. Data for the 5.01-MeV state have been
multiplied by a factor of 10.

As seen in Fig. 2, the spectrum around the 6 state can
be reproduced by the three peaks found in the (p, y)
work. However, in the previous works on the (a, t )

and ( He, d) reactions, the triplet was analyzed as a single
peak of the 6 state. Thus the present result on the
7.53-MeV 6 state presents a smaller spectroscopic

strength than the previous works.
The 6.083-MeV state was assigned in the (a, d) reac-

tion to be the first 5;0 state. The large spectroscopic
factor for the 5 state compared to those for the 6
states indicates the simple Of 7/2 particle Od, /z hole struc-
ture of the state. The fact is also confirmed by the small
spectroscopic strength of the second 5;0 state at
E =7.548 MeV. The relatively large strength for the
third 5;0 state of 8.011 MeV is interpreted in the (u, d )

work to be caused by a mixture of Of7/2 and Of~/z com-
ponents. An isospin mixture of the 8.011-MeV state
with the adjacent 5;1 state at E =8.067 MeV can also
increase the single-particle strength of the 5;0 state.
Such a mixture is pointed out by Endt et al.

Compared to the 5;0 states, the smaller strength for
the first 6;0 state and the larger fragmentation of the

TABLE I. Potential parameters (Standard Wood-Saxon type) used in the DWBA analyses of the
Mg(n, t) Al reaction. JR/3132 means a volume integral of the real part of the potential per nu-

cleon.

Channel
~R

(MeV) (fm)
aR

(fm)
8~

(MeV) (fm) (fm)
Vl,

(MeV) (fm)
JR/3 132
(MeV fm')

o.'+ Mg'
t +26Alb

Bound state'

184.3
110.4

1.16
1.14
1.25

0.752
0.805
0.65

27.5
20.4

1 ~ 37
1.49

0.751
0.903

0
0
6

1.3
1.4
1.25

451
356

'Searched to reproduce the elastic scattering data at E =50 MeV.
Cited from Ref. 17.

'For unbound states above E =6.3 MeV, a resonance form factor is used (Ref. 13). These parameters
have been used for all analyses of 3=26 in the present series (Refs. 2 —4).
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TABLE II. Spectroscopic information for Of7/2 stripping to high spin states in 26A1 studied by the
"Mg(a, t )' Al reaction at E =50 MeV. Error in excitation energy is +5 keV.

Spectroscopic factors
Previous work'

(MeV)
E„

(MeV)

Present work
tnt
(mb)

Present
work
(a, t)

Previous works
( He, d) (a, t)'

6.892
7.529
9.264'
6.083
7.548
8.011
8.067
5.394
5.676
5.692
6.724
7.109
7.168
7.348
7.410

6;0
6;0
6;1
5;0
5;0
5;0
5;1
4;0
4;0
3;0
4;0
4;0
4;0
4;1+(0)
4;0 +(1)

6.892
7.527
9.267
6.084
7.550
8.008
8.065
5.394
5.676
5.692
6.726
7.107
7.163
7.350
7.413

OF 7
OF 7
OF 7
OF 7
OF 7
OF 7
OF 7
OF 7
OF 7
OF 7
OF 7
OF 7
OF 7
OF 7
OF 7

0.16
0.06
0.10
0.33
0.02
0.08
0.10
0.10
0.21
0.08
0.01
0.02
0.03
0.09
0.07

0.17
0.09
0.22
0.38
0.03
0.15
0.20
0.20
0.26
0.12
0.02
0.03
0.04
0.16
0.12

0.13
0.11
0.17
0.31

0.10
0.18
0.10
0 31'

0.16
0.15
0.20
0.32

0.14
0.19
0.10
0 35'

'(p, y ) in Ref. 8 and (d, a) in Ref. 18.
( He, d) at 55 MeV in Ref. 4.

'(a, t ) at 81 MeV in Ref. 2.
Isospin assignment from (a, d) at 64.7 MeV in Ref. 6.

'The doublet at 5.676 and 5.692 MeV is not separated. These values are given by assuming the doublet
to be a 4 state. cr;„, means integrated cross section over the range of angles shown in Figs. 3—5:
o;„,=2rr jdcrldQ sinOd8.

6;0 states are confirmed in the present work. Such a
fragmentation may be ascribed to the unbound nature of
the 6 states. The first 5;0 state is bound by 0.2 MeV.
The unbound Of 7/2 particle can become effectively bound
by a core if the core has a mixture of excited OAco

particle-hole components. In the Nilsson-scheme dia-
gram, such an excited core is described as deformed. In
the case of the 6 states in Al, the lowest 6;0 or 1

state has the largest spectroscopic strength among the 6
states of T=O or 1. Namely, the core is negatively de-
formed in the picture of the Nilsson diagram.

Peterson et al. described the fragmentation of the
strength for the 6 states in Al with a deformation of
P= —0.3. As states in Sec. III, the deformation leads to
the strength ratio of S(6, )/S(62 ) =2.1. The present re-
sult shows the ratio to be 1.9, consistent with the picture.
It is to be noted that the deformation is different in sign
from that for the positive-parity states of the ground-
state band of Al.

Cross sections for the other negative-parity states are
shown in Fig. 4, and their spectroscopic information is in
Tables II and III. Shapes of the angular distributions for
the 4 states are well described by the angular momen-
tum transfer I.=3 only. In the (d, n) reaction at Ez =25
MeV, components of L = 1 and 3 transfers are needed to
reproduce the shape of the angular distribution for the
6.724-MeV 4 state, because the (d, n ) reaction is
matched to lower angular momentum transfer than the
present (a, t ) reaction. The (a, t ) reaction at E =50
MeV and E =5—10 MeV emphasizes angular momen-

turn transfer L =4 or 5.
The assignment of 4 states is cited from previous

works by Endt et al. ' They showed that the 7.35- and
7.41-MeV states have isospin-mixed structure. The (a, d )

cross sections for the latter are 1.7 times larger than
those for the former. Namely, the 7.35-MeV state has a
37% T=0 component. The larger (a, d ) cross section for
the 7.41-MeV 4 state may be caused by the mixture of a
Od 3/2 component to the (Od, /, ) '(Of 7/2 5/2 )

configurations for the 4 state, as discussed in our previ-
ous work.

In Fig. 4, cross sections for the 5.69-MeV state are
sums of those for the second 4;0 state at E =5.676
MeV and the 5.692-MeV 3;0 state. In Table II, spectro-
scopic strengths for the two states are listed explicitly.
The second 4 state has a larger strength than the first
4 state at E„=5.394 MeV, indicating a complicated
structure of the first 4 state. The 5.692-MeV 3 state is
the third 3;0 state. ' In the spectrum of Fig. 1, other
low-lying 3;0 states' at E =5.457 and 5.598 MeV are
negligibly small. Different from the case of the T=0, 4
and 3 states, the first T=l, 4, and 3 states have
spectroscopic strengths comparable to those for the
second 4;0, state and for the third 3;0 state, respec-
tively. The low-lying T=O, 4, and 3 states with small
spectroscopic strengths may be generated by a core-
polarization effect. '

Results for the positive-parity states are shown in Fig.
5 and in Table III. The assignment of their spin-parity is
also cited from Refs. 8 and 18. Present results are con-
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TABLE III. Spectroscopic information for low-spin states in Al studied by the 'Mg(a, t ) Al reac-
tion at E =SOMeV.

Previous work'

(MeV)

Presen work
E

(MeV) iVL2J
Spectroscopic

factors

5.916
6.964
7.540
7.773
5.010
5.131
5.245
5.545
5.726
6.362
6.555
7.291
7.891

2;0
3;1
2;1
1;0
1+;0
4 '1
4+;0
2+;1
4 1

(3,4)+
4 '1

5.918
6.965
7.541
7.772
5.010
5.129
5.246
5.545
5.727
6.364
6.551
7.294
7.890

OF 7
OF 7
OF 7;1P3
OF 7
OD5

OD5

OD5;1S1
OD5
OD5
OD5

OD5
OD5

(OD5) or (OF 7)

0.05
0.08
0.02
0.04
0.02
0.04
0.06
0.08
0.05
0.06
0.07
0.04
0.04

0.10
0.18

0.06,0.42
0.24
0.14
1.12

0. 19,0.96
0.46
0.17
2.12/(2JF + 1)
2.75/(2JF + 1)
2.39/(2J„+ 1)

0.37 or 0.07

'Cited from Refs. 8 and 18.

sistent with their assignment except for the 7.891-MeV
state. The shape of the angular distribution for the state
is reproduced better by the L =3 transfer than by the
L=2 transfer, leaving a possibility of the state having a
negative parity.

V. CONCLUSION

Present work on the Mg (a, t ) Al reaction leading to
the negative-parity states has shown that the deduced
spectroscopic strengths for the Of7/2 transfer are in good
consistency with the previous works on the (a, t ) reac-
tion at E =81 MeV and on the ( He, d) reaction at
E& =55.2 MeV, except for the important second 6;0
level, for which we now provide a more reliable result
with better resolution. In our present and previous analy-
ses, ' the zero-range DWBA calculation is normalized to
give the same cross-section values for a bound state with
a simple structure as does the exact finite range DWBA
calculation. This procedure provides reliable spectro-
scopic strengths for the bound and unbound states over

the wide range of momentum transfer.
For the 4 and 3 states of Al, the strength distribu-

tion for T=0 states rejects complex core-coupled
configurations compared to those for the T=1 states.
For the Of7/2 stripping strength to the 5 states, more
concentration into the lowest T=O and 1 states is found
than is the case for the 6,4, and 3 states.

The smaller concentration of the Of 7/2 strength for the
stretched 6 states than that for the 5 states may be as-
cribed to the unbound nature of the 6 states. Fragrnen-
tation of the strength between the first and second 6;0
states is consistent with the previous analyses for a nega-
tive deformation of P= —0.3. The deformation is
different in sign from that for the positive-parity ground-
state band.
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