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M1 and Gamow-Teller transitions in TÄ1Õ2 nuclei 23Na and 23Mg
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The magnetic dipole (M1) operator consists not only of the usually dominant isovector~IV ! spin (st) term,
but also of IV orbital (l t), isoscalar~IS! spin (s), and IS orbital~l! terms. On the other hand, the Gamow-
Teller ~GT! operator contains only thest term. Under the assumption that isospin is a good quantum number,
isobaric analog structure is expected in a pair ofT51/2 mirror nuclei, and thus analogous transitions are found.
For theM1 transitions in theT51/2 mirror nuclei pair23Na-23Mg, the contributions of these various terms
have been studied by comparing the strengths of the analogousM1 g transitions and the GT transitions
deduced from high-resolution23Na(3He,t)23Mg charge-exchange measurements. In someM1 transitions, un-
usually large orbital contributions were observed even for strong transitions, while in some others, almost no
orbital contribution was found. It is known that23Na and 23Mg are deformed. The large difference of the
orbital contributions is explained based on the different selection rules forl and s operators in transitions
connecting different deformed bands. Precise excitation energies are determined for the states above the proton
separation energy in23Mg. These states are of astrophysical interest because of their important role played in
the 22Na(p,g)23Mg reaction of the Ne-Na cycle in nucleosynthesis.
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I. INTRODUCTION

The magnetic dipole (M1) operator forM1 g transitions
and the Gamow-Teller~GT! operator for GTb decays are
similar in that they have the same major component, i.e.,
isovector~IV ! spin (st) term, although transitions originat
from the electromagnetic and weak interactions, respectiv
@1–3#. The difference between them is that the electrom
neticM1 operator contains not only thest term, but also IV
orbital (l t), isoscalar~IS! spin (s), and IS orbital~l! terms.

Assuming that isospinT is a good quantum number, iso
spin multiplet states are found in nuclei with the same m
numberA but different isospinz-component defined byTz

5(N2Z)/2. If charge symmetry of the nuclear interaction
assumed, then for every state in one of the isospinT51/2,
odd-A mirror nuclei, an analog state with almost identic
structure should be found at the corresponding excitation
ergy in the partner nucleus. Because of the identical natur
the analog states, theM1 and GT transitions from the groun
states to a pair of analog states can be directly compare
terms of matrix elements. The similarity and/or difference
strengths of these analogousM1 and GT transitions will
show the microscopic nature of theM1 transitions @4#,
namely,~1! the IS and IV contributions, and~2! the orbital
and spin contributions in individualM1 transitions.

In the sd-shell region most of theTz51/2 nuclei are
stable, while the ground states ofTz521/2 nuclei are un-
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stable due to Coulomb energy. They undergob1 decay to
excited states of theTz51/2 mirror partner mainly through
GT transitions. The GT transition strengthsB(GT) are ob-
tained from decay studies, but the accessible range of e
tation energy (Ex) is limited by theQ value.

Theseb1 decays are analogous to the transitions stud
in the (p,n)-type charge-exchange~CE! reactions onTz

51/2 target nuclei. In CE reactions, like (p,n) or (3He,t), at
intermediate energies (.100 MeV/nucleon), it has been
found that the 0° cross sections are proportional to
B(GT) values fromb-decay studies@5,6#. Therefore, CE re-
actions have been used extensively to map the GT stren
over a wide excitation-energy range overcoming t
‘‘ Q-value limitation’’ of b decays@7#.

The most direct information onB(M1) values is obtained
from M1 g decays. The (e,e8) reactions at backward angle
are also important in studyingB(M1) values for the highly
excited states.

Contributions from spin and orbital terms inM1 transi-
tions were first studied for theDT51, IV M1 transitions
starting from the ground state ofT50 even-even target nu
clei, in which no IS contribution is expected. The contrib
tions were studied for the32S target by comparing (p,n) and
(e,e8) reactions@8# and for 28Si and 24Mg targets by com-
paring (3He,t) and (e,e8) reactions@9–11#. Since the ground
state of mirror nuclei areT51/2, the IS term can also con
tribute toT51/2→1/2 M1 transitions.

For the study of these contributions, a transition-b
transition comparison of strengths from electromagne
measurements and CE reactions is essential. In order to m
©2002 The American Physical Society13-1



ire

of
u
tr
re

te

th

e

a
ri-

f
io
i

e
f

n
te

gi

ro

y

a

d

o

d

pin

n-

Y. FUJITA et al. PHYSICAL REVIEW C 66, 044313 ~2002!
a reliable comparison, a good energy resolution is requ
especially in CE reactions. The advantage of the (3He,t)
reaction is the possibility of achieving high resolution
around 50 keV even at intermediate incident energies by
ing a magnetic spectrometer for the analysis of outgoing
tons @12#. The combined IS and orbital contributions we
studied for the27Al-27Si mirror nuclei @13# by comparing
B(M1) values from a study ofg decay in 27Al with the
B(GT) values from a good-resolution27Al( 3He,t) reaction.
In addition, the IS and orbital contributions were separa
by further usingB(M1) information on the mirrorg decays
in 27Si @4#.

In this paper, we compare the analogous transitions in
pair of mirror nuclei 23Na and 23Mg. It is well known that
the nuclei in theA523 region are strongly deformed. Th
interest is to unveil the microscopic structure of eachM1
transition in deformed nuclei, i.e., to see how the deform
tion affects the IS/IV and orbital/spin contributions in va
ousM1 transitions. Using theg-decay data in23Na, B(M1)
values of the transitions to the ground state are calculated
the states up to the proton separation energy. In addit
B(M1) values are calculated for a few excited states
23Mg. The B(GT) values are obtained by using th
23Na(3He,t)23Mg reaction performed at 0°. Contributions o
IS and IV terms as well as spin and orbital terms inM1
transitions are studied by comparing theB(M1) values with
those of theB(GT) values from analogous transitions.

Owing to the high resolution achieved in the prese
work, level energies of excited states were accurately de
mined. The states just above the proton threshold in23Mg
are of astrophysical interest. The obtained excitation ener
of these states are compared with previous works.

II. M1 AND GT TRANSITIONS IN DEFORMED MIRROR
NUCLEI

We summarize the characteristics of analogousM1 and
GT transitions in odd-A mirror nuclei referring to the formal-
ism given in Refs.@4# and @13#. In odd-A deformed nuclei,
we separate the degree of freedom of the odd particle f
that of the core, which makes collective rotation.

A. AnalogousM1 and GT transitions

The M1 operator in the particle-rotor model is given b
@see Eq.~4A-11! of Ref. @14##

M~1!m5A 3

4p
mN~gRRm1g,,m1gssm! ~1!

5A 3

4p
mN@gRJm1~g,2gR!,m1~gs2gR!sm#,

~2!

wheremN is the nuclear magneton andm521, 0, and11.
The angular momentum and the gyromagnetic factor (g fac-
tor! of the rotor~core! are expressed byR andgR , while the
orbital and sping factors of the particle are represented byg,

and gs , respectively. Assuming a uniform rotation of
04431
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charged body,gR'Z/A is expected@14#. The total angular
momentum is denoted byJ, and the angular momentum an
spin of the odd particle byø and s, respectively, where the
relationship

J5R1ø1s ~3!

holds. SinceJ is a good quantum number, only the last tw
terms in Eq.~2! contribute to theM1 transitions. By intro-
ducing the isospin operator, whosez componenttz is 11
and21 for a neutron and proton, respectively, we get

~g,2gR!,m5F S 1

2
~g,

p1g,
n!2gRD2

1

2
~g,

p2g,
n!tzG,m

~4!

5~gl
IS2gl

IVtz!,m , ~5!

and

~g,2gR!sm5F S 1

2
~gs

p1gs
n!2gRD2

1

2
~gs

p2gs
n!tzGsm

~6!

5~gs
IS2gs

IVtz!sm , ~7!

where the IS and IV combinations ofg factors are expresse
by the coefficientsgIS and gIV. Using the bare orbital and
spin g factors of protons and neutrons, i.e.,g,

p51 and g,
n

50, andgs
p55.586 andgs

n523.826, we getg,
IS50.52gR

and gs
IS50.8802gR , andg,

IV50.5 andgs
IV54.706, respec-

tively.
By using the relationshipsm5(1/2)sm and tz5t0, and

applying the Wigner-Eckart theorem in the spin and isos
spaces, the reducedM1 transition strengthB(M1) is ex-
pressed as

B~M1!5
1

2Ji11

3

4p
mN

2 F S g,
ISM M1~, !1gs

IS1

2
M M1~s! D

2
CM1

A2Tf11
S g,

IVM M1~,t!1gs
IV 1

2
M M1~st! D G 2

~8!

5
1

2Ji11

3

4p
mN

2 FM M1
IS 2

CM1

A2Tf11
M M1

IV G 2

, ~9!

whereCM1 expresses the isospin Clebsch-Gordan~CG! co-
efficient (TiTzi10uTfTz f), whereTz f5Tzi holds. The matrix
elements are M M1( l )5^JfTf uiøuiJiTi& and M M1(s)
5^JfTf uisuiJiTi& for the IS part, and M M1( l t)
5^JfTf uiøtuiJiTi& andM M1(st)5^JfTf uistuiJiTi& for the
IV part. Owing to the large value of the coefficientgs

IV , the
IV spin term, i.e., (1/2)gs

IVM M1(st), is usually the largest
@1,2#. The IS termM M1

IS is usually much smaller than the IV
term M M1

IV . The IS term can interfere destructively or co
structively with the IV term. In addition, the IV orbital term
can interfere with the IV spin term.
3-2
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A GT transition is caused by thest operator. The one-
body operator for GT transitions is

G6[st657
1

A2
st61 . ~10!

Its reduced strength in isospin is given by@4#

B~GT!5
1

2Ji11

1

2

CGT
2

2Tf11
@MGT~st!#2, ~11!

where CGT expresses the isospin CG coefficient (TiTzi1
61uTfTz f), andTz f5Tzi61. The matrix elementMGT(st)
denotes the~IV spin type! GT transition matrix element, jus
like the st matrix element in theM1 transition. The mag-
nitude, however, is slightly different, as explained in the n
paragraph.

It is known that thest terms of theM1 operator and GT
operator are both reduced. The reduction is partly attribu
to the core polarization@14# and partly to the so-called me
son exchange currents~MEC!. The core polarization modi
fies the initial and final wave functions, and thus the effect
the analogousM1 and GT would be the same in theN5Z
case. On the other hand, the MEC effect can be differ
because theM1 operator hast0 nature, while the GT opera
tor hast6 nature. The different contributions of the MEC
the M1 and GT operators have been studied theoretic
@15,16# and experimentally@9,10,13,17–19#. These effects
are expressed by the ratio

RMEC5@M M1~st!#2/@MGT~st!#2. ~12!

The most probable valueRMEC51.25 is deduced for nucle
in the middle ofsd shell @4#.

Under the assumption that isospin is a good quan
number, a very similar structure is expected for the ana
states in a pair ofTz561/2 mirror nuclei. Therefore almos
the sameB(GT) values are expected for the mirror GT tra
sitions that can be studied in theb decay and the CE reactio
starting from the ground states ofTz521/2 and11/2 nu-
clei, respectively. In the comparison of the GT transitio
with the analogousM1 transitions, a simple relationship
obtained for the transition strengths if thest term is domi-
nant in theM1 transition. From the comparison of Eq.~8!
and Eq.~11!, the ‘‘quasiproportionality’’ betweenB(GT) and
B(M1) is expressed as

B~M1!'
3

8p
~gs

IV !2mN
2
CM1

2

CGT
2

RMECB~GT! ~13!

52.644mN
2
CM1

2

CGT
2

RMECB~GT!. ~14!

For a transition from aTi51/2 state to aTf51/2 state in
mirror nuclei, the ratio of squared CG coefficients is 1
while the ratio is 2 when the transition is from aTi51/2
state to aTf53/2 state.
04431
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Our aim is to compare theM1 and GT transition strength
for the analogous transitions. From Eq.~14!, we find that
renormalizedB(M1) values defined by

BR~M1!55
2

2.644mN
2

B~M1! for Tf51/2 ~15!

1

232.644mN
2

B~M1! for Tf53/2 ~16!

can be compared directly with the values ofB(GT).

B. IS and orbital contributions to M1 transitions

In order to examine the interference of IS and IV orbi
terms with the IV spin term in anM1 transition, we define
the following ratio, taking effects of the MEC@Eq. ~12!# into
consideration@13#:

RISO5
1

RMEC

BR~M1!

B~GT!
. ~17!

By comparing Eq.~8! and Eq.~11!, it is seen thatRISO.1
usually shows that the IS term and/or the IV orbital te
make a constructive contribution to the IV spin term, wh
RISO,1 shows a destructive contribution. As discussed
Ref. @4# and as will be discussed later, the contribution of t
IS term is minor. Therefore, it is expected that the deviat
of RISO from unity mainly shows a contribution of the IV
orbital term in eachM1 transition.

Under the assumption that the IS term is small, IS and
contributions can be separated ifB(M1) values are known
for a pair of analogous transitions inTz561/2 mirror nuclei.
In these transitions, the isospin CG coefficientsCM1 have
opposite signs, and Eq.~9! can be rewritten as

B~M1!65
1

2Ji11

3

4p
mN

2 FM M1
IS 7

uCM1u

A2Tf11
M M1

IV G 2

~18!

for the transitions inTz56(1/2) nuclei. ThereforeBIS(M1)
andBIV(M1), which are defined by

BIS~M1!5
1

2Ji11

3

4p
mN

2 @M M1
IS #2 ~19!

and

BIV~M1!5
1

2Ji11

3

4p
mN

2
CM1

2

2Tf11
@M M1

IV #2, ~20!

respectively, are separately obtained by solving the pai
Eqs. ~18! as simultaneous equations. TheBIV(M1) is ex-
pressed by using theB(M1)6 values

BIV~M1!5 1
4 @AB~M1!11AB~M1!2#2, ~21!

while theBIS(M1) is given by
3-3
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BIS~M1!5 1
4 @AB~M1!12AB~M1!2#2. ~22!

By defining the ratio

RIS5
B~M1!

BIV~M1!
, ~23!

the contribution of the IS term can be examined. If the
contribution is constructive~destructive! in a specificM1
transition, then the ratio is larger~smaller! than unity.

Once IS and IV terms are separated, the orbital contri
tion to the IV term is evaluated in a similar way as t
combined IS and orbital contribution was evaluated by
ratio RISO. ReplacingBR(M1) in Eq. ~17! by BIV

R (M1),
which is defined similarly toBR(M1) in Eq.~15! or Eq.~16!,
we introduce the ratio

ROC5
1

RMEC

BIV
R ~M1!

B~GT!
. ~24!

The ratio is usually larger~smaller! than unity if the IV or-
bital contribution is constructive~destructive! to the IV spin
term in the IV part of a specificM1 transition.

A similar argument is possible for the magnetic mome
of the analogous states inTz561/2 nuclei~for details, see
Ref. @4#!. The magnetic momentm of a state with spinJ and
isospinT is defined by

m5^JJTTzuM~1!zuJJTTz&. ~25!

By applying the Wigner-Eckart theorem in the spin and is
pin space, we get

m5
AJ

A~J11!~2J11!
mNFM M1

IS 2
CM1

A2T11
M M1

IV G , ~26!

where the IS and IV matrix elements are the same as thos
Eq. ~9!, except that the initial and final states are the sa
The CG coefficient isCM15(TTz10uTTz). Again it has op-
posite sign in the magnetic momentsm6 of the Tz561/2
nuclei.

The IS and IV moments defined bym IS5 1
2 (m11m2) and

m IV5 1
2 (m12m2), respectively, can be related to the IS a

IV M1 matrix elements

m IS5
AJ

A~J11!~2J11!
mNM M1

IS ~27!

and

m IV5
AJ

A~J11!~2J11!
mN

2uCM1u

A2T11
M M1

IV . ~28!

The constructive or destructive contributions of the
term of the magnetic moments are expressed by introdu
the ratio

RIS5S m

m IV
D 2

. ~29!
04431
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The ratioROC can also be defined for the magnetic momen
As discussed in Ref.@4#, the ratio corresponding to Eq.~24!
is given by

ROC5
1

RMEC

2~J11!

J~gs
IV !2mN

2

CGT
2

CM1
2

m IV
2

B~GT!
, ~30!

We use the above formulas~29! and ~30! for the pair of
magnetic moments of ground states, where the ra
CM1

2 /CGT
2 is 1/2.

III. EXPERIMENT

At intermediate energies (>100 MeV/nucleon) and a
forward angles including 0°, GT states become prominen
(3He,t) reactions, because of theirL50 nature and the
dominance of thest part of the effective nuclear interactio
@20,21#. In order to study the transitions to the GT stat
in 23Mg, a 23Na(3He,t) experiment was performed at th
Research Center for Nuclear Physics~RCNP!, Osaka by us-
ing a 140 MeV/nucleon3He beam from theK5400, RCNP
Ring Cyclotron and the Grand Raiden spectrometer@22#
placed at 0°.

The target was a thin foil of Na2CO3 using polyvinyl
alcohol as supporting material@23#. The total thickness of the
target was approximately 2 mg/cm2. The target is effectively
a mixture of 23Na, carbon isotopes12C and 13C ~natural
abundance 98.9% and 1.1%, respectively!, and oxygen iso-
topes 16O and 18O ~natural abundance 99.8% and 0.2%, r
spectively!. After the (3He,t) charge-exchange reaction
these nuclei become23Mg, 12N, 13N, 16F, and 18F. The
reaction Q values of them are24.08,217.36,22.24,
215.44, and21.67 MeV, respectively. Owing to the larg
difference ofQ values, the low-lying states in23Mg are ob-
served without being affected by the strongly excited sta
in 12N and 16F. Since theQ values of13C and18O nuclei are
smaller than that of23Na, ground and excited states of13N
and 18F may disturb the23Mg spectrum. The identification o
these states and the states of23Mg was possible due to the
high resolution of this experiment as will be described belo

The outgoing tritons within the full acceptance of th
spectrometer@'620 mrad and'640 mrad in horizontal
~x! and vertical~y! directions, respectively# were momentum
analyzed and detected at the focal plane with a multiw
drift-chamber system allowing track reconstruction@24#. The
acceptance of the spectrometer was subdivided in the s
ware analysis by using raytrace information.

A resolution far better than the momentum spread of
beam was realized by applying thedispersion matchingtech-
nique@25#. Using the new high-resolution ‘‘WS’’ course@26#
for the beam transportation and the ‘‘faint beam method’’
diagnose the matching conditions@27,28#, an energy resolu-
tion of 45 keV @full width at half maximum~FWHM!# was
achieved. With the improvement of resolution, states
23Mg up to Ex511 MeV were clearly resolved as shown
Fig. 1.

In accurately determining the scattering angleQ near 0°,
scattering angles in both thex direction (u) andy direction
(f) should be measured equally well, whereQ is defined by
3-4
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Au21f2. Goodu resolution was achieved by applying th
angular dispersion matchingtechnique@25#, while that off
by realizing the ‘‘overfocus mode’’ in the spectrometer@29#.
The ‘‘0° spectrum’’ in Fig. 1 shows events for the scatteri
anglesQ<0.8°.

FIG. 1. The 23Na(3He,t) spectrum measured at 0° by using
thin Na2CO3 target. A high resolution of 45 keV has been achiev
The states listed in Table I are indicated by their excitation energ
The 3.50 MeV state in13N is also indicated. For other details, se
text.
04431
In order to identify the states originating from carbon a
oxygen isotopes, a spectrum of a Mylar target was measu
under the same condition as for the Na2CO3 target. From a
comparison of both spectra, it was found that the peak
Ex'1.7 MeV in Fig. 1 was the 3.50 MeV state of13N, and
the peak at'10.1 MeV was partly the13N, 11.74 MeV state
@30#. It was also found that the small tail in the right side
the 6.91 MeV state was the 8.92 MeV state of13N. The
peaks atEx'11.4 MeV and 11.8 MeV were identified as th
ground and the 0.42 MeV states in16F. The 18F ground state
(Jp511) was also observed, but it is outside the ene
range of the spectrum due to the smallQ value of the reac-
tion.

An accurateEx value with an error of less than 1 keV i
known for the 0.451 MeV state of23Mg @31#, but errors
given for higher excited states are larger~see Table I!. The
Ex values of other excited states observed here were de
mined with the help of kinematic calculations. Known stat
of 13N @32# and 16F @33#, which were observed in the spec
trum of Mylar target, and the26Al states, which were ob-
served in the26Mg(3He,t)26Al spectrum taken under the
same condition as for the Na2CO3 target, were used as cal
bration standard. Owing to the smallQ value of the (3He,t)

.
s.
of the
f keV
TABLE I. The GT transition strengthsB(GT) from 23Mg→ 23Na b decay and23Na(3He,t)23Mg reaction.
Mirror symmetry of transition strengths is assumed in deriving the latter from the former. For details
derivation, see text. Excitation energies are given in units of MeV, and their errors are given in units o
in parentheses.

States in23Na States in23Mg
b decay (3He,t) a

Ex
b 2Jp b B(GT) b Ex

b 2Jp b Ex B(GT)

0.0 31 0.19060.004 0.0 31 0.0 (0.34060.014)c

0.440 51 0.14660.006d 0.451 51 0.451 0.14660.006d

2.391 11 0.04360.006 2.359~2! 11 2.360~3! 0.05560.004
2.908~3! (3,5)1 2.906~3! 0.19360.011
3.864~4! (3,5)1 3.860~3! 0.05560.004
4.354~4! 11 4.357~3! 0.25060.013
5.287~4! (3,5)1 5.291~3! 0.06660.005
5.656~6! 51 5.658~4! 0.27060.017e

5.691~6! (1 –9)1

5.711~6! (1 –9)1 5.712~8! 0.06160.009e

6.125~5! (1 –11)2 6.138~3!

6.538~5! (1 –9)1 6.550~3! 0.11660.007
6.810~5! 6.818~3! 0.02860.003
6.899~4! 51 6.911~3! 0.05760.004
8.166~2! 51 8.168~4! 0.29060.015
8.455~4! (3 –13)1 8.452~5! 0.03960.003

@9.138~6!# (3 –13)1 9.159~6! 0.06960.005
@9.465~6!# (1 –9)1 9.502~6! 0.05560.004

10.290~7! 0.04660.004
11.132~8! 0.06260.005

aPresent work.
bFrom Ref.@31#.
cIncluding Fermi-transition strength. See text for details.
dB(GT) value used for the calibration of (3He,t) values.
eClose doublet states.
3-5
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reaction on13C and the largeQ value on16O, all Ex values
of 23Mg states were determined by interpolation. In additio
since theQ value of the (3He,t) reaction on 26Mg (Q
524.02 MeV) is similar to that on 23Na (Q
524.08 MeV) and accurateEx values of 26Al states are
known up toEx57.8 MeV, Ex values of states up to 8 MeV
in 23Mg were determined especially with good accuracy. T
excitation energies from Ref.@31# and those determined i
the present work are listed in columns 4 and 6 of Table
respectively.

The intensities of individual peaks were obtained by a
plying a peak-decomposition program using the shape of
well separated peak at 4.357 MeV. The 5.658 and 5.712 M
states were observed as an unresolved doublet, where
latter is observed as a shoulder. Since a 5.691 MeV state
Jp5(129)1 is listed in Ref.@31#, a peak decomposition
including this peak was also applied. The result, howev
showed that the observed peak shape was well reproduce
the two peaks at 5.658 and 5.712 MeV.

Owing to theangular dispersion matchingand also to the
overfocus mode of the spectrometer setting, it is estima
that an angle resolution of better than 8 mrad was achie
@29#. In order to identify theL50 nature of states, relativ
intensities of peaks were examined for the spectra with
angle cuts Q50° –0.5°, 0.5° –1.0°, 1.0° –1.5°, an
1.5° –2.0°. It was found that all states, except the 6.138 M
state, listed in Table I showed a similar relative decrease
their strengths with increasingQ. We judge that transitions
to all of these states, except that to the 6.138 MeV state,
of L50 nature.

According to Ref.@31#, a state having a similar excitatio
energy with the 6.138 MeV state is at 6.125 MeV. Possi
spin values 2J51 –11 and negative parity are assigned
this state. Clear observation at 0° suggests that the 6
MeV state is populated with smallL transfer.

IV. DATA ANALYSIS

A. B„GT… evaluation from b-decay data

The 23Mg nucleus has aQEC value of 4.0583
60.0013 MeV. Using the half-life of 11.31760.011 s and
branching ratios to the ground state and two excited state
23Na compiled in Ref.@31#, the partial half-livest were cal-
culated. TheB(GT) values were obtained by using the re
tionship @34#

B~F!~12dC!1FgA

gV
G2

B~GT!5
614564

f ~11dR!t
. ~31!

The f values including the radiative correction (11dR) were
calculated using the tables of Wilkinson and Macefield@35#.
The B(GT) values calculated by using the ratio (gA /gV)
51.26660.004@34,36# are listed in column 3 of Table I. Fo
the ground state transition, both GT and Fermi transitio
contribute. TheB(GT) value for this transition was calcu
lated assuming the reduced Fermi transition strengthB(F)
51 and the Coulomb correction term (12dC)50.997.
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B. B„GT… evaluation from „

3He,t… data

It is known that at 0° the CE cross section for a G
transition is approximately proportional toB(GT) @5,6,37#,

dsCE

dV
~0°!.K NstuJst~0!u2B~GT!, ~32!

whereJst(0) is the volume integral of the effective intera
tion Vst at momentum transferq50, K is the kinematic
factor,Nst is a distortion factor. In (3He,t) reactions, it was
shown that the proportionality was valid for the transitio
with B(GT)>0.04 from the study of analogous transitions
A527, T51/2 mirror nuclei 27Al and 27Si @13#.

It is known that the productKNst in Eq. ~32! gradually
changes as a function of excitation energy@5#. To estimate
this effect, a distorted-wave Born approximation~DWBA!
calculation was performed by using the codeDW81 @38# and
assuming a simpled5/2→d3/2 transition for the excited GT
states. As optical potential parameters, those determined
28Si at an incident3He energy of 150 MeV/nucleon@39#
were used. For the outgoing triton channel, by following t
arguments given in Ref.@40#, the well depths were multi-
plied by a factor of 0.85 without changing the geometric
parameters of the optical potential. For the effecti
projectile-target interaction of the composite3He particle,
the form derived by Schaeffer@41# through a folding proce-
dure was used. Since the interaction strengths at 140 M
nucleon are not well studied, we tentatively used the va
Vst522.1 MeV. The rangeR51.415 fm was derived by
an extrapolation of the value that worked well at 67 Me
nucleon@42#. The calculated 0° cross section decreased
about 11% asEx increased up to 10 MeV. The result wa
used to correct the peak intensity of each state.

In order to obtainB(GT) values by using Eq.~32!, a
standardB(GT) value is needed. As a standard, we used
B(GT) value of 0.146 obtained in theb decay from the
23Mg ground state to the 0.440 MeV state of23Na. Due to
isospin symmetry of mirror nuclei, it is expected that t
B(GT) values of mirror transitions are the same. We
sumed that the transition to the 0.451 MeV state in23Mg has
this B(GT) value in the23Na(3He,t) reaction. TheB(GT)
values for other excited states were calculated by using
proportionality @Eq. ~32!# from their peak intensities afte
excitation-energy correction was made. The resultingB(GT)
values are listed in column 7 of Table I and shown in F
2~a! as a function of excitation energy.

As mentioned in the preceding subsection, both GT a
Fermi transitions contribute incoherently in the transition b
tween ground states. Since we cannot get the peak inten
for the Fermi transition corresponding toB(F)51 from the
data available in the present analysis, the maximumB(GT)
value assuming only the GT transition is tentatively given
Table I for this transition.

TheB(GT) values were previously evaluated for the tra
sitions to two low-lying states in a (p,n) reaction atEp
5160 MeV @43#. The values were 0.153 and 0.062 for th
0.45 and 2.36 MeV states, respectively. In deriving the
values, the authors assumed a universal unit cross se
averaged over various nuclei. If these values are normal
3-6
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by the above-mentionedb-decayB(GT) value that we used
then the B(GT) values would become 0.146 and 0.05
which are in agreement with our values of 0.146 and 0.0
respectively.

C. M1 g-transition strength in 23Na and 23Mg

States withJp51/21,3/21, and 5/21 can decay directly
to the 3/21 ground state byM1 transitions. TheM1
g-transition strengthB(M1)↓ ~in units of mN

2 ) from an ex-
cited state to the ground state of23Na is calculated using the
measured lifetime~mean life! tm ~in units of second!, g-ray
branching ratiobg ~in %! to the ground state,E2 andM1
mixing ratio d, and theg-ray energyEg ~in MeV!. The
relationship among them is given~see, e.g., Ref.@3#! by

B~M1!↓5
1

tm

1

Eg
3

bg

100

1

11d2

1

1.7631013
. ~33!

It is expected that theg-decay data are less reliable abo
the proton separation energySp58.79 MeV in 23Na. There-
fore, theB(M1)↓ values were calculated up to'Sp region
for all states that possibly have those threeJp values by
using data compiled in Ref.@31# and the data from Refs
@44,45#. The B(M1)↓ distribution, however, was far from
being complete, because either lifetime and/or branching
tio were often missing for many states aboveEx56 MeV.
Data of mixing ratiosd are not available for the states
Ex52.391,4.430, and 5.766 MeV and for all states abov
MeV in 23Na. For these statesd50, i.e., pureM1 transi-
tions without mixing ofE2, were assumed. TheB(M1)↓
values for these transitions should be considered up
bounds.

FIG. 2. Comparison ofB(GT) andBR(M1) strength distribu-
tions. ~a! B(GT) strength distribution from the presen
23Na(3He,t)23Mg reaction. ~b! BR(M1) strength distribution de-
duced from theg-decay data. For the definition ofBR(M1), see
text.
04431
,
5,

a-

7

er

TheB(M1)↓ values were obtained only for the two low
lying states in23Mg. For the 2.359 MeV state, only the life
time tm is known. Therefore the same branching ratiobg as
for the analog state~2.391 MeV state! in 23Na andd50 are
assumed.

In order to determine theB(M1)↑ values that would be
obtained in an (e,e8)-type transition from the ground stat
with the spin valueJ0 to the j th excited state with the spin
valueJj , theB(M1)↓ values fromg decays are modified by
the 2J11 factors of thej th state and the ground state as

B~M1!↑5
2Jj11

2J011
B~M1!↓. ~34!

TheB(M1)↑ values for the excited states of23Na and23Mg
are given in columns 4 and 6 of Table II, respectively. F
the ground states of these nuclei, the values of magn
momentm from Ref. @46# and Ref.@47#, respectively, are
listed.

V. ANALOG STATES AND R VALUES

In order to compare theB(M1)↑ values directly with the
B(GT) values, we useBR(M1) values defined by Eqs.~15!
and ~16!, respectively, for T51/2 and 3/2 states. The
BR(M1) values for theM1 transitions in23Na are listed in
column 3 of Table III and shown in Fig. 2~b!.

Analog states inT051/2 mirror nuclei should have simi
lar and corresponding excitation energies. In addition, b
M1 and GT transitions excite onlyJp51/21,3/21, and 5/21

states in the transitions from theJp53/21 ground state. By
comparing theB(GT) andBR(M1) distributions shown in
Figs. 2~a! and 2~b!, respectively, corresponding23Mg and
23Na states can be identified belowEx56 MeV. The corre-
spondence, however, is not clear aboveEx56 MeV. In Ref.
@31#, analog states inA523 nuclei are compiled up toEx
56.6 MeV. Based on this compilation and the correspo
dence of states seen in Fig. 2, pairs of analog states in23Na
and 23Mg are listed in the same row in Table III. Althoug
GT states were clearly observed even aboveEx58.8 MeV in
23Mg, the knowledge of an analogous relationship could
be extended to the region above 6 MeV. This is mainly due
insufficientg-decay data, especially due to uncertainJp val-
ues of higher excited states. In fact, in a similar comparis
for the mirror pair27Al-27Si, a good correspondence of stat
was observed up to theSp value @13#.

There is a tendency that a state in23Mg is found at a
lower excitation energy than the analog state in23Na. The
difference of excitation energiesDEx , shown in column 5 of
Table III, gradually increases withEx .

From the comparison of Figs. 2~a! and 2~b! and also from
the values listed in Table III, it is seen that theBR(M1)
values of 23Na states are much larger thanB(GT) values of
the analog states in23Mg for stronger transitions. On the
other hand, for the 2.391–2.360 MeV pair, where bo
BR(M1) andB(GT) values are relatively small,BR(M1) is
smaller. SimilarBR(M1) andB(GT) values are observed fo
the 2.982–2.906 MeV and 3.914–3.860 MeV pairs. As
discussed in Sec. II A,BR(M1) andB(GT) values should be
3-7
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TABLE II. States in23Na and23Mg, and the deducedM1 transition strengthsB(M1)↑ from the ground
state to them. TheB(M1)↑ values were calculated from theg-decay data compiled in Ref.@31#. The
excitation energies are given in units of MeV. TheB(M1)↑ values are given in units ofmN

2 . The isospin
valueT51/2 is assumed unless 2T53 is specified.
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aFrom Ref.@31#.
bMagnetic momentm from Ref. @46#.
cMagnetic momentm from Ref. @47#.
dMaximum B(M1) value, because mixing ratiod50 is assumed.
e2J53 is assumed.
f2J55 is assumed.
similar under the assumption that thest term in theM1
transition is dominant. In fact the similarity was observed
the transitions with B(M1)↑.0.1 for the mirror pair
27Al-27Si @13#. In addition, we notice thatBR(M1) values in
23Na evaluated here are on average nearly one order of m
nitude larger than those in27Al.

The enhancement of eachM1 transition compared to th
corresponding GT transition becomes clearer by looking
the ratiosRISO. By using Eq.~17!, the RISO values were
calculated fromBR(M1) and B(GT) values. Those value
assumingRMEC51.25 are given in column 8 of Table III
TheRISO values are also shown as a function ofB(M1)↑ in
Fig. 3. It is observed thatRISO values are large for stron
transitions, suggesting that the combined IS and orbital c
tribution is large in stronger transitions. This was quite d
ferent in the 27Al-27Si pair, where theRISO values became
almost unity as the transition strength increased
B(M1)↑ exceeded 0.1~see Fig. 4 of Ref.@13#!.

As examined in Sec. II A, the IV sping factorgs
IV is about

an order of magnitude larger than otherg factors. Therefore,
if the reduced matrix elementM for each term in Eq.~8! is of
04431
r

g-

t
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d

average strength, it is expected that the IV spin term
comes larger than the other terms and thatRISO has a value
close to unity@1,13#. Obviously, this is not the case for som
M1 transitions in23Na.

Since B(M1) values of transitions to the ground sta
could be calculated only for two low-lying states in23Mg
from the compilation of Ref.@31#, the RIS and ROC values,
which are calculated by using Eq.~23! and Eq.~24!, respec-
tively, are given only for these two pairs of states in Tab
IV. The RIS andROC values can also be derived for the pa
of ground states using the values of magnetic momentm
listed in Table II and the value ofB(GT)50.190 from the
b-decay measurement. We used Eq.~29! and Eq.~30! for
calculatingRIS andROC, respectively.

It is interesting to see that theRIS is almost unity forM1
transitions for the 0.440-0.451 MeV pair states, showing t
the contribution of the isoscalar term is small. As a res
ROC, showing the contribution of the isovector orbital (l t)
term, is almost the same asRISO. A relatively small contri-
bution of the isoscalar term was also observed in the anal
for the 27Al-27Si pair @4#. It is therefore suggested that th
3-8
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TABLE III. Analog states in23Na and23Mg and theM1 and the GT transition strengths. For details
the definition and derivation ofBR(M1), see text. The ratioRISO showing the combined IS and orbita
contributions in theM1 transition was calculated for each pair of analog states. Excitation energies are
in units of MeV.
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From Ref.@31#.
bPresent work.
cFrom b-decay experiment.
dMaximum BR(M1) value, because mixing ratiod50 is assumed.
eClose doublet state.
fExistence of this state is suggested in Ref.@31#.
g2J53 is assumed.
h2J55 is assumed.
main part of the enhancement ofB(M1) values compared to
theB(GT) values in several analogous transitions and the
fore the largeRISO values for them are due to large cont
butions of the,t term in M1 transitions. We try to under
stand these findings in connection with the deformation
A523 nuclei in the next section.

VI. DISCUSSION BASED ON NILSSON ORBITS AND
PARTICLE-ROTOR MODEL

It is well known that in the middle of thesd shell, nuclei
are largely deformed@14#. The static quadrupole momen
Q0 of 23Na and 23Mg are 10.160.2 fm2 @48# and 11.4
04431
e-

f

60.3 fm2 @49#, respectively. They are similar, and the larg
values suggest that these nuclei have a prolate deforma
with a deformation parameter ofd'0.5. It has been dis-
cussed that the orbital contribution in theM1 transition can
become large in deformed nuclei@50,51#. The contribution,
however, is largely dependent on the configurations involv
in the transitions.

We will first discuss the contributions of spin and orbit
operators for the transitions between members of various
tational bands based on selection rules@52# assuming that
each band is formed on a pure Nilsson orbit. Then we w
analyze the observed spectra and different orbital contr
tions for M1 transitions.
3-9
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A. Spin and orbital contributions for M1 transitions among
rotational bands

Let us consider an oddA, deformed nucleus with an even
even core. Under the assumption that the nucleus is s
metrical about thez axis, the single-particle orbits are labele
by using the asymptotic quantum numbers@NnzLV#, where
N is the total oscillator quantum number,nz the number of
quanta along thez axis, andL is the projection of the orbita
angular momentum along thez axis. The projection of the
total angular momentum of the single~odd! particle along
the z axis is given byV. It is a good quantum number for
deformed field with axial symmetry@14#. By using the spin
projection along thez axis S(5sz), V is expressed asV
5L1S. The low-lying spectra of odd-A deformed nuclei
can be analyzed in terms of the intrinsic configuration, wh
is specified by the quantum numbers of the Nilsson orbi
the odd particle, with the rotational spectra. For axially sy
metric intrinsic shape, thez component~K! of the total an-
gular momentumJ is a good quantum number. Since thez
component of the rotational angular momentum of the a
ally symmetric core vanishes,K5V holds. Therefore, the
values of total spinJ areJ5K,K11, . . . for theband mem-
bers.

FIG. 3. The ratioRISO for M1 transitions in23Na. The ratio is
sensitive to the combined contribution of IS term and IV orbi
term to eachM1 transition. Values ofRISO.1 (,1) suggest con-
structive~destructive! interference of these terms with the IV sp
term. For the definition ofRISO, see text.
04431
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1. Intraband transitions

In intraband transitions, asymptotic quantum numbers
intrinsic motion do not change. The matrix elements for t
operators,z andsz are given by

^N nzLVu,zuNnzLV&5L ~35!

and

^N nzLVuszuN nzLV&52S, ~36!

respectively. Therefore both orbital and spin contributio
are expected in the intrabandM1 transitions. Since the or
bital contribution is proportional toL, no orbital contribu-
tion is expected if the rotational band hasL50. The phase
relationship between the IV orbital term and the IV spin te
are determined by the sign relationship of the valuesL and
S, because bothg,

IV andgs
IV have positive sign. If the con

cerned single-particle Nilsson orbit originates from a s
called highj (5,11/2) type orbit in the spherical potentia
like a d5/2 orbit in thesd shell, thenL andS have the same
sign, and thus the orbital and the spin contributions are c
structive. A similar constructive interference for aj 5,
11/2 orbit was discussed recently in Ref.@53#. Due to the
selection ruleDJ561 ~or 0!, the intrabandM1 transition is
allowed only between neighboring members in the same
tational band.

2. Transitions caused byøÁ operator

Operators,6 can cause transitions between states on
ferent rotational bands. By applying,1 , we get

,1uN nzLV&}uN nz61 L11 V11&, ~37!

and by applying,2 , we get

,2uN nzLV&}uN nz61 L21 V21&, ~38!

where the relationship 0<nz61<N and 0<L61<N
should hold. Therefore,6 connect the bands in which th
asymptotic quantum numbersnz andL change by one unit.

We use the above formulas~37! and ~38! only for the IV
orbital term of Eq.~8!. It is expected that the contribution o
the IS orbital term is very small in the formalism discuss
in Sec. II A in which the odd particle is separated from t

l

in
TABLE IV. The BIS(M1) (m IS), BIV(M1) (m IV), RIS , andROC values for the corresponding states
23Na and23Mg. For the definition of these values, see text. The excitation energiesEx are given in units of
MeV. The values ofBIS(M1) (m IS) andBIV(M1) (m IV) are given in units ofmN

2 (mN).

Ex IS and IV terms RIS ROC
23Na 23Mg 2Jp BIS(M1) BIV(M1) 23Na 23Mg RMEC51.25

0.0 0.0 31 0.841a 1.377b 2.59 0.15 2.360.1
0.440 0.451 51 131024 0.5760.04 0.9760.07 1.0360.13 2.460.2
2.391 2.359 11 131028 0.001760.0003 1.060.2 1.060.2 0.01960.003c

aIS magnetic momentm IS .
bIV magnetic momentm IV .
cNot reliable, because of small IV spin term.
3-10
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M1 AND GAMOW-TELLER TRANSITIONS IN T51/2 . . . PHYSICAL REVIEW C 66, 044313 ~2002!
core-making collective rotation. The value ofg,
IS50.52gR

almost vanishes, since theg factor of the rotorgR is about
0.5 for N5Z nuclei.

3. Transitions caused bysÁ operator

By applyings6 , we get

s6uN nzLV&}d~V,L71/2!uN nzL V61&. ~39!

As expected,s6 cause transitions changing the asympto
quantum numberS, and thusV by one unit. It should be
noted that both,6 ands6 operators cause interband tran
tions. They, however, connect bands with different char
ters.

The IS spin term is expected to be much smaller than
IV spin term. The value ofgs

IS50.8802gR is almost 0.380,
which becomes even smaller when one introduces a re
tion factor for the proton and neutron sping factors. We use
the above formula~39! only for the IV spin term of Eq.~8!.

4. Intensity ratios for transitions

Let us consider theM1 transitions starting from the band
head state of a rotational bandK1 to the members of a rota
tional bandK2, assuming that the rotational perturbation
the intrinsic structure is negligible. Except for the caseK1
5K251/2, the M1 transition matrix element from a sta
uJ1K1& to a stateuJ2K2& is reduced by using the intrinsi
momentsM(1,n) @see Eq.~4-91! of Ref. @14## as

^J2K2uuM~1!uuJ15K1K1&

5A2J111~J1K11 K22K1uJ2K2!

3^K2uM~1,n5K22K1!uK1&, ~40!

whereJ2 can beJ1 or J161. We see thatB(M1) values are
proportional to the squared values of the CG coeffici
CRB5(J1K11 K22K1uJ2K2) and the intrinsic momen
M(1,n), where the latter value is independent ofJ1 andJ2
and only dependent on the intrinsic structure. Therefo
transition strengths from a state withJ1 to the states with
different J2 are proportional to the squared values ofCRB,
which are dependent on the value ofJ2.

If the transitions are of the type that were treated in S
VI A 2 or Sec. VI A 3, then the transitions are caused by
,6 or s6 operators. It should be noted that the relations
of Eq. ~40! is valid even if theM1 operatorM(1) is re-
placed by these operators. Since thes6 operator is common
to the GT operator, the proportionality toCRB

2 is also ex-
tended to the analogous GT transitions.

B. Interpretation of the experimental results

It is known that the low-lying states of23Na form rota-
tional bands based on Nilsson orbits mainly consisting of
protond5/2 wave function. The structure has been accoun
for in a particle-rotor calculation including the effects of pa
correlations@54#. By comparing the experimental data@31#
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and the results of the calculation, a level scheme shown
Fig. 4 is proposed. In the figure, those states whose an
states are observed in the present23Na(3He,t)23Mg reaction
are shown~see also Table III!. Each state is identified by its
excitation energy and 2Jp values. These are the states th
can be connected directly to the ground state of23Na byM1
transitions. It was suggested that the ground state have
most pure@2 1 1 3/2# nature with an amplitude of 0.99@54#.

In Ref. @54#, the particle-rotor Hamiltonian was diagona
ized, which contains a number of parameters such as
ments of inertia, single-particle energies, pair-correlation
rameters, and the reduction factor of the Coriolis for
Instead, in the present work, the data are analyzed in term
Nilsson orbits of the odd particle and the related rotatio
bands. This simplified analysis may be justified, since
analyze only rotational states close to the respective b
heads.

The values ofRISO, showing the combined IS plus orbita
contributions, and the transition strengthsBR(M1) are indi-
cated for each state in Fig. 4. We now try to understand th
values based on the characteristics of transitions in defor
nuclei. As we have seen in the preceding subsection, lar
different characteristics are expected depending on the
ferent combinations of the initial and final deformed band

1. The ground-state band

The transition from theJp53/21 ground state to the 0.44
MeV, 5/21 state is an intraband transition discussed in S
VI A 1, where the asymptotic quantum numbers@2 1 1 3/2#
are assigned for this band. Both, ands operators can con
tribute to the intraband transition. Since the major comp
nent of the@2 1 1 3/2# orbit is d5/2, a constructive interfer-
ence is expected between the, ands contributions for this
transition. A rather large experimentalRISO value of 2.3
(ROC52.4) suggests a relatively large orbital contribution
a result of the constructive interference. TheRIS values were
0.97 and 1.03 in23Na and 23Mg, respectively, which shows

FIG. 4. Proposed band structure for the low-lying positive-par
states of23Na based on the Nilsson-orbit classification@54#. Each
band is assigned by the combination of asymptotic quantum n
bers@NnzLV#. The ratioRISO ~for the ground stateROC) and the
BR(M1), which is proportional toB(M1)↑, are also indicated.
Each state is identified by the excitation energy~in MeV! and 2Jp

value.
3-11
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that the IS term is about 1.5% of the IV term in theM1
matrix elements. These values near unity confirm the sm
IS contributions, as expected from the smallgIS values in Eq.
~8!.

The ROC value of 2.3 obtained for the magnetic mome
of the ground state is also consistent with the construc
interference of, ands contributions. If the ground and 0.4
MeV states form an ideal rotational band, theb-decay
B(GT) values from the23Mg ground state to these states a
expected to be proportional to the squared values of the
coefficientsCRB in Eq. ~40!, as discussed in Sec. VI A 4
The CRB

2 values are (3/2 3/2 1 0u3/2 3/2)253/5 and
(3/2 3/2 1 0u5/2 3/2)252/5, respectively, for the transition
from a J153/2 state toJ253/2 and 5/2 states. Therefore
B(GT) ratio of 1.5 is expected. The experimental ratio of 1
calculated from Table I is in agreement, suggesting that
ground-state band is a good rotational band.

2. Transition to the [2 2 0 1Õ2] band

The 4.43 MeV,Jp51/21 and the 5.38 MeV, 5/21 states
are assigned to be members of the@2 2 0 1/2# band@54#. In
the transitions from the ground state to these states,
asymptotic quantum numberL decreases by one unit. A
discussed in Sec. VI A 2, the transitions are mainly cau
by the ,2 operator, and the contribution of thes is only
through the admixture of wave functions other th
@2 2 0 1/2#. TheRISO values are large for these transitions
seen in Fig. 4.

Under the assumption of the ideal rotational band w
K51/2, theM1 transition strengths from theJ153/2 ground
state to these states withJ251/2 and 5/2 are proportional t
CRB

2 @Eq. ~40!#. They are (3/2 3/2 121u1/2 1/2)250.5 and
(3/2 3/2 121u5/2 1/2)250.1, respectively. Therefore
strength ratio of 5 is expected. In the measured transitio
the ratio is 3.1 as calculated from theBR(M1) values of
these transitions shown in Fig. 4. It is suggested that
assumption of rotational band is good, but not ideal. T
particle-rotor calculation@54# suggests some admixture o
the @2 0 2 5/2# configuration to theJ55/2, 5.38 MeV state.

3. Transition to the [2 1 1 1Õ2] band

Starting from theJ53/2 ground state of the@2 1 1 3/2#
band, transitions to theJ51/2, 3/2, and 5/2 members of th
@2 1 1 1/2# band are allowed. They are assigned to the sta
at 2.39, 2.98, and 3.91 MeV, respectively@54#. Due to the
selectivity discussed in Sec. VI A 3, the transitions to the
states are caused only by thes2 operator under the assump
tion that asymptotic quantum numbers are valid. In additi
the transition strengths are expected to be proportiona
CRB

2 . They are 0.5, 0.4, and 0.1 for theJ2 values of 1/2, 3/2,
and 5/2, respectively.

For the transitions to theJ53/2, 2.98 MeV andJ55/2,
3.91 MeV states, theBR(M1) values are only slightly large
than theB(GT) values for the analogous transitions, and th
the obtainedRISO, assumingRMEC51.25, are nearly unity,
04431
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in agreement with the expectation that the transitions
caused mainly by thes2 operator.

The ratio ofBR(M1) values for the transitions to thes
states and also the ratio ofB(GT) values for the analogou
transitions are 3.3 and 3.5, respectively, as calculated f
Table III. They are similar to the value of 4 expected fro
the squared ratio of CG coefficientsCRB relevant to these
transitions.

The transition to theJ51/2 band-head state shows a ve
small BR(M1) value, and the particle-rotor model calcul
tion @54# fails to reproduce it. The correspondingB(GT) is
also small, but not as small asBR(M1). The obtainedRISO,
therefore, is very small. In a shell-model calculation@55#, it
is suggested that a 20% admixture of the@2 2 0 1/2# orbit to
the @2 1 1 1/2# wave function is needed to explain the we
transition strength.

4. Transition to the [2 0 2 5Õ2] band

The J55/2, 5.74 MeV state in23Na is assigned to the
band-head state of this rotational band@54#, and its analog
state is atEx55.66 MeV in 23Mg @31#. The M1 transition
from the ground state is the second strongest in the low-ly
region. Due to theDL51 nature, theM1 transition from the
ground state should be caused by the,1 operator. However,
the obtainedRISO value of 1.5 was not so large. It is sug
gested that some amount of contribution from thes operator
exists. TheB(GT) value to the analog 5.66 MeV state
23Mg is actually large in the present analysis of t
23Na(3He,t) reaction, but some ambiguity exists. Accordin
to the compilation of Endt@31#, the 5.691 MeV state in23Mg
is the analog state of 5.766 MeV, 3/21 state in 23Na. We,
however, could not resolve the 5.691 MeV state betwe
5.658 and 5.712 MeV states. As mentioned, peak decom
sition assuming the three states was not successful. Th
fore, it is still possible that theB(GT) value to the 5.66 MeV
state in23Mg decreases and theRISO value increases, but on
the basis of our finding, it is suggested that theJ55/2, 5.74
MeV state is not an ideal member of the@2 0 2 5/2# band. A
resolution better than 20 keV would be needed for the
reaction to make a definite statement.

VII. STATES OF ASTROPHYSICAL INTEREST

Because of its long half-life of 2.6 years,22Na is an im-
portant galacticg emitter (Eg51.275 MeV), where22Na is
produced in the ‘‘hot’’ hydrogen-burning Ne-Na cycle, e.g
in nova explosions@56#. Since the abundance of22Na criti-
cally depends on the rate of22Na(p,g)23Mg, the excitation
energies of ‘‘resonance states’’ in23Mg situated slightly
above the proton separation energy (Sp57579.561.3 keV
@57#! are significant parameters. These ‘‘resonance sta
and reaction rates have been studied in25Mg(p,t) @58#,
24Mg(p,d) @59#, and 22Na(3He,d) @60# reactions as well as
directly in 22Na(p,g) @61#.

Since those states are not necessarily connected to
ground state of23Na with L50 transitions, they are no
strongly populated in the small-angle spectrum shown in F
1. Some of them, however, are clearly observed in the sp
3-12
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M1 AND GAMOW-TELLER TRANSITIONS IN T51/2 . . . PHYSICAL REVIEW C 66, 044313 ~2002!
trum with a large angle cut (u up to 620 mrad, f up to
about640 mrad) as shown in Fig. 5.

Owing to the good energy resolution, accurate excitat
energies are determined for these states. They are liste
Table V and compared with the previous values. We see
the present excitation energies that are determined inde
dently are consistent with previous values.

VIII. SUMMARY

Assuming a mirror symmetry structure of the23Na-23Mg
nuclei, the strengths of analogousM1 and GT transitions
from the ground state of23Na were compared and examine
It is known that both nuclei are deformed, and their lo
lying states are interpreted in terms of Nilsson orbits. Vario
properties inherent in the transitions among different
formed bands were identified.

The GT transitions were studied in the23Na(3He,t)23Mg
reaction at the intermediate incident energy of 140 Me
nucleon. Owing to the 45 keV resolution, states up toEx
511 MeV of 23Mg were clearly separated. TheDE/E
51024 resolution achieved here is based on the succes
implementation of dispersion matching between the sp
trometer and the beam line, and also on the newly develo
method of making a thin ('2 mg/cm2) 23Na target.

TheB(GT) values in the (3He,t) reaction were calibrated
by using theB(GT) value derived from a GTb decay of
23Mg to the 0.440 MeV state in23Na, which is analogous to
the transition from the ground state of23Na to the 0.451
MeV state of 23Mg. Using the proportionality between th
cross sections and theB(GT) values in the 0°, (3He,t) re-
action at 140 MeV/nucleon, theB(GT) values are obtained
reliably for higher excited states. A DWBA calculation wa
used to correct for the excitation energy dependence of
cross section.

FIG. 5. The 6.5–8.5 MeV region of the23Na(3He,t) spectrum.
Many LÞ0 states are observed by analyzing events for almost
acceptance of the spectrometer. Excitation energies are give
units of MeV.
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The strengths of analogousM1 and GT transitions were
compared in terms of the deviation ofRISO from unity, which
mainly shows the contribution of the orbital part of theM1
operator. A large variety of values were observed for the ra
RISO depending on the nature of transitions characterized
different combinations of initial and final deformed bands.
was found thatRISO values were large for an intraband tra
sition and also for interband transitions in which th
asymptotic quantum numberL changes. On the other han
for interband transitions in which the asymptotic quantu
number S changes,RISO values of about unity were ob
served. The identification of one-particle orbits in deform
potential expressed in terms of asymptotic quantum numb
and the rotational bands formed on them was very useful
the interpretation of transition properties of low-lying stat
up to 5.7 MeV.

The high resolution of the spectrum allowed us to det
mine the level energies of excited states accurately even
weakly populated states. Excitation energies determined
the states above the proton threshold were in good agree
with those from other works. They play important roles
the ‘‘resonance states’’ in the22Na(p,g) reaction of the
‘‘hot’’ hydrogen-burning Ne-Na cycle. This demonstrates t
sensitivity that can be reached with the high resolution of
present (3He,t) experiment.
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TABLE V. Excitation energies for23Mg states above the proto
threshold. Excitation energies and their errors given in parenth
are shown in units of keV.

This work 25Mg(p,t) a 24Mg(p,d) b 22Na(3He,d) c 22Na(p,g) d

7780 ~6! 7782 7780~6! 7785 ~3!

7790 ~6! 7795 ~6! 7795 ~6!

7851 ~6! 7852 ~6! 7856 7853~4! 7855 ~3!

8016 ~6! 8014 8016~6!

8058 ~6! 8055 8058~7!

8076 ~15! 8076 ~8! 8072 8076~8!

8168 ~4! 8165 ~3!

aFrom Ref.@58#.
bFrom Ref.@59#.
cFrom Ref.@60#.
dFrom Ref.@61#.
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