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M1 and Gamow-Teller transitions in T=1/2 nuclei Na and Mg
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The magnetic dipoleNl 1) operator consists not only of the usually dominant isovetor spin (o7) term,
but also of IV orbital (7), isoscalar(lS) spin (o), and IS orbital(l) terms. On the other hand, the Gamow-
Teller (GT) operator contains only ther term. Under the assumption that isospin is a good quantum number,
isobaric analog structure is expected in a paif f1/2 mirror nuclei, and thus analogous transitions are found.
For theM1 transitions in thel=1/2 mirror nuclei pair**Na-**Mg, the contributions of these various terms
have been studied by comparing the strengths of the analogdusy transitions and the GT transitions
deduced from high-resolutioffNa(®*He,t)?®Mg charge-exchange measurements. In sbivetransitions, un-
usually large orbital contributions were observed even for strong transitions, while in some others, almost no
orbital contribution was found. It is known th&fNa and Mg are deformed. The large difference of the
orbital contributions is explained based on the different selection rulek dod ¢ operators in transitions
connecting different deformed bands. Precise excitation energies are determined for the states above the proton
separation energy if®Mg. These states are of astrophysical interest because of their important role played in
the ?>Na(p, y)?®Mg reaction of the Ne-Na cycle in nucleosynthesis.
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[. INTRODUCTION stable due to Coulomb energy. They undeggd decay to
excited states of th&,=1/2 mirror partner mainly through
The magnetic dipoleNl 1) operator forM 1 +y transitions ~ GT transitions. The GT transition strengtB¢GT) are ob-
and the Gamow-Telle(GT) operator for GT3 decays are tained from decay studies, but the accessible range of exci-
similar in that they have the same major component, i.e., théation energy E,) is limited by theQ value.
isovector(IV) spin (o 7) term, although transitions originate ~ TheseB™ decays are analogous to the transitions studied
from the electromagnetic and weak interactions, respectivelin the (p,n)-type charge-exchangéCE) reactions onT,
[1-3]. The difference between them is that the electromag= 1/2 target nuclei. In CE reactions, likg,0) or (He t), at
neticM 1 operator contains not only ther term, but also IV intermediate energies>100 MeV/nucleon), it has been
orbital (I 7), isoscalar(IS) spin (o), and IS orbitall) terms.  found that the 0° cross sections are proportional to the
Assuming that isospifT is a good quantum number, iso- B(GT) values fromB-decay studie§5,6]. Therefore, CE re-
spin multiplet states are found in nuclei with the same masactions have been used extensively to map the GT strengths
numberA but different isospinz-component defined bf¥f, over a wide excitation-energy range overcoming the
=(N—2)/2. If charge symmetry of the nuclear interaction is “ Q-value limitation” of 8 decayg7].
assumed, then for every state in one of the isodpinl/2, The most direct information oB(M 1) values is obtained
odd-A mirror nuclei, an analog state with almost identical from M1 y decays. Thed,e’) reactions at backward angles
structure should be found at the corresponding excitation erare also important in studyinB(M1) values for the highly
ergy in the partner nucleus. Because of the identical nature afxcited states.
the analog states, th 1 and GT transitions from the ground ~ Contributions from spin and orbital terms M1 transi-
states to a pair of analog states can be directly compared tions were first studied for thaT=1, IV M1 transitions
terms of matrix elements. The similarity and/or difference ofstarting from the ground state =0 even-even target nu-
strengths of these analogol#l and GT transitions will clei, in which no IS contribution is expected. The contribu-
show the microscopic nature of thel1l transitions[4], tions were studied for thé®S target by comparingp(n) and
namely, (1) the IS and IV contributions, an(?) the orbital  (e,e’) reactions8] and for 2Si and “Mg targets by com-
and spin contributions in individua¥l 1 transitions. paring GHe t) and (,e’) reactiong9—11]. Since the ground
In the sd-shell region most of thel,=1/2 nuclei are state of mirror nuclei ard=1/2, the IS term can also con-
stable, while the ground states ®§= —1/2 nuclei are un- tribute toT=1/2—1/2 M1 transitions.
For the study of these contributions, a transition-by-
transition comparison of strengths from electromagnetic
*Email address: fujita@rcnp.osaka-u.ac.jp measurements and CE reactions is essential. In order to make
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a reliable comparison, a good energy resolution is requireéharged bodygr~Z/A is expected 14]. The total angular
especially in CE reactions. The advantage of tAee(t) momentum is denoted by, and the angular momentum and
reaction is the possibility of achieving high resolution of spin of the odd particle by ands, respectively, where the
around 50 keV even at intermediate incident energies by ugelationship

ing a magnetic spectrometer for the analysis of outgoing tri-

tons[12]. The combined IS and orbital contributions were J=R+{+s (3
studied for the?’Al-27Si mirror nuclei[13] by comparing
B(M1) values from a study ofy decay in ?’Al with the
B(GT) values from a good-resolutioff/Al(*He,t) reaction.

In addition, the IS and orbital contributions were separate
by further usingB(M 1) information on the mirrory decays

holds. Sincel is a good quantum number, only the last two
terms in Eq.(2) contribute to theM 1 transitions. By intro-
éiucing the isospin operator, whogecomponentr, is +1
and — 1 for a neutron and proton, respectively, we get

in 2’Si[4]. 1 1
In this paper, we compare the analogous transitions in the (g,—ggr){,= (E(g%L gg)—gR) — E(gg—g{?) 7€
pair of mirror nuclei®Na and>Mg. It is well known that @

the nuclei in theA=23 region are strongly deformed. The
interest is to unveil the microscopic structure of eddi :(glls_ g.'VTZ)(f (5)
transition in deformed nuclei, i.e., to see how the deforma- we
tion affects the IS/IV and orbital/spin contributions in vari- gnd
ousM1 transitions. Using the-decay data irf*Na, B(M 1)

values of the transitions to the ground state are calculated for

1 1
the states up to the proton separation energy. In addition, (9¢—9r)S,= (E(gg+g;)—gR)—§(g§—g;)rz Su
B(M1) values are calculated for a few excited states in (6)
ZMg. The B(GT) values are obtained by using the
2Na(He t)*Mg reaction performed at 0°. Contributions of = (95— 9 7)s,, 7)

IS and IV terms as well as spin and orbital termshii

transitions are studied by comparing téM 1) values with ~ Where the IS and IV combinations gffactors are expressed

those of theB(GT) values from analogous transitions. by the coefficientsy'® andg"'. Using the bare orbital and
Owing to the high resolution achieved in the presentspin g factors of protons and neutrons, i.g;=1 andgy

work, level energies of excited states were accurately deter=0, andg”="5.586 andg’= —3.826, we geg})=0.5-gg

mined. The states just above the proton threshold®™g  and g'*=0.880-gg, andg)’ =0.5 andg'’ =4.706, respec-

are of astrophysical interest. The obtained excitation energiasvely.

of these states are compared with previous works. By using the relationship,=(1/2)s, and 7,= 7,, and
applying the Wigner-Eckart theorem in the spin and isospin
Il. M1 AND GT TRANSITIONS IN DEFORMED MIRROR spaces, the reducell1 transition strengttB(M1) is ex-
NUCLEI pressed as
We summarize the characteristics of analoghs and (s o1
GT transitions in oddA mirror nuclei referring to the formal- B(M1)= 2351 aaMN (gg Mw1(€)+ s oM M1(0)>
ism given in Refs[4] and[13]. In odd-A deformed nuclei, :
we separate the degree of freedom of the odd particle from C 1 2
that of the core, which makes collective rotation. M [ gVM () +gV =M (m.))
2T 41 9¢ Mm1 9s 5 Mwm1
A. AnalogousM 1 and GT transitions )
The M1 operator in the particle-rotor model is given by 2
[see Eq(4A-11) of Ref. [14]] _ 1 iMz IS _ M1 ©
\/? 2);+1 477N ML V2T +1 M1
M=\ 77 #NGRRL TGt 0eS,) @ whereC,,; expresses the isospin Clebsch-Gord&e) co-

efficient (T;T,,10/T;T,;), whereT,;=T,; holds. The matrix

3 elements are My .(1)={(J;T¢|[|€][|J;T;) and My.(0o)
=\ 27 ANlOrIut (9= GRIE,t (95— RIS, =(JTilol|3T)) for the IS part, and My,(I7)
2) =Tl [€4]3T;) andMy (o) = (IfTll|lo#]|3;T;) for the
IV part. Owing to the large value of the coeffici , the
wherey, is the nuclear magneton apd=—1, 0, and+1. IV spin term, i.e., (1/2yL' My, (o7), is usually the largest

The angular momentum and the gyromagnetic faciofac-  [1,2]. The IS termM,3; is usually much smaller than the IV

tor) of the rotor(core are expressed b andgg, while the  term M',){l. The IS term can interfere destructively or con-
orbital and spirg factors of the particle are representedgyy  structively with the IV term. In addition, the IV orbital term

and gg, respectively. Assuming a uniform rotation of a can interfere with the IV spin term.

044313-2



M1 AND GAMOW-TELLER TRANSITIONS INT=1/2 . ..

A GT transition is caused by ther operator. The one-
body operator for GT transitions is

1
g.=ot.=F— o071+ 10
=+ + + \/E +1 ( )
Its reduced strength in isospin is given i}
B(GT)= —— Cor M 2 11
( )_ZJi+1§2Tf—+l[ cr(o7)]%, (11)

where Cg expresses the isospin CG coefficient; ;1
+1|TT,p), andT,=T,;=1. The matrix elemeni (o 7)
denotes thélV spin type GT transition matrix element, just
like the o7 matrix element in theM1 transition. The mag-
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Our aim is to compare thel 1 and GT transition strengths
for the analogous transitions. From Ed.4), we find that
renormalizedB(M1) values defined by

~B(M1) for T;=1/2 (15)
SR 1) 2.644.7
B(M1)

for T;=3/2 (16)

2X2.644u%

can be compared directly with the valuesB(fGT).

B. IS and orbital contributions to M1 transitions

In order to examine the interference of IS and IV orbital

nitude, however, is slightly different, as explained in the next:€mMs with the IV spin term in aM1 transition, we define

paragraph.
It is known that thes 7 terms of theM 1 operator and GT

operator are both reduced. The reduction is partly attributed

to the core polarizatiopl4] and partly to the so-called me-
son exchange currenf®EC). The core polarization modi-

the following ratio, taking effects of the ME[Eq. (12)] into
consideratiorj 13]:
1 BR(M1)

RusozmEC BG 17

fies the initial and final wave functions, and thus the effect on

the analogous$M 1 and GT would be the same in tiN=2Z

case. On the other hand, the MEC effect can be differen

because thé11 operator hasy nature, while the GT opera-
tor hasr.. nature. The different contributions of the MEC to

the M1 and GT operators have been studied theoreticall

[15,16 and experimentall\f9,10,13,17—-1P These effects
are expressed by the ratio

RMEC:[MMl(UT)]z/[MGT(UT)]Z-

The most probable valuBycc=1.25 is deduced for nuclei
in the middle ofsd shell[4].

12

By comparing Eq(8) and Eq.(11), it is seen thaR,go>1
usually shows that the IS term and/or the IV orbital term
fake a constructive contribution to the IV spin term, while
Riso<1 shows a destructive contribution. As discussed in
Ref.[4] and as will be discussed later, the contribution of the
¥S term is minor. Therefore, it is expected that the deviation
of Riso from unity mainly shows a contribution of the IV
orbital term in eactM1 transition.

Under the assumption that the IS term is small, IS and IV
contributions can be separatedB{M 1) values are known
for a pair of analogous transitions = =+ 1/2 mirror nuclei.
In these transitions, the isospin CG coefficiefltg,; have

Under the assumption that isospin is a good quantun®PPOsite signs, and E¢9) can be rewritten as

number, a very similar structure is expected for the analo
states in a pair of ,= = 1/2 mirror nuclei. Therefore almost
the sameB(GT) values are expected for the mirror GT tran-
sitions that can be studied in tigedecay and the CE reaction
starting from the ground states ®f=—1/2 and+1/2 nu-

g 2

3 |Cwal
_ ) IS — v
B(M1). —2Ji+1 471_IU’N Myi1+- 2T+ 1 M1

(18

clei, respectively. In the comparison of the GT transitionsfor the transitions inT,= = (1/2) nuclei. Thereford8,5(M1)

with the analogoudM 1 transitions, a simple relationship is
obtained for the transition strengths if ther term is domi-
nant in theM1 transition. From the comparison of E@®)
and Eq.(11), the “quasiproportionality” betweeB(GT) and
B(M1) is expressed as

3 c2,
B(M1)~ &—(05)%ut - RuecB(GT) (13
m Car
Cins
= 2.644uﬁc—2 RuecB(GT). (14)

GT

For a transition from ar;=1/2 state to ar;=1/2 state in
mirror nuclei, the ratio of squared CG coefficients is 1/2,
while the ratio is 2 when the transition is fromTa=1/2
state to al{= 3/2 state.

andBy,(M1), which are defined by

1 2rng1S 72
BIS(Ml):—ZJi+1 EIU’N[MMl] (19
and
1 3 c?
_ 22 M1 IV 12
BIV(Ml) 2J|+1 47T/"LN2Tf+1[MMl] ’ (20)

respectively, are separately obtained by solving the pair of
Egs. (18) as simultaneous equations. TBg,(M1) is ex-
pressed by using thB(M1).. values

Biy(M1)=3[VB(M1), +B(M1)_J?, (21)

while theB,g(M1) is given by

044313-3



Y. FUJITA et al. PHYSICAL REVIEW C 66, 044313 (2002

Bis(M1)=%[VB(M1),—B(M1)_]% (22)  The ratioRoc can also be defined for the magnetic moments.
As discussed in Ref4], the ratio corresponding to EqR4)
By defining the ratio is given by

Ree ML) 23 _ 12041 G ufy
® By(M1)’ % Ruec 3(gY)2u3, €3, BIGT)'

S

(30

the contribution of the IS term can be examined. If the IS
contr!punon IS constrqctlive(destrucnve n a speqﬁch magnetic moments of ground states, where the ratio
transition, then the ratio is largésmalle) than unity. C2 /C2.is 1/2

Once IS and IV terms are separated, the orbital contribu-"M1' ~GT :
tion to the IV term is evaluated in a similar way as the

We use the above formula®9) and (30) for the pair of

combined IS and orbital contribution was evaluated by the lll. EXPERIMENT

ratio Riso. ReplagingBR(M 1) in Eq. (17) by BR(M1), At intermediate energies=100 MeV/nucleon) and at
which is defined similarly t@~(M1) in Eq.(15) or Eq.(16),  forward angles including 0°, GT states become prominent in
we introduce the ratio (®Hejt) reactions, because of their=0 nature and the

dominance of therr part of the effective nuclear interaction
(24) [20,21). In order to study the transitions to the GT states

in Mg, a *Na(®He,t) experiment was performed at the
o o Research Center for Nuclear Physi&CNP), Osaka by us-
The ratio is usually largetsmalley than unity if the IV or- ing a 140 MeV/nucleorfHe beam from th& =400, RCNP

bital contribution is constructivedestructive to the IV spin Ring Cyclotron and the Grand Raiden spectromdgg]
term in the IV part of a specifitM 1 transition. placed at 0°.

A similar argument is possible for the magnetic moments e target was a thin foil of N&€O; using polyvinyl
of the analogous states =+ 1/2 nuclei(for details, see  gicohol as supporting materig3]. The total thickness of the
Ref.[4]). The magnetic moment of a state with spid and (5146t was approximately 2 mg/@niThe target is effectively
isospinT is defined by a mixture of 2Na, carbon isotopes’C and *3C (natural
_ abundance 98.9% and 1.1%, respectiyeind oxygen iso-
p=(ITHML)]IITT,). (25 topes %0 and 80 (natural abundance 99.8% and 0.2%, re-
By applying the Wigner-Eckart theorem in the spin and isos-Spectively. After the (Het) charge-exchange reactions,
pin space, we get these nuclei becomé&Mg, N, N, °F, and *®F. The
reaction Q values of them are—4.08-17.36;-2.24,

o 1 BR(M1)
¢ Ryec B(GT) °

3 NA] WS Cw1 MY 26 —.15.44, and—1.67 MeV, respegtively. Owing to the large
M O+ 120+ 1) Hn| Mima 2T+l M1 | difference ofQ values, the low-lying states iF°Mg are ob-

served without being affected by the strongly excited states

in 12 16 H 13 1 H
where the IS and IV matrix elements are the same as those Il ~ N and °F. S'ncf%th@ values of °C and**0 nucle?‘\rle
Eq. (9), except that the initial and final states are the same?malllger than that o Naé ground and excited states
The CG coefficient iy, = (TT,10TT,). Again it has op- and '8 may disturb the®Mg spectrum. The identification of
posite sign in the magnetic momengs. of the T,=*+1/2 these states and the states?d1g was possible due to the

nuclei. high resolution of this experiment as will be described below.
The IS and IV moments defined ys= 2 (u + #_) and The outgoing tritons within the full acceptance of the
=1 _ i S loter " spectrometef ~ + 20 mrad and~ =40 mrad in horizontal
my=735(my—pm_), respectively, can be related to the IS and - i ;
IV M1 matrix elements (x) and vertical(y) directions, respectivelywere momentum
analyzed and detected at the focal plane with a multiwire
JJ < drift-chamber system allowing track reconstructji@4]. The
=M (27 acceptance of the spectrometer was subdivided in the soft-
Mis (J+1)(2J+1)MN M1 p p

ware analysis by using raytrace information.
A resolution far better than the momentum spread of the

and beam was realized by applying tdespersion matchingech-
NAl ~ICui] nigue[25]. Using the new high-resolution “WS” courde6]
wy = un M1 MY, . (2g)  for the beam transportation and the “faint beam method” to
VA+1)(23+1)" " V2T+1 diagnose the matching conditiof®7,2g, an energy resolu-

_ ) o tion of 45 keV[full width at half maximum(FWHM)] was
The constructive or destructive contributions of the ISgchieved. With the improvement of resolution, states of
term of the magnetic moments are expressed by introducingvig up to E,=11 MeV were clearly resolved as shown in

the ratio Fig. 1.
2 In accurately determining the scattering an@lenear 0°,
Rlsz(i) ) (29)  scattering angles in both thedirection (¢) andy direction
Hiv (@) should be measured equally well, whé¥ds defined by
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2 1000 e : : In order to identify the states originating from carbon and
9 EN&(O ':Ae’\z Mg 008; g | oxygen isotopes, a spectrum of a Mylar target was measured
£ 8007 [E=140 MeVinucieon, 6=07a: + S|[  under the same condition as for the 88, target. From a
S 500- P = 4l comparison of both spectra, it was found that the peak at
ilg £ g |5 2 & Z ¥ E,~1.7 MeV in Fig. 1 was the 3.50 MeV state 6N, and
4004 |° I L A o1l the peak at=10.1 MeV was partly the*N, 11.74 MeV state
gl 8| R B2 2 [30]. It was also found that the small tail in the right side of
200§ R O I T“’ © @2 | il the 6.91 MeV state was the 8.92 MeV state 'ON. The
Jk k k k LL ‘ JU_ { peaks aE,~11.4 MeV and 11.8 MeV were identified as the
0 3 ;) é" ! " - ground and the 0.42 MeV states 1. The ** ground state

BEX in 2Mg (MeV) (J™=1%) was also observed, but it is outside the energy
range of the spectrum due to the sm@llvalue of the reac-
FIG. 1. The®Na(He,t) spectrum measured at 0° by using a tion.
thin N&,CO, target. A high resolution of 45 keV has been achieved.  An accurateE, value with an error of less than 1 keV is
The states listed in Table | are indicated by their excitation energieknown for the 0.451 MeV state O?3Mg [31], but errors
The 3.50 MeV state in®N is also indicated. For other details, see given for h|gher excited states are |argeee Table )|_ The
text. E, values of other excited states observed here were deter-
mined with the help of kinematic calculations. Known states
J6%+ ¢%. Good 6 resolution was achieved by applying the of **N [32] and °F [33], which were observed in the spec-
angular dispersion matchintechniqud 25], while that of¢  trum of Mylar target, and the®Al states, which were ob-
by realizing the “overfocus mode” in the spectromef@8].  served in the?®Mg(3He,t)?°Al spectrum taken under the
The “0° spectrum” in Fig. 1 shows events for the scatteringsame condition as for the MaO; target, were used as cali-
angles®=0.8°. bration standard. Owing to the sm&lvalue of the ¢He t)

TABLE I. The GT transition strengthB(GT) from 2Mg— 2*Na 8 decay and*Na(®He,t)?*Mg reaction.
Mirror symmetry of transition strengths is assumed in deriving the latter from the former. For details of the
derivation, see text. Excitation energies are given in units of MeV, and their errors are given in units of keV
in parentheses.

States in”Na States i"Mg
B decay EHet)

E,° 2370 B(GT)® E,° 2J7° E, B(GT)

0.0 3" 0.190+0.004 0.0 3 0.0 (0.34G-0.014)°

0.440 5 0.146+0.006° 0.451 5 0.451 0.1460.006¢

2.391 1 0.043+0.006 2.35®2) 1t 2.3603) 0.055+0.004
2.9083) (3,5)* 2.9063) 0.193+0.011
3.8644) (3,5)* 3.86Q3) 0.055+0.004
4.3544) 1+ 4.3573) 0.250+0.013
5.2814) (3,5)* 5.291(3) 0.066+0.005
5.65606) 5F 5.6584) 0.270+0.017¢
5.6916) (1-9)*
5.7116) (1-9)* 5.7128) 0.061:+0.009°
6.1255) (1-11) 6.1383)
6.5385) (1-9)* 6.5503) 0.116+0.007
6.8105) 6.8183) 0.028+0.003
6.8994) 5F 6.9113) 0.057+-0.004
8.1662) 5F 8.1684) 0.290+0.015
8.4554) (3-13)" 8.45215) 0.039+0.003
[0.1386)]  (3-13) 9.1596) 0.069* 0.005
[9.4686)]  (1-9)" 9.5026) 0.055+0.004

10.29Q7) 0.046+0.004
11.1328) 0.062+0.005

3Present work.

From Ref.[31].

‘Including Fermi-transition strength. See text for details.
dB(GT) value used for the calibration ofHe,t) values.
Close doublet states.
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reaction on*3C and the larg&) value on'®0, all E, values B. B(GT) evaluation from (°He,t) data
of 2%Mg states were determined by interpolation. In addition, |t is known that at 0° the CE cross section for a GT
since theQ value of the fHet) reaction on**Mg (Q transition is approximately proportional B(GT) [5,6,37,
=—4.02 MeV) is similar to that on ZNa (Q
=—4.08 MeV) and accurat&, values of Al states are doce .
known up toE,=7.8 MeV, E, values of states up to 8 MeV W(O )=KN,:|J,,(0)]*B(GT), (32)
in 2°Mg were determined especially with good accuracy. The ) ) o
excitation energies from Ref31] and those determined in WhereJ,,(0) is the volume integral of the effective interac-
the present work are listed in columns 4 and 6 of Table Ition V,. at momentum transfeq=0, K is the kinematic
respectively. factor,N,,, is a distortion factor. In{He t) reactions, it was
The intensities of individual peaks were obtained by ap.ShOWn that the proportionality was valid for the transitions
p|y|ng a peak-decomposition program using the Shape of théllth B(GT)?OO‘]- from the StUdy of analogous transitions in
well separated peak at 4.357 MeV. The 5.658 and 5.712 Me\A=27, T=1/2 mirror nuclei*’Al and *'Si [13].
states were observed as an unresolved doublet, where thelt is known that the produdKN,. in Eg. (32) gradually
latter is observed as a shoulder. Since a 5.691 MeV state witthanges as a function of excitation enef§y. To estimate
J™=(1-9)" is listed in Ref.[31], a peak decomposition this effect, a distorted-wave Born approximatiGBWBA)
including this peak was also applied. The result, howevergalculation was performed by using the canlgs1 [38] and
showed that the observed peak shape was well reproduced Bgsuming a simplés,— ds, transition for the excited GT
the two peaks at 5.658 and 5.712 MeV. states. As optical potential parameters, those determined for
Owing to theangular dispersion matchingnd also to the  *®Si at an incident®He energy of 150 MeV/nucleof89]
overfocus mode of the spectrometer setting, it is estimatewere used. For the outgoing triton channel, by following the
that an angle resolution of better than 8 mrad was achievedrguments given in Ref40], the well depths were multi-
[29]. In order to identify theL=0 nature of states, relative plied by a factor of 0.85 without changing the geometrical
intensities of peaks were examined for the spectra with th@arameters of the optical potential. For the effective
angle cuts ®=0°-0.5°, 0.5°-1.0°, 1.0°-1.5°, and projectile-target interaction of the compositéle particle,
1.5°-2.0°. It was found that all states, except the 6.138 Me\the form derived by Schaeff¢#1] through a folding proce-
state, listed in Table | showed a similar relative decrease ofiure was used. Since the interaction strengths at 140 MeV/
their Strengths with increasir@_ We judge that transitions nucleon are not well studied, we tentatively used the value
to all of these states, except that to the 6.138 MeV state, aré,,= —2.1 MeV. The rangeR=1.415 fm was derived by
of L=0 nature. an extrapolation of the value that worked well at 67 MeV/
According to Ref[31], a state having a similar excitation nucleon[42]. The calculated 0° cross section decreased by
energy with the 6.138 MeV state is at 6.125 MeV. Possibleabout 11% as, increased up to 10 MeV. The result was
spin values 2=1-11 and negative parity are assigned toused to correct the peak intensity of each state.

this state. Clear observation at 0° suggests that the 6.138 In order to obtainB(GT) values by using Eq(32), a
MeV state is populated with smdll transfer. standardB(GT) value is needed. As a standard, we used the

B(GT) value of 0.146 obtained in thg decay from the
Mg ground state to the 0.440 MeV state ©Na. Due to

IV. DATA ANALYSIS isospin symmetry of mirror nuclei, it is expected that the
) B(GT) values of mirror transitions are the same. We as-
A. B(GT) evaluation from f-decay data sumed that the transition to the 0.451 MeV staté¥g has

The Mg nucleus has aQgc value of 4.0583 this B(GT) value in the?*Na(®He,t) reaction. TheB(GT)
+0.0013 MeV. Using the half-life of 11.3170.011 s and values for other excited states were calculated by using the
branching ratios to the ground state and two excited states @iroportionality [Eq. (32)] from their peak intensities after
23Na compiled in Ref[31], the partial half-lives were cal-  excitation-energy correction was made. The resulB(GT)
culated. TheB(GT) values were obtained by using the rela- values are listed in column 7 of Table | and shown in Fig.

tionship[34] 2(a) as a function of excitation energy.
) As mentioned in the preceding subsection, both GT and
9a 6145+4 Fermi transitions contribute incoherently in the transition be-
B(F)(1=dc)+ a B(GT)= f(1+6x)t" (D) tween ground states. Since we cannot get the peak intensity

for the Fermi transition corresponding B{F)=1 from the

data available in the present analysis, the maxinB(GT)
Thef values including the radiative correction{Xr) were  value assuming only the GT transition is tentatively given in
calculated using the tables of Wilkinson and Macef{&H]. Table | for this transition.
The B(GT) values calculated by using the ratiga(gy) TheB(GT) values were previously evaluated for the tran-
=1.266+0.004[34,34 are listed in column 3 of Table I. For sitions to two low-lying states in ap(n) reaction atE,
the ground state transition, both GT and Fermi transitions=160 MeV [43]. The values were 0.153 and 0.062 for the
contribute. TheB(GT) value for this transition was calcu- 0.45 and 2.36 MeV states, respectively. In deriving these
lated assuming the reduced Fermi transition strermgfth) values, the authors assumed a universal unit cross section
=1 and the Coulomb correction term {15c) = 0.997. averaged over various nuclei. If these values are normalized
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L s TheB(M1)| values were obtained only for the two low-
9 1 (a) B(GT) Distribution in Mg [ lying states in®*Mg. For the 2.359 MeV state, only the life-
041 from (*He,t) i time 7,, is known. Therefore the same branching rdtipas
02] [ for the analog stat€2.391 MeV statgin *Na andé=0 are

] [ X L { assumed.
0’ I T T T ]1{ N I o I O N In order to determine th8(M 1)1 values that would be
0 2 4 6 8

12 obtained in an é,e’)-type transition from the ground state
with the spin valuel, to the jth excited state with the spin
valueJ;, theB(M1)] values fromy decays are modified by

10
E, in Mg (MeV)

1 1 1

S | (b) BY(M1) Distribution in *Na [ the 2J+1 factors of thejth state and the ground state as
€ 0.8 from y-decay -
06! : BIMD) 1= 22 Tp(M1 34
0.4 - ,
] TheB(M1)7 values for the excited states 6iNa and?Mg
0.2] L are given in columns 4 and 6 of Table Il, respectively. For
] [ [ ﬂ 1 [ I the ground states of these nuclei, the values of magnetic
0 —t ; S I momentu from Ref. [46] and Ref.[47], respectively, are
0 2 4 6 8 10 12 listed
E, in **Na (MeV) :
FIG. 2. Comparison oB(GT) andBR(M1) strength distribu- V. ANALOG STATES AND R VALUES
tions. (@) B(GT) strength distribution from the present ] )
23Na(®He t)?Mg reaction. (b) BR(M1) strength distribution de- In order to compare éhB(M 1)1 values directly with the
duced from they-decay data. For the definition &(M1), see B(GT) values, we us87(M1) values defined by Eq$15)
text. and (16), respectively, forT=1/2 and 3/2 states. The

BR(M1) values for theM 1 transitions in®*Na are listed in
by the above-mentioned-decayB(GT) value that we used, column 3 of Table Ill and shown in Fig.(B).

then the B(GT) values would become 0.146 and 0.059, Analog states infy=1/2 mirror nuclei should have simi-

which are in agreement with our values of 0.146 and 0.055&" and corresponding excitation energies. In addition, both
respectively. M1 and GT transitions excite on7=1/2",3/2", and 5/2

states in the transitions from tli€=3/2" ground state. By
comparing theB(GT) andBR(M1) distributions shown in
Figs. 4a) and 2b), respectively, corresponding®™g and
States with"=1/2",3/2", and 5/Z can decay directly 23\ states can be identified beldy=6 MeV. The corre-
to the 3/2° ground state byM1 transitions. TheM1  gpondence, however, is not clear ab&e=6 MeV. In Ref.
y-transition strengtiB(M 1)/ (in units of &) from an ex-  [31], analog states im=23 nuclei are compiled up t&,
cited state to the ground state ®Na is calculated using the —=g.6 MeV. Based on this compilation and the correspon-
measured lifetimémean lifg 7, (in units of seconl y-ray  dence of states seen in Fig. 2, pairs of analog staté&Na
branching ratiob,, (in %) to the ground statez2 andM1  and Mg are listed in the same row in Table Iil. Although
mixing ratio &, and they-ray energyE, (in MeV). The  GT states were clearly observed even abBye 8.8 MeV in

C. M1 y-transition strength in °Na and Mg

relationship among them is givesee, e.g., Ref3]) by 23Mg, the knowledge of an analogous relationship could not
be extended to the region above 6 MeV. This is mainly due to
B(M1)| = 1 & 1 . (33) insufficient y-decay data, especially due to uncertafnval-

ues of higher excited states. In fact, in a similar comparison
for the mirror pair?’Al-2Si, a good correspondence of states
It is expected that the-decay data are less reliable abovewas observed up to th§, value[13].
the proton separation ener@==8.79 MeV in *Na. There- There is a tendency that a state Mg is found at a
fore, theB(M1)| values were calculated up teS, region  lower excitation energy than the analog state’iNa. The
for all states that possibly have those thi¥e values by difference of excitation energiesE, , shown in column 5 of
using data compiled in Ref31] and the data from Refs. Table lll, gradually increases with, .
[44,45. The B(M1)| distribution, however, was far from From the comparison of Figs(@ and Zb) and also from
being complete, because either lifetime and/or branching rahe values listed in Table Ill, it is seen that tB&(M1)
tio were often missing for many states abdég=6 MeV. values of>>Na states are much larger thBGGT) values of
Data of mixing ratioss are not available for the states at the analog states if®Mg for stronger transitions. On the
E,=2.391,4.430, and 5.766 MeV and for all states above bther hand, for the 2.391-2.360 MeV pair, where both
MeV in ?>Na. For these state§=0, i.e., pureM1 transi- BR(M1) andB(GT) values are relatively smalBX(M1) is
tions without mixing ofE2, were assumed. ThB(M1)] smaller. SimilaBR(M 1) andB(GT) values are observed for
values for these transitions should be considered uppedhe 2.982-2.906 MeV and 3.914-3.860 MeV pairs. As we
bounds. discussed in Sec. Il BR(M1) andB(GT) values should be

Tm E3 1001+ 52 1.76x 10"
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TABLE II. States in®®Na and?*Mg, and the deduceM 1 transition strengthB(M1)7 from the ground
state to them. TheB(M1)] values were calculated from thg-decay data compiled in Ref31]. The
excitation energies are given in units of MeV. TBéM 1)1 values are given in units qfe,%,. The isospin
valueT=1/2 is assumed unlessl'2 3 is specified.

States in ®Na States in 2*Mg

E.? 2J72 272 B(M1)1 E.? B(M1)1
0.0 3" 2.218° 0.0 —0.536¢
0.440 5° 0.554+0.034 0.451 0.591+0.064
2.391 1 0.0017+0.0003 ¢ 2.359 0.00170.0004 ¢
2.982 3" 0.292+0.041
3914 5° 0.090+0.015
4.430 1 1.02+0.074
5.379 5F 0.33+0.12
5.742 5° 0.66+0.04
5.766 3" 0.25+0.04¢
7.071 (3-71) 0.269+0.024 ¢
7.122 (1-71) 0.019+0.007 ¢
7.133 (35" 0.21+0.05 4°

{ 0.31=0.07 %
7.566 (5,79 0.14+0.12¢
7.891 5° 3 0.130=0.009 ¢
7.991 (1-7%) 1.16=0.484
8.360 37-7H 0.29+0.13¢
8.631 (357,79 0.015+0.004 ¢
8.646 (1-71) 0.079+0.025 4
8.664 1 (3) 0.054+0.011¢
8.721 (1-71) 0.020+0.004 ¢
8.830 1 0.050+0.0224

3 rom Ref.[31].

bMagnetic momenj from Ref.[46].

‘Magnetic momenj from Ref.[47].

dMaximum B(M1) value, because mixing ratié=0 is assumed.
€2J=3 is assumed.

f2J=5 is assumed.

similar under the assumption that tleer term in theM1  average strength, it is expected that the IV spin term be-
transition is dominant. In fact the similarity was observed forcomes larger than the other terms and tRat has a value
the transitions withB(M1)7>0.1 for the mirror pair close to unity{1,13]. Obviously, this is not the case for some
27Al-27Si [13]. In addition, we notice thaBR(M1) valuesin M1 transitions in>Na.
23Na evaluated here are on average nearly one order of mag- Since B(M1) values of transitions to the ground state
nitude larger than those iA’Al. could be calculated only for two low-lying states fiMg
The enhancement of eadll transition compared to the from the compilation of Ref[31], the R;s and Ry values,
corresponding GT transition becomes clearer by looking atvhich are calculated by using E3) and Eq.(24), respec-
the ratiosR;so. By using Eq.(17), the Riso values were tively, are given only for these two pairs of states in Table
calculated fromB?(M1) andB(GT) values. Those values V. The R,s andRyc values can also be derived for the pair
assumingRyec=1.25 are given in column 8 of Table Ill. of ground states using the values of magnetic momeants
The R values are also shown as a functionBffM 1)1 in listed in Table Il and the value d8(GT)=0.190 from the
Fig. 3. It is observed thaR 5o values are large for strong B-decay measurement. We used E29) and Eq.(30) for
transitions, suggesting that the combined IS and orbital corealculatingR,s andRgc, respectively.
tribution is large in stronger transitions. This was quite dif- |t is interesting to see that tH@g is almost unity forM 1
ferent in the 2’Al-?’Si pair, where theR,5o values became transitions for the 0.440-0.451 MeV pair states, showing that
almost unity as the transition strength increased andhe contribution of the isoscalar term is small. As a result,
B(M1)1 exceeded 0.1see Fig. 4 of Ref{13]). Roc, showing the contribution of the isovector orbitafr)
As examined in Sec. Il A, the IV spigfactorgl’ is about  term, is almost the same &so. A relatively small contri-
an order of magnitude larger than otligfactors. Therefore, bution of the isoscalar term was also observed in the analysis
if the reduced matrix elemeM for each term in Eq(8) is of  for the 2’Al-2Si pair [4]. It is therefore suggested that the
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TABLE IIl. Analog states in?®Na and?®Mg and theM 1 and the GT transition strengths. For details of
the definition and derivation oBR(M1), see text. The rati®Rso showing the combined IS and orbital
contributions in theM 1 transition was calculated for each pair of analog states. Excitation energies are given
in units of MeV.

States in *Na States in PMg Riso

E.* 2J7 8 BR(M1) E.® AE, 2J7 8 B(GT)® (Ryme=1.25)
0.440 5T 0.419+0.026 0451  —0.011 5T 0.146+0.006°  230+0.17
2391 1t 0.0013+0.0002¢  2.360 0.031 1t 0.055+0.004  0.019+0.03
2.982 37T 0.221+0.031 2.906 0076 (3,57  0.193+0011  092+0.14
3914 5T 0.068+0.011 3.860 0054 (3,57  0.0550.004 0.99+0.18
4.430 1t 0.78+0.05¢ 4357 0.073 1t 0250+0.013  2.48+0.22
5379 5F 0.25+0.09 5.291 0088 (35" 00660005 3.0*+1.1
5.742 5T 0.499+0.031 5.658°  0.084 5T 0270+0.017  1.48+0.13
5.766 3* 0.191+0.028 ¢ 5.691°F (1-9*

5.712° (1-9)"  0.061+0.009

6.550 (1-9)"  0.116+0.007

6.818 0.028+0.003

6.911 5T 0.057+0.004

7071 (3-77)  0.203x0.019¢
7122 (1-77)  0.014%0.005¢
7.133 { (3O 0.16+0.03 42
5" 0.24+0.05 ¢b
7566 (571 0.11+0.094
7.891 5% 0.099:+0.007 ¢
7991  (1-77)  0.88x0.37¢

8.168 57 0.290+0.015
8360 (37—77) 0.22+0.10¢

8.452 (3-13)"  0.039%0.003
8631 (3,57,77) 0.011+0.0039¢
8646  (1-77)  0.059+0.0194
8.664 1 0.041+0.009 4
8721  (1-7")  0.015+0.0034
8.830 1t 0.038+0.016 ¢

9.159 (3-13)"  0.069+0.005

%From Ref.[31].

bPresent work.

°From B-decay experiment.

IMaximum BR(M1) value, because mixing rati®=0 is assumed.
€Close doublet state.

fExistence of this state is suggested in R8t].

92J=3 is assumed.

h2J=5 is assumed.

main part of the enhancement®{M1) values compared to +0.3 fn? [49], respectively. They are similar, and the large
the B(GT) values in several analogous transitions and therevalues suggest that these nuclei have a prolate deformation
fore the largeR,so values for them are due to large contri- with a deformation parameter af~0.5. It has been dis-
butions of thef term in M1 transitions. We try to under- cussed that the orbital contribution in thé1 transition can
stand these findings in connection with the deformation obecome large in deformed nuclgi0,51]. The contribution,

A=23 nuclei in the next section. however, is largely dependent on the configurations involved
in the transitions.
VI. DISCUSSION BASED ON NILSSON ORBITS AND We will first discuss the contributions of spin and orbital
PARTICLE-ROTOR MODEL operators for the transitions between members of various ro-

tational bands based on selection rul6&] assuming that
It is well known that in the middle of thed shell, nuclei each band is formed on a pure Nilsson orbit. Then we will
are largely deformed14]. The static quadrupole moments analyze the observed spectra and different orbital contribu-
Qo of #Na and Mg are 10.1-0.2 fn? [48] and 11.4 tions for M1 transitions.
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1. Intraband transitions

o o <
3 3 & 3 3 In intraband transitions, asymptotic quantum numbers of
= © ci’ P intrinsic motion do not change. The matrix elements for the
N operatorst, and o, are given by
<
1 . . b (N ,AQ[,NN,AQ)Y=A (35)
0.8} Er E. and
0.6 > X
0 4' o o (NNnAQ|o, N n,AQ)=23, (36)
Y T respectively. Therefore both orbital and spin contributions

B(M11)+ are expected in the intrabad1 transitions. Since the or-
bital contribution is proportional to\, no orbital contribu-
FIG. 3. The ratioR,so for M1 transitions in>>Na. The ratio is  tion is expected if the rotational band has=0. The phase
sensitive to the combined contribution of IS term and IV orbital relationship between the IV orbital term and the 1V spin term
term to eactM1 transition. Values oRiso>1 (<1) suggest con-  gre determined by the sign relationship of the valtteand
structive (destructive interference of these terms with the IV spin s hecause botk;'(V andg'sV have positive sign. If the con-

term. For the definition oR;so, see text. cerned single-particle Nilsson orbit originates from a so-
called highj (=€ + 1/2) type orbit in the spherical potential,
A. Spin and orbital contributions for M1 transitions among like ads, orbit in thesd shell, thenA and3, have the same
rotational bands sign, and thus the orbital and the spin contributions are con-

structive. A similar constructive interference for ja=¢

Let us consider an odél, deformed nucleus with an even- +1/2 orbit was discussed recently in RE53]. Due to the
even core. Under the assumption that the nucleus is synselection ruleAJ= =1 (or 0), the intraband 1 transition is
metrical about the axis, the single-particle orbits are labeled allowed only between neighboring members in the same ro-
by using the asymptotic quantum numbpkin,AQ ], where tational band.
N is the total oscillator quantum number, the number of
guanta along the axis, andA is the projection of the orbital
angular momentum along theaxis. The projection of the Operatorsf .. can cause transitions between states on dif-
total angular momentum of the singledd) particle along ferent rotational bands. By applyinf, , we get
the z axis is given byQ). It is a good quantum number for a
deformed field with axial symmetrjl4]. By using the spin
projection along thez axis X (=s,), Q is expressed a$)
=A+3. The low-lying spectra of odé deformed nuclei
can be analyzed in terms of the intrinsic configuration, which o - _ _
is specified by the quantum numbers of the Nilsson orbit of CINDAD)=INN=1A=10-1), 38
the odd particle, with the rotational spectra. For axially sym-where the relationship €n,+1<N and 0<A*1<N
metric intrinsic shape, the component(K) of the total an-  should hold. Thereforé. connect the bands in which the
gular momentumJ is a good quantum number. Since the asymptotic quantum numbens and A change by one unit.
component of the rotational angular momentum of the axi- We use the above formul&87) and(38) only for the IV
ally symmetric core vanishe&=() holds. Therefore, the orbital term of Eq(8). It is expected that the contribution of
values of total spid areJ=K,K+1, ... for theband mem- the IS orbital term is very small in the formalism discussed
bers. in Sec. Il A in which the odd particle is separated from the

2. Transitions caused by . operator

€L INNAQYx|NNn,=1A+1Q+1), (37

and by applyingf _ , we get

TABLE IV. The Big(M1) (us), By(M1) (uv), Ris, andRgc values for the corresponding states in
ZNa and?®Mg. For the definition of these values, see text. The excitation eneEgiase given in units of
MeV. The values oB;g(M1) (u«5) andBy(M1) (w,) are given in units ofuﬁ (mn)-

Ey IS and IV terms Ris Roc
BNa Mg 2J™  Big(M1) B(M1) “Na Mg Ruec=1.25
0.0 0.0 3 0.84F 1.377 2.59 0.15 2.30.1
0.440 0451 5  1x10°* 0.57+0.04 0.970.07 1.03-0.13 2.4-0.2

2.391 2.359 T 1x10°8 0.00170.0003 1.60.2 1.0£0.2 0.019-0.00%

4S magnetic momeni s .
b\ magnetic momeniu,y, .
°Not reliable, because of small IV spin term.
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core-making collective rotation. The value 9f=05-gg &MY g oy R BRMI)  RgoBRMI)  Riso BRMY)
almost vanishes, ;ince thigefactor of the rotorgg is about 6f {(Rog) 574 15 050 54
0.5 for N=2Z nuclei. 53830 025 gr TR0z
. 25 078 .
4432 17 4
3. Transitions caused byr. operator L 220172 101,099 0.068 ¢
By applyingo. , we get
- 092 022
29822 V22 g+
O'i|N nZAQ>oc 5(Q,A11/2)|N nZA Qil>. (39 2.39.0:02 0.001 .,
21 21112
As expectedg. cause transitions changing the asymptotic
quantum numbel, and thus() by one unit. It should be 23 042
. . 044_£2 V-7F gt
noted that boti . and o .. operators cause interband transi- oL 00 23 3+
tions. They, however, connect bands with different charac- T R1132

ters.

The IS spin term is expected to be much smaller than the FIG 42.3Proposed band structure for the low-lying positive-parity
IV spin term. The value Oglss: 0.880- g, is almost 0.380, states_ of N_a based on the Nll_sso_n-orblt classmcgtlEBﬂ]. Each

. . band is assigned by the combination of asymptotic quantum num-
which becomes even smaller when one introduces a redu%-ers[Nn AQ]. The ratioR,qq (for the ground stat®yc) and the
tion factor for the proton and neutron sgirfactors. We use z : Iso 9 o

) BR(M1), which is proportional toB(M1)7, are also indicated.
the above formula39) only for the IV spin term of Eq(8). Each state is identified by the excitation enetgyMeV) and 2™

. . . value.
4. Intensity ratios for transitions

Let us consider th&11 transitions starting from the band- and the results of the calculation, a level scheme shown in
head state of a rotational baid to the members of a rota- Fig. 4 is proposed. In the figure, thOsSG staztfs whose analog
tional bandK ,, assuming that the rotational perturbation of States are observed in the preséiMa(*He.t)**Mg reaction
the intrinsic structure is negligible. Except for the casg  are shown(see also Table I)l Each state is identified by its
=K,=1/2, theM1 transition matrix element from a state €xcitation energy and X’ values. These are the states that
|J:K;) to a state|J,K,) is reduced by using the intrinsic can be connected directly to the ground staté®dfa by M 1

momentsM(1,v) [see Eq(4-91) of Ref.[14]] as transitions. It was suggested that the ground state have al-
most purg 2 1 1 3/ nature with an amplitude of 0.9%4].

In Ref.[54], the particle-rotor Hamiltonian was diagonal-

(J2Kal [ M(D)][I1=K1Ky) ized, which contains a number of parameters such as mo-

=23 F LI K1 K— KK ments of inertia, single-particle energies, pair-correlation pa-
111K Ko =K 32Kz) rameters, and the reduction factor of the Coriolis force.
X (Ko M(1r=K,—K,)|Ky), (40 Instead, in the present work, the data are analyzed in terms of

Nilsson orbits of the odd particle and the related rotational
bands. This simplified analysis may be justified, since we
nalyze only rotational states close to the respective band
eads.

The values oR g, showing the combined IS plus orbital
contributions, and the transition streng®3(M 1) are indi-
tated for each state in Fig. 4. We now try to understand these
values based on the characteristics of transitions in deformed
. nuclei. As we have seen in the preceding subsection, largely
which are dependent on the value b different characteristics are expected depending on the dif-

If the transitions are of the type that were treated in Sec . L ,
VIA 2 or Sec. VI A 3, then the transitions are caused by theferent combinations of the initial and final deformed bands.

€. or . operators. It should be noted that the relationship
of Eq. (40) is valid even if theM1 operatorM(1) is re-

placed by these operators. Since the operator is common  The transition from thd”=3/2" ground state to the 0.44
to the GT operator, the proportionality mgB is also ex- MeV, 5/2" state is an intraband transition discussed in Sec.

VI A 1, where the asymptotic quantum numbégsl 1 3/2

are assigned for this band. Bofhand o operators can con-
tribute to the intraband transition. Since the major compo-
nent of the[2 1 1 3/ orbit is ds», a constructive interfer-

It is known that the low-lying states ofNa form rota-  ence is expected between theand o contributions for this
tional bands based on Nilsson orbits mainly consisting of theransition. A rather large experiment&,so value of 2.3
protonds,, wave function. The structure has been accountedRyc=2.4) suggests a relatively large orbital contribution as
for in a particle-rotor calculation including the effects of pair a result of the constructive interference. TRig values were
correlations[54]. By comparing the experimental dgtal]  0.97 and 1.03 ir"®Na and?*Mg, respectively, which shows

whereJ, can beJ; or J;+=1. We see thaB(M 1) values are
proportional to the squared values of the CG coefficienﬁ
Cre=(J;K11K,—K;|J,K,) and the intrinsic moment
M(1,v), where the latter value is independentJgfandJ,
and only dependent on the intrinsic structure. Therefore
transition strengths from a state wifh to the states with
different J, are proportional to the squared values@jg,

1. The ground-state band

tended to the analogous GT transitions.

B. Interpretation of the experimental results
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that the IS term is about 1.5% of the IV term in thél  in agreement with the expectation that the transitions are

matrix elements. These values near unity confirm the smaltaused mainly by the-_ operator.

IS contributions, as expected from the snegfivalues in Eq. The ratio of B}(M1) values for the transitions to these

(8). states and also the ratio 8{GT) values for the analogous
The Roc value of 2.3 obtained for the magnetic momenttransitions are 3.3 and 3.5, respectively, as calculated from

of the ground state is also consistent with the constructivdable lll. They are similar to the value of 4 expected from

interference of ando contributions. If the ground and 0.44 the squared ratio of CG coefficien€gg relevant to these

MeV states form an ideal rotational band, tigedecay transitions.

B(GT) values from thé®®Mg ground state to these states are The transition to thd=1/2 band-head state shows a very

R .
expected to be proportional to the squared values of the Céma” B (Ml) value, and the particle-rotor m_odel cal_cula-
coefficientsCrg in Eq. (40), as discussed in Sec. VI A 4, tion [54] fails to reproduce it. The correspondi{GT) is

The CZ; values are (3/23/21|8/23/2P=3/5 and also small, but not as small &%(M1). The obtaine®R,so,

_ . . therefore, is very small. In a shell-model calculat{@b], it
(3/23/21Q5/2 3/2¢=2/5, respectively, for the transitions is suggested that a 20% admixture of 22 0 1/2 orbit to
from a J,;=3/2 state toJ,=3/2 and 5/2 states. Therefore a

i X ¢ ; the[2 1 1 1/2 wave function is needed to explain the weak
B(GT) ratio of 1.5 is expected. The experimental ratio of 1.3,3sition strength.

calculated from Table | is in agreement, suggesting that this
ground-state band is a good rotational band. 4. Transition to the P 02 52] band

B The J=5/2, 5.74 MeV state in"°Na is assigned to the
2. Transition to the P20 J2] band band-head state of this rotational baffe], and its analog
The 4.43 MeV.J"=1/2" and the 5.38 MeV, 5/2 states  State is atE,=5.66 MeV in Mg [31]. The M1 transition
are assigned to be members of fi#e2 0 1/7 band[54]. In  from the ground state is the second strongest in the low-lying
the transitions from the ground state to these states, thi€gion. Due to the\A =1 nature, théV 1 transition from the
asymptotic quantum numbek decreases by one unit. As ground state should be caused by theoperator. However,
discussed in Sec. VIA 2, the transitions are mainly caused® obtainedRso value of 1.5 was not so large. It is sug-
by the ¢_ operator, and the contribution of the is only gested that some amount of contribution from theperator
through the admixture of wave functions other than€XiSts. TheB(GT) value to the analog 5.66 MeV state in

[220 1/7. TheRgo values are large for these transitions aszalvIg 3'5 actually large in the present af‘a'ys's of .the
seen in Fig. 4. Na(*He,t) reaction, but some ambiguity exists. According

Under the assumption of the ideal rotational band withf[0 the compilation of Endi31], the 5.691 MeV state if°Mg

in 23
K=1/2, theM1 transition strengths from thly = 3/2 ground is the analog state of 5.766 MeV, 3/2tate in*Na. We,

state to these states with—1/2 and 5/2 are proortional to however, could not resolve the 5.691 MeV state between
’ wilh= proporti 5.658 and 5.712 MeV states. As mentioned, peak decompo-
Cig [Eq. (40)]. They are (3/23/2%1|1/21/2¢=0.5 and

X sition assuming the three states was not successful. There-
(312372 1—1_|5/2 1/2)2=0.1, respectively. Therefore @ fore, it is still possible that th&(GT) value to the 5.66 MeV
strength ratio of 5 is expected. In the measured transitionsate in23Mg decreases and ttRysg value increases, but on
the ratio is 3.1 as calculated from tHE(M1) values of the basis of our finding, it is suggested that he5/2, 5.74
these transitions shown in Fig. 4. It is suggested that th@eV state is not an ideal member of th2 0 2 5/2 band. A
assumption of rotational band is good, but not ideal. Theesolution better than 20 keV would be needed for the CE
particle-rotor calculatiorf54] suggests some admixture of reaction to make a definite statement.

the[2 0 2 5/7 configuration to thel=5/2, 5.38 MeV state.

VII. STATES OF ASTROPHYSICAL INTEREST
3. Transition to the P11 ¥2] band

Because of its long half-life of 2.6 year&Na is an im-

Starting from the)=3/2 ground state of the2113/2 a0 galacticy emitter E,=1.275 MeV), where?Na is
band, transitions to thé=1/2, 3/2, and 5/2 members of the produced in the “hot” hydrogen-burning Ne-Na cycle, e.g.,

[2111/2 band are allowed. They are assigned to the stateg, noya explosion§56]. Since the abundance 8fNa criti-

at 2.39, 2.98, and 3.91 MeV, respectivgh4]. Due to the  ¢a|ly depends on the rate 3fNa(p,y)?Mg, the excitation
selectivity discussed in Sec. VI A 3, the transitions to thesnergies of “resonance states” i®°Mg situated slightly
states are caused only by the operator under the assump- apove the proton separation energ§,€ 7579.5-1.3 keV

tion that asymptotic quantum numbers are valid. In addition[57]) are significant parameters. These “resonance states”
the transition strengths are expected to be proportional tand reaction rates have been studied?ivig(p,t) [58],
Cag. They are 0.5, 0.4, and 0.1 for tdg values of 1/2, 3/2,  2*Mg(p,d) [59], and 2°Na(®He,d) [60] reactions as well as
and 5/2, respectively. directly in 22Na(p, y) [61].

For the transitions to th8=3/2, 2.98 MeV and]=5/2, Since those states are not necessarily connected to the
3.91 MeV states, thBR(M 1) values are only slightly larger ground state of?*Na with L=0 transitions, they are not
than theB(GT) values for the analogous transitions, and thusstrongly populated in the small-angle spectrum shown in Fig.
the obtainedR;so, assumingRyec=1.25, are nearly unity, 1. Some of them, however, are clearly observed in the spec-
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250 —t o TABLE V. Excitation energies for®Mg states above the proton
1’:3 g X threshold. Excitation energies and their errors given in parentheses
S 3 © - .

8 200 1| © © i are shown in units of keV.
This work 2Mg(p,t) @ #*Mg(p,d)® #Na(*He,d) ¢ *Na(p,y) °

150 7780(6) 7782 7780(6) 7785(3)

b 7790(6) 7795(6) 7795(6)
100 : - 7851 (6) 7852 (6) 7856 7853(4) 7855(3)
1 r 8016 (6) 8014 8016(6)
50 { - 8058 (6) 8055 8058(7)
1 i 8076(15 8076(8) 8072 8076(8)
O " 8168(4) 8165(3)
6.5 7 7.5 8 8.5
E_in Mg (MeV) %rom Ref.[58].

bFrom Ref.[59].

FIG. 5. The 6.5-8.5 MeV region of th&#'Na(*He t) spectrum.  °From Ref.[60].

Many L+ 0 states are observed by analyzing events for aimost fulfFrom Ref.[61].
acceptance of the spectrometer. Excitation energies are given in

units of MeV. "
The strengths of analogodd1 and GT transitions were

compared in terms of the deviation Rfso from unity, which
mainly shows the contribution of the orbital part of thEL
operator. A large variety of values were observed for the ratio

energies are determined for these states. They are listed i[JS0 depending on the nature of transitions characterized by

Table VV and compared with the previous values. We see th ifferent combinations of initial and final deformed bands. It
the present excitation energies that are determined indepel@s found thaRiso values were large for an intraband tran-

trum with a large angle cut& up to =20 mrad, ¢ up to
about*+40 mrad) as shown in Fig. 5.
Owing to the good energy resolution, accurate excitatio

dently are consistent with previous values. sition and also for interband transitions in which the
asymptotic quantum number changes. On the other hand,
VIIl. SUMMARY for interband transitions in which the asymptotic quantum

number 2, changes,R;so values of about unity were ob-
Assuming a mirror symmetry structure of ti8Na*Mg  served. The identification of one-particle orbits in deformed
nuclei, the strengths of analogodsl and GT transitions potential expressed in terms of asymptotic quantum numbers
from the ground state ofNa were compared and examined. and the rotational bands formed on them was very useful for

It is known that both nuclei are deformed, and their Iow-tne interpretation of transition properties of low-lying states
lying states are interpreted in terms of Nilsson orbits. Var|0u§jlo t0 5.7 MeV.

properties inherent .in th_g transitions among different de- e high resolution of the spectrum allowed us to deter-
formed bands were identified. 5 ”s mine the level energies of excited states accurately even for
The GT transitions were studied in tféNa(He t)*Mg  \yeakly populated states. Excitation energies determined for
reaction at the intermediate incident energy of 140 MeVie states above the proton threshold were in good agreement
nucleon. OW'ngs to the 45 keV resolution, states UPED  \yith those from other works. They play important roles as
=11 MeV of “Mg were clearly separated. ThAE/E  he “resonance states” in théNa(p,y) reaction of the
=10"* resolution achieved here is based on the successfujq¢ hydrogen-burning Ne-Na cycle. This demonstrates the

implementation of dispersion matching between the specsensitivity that can be reached with the high resolution of the
trometer and the beam line, and also on the newly developegresent $He t) experiment.

method of making a thin£2 mg/cnf) 2°Na target.

The B(GT) values in the {He,t) reaction were calibrated
by using theB(GT) value derived from a GTB decay of
23Mg to the 0.440 MeV state id°Na, which is analogous to
the transition from the ground state &fNa to the 0.451 The 2Na(Het)>®Mg experiment was performed at
MeV state of 2>Mg. Using the proportionality between the RCNP, Osaka University under the Experimental Program
cross sections and tH&(GT) values in the 0°, YHet) re-  E158. The authors are grateful to the accelerator group of
action at 140 MeV/nucleon, thB(GT) values are obtained RCNP, especially to Professor T. Saito and Dr. S. Ninomiya,
reliably for higher excited states. A DWBA calculation was for their efforts in providing a high-qualitfHe beam indis-
used to correct for the excitation energy dependence of thpensable for the realization of dispersion matching to
cross section. achieve good energy resolution.
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