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Gamow-Teller(GT) transitions andV 1 transitions from or to the ground states are analogous in the pair of
T=1/2 mirror nuclei, if the excited states hold the mirror-symmetry properties. In order to study the mirror-
symmetry structure of théd=27 mirror nuclei>’Al and ?’Si, experimental data on GT transition strengths
obtained from?’Si—2’Al B decay and from a good-resolutidfAl( *He,t)?’Si reaction at 150 MeV/nucleon
and 0° have been compared wikhl transition strengths obtained from decay in ?’Al and 2’Al( y,7")
reaction. Good overall correspondence of transitions is observed for states up to nearly 9 MeV in excitation
energy, where the particle-decay channel becomes important. The difference of excitation energies of analog
states in the mirror nuclei are about 250 keV at this excitation energy. From a compari8g§iMadf) and
B(GT) strengths of the analogous transitions, the contribution of the isoscalar and the orbital termblih the
operator is found to become prominent in wedl transitions][S0556-28189)03601-9

PACS numbgs): 21.10.Hw, 23.20.Lv, 25.55.Kr, 27.36t

[. INTRODUCTION mirror nuclei, an analog state with very similar structure
should be found at a similar excitation energy in the other

The AL=0, AS=1 spin-flip transitions observed in nucleus. Because of the analogous nature of states in the pair
charge-exchangéCE) reactions are called Gamow-Teller of nuclei, transitions from some state or its analog to another
(GT) transitions, while those studied by inelastic-scatteringstate or its analog are analogous. Therefore, the mirror-
(IE) reactions are calletM1 transitiong1,2]. Naturally the = symmetry structure of a pair of mirror nuclei can be investi-
names of the transitions “GT” and M1” come from the gated by combining the information on the energies of analo-
analogy with GTg decay andM 1y decay which are caused gous transitions and their strengths in hadron IE and CE
by the weak and electromagnetic interactions, respectively.reactions,3 decays, andy decays and &€,e’), which are

The strengths of GT transition8(GT), are important caused by the strong, weak, and electromagnetic interactions,
physical quantities in understanding nuclear structures. Theespectively.
most direct information oB(GT) values is obtained from In this paper, we report on the study of the mirror-
allowed GT 8 decays, but it is limited by the small acces- symmetry structure of a pair of mirror nuclé’Al and 2'Si,
sible range in excitation energy. On the other hand, CE rethrough the comparison of analogous transitions. As summa-
actions, especially those performed at energies exceedirniized in the compilation by End#], the correspondence of
100 MeV/nucleon, have been used as a means to map Gates in this pair has been established in the low-excitation-
strengths over a wider range of excitation energies, relyingnergy region up td&,=5.5 MeV by comparing spectro-
upon a proportionality between the reaction cross sections &copic information like excitation energies, spins, parities,
0° andB(GT) values[3]. and branching ratios obtained hydecay measuremenis].

The M1 transition strengthB(M1) of v decay are also A better and more sensitive test for the mirror-symmetry
fundamental quantities. Fromy-decay measurements, structure is to compare the strengths of the corresponging
B(M1) values can be obtained up to the excitation energyransitions in a pair of mirror nuclei, because it is known that
where particle decay starts. Above the particle thresholdthe correspondind T=0 M1 transitions are expected to be
transition strengths can still be obtained through IE-type reof approximately equal strength, within a factor of 2, if tran-
actions. Backward-anglee(e’) experiments are favored. sitions are of average strength or stronffdr The transition
Hadron IE reactions, like thep(p’) reaction at very small strengthsB(M1), however, have been compared only for
scattering angles, can also be used. several excited states up Eg=4.5 MeV[7] due to the lack

If charge symmetry of the nuclear interaction is assumedof reliable lifetime measurements for the higher excited
then for every state in one of the isospn=1/2, oddA  states in®’Si.

The excited states of'Si are reached througtp(n)-type
CE reactions on the stabféAl target. The obtainablB(GT)
*Electronic address: fujita@hep.sci.osaka-u.ac.jp values are approximately proportional B§M1) values, as
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explained in detail in Sec. Il. Then they can be compared Transitions in Mirror Nuclei
with the B(M1) values well studied from thg-decay mea- —
surements in?’Al. Early (p,n)-type CE reactions, on the (©6)
other hand, were not so much suited to extract the spectro- M
;copic informatio_n mainly due to the Iack_ of energy rt_asolu- ‘ +decay (p,n)-type
tion to resolve adjacent states of oddiuclei at intermediate (Pp) M1 Vot
. . R Vo
energies exceeding 100 MeV/nucleon required to map +Vor
B(GT) strengths. In order to achieve a good resolution for a
(p,n)-type CE reaction at intermediate incident energies, it
was found that the®He,t) reaction at an incident energy of
150 MeV/nucleon and at 0° was usef@]. The good reso- VerVor
lution allowed the study of the isospin structures of GT and (Z,N+1) (Z+#1,N)
M1 transitions for theTo=1 nucleus **Ni and To=0 To=+1/2 Tp=-1/2
nucleus?8si [9,10]. The present study represents an exten- .
sion of such good-resolution CE work to tfig=1/2 nucleus FIG. 1. Schematic level schemes are shownTerl/2, oddA
27p). mirror nuclei. Analogous transitions connecting the ground states in

Assuming an analogous structure of the low-lying stateéhe .mirror nuclei with e.xc?ted states in the same pucleus and the
of the pair of mirror nuclei, théB(GT) values known from conjugate ngcleus are mdncat_ed. The type .OT reaction or decay and
measurements ¢ decay from the’si ground statég.s) to the releyan_t m_teractlons causing each transition are shown along the
a few low-lying states irf’Al [4] are expected to be equal to arrows indicating the transitions.
the B(GT) values of the analogous transitions obtained in th
27Al(3He t)?’Si reaction. Relying upon the proportionality
between theB(GT) value and the cross section at 0°, the
B(GT) values of the states at higher excitation energies could
also be deduced. TH&GT) values are then compared to the
B(M1) values from measurements gfrays[4] emitted in InL=0 g decays from the g.s. of thE,= —1/2 nucleus

M1 transitions from the analog states3fAl to the g.s. to states in theT,=+1/2 nucleus, GT-type transitions
caused by ther r-type operator are allowed for all decays. In

addition, a Fermi-type transition caused by the/pe opera-
tor makes a contribution only to the transition to the g.s.,

In this section, we summarize the analogous nature opecause the ground states are isobaric analog states of each
states in the pair of mirror nuclei and characteristics of tranother (see Fig. 1 Since the Fermi strength concentrates in
sitions between them. the transition to the isobaric analog state, the full Fermi tran-
sition strengthB(F)=1 is expected for this transition.

In a mirror-nuclei pair, very similaB(GT) values are
expected for the corresponding GT transitions studied in a
A pair of isospinT = 1/2 mirror nuclei is characterized by (p,n)-type CE reaction on the g.s. of tig=+1/2 nucleus

T,=+1/2, whereT, is defined using the proton numb2r and thes . decay from the g.s. of th,= — 1/2 nucleus. It is
and neutron numbeX asT,=(1/2)(N—2Z). All other quan-  known that the 0° cross sections of hadron CE reactions, like
tum numbers of corresponding states are the same. Thu&p,n), (n,p), or (PHeyt), performed at intermediate energies
with the assumption that isospin is a good quantum numbegxceeding 100 MeV/nucleon are essentially proportional to
for every state in one of the mirror nuclei, an analog statghe B(GT) values observed i decays[3,8,11,12. This is
should be found in the other nucle(see Fig. 1 The energy because of the simplicity of the reaction mechanism and the
spectra should be almost identical in the pair of nuclei, al-dominance of the interactiov, . with the o7-type operator
though small differences are expected from the stateat small momentum transféd,13. We should be careful,
dependent differences in the Coulomb displacement enehowever, in using the relationship, because the proportional-
gies. In addition, the Coulomb displacement energy itselifty is assured only for the allowed GT transitions. It is sug-
allows the g.s. of thd,= —1/2 nucleus to underg@ decay gested that the isovector tensor interactity) enhances the

to the g.s. as well as to several low-lying states of thed°® cross sections of I“forbidden” transitions with small
T,=+1/2 nucleus. B(GT) values[14].

As a result of the analogous nature of corresponding Let us consider the GT anl1l transitions where either
states in the mirror nuclei, four kinds of analogous transi-(1) the initial states with spidd=J; are analogous and the
tions are expected. These are transitions from an initial to final state with spinJ=J; is the same of2) the initial state
final state in the same nucleus and all other transitions where the same and the final states are analogous. In the mirror
the initial and/or the final state is replaced by the respectivauclei shown in Fig. 1, we think of the GT transitions in the
analog state. Transitions reversing the initial and final stateg, decay and thé1 transitions studied in thes(e’) reac-
are also possible. Some of the analogdi$ and GT tran- tion in casg(1), while in casg2), we think of the p,n)-type
sitions from or to the g.s. with spin valuk ;#0 and with  reaction and theg,e’) reaction.
isospinT=1/2 are schematically shown in Fig. 1. To which  Let us start from the reduced matrix elements in spin but
extent mirror nuclei keep the symmetry structure can be innot in isospin and follow the convention of Edmon(dt].
vestigated by studying the closeness of the energies and tiighe B(GT) value for the transition from the initial state with

Strengths of the analogous transitionsyirdecay, 3 decay,
and CE reactions.

B. GT and M1 transition strengths in mirror nuclei

II. GT AND M1 TRANSITIONS IN MIRROR NUCLEI

A. Analog states and analogous transitions
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spin J;, isospinT;, andz component of isospiT,; to the  Clebsch-Gordan(CG) coefficient (T;T,1+1|T¢T,s). For

final state withJ;, T;, and T, is expressed15] as GT transitions in mirror nuclei, the- and — signs corre-
spond to theB, decay and thep,n)-type reaction, respec-

1 1 & o 2 tively. Since squared values of CG coefficients are the same
B(CD =557 (T T 2 Zl (o7 OIITiT) for the 8, decay and the analogoup,()-type reaction, the
' : sameB(GT) values are expected for both of them.
(2.1 The M1 transitions are caused by the magnetic dipole
11 A 2 (M1) interaction whose operator consists of an orbital part
23112 Cer <Jfo||JZ1 (oymIITH| gl and a spin pargs [=(1/2)gso]. The M1 operator is

further rewritten as the sum of isoscal@®) and isovector
(IV) components(for example, see Refd.10,15). Again
where the Wigner-Eckart theorem is applied in the isospirstarting from the reduced matrix elements in spin but not in
space to obtain the second expression, @ggis the isospin  isospin, theB(M 1) value can be writtefl5]

(2.2

A 2
1 1 1
BIML)=>377 2~ <JfoTzf||{IS}—j21(E(gf—gr)lﬁz(gg—g;) E‘Tj)TJQ Nl T T, 2.3
| =
13 A1 1 1 2
= 5371 4n <Jfo||{|S}_CM1j21 2079+ 5(95—9s) 5057 anll3iTi) (2.9
| =
A 2
1 1 2 2 ' '
=554 4n 4 e~k Cln [M/(S)+M ()= (o) [IT)] 25

where the Wigner-Eckart theorem is applied in the isospirwith the IV terms in theM 1 transition. In addition, the or-
space to obtain the second expression. The quamjjtis the  bital term may interfere constructively or destructively with
nuclear magneton, an@,,; is the isospin CG coefficient the spin term. These interference effects are strongly depen-
(TiT,i10T{T,¢), whereT,;=T,; holds for anM1 transition. ~ dent on the configuration of the state. #8i, for example,

For bare protons and neutrons, the orbital and spin gyromageven a complete cancellation is observed between the orbital
netic factors ar@=1, g/=0 andgl=5.586,9:=—3.826, and spin term§10]. Moreover, as discussed in detail in Refs.
respectively. The coefficient for ther term, and therefore [19,20, contributions from meson-exchange currents
the transition matrix element of this term, is the largest in aMECs) are expected to enhance the IV spin term in the
usual case. The coefficient is taken out in the third expresB(M1) strength relative t@(GT) by about 20%—85%.

sion. TheM’(IS) andM'(l) are the transition matrix ele-

ments proportional to the IS term and the IV orbital term, IIl. EXPERIMENT AND DATA EVALUATION
respectively. The relationshipgt,=(1/2)gduy and un _
= (1/2)g’uy are also used. A. B-decay data and(®He,t) experiment
The “quasi”proportionality betweeB(GT) andB(M1), From the study for the3 decay of the?’Si g.s., logft
therefore, is expressed as values are known for decays to several excited staté$/df
3 2 up toE,=2.866 MeV[4,21,29. B(GT) values are calculated
M1 using the relationship23
BML)=~ g (p=wn)® 5= BGT). (28 |51 =
o B(F)+ |2 ZB(GT) 6145+ 4 (3.1
Here, the numerical factor is 2.643 if the magnetic mo- Ov ft(1+0r)(1—3¢c) '

ments of the free nucleons are used. For the transitions be-

tween T=1/2 states in mirror nuclei, the factor 1/2 is ob- Here, the radiative correction term {16g) = 1.014, the Cou-

tained as the ratio of squared CG coefficients. lomb correction term (% 6:)=0.997, and the ratio
Discussions on the similarity of analogogsand 8 tran-  (ga/gy) =1.266+0.004 were usef23,24]. The B(GT) val-

sitions fromT; =T~ members of isospin multiplet states with ues are listed in column 3 of Table I. For the g.s. transition,

T.=T;+1 to the same final state wifi=T; is found, for  both GT and Fermi transitions contribute. TB€GT) value

example, in Refs[6,16—18. The formalism presented here for this transition was calculated assumiB¢)=1.

also includes the case of analogddd and GT transitions In order to mapB(GT) to higher excitation energies, a

with T;=T;. ZIAl(3Het) experiment was performed. A 150 MeV/
The “quasi”proportionality of Eq.(2.6) is disturbed by nucleon®He beam from thé=400 separated-sector cyclo-

the constructive or destructive interference of the IS termsron at RCNP, Osaka University, was used to bombard a 4
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TABLE I. The GT transition strengthB(GT) from ?Si < 4000+ ' : : : :
—2’Al B decay and those obtained in tA&I( 3He,t)?’Si reaction. % (a) 27A13He 127Si
Mirror symmetry is assumed for the strengths of these GT transi- §3000_ E =150 MeV/u, at 0°
tions in deriving the latter from the former. For details of the deri- ©
vation, see text. The excitation energies are given in units of MeV. 2000
States in?’Al States in?’Si
B decay EHet) @ 10001 i
E., 2™ B(GT)? ES E, B(GT) M\
0L . : : }
0.0 5* 0.307£0.044 0.0 0.0 (0.4160.035f 047 (b) B(GT) Distribution F
1.014 3 2.0x1074+3x10°° 0.957 0.98 (0.00%0.001f o bar:  from (He,t)
2211 7°  0.079:0.006 2164 2.17 0.08%£0.007 037 circle: from B-decay I
2735 5 0.039+0.004 2.648 2.65 0.0460.005 0.2 i
2982 3 0.173+0.012 2.866 2.88 0.1710.015
3.804 3.81 0.0720.007 0.1 } ] F
4,289 4.30 0.0970.009 o T P { L L.t [ { . l Iﬂ”. I
4.475 4.49 0.0120.003 0 2 4 6 8 ... 10
5.30 0.024-0.003 os By in 81 eV
551 (0.00% 0'001): D__g | (©) BR(M1) Distribution
5.84 (0.0080.002) 2 0.3 .
6.06 0.022-0.003
6.35 0.060-0.006 021
6.64 0.10%:0.010 0.1
IR
7.45 0.1450.015 ol S~
7.81 0.1590.016 E, in7Al (MeV)
8.22¢8 8.21 0.0670.008
853 0.075 0.009 FIG. 2. The27AI(3jHe,.t) spectrum at 0°, and comparison of the
900 0.036-0.006 B(GT) strength distribution derived from th&Al(*Hejt) reaction
. R A
925  0.055 0.009 and t_h_eB (M %7) distribution deduced from the measurements of
transitions in2’Al. (a) The 0° 2’Al(*He,t) spectrum.(b) B(GT)
9.42  0.022-0.007 strength distribution determined from the presé@tl(3He,t) reac-
9.67  0.03%0.007 tion; see text for details. ThB(GT) values fromg decay are also
9.95 0.063%0.009

shown as circles. The large difference of tRéGT) values to the
g.s. is due to the additional contribution from the Fermi transition in
the (Het) reaction (see text for more details (c) BR(M1)
strength distribution deduced from thetransition data. For the
definition of BR(M 1), see text.

8Present work.

From Ref.[4].

‘Including Fermi-transition strength.

dB(GT) value seems to be not reliable; see text.
eStandardB(GT) value used for calibration.
fB(GT) value seems to be less reliable; see text.
9From Ref.[28].

The gross features of th&Al(*He,t) spectrum near 0°
are quite similar to those of the G¥Al(p,n) spectrum ob-
tained atE,= 120 MeV and shown in Ref3] for the energy
range up toE,=5.5 MeV. This confirms that the3Het)
mg/cmP?Al foil. The beam current offHe?" particles was reaction at a bombarding energy of 150 MeV/nucleon is a
~ 5 nA. The ejectile tritons were analyzed by the QQDD-single-step direct reaction. It also suggests that the relevant
type spectrometer Grand Raid¢25]. In order to realize effective interactiorV,,. is similar for the p,n) and $He.t)
good energy resolution, the dispersion-matching techniqueeactions at a comparable incident energy per nucleon
[26] was used for beam transport. The spectrometer was sg8,12,27.
at 0° and scattered particles were accepted withi20 mr in The excitation energies were calibrated using well-known
both horizontal x) and vertical ) directions. After mo- low-lying discrete states observed in the'C(®He,t) spec-
mentum analysis by the spectrometer, tritons were detecteda as reference. Owing to the large negatiyealue of the
with a multiwire drift-chamber system allowing for track re- '2C(®Het) reaction, the excitation energies #Si could be
construction. The ray-trace information made it possible tadetermined by interpolation up to 17 MeV. These excitation
subdivide the acceptance angle of the spectrometer by a solnergies are given in column 5 of Table I. By comparing
ware cut. Figure @) shows the 0° spectrum for the angular with literature values compiled by Endi#] and given in
range= 10 mr in thex direction (no cut is made in thg  column 4 of Table I, the differences in excitation energies
direction). With an energy resolution of 160 keNull width are observed to be less than 20 keV. In addition, in the/)
at half maximum(FWHM)], fine structure was observed up reaction on an unstablé®Al target [28], a state at 8.226
to E,>10 MeV. The proton separation energ§,f of *’Siis  MeV, which is about 800 keV above ti%,, was identified
atE,=7.46 MeV. Above this energy, a gradual increase ofto haveJ™=7/2* and was found to decay partly to the g.s.
the underlying continuum was observed. We believe that this state corresponds to the 8.21 MeV state
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observed in the presentHe,t) reaction, because no other aboveE,=4.78 MeV in #’Mg [29], which corresponds to

prominent state connected with tH=5/2" g.s. by a GT- Ex=11.4 MeV in ?'Si. Therefore, all states below this en-

type transition is observed within 300 keV. Therefore, in the€rgy have isospiff =1/2.

region up toE,=10 MeV, we estimate the uncertainties in

the excitation energies to be about 30 keV, and for all cases B. M Ly-transition strength in ?’Al

less than 50 keV. For the study ofAL =0 andAS=1 transition strengths in
Cross sections fdc =0 transitions decrease with increas- 27a| detailed data orvl 1y transitions to the g.s. are avail-

ing scattering angle beyond 0°, whereas thoseLferl and  able from the compilation by Endi#t]. For each excited state

higher multipoles increase. The 0° spectrum shown in Figin 27Al, the M 1 y-transition strengtiB(M1) (in units of,uﬁ)

2(a) was compared with a spectrum centered at(d6t  to the g.s. is calculate@ee, e.g., Ref30]) using the known

shown. All prominent peaks showed a similar relative de- lifetime (mean lif§ 7, (in units of seg, gamma-ray branch-

crease in strength, suggesting that they are GT states withg ratio B (in %) to the g.s.M1 andE2 mixing ratio, and

L=0 characteristics. y-ray energyE, (in MeV) as
Experimental evidence suggests that there exists propor-
tionality betweenB(GT) values and 0° cross sections of 11B 1 1
(®Het) reaction performed at 150 MeV/nuclep,10]. As- BM1)=— E_iﬁ) 1+ 82 1.76¢ 1083 (3.2

suming this proportionality, the conversion factor was deter-
mined from the 0° cross sections of the strongly excitedData on mixing ratioss are taken from Refd.4,31]. They
states atE,=2.17 and 2.88 MeV and thB(GT) values of are, however, not available for thE€,=5.433 and 5.551
the correspondingg transitions. As seen from Table | and MeV states. For these statés0 is assumed. It is suggested
also from Fig. 2b), very good proportionality is observed for that this is a good approximati¢82], but theB(M 1) values
these two states within the experimental uncertainties. Théor these transitions assuming=0 should be considered
apparently largeB(GT) value of the g.s. transition in the upper bounds. In order to determine tB¢M1)1 values
(®Hejt) reaction is due to the additional contribution from Which would be obtained in are(e’)-type transition from
the Fermi component corresponding to the transition strengt'€ g.S. with the spin valug, s to thejth excited state with
B(F)=1, whereas in deriving th&(GT) value from the the spln.v.alue]j , theB(M 1) values ob'talned in the decay
B-decay data, the contribution from the Fermi transition ha'® modified by the 2+ 1 factors of thgth state and the g s.
been subtracted. as

The B(GT) values of the other GT states observed in the 23 +1
(®He,t) reaction were deduced from the yields for the rel- B(M1)T= '—B(Ml). (3.3

. . 2),st1

evant peaks and the same conversion factor. The yields were 9.

obtained accurately by exerting a peak-decomposition prothe B(M1)] values are given in column 3 of Table II.

gram using the peak shape of a well-separated peak as ref- |n addition to they-decay data in?’Al, detailed (y,y’)
erence. Thes8(GT) strengths are included in column 6 of [nuclear resonance fluorescend¢RF)] data are available
Table | and plotted in Fig.(®). The errors are mostly due to for the 2Al target for states abov&,=2.98 MeV [32].

the uncertainty of the conversion factor as the result of unSince NRF tends to select levels which can be reached from
certainties in thg3-decayB(GT) values used for the calibra- the g.s. with a dipole operator, the information i tran-
tion. Errors from the peak deconvolution process are alsaitions becomes richer up to a higher excitation region. The
added. A correction for the conversion factor due to a posB(M1)1 values are calculated from the values of the g.s.
sible dependence on excitation energy is not included. Corradiative widthgI'y (in units of e\):

sulting the systematic study performed for theer() reaction

[3], an additional several percent error may have to be con- _ Egro 1
sidered for theB(GT) values of the states neBg=10 MeV. BML)T=8 E?; 1+ 6% @4

The good proportionality observed for transitions with
large B(GT) does not appear to be valid for the weakly ex-whereg = (2J;+1)/(2Jys+1). Thegl'y values used in the
cited state at 0.98 MeV. Here, the value relying upon thecalculation(column 4 of Table [l are mostly taken from Ref.
proportionality is more than one order of magnitude large32], but for the states up tB,=8.676 MeV they are recal-
than theB(GT) value from theB-decay measurement. As culated using the branching ratios compiled later in R&f.
mentioned, this enhancement is probably due to the contrbata on mixing ratioss are not available for the states at
bution from theVy, interaction. Based on this observation, 5.433, 5.551, 6.081, 6.821, and 7.677 MeV and for the states
we judge that the smaB(GT) values less than 0.01 obtained with E,=8.675 MeV. For these statés=0 is assumed. The
for the 5.51 and 5.84 states are also not reliable. Since redRF B(M1)7 values are given in column 5 of Table II.
sonable agreement is observed for the 2.65 MeV state with a In addition, (,e’') data measurind(M1)7 values di-
B(GT) value of 0.046, it is believed th&(GT) values simi-  rectly are available for five states in the region betwggn
lar to or larger than this value are reliable. The values 0.0&=6.84 and 8.06 Me\{33]. They can be used to check the
<B(GT)<0.03 obtained for the states at 4.49, 5.30, 6.06yalidity of theB(M1)7 values calculated from the measure-
and 9.42 MeV are, therefore, considered less reliable. ments ofy transitions.

In the 2’Al(d,?He) reaction exciting analog states ®f Table Il shows rather good agreement within the errors
=3/2 states, the GT transition strength was observed onlfpetween the~decay and NRB(M1)7 values. They-decay
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TABLE |I. States in?’Al and the deduced1 transition strengths from the g.s. to them. Results of
measurement of transitions in?’Al and ?’Al( v, ') are compiled. For details of the derivation®fM1)7,

see text.

v decay ) Adopted value
E,° B(M1)7 gl'g” B(M1)7 B(M1)1
(MeV) 2J7a (1) (meV) (1R) (7
0.0 5" - - - -
1.014 3 0.015+0.001 0.015:0.001
2.211 7 0.150+0.004 0.156:0.004
2.735 5 0.046+0.007 0.046:0.007
2.982 3 0.245+0.013 95+ 26 0.308:0.083 0.245:0.013
3.957 3 0.145+0.012 106- 12 0.147-0.017 0.145%0.012
4.410 5 0.226+0.028 230-31 0.2310.031 0.226:0.028
4.580 7 0.069+0.008 85-9 0.077-0.008 0.069-0.008
4.812 5 0.061+0.009 94r13 0.058-0.010 0.0610.009
5.433 7 0.02+0.007 6342 0.034-0.02% 0.021+0.007
5.551 5 0.066+0.012 130+ 25 0.065-0.01% 0.066+0.012
5.960 7 0.028:0.020 114-82 0.045-0.033 0.028:0.020
6.081 3 0.025 0.006 64+13 0.025-0.006 0.025+0.006
6.285 7 0.026+0.011 85+ 36 0.030:0.013 0.026:0.011
6.463 5 0.15&0.019 49055 0.156-0.018 0.158&0.019
6.533 7" 2Xx1074+1x10"* 222+163 7X1074+5%x 1074 -
6.821 3,7y 530+ 40 0.144+0.01F 0.144+0.011
7.413 7 0.195+0.018 906-135 0.196-0.028 0.195:0.018
7.578 5 0.117+0.026 587118 0.115-0.023 0.11%0.026
7.677 (3,5 996+ 274 0.189-0.05Z 0.250+0.08¢'
8.037 7 0.189:0.019 1126:112 0.185-0.019 0.189:0.019
8.065 (3,5 280+ 86 0.046-0.014 0.046:0.014
8.442 7 0.093:0.024 1208244 0.173-0.035 0.093:0.024
8.675 (7,9) 3207+ 866 0.423:0.114 0.42%0.114
8.754 5 68080 0.087-0.01C 0.087+0.010
8.774 5 510+120 0.065-0.015 0.065+0.015
8.897 5 340+ 80 0.042+0.01¢ 0.042+0.010
9.052 5 340+100 0.03%-0.01Z 0.039+0.012
9.502 436-110 0.043-0.01F 0.043+0.011
9.658 160- 40 0.015-0.004 0.015+0.004
9.796 7 790+ 430 0.072:0.03% 0.072+0.039
9.822 3 120+ 70 0.011-0.006 0.011+0.006
9.840 5 716:160 0.064-0.014 0.064+0.014
9.893 110-60 0.010-0.005% 0.010+0.005
9.977 (5,7 1300+ 300 0.113-0.026 0.113+0.026

3 rom Ref.[4].
®From Ref.[32] with corrections using branching ratios from REf].
‘Mixing ratio §=0 is assumed.

d(e,e’) result from Ref[33] is taken into account.

B(M1)7 values based on the compilation by Erd{ are IV. DISCUSSIONS

always adopted when available, because the calculated errors
are usually smaller. Others are from NRF, while the value for
the 7.677 MeV state is slightly modified to arrive at a con-
sistency with the ¢,e’) value[33]. clei Al and 2’Si was studied through the comparison of
It is suggested that the 8.774 MeV state?lAl is a mem-  excitation energies, spins, parities, and branching ratios ob-
ber of theT = 3/2 isospin quartet stat¢4]. We suspect, how- tained in y-decay measurements up E,=5.5 MeV [4].
ever, that this state is &= 1/2 state, because of the reasonHere the symmetry structure is studied not only from the
given at the end of previous subsection. correspondence of excitation energies, but also from the

A. Correspondence of states

In earlier works, the symmetry structure in the mirror nu-
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TABLE Ill. Correspondence of states iffAl and 2’Si deduced from the similarity o1 and GT
transition strengths. Results of measurement on electromagBMictransitiong y transition and f,7')] in
27Al and (3Het) reaction on?’Al are compared. For details of the definition and derivatioB®fM 1), see
text. The excitation energies are given in units of MeV.

States in*’Al States in?’Si

E>2 2J7a BR(M1) E,° B(GT) P
0.0 5° - 0.0 (0.416-0.035f
1.014 3 0.011+5x10"* 0.98 (0.005-0.001)¢
2.211 7 0.114+0.003 2.17 0.08%0.007
2.735 5" 0.035+0.005 2.65 0.0460.005
2.982 3 0.185+0.010 2.88 0.1710.015
3.957 3 0.109+0.009 3.81 0.0720.007
4.410 5" 0.171+0.021 4.30 0.097 0.009
4.580 7 0.052+0.006 4.49 0.0120.003°
4.812 5" 0.046+0.007
5.433 7 0.016:0.005 5.30 0.024 0.00%
5.551 5" 0.050+0.009

5.51 (0.00%0.001)¢
5.960 7 0.02%0.015 5.84 (0.0080.002)?
6.081 3 0.0120.004

6.06 0.022-0.003
6.285 7 0.019+0.009
6.463 5 0.128:0.014 6.35 0.06 0.006
6.821 (3,7f 0.109+0.008 6.64 0.1020.010
7.413 7 0.148+0.014 7.22 0.0860.010
7.578 5+ 0.088+0.01 7.45 0.145-0.015
7.677 (3.5)" 0.190+ o.ozj
8.037 7 0.143+0.01 7.81 0.159-0.016
8.065 (3,5)" 0.035+ o.mj
8.442 7 0.076:0.018 8.21 0.06Z 0.008
8.675 (7,9) 0.320+0.086
8.754 5 0.066+0.008 f 8.53 0.075-0.009
8.774 57 0.049+ o.mj
8.897 5" 0.031+0.007
9.052 5" 0.030+0.009

9.00 0.036-0.006
9.502 0.033 0.008 9.25 0.055-0.009
9.658 0.012-0.003 9.42 0.0230.007
9.796 7 0.055+0.030
9.822 3 0.008+0.005
9.840 5 0.0480.011
9.893 0.00%0.004

9.67 0.0370.007
9.977 (5,7 0.085+0.020

9.95 0.063-0.009

3 rom Ref.[4].

bpresent work.

‘Including Fermi-transition strength.

dB(GT) value seems to be not reliable; see text.
®B(GT) value seems to be less reliable; see text.
fCorrespondence is less certain.

“quasi”proportionality of B(M1) andB(GT) values for the netic transitions into values directly comparable with the
analogous transitions from the ground stat€@¥l. In order ~ B(GT) values from the CE reactions agtidecay. Based on
to compare the strengths directly, it is convenient to modifyEq. (2.6), the following modifications are performe() the
the B(M1)1 values obtained from the study of electromag-B(M1)] values are divided by the numerical factor 2.643
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for the conversion of different coupling constantdMril and 0.3 P ‘ ‘
GT transitions, and?) these values are multiplied by a factor E.AI - EJJSI for Mirror States
of 2 compensating for the different isospin CG coefficients. .
We call the modifiedB(M 1) values to be compared to the
B(GT) values renormalizeB(M 1) values and use the nota-
tion BR(M1). The evaluateR(M1) values are listed in
column 3 of Table Il and shown in Fig.(®.

From the comparison of Fig.(B) showing theB(GT) i
distribution and Fig. &) showing theBR(M1) values, it is 0+ : . : ‘
clear that the overall correspondence of the two strength dis- 0 2 4 6 £ in8273i (MeV1)O
tributions is good up to arounH,=8.5 MeV in 2’Al. Our *
further aim is to establish a level-by-level correspondence FIG. 3. The difference of excitation energi&&, (?’Al- 2’Si) as
from the similarity of the transition strengths and the excita-a function ofE, in 2’Si. TheAE, values derived from thE, values
tion energies of states in the pair of nuclei. The advantage dh the GHe,t) reaction(open circley and those from compilation
the present comparison is that the level spacing of states [¢] (solid squaresare plotted. The increase of tieE, values as a
reasonable, since correspondence should be found only féunction of E, is roughly given by the relationshig E,=0.02&,
these states selectively connected by Nhe and GT transi-  as indicated by the solid line. TheJalues are shown for the states
tions from the g.s. of?’Al. In establishing the correspon- for which definiteJ values are known from Ref4].
dence, it is important to think of the fact that the Coulomb
displacement energies can depend on the excitation energgxcitation energies seem to be ascribed to Thomas-Ehrman
There is a tendency that a state 3f8i is found at a lower (TE) shift [36,37]. Since theS, in 2'Si (7.46 MeV) is much
excitation energy than the corresponding staté’#l, and  lower than the neutron separation ener§y)(in 2’Al (13.06
the difference in the excitation energies gradually increaseMleV), it is expected that the proton wave function ifSi
as a function of excitation energy. For example, the analog textends farther outside the nucleus. The modification in the
the 8.44 MeV state irf’Al seems to shift to lower energy of wave function due to the Coulomb force, therefore, is ex-
8.21 MeV in ?Si. In addition to the “shift,” it is known that  pected to be larger and will cause a larger TE d3#,35.
the Coulomb displacement energies depend on the configu- A wavy pattern is clearly seen for theE, values in the
rations of the respective statg®4,35, and an energy “fluc- region belowE,=7 MeV. It is found that this wavy structure
tuation” of about 50 keV can be expected. A consistent corbelow 5 MeV is attributed to the dependence of thE,
respondence in transition strengths and in excitation energiaslues on the values of states. This can be seen from the 2
is seen only if “shifts” and “fluctuations” in excitation en- values given in Fig. 3. Typically= 3/2 states have about 30
ergy are taken into account. keV largerAE, thanJ=5/2 states, whild=7/2 states have

It is observed that the best overall agreement is attaine@d0 keV smaller values.
for the two strength distributions if the correspondence of
states shown in Table IIl is considered. Some of the peaks C. Strengths

observed in the¥He.t) reaction as single peaks are resolved Although h q I q ¢
into doublet states owing to much better resolution of the though we have seen a good overall correspondence for

y-decay measurements. In such a case, the probable corr@he states in’’Al and in 27.8' throggh the comparnson of the
spondence is indicated in Table Il by thesign. AboveE, B. (M1) anq theB(GT) d_|str|but|ons, there are notlceablt_a
=8.5 MeV, however, the level-by-level correspondence be_dlfferer_1ces in the excitation str(_angths .Of the corre_spondmg
comes less clear. At higher energies, fieassignment from states in a level-by-level comparison. Since all trgnsmons are
the measurement of transitions becomes less reliable, and amongTz 1/2 states, the dlfferen_ces can pe attributed to the
no data on the mixing ratio are available. This suggests th 'ffege”‘ hature (.)f the operators myolvgd in thelecay and
some of the transitions can be dominarflg transitions. In the (_ I—_|e,t) reaction. Theo CE rea(_:tlon IS O.f pure l.V hature,
addition, above th&, of 8.27 MeV in ?’Al, the proton decay and it is known that at 0° and at intermediate incident ener-
starts to compete with the decay, which makes the mea- gies the effective operator is to a very good approxmatlon of
surements less reliable. For example, for the state at 8.6?“3e o type[1,13] except fof very weak transitions. On the
MeV carrying a largeBR(M1) value, it appears that no cor- other hand, th&1 1 operator mclude_s the IS and the IV com-
responding state with comparabR(GT) strength is ob- ponents, and' each of these contains an orbltal'term in addi-
; . tion to the spin term, as shown in E@.4). Thus, in anM 1
served in the {He,t) reaction. C : .
transition between states wiih=1/2, not only the dominant
IV spin term but also the minor IS term can make some
contributions. Furthermore, the orbital contribution, although
Based on the correspondence of states listed in Table lllisually believed to be small, can sometimes be significant
systematics of the differences of excitation energieg10]. Since the contributions of IS term and IV orbital term
AE(?’Al-?7Si) has been investigated. For doublets, a cento the IV spin term are either constructive or destructive
troid energy is used. The result is plottéapen circlesin ~ depending on the structure of the state, it is stated that dif-
Fig. 3 as a function oE, in 2’Si and compared with the ferences in strengths by up te50% might be expected
compilation of Ref.[4] (solid squares It is clear that the compared to a pure GT transiti¢8,38].
AE, values generally increase Bg increases; a relationship The IS and orbital contributions, however, cannot explain
AE,=0.02&, is found. The increased differences at higherthe fact that theBX(M1) values are as a whole larger than

(MeV)

AE
o

.2

0.1+

B. Excitation energies
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the correspondind@®(GT) values as seen from the compari-
son of Figs. &) and Zc). Contributions from MECs are
known to enhanc®(M1) strength over the corresponding
B(GT) strength{10,19,20,39,4D The enhancement is traced
back to larger and additive contributions of the vector MECs +
over the axial-vector MECs which are activeNhl and GT 1 i
transitions, respectively41]. In order to remove the con- 0.7] [ ]L %[ %
structive and destructive contributions of both IS and orbital ’

terms, it was proposed to sum up the strengths over a wide 0.4] l #

range of excitation energyl9]. Such cancellation of orbital o

contributions is rather well seen in a shell-model calculation ﬁ

[42] and also observed in an experiment off&i target 10]. 0.01 PP

We assume the cancellation also for the IS contribution, ) B(M1)d in 27Al
which is expected to be smdlb]. The cumulative sums of

BR(M1) and B(GT) values were calculated for the states FIG. 4. The ratioR,so for the M1 transitions in*’Al. The ratio
with reliable B(GT) values and good correspondence in theis sensitive to the combined contribution of IS term and IV orbital

region up toE,=8.2 MeV in 27Si. Using the values given in term to eactM1 transition. Values oRiso>1 (<1) suggest con-
Table 11, the enhancement fact®jec defined by structive (destructivg interference of these terms with the IV spin
term. For the definition oR,gp, See text.

R
2 BR(M1) analogousB(GT) values is lost. This finding is interpreted as
Rvec=——— (4.1 follows; since the IS term and the IV orbital term are always
E B(GT) small, the dominance of the IV spin term of thEL operator

is guaranteed if the transitions are at least of average
. . . - .. strength. The IV spin term, however, can also be small. Then
is found to be 1.4. Since the sum is for a limited region iNyhe rejative contribution of the IS term and the IV orbital
excitation energy, it is not appropriate to extract any definitery hecomes significant although the transition itself is
conclusion for the factoRygc. We should stress, however, \weak. A similar discussion applies to the corresponding
that the valueRyec obtained above is consistent with previ- AT=0 M1 transitions in mirror nucleii6,43).
ous values of 1.20-1.8510,19,20,39,4)) which were ob-
tained for the pure IV AT=1) transitions starting from V. SUMMARY
even-even self-conjugate nucl&Mg and 28Si.

By comparing the8(M 1) and theB(GT) strengths of the The mirror-symmetry structure of the pair A= 27 mir-

analogous transitions starting from the=0 target nucleus ror nuclei *’Al and 27.S.i was studied through comparison of
285, the orbital contribution in th8(M 1) strength was de- \?vrl;igho ,a?esaei transitions within and between these nucle,
" . . pectively calleM1 and GT transitions. The
duced for eaciM 1 transition[10]. Similarly by comparing known B(GT) distribution obtained from thg-decay mea-
the analogous8(M1) andB(GT) strengths of theAT=0  gyrements of?’Si was extended by using data from the
transitions inT=1/2 mirror nuclei, it is possible to extract present?’Al( 3He t)?’Si experiment with good energy reso-
the combined contribution of the IS term and the IV orbital |ytion measured at 0° and intermediate bombarding energy.
term in theB(M1) strength. Since the effect of MEC should The extended3(GT) distribution was then compared with
be independent of the wave function of the individual statethe B(M1) distribution obtained fronM 1y transitions in
the ratio of BR(M1) andB(GT) for the jth pair of corre-  27a] and the 27Al( v, ') reaction.

sponding states divided Byec, From the similarity of the strength distributions of the
transitions, a good correspondence of the structure in the
j Bf(M1) 1 27Al- 27si mirror pair was established up to excitation ener-
Riso(M1/GT)= === 55— (4.2 gies ofE,~9 MeV where the proton-decay channel becomes
B;(GT) Rwvec

important in 2’Al. The difference in excitation energies of
corresponding states is about 250 keV at this excitation en-
ergy. The difference is approximately proportional to the ex-
citation energy, but it also depends dwalues.

From a comparison d(M1) andB(GT) strengths of the
%inalogous transitions, the MEC contributions and the com-

should show the combined IS-orbital contribution to fhie
M1 transition and indicate how the IV spin term is modified.
The R;go should be greater than unity if the combined con-
tributions are constructive and less for the destructive cas
Using theB(M1) andB(GT) valu_es listed in Table Ill and bined IS-orbital contributions in thil 1 transitions were de-
the valueRyec=1.4, theRso ratios were calculated for g ,ceq By comparing the cumulative sums of renormalized
thoseM 1 transitions for which the corresponding GT transi- BR(M1) andB(GT) values, it is suggested that the MEC
tions are observed as singlets with rather reli@f€T) val-  contributions enhance thd 1 transition rates by a factor of
ues. The results are shown in Fig. 4 for #1d transitions in -~ — 1 4. This is consistent with values previously determined

Al as a function ofB(M1)1 value. It is interesting to note  for the pureAT=1 transitions starting frorif =0 even-even
that theR,so value tends to deviate from unity by more than nuclei. The combined contributions of the IS term and the IV
a factor of 2 when thd8(M 1)1 is less than approximately orbital term were deduced for thET=0 M1 transitions in
0.1. This shows that the combined IS-orbital contribution is?’Al. The contribution becomes significant in welklL tran-
rather large in weaker transitions and the “quasi”proportion-sitions with the decrease of the contribution from the IV spin
ality of theB(M1) values forAT=0 M1 transitions and the term of theM1 operator.
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