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Under the assumption that isosfins a good quantum number, isobaric analog states and various analogous
transitions are expected in isobars with mass numheiThe strengths ofl,=+3/2— +1/2 analogous
Gamow-Teller(GT) transitions and analogol1 transitions within theA=41 isobar quartet are compared in
detail. TheT,=+3/2— +1/2 GT transitions from theJ”=3/2" ground state ofK leading to excited)™
=1/2",3/2", and 5/ states in""Ca were measured using tfiHe t) charge-exchange reaction. With a high
energy resolution of 35 keV, many fragmented states were observed, and the GT strength distribution was
determined up to 10 MeV excitation enerdy,). The main part of the strength was concentrated inBhe
=4-6 MeVregion. A shell-model calculation could reproduce the concentration, but not so well details of the
strength distribution. The obtained distribution was further compared with two resdffsig# decay studying
the analogous,=-3/2—-1/2 GT strengths. They reported contradicting distributions. One-to-one corre-
spondences of analogous transitions and analog states were assigndt,ap tdeV in the comparison with
one of thesé’Ti B-decay results. Combining the spectroscopic information of the analog stat&airand
415¢, the most probablé™ values were deduced for each pair of analog states. It was found thasttas
carry the main part of the observed GT strength, while much less GT strength was carried'@and/2/ 2
states. The gross features of the GT strength distributions for &agre similar for the isospin analogous
T,=+3/2— +1/2transitions, but the details were somewhat different. From the difference of the distributions,
isospin-asymmetry matrix elements o8 keV were deduced. The Coulomb displacement energy, which is
sensitive to the configuration of states, showed a sudden increase of about 50 keV at the excitation energy of
3.8 MeV. The strengths of severl1 transitions to the IAS if’Ca were compared with the strengths of
analogous GT transitions. It was found that ratios of Bh& and GT transition strengths were similar, sug-
gesting that the contributions of tie- term in M1 transitions are small.

DOI: 10.1103/PhysRevC.70.054311 PACS nuner25.55.Kr, 21.10.Hw, 21.60.Cs, 27.4

I. INTRODUCTION sponding energies and strengths. Properties and isospin sym-

o ._metry of analogous transitions in isobars have been dis-
Isospin is a good quantum number under the assumptiog sseq extensively in Refgl,3].

that the nuclear interaction is charge symmetric and that the  5gmow-Teller (GT) transitions, caused purely by the
effect of the electromagnetic interaction is relatively small. ;~type operator, are well suited for the study of analog
As such, an analogous structure is expected for the samgates and properties of analogous transitions, because they
massA nuclei with differentT, (isobarg, where T[=(N  can pe studied in botjg decay and hadron charge-exchange
=Z2)/2] is thez component of the isospili (see, e.g., Refs. (CE) reactions. The GT transitions are characterized\by
[1,2])). The corresponding states in differefi nuclei are =0, AS=1, andAT,=+1, whereL andS are the orbital and
called isobaric analog statésr simply analog stat¢sTran-  spin quantum numbers. An important physical quantity for
sitions connecting various combinations of analog states argnderstanding the nuclear structure is the reduced GT transi-
analogous. Such “analogous transitions” should have corrgion strengthB(GT). The B(GT) values are usually obtained
from studies of GTB decay. In addition, CE reactions, such
as (p,n) or (°He ), performed at intermediate energies

*Electronic address: fujita@rcnp.osaka-u.ac.jp (>100 MeV/nucleoh can be used as a means to map the

"Present address: Research Center for Nuclear Physics, Osafal strengths over a wide range of excitation ene(By)
University, Ibaraki, Osaka 567-0047, Japan. [4,5]. For this purpose, one relies upon the approximate pro-

*Present address: iThemba LABS, P.O. Box 722, Somerset Wegtortionality between the reaction cross sections measured at
7129, South Africa. the scattering angl®=0° and theirB(GT) values[6].

Spresent address: JAERI, Tokai, Ibaraki 319-1195, Japan. The simplest analogous GT transitions are expected for
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+1/2 nuclei to excited states d,=+1/2 and -1/2nuclei T=3/2
studied in 8 decays andp,n)-type CE reactions, respec-

tively, the symmetry of analogous transitions and analog  (p,n)-type
states, and thus the isospin symmetry of isobars, has been
discussed in the low-lying region of variosstshell nuclei gs. IAS IAS
[6—9]. Similarly, the symmetric nature @,=+1toT,=0 GT (stable) 1
transitions has been examined for a few systems of light

sd-shell nuclei, such as the=26 nuclei systent*Mg, 2°Al, S
and ?°Si) [10,11 or the A=38 system(*®Ar, 3%, and *®Ca)
[12] by comparing (p,n) or (*He,t) CE reactions and
B-decay studies. A good correspondenceBdGT) values g:s. g.s. Tt/

with a difference of less than 5% was observed for the four  1,_,3p Ty=+1/2 Tp=-1/2 T,=-3/2

strong T,=+1—T,=0 GT transitions in theA=26 system (ZN+3) (Z+1N+2)  (Z+2N+1) (Z+3.N)

[11], and thus a good isospin symmetry was found. However, K “Ca = (- L i

such a comparison was possible only for the low-lying states ) o o

up to E,~3 MeV due to the lowQgc values of the relevant FIG. 1. (Color onling S(_:hema_tlc view of the isopin analog

B decays[13]. An extension of the study tép-shell nuclei states and analogous transitions in fredl, TZ:ta_‘/Z and £1/2

with higher Qg values was discussdd4]. isobar system. The Coulomb displacement energies are removed so

The symmetry of systems with larger isospinis more that the isospin symmetry Qf the states.and transitions become

challenging. TheT,=-T nuclei, unlike stablel,=T nuclei, clearer. The type of the reaction or decay is shown along the arrow
e o indicating the transition.

are usually far away from thg-stability line, and it is ex-
pected that the “isospin-asymmetric features,” if any, are ob-
served better. The isospin structure and analogous transitions
of the so-called T=3/2 system,” after subtracting the Cou- resolution of 35 keV and a good angular resolution were
lomb disp]acement energy, are Schematica”y shown in F|greallzed even at an intermediate incident energy of 420 MeV
1. The isobaric analog states of tfie3/2 ground states of (140 MeV/nucleon by using a magnetic spectrometer in
the T,=+3/2 nuclei are called the IAS in th§,=+1/2 nu- combination with beam matching techniques).
clei. There are several stable=3/2 nuclei in thesd and
fp-shell regions. The GT transitions from the ground state
(g.s) of aT,=+3/2nucleus taAJ"=1" stateg GT stategin
aT,=+1/2nucleus can be studied via CE reactions, such as The GT states are predominantly excited in CE reactions
(p.,n) or (*He ). The measurements of the correspondingat intermediate energies=100 MeV/nucleon and at for-
T,=-3/2 to T,=-1/2 transitions in3 decays have become ward scattering angles including 0°. This is because of the
more accurate in recent years with the technical development=0 nature of GT states and the dominance ofdheart of
of producing a larger number of unstable nuclei with greatethe effective nuclear interactiof21]. The experiment was
purity. It should be noted that thegkedecays have relatively performed at the Research Center for Nuclear Physics
high Qg values of more than 10 MeV. Therefore, it is ex- (RCNP), Osaka, by using a 140 MeV/nucledhie beam
pected that not only the transitions to the low-lying statesfrom the K=400 RCNP Ring Cyclotron and the QDD-type
but also the main part of the GT transition strengths can b&rand Raiden spectrometg@?] placed at 0°. The beam was

l

g.s.

T=3/2

v

B+ decay

\ 4

II. EXPERIMENT

studied in thesg8-decay measurements. ~ stopped in a Faraday cup inside the first dipole magnet. In a
Among the candidates for thg=+3/2— +1/2compari-  (3He,t) experiment using a magnetic spectrometer, the mea-
son, we find that analogous transitions in &w41 system—  syrement at 0° is relatively easy, because the magnetic rigidi-

e, K (T,=+3/2 to *Ca(T,=+1/2 and “Ti (T, ties of the®He?* beam and the singly charged outgoing tri-
=-3/2) to *'Sc(T,=-1/2—are well suited for an accurate tons differ by about a factor of 2. However, for the analysis
study of the analogous GT transitions and also the isospiref intermediate-energy tritons, a large bending power is re-
symmetry structure of isobars. The former can be studied byguired for the spectrometer. This requirement makes the
a CE reaction on a stabféK target and the latter in th8  Grand Raiden spectrometer ideally suited for the present
decay of*'Ti. Owing to the highQgc value of 12.93 MeV in  measurement. The large difference of atomic energy losses
the *'Ti B decay[15], the B(GT) values have been reported of 3He and tritons in a target foil can cause a large energy
for *!Sc up to about 8 MeV by several groufis—-19. spread of the outgoing tritons, which deteriorates the spectral
In this paper, we report the GT strengths of tlie  resolution. Therefore, a thin self-supporting foil is desirable
=+3/2— +1/2 GTtransitions up td,=10.5 MeV deduced as a target.
from a measurement of tH8K (*He t)*'Ca reaction at 0°. In order to produce a thif'K self-supporting target, a
TheseB(GT) values are compared with those of the isospin-thin foil of *'K,CO; supported by polyvinylalcohalPVA)
symmetricT,=-3/2—-1/2 GT transitions fronf’Ti B de- [23] was used. The enrichment of tHeK isotope was
cay. In order to make a reliable comparison, high energy9.2%. The total thickness of the target was approximately
resolution is important in the CE reaction. Good angularl mg/cn?. Therefore, this target is a mixture 81, carbon
resolution is also important in order to obtain a well-definedisotopes*“C and **C with natural abundance 98.9% and
0° spectrum. In ouf*K (®He t) measurement, a high energy 1.1%, respectively, and oxygen isotop€® and %0 with
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FIG. 2. (Color onling The K (*He t)*'Ca spectrum at 0° with an angular range up to 0.5°. A high resolution of 35 keV has been
achieved. The major GT states are indicated by their excitation energies. For other details, see text.

natural abundance 99.8% and 0.2%, respectively. The final In order to accurately determine the scattering artgle
nuclei after the(®He t) charge-exchange reactions &'€a,  near 0°, angle measurements in bothxftirection(#) andy

12N, 3N, 1°F, and '®F, respectively, and their reactic®  direction (¢) are equally important, wher® is defined by
values are —-0.42, -17.36, —-2.24, -15.44, and -1.67 MeV@= ¢+ ¢2. Good ¢ and ¢ resolutions were achieved by
Owing to the large difference @ values, states ifiCa can  applying theangular dispersion matchingchnique[25] and

be observed without being affected by the strongly excitedne “overfocus mode” in the spectrome{@g], respectively.
states in""N and F. Since theQ values of "C and ™0  The angle calibration was performed by using a multihole
nuclei are comparable with that biCa, the ground and ex- gnertyre. It is estimated that the angle resolution was better
cited states of°N and'®F are expected in thH€Ca spectrum. . q mrad29]. The “0° spectrum” in Fig. 2 shows events

The separation and identification of these states and thg scattering angle® < 0.5°. As will be shown, all promi-
states of*'Ca were possible owing to the high energy reS0- ant states are df=0 nature ’

lution of this experiment, as will be described below. A . .
) . . ccurateE, values with errors of about 1 keV are given

The outgoing tritons were momentum analyzed without. Ref. [30] for the AJ™=1" GT states of’Ca up to 6 MeV
using any acceptance-defining aperture of the spectrometer, : ) P
A spectrum covering the angular range=et20 mrad hori- (See column 1 of ngle" I—éowev%r, we derzlxed tshEX vazlkjes
zontally (x) and=+40 mrad verticall(y) was obtained. The mdependently. ™ Mg( He O™"Al and “Mg("He D™Al
tritons were detected at the focal plane with a multiwire drift- reactions have neg.at|veQ values  of _4'0.2 MeV and
chamber system allowing track reconstruction for each ray 13:90 MeV, respectively. Accural:ei values W'EQ errors of
[24]. The acceptance of the spectrometer was subdivided ?&SS than 1 keV are known f%; the ]statesleof 3AI uplb'go
the software analysis by using this track information. 9 Mev and for a few Stat?s Al [7]. The "O(*He ) °F

An energy resolution far better than the energy spread ofeaction has a large negati@ value of ~15.44 MeV, and
the beam was realized by applying tdispersion matching sharp I states are known up to 4.65 Mg81]. On the other
technique[25]. Using the new high-resolution “WS course” hand, the**C(*He )N and **0(*He t)'°F reactions have
[26] for the beam transport and the “faint beam method” forsmall negativeQ values of —2.24 MeV and -1.67 MeV, re-
the diagnosis of matching conditiorj87,28, an unprec- spectively. States from all of these reactions were observed
edented resolution of 35 keYfull width at half maximum in the spectrum using &MgCO;+PVA target[23] mea-
(FWHM)] was achieved. This improved resolution allowed sured under the same condition as with tfi¢,COs+PVA
us to resolve states 4fCa up toE,=10 MeV, as shown in target. TheE, values of the states in tHé&K (°He t) spectrum
Fig. 2. As can be seen, all strongly excited states are concemere determined with the help of kinematic calculations.
trated in the energy region between 4 and 6 MeV. The g.s. oPwing to the large variety o values of the states used in
18 and the g.s. and the 3.502 MeV state'di were iden-  the calibration, alE, values of*'Ca states shown in column
tified by comparing this spectrum with the spectrum of a3 of Tables | and Il could be determined by interpolation.
"aiMgCO,;+PVA target measured under the same conditionThe present values agree with the literature values for most
as the*K,CO;+PVA target. They are indicated in Fig. 2. states up td,=6 MeV within 3 keV. The estimated errors
The higher excited states 6fN were also identified in the are 5 keV for the states up to 8 MeV and 7 keV for higher
spectrum, but the contributions from these states were vergxcited states, unless indicated otherwise.
small in the regionE,<10.5 MeV. The possible contribu-  The yields of individual peaks were derived by applying a
tions from the states o°Ca originating from thé®K nuclei ~ peak fitting program using the peak shape of the well sepa-
with 0.8% isotopic abundance in the target were examinediated®*Ca g.s. observed in théK (*He t) measurement per-
by comparing with the spectrum from th”éK2C03+ PVA  formed under the same condition as tH& measurement.
target. The strongest g.s. 9fCa is expected a+6.1 MeV in  No obvious broadening of the width 8tCa states was ob-
the spectrum shown in Fig. 2, but no noticeable contributiorserved even for states above the proton separation efgrgy
was observed. of 6.3 MeV.
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TABLE I. States observed in th‘@K(sHe,t)“Ca reaction below TABLE II. Continuation of Table | for the excitation energies
7 MeV excitation energy and the corresponding GT transitionbetween 7 and 10.5 MeV.
strengthsB(GT). For details of the derivation and the errors of

B(GT) values, see text. Evaluated valués CHe )P
E. (MeV) 237 E, (MeV) L B (GT)
Evaluated valués (CHe t)°
E,(MeV)  2J7;2T E, (MeV) L B(GT) 7.225 0 0.01&)
7.296 5 7.296 0 0.02()
2.010 3 2.012 0 0.03M) 7332 0 0.0263)
2.606 5 2.607 0 0.02(B) 7.372) =1
2.671 T 2.676 (0) 0.0031) 7552 =1
2.884 7 2.884 =1 7586 =1
3.050 3 3.050 0 0.0041) 7639 0 0.008)
3.400 T 3.400 0 0.06) 7.722) =1
3.527 3 3.526 0 0.03®) 7792 ©) 0.0042)
3.740 (3,5* 3.737 0 0.03(B) 7 854 0 0.0163)
3.846 T 3.845 0 0.012) 7901 =1
4.097 5 4.093 0 0.44633) 7.00420)  1*,3%.5° 7986 0 0.010%)
4.184 (3,5 4.182 0 0.03%) 8.046 0 0.0021)
4.328 (3-13™ 4.330 =1 8.144 0 0.00@)
4.415 3 4.419 0 0.038%) 8972 (=1)
4.550 4.550 0 0.032) 8.347 =1
4.728 Q)" } 4797 0 0.22017) 8.4022) (5-11* 8.406 (0 0.0092)
4,733 (5)* 8.468 =1
4.779 ©N 4777 0 0.03®) 8.515 =1
4.816 5 4.815 0 0.14@12) 8.587 0 0.016)
4.966 0 0.02@3) 8.653 =1
5.095 3 5.097 0 0.0102) 8.702 =1
5.283 5 (5.29 0.05917) 8.861 0 0.011)
5.411 5 5.406 (0) 0.04%10) 8.926 0 0.00&)
5.482 3" 5.480 0 0.07@7) 9.013 0 0.0183)
5.649 (5)° 5.652 0 0.06%®) 9.081 =1
5.719 (5)° 5.717 0 0.19015) 9.183 =1
5.760 (5" 5.756 0 0.05(6) 9.230 (©) 0.0062)
5.817 3;3° 5.814 0 0.14@5)° 9.324 (=1)
5.892 T 5.890 (0) 0.0214) 9.402) =1
5.976 (3,9* 5.969 0 0.19215) 9.590 (©) 0.0194)
6.019 0) 0.0184) 9.616 =1
6.3255) (5)* 6.326 0 0.031) 9.669 0 0.01®)
6.46210) (5-11* 6.464 0 0.03) 9.771 =1
6.544 =1 9.862 () 0.0042)
6.596 0 0.03®) 9.928 =1
6.6472) 5 6.653 =1 10.032) =1
6.7387) (5-1D* 6.744 =1 10.113 0 0.0093)
+ 10.161 0 0.0133
68012 (33 } 6.823 =1 10.194 (zi )
6.822 1
6.9012) 5* 6.904 0 0.007L) 10.238 =1
10.286 0 0.02@})
6.96615) 35" {6-959 =1 0.0132) 10.339 ~1
From Ref.[30] :6-984 Q 10.421 0 0.01¢8)
bPresent work. *From Ref.[30].
“The IAS. bPresent work.

dFor the details of the derivation, see text.
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ll. DATA ANALYSIS creases up to 10 MeV. This result was used to correct the
peak intensity of each state.
_ _ ) ) In order to obtairB(GT) values from Eq(2), we have to

In order to identifyL=0 GT states, yields were derived getermine the unit cross sectiérs; or the “unit GT inten-
for all states in the spectra with angle cls-0°-0.5°(See  gjn» for the transitions to the states observed in the
Fig. 2), 0.5°-1.0°, and 1.0°-1.5°. The angular distributions °f41K(3He,t)41Ca spectrum at 0°, shown in Fig. 2. However,

GT states peak at 0°. The relative decrease of the yields %ere is no transition whosB(GT) value can be directly

each state in these three cuts was compared with that of the, . som -decay measurement. Therefore, we as-
4.093 MeV state, the most strongly excited state known toSume that the total sum @(GT) values .in the anallogous
have a pure GT nature. It was found that for most of themirror transitions—i.e. T.= +3/2— +1/2 GT transitions—
well-observed states belot,=6 MeV, the ratios of yields observed in thélK(“"i—Ié’ tz) r;action ;nd in thé'Ti 3 deca
in the 1.0°-1.5° and 0°-0.5° angle cuts were similar to the ' y

ratio of the 4.093 MeV state within 20%, suggesting thatf‘hre the sgmeﬁe F:g. 1 From F'%' %’c\jN? see Tatfsrr'cﬂos\t/ of
they are allL=0 states. On the other hand, a few very weakly € prominent Ievels are concentrated in the4- Ve
region. As discussed, most of them halve0. A similar

excited states in this region and many weakly excited state . ;
aboveE,=6 MeV had ratios larger than 1@ypically 1.3— concentration of GT strength was reported in the correspond-
X_ .

; . ing E,=4—6.2 MeV region of!Sc by Honkaneret al. [18]
1.5), suggesting that these states have 1. They are indi- INg Ex ) P ;
he sign=1" i | 4 of Tables | 1. in one of thep-decay studies of'Ti (for details, see Sec.
cated by the sign in column 4 of Tables I and V A). In addition, the sum of th8(GT) values of>B(GT)

=1.7717) in this region of*'Sc, except the GT strength in
B. B(GT) evaluation from (*He,t) data the IAS, was in good agreement within errors with the sum
3>B(GT)=1.6Q015) reported in anotheg-decay study by Liu
%t al. [19]. Therefore, the unit GT intensity was obtained by
assuming that the total intensity summed over all GT states
in this region, after making a correction for excitation en-
ergy, corresponds to thB(GT) value of 1.6812), which is
(0°) = KN,,3,,(0)[’B(GT) (1) the average of th&B(GT) values of the twgs-decay stud-
ies.
. The B(GT) values for all excited states, except for the
=067B(GT), ) IAS, were calculated by using the same unit GT intensity
whereJ,,(0) is the volume integral of the effective interac- from their peak intensities after making the excitation energy
tion V,,, at momentum transfeg=0, K is the kinematic fac-  correction. The obtaineB(GT) values are listed in column 5
tor, N,,, is a distortion factor, andgy is a unit cross section Of Tables | and II, and they are also displayed in Fig)3
for the GT transition. Fof*He t) reactions, the approximate The errors quoted for thes®(GT) values come from the
proportionality between the 0° cross sections and the Gptatistical uncertainties of the experimental data and the am-
transition strength8(GT) was shown for thé3(GT) values  biguities of B(GT) values in thep-decay measurement. On
=0.04 from the studies of analogous GT transitionsAin the other hand, the error associated with the possible isospin
=27, T=1/2 mirror nuclei®’Al and 2’Si [9] andA=26 nuclei ~asymmetry of the strength in th&,=4-6 MeV region,
2\g, 2°Al, and 2°Si [11]. Here we use a unit system that Where the normalization of th&(GT) strength was per-

gives a value oB(GT)=3 for the 8 decay of the free neu- formed, is not included. Since the proportionality given by
tron. Eq.(2) is experimentally established only for transitions with
The productkN,,, and therefore the unit cross section B(GT)=0.04[9], the uncertainty may be larger for weaker
ogt in EQ.(2) changes gradually as a function of mass num-ransitions.
ber A as well as excitation enerd]. In order to estimate The transition from the)™=3/2" g.s. of *K to the IAS
the latter effect, a distorted-wave Born approximationcan contain both Fermicaused by ther operatoy and GT
(DWBA) calculation was performed by using the canlg81 ~ components. In order to extract the GT component in the
[34], assuming a simplds;,— dg, transition for the excited IAS, we assume that the Fermi transition strength concen-
GT states. The optical potential parameters used were thodeates to this IAS and the strengthB¢F) =N-Z=3. In addi-
determined for “Si at an incident *He energy of tion, we used the fact that the ratio of GT and Fermi unit
150 MeV/nucleon35]. For the outgoing triton channel, by cross sections, denoted B in Ref. [6], is only weakly
following the arguments given in Reff36], the well depths dependent on mass numbArand can be deduced to be
were multiplied by a factor of 0.85 without changing the 8.7(7) for the A=41 nuclei by an interpolation between the
geometrical parameters of the optical potential. For the efknown R? values of 6.64) and 10.%5) for A=26 [11] and
fective projectile-target interaction of the compositee par- A=58[14,39 nuclei, respectively. In this way, we estimated
ticle, the form derived by Schaeff§d7] by applying a fold- aB(GT) value of 0.14825) in the transition to the IAS as the
ing procedure was used. As the interaction strengthand  most probable value. In Refl18], an isospin impurity of
the range parameteéR at 140 MeV/nucleon, we used the (10+8)% is suggested for the IAS. It is calculated that this
values of 2.1 MeV and 1.415 fm, respectivgB8]. The cal- amount of isospin impurity would increase tBéGT) value
culated 0° cross section decreases by about 5%, a®- in the IAS by 0.034+0.028.

A. ldentification of L =0 Gamow-Teller states

It is known that in CE reactions at 0° the cross section
for GT transitions are approximately proportionalB6GT)
values[6,32,33:

dO'CE
dQ
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FIG. 3. (Color onling Experimental and shell-modB(GT) dis-
tributions. (a) B(GT) distribution from the preserftk (*He t)*'Ca
measurementb) B(GT) distribution from a shell-modglSM) cal-
culation for all allowedl. B(GT) distribution from a SM calculation
(c) for J=1/2,(d) for 3=3/2, and(e) for J=5/2. Note thechange in

size of the panels.

IV. GAMOW-TELLER STATES AND B(GT) DISTRIBUTION

A. Experimental results

Since the g.s. of’K hasJ™=3/2", theL=0,AJ"=1" GT
transitions can reach eithdf=1/2", 3/2°, or 5/2" states.

For most states assigned to be0 in the present analysis,

corresponding states with eith&f=1/2*, 3/2*, or 5/2" can
be found up to 7 MeV excitation energies in RE30], as
listed in Table 1. Exceptions are the 4.550, 4.966, 5.652the *°Ca core plus two neutrons in thie,, shell and one
5.717, and 5.890 MeV states. For them eithedfealues or
negative parity are assigned. N®values were given for the strength compared to the=1/2 strength can be understood

PHYSICAL REVIEW C 70, 054311(2004

4.550 MeV state, but possiblE values of(1/2,3/2,5/2)

are given for the probable analog state at 4.644 Met¥$t

(see Table 1l and the discussion of Sec. VA ZThe
4.966 MeV state is not knowf0], but again its probable
analog state witldd™ values of 1/2 is found at 5.023 MeV.

In Ref. [30] it is suggested that the 5.652 and 5.717 MeV
states have negative parity. However, they are rather strongly
excited in the 0° spectrum, athd=0 is assigned in our analy-
sis. In addition, possible analog states for these states with
more or less corresponding strengths are observed at 5.774
and 5.840 MeV, respectively, in tHéTi B-decay measure-
ment studying the isospin mirror GT transitiotsee Table
III). Therefore, we suggest that they are GT states with posi-
tive parity. We also suggest a positive parity for the
5.890 MeV state, although it is weaker. TH& values of
5/2" are assigned to the 7.296 MeV state in R&0]. Our
analysis, however, shows=0 for the transition to this state,
and a positive parity is therefore suggested.

As seen from Fig. @), the main part of the GT strength is
concentrated aE,=4-6MeV, but it is very fragmented.
Clustering of states is observed around 4.1, 4.75, 5.7, and
5.95 MeV.

B. B(GT) distribution from the shell model

The shell-model calculations for the=41 system were
carried out in thesd-fp model space. Relative to a closed
shell for*°Ca, particles are in thip shell and holes are in the
sdshell. The model space was truncated to one-partighe
for the low-lying T=1/2 negative parity states and to two-
particle one-hole(2p-1h) for the excitedT=1/2 and 3/2
positive parity states. We used the SDPFMW Hamiltonian
[40] that was deduced for this model space and truncation.
The computer codexBAsH [41] was used in the calculation.

In Fig. 3, the experimentally extract®{GT) values and the
shell-model values are compared for excitation energies up
to 10 MeV.

The results of shell-model calculation include the average
renormalization facto¢quenching factorof 0.6 [13] for the
B(GT) values. By comparing Figs(& and 3b), we see that
the calculated and experimen®(GT) distributions are gen-
erally in agreement. The observed concentration of the GT
strength atE,=4—6 MeV and thefragmented and weakly
excited strengths above 6 MeV are well reproduced by the
calculation. The calculated totaB(GT) strength up to
6.5 MeV, where the main part of the strength is concen-
trated, is 2.43, which is in agreement with the corresponding
experimental value of 2.12 within 15%. However, the ob-
served fragmentation of the strength in the 4—6 MeV region
was not reproduced. The calculated GT strength is concen-
trated in fewer states.

The calculation predicts that all=3/2 GT states, except
for the IAS, are abov&,=7.5 MeV. In addition, all of them
have very smalB(GT) values. Therefore, it is suggested that
most of the GT strength is in the transitions to fhel/2
states. In a naive picture, the structuré"tf is described by

proton hole in theds, shell. The much weakefT=3/2
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TABLE Ill. Comparison ofT,+3/2— +1/2 andT,-3/2—-1/2 analogous GT transitions observed in
the 'K (®*He t)*!Ca reaction and thg decay of*'Ti to *'Sc, respectively. The comparison is for the transi-
tions to the states below 6.2 MeV, where the main part of the strength is concentrated.

4K (He HMcd “Tj B decay to*'s¢ Deduced values
Ec (MeV)  2J7;2T B(GT) E, (MeV) 2J7:2T BGT)  2J™ AE, (keV)

2.012 3 0.03%3) 2.096 3 0.0367) 3* 84
2.607 5 0.02a3) 2.667 5 0.06713) 5 60
2.676 1 0.0031) 2.719 T 0.01Q3) 1* 43
3.050 3 0.0041) 3*

3.400 T 0.0676) 3.411 T 0.06%7) 1* 11
3.526 3 0.0344) 3.563 (1,3,5°  0.03%6) 3* 37
3.737 (3,5* 0.03Q3) 3.781 (5 0.0296) 5* 44
3.845 i 0.0122) 3.95114) 1* 0.0093) 1* 106
4.093 5 0.44633) 4.2454) 5* 0.36q30) 5* 152
4.182 (3,5 0.0344) 4.3283) 5* 0.01G4) 5* 146
4.419 3 0.0334) 4.5025) 3* 0.0144) 3* 83
4.550 0.01@) 4.6445) 1~ 0.0154) 94
4727 (3% (5)°" 0.22017) 4.8694) 5* 0.015200 5 142
4.777 (3)* 0.0335) 4.7775) 3 0.0569) 3 0
4.815 5* 0.14912) 4.9285) (1,3,5* 0.25030) 5 113
4.966 0.0213) 5.0235) 1* 0.03%8) 1* 57
5.097 3 0.0112) 5.0845) 3* 0.03%8) 3* -13
5.283 5 0.05917) 5.3754) 5* 0.16q20) 5* 92
5.406 5 0.04510) 5.4935) 1* 0.0177) 87
5.480 (3)* 0.0797) 5.5764) 3,5 0.08Y19 3* 96
5.652 (5)° 0.0676) 5.7744) (1,3,5* 0.06920  s* 122
5.717 (5)” 0.19015) 5.84Q5) 3*5"  0.32040) 5* 123
5.756 (5)* 0.0516) 5.88612) (1,3,5* 0.06919) 5 130
5.814 3%;3° 0.14825) 5.9394) 3*:3° 0.110 3 125
5.890 1 0.021(4) 6.03§25) (1,3,5*  0.0517) 1" 148
5.969 (3,5* 0.19215) 6.08320) (1,3,5*  0.0608) 114
6.019 0.0184) 6.13320) 3" 5 0.0537) 114

*Present work.

®From Ref.[18].

“From the shell-model calculation; see REHf8].
dSuggestedl” values from the comparison.
“The IAS.

qualitatively with this picture in combination with the dis- made in Sec. V A 3. As will be discussed, the distributions
cussion given in Ref42] on the possible isospins for single- for three different) states are not so well reproduced.
particle and single-hole configurations.

The_shell-model calculation predicts an additio_nal_con- V. COMPARISON OF ANALOGOUS TRANSITIONS
centration ofT=1/2 strength arounde,=10 MeV, which is
not observed in the experiment. This predicted GT strength is From Fig. 1, we see that the GT transitions studied in the
probably spread over manyp5sh states that are not in the B decay of theT,=-3/2 nucleus*'Ti to the T,=-1/2
model space, and thus the GT strength in this high energgucleus*'Sc is analogous to those studied in i (*He ,t)
region around 10 MeV may be blended into the continuummeasurement. In addition, tihé1 vy transitions from the IAS
A further comparison of strengths for eadhvalue will be  in *’Ca to lower excited states are also analogous. Our inter-
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est is whether or not similarities of strengths are found for 05

these different analogous transitions. §o4— (@) *'K(He,p*'Ca
A. Isospin-symmetric GT transitions 0.3
1. GT transition strengths fromB-decay measurements 0.2
The GT strength distribution witfi,=+3/2— +1/2 na- 0.4
ture studied in thé*K (*He ,t) reaction can be compared most I hH
directly with the result from the isospin-symmetrit, 0+ —— 3 ! T*ﬂ Lz AR = el
=-3/2—-1/2 transitions studied in tHeTi 8 decay. Owing E, in *'Ca (MeV)
to the highQg¢ value of this decay, thB(GT) values can be 0.5+ : : : : : :
studied for states if'Sc with relatively high excitation en- £ o4l (b) “'Ti B decay : Honkanen et al.
ergies. In Figs. é) and 4c), two B(GT) distributions from e
the most recent!Ti B-decay measurements from Honkanen 0.3
et al. [18] and from Liu et al. [19], respectively, are dis-
played. Because of the lo®, value of 1.09 MeV[30] in 021
*iSc, both distributions were derived from measurements of ]
delayed protons. It was assumed that possjdecays to the ' l \ [ W
g.s. of*'Sc were not important, although sugtdecays may - Ix L ey Ll i SEERE S

have impact in some cases. In reality, the influence seems to =
be small, because simil@(GT) values are observed in the © 041
T,=+3/2— +1/2 isospin mirror transitions to the lowest

(c) 'Ti B decay : Liu et al.

J™=3/2" states(see Table lI). 02
Both of thesé"'Ti B-decay results show that the main part 0.2-
of the strength is found at excitation energies above 4 MeV.
Similar clustering strengths can be seen at 4.25, 4.9, and 9] H l
5.8 MeV, although the strengths are distributed somewhat P hnl 11l o mﬂﬂ m 11 1
differently in each cluster. The differences may be explained 2 3 4 5

7 8
by the difference of the resolutions in measuring the energies E, in “1Sc (MeV)
of delayed protons. They are 30 keV in REE8] [Fig. 4(b)]
and 70—-100 keV in Refl19] [Fig. 4(c)]. The total sums of
B(GT) values in the 4—6.2 MeV region, excluding the GT 1,3 4 . S

. . from the presenf'K (*He t)*!Ca reaction(b) B(GT) distribution
strength in the IAS, were 1.7¥7) and 1.6015) in Refs. from the *MTi — *IS¢ g decay reported in Ref18]. (c) B(GT) dis-

[18,19, respectively, in agreement yvithin the_ ex'perimentaltlribution from the*'Ti IS¢ g decay reported in Ref19].
errors. On the other hand, at higher excitations above

6.2 MeV, we see that these tw®decay results differ sub-
stantially.

FIG. 4. (Color onling ExperimentalB(GT) distributions from
T,=+3/2— +1/2isospin mirror transitionga) B(GT) distribution

pending onT,—i.e., isospin-asymmetric interaction—can
make the GT strength distribution somewhat different. How-
ever, sincel is a good quantum number, the modification of
The GT strength distribution from odfK (°*He t) study is  the distribution is expected only among the sainstates.
shown in Fig. 4a) for the energy region where theé-decay  Rather accurate excitation energies dfidzalues have been
results are available. It is clear that this distribution is quiteevaluated for many of these staf@]. Therefore, the cor-
similar to the one of Honkanegt al.[18] shown in Fig. 4b)  responding states can be assigned on the basis of excitation
with respect to the gross structure. Furthermore, since thenergies,J” values, and the transition strengths from the
experimental resolutions in thiss-decay measurement (*He t) and 3-decay measurements. A clear disagreement of
(30 keV) and the(*He t) reaction(35 keV) are both good J values is seen only for the corresponding states at
and similar, we see a one-to-one correspondence of observe406 MeV in*'Ca and 5.493 MeV if'Sc. They are given
states and the GT transition strengths to them for the energy” values of 5/2 and 1/2, respectively, in Ref[30].
region below 6.2 MeV, where the main part of the GT  Since the number of observed states are practically the
strength is concentrated. By combining further the knowl-same, one may think that the corresponding states can be
edge ofJ™ values of states iffCa and*'Sc evaluated in Ref. assigned by the ordering of the excitation energies, if we
[30], correspondences of states are suggested in Table llbelieve in the isospin symmetry. However, there are several
and details are discussed below. clusters of states, and it is difficult to identify the correspond-
In these two experiments detecting the isospin mirroring states from only the sequence of excitation energies and
transitions, we notice that the number of observed states witthe consistency of the assigndd values that sometimes
appreciableB(GT) strength is identical if'Ca and*'Sc, ex-  have ambiguities. Clusters are at 4.75, 5.7, and 5.95 MeV in
cept for the very weak transition to the 3.050 MeV state*'Ca and also iff'Sc at the corresponding energjese Figs.
observed in thé*He t) reaction. The residual interaction de- 4(a) and 4b). Clustering states are indicated by parentheses

2. Corresponding GT states ifiCa and*'Sc
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between columns 3 and 4 in Table Ill. For these states, the & %2743 T 3104122
corresponding states should be assigned taking the similari- @ o1 z
ties of transition strengths into account in addition to the ’ ]
consistency of the assigndd values. As a result, it is sug- 01— — — 5 o
gested that the 4.727 and 4.777 MeV states of the first cluster ) b)J = 3/2 2
in “!Ca correspond to the 4.869 and 4.777 MeV states in = 011 {
43¢, respectively; i.e., the order of the excitation energy of or—— -~ 1 1 1. [ .
the corresponding states is reversed. Such a reversed order = c)J=5/2
was noticed only for these pai(see Table ). S 0.4

For the analog states, the correlationB§GT) values be- @
tween analogoud,=+3/2— +1/2 transitions was exam- 03
ined. As we see in Fig. 5, points are distributed more or less .
along the 45° line, but they are rather scattered, especially
for pairs of states with smallé(GT) values. As a result, we 0.1
conclude that the gross symmetry of these isospin mirror o . 1 | I
transitions is rather well preserved, but the fine structures are 2 "3 4 "5 "6
somewhat different. E, in *'Ca (MeV)

3. Strength distributions of ¥1/2, 3/2, and 5/2 states . FIG. 6. (Color onling The T,=+3/2— +1/2 B(GT) distribu-

tions deduced from th&'K (°*He t) measurement for th&Ca states
The J™ values of the states iffCa and*'Sc have been with (a) J7=1/2", (b) J7=3/2, and(c) J"=5/2".

evaluated independently for each nuclgs@]. Since the cor-

respondence between analogous GT transitions became ap-

parent in the present analysis, the knowledge ofithealues

for a pair of analog GT states can now be combined. Thehe shell-model calculation, th=1/2 and 3/trengths are

most probable)™ values of each pair of states were deducedstronger than in the experiment, while the5/2 strength is

up to E,=6 MeV, and they are given in column 7 of Table \yeaker. In addition, the fragmentation of the strength, espe-

Il. _We see that the number df’_:5/2* states is tht_a largest, cially that of theJ=5/2 strength in theE,=5-6 MeVregion

while the number of 1/2states is smaller, suggesting a largejg ot well reproduced. The larger number of levels, and thus

cp_ntribution of theds, hole. TheB(GT) distributions_ of t_ran- the higher level density, above about 5 MeV is probably due

sitions tOJ:]./Zidlg/Z, adrl(f S/atates are shown in FIgs. 6 15 the states of g-3h levels that are not included in the

and 7 for nucle*Ca and™ Sc, respectively. In both figures, model space truncation. These configurations cannot be

the main part of the GT strength is found in the 5 &2ates. reached directly from the [21h, T=3/2g.s. However,

Among the 3/2 states, the largest GT strength was seen in L
the T=3/2 IAS at 5.814 MeV. Therefore, in comparison above about 5 MeV, they could mix with the-2h doorway

amongT=1/2 states, the dominance of the GT strength instates and cause a spreading of the GT strength.
5/2" states is even more prominent.

When thesd8(GT) distributions with three different val- 02— . .
ues are compared to the corresponding shell-model results @ | a)J=1/2 T,=-3/2t0-1/2
shown in Figs. &)-3(e), we see notable disagreements. In ~ “ 0.1 -
ol A i [
1 : ' 6 lbJ=32 0
£ o« | “ 0.1 j i
& - I’!‘u'!' I o1 ; N U ] ;
0.14 K L . JoJd=52
oy ’.—"T: 4 i G 0.4-
L i
: I 0.3
0.011 *i'-"*' -+ L
: 0.2
001 0.1 1 0.1 ‘
B(GT)B 0 r ] T T T I T T I r
2 3 4 5 6
FIG. 5. A correlation of B(GT) values between analogous E, in*'Sc (MeV)
T,+3/2— +1/2 transitions. The -3/2--1/2 B(GT)4 values are
from “ITi B decay[18] and the +3/2- +1/2 B(GT);,¢; values are FIG. 7. (Color online The T,=-3/2—-1/2 B(GT) distribu-
from the present’k (°*He t) measurement. Analog states with ideal tions deduced from thé&'Ti B-decay measurement for tHéSc
correlation would follow the dashed line. states with(a) J7=1/2*, (b) J7=3/2*, and(c) J"=5/2".
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4. Estimation of the isospin-asymmetry matrix element two excited states before and after the mixing, respectively,
By comparing Figs. 6 and 7, we again notice that thet@n be expressed as
gross fgatures of .these tV\BI(.GT) distributions fqr the iso- . BO(GT), ) |<q)b|o|q)o>|2
spin mirror transitions are similar, but the details are some- R (8)

~ RO - 2
what different. One of the interesting features is that the BYGTa  [(©4O]|®y)|

strengths of twoJ=5/2 states at about 4.8 MeV and gnq

4.9 MeV in**Ca and"Sc, respectively, are almost reversed.

It is natural to think that these reversed strengths inTthe . BYGT), (¥ |O|Dy)? ©
=+3/2—+1/2 analog transitions are caused by the action BYGT), (¥, O|®2

of an interaction depending oT,—i.e., an isospin-

asymmetric interaction. For simplicity, let us think only of whereB%GT) and B{GT) are theB(GT) values before the
the mixture between thesd=5/2 doublet states. Then we mixing of states and the observ&{GT) values after the
can deduce thatA) the isospin-asymmetry matrix elements mixing of states, respectively. By putting Eq%) and (6)
acting in these isospin mirror states have similar strengthito Eq.(9) and usingR’, the ratioR! can be written as
but opposite signs an(B) without the isospin-asymmetry )

matrix elements the transition strengths to these doublet 1_ [(BPa~ a®|O|dy)|

states are almost the same. We estimate the approximate val- [{a®, + BDy| O|D)|? (10
ues of isospin-asymmetry matrix elements on the basis of
these assumptions. 18- mﬁ)|z

The nuclear Hamiltonian is written a%{=Hy+Ha, =, (12)
where H, and H,, are the isospin-symmetrgconserving la+ BVRY?

term and isospin-asymmetry term, respectively. TWo €igenTne transformation from Eq10) to Eq. (11) is not exact

states of}{, are denoted byb, and &y Since the Hamil- \\hen the associated phases are different in the matrix ele-
tonian, is isospin symmetric, these wave functions are thements(d_|[do) and(Dy|O|de).

same in bothr,=1/2 (**Ca) andT,=-1/2 (*S¢ nuclei. The
excitation energieg, and E, of observed states are the ei-
genvalues of the total Hamiltoniak. Let us think of wave
functions¥, and ¥, that satisfy

There is no way to study the ratiB® experimentally.
However, according to assumpti@B), we can putR°~1;
i.e., the doublet states have almost ed®@T) values with-
out the influence ofH,,. Using theB(GT) values listed in
(Ho+ Hp)V,=E ¥, (3)  Table Ill, the values oR! are obtained for the doublet states

observed at 4.8 MeV in th€He t) study and also for the

doublet states observed at 4.9 MeV in {Balecay study. A
(Ho+ Hia) V= BV, (4)  setofa andp is obtained for each of thes® values using

Eq. (11) and the relationshipa®+3%=1. The isospin-
respectively. The form of these equations is formally theasymmetry matrix element is calculated by putting a set of
same forT,=+1/2 nuclei, but note here that the matrix ele- and g and the difference of the excitation energies into Eq.
ments in the isospin-asymmetry tefy, are differentin the (7). As a result, values of -8.3 keV and 7.5 keV are obtained
T,=*1/2nuclei[assumptior{A)]. Therefore, the wave func- for the T,=+3/2— +1/2 andT,=-3/2—-1/2 transitions,

and

tions W, and ¥}, are different inT,=+1/2 nuclei. respectively. The signs of them are opposite and the absolute
We can formally write the stated, and ¥, in terms of  values are nearly the same, which is consistent with assump-
linear combinations of the two statds, and®;, as tion (A). It is interesting that relatively small isospin-
¥, = ad, + BDy, (5) asymr_netry interactions of=8 keV can _make_ the' reversed.
transition strengths observed for the isospin mirror transi-
and tions to the doublet states withE~70 keV.

W, = Bb, - ad 6) Isospin mixing was studied at a similar massAef37 for
b a b a pair ofJ7=3/2" states. One of them was thie3/2 IAS in
wherea?+B2=1. Note again here that the coefficieatand 'K at E,=5.051 MeV and the other wasTa 1/2 state lying
B are different in thel,=+1/2 nuclei. Using these relation- 31 keV below. The relative proton widths of the two levels
ships, the matrix element of the off-diagonal matrix measured in a®Ar(p,p,) resonance reaction implied an
H,a—I.€., the isospin-asymmetry term—can be written as isospin-mixing matrix element of 4.8 ke(43]. In g?ldition
_ the analysis of theg*-decay study from the g.s. ofCa to
(PafHia| P = aB(Es ~ Ep). () these two states suggested a value of 5.9 &3/44. It is

Let us think of the GT transitions caused by the operatoﬂnteresting that similar values are deduced for the isospin-
O=or starting from the g.s®, of T,=+3/2 nuclei. For ~asymmetry matrix element obtained here and the isospin-
simplicity, we assume that the effect of isospin asymmetry inmixing matrix element.
the g.s. is small. The GT transition stren@tGT) is propor-
tional to the squared value of the transition matrix element of
ot type, as will be discussed in Sec. V B. Therefore, the The Coulomb displacement energg€DE) is dependent
ratios of theB(GT) valuesR® andR! for the transitions to the on the configuration of each individual std#5,46. In order

5. Difference of excitation energies if'Ca and*!Sc
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to study the CDE as a function of excitation energy, the 160—2 3 4 9 6
difference of excitation energies, 5120_ @Jd=12 e °
AE, = E(*'Sc) - E(*Ca), (12) W g0 2
was calculated for each pair of states. ThE, values are 401 o
given in the last column of Table Ill. They are also plotted in 0- e
Fig. 8 for differentJ” states. 40— ,
The AE, values_of the)™=3/2* states vary Ia_rgely from B100] (B)JI=32 -
-13 to 125 keV[Fig. §b)], and the distribution is scattered =, _/
as a function ofE,. The AE, distributions of the 1/2 and < 809 S Sy
5/2" states are less scattered. It is interesting that the mini- 40 -
mum atE,=5.2 MeV in the 3/2 distribution [Fig. 8b)] is 0 ‘. |
common with the local minimum in the distribution of the 40— . . . i .
5/2" stateg[Fig. §c)]. s (©) J=5/2 Soe ”
We see a clear discrete increaseAd, values at around 5320' - S [
E,=3.8 MeV. In 1/2 and 5/Z distributions, a typical value W 80| ¢
of about 50 keV in the low-lying region changes suddenly up 40 S <
to more than 100 keV above 4 MeV excitation energies, ol [
where the main part of the strength appears. For the transi-
tions in the low-lying region, the main configurations of 403 3 /

5 6
. . . e 4
dg,—dyp and f;,— f,, are expected in a naive single- E, in"Ca (MeV)

particle model. On the other hand, at the higher excitation

energies the main configurations a@f,—ds, and f4,
— fg), are expected. The sudden increas&Bf, values, cor-

responding to the sudden change of the CDE, suggests
change of the main configurations of the wave functions ab

aroundE,=3.8 MeV.

B. M1 y transitions in *'Ca
The M1 vy transitions from the IAS aE,=5.817 MeV to

FIG. 8. The difference of excitation energiag, for the corre-
sponding states if'Sc and*'Ca. TheAE, values are plotted for
pgirs of states witfia) J=1/2,(b) 3/2, and(c) 5/2. A clear sudden
increase ofAE, values is observed &,=3.8 MeV for the pairs of
=1/2 and 5/2states. The dotted lines are drawn to guide the eye.

(TiT,i1 O|T;T,9) with T,;=T,. The matrix element,,(o7)

low-lying states in*'Ca are analogous to the corresponding@ndMw1(£7) denote therr-type and(r-type components of

GT transitions observed in th&'K(®He t) reaction (see
Fig. 1).
In order to comparéM1 transition strengths anB(GT)

the M1 transition matrix element, respectively. The IV com-

binations of spin and orbitaj factors are expressed lg'gv

=2(97-gY) andg) =3(g7—g}), respectively. Using the bare

strengths of analogous GT transitions, we have to examingpin and orbitalg factors of protons and neletrons—i.gg
the similarities and differences between these transitionss5.586,9¢=-3.826 andy=1, g/=0, we getg,"=4.706 and

The GT operator has only an IV spiw7) term. The GT
transition strengtB(GT) reduced in isospif47] is given by

1 1 C3

B(GT) =
@D 2] +122T;+1

[MGT(UT)]Zv (13
where Cg7 is the isospin Clebsch-Gordai€G) coefficient
(TiT,A£1|T(T,) with T,=T,x1. The matrix element
Mgt(o7) denotes the GT transition matrix element @f
type.

In addition to the IV spin(or) term, theM1 operator has
an IV orbital (€7) term and an IS term. Since tihé1 transi-
tions of interest here are between the3/2 IAS and the

T=1/2 GTstates, only the IV terms can contribute. In which

case, theM1 transition strengtiB(M1) reduced in isospin
[47] is given by

3 , C
B(M1) = — i [ VM€
(ML) = oy v 1an#NoT, 4 1| 90 Mma(€7)
1 2
+0 SMua(o) | (14
where C,; expresses the isospin CG

g)'=0.5. Due to the large value of the coefficiaglY, it is
expected that the-r term is usually larger than thér term
[48,49. Therefore, corresponding strengths are expected for
the analogous GT anMl1 transitions(for details, see, e.g.,
Ref. [47)).

The relative intensitie$,, and the energie&, of the y
transitions from the IAS to the states B{=4.728, 4.097,
3.740, 3.400, and 2.606 MeV are given in RE0] and are
listed in column 4 of Table IV. Using these values, the tran-
sition strengths proportional to thd1 transition strengths
B(M1) can be deduced under the assumption thaEthand
M1 mixing ratiosé are small for these transitions. The pro-
portionality is given(see, e.g., Refl50]) by

1
B(M1) = 51, (15

Y
The relative strengths of thHB(M1) values for these five
M1 transitions are listed in column 5 of Table IV, and the
relative strengths for the corresponding GT transitions are
given in column 7, where the strongédfl. and GT strengths
to the 4.097 MeV are normalized to unity. As seen, the rela-

coefficient tive intensities of the analogod41 and GT transitions are in
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TABLE IV. Comparison of analogousi1 and GT transitions iA=41 isobars. They transitions in*'Ca
from the 5.817 MeV IAS to lower-lying states are analogous to the GT transitions to these states from the g.s.
of “IK. Relative transition strengths are compared for these transitions assuming thay thesssitions are
of pureM1 nature.

States in*'Ca y transitions in**Ca GT transitions td'Ca

E, (MeV)? 2J™ E, (MeV) Intensity’ B(M1) ratio B(GT) B(GT) ratio
2.606 5 3.211 234) 0.041) 0.0203) 0.041)
3.400 T 2.417 304) 0.111) 0.0676) 0.151)
3.740 5 2.077 1%9) 0.095) 0.03a3) 0.071)
4.097 5 1.720 1008) 1.008) 0.44633) 1.007)
4.728 5 1.089 214) 0.8316) 0.22417) 0.494)

%From Ref.[30].
®From the present analysis.
‘Relative intensity from Ref{30].

good agreement, except for the transitions to the 4.728 Me\dent 8-decay measurements have been reported and the ob-
state. From the similarity of corresponding GT avd tran-  tainedB(GT) distributions were significantly different in the
sitions strengths, it is suggested that the contributions of thenergy region abovg&,=6 MeV. If isospin is a good quan-
€7 term in the transitions are relatively small. It was foundtum number, the transition strengths of thig=+3/2
that such contributions of r terms are very large for the — *1/2 GTmirror transitions should not be much different.
deformed nuclei in théd=23-25 mass region, where large It was found that the general feature of BBEGT) distribu-
enhancements or suppressionsvif strengths compared to tion deduced by Honkaneet al. [18] was similar to that
the analogous GT transition strengths were observe@bserved in the preseftk (*He t) measurement. In addi-
[8,51,53. tion, the good energy resolution achieved by Honkagtesl.
in the delayed proton measurement after thelecay was
comparable with our resolution.
VI. SUMMARY Through a detailed comparison of the=+3/2— +1/2
. " GT transitions, one-to-one correspondences of analog states
Isospin analogous GT_ ard1 transitions were.compared in “ICa and*'Sc could be identified up to the excitation
for A=41 nuclei. EspeciallyT,=+3/2— +1/2 mirror GT  gnergy of 6 MeV, where the main transition strength was
transitions were compared and analyzed from various pointghserved. In the identification, it was assumed that the
of view. strengths of the analogous transitions should be similar. The
The T,=+3/2— +1/2 GTtransitions were measured by GT states in*'Ca and*'Sc can have a” value of either
using the*'K (*He t)*!Ca reaction at 0° and at an intermedi- 1/2*, 3/2*, or 5/2", but the J™ assignment of individual
ate incident energy of 140 MeV/nucleon. Thanks to the highstates in*'Ca and*'Sc was not always clear. As a result of
energy resolution of 35 keV, states up Eg=10 MeV in  the identification of analog states, the most probaBleal-
4Ica were clearly separated. This energy resolution of bettaes were assigned for each pair of analog states by combin-
than AE/E=10* and also a good angle resolution of the ing the independent” information of the pair of correspond-
scattering angle around 0° were achieved by the implemering states.
tation of complete beam matching techniques between the On the basis of thed™ assignment, th&(GT) strength
magnetic spectrometer and the beamline. Highly fragmentegdistribution could be separately obtained for the thie
discrete states were observed and the excitation energies @lues. It was found that the main part of the GT strength
these states could be determined with an accuracy of lesgas carried by the 5/2states. The gross features of the GT
than 7 keV up to the excitation energy of 10 MeV. The strength distributions for the threkstates were similar for
B(GT) values in the(®He t) reaction were calibrated by us- the isospin analogou,+3/2— +1/2 transitions, but the
ing B(GT) values derived in the GB decay from*'Ti to  details were somewhat different. From the difference of the
45c by assuming mirror symmetry of th@,=+3/2 distributions, isospin-asymmetry matrix elements<@ keV
— +1/2 transitions. A DWBA calculation was used to cor- were deduced. The difference of excitation energies was
rect for the excitation energy dependence of the cross sestudied for analog states as a function of excitation energy.
tion. It was found that the main part of the GT strength isAn energy increase of about 50 keV was observedat
concentrated in the energy region between 3 and 6 MeV. The 3.8 MeV, suggesting a change of configuration in the wave
fragmentation of the GT strength was not so well reproducedunction of the GT states below and above this energy.
by a shell-model calculation, suggesting more complicated The strengths oM1 transitions ir*'Ca from five excited
structures of thé\=41 nuclei that extend oveid- andf-shell  states to the IAS were compared with the analogous GT tran-
regions. sition strengths derived from th&K(®He t)*'Ca study. It
The mirror symmetricT,=-3/2—-1/2 GT transitions was found that ratios of th&l1 and GT transition strengths,
can be studied in thg decay of*'Ti to *’Sc. Two indepen-  except for one transition, were similar. This suggests that the

054311-12



ISOSPIN SYMMETRY OFT,=+3/2— +1/2 GAMOW-TELLER... PHYSICAL REVIEW C 70, 054311(2004

contribution from the¢r term, which is inherent to aM1  their effort in providing a high-quality and stabfele beam
transition and has no corresponding term in a GT transitionindispensable for the realization of matching conditions re-

is small in theseM1 transitions. quired for achieving good energy and angular resolution. Y.F.
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