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Under the assumption that isospinT is a good quantum number, isobaric analog states and various analogous
transitions are expected in isobars with mass numberA. The strengths ofTz= ±3/2→ ±1/2 analogous
Gamow-Teller(GT) transitions and analogousM1 transitions within theA=41 isobar quartet are compared in
detail. TheTz= +3/2→ +1/2 GT transitions from theJp=3/2+ ground state of41K leading to excitedJp

=1/2+, 3/2+, and 5/2+ states in41Ca were measured using thes3He,td 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 energysExd. The main part of the strength was concentrated in theEx

=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 results of41Ti b decay studying
the analogousTz=−3/2→−1/2 GT strengths. They reported contradicting distributions. One-to-one corre-
spondences of analogous transitions and analog states were assigned up toEx=6 MeV in the comparison with
one of these41Ti b-decay results. Combining the spectroscopic information of the analog states in41Ca and
41Sc, the most probableJp values were deduced for each pair of analog states. It was found that 5/2+ states
carry the main part of the observed GT strength, while much less GT strength was carried by 1/2+ and 3/2+

states. The gross features of the GT strength distributions for eachJ were similar for the isospin analogous
Tz= ±3/2→ ±1/2 transitions, but the details were somewhat different. From the difference of the distributions,
isospin-asymmetry matrix elements of<8 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 severalM1 transitions to the IAS in41Ca were compared with the strengths of
analogous GT transitions. It was found that ratios of theM1 and GT transition strengths were similar, sug-
gesting that the contributions of the,t term in M1 transitions are small.
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I. INTRODUCTION

Isospin is a good quantum number under the assumption
that the nuclear interaction is charge symmetric and that the
effect of the electromagnetic interaction is relatively small.
As such, an analogous structure is expected for the same
mass A nuclei with different Tz (isobars), where Tzf=sN
−Zd /2g is thez component of the isospinT (see, e.g., Refs.
[1,2]). The corresponding states in differentTz nuclei are
called isobaric analog states(or simply analog states). Tran-
sitions connecting various combinations of analog states are
analogous. Such “analogous transitions” should have corre-

sponding energies and strengths. Properties and isospin sym-
metry of analogous transitions in isobars have been dis-
cussed extensively in Refs.[1,3].

Gamow-Teller (GT) transitions, caused purely by the
st-type operator, are well suited for the study of analog
states and properties of analogous transitions, because they
can be studied in bothb decay and hadron charge-exchange
(CE) reactions. The GT transitions are characterized byDL
=0, DS=1, andDTz= ±1, whereL andS are the orbital and
spin quantum numbers. An important physical quantity for
understanding the nuclear structure is the reduced GT transi-
tion strengthBsGTd. TheBsGTd values are usually obtained
from studies of GTb decay. In addition, CE reactions, such
as sp,nd or s3He,td, performed at intermediate energies
s.100 MeV/nucleond can be used as a means to map the
GT strengths over a wide range of excitation energysExd
[4,5]. For this purpose, one relies upon the approximate pro-
portionality between the reaction cross sections measured at
the scattering angleQ=0° and theirBsGTd values[6].

The simplest analogous GT transitions are expected for
the odd-mass mirror nuclei withTz= ±1/2. By comparing
the GT transitions from the ground states ofTz=−1/2 and
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+1/2 nuclei to excited states ofTz= +1/2 and −1/2nuclei
studied in b decays andsp,nd-type CE reactions, respec-
tively, the symmetry of analogous transitions and analog
states, and thus the isospin symmetry of isobars, has been
discussed in the low-lying region of varioussd-shell nuclei
[6–9]. Similarly, the symmetric nature ofTz= ±1 toTz=0 GT
transitions has been examined for a few systems of light
sd-shell nuclei, such as theA=26 nuclei system(26Mg, 26Al,
and 26Si) [10,11] or theA=38 system(38Ar, 38K, and 38Ca)
[12] by comparing sp,nd or s3He,td CE reactions and
b-decay studies. A good correspondence ofBsGTd values
with a difference of less than 5% was observed for the four
strong Tz= ±1→Tz=0 GT transitions in theA=26 system
[11], and thus a good isospin symmetry was found. However,
such a comparison was possible only for the low-lying states
up to Ex<3 MeV due to the lowQEC values of the relevant
b decays[13]. An extension of the study tofp-shell nuclei
with higherQEC values was discussed[14].

The symmetry of systems with larger isospinT is more
challenging. TheTz=−T nuclei, unlike stableTz=T nuclei,
are usually far away from theb-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-
lomb displacement energy, are schematically shown in Fig.
1. The isobaric analog states of theT=3/2 ground states of
the Tz= ±3/2 nuclei are called the IAS in theTz= ±1/2 nu-
clei. There are several stableTz=3/2 nuclei in thesd- and
fp-shell regions. The GT transitions from the ground state
(g.s.) of a Tz= +3/2 nucleus toDJp=1+ states(GT states) in
a Tz= +1/2 nucleus can be studied via CE reactions, such as
sp,nd or s3He,td. The measurements of the corresponding
Tz=−3/2 to Tz=−1/2 transitions inb decays have become
more accurate in recent years with the technical development
of producing a larger number of unstable nuclei with greater
purity. It should be noted that theseb decays have relatively
high QEC values of more than 10 MeV. Therefore, it is ex-
pected that not only the transitions to the low-lying states,
but also the main part of the GT transition strengths can be
studied in theseb-decay measurements.

Among the candidates for theTz= ±3/2→ ±1/2 compari-
son, we find that analogous transitions in theA=41 system—
i.e., 41K sTz= +3/2d to 41Ca sTz= +1/2d and 41Ti sTz

=−3/2d to 41Sc sTz=−1/2d—are well suited for an accurate
study of the analogous GT transitions and also the isospin-
symmetry structure of isobars. The former can be studied by
a CE reaction on a stable41K target and the latter in theb
decay of41Ti. Owing to the highQEC value of 12.93 MeV in
the 41Ti b decay[15], the BsGTd values have been reported
for 41Sc up to about 8 MeV by several groups[16–19].

In this paper, we report the GT strengths of theTz
= +3/2→ +1/2 GTtransitions up toEx=10.5 MeV deduced
from a measurement of the41Ks3He,td41Ca reaction at 0°.
TheseBsGTd values are compared with those of the isospin-
symmetricTz=−3/2→−1/2 GT transitions from41Ti b de-
cay. In order to make a reliable comparison, high energy
resolution is important in the CE reaction. Good angular
resolution is also important in order to obtain a well-defined
0° spectrum. In our41Ks3He,td measurement, a high energy

resolution of 35 keV and a good angular resolution were
realized even at an intermediate incident energy of 420 MeV
s140 MeV/nucleond by using a magnetic spectrometer in
combination with beam matching techniques[20].

II. EXPERIMENT

The GT states are predominantly excited in CE reactions
at intermediate energiessù100 MeV/nucleond and at for-
ward scattering angles including 0°. This is because of the
L=0 nature of GT states and the dominance of thest part of
the effective nuclear interaction[21]. The experiment was
performed at the Research Center for Nuclear Physics
(RCNP), Osaka, by using a 140 MeV/nucleon3He beam
from the K=400 RCNP Ring Cyclotron and the QDD-type
Grand Raiden spectrometer[22] placed at 0°. The beam was
stopped in a Faraday cup inside the first dipole magnet. In a
s3He,td experiment using a magnetic spectrometer, the mea-
surement at 0° is relatively easy, because the magnetic rigidi-
ties of the3He2+ beam and the singly charged outgoing tri-
tons differ by about a factor of 2. However, for the analysis
of intermediate-energy tritons, a large bending power is re-
quired for the spectrometer. This requirement makes the
Grand Raiden spectrometer ideally suited for the present
measurement. The large difference of atomic energy losses
of 3He and tritons in a target foil can cause a large energy
spread of the outgoing tritons, which deteriorates the spectral
resolution. Therefore, a thin self-supporting foil is desirable
as a target.

In order to produce a thin41K self-supporting target, a
thin foil of 41K2CO3 supported by polyvinylalcohol(PVA)
[23] was used. The enrichment of the41K isotope was
99.2%. The total thickness of the target was approximately
1 mg/cm2. Therefore, this target is a mixture of41K, carbon
isotopes12C and 13C with natural abundance 98.9% and
1.1%, respectively, and oxygen isotopes16O and 18O with

FIG. 1. (Color online) Schematic view of the isopin analog
states and analogous transitions in theA=41, Tz= ±3/2 and ±1/2
isobar system. The Coulomb displacement energies are removed so
that the isospin symmetry of the states and transitions become
clearer. The type of the reaction or decay is shown along the arrow
indicating the transition.
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natural abundance 99.8% and 0.2%, respectively. The final
nuclei after thes3He,td charge-exchange reactions are41Ca,
12N, 13N, 16F, and 18F, respectively, and their reactionQ
values are −0.42, −17.36, −2.24, −15.44, and −1.67 MeV.
Owing to the large difference ofQ values, states in41Ca can
be observed without being affected by the strongly excited
states in12N and 16F. Since theQ values of13C and 18O
nuclei are comparable with that of41Ca, the ground and ex-
cited states of13N and18F are expected in the41Ca spectrum.
The separation and identification of these states and the
states of41Ca were possible owing to the high energy reso-
lution of this experiment, as will be described below.

The outgoing tritons were momentum analyzed without
using any acceptance-defining aperture of the spectrometer.
A spectrum covering the angular range of<±20 mrad hori-
zontallysxd and<±40 mrad verticallysyd was obtained. The
tritons were detected at the focal plane with a multiwire drift-
chamber system allowing track reconstruction for each ray
[24]. The acceptance of the spectrometer was subdivided in
the software analysis by using this track information.

An energy resolution far better than the energy spread of
the beam was realized by applying thedispersion matching
technique[25]. Using the new high-resolution “WS course”
[26] for the beam transport and the “faint beam method” for
the diagnosis of matching conditions[27,28], an unprec-
edented resolution of 35 keV[full width at half maximum
(FWHM)] was achieved. This improved resolution allowed
us to resolve states of41Ca up toEx=10 MeV, as shown in
Fig. 2. As can be seen, all strongly excited states are concen-
trated in the energy region between 4 and 6 MeV. The g.s. of
18F and the g.s. and the 3.502 MeV state of13N were iden-
tified by comparing this spectrum with the spectrum of a
natMgCO3+PVA target measured under the same condition
as the41K2CO3+PVA target. They are indicated in Fig. 2.
The higher excited states of13N were also identified in the
spectrum, but the contributions from these states were very
small in the regionEx,10.5 MeV. The possible contribu-
tions from the states of39Ca originating from the39K nuclei
with 0.8% isotopic abundance in the target were examined
by comparing with the spectrum from the39K2CO3+PVA
target. The strongest g.s. of39Ca is expected at<6.1 MeV in
the spectrum shown in Fig. 2, but no noticeable contribution
was observed.

In order to accurately determine the scattering angleQ
near 0°, angle measurements in both thex directionsud andy
direction sfd are equally important, whereQ is defined by
Q=Îu2+f2. Good u and f resolutions were achieved by
applying theangular dispersion matchingtechnique[25] and
the “overfocus mode” in the spectrometer[29], respectively.
The angle calibration was performed by using a multihole
aperture. It is estimated that the angle resolution was better
than 8 mrad[29]. The “0° spectrum” in Fig. 2 shows events
for scattering anglesQø0.5°. As will be shown, all promi-
nent states are ofL=0 nature.

AccurateEx values with errors of about 1 keV are given
in Ref. [30] for the DJp=1+ GT states of41Ca up to 6 MeV
(see column 1 of Table I). However, we derived theEx values
independently. The26Mgs3He,td26Al and 24Mgs3He,td24Al
reactions have negativeQ values of −4.02 MeV and
−13.90 MeV, respectively. AccurateEx values with errors of
less than 1 keV are known for the 1+ states of26Al up to
7.9 MeV and for a few states in24Al [7]. The16Os3He,td16F
reaction has a large negativeQ value of −15.44 MeV, and
sharp 1+ states are known up to 4.65 MeV[31]. On the other
hand, the13Cs3He,td13N and 18Os3He,td18F reactions have
small negativeQ values of −2.24 MeV and −1.67 MeV, re-
spectively. States from all of these reactions were observed
in the spectrum using anatMgCO3+PVA target [23] mea-
sured under the same condition as with the41K2CO3+PVA
target. TheEx values of the states in the41Ks3He,td spectrum
were determined with the help of kinematic calculations.
Owing to the large variety ofQ values of the states used in
the calibration, allEx values of41Ca states shown in column
3 of Tables I and II could be determined by interpolation.
The present values agree with the literature values for most
states up toEx=6 MeV within 3 keV. The estimated errors
are 5 keV for the states up to 8 MeV and 7 keV for higher
excited states, unless indicated otherwise.

The yields of individual peaks were derived by applying a
peak fitting program using the peak shape of the well sepa-
rated39Ca g.s. observed in the39Ks3He,td measurement per-
formed under the same condition as the41K measurement.
No obvious broadening of the width of41Ca states was ob-
served even for states above the proton separation energySp
of 6.3 MeV.

FIG. 2. (Color online) The 41Ks3He,td41Ca 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.
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TABLE I. States observed in the41Ks3He,td41Ca reaction below
7 MeV excitation energy and the corresponding GT transition
strengthsBsGTd. For details of the derivation and the errors of
BsGTd values, see text.

Evaluated valuesa s3He,tdb

Ex (MeV) 2Jp ;2T Ex (MeV) L BsGTd

2.010 3+ 2.012 0 0.031(3)

2.606 5+ 2.607 0 0.020(3)

2.671 1+ 2.676 (0) 0.003(1)

2.884 7+ 2.884 ù1

3.050 3+ 3.050 0 0.004(1)

3.400 1+ 3.400 0 0.067(6)

3.527 3+ 3.526 0 0.034(4)

3.740 s3,5d+ 3.737 0 0.030(3)

3.846 1+ 3.845 0 0.012(2)

4.097 5+ 4.093 0 0.446(33)

4.184 s3,5d 4.182 0 0.034(4)

4.328 s3−13ds+d 4.330 ù1

4.415 3+ 4.419 0 0.033(4)

4.550 4.550 0 0.014(2)

4.728

4.733
Hs3d+

s5d+J 4.727 0 0.220(17)

4.779 s3d+ 4.777 0 0.033(5)

4.816 5+ 4.815 0 0.149(12)

4.966 0 0.021(3)

5.095 3+ 5.097 0 0.011(2)

5.283 5+ (5.28) 0.059(17)

5.411 5+ 5.406 (0) 0.045(10)

5.482 s3d+ 5.480 0 0.079(7)

5.649 s5d− 5.652 0 0.067(6)

5.719 s5d− 5.717 0 0.190(15)

5.760 s5d+ 5.756 0 0.051(6)

5.817 3+;3c 5.814 0 0.148(25)d

5.892 1− 5.890 (0) 0.021(4)

5.976 s3,5d+ 5.969 0 0.192(15)

6.019 (0) 0.018(4)

6.325(5) s5d+ 6.326 0 0.031(3)

6.462(10) s5−11d+ 6.464 0 0.030(3)

6.544 ù1

6.596 0 0.033(3)

6.647(2) 5− 6.653 ù1

6.738(7) s5−11d+ 6.744 ù1

6.807s2d
6.822

Hs3d+

1+ J 6.823 ù1

6.901(2) 5+ 6.904 0 0.007(1)

6.966(15) 3+,5+ h6.959

6.984j ù1

0
0.013(2)

aFrom Ref.[30].
bPresent work.
cThe IAS.
dFor the details of the derivation, see text.

TABLE II. Continuation of Table I for the excitation energies
between 7 and 10.5 MeV.

Evaluated valuesa s3He,tdb

Ex (MeV) 2Jp Ex (MeV) L B (GT)

7.225 0 0.018(2)

7.296 5− 7.296 0 0.024(3)

7.332 0 0.026(3)

7.37(2) ù1

7.552 ù1

7.586 ù1

7.639 0 0.006(2)

7.72(2) ù1

7.792 (0) 0.006(2)

7.854 0 0.018(3)

7.901 ù1

7.990(20) 1+,3+,5+ 7.986 0 0.010(4)

8.046 0 0.002(1)

8.144 0 0.008(2)

8.272 sù1d
8.347 ù1

8.402(2) s5–11d+ 8.406 (0) 0.009(2)

8.468 ù1

8.515 ù1

8.587 0 0.016(3)

8.653 ù1

8.702 ù1

8.861 0 0.011(3)

8.926 0 0.009(2)

9.013 0 0.016(3)

9.081 ù1

9.183 ù1

9.230 (0) 0.006(2)

9.324 sù1d
9.40(2) ù1

9.590 (0) 0.019(4)

9.616 ù1

9.669 0 0.014(3)

9.771 ù1

9.862 (0) 0.004(2)

9.928 ù1

10.03(2) ù1

10.113 (0) 0.009(3)

10.161 (0) 0.013(3)

10.194 ù1

10.238 ù1

10.286 0 0.023(4)

10.339 ù1

10.421 0 0.014(3)

aFrom Ref.[30].
bPresent work.
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III. DATA ANALYSIS

A. Identification of L =0 Gamow-Teller states

In order to identifyL=0 GT states, yields were derived
for all states in the spectra with angle cutsQ=0° –0.5°(see
Fig. 2), 0.5°–1.0°, and 1.0°–1.5°. The angular distributions of
GT states peak at 0°. The relative decrease of the yields of
each state in these three cuts was compared with that of the
4.093 MeV state, the most strongly excited state known to
have a pure GT nature. It was found that for most of the
well-observed states belowEx=6 MeV, the ratios of yields
in the 1.0°–1.5° and 0°–0.5° angle cuts were similar to the
ratio of the 4.093 MeV state within 20%, suggesting that
they are allL=0 states. On the other hand, a few very weakly
excited states in this region and many weakly excited states
aboveEx=6 MeV had ratios larger than 1.2(typically 1.3–
1.5), suggesting that these states haveLù1. They are indi-
cated by the sign “ù1” in column 4 of Tables I and II.

B. B„GT… evaluation from „

3He,t… data

It is known that in CE reactions at 0° the cross sections
for GT transitions are approximately proportional toBsGTd
values[6,32,33]:

dsCE

dV
s0 ° d . KNstuJsts0du2BsGTd s1d

=ŝGTBsGTd, s2d

whereJsts0d is the volume integral of the effective interac-
tion Vst at momentum transferq=0, K is the kinematic fac-
tor, Nst is a distortion factor, andŝGT is a unit cross section
for the GT transition. Fors3He,td reactions, the approximate
proportionality between the 0° cross sections and the GT
transition strengthsBsGTd was shown for theBsGTd values
ù0.04 from the studies of analogous GT transitions inA
=27,T=1/2 mirror nuclei27Al and 27Si [9] andA=26 nuclei
26Mg, 26Al, and 26Si [11]. Here we use a unit system that
gives a value ofBsGTd=3 for theb decay of the free neu-
tron.

The productKNst, and therefore the unit cross section
ŝGT in Eq. (2) changes gradually as a function of mass num-
ber A as well as excitation energy[6]. In order to estimate
the latter effect, a distorted-wave Born approximation
(DWBA) calculation was performed by using the codeDW81
[34], assuming a simpled5/2→d3/2 transition for the excited
GT states. The optical potential parameters used were those
determined for 28Si at an incident 3He energy of
150 MeV/nucleon[35]. For the outgoing triton channel, by
following the arguments given in Ref.[36], the well depths
were multiplied by a factor of 0.85 without changing the
geometrical parameters of the optical potential. For the ef-
fective projectile-target interaction of the composite3He par-
ticle, the form derived by Schaeffer[37] by applying a fold-
ing procedure was used. As the interaction strengthVst and
the range parameterR at 140 MeV/nucleon, we used the
values of 2.1 MeV and 1.415 fm, respectively[38]. The cal-
culated 0° cross section decreases by about 5% asEx in-

creases up to 10 MeV. This result was used to correct the
peak intensity of each state.

In order to obtainBsGTd values from Eq.(2), we have to
determine the unit cross sectionŝGT or the “unit GT inten-
sity” for the transitions to the states observed in the
41Ks3He,td41Ca spectrum at 0°, shown in Fig. 2. However,
there is no transition whoseBsGTd value can be directly
determined from ab-decay measurement. Therefore, we as-
sume that the total sum ofBsGTd values in the analogous
mirror transitions—i.e.,Tz= ±3/2→ ±1/2 GT transitions—
observed in the41Ks3He,td reaction and in the41Ti b decay
are the same(see Fig. 1). From Fig. 2, we see that most of
the prominent levels are concentrated in theEx=4–6 MeV
region. As discussed, most of them haveL=0. A similar
concentration of GT strength was reported in the correspond-
ing Ex=4–6.2 MeV region of41Sc by Honkanenet al. [18]
in one of theb-decay studies of41Ti (for details, see Sec.
V A ). In addition, the sum of theBsGTd values ofSBsGTd
=1.77s17d in this region of41Sc, except the GT strength in
the IAS, was in good agreement within errors with the sum
SBsGTd=1.60s15d reported in anotherb-decay study by Liu
et 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 theBsGTd value of 1.68(12), which is
the average of theSBsGTd values of the twob-decay stud-
ies.

The BsGTd values for all excited states, except for the
IAS, were calculated by using the same unit GT intensity
from their peak intensities after making the excitation energy
correction. The obtainedBsGTd values are listed in column 5
of Tables I and II, and they are also displayed in Fig. 3(a).
The errors quoted for theseBsGTd values come from the
statistical uncertainties of the experimental data and the am-
biguities of BsGTd values in theb-decay measurement. On
the other hand, the error associated with the possible isospin
asymmetry of the strength in theEx=4–6 MeV region,
where the normalization of theBsGTd strength was per-
formed, is not included. Since the proportionality given by
Eq. (2) is experimentally established only for transitions with
BsGTdù0.04 [9], the uncertainty may be larger for weaker
transitions.

The transition from theJp=3/2+ g.s. of 41K to the IAS
can contain both Fermi(caused by thet operator) and GT
components. In order to extract the GT component in the
IAS, we assume that the Fermi transition strength concen-
trates to this IAS and the strength isBsFd=N–Z=3. In addi-
tion, we used the fact that the ratio of GT and Fermi unit
cross sections, denoted byR2 in Ref. [6], is only weakly
dependent on mass numberA and can be deduced to be
8.7(7) for the A=41 nuclei by an interpolation between the
known R2 values of 6.6(4) and 10.5(5) for A=26 [11] and
A=58 [14,39] nuclei, respectively. In this way, we estimated
a BsGTd value of 0.148(25) in the transition to the IAS as the
most probable value. In Ref.[18], an isospin impurity of
s10±8d% is suggested for the IAS. It is calculated that this
amount of isospin impurity would increase theBsGTd value
in the IAS by 0.034±0.028.
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IV. GAMOW-TELLER STATES AND B„GT… DISTRIBUTION

A. Experimental results

Since the g.s. of41K hasJp=3/2+, theL=0, DJp=1+ GT
transitions can reach eitherJp=1/2+, 3/2+, or 5/2+ states.
For most states assigned to beL=0 in the present analysis,
corresponding states with eitherJp=1/2+, 3/2+, or 5/2+ can
be found up to 7 MeV excitation energies in Ref.[30], as
listed in Table I. Exceptions are the 4.550, 4.966, 5.652,
5.717, and 5.890 MeV states. For them either noJp values or
negative parity are assigned. NoJp values were given for the

4.550 MeV state, but possibleJp values ofs1/2,3/2,5/2+d
are given for the probable analog state at 4.644 MeV in41Sc
(see Table III and the discussion of Sec. V A 2). The
4.966 MeV state is not known[30], but again its probable
analog state withJp 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, andL=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 the41Ti b-decay measure-
ment studying the isospin mirror GT transitions(see 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. TheJp values of
5/2− are assigned to the 7.296 MeV state in Ref.[30]. Our
analysis, however, showsL=0 for the transition to this state,
and a positive parity is therefore suggested.

As seen from Fig. 3(a), the main part of the GT strength is
concentrated atEx=4–6 MeV, 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 theA=41 system were
carried out in thesd-fp model space. Relative to a closedsd
shell for40Ca, particles are in thefp shell and holes are in the
sd shell. The model space was truncated to one-particle(1p)
for the low-lying T=1/2 negative parity states and to two-
particle one-holes2p-1hd 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 codeOXBASH [41] was used in the calculation.
In Fig. 3, the experimentally extractedBsGTd 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 factor(quenching factor) of 0.6 [13] for the
BsGTd values. By comparing Figs. 3(a) and 3(b), we see that
the calculated and experimentalBsGTd distributions are gen-
erally in agreement. The observed concentration of the GT
strength atEx=4–6 MeV and thefragmented and weakly
excited strengths above 6 MeV are well reproduced by the
calculation. The calculated totalBsGTd 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 allT=3/2 GTstates, except
for the IAS, are aboveEx=7.5 MeV. In addition, all of them
have very smallBsGTd values. Therefore, it is suggested that
most of the GT strength is in the transitions to theT=1/2
states. In a naive picture, the structure of41K is described by
the 40Ca core plus two neutrons in thef7/2 shell and one
proton hole in thed3/2 shell. The much weakerT=3/2
strength compared to theT=1/2 strength can be understood

FIG. 3. (Color online) Experimental and shell-modelBsGTd dis-
tributions. (a) BsGTd distribution from the present41Ks3He,td41Ca
measurement.(b) BsGTd distribution from a shell-model(SM) cal-
culation for all allowedJ. BsGTd distribution from a SM calculation
(c) for J=1/2,(d) for J=3/2, and(e) for J=5/2. Note thechange in
size of the panels.
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qualitatively with this picture in combination with the dis-
cussion given in Ref.[42] on the possible isospins for single-
particle and single-hole configurations.

The shell-model calculation predicts an additional con-
centration ofT=1/2 strength aroundEx=10 MeV, which is
not observed in the experiment. This predicted GT strength is
probably spread over many 5p-3h states that are not in the
model space, and thus the GT strength in this high energy
region around 10 MeV may be blended into the continuum.
A further comparison of strengths for eachJ value will be

made in Sec. V A 3. As will be discussed, the distributions
for three differentJ states are not so well reproduced.

V. COMPARISON OF ANALOGOUS TRANSITIONS

From Fig. 1, we see that the GT transitions studied in the
b decay of theTz=−3/2 nucleus41Ti to the Tz=−1/2
nucleus41Sc is analogous to those studied in the41Ks3He,td
measurement. In addition, theM1 g transitions from the IAS
in 41Ca to lower excited states are also analogous. Our inter-

TABLE III. Comparison ofTz+3/2→ +1/2 andTz−3/2→−1/2 analogous GT transitions observed in
the 41Ks3He,td41Ca reaction and theb decay of41Ti to 41Sc, respectively. The comparison is for the transi-
tions to the states below 6.2 MeV, where the main part of the strength is concentrated.

41Ks3He,td41Caa 41Ti b decay to41Scb Deduced values

Ex (MeV) 2Jp ;2T BsGTd Ex (MeV) 2Jp ;2T BsGTd 2Jpd DEx (keV)

2.012 3+ 0.031(3) 2.096 3+ 0.036(7) 3+ 84

2.607 5+ 0.020(3) 2.667 5+ 0.067(13) 5+ 60

2.676 1+ 0.003(1) 2.719 1+ 0.010(3) 1+ 43

3.050 3+ 0.004(1) 3+

3.400 1+ 0.067(6) 3.411 1+ 0.061(7) 1+ 11

3.526 3+ 0.034(4) 3.563 s1,3,5d+ 0.031(6) 3+ 37

3.737 s3,5d+ 0.030(3) 3.781 s5+d 0.029(6) 5+ 44

3.845 1+ 0.012(2) 3.951(14) 1+ 0.009(3) 1+ 106

4.093 5+ 0.446(33) 4.245(4) 5+ 0.360(30) 5+ 152

4.182 (3,5) 0.034(4) 4.328(3) 5+ 0.016(4) 5+ 146

4.419 3+ 0.033(4) 4.502(5) 3+ 0.014(4) 3+ 83

4.550 0.014(2) 4.644(5) 1− 0.015(4) 94

4.727

4.777

4.815

s3d+,s5d+

s3d+

5+ 50.220s17d
0.033s5d
0.149s12d

6 54.869s4d
4.777s5d
4.928s5d

6 5+

3+

s1,3,5d+

0.015s20d
0.056s9d
0.250s30d

5+

3+

5+

142

0

113

4.966 0.021(3) 5.023(5) 1+ 0.031(8) 1+ 57

5.097 3+ 0.011(2) 5.084(5) 3+ 0.031(8) 3+ −13

5.283 5+ 0.059(17) 5.375(4) 5+ 0.160(20) 5+ 92

5.406 5+ 0.045(10) 5.493(5) 1+ 0.017(7) 87

5.480 s3d+ 0.079(7) 5.576(4) 3+, 5+ 0.081(19) 3+ 96

5.652

5.717

5.756

5.814

s5d−

s5d−

s5d+

3+;3e
5

0.067s6d
0.190s15d
0.051s6d
0.148s25d

6 5
5.774s4d
5.840s5d
5.886s12d
5.939s4d

6
s1,3,5d+

3+,5+

s1,3,5d+

3+;3e

0.069s20d

0.320s40d

0.069s19d

0.110c

5+

5+

5+

3+

122

123

130

125

5.890

5.969

6.019

1−

s3,5d+ 5 0.021s4d
0.192s15d
0.018s4d

6 56.038s25d
6.083s20d
6.133s20d

6 s1,3,5d+

s1,3,5d+

3+,5+

0.051s7d
0.060s8d
0.053s7d

1+ 148

114

114

aPresent work.
bFrom Ref.[18].
cFrom the shell-model calculation; see Ref.[18].
dSuggestedJp values from the comparison.
eThe IAS.
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est is whether or not similarities of strengths are found for
these different analogous transitions.

A. Isospin-symmetric GT transitions

1. GT transition strengths fromb-decay measurements

The GT strength distribution withTz= +3/2→ +1/2 na-
ture studied in the41Ks3He,td reaction can be compared most
directly with the result from the isospin-symmetricTz
=−3/2→−1/2 transitions studied in the41Ti b decay. Owing
to the highQEC value of this decay, theBsGTd values can be
studied for states in41Sc with relatively high excitation en-
ergies. In Figs. 4(b) and 4(c), two BsGTd distributions from
the most recent41Ti b-decay measurements from Honkanen
et al. [18] and from Liu et al. [19], respectively, are dis-
played. Because of the lowSp value of 1.09 MeV[30] in
41Sc, both distributions were derived from measurements of
delayed protons. It was assumed that possibleg decays to the
g.s. of41Sc were not important, although suchg decays may
have impact in some cases. In reality, the influence seems to
be small, because similarBsGTd values are observed in the
Tz= ±3/2→ ±1/2 isospin mirror transitions to the lowest
Jp=3/2+ states(see Table III).

Both of these41Ti b-decay results show that the main part
of the strength is found at excitation energies above 4 MeV.
Similar clustering strengths can be seen at 4.25, 4.9, and
5.8 MeV, although the strengths are distributed somewhat
differently in each cluster. The differences may be explained
by the difference of the resolutions in measuring the energies
of delayed protons. They are 30 keV in Ref.[18] [Fig. 4(b)]
and 70–100 keV in Ref.[19] [Fig. 4(c)]. The total sums of
BsGTd values in the 4–6.2 MeV region, excluding the GT
strength in the IAS, were 1.77(17) and 1.60(15) in Refs.
[18,19], respectively, in agreement within the experimental
errors. On the other hand, at higher excitations above
6.2 MeV, we see that these twob-decay results differ sub-
stantially.

2. Corresponding GT states in41Ca and41Sc

The GT strength distribution from our41Ks3He,td study is
shown in Fig. 4(a) for the energy region where theb-decay
results are available. It is clear that this distribution is quite
similar to the one of Honkanenet al. [18] shown in Fig. 4(b)
with respect to the gross structure. Furthermore, since the
experimental resolutions in thisb-decay measurement
s30 keVd and thes3He,td reactions35 keVd are both good
and similar, we see a one-to-one correspondence of observed
states and the GT transition strengths to them for the energy
region below 6.2 MeV, where the main part of the GT
strength is concentrated. By combining further the knowl-
edge ofJp values of states in41Ca and41Sc evaluated in Ref.
[30], correspondences of states are suggested in Table III,
and details are discussed below.

In these two experiments detecting the isospin mirror
transitions, we notice that the number of observed states with
appreciableBsGTd strength is identical in41Ca and41Sc, ex-
cept for the very weak transition to the 3.050 MeV state
observed in thes3He,td reaction. The residual interaction de-

pending on Tz—i.e., isospin-asymmetric interaction—can
make the GT strength distribution somewhat different. How-
ever, sinceJ is a good quantum number, the modification of
the distribution is expected only among the sameJ states.
Rather accurate excitation energies andJp values have been
evaluated for many of these states[30]. Therefore, the cor-
responding states can be assigned on the basis of excitation
energies,Jp values, and the transition strengths from the
s3He,td andb-decay measurements. A clear disagreement of
J values is seen only for the corresponding states at
5.406 MeV in41Ca and 5.493 MeV in41Sc. They are given
Jp values of 5/2+ and 1/2+, respectively, in Ref.[30].

Since the number of observed states are practically the
same, one may think that the corresponding states can be
assigned by the ordering of the excitation energies, if we
believe in the isospin symmetry. However, there are several
clusters of states, and it is difficult to identify the correspond-
ing states from only the sequence of excitation energies and
the consistency of the assignedJp values that sometimes
have ambiguities. Clusters are at 4.75, 5.7, and 5.95 MeV in
41Ca and also in41Sc at the corresponding energies[see Figs.
4(a) and 4(b). Clustering states are indicated by parentheses

FIG. 4. (Color online) ExperimentalBsGTd distributions from
Tz= ±3/2→ ±1/2 isospin mirror transitions.(a) BsGTd distribution
from the present41Ks3He,td41Ca reaction.(b) BsGTd distribution
from the41Ti→41Sc b decay reported in Ref.[18]. (c) BsGTd dis-
tribution from the41Ti→41Sc b decay reported in Ref.[19].
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between columns 3 and 4 in Table III. For these states, the
corresponding states should be assigned taking the similari-
ties of transition strengths into account in addition to the
consistency of the assignedJp values. As a result, it is sug-
gested that the 4.727 and 4.777 MeV states of the first cluster
in 41Ca correspond to the 4.869 and 4.777 MeV states in
41Sc, respectively; i.e., the order of the excitation energy of
the corresponding states is reversed. Such a reversed order
was noticed only for these pairs(see Table III).

For the analog states, the correlation ofBsGTd values be-
tween analogousTz= ±3/2→ ±1/2 transitions was exam-
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 smallerBsGTd values. As a result, we
conclude that the gross symmetry of these isospin mirror
transitions is rather well preserved, but the fine structures are
somewhat different.

3. Strength distributions of J=1/2, 3/2, and 5/2 states

The Jp values of the states in41Ca and41Sc have been
evaluated independently for each nucleus[30]. Since the cor-
respondence between analogous GT transitions became ap-
parent in the present analysis, the knowledge of theJp values
for a pair of analog GT states can now be combined. The
most probableJp values of each pair of states were deduced
up to Ex=6 MeV, and they are given in column 7 of Table
III. We see that the number ofJp=5/2+ states is the largest,
while the number of 1/2+ states is smaller, suggesting a large
contribution of thed5/2 hole. TheBsGTd distributions of tran-
sitions toJ=1/2, 3/2, and 5/2states are shown in Figs. 6
and 7 for nuclei41Ca and41Sc, respectively. In both figures,
the main part of the GT strength is found in the 5/2+ states.
Among the 3/2+ states, the largest GT strength was seen in
the T=3/2 IAS at 5.814 MeV. Therefore, in comparison
amongT=1/2 states, the dominance of the GT strength in
5/2+ states is even more prominent.

When theseBsGTd distributions with three differentJ val-
ues are compared to the corresponding shell-model results
shown in Figs. 3(c)–3(e), we see notable disagreements. In

the shell-model calculation, theJ=1/2 and 3/2strengths are
stronger than in the experiment, while theJ=5/2 strength is
weaker. In addition, the fragmentation of the strength, espe-
cially that of theJ=5/2 strength in theEx=5–6 MeVregion
is not well reproduced. The larger number of levels, and thus
the higher level density, above about 5 MeV is probably due
to the states of 4p-3h levels that are not included in the
model space truncation. These configurations cannot be
reached directly from the 2p-1h, T=3/2 g.s. However,
above about 5 MeV, they could mix with the 2p-1h doorway
states and cause a spreading of the GT strength.

FIG. 5. A correlation of BsGTd values between analogous
Tz±3/2→ ±1/2 transitions. The −3/2→−1/2 BsGTdb values are
from 41Ti b decay[18] and the +3/2→ +1/2 BsGTdhet values are
from the present41Ks3He,td measurement. Analog states with ideal
correlation would follow the dashed line.

FIG. 6. (Color online) The Tz= +3/2→ +1/2 BsGTd distribu-
tions deduced from the41Ks3He,td measurement for the41Ca states
with (a) Jp=1/2+, (b) Jp=3/2+, and(c) Jp=5/2+.

FIG. 7. (Color online) The Tz=−3/2→−1/2 BsGTd distribu-
tions deduced from the41Ti b-decay measurement for the41Sc
states with(a) Jp=1/2+, (b) Jp=3/2+, and(c) Jp=5/2+.
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4. Estimation of the isospin-asymmetry matrix element

By comparing Figs. 6 and 7, we again notice that the
gross features of these twoBsGTd distributions for the iso-
spin mirror transitions are similar, but the details are some-
what different. One of the interesting features is that the
strengths of two J=5/2 states at about 4.8 MeV and
4.9 MeV in 41Ca and41Sc, respectively, are almost reversed.
It is natural to think that these reversed strengths in theTz
= ±3/2→ ±1/2 analog transitions are caused by the action
of an interaction depending onTz—i.e., an isospin-
asymmetric interaction. For simplicity, let us think only of
the mixture between theseJ=5/2 doublet states. Then we
can deduce that(A) the isospin-asymmetry matrix elements
acting in these isospin mirror states have similar strengths
but opposite signs and(B) without the isospin-asymmetry
matrix elements the transition strengths to these doublet
states are almost the same. We estimate the approximate val-
ues of isospin-asymmetry matrix elements on the basis of
these assumptions.

The nuclear Hamiltonian is written asH=H0+HIA,
where H0 and HIA are the isospin-symmetry(conserving)
term and isospin-asymmetry term, respectively. Two eigen-
states ofH0 are denoted byFa and Fb. Since the Hamil-
tonianH0 is isospin symmetric, these wave functions are the
same in bothTz=1/2 s41Cad andTz=−1/2 s41Scd nuclei. The
excitation energiesEa and Eb of observed states are the ei-
genvalues of the total HamiltonianH. Let us think of wave
functionsCa andCb that satisfy

sH0 + HIAdCa = EaCa s3d

and

sH0 + HIAdCb = EbCb, s4d

respectively. The form of these equations is formally the
same forTz= ±1/2 nuclei, but note here that the matrix ele-
ments in the isospin-asymmetry termHIM are different in the
Tz= ±1/2 nuclei[assumption(A)]. Therefore, the wave func-
tions Ca andCb are different inTz= ±1/2 nuclei.

We can formally write the statesCa and Cb in terms of
linear combinations of the two statesFa andFb as

Ca = aFa + bFb s5d

and

Cb = bFa − aFb, s6d

wherea2+b2=1. Note again here that the coefficientsa and
b are different in theTz= ±1/2 nuclei. Using these relation-
ships, the matrix element of the off-diagonal matrix
HIA—i.e., the isospin-asymmetry term—can be written as

kFauHIA uFbl = absEa − Ebd. s7d

Let us think of the GT transitions caused by the operator
O=st starting from the g.s.F0 of Tz= ±3/2 nuclei. For
simplicity, we assume that the effect of isospin asymmetry in
the g.s. is small. The GT transition strengthBsGTd is propor-
tional to the squared value of the transition matrix element of
st type, as will be discussed in Sec. V B. Therefore, the
ratios of theBsGTd valuesR0 andR1 for the transitions to the

two excited states before and after the mixing, respectively,
can be expressed as

R0 =
B0sGTdb

B0sGTda
=

ukFbuOuF0lu2

ukFauOuF0lu2
s8d

and

R1 =
B1sGTdb

B1sGTda
=

ukCbuOuF0lu2

ukCauOuF0lu2
, s9d

whereB0sGTd andB1sGTd are theBsGTd values before the
mixing of states and the observedBsGTd values after the
mixing of states, respectively. By putting Eqs.(5) and (6)
into Eq. (9) and usingR0, the ratioR1 can be written as

R1 =
ukbFa − aFbuOuF0lu2

ukaFa + bFbuOuF0lu2
s10d

.
ub − aÎR0u2

ua + bÎR0u2
. s11d

The transformation from Eq.(10) to Eq. (11) is not exact
when the associated phases are different in the matrix ele-
mentskFauOuF0l and kFbuOuF0l.

There is no way to study the ratioR0 experimentally.
However, according to assumption(B), we can putR0<1;
i.e., the doublet states have almost equalBsGTd values with-
out the influence ofHIA. Using theBsGTd values listed in
Table III, the values ofR1 are obtained for the doublet states
observed at 4.8 MeV in thes3He,td study and also for the
doublet states observed at 4.9 MeV in theb-decay study. A
set ofa andb is obtained for each of theseR1 values using
Eq. (11) and the relationshipa2+b2=1. The isospin-
asymmetry matrix element is calculated by putting a set ofa
and b and the difference of the excitation energies into Eq.
(7). As a result, values of −8.3 keV and 7.5 keV are obtained
for the Tz= +3/2→ +1/2 andTz=−3/2→−1/2 transitions,
respectively. The signs of them are opposite and the absolute
values are nearly the same, which is consistent with assump-
tion (A). It is interesting that relatively small isospin-
asymmetry interactions of<8 keV can make the reversed
transition strengths observed for the isospin mirror transi-
tions to the doublet states withDE<70 keV.

Isospin mixing was studied at a similar mass ofA=37 for
a pair ofJp=3/2+ states. One of them was theT=3/2 IAS in
37K at Ex=5.051 MeV and the other was aT=1/2 state lying
31 keV below. The relative proton widths of the two levels
measured in a36ArspW ,p0d resonance reaction implied an
isospin-mixing matrix element of 4.8 keV[43]. In addition
the analysis of theb+-decay study from the g.s. of37Ca to
these two states suggested a value of 5.9 keV[43,44]. It is
interesting that similar values are deduced for the isospin-
asymmetry matrix element obtained here and the isospin-
mixing matrix element.

5. Difference of excitation energies in41Ca and41Sc

The Coulomb displacement energy(CDE) is dependent
on the configuration of each individual state[45,46]. In order
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to study the CDE as a function of excitation energy, the
difference of excitation energies,

DEx = Exs41Scd − Exs41Cad , s12d

was calculated for each pair of states. TheDEx values are
given in the last column of Table III. They are also plotted in
Fig. 8 for differentJp states.

The DEx values of theJp=3/2+ states vary largely from
−13 to 125 keV[Fig. 8(b)], and the distribution is scattered
as a function ofEx. The DEx distributions of the 1/2+ and
5/2+ states are less scattered. It is interesting that the mini-
mum atEx=5.2 MeV in the 3/2+ distribution [Fig. 8(b)] is
common with the local minimum in the distribution of the
5/2+ states[Fig. 8(c)].

We see a clear discrete increase ofDEx values at around
Ex=3.8 MeV. In 1/2+ and 5/2+ distributions, a typical value
of about 50 keV in the low-lying region changes suddenly up
to more than 100 keV above 4 MeV excitation energies,
where the main part of the strength appears. For the transi-
tions in the low-lying region, the main configurations of
d3/2→d3/2 and f7/2→ f7/2 are expected in a naive single-
particle model. On the other hand, at the higher excitation
energies the main configurations ofd5/2→d3/2 and f7/2
→ f5/2 are expected. The sudden increase ofDEx values, cor-
responding to the sudden change of the CDE, suggests a
change of the main configurations of the wave functions at
aroundEx=3.8 MeV.

B. M1 g transitions in 41Ca

The M1 g transitions from the IAS atEx=5.817 MeV to
low-lying states in41Ca are analogous to the corresponding
GT transitions observed in the41Ks3He,td reaction (see
Fig. 1).

In order to compareM1 transition strengths andBsGTd
strengths of analogous GT transitions, we have to examine
the similarities and differences between these transitions.
The GT operator has only an IV spinsstd term. The GT
transition strengthBsGTd reduced in isospin[47] is given by

BsGTd =
1

2Ji + 1

1

2

CGT
2

2Tf + 1
fMGTsstdg2, s13d

where CGT is the isospin Clebsch-Gordan(CG) coefficient
sTiTzi1±1uTfTzfd with Tzf=Tzi±1. The matrix element
MGTsstd denotes the GT transition matrix element ofst
type.

In addition to the IV spinsstd term, theM1 operator has
an IV orbital s,td term and an IS term. Since theM1 transi-
tions of interest here are between theT=3/2 IAS and the
T=1/2 GTstates, only the IV terms can contribute. In which
case, theM1 transition strengthBsM1d reduced in isospin
[47] is given by

BsM1d =
1

2Ji + 1

3

4p
mN

2 CM1
2

2Tf + 1
Fg,

IVMM1s,td

+ gs
IV 1

2
MM1sstdG2

, s14d

where CM1 expresses the isospin CG coefficient

sTiTzi1 0uTfTzfd with Tzf=Tzi. The matrix elementsMM1sstd
andMM1s,td denote thest-type and,t-type components of
the M1 transition matrix element, respectively. The IV com-
binations of spin and orbitalg factors are expressed bygs

IV

= 1
2sgs

p−gs
nd andg,

IV = 1
2sg,

p−g,
nd, respectively. Using the bare

spin and orbitalg factors of protons and neutrons—i.e.,gs
p

=5.586,gs
n=−3.826 andgl

p=1, gl
n=0, we getgs

IV =4.706 and
g,

IV =0.5. Due to the large value of the coefficientgs
IV, it is

expected that thest term is usually larger than the,t term
[48,49]. Therefore, corresponding strengths are expected for
the analogous GT andM1 transitions(for details, see, e.g.,
Ref. [47]).

The relative intensitiesIg and the energiesEg of the g
transitions from the IAS to the states atEx=4.728, 4.097,
3.740, 3.400, and 2.606 MeV are given in Ref.[30] and are
listed in column 4 of Table IV. Using these values, the tran-
sition strengths proportional to theM1 transition strengths
BsM1d can be deduced under the assumption that theE2 and
M1 mixing ratiosd are small for these transitions. The pro-
portionality is given(see, e.g., Ref.[50]) by

BsM1d ~
1

Eg
3 Ig. s15d

The relative strengths of theBsM1d 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 strongestM1 and GT strengths
to the 4.097 MeV are normalized to unity. As seen, the rela-
tive intensities of the analogousM1 and GT transitions are in

FIG. 8. The difference of excitation energiesDEx for the corre-
sponding states in41Sc and41Ca. TheDEx values are plotted for
pairs of states with(a) J=1/2, (b) 3/2, and(c) 5/2. A clear sudden
increase ofDEx values is observed atEx=3.8 MeV for the pairs of
J=1/2 and 5/2states. The dotted lines are drawn to guide the eye.
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good agreement, except for the transitions to the 4.728 MeV
state. From the similarity of corresponding GT andM1 tran-
sitions strengths, it is suggested that the contributions of the
,t term in the transitions are relatively small. It was found
that such contributions of,t terms are very large for the
deformed nuclei in theA=23–25 mass region, where large
enhancements or suppressions ofM1 strengths compared to
the analogous GT transition strengths were observed
[8,51,52].

VI. SUMMARY

Isospin analogous GT andM1 transitions were compared
for A=41 nuclei. Especially,Tz= ±3/2→ ±1/2 mirror GT
transitions were compared and analyzed from various points
of view.

The Tz= +3/2→ +1/2 GT transitions were measured by
using the41Ks3He,td41Ca reaction at 0° and at an intermedi-
ate incident energy of 140 MeV/nucleon. Thanks to the high
energy resolution of 35 keV, states up toEx=10 MeV in
41Ca were clearly separated. This energy resolution of better
than DE/E=10−4 and also a good angle resolution of the
scattering angle around 0° were achieved by the implemen-
tation of complete beam matching techniques between the
magnetic spectrometer and the beamline. Highly fragmented
discrete states were observed and the excitation energies of
these states could be determined with an accuracy of less
than 7 keV up to the excitation energy of 10 MeV. The
BsGTd values in thes3He,td reaction were calibrated by us-
ing BsGTd values derived in the GTb decay from41Ti to
41Sc by assuming mirror symmetry of theTz= ±3/2
→ ±1/2 transitions. A DWBA calculation was used to cor-
rect for the excitation energy dependence of the cross sec-
tion. It was found that the main part of the GT strength is
concentrated in the energy region between 3 and 6 MeV. The
fragmentation of the GT strength was not so well reproduced
by a shell-model calculation, suggesting more complicated
structures of theA=41 nuclei that extend oversd- and f-shell
regions.

The mirror symmetricTz=−3/2→−1/2 GT transitions
can be studied in theb decay of41Ti to 41Sc. Two indepen-

dentb-decay measurements have been reported and the ob-
tainedBsGTd distributions were significantly different in the
energy region aboveEx=6 MeV. If isospin is a good quan-
tum number, the transition strengths of theTz= ±3/2
→ ±1/2 GTmirror transitions should not be much different.
It was found that the general feature of theBsGTd distribu-
tion deduced by Honkanenet al. [18] was similar to that
observed in the present41Ks3He,td measurement. In addi-
tion, the good energy resolution achieved by Honkanenet al.
in the delayed proton measurement after theb decay was
comparable with our resolution.

Through a detailed comparison of theTz= ±3/2→ ±1/2
GT transitions, one-to-one correspondences of analog states
in 41Ca and41Sc could be identified up to the excitation
energy of 6 MeV, where the main transition strength was
observed. In the identification, it was assumed that the
strengths of the analogous transitions should be similar. The
GT states in41Ca and41Sc can have aJp value of either
1/2+, 3/2+, or 5/2+, but the Jp assignment of individual
states in41Ca and41Sc was not always clear. As a result of
the identification of analog states, the most probableJp val-
ues were assigned for each pair of analog states by combin-
ing the independentJp information of the pair of correspond-
ing states.

On the basis of theJp assignment, theBsGTd strength
distribution could be separately obtained for the threeJp

values. It was found that the main part of the GT strength
was carried by the 5/2+ states. The gross features of the GT
strength distributions for the threeJ states were similar for
the isospin analogousTz±3/2→ ±1/2 transitions, but the
details were somewhat different. From the difference of the
distributions, isospin-asymmetry matrix elements of<8 keV
were deduced. The difference of excitation energies was
studied for analog states as a function of excitation energy.
An energy increase of about 50 keV was observed atEx
=3.8 MeV, suggesting a change of configuration in the wave
function of the GT states below and above this energy.

The strengths ofM1 transitions in41Ca from five excited
states to the IAS were compared with the analogous GT tran-
sition strengths derived from the41Ks3He,td41Ca study. It
was found that ratios of theM1 and GT transition strengths,
except for one transition, were similar. This suggests that the

TABLE IV. Comparison of analogousM1 and GT transitions inA=41 isobars. Theg transitions in41Ca
from the 5.817 MeV IAS to lower-lying states are analogous to the GT transitions to these states from the g.s.
of 41K. Relative transition strengths are compared for these transitions assuming that theseg transitions are
of pureM1 nature.

States in41Ca g transitions in41Ca GT transitions to41Ca

Ex (MeV)a 2Jpb Eg (MeV) Intensityc BsM1d ratio BsGTd BsGTd ratio

2.606 5+ 3.211 23(4) 0.04(1) 0.020(3) 0.04(1)

3.400 1+ 2.417 30(4) 0.11(1) 0.067(6) 0.15(1)

3.740 5+ 2.077 15(9) 0.09(5) 0.030(3) 0.07(1)

4.097 5+ 1.720 100(8) 1.00(8) 0.446(33) 1.00(7)

4.728 5+ 1.089 21(4) 0.83(16) 0.220(17) 0.49(4)

aFrom Ref.[30].
bFrom the present analysis.
cRelative intensity from Ref.[30].
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contribution from the,t term, which is inherent to anM1
transition and has no corresponding term in a GT transition,
is small in theseM1 transitions.

ACKNOWLEDGMENTS

The 41Ks3He,td41Ca experiment was performed at RCNP,
Osaka University, under the Experimental Program E195.
The authors are grateful to the accelerator group of RCNP,
especially to Professor T. Saito and Dr. S. Ninomiya, for

their effort in providing a high-quality and stable3He beam
indispensable for the realization of matching conditions re-
quired for achieving good energy and angular resolution. Y.F.
thanks Professor J. Äystö(Jyväskylä, Finland) for valuable
discussions and Dr. F.D. Smit(iThemba LABS, South Af-
rica) for his comments in preparing the manuscript. This
work was supported in part by Monbukagakusho, Japan, un-
der Grant No. 15540274. B.A.B. acknowledges support from
NSF Grant No. PHY-0244453.

[1] Isospin in Nuclear Physics, edited by D.H. Wilkinson(North-
Holland, Amsterdam, 1969).

[2] A. Bohr and B. Mottelson,Nuclear Structure(Benjamin, New
York, 1969), Vol. 1, and references therein.

[3] A. Bohr and B. Mottelson,Nuclear Structure(Benjamin, New
York, 1975), Vol. 2, Chap. 6, and references therein.

[4] F. Osterfeld, Rev. Mod. Phys.64, 491 (1992), and references
therein.

[5] J. Rapaport and E. Sugarbaker, Annu. Rev. Nucl. Part. Sci.44,
109 (1994).

[6] T.N. Taddeucci, C.A. Goulding, T.A. Carey, R.C. Byrd, C.D.
Goodman, C. Gaarde, J. Larsen, D. Horen, J. Rapaport, and E.
Sugarbaker, Nucl. Phys.A469, 125 (1987), and references
therein.

[7] P.M. Endt, Nucl. Phys.A521, 1 (1990); A633, 1 (1998), and
references therein.

[8] Y. Fujita et al., Phys. Rev. C66, 044313(2002).
[9] Y. Fujita et al., Phys. Rev. C59, 90 (1999).

[10] R. Madey, B.S. Flanders, B.D. Anderson, A.R. Baldwin, C.
Lebo, J.W. Watson, S.M. Austin, A. Galonsky, B.H. Wil-
denthal, and C.C. Foster, Phys. Rev. C35, 2011 (1987); 36,
1647 (1987).

[11] Y. Fujita et al., Phys. Rev. C67, 064312(2003).
[12] B.D. Andersonet al., Phys. Rev. C54, 602 (1996).
[13] B.A. Brown and B.H. Wildenthal, At. Data Nucl. Data Tables

33, 347 (1985).
[14] Y. Fujita et al., Eur. Phys. J. A13, 411 (2002).
[15] G. Audi and A.H. Wapstra, Nucl. Phys.A565, 1 (1993);

A595, 409 (1995).
[16] R.G. Sextro, R.A. Gough, and J. Cerny, Phys. Rev. C8, 258

(1973).
[17] Z.Y. Zhou, E.C. Schloemer, M.D. Cable, M. Ahmed, J.E. Re-

iff, and J. Cerny, Phys. Rev. C31, 1941(1985).
[18] A. Honkanen, P. Dendooven, M. Huhta, G. Lhersonneau, P.O.

Lipas, M. Oinonen, J.-M. Parmonen, H. Penttilä, K. Peräjärvi,
T. Siiskonen, and J. Äystö, Nucl. Phys.A621, 689 (1997).

[19] W. Liu et al., Phys. Rev. C58, 2677(1998).
[20] Y. Fujita et al., Nucl. Phys.A687, 311c(2001).
[21] W.G. Love and M.A. Franey, Phys. Rev. C24, 1073(1981).
[22] M. Fujiwaraet al., Nucl. Instrum. Methods Phys. Res. A422,

484 (1999).
[23] Y. Shimbaraet al., Nucl. Instrum. Methods Phys. Res. A522,

205 (2004).
[24] T. Noro et al., RCNP (Osaka University), Annual Report,

1991, p.177.

[25] Y. Fujita, K. Hatanaka, G.P. A. Berg, K. Hosono, N. Matsuoka,
S. Morinobu, T. Noro, M. Sato, K. Tamura, and H. Ueno,
Nucl. Instrum. Methods Phys. Res. B126, 274 (1997), and
references therein.

[26] T. Wakasaet al., Nucl. Instrum. Methods Phys. Res. A482, 79
(2002).

[27] H. Fujita et al., Nucl. Instrum. Methods Phys. Res. A484, 17
(2002).

[28] Y. Fujita et al., J. Mass Spectrom. Soc. Jpn.48, 306 (2000).
[29] H. Fujita et al., Nucl. Instrum. Methods Phys. Res. A469, 55

(2001).
[30] J.A. Cameron and B. Singh, Nucl. Data Sheets94, 429(2001),

and references therein.
[31] D.R. Tilley, H.R. Weller, and C.M. Cheves, Nucl. Phys.A564,

1 (1993).
[32] C.D. Goodman, C.A. Goulding, M.B. Greenfield, J. Rapaport,

D.E. Bainum, C.C. Foster, W.G. Love, and F. Petrovich, Phys.
Rev. Lett. 44, 1755(1980).

[33] W.G. Love, K. Nakayama, and M.A. Franey, Phys. Rev. Lett.
59, 1401(1987).

[34] DW81, a DWBA computer code by J.R. Comfort(1981) and
updated version(1986), an extended version ofDWBA70 by R.
Schaeffer and J. Raynal(1970).

[35] T. Yamagata, H. Utsunomiya, M. Tanaka, S. Nakayama, N.
Koori, A. Tamii, Y. Fujita, K. Katori, M. Inoue, M. Fujiwara,
and H. Ogata, Nucl. Phys.A589, 425 (1995).

[36] S.Y. van der Werf, S. Brandenburg, P. Grasdijk, W.A. Sterren-
burg, M.N. Harakeh, M.B. Greenfield, B.A. Brown, and M.
Fujiwara, Nucl. Phys.A496, 305 (1989).

[37] R. Schaeffer, Nucl. Phys.A164, 145 (1971).
[38] R.G.T. Zegerset al., Phys. Rev. Lett.90, 202501(2003); S.Y.

van der Werf and R.G.T. Zegers(private communication).
[39] H. Fujita, Ph.D. thesis, Osaka University, 2002(unpublished);

H. Fujita et al., (unpublished).
[40] E.K. Warburton, J.A. Becker, and B.A. Brown, Phys. Rev. C

41, 1147(1990).
[41] B.A. Brown, A. Etchegoyen, and W.D.M. Rae, computer code

OXBASH, MSU Cyclotron Laboratory Report No. 524, 1986.
[42] A. Bohr and B. Mottelson,Nuclear Structure(Benjamin, New

York, 1969), Vol. 1, illustrative example to Sec. 3-1.
[43] N.I. Kaloskamis, A. García, S.E. Darden, E. Miller, W. Hae-

berli, P.A. Quin, B.P. Schwartz, E. Yacoub, and E.G. Adel-
berger, Phys. Rev. C55, 640 (1997).

[44] A. García, E.G. Adelberger, P.V. Magnus, H.E. Swanson, D.P.
Wells, F.E. Wietfeldt, O. Tengblad, and ISOLDE Collabora-

ISOSPIN SYMMETRY OFTz= ±3/2→ ±1/2 GAMOW-TELLER… PHYSICAL REVIEW C 70, 054311(2004)

054311-13



tion, Phys. Rev. C51, R439(1995).
[45] J.A. Nolen and J.P. Schiffer, Annu. Rev. Nucl. Sci.19, 471

(1969).
[46] N. Auerbach, Phys. Rep.98, 273 (1983).
[47] Y. Fujita, B.A. Brown, H. Ejiri, K. Katori, S. Mizutori, and H.

Ueno, Phys. Rev. C62, 044314(2000), and references therein.
[48] E.K. Warburton and J. Weneser, inIsospin in Nuclear Physics,

edited by D.H. Wilkinson(North-Holland, Amsterdam, 1969),
Chap. 5, and references therein.

[49] S.S. Hanna, inIsospin in Nuclear Physics, edited by D.H.
Wilkinson (North-Holland, Amsterdam, 1969), Chap. 12, and
references therein.

[50] H. Morinaga and T. Yamazaki,In-Beam Gamma-Ray Spectros-
copy (North-Holland, Amsterdam, 1976), and references
therein.

[51] Y. Shimbaraet al., Eur. Phys. J. A19, 25 (2004).
[52] Y. Fujita et al., Phys. Rev. Lett.92, 062502(2004).

FUJITA et al. PHYSICAL REVIEW C 70, 054311(2004)

054311-14


