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Isovector E2 and M1 transitions from isobaric analog states of the N =29 isotones to low-lying

states in the %=28 isotones are discussed by making use of the shell model. The f7/z j and the

f,"/z+ fz/z'j configurations are assumed for the N =29 and 1V =28 isotones, respectively, where j
denotes one of the pz/z, pi/z, and f, /z orbits. First, the model space is restricted to j =p3/z only,

and it is extended to include all the p3/z p |/zand f&/z orbits, in order to study stepwise the role of
the various wave function components. For the isovector E2 transitions, it is confirmed that the

major components of the wave functions play a decisive role for the allowed transitions in the

single-particle shell model and the use of the good isospin wave functions is indispensable for the

forbidden ones. For the isovector Ml transitions, it is shown that the spin-nonflip fz/z ~f7/z tran-

sition, which is introduced by the neutron-excited components in the wave functions of the N =28

isotones, plays a very significant role: It gives rise to the important cancellation which is responsi-

ble for the strong suppression of the M1 transition strength in comparison with the simple shell-

model prediction, and it becomes the leading term in the I- and j-forbidden M1 transitions. Similar

discussion holds for the Gamow-Teller beta decays between the levels of the N =28 and N =29 nu-

clei.

I. INTRODUCTION

Shell-model calculations of the N =28 nuclei have been
carried out systematically by assuming one-particle exci-
tations from the f7/z to the upper fp shell. ' In the ear-
ly stage, only the p3/2 orbit was taken into account, i.e.,
the f7/z+ f7/z p3/z configurations, ' where n is the num-

ber of nucleons outside Ca, namely n = A —40, with A

being the mass number of the nuclei. Subsequently, the
model space was extended to include all the remaining
orbits of the fp shell, i.e., the f7/z+ f7/z (p3/z,
p, /z, f»z)' configurations. In these calculations, the
neutron-excited configurations which were neglected in
the previous shell-model calculations of the N=28
isotones have been investigated by including them explic-
itly in the model space. In order to minimize ambigui-
ties, the effective interactions relevant to each model
space were derived empirically by the least-squares fitting
procedure. It has been shown' that such configurations
are indispensable in interpreting various spectroscopic
properties of the N =28 isotones, e.g. , the high-spin
states of the N=28 isotones. ' Since the isovector Ml
transitions and the Garnow-Teller (GT) beta decays in the
N=28 region are expected to be sensitive to the adrnix-
ture of the neutron-excited components in the shell-
model wave functions, the transitions of the isovector
type seem to be suitable for investigating the effects of the
neutron-excited configurations on the transition matrix
elements. The purpose of this paper is to present sys-
ternatic calculations of the isovector E2 and M1 transi-

tions and the GT beta decay matrix elements between the
levels in the N=28 and N=29 nuclei, by using the same
models we have proposed so far. '

There have been a number of theoretical works on
the M1 transition strength from the isobaric analog state
to the low-lying state which has the largest spectroscopic
factor in proton stripping reactions. It is well known that
such a low-lying state is no longer the pure antianalog
state but contains a considerable amount of the core-
polarized state (CPS) generated by recoupling both the
isospin and the angular momentum of the core state. It
should be mentioned here that the CPS can be obtained
from the neutron-excited configuration. The M1 matrix
elements connecting the analog with these two basis
states cancel each other, and therefore the strong
suppression of the Ml transition strength can be ob-
tained, compared with the prediction assuming the pure
analog to antianalog M1 transition. Most theoretical dis-
cussions, however, were made either for the simplest nu-
cleus like Sc or by using an oversimplified shell model.
Exceptions might be the calculations by Osnes and
Warke' for 'V and by Prakash" for Cr, in which they
have examined the role of isospin on the isovector transi-
tion matrix elements using the shell-model wave func-
tions with and without correct isospin. The I- and j-
forbidden transitions in 'V have also been discussed in
Ref. 10, which in general give us a sensitive test for the
shell-model wave functions obtained with the extended
model spaces. The CPS mentioned before, which plays a
crucial role in the M1 matrix elements, was not taken
into account in their' '" calculations, however. It would
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be, therefore, interesting to calculate the transition
strengths in 'V and Cr by using our models in which
the neutron-excited configurations are explicitly included
and hence the CPS is taken into account. Comparison of
the calculations with and without the neutron-excited
configurations would provide information on how the
CPS works in the isovector transitions in the relatively
complicated nuclei. Since it is expected that the spin-Hip
components such as the f7/2 ~f5/& play an important
role in the M1 matrix elements, the calculations with our
second model of the f7/2+ f7/2 (p3/2, p, /2, f5/q)'
configurations are carried out.

Isospin structure of the basis functions is first summa-
rized, and the assumptions made for the transition opera-
tors and the wave functions are presented in Sec. II. Re-
sults of the calculations are given in Sec. III and dis-
cussed for an individual nucleus by comparing with the
experimental data and partly with the previous calcula-
tions. In Sec. IV we summarize the present calculations
and give concluding remarks.

II. SHELL MODEL

When both eight neutrons and p protons are filling the

f7/2 shell outside an inert Ca core, the total isospin T
I

~ f$/+2'a, T,J„j;TT,J), (2)

where T, is the isospin and J, is the total angular
momentum, both of which are allowed values for the core
states. It is obvious due to the triangular condition that
two values, T+ —,

' and T ——,', are generally allowed for
T, . For the T, =T+ —,

' state, Eq. (2) consists of two com-

ponents in the proton-neutron formalism: One involves
proton excitation and the other neutron excitation. By
using the Clebsch-Gordan (CG) coefficients of isospin, it
is given by

and its third component T, of the low-lying states are
defined uniquely by T =T, =4—p/2, and the basis func-
tions for the N= 28 isotones generated by such
configurations are given by

~ f$/+2; a TT,J ) .

Here, J is the total angular momentum and u represents
any additional quantum numbers. If a particle is promot-
ed from the f~/2 shell to an upper j shell, then the basis
functions with good isospin generated by such
configurations can be obtained by coupling the particle to
the f$/+2 core states;

' 1/2

I l(~f7/2)' (vf7/2) Tl Tl =T+ 'J ~j &-

10—p

' 1/2

(3)

Here, m and v stand for the protons and neutrons, respec-
tively, T„ is the third component of T&, and only the
coupling concerning isospin is shown explicitly for the
sake of simplicity. In the calculations of Refs. 3 and 4,
only the first term of Eq. (3) was taken into account,
while the second term of Eq. (3) was considered in Refs. 5

and 10 in order to have the wave functions with correct
isospin by using an isospin projection method. For the
T&

——T ——,
' state, on the other hand, we have only the

neutron excitation;

have exactly the same J, structure, whereas the core
states with the different T, , i.e., the second term of Eqs.
(3) and (4), have entirely different J, structure. The state
with T, =T ——,

' and J, =1+ is often referred to as the
core-polarized state. Effects of the neutron-excited states
given by Eq. (4) have been investigated in our previous
works, ' and study of the effects on the isovector transi-
tions is the main subject for the present calculations.

The basis functions for the N=29 isotones are generat-
ed by the configurations with the p —1 protons and eight
neutrons in the f7/p shell and with one neutron in the
upper j shell;

=1[(~f7/2~(vf7/2) & Tl 21'vj & '

(4)
~
f$/+2 a, T) ——T+ —,'J)j;T+1T,=T+1J) . (5)

It should be noticed that the core states with the same
isospin T, , i.e., the first and second terms of Eq. (3), must

By using the isospin lowering operator or the isospin CG
coefficients, we can define an isobaric analog state of (5);

' 1/2

9—p+
10—p

' 1/2
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It is clear that state (3) is orthogonal to state (6), and thus
state (3) is usually called an antianalog state.

The one-particle operators for the E2 and M1 transi-
tions are given by

O(E2)„' '= g ekrk Y„' '(0(, )
k

The ft value is calculated' by

ft =«[B(F}+
I g A /gv I

'B«T)], (14)

where B(F) and B(GT) are the transition rates for the
Fermi and the Gamow-Teller decays, respectively. The
B(k) is given by

and
1/2

B(k)=
I (f llo(k)lli )

I
'/(2J, + I (15)

O(M1)'"=
4~ g [—,'g, (k)o„"'(k)+gt(k)1„("(k)],

k

(8)

respectively. Here, Y' ' is the spherical harmonic of or-
der 2, o'" is the Pauli spin operator and i" ' is the orbital
angular momentum operator, and k runs all over the nu-
cleons. If we introduce the tensor operator ~'„" for iso-

spin, the one-particle transition operators can be decom-
posed into isoscalar and isovector components. By using

T0 =2t where t, is the third component of the isospin
operator, the isovector operators for the E2 and M1 tran-
sitions are given by

(9)
k

O (M 1 )(A.= 1,v= 1)
p 0

' 1/2
1 3
2 4m. y [ ((g g )o(1)(k)

k

+(gv g1r)i(1)(k)]r(1)(k)
P (10)

The E2 matrix element is calculated by using the har-
monic oscillator wave functions with the oscillator con-
stant v=mco/A=O 96A '

f.m, where A is the mass
number of a nucleus. Effective charges, 1.5e for a proton
and 1.0e for a neutron, are assumed. For the M1 opera-
tor, we use the free-nucleon g factors; g, =5.5855 and

gI
——1.0 for a proton, and g, = —3.8263 and gj ——0 for a

neutron in unit of pz.
The transition operators for the Fermi and Gamow-

Teller beta decays are given by

O(F)' = "~,"——g t~(k}=T
k

and

O(GT)(k= 1,a.=1) y (1)t

k

(12}

t+ ——t +it

(13)

respectively. Here, we use the relation between the iso-
spin raising (lowering) operator and the isotensor opera-
tors;

where k denotes either F or GT, and li ) and
I f )

denote the wave functions of the initial and the final
states, respectively, J, being the angular momentum of
the initial state. The constant C=6146 s is used in the
present calculations, which is determined from the
0+~0+ Fermi transitions. The ratio of the axial-vector
to vector coupling constant lg„/g) I

=1.239 is used,
which is extracted from the free-neutron beta decay ex-
periments.

Two model spaces are assumed in the present calcula-
tions: the f7/2+f7/2 p3/p and the f7/2+f7/p (p3/2,
p)/2, f5/2)'. For the former model space, we use the
effective interactions obtained in Ref. 1. In that calcula-
tion, ' the 20 two-body matrix elements and the value of
the f7/2 single-particle energy were assumed to be free
parameters and were determined by means of a least-
squares fitting to well-established experimental data on
the low-lying energy levels. Hereafter, the calculations of
any observables with this model space and the effective
interactions will be referred to as calc. 1. For the extend-
ed model space, we use the effective interactions obtained
in Ref. 2. The least-squares fitting procedure was also
adopted but the parametrization of the effective interac-
tions is rather complex: The effective interactions are
made up of empirical matrix elements and phenomeno-
logical potentials superposed with three central interac-
tions (we adopt version D of Ref. 2). This complexity
may introduce an uncertainty into the effective interac-
tions which should be strictly relevant to the assumed
model space. Moreover, it seems that the effective in-
teractions would not be determined uniquely by using the
energy levels only. This might introduce further another
uncertainty in the effective interactions in discussing the
transition probabilities. In order to estimate the size of
errors caused by these uncertainties, we try to use also
the effective interactions proposed by the Utrecht
group, ' which are based on the G-matrix elements. '"
These two calculations with the extended model space
will be referred to as calc. 2 and calc. 3, respectively, in
the later discussions.

The f7&& j configurations are not included in the
model spaces of the present calculations. The lowest-
order effect introduced by such configurations would be
second order for the transitions mainly determined by the
f 7/Q

'j and f7/2 components, respectively, in the initial-
and final-state wave functions. On the other hand, first-
order contributions can be obtained from such
configurations for the transitions dominated by the f7/2' j
components in the wave functions. This means that the
transitions of the former type will be consistently de-
scribed by the present models within the first-order ap-
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FIG. 1. Calculated and experimental (Refs. 18-23) g factors for the magnetic dipole moments of the N=28 isotones. The results

of calc. 2 are shown by (a) and those of calc. 3 are by (b).

proximation, while the predictions for the transitions of
the latter type will be less accurate.

III. RESULTS AND DISCUSSIONS

A. Magnetic moments

The low-lying levels of the N=28 isotones are usually
described by the mf$/z configurations, and this simple
model can indeed explain various properties of the iso-
tones such as the binding energies. In this model, the M1
operator given by Eq. (8) is proportional to the total an-
gular momentum J, and therefore the g factors are pre-
dicted to be the same for all levels of a given J. Mixing of
the configurations to introduce the f7/z~ f~/z excita-
tions gives rise to a considerable change in the M1 matrix
elements, as was shown' by using a first-order perturba-
tion theory. Since the excitation of a proton is made by
the interaction with another proton in the f7/z shell, the
correction of this process cannot be renormalized into a
one-particle operator but is expressed in terms of a two-
particle operator. ' ' Therefore, the configuration rnix-

ing of this type predicts both number and state depen-
dence of the g factors. On the other hand, the excitation
of a neutron is made by the interaction with a proton in
the f7/z shell, and thus this correction is renormalized
into a one-particle operator, ' ' giving neither number

nor state dependence but just uniform shift of the g fac-
tors. In the present calculations, as is expected, the pro-
ton excitation plays a significant role, giving g factors,
which decrease with the number of protons, particularly
for the —,'and 6+ states, and thus the experimental trend
is reproduced very well as shown in Fig. 1. The state
dependence is also predicted in our calculations for the g
factors of the 2+, 4+, and 6+ states in the even-mass iso-
tones, being comparable with that predicted by the per-
turbation calculation however, there are scarce experi-
mental data to make a detailed comparison. The contri-
butions from the neutron excitation, on the other hand,
are not so simple as expected from the perturbation cal-
culations, and the magnitudes of their corrections tend to
be smaller than those caused by the proton excitation in
the heavier isotones. It is interesting to note for 'V and

Mn that the largest deviation from the Schmidt value is
predicted for the —", state, the highest-spin state generat-
ed by the nf//z configurations, contrary to the expecta-
tion that the high-spin states would be purer than the
lower-spin states, particularly the —,

' state. The
difference between the two calculations, calc. 2 and calc.
3, comes mostly from the difference in the
(f7/z ~

V
~ f7/zf 5/z ) TJ matrix elements: The T= l part

in calc. 2 is appreciably larger than that in calc. 3, while
the T=O part in calc. 3 is considerably stronger than that
in calc. 2. This means that the contributions from the
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TABLE I. Energies and wave functions of the J =—' levels in Sc obtained by the f7/2p3/2
configuration. A and C denote the antianalog and core-polarized states, respectively, where the sub-
script represents the angular momentum of the f7/2 core state.

State
E (MeV)

Expt. Calc. C,
Amplitude

C2 C3

3/2l
3/22
3/23
3/24

3.084 2.855
4.874
5.937
7.290

0.794
0.260

—0.395
—0.382

—0.275
—0.243

0.171
—0.915

0.115
0.662
0.737

—0.072

—0.529
0.660

—0.521
—0.113

two-body magnetic moment operators in perturbation
theory are relatively emphasized in calc. 2, whereas those
from the one-body operator are stressed in calc. 3. In ei-
ther case, the small admixture of the fs/2 component in
the wave functions assures us that we obtain almost the
same results as those with the perturbation calculations.

It could be said in summary that the present calcula-
tions with the f7/2+f7/2 (ps' pi/2 fs/2) con"gura
tions seem to provide reasonable wave functions for dis-
cussing the static M1 properties of the low-lying states in
the N=28 nuclei.

B. 3=49 nuclei

As was mentioned in the preceding section, Sc is the
most extensively studied nucleus so far as the M1 transi-
tion from the analog state is concerned; however, in order
to be self-contained, we shall start a discussion from the
simplest configuration f7/2p3/p We first define a parent
state (P), i.e., the ground state of Ca, which has T =-',
and J =—', and consists of the single basis state with
Tc=4 and Jc=O, where Tc and Jc are the isospin and
the angular momentum, respectively, of the f7/2 core
state. By using the isospin lowering operator, as in Eq.
(6), we get an analog state ( A). For the J = —,

' states in
Sc ( T =—,'), we have an antianalog state ( A ) from Eq.

(3), and in addition to this state, we also have the
neutron-excited states (C) given by Eq. (4), in which the
isospin Tc and angular momentum Jc of the f7/2 state
should be recoupled. The Tc is 3 rather than 4, and Jc
can take 1, 2, and 3. The basis state with J"=1+ is usu-

ally called the core-polarized state. Since these four basis
states with T=—', and J =—', are almost degenerate,
they are expected to be strongly mixed due to the residual
interactions, and a perturbative method would no longer
be applicable (if only the single-particle energies were as-
sumed for the energy denominator, as is normally done in
a perturbation calculation, the energy denominator
should be zero). In Table I, the excitation energies and
the wave functions are shown for the —', levels of Sc ob-
tained from the f7/2P3/2 configuration (calc. 1). It is
clearly seen that the A and C states are considerably ad-
mixed in each —', level, although the lowest —,'level has
the largest amplitude of the A component. The 1=1 pro-
ton stripping spectroscopic factor (2J+1)C S leading to
the lowest —', state is 4( —,')(0.794) =2.24, being compa-
rable with the experimental one, 2.51, deduced from the

Ca( He, d) reactions. Even if we extend the model
space, f7/2(p3/2, p, /2, f, /2)', we have almost the same
wave functions for the lowest —', state. In fact, calc. 2
and calc. 3 give the (2J+1)C S to be 2.22 and 3.08, re-
spectively, both of which are in qualitative agreement
with the experiment. The interaction among the f7/2 nu-
cleons favors the C states by several MeV in energy over
the A state. On the other hand, the r~ part of the
(f7 p/23 /~2V

~
f7/zp3/2 ) 7j interaction depresses the A

component significantly, simply because it favors the
larger Tc value, as was shown by Bansal and French,
and is responsible for making the lowest —,

' state possess
the largest spectroscopic factor.

Table II compares the calculated and the experirnen-
tal isovector E2 and M1 transition strengths from the

TABLE II. Calculated and experimental' transition strengths, 8(E2) in e'fm and 8(M1) in 10 p&, from the 2 and the
2

analog states of Ca to the low-lying states in Sc.

3—
23—
2

5—
2

7/2g,
3/2,
5/2
1/2l
5/2q

7/2,
3/2,

E„f
(MeV)

0
3.084
4.072
4.493
4.738
0
3.084

Multipole

E2
M1

M1
M1
Ml
M1

M1

Expt.

0.82

2.2
11.2
3.6

10.3
39+11
)7.6

Single-particle

estimateb

1.16
128

56

107

Calc. 1

0.99
6.75

11.1
27.0
10.4

Calc. 2

1.06
4.38

16.1
0.05
3.80

65.4
0.06

Calc. 3

0.81

30.7
13.1
10.0
0.12

50.6
1.47

'From Refs. 26 and 27.
Single-particle estimate contains the relevant isospin factors.
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and —,
' analog states of" Ca to the low-lying states in

Sc. We will discuss first the transitions from the =,
'

analog state. Nonvanishing M1 matrix elements between
the T =—', and T =—', basis states are obtained for the tran-
sitions from the Ao to the Ao and C& states, where the
subscript denotes the angular momentum of the f7/z core
state. The two matrix elements add destructively for the
transitions from the —,

' analog to the first, second, and

third excited —,
' levels, if we use the wave functions listed

in Table I. Particularly for the lowest —,
' state, the Ml

matrix element is almost completely cancelled, and we
have obtained a strong suppression of the M1 strength, in

good agreement both with the experiments and with the
previous calculations. The qualitative feature of this
M1 transition is not so much changed, even when the

p, /z and f5/z orbits are added to the model space. In or-
der to make our discussion more quantitative, we should
include another configuration in the model space, which
can generate a

~ f7/zf5/z(JC =1+},p3/z ) state. This
component, if included in the T =—', final states, gives a
much smaller M1 matrix element than A and C, do, but
it becomes appreciably important after the two major
contributions have cancelled each other. For the transi-
tion to the fourth excited —', state in calc. 1, the two ma-

trix elements add constructively, so we have a large tran-
sition strength; B(M1)=6.54 p~. In calc. 2 and calc. 3,
the sixth excited —,

' state is predicted to have the largest
B(Ml) value; 2.39p~ at 8.04 MeV and 4.99 p~~ at 8.42
MeV, respectively. There has been, however, no experi-
mental measurement of such strong transitions so far.

It is apparent that the f7/zJz3/z configuration is not
sufficient for the —,

' and —,
' states, since a considerable

amount of the p, /z and fs/z proton stripping strengths
have been observed experimentally in exciting the low-

lying —,
' and —', states. Therefore, the f7/z (p3/z,

p, /z, f5/z)' configuration should be assumed even for a
qualitative discussion. The calculations with the extend-
ed model space show that the A component generated by
the f7/&pi/z configuration is scattered over a few low-

lying —,
' states. In calc. 2, the lowest —,

' state predicted
at an excitation energy of 3.937 MeV consists mainly of
the 3 state and the p &/z spectroscopic factor is
2( —,

' }(0.795) =1.12, in good agreement with the experi-
mental value of 1.34. This means that the Ml transi-
tion from the —', analog to the 1/2, state may be inter-

preted mainly in terms of the p3/p~p, /z spin-Hip transi-
tion. Furthermore, the CPS generated by the f7/+i/z
configuration does not allow the f7/z +f7/z core transi-
tion in this case, since the —, analog state is generated by
the f7/~z/z configuration only. Consequently, it is natu-
ral to expect that the —,

' to 1/2, M1 transition must be
strong. In the present calculations, however, the CPS
generated by the f7/Q3/z configuration is admixed ap-
preciably in the 1/2& state in Sc, and thus this CPS can
induce the f7/z~f7/z core transition. The two com-
ponents, the spin-flip p3/z~p, /2 and the spin-nonflip

f7/z ~f7/z are almost completely cancelled in calc. 2,
and then we have a strongly hindered transition strength,
which agrees with the experiment. This emphasizes the

importance of configuration mixing in the wave function
of the final state.

The first and the second excited —,
' states are mostly

generated by the f7/Q3/z configuration in calc. 2 and are
predicted to be E„=4.151 and 4.336 MeV. The third ex-
cited —,

' state with the calculated E =4.753 MeV comes
mainly from the f7/zf5/z configuration. The spectro-
scopic factor leading to this state is 6( —,

' )(0.739) =2.91 in

calc. 2. In calc. 3, the largest strength is predicted for the
first excited —,

' state with 3.87. The ( He, d) experi-
ments have suggested, on the other hand, that the spec-
troscopic factor for the f5/z proton transfer fragments
over several low-lying —,

' states more strongly than the
predictions. For the M1 transitions from the —,

' analog
to the —', states, only the C& component from the

f7/@3/z configuration gives a nonvanishing matrix ele-
ment. Therefore, the transition strength simply depends
on the size of the C

&
component in the —', state. This ex-

plains why all the models predict similar M1 transition
strengths for the lowest —,

' state, and agreement between
the calculations and the experiment seems quite good.

The logft values for the GT beta decays from the —',
ground state of Ca to the low-lying states of Sc are
calculated and are compared with the experiments in
Table III. The saine discussion just made for the isovec-
tor M1 transitions holds for these cases.

Within the framework of the single-particle shell mod-
el, the M1 transition from the —,

' analog to the —,', state
(g.s. represents ground state) may be interpreted as the
pure f5/z~f7/z spin-fiip transition. In the calculations
with the extended model space, various f7/z (p 3/z,
p, /z, f&/z

)' components can be admixed slightly in the
state. Among them, only the

~ f7/z(1+), f5/z', —', )
component induces the f7/z ~f7/z core transition and
gives a nonvanishing contribution to the M1 matrix ele-
ment. Calculation 2 and calc. 3 show that the strength is
reduced to be almost half as large as the single-particle
estimate, in good agreement with the experiment.

C. A =50 nuclei

No experimental data are available for y transitions
from analog states in the A =50 nuclei, but there are two
Gamow-Teller transitions from the 5+ ground state of

Sc to the lowest 4+ and 6+ states of Ti. If one as-
sumes the lowest configurations, the 5+ state in Sc is
considered to be a member of the mf7/zvp3/z multiplet,
while the 4+ and 6+ states are generated by the 7rf7/z
configuration. The beta decay must proceed with the
vp3/z~nf7/z single-particle transition, and thus this is
an 1- and j-forbidden transition. When the model space is
extended to include the p3/2 orbit in Ti, then the
p3/z p3/z and f7/z f7/z transitions become operative.
The GT matrix elements obtained in calc. 1 are apprecia-
ble as shown in Table III, though they are not large
enough to reproduce the experimental data yet. If we ex-
tend further the model space to include all the p3/2 p//2,
and f5/z orbits, then the p 3/z +p i /z and f7/z ~f5/z
spin-flip transitions can be operative as well as the
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TABLE III. Calculated and experimental' logft values.

Nuclear

decay

4'Ca-4'Sc

50Sc 50Ti

51Ti 51V

52V 52Cr

55Co 55Fe

5+

3—
2

7—
2

3/2,

1/21
5/22
4+
6+

5/21

3/21
21+

4+
4+
22'
4+
3+
24+

5/21

7/21
5/22
9/21
9/22
5/23

f
(MeV)

3.08S
4.072
4.493
4.739
2.67S
3.198
0.320

0.929
1.434
2.370
2.768
2.965
3.415
3.472
3.772
0.932
1.317
2.144
2.212
2.302
2.578

Experiment

5.038
5.08
5.40
5.26
6.52
5.393
4.894

5.350
S.0010
7.45
5.914
6.305
5.94
6.95
5.53
6.25

6.88
6.57
6.06
5.77
7.36

Calc. 1

4.281
4.756
4.368
4.783
8.5
6.291
4.943
4.963
5.450
5.778
6.125
4.929
5.780
5.917
5.868
8.1

5.080
7.486

Calc. 2

4.363
4.594
4.375
5.219
5.552
6.126
4.989
5.612
5.354
5.549
5.815
6.769
5.758
7.30
4.809
5.295

5.881
5.212
5.446
5.393
7.71

Calc. 3

3.869
4.684
3.905
6.737
5.254
4.882
4.648
5.601
4.735
6.856
5.783
6.316
5.761
6.014
4.258
5.541

5.458
5.966
5.071
6.239
7.46

'From Refs. 24, 28, 30, 32, and 35 for A =49, 50, 51, 52, and 55 nuclei, respectively.

above-mentioned two spin-nonflip transitions. It should
be noticed that the j =I ——,

' j =l ——,
' type transitions

are also available but are negligibly small. Since the con-
tributions from each single-particle transition are almost
the same size, the GT matrix elements are rather sensi-
tive to the wave functions, namely the model spaces and
effective interactions employed. With this in mind, the
calculated logfr values shown in Table III are in satisfac-
tory agreement with the experiments.

D. 3=51nuclei

The E2 and Ml transitions from the analog state of the
ground state of 'Ti to the low-lying states in 'V are

discussed in this subsection. The calculated results are
summarized in Table IV and are compared both with the
experiments and with the previous calculations. ' If
one assumes the mf 7&2vp3&2 and the ~f 7&2 configurations
for 'Ti and 'V, respectively, the M1 transition is I and j

TABLE IV. Calculated and experimental' transition strengths, B(E2) in e fm and B(M1) in 10 pN, from the —, analog state

of "Ti to the low-lying states in "V.

(MeV) Multipole Experiment'
Osnes and Warke

OW(3) OW(4) OW(5)
Present calculations

calc. 1 calc. 2 calc. 3

7/2g,
5/21

3/21

3/22

5/22

3/23

3/24

0
0.320

0.927

2.407

3.077

3.192

4.258

E2
E2
M1
E2
Ml
E2
M1
E2
M1
E2
M1
E2
M1

0.73+0.16
0 12+0.10

8.4 +1.7
0.08+0.03
5.1 +1.9
0.27+0.20
1.5 +0.5

0.60+0.30
3.9 +O. S

0
1

0.39+0.25
9.4 +1.9

10.0 +1.7
0.17+0.07

4.7

& 10
14

&4X10 '
3.8

0
55
&4X10 '

0.76
1.93
0.039
0.39
0.53
0.29

22
10.4
0.36

10.0
56

0.76
0.19
0.52
0.029
0.0052
0.34

57
0.17
5.3
0.44

86

0.73
0.20
4.8
0.031
0.86
0.38

67
0.29
9.8
0.39

75

0.844
0.197
8.02
0.018
7.19
0.305

14.6
0.001
5.87
0.153
2.40
0.040
6.0S

0.786
0.174
5.24
0.000
2.24
0.224
9.65
0.005
2.30
0.133
0.024
0.015
2.74

0.639
0.149

11.0
0.000
2.32
0.400

46.8
0.095
0.746
0.104
0.001
0.013
0.067

'From Ref. 29.
From Ref. 10.

'When there are two possible solutions for the mixing ratio 5(E2/M1) in the experimental data, the transition rates deduced from
the smaller one are shown on the left-hand side and those deduced from the larger one are on the right-hand side.
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forbidden. Nonvanishing M1 matrix elements are easily
obtained by extending the model space; the addition of
the m f7/Q3/z configuration for 'V, and similar
configurations for the rest of the %=28 isotones were
considered by Auerbach. The entry shown as OW(3) in

Table IV is calculated by using his wave functions. It is
known, however, that the basis functions generated by
the ]rf7/Q3/z configuration do not have the correct iso-

spin, as was discussed in Sec II., and the rrf7/zvf7/Q3/z
configuration must be taken into account [see Eq. (3)].
Osnes and Warke' examined the effects of using the
good isospin wave functions on the isovector E2 and M1
transitions by using an isospin projection method, and
their results are shown in the column OW(4). The basis
functions involving the neutron excitation, which are
defined by Eq. (4), are still ignored in their model space.
They are included explicitly in calc. 1. Therefore, by the
comparison of calc. 1 with OW(4), one can see the ef-
fects of the neutron-excited components in the wave func-
tions on the isovector transitions. In OW(5), the

17f7/z ( 2+ ),vf 5/z ) and
~
ref 7/z ( 2+ ), vp ] /z ) components

are added artificially to the 'Ti ground-state wave func-
tion so as to fit the measured GT beta decay rates for the
3/2s, —+5/2] and 3/2s, ~3/2] transitions. All the
basis functions obtained from the f7/z+ f7/z (P3/z P]/z,f3/z

)' configurations are taken into account in calc. 2 and
calc. 3.

For the E2 transition from the analog to the —',
ground state, all the models predict similar numbers.
This may be due to the fact that the main components of
the initial and the final states are @f7/z(0+)vp3/z and
m f7/z (0+ )f7/z respectively, and thus the p3/z ~f7/z
transition dominates in this transition. On the other
hand, the E2 transitions to the other low-lying states
must proceed through the rather small components in the
wave functions, e.g., the nf7/z(2 )vp3/z in the initial
state, since the 5/2& and 3/2, states contain a fair
amount of the @f7/z(2 )f7/z component. It is easily
seen from the comparison of OW(3) with OW(4) that the
use of the wave functions with good isospin is crucial for
the isovector E2 transitions. Comparing OW(4) with the
other calculations using the more complicated model
space, we can find that the extension of the model space
does not give rise to any significant change in these tran-
sitions.

As was mentioned before, the M1 transitions from the
3/2 analog to the 5/2, and 3/2, states are 1 and j for-
bidden in the lowest-configuration assumption, and it is
expected that the small components admixed in the wave
functions become important, contrary to the E2 transi-
tions. First, we will discuss the M1 transition to the
5/2] state. Comparing OW(3) and OW(4), we can see
that the calculated Ml strength is improved to a certain
extent by using the good isospin wave functions, but the
experimental value is still underestimated by an order of
magnitude. A substantial improvement is further ob-
tained by OW(5), due to the f, /z ~f7/z and P]/z~P3/z
spin-flip transitions. On the other hand, in calc. 1 the
neutron-excited components with T, = T ——,

' are includ-
ed as the basis functions, and the

~ f7/z(T] =2,J]
=1+),vp3/z) component, the CPS, is admixed in the

final state and can induce the strong f7/z~f7/z core
transition. In fact, this component is the leading term in
the M1 transition matrix element, although the mixing
amplitude is fairly small. The calculations with the ex-
tended model space show that the contributions from the
sPin-fliP transitions (f7/z ~f5/z and P3/z ~P]/z ones) are
appreciable but are not added constructively, and thus
their effects do not appear apparently in this M1 transi-
tion strength. It might be said that the f7/z~ f7/z tran-
sition induced by the CPS in the final-state wave function
is the major ingredient for the explanation of the M1
transition from the analog state to the 5/2, state.

The Ml transition from the analog to the 3/2, state
may be understood almost in the same way as that for
the transition to the 5/2, state. In OW(4), the

If7/z(~1 3 Jl 0 ),p3/2) and the
~ f7/z(T] 3 J']

=2+),p3/z ) components in the final-state wave function
are responsible for having nonvanishing matrix elements,
but the calculated B (Ml) value is not sufficient to explain
the experiment. The spin-flip components in OW(5) do
not help drastically increase the matrix element in this
case. On the other hand, a large contribution to the M1
matrix element can be obtained by including the
neutron-excited components with T, =T ——,', as shown

in calc. 1. Calculation 2 and calc. 3 show that the other
components, some of which induce the spin-flip contribu-
tions, do not alter significantly the result of calc. 1. This
emphasizes the importance of the CPS in the M1 transi-
tion from the analog to the 3/2] states. All the calcula-
tions both for the E2 and M1 transitions agree rather well
with the experimental data deduced with the smaller mix-
ing ratio 5(E2/Ml). Osnes and Warke favored the
smaller 5 solution, because the B(E2) values extracted
from the larger 5 were anomalously large and should be
excluded.

The logft values of the GT beta decay calculated for
the transitions from the 3/2 ground state of 'Ti to the
5/2] and 3/2] states of 'V are shown in Table III. The
neutron-excited components in the final-state wave func-
tions play a decisive role in the GT transitions just in the
same way as the M1 transitions. The calculations of calc.
1, calc. 2, and calc. 3 are in reasonable agreement with
the experiments.

For the M1 transitions to the higher excited levels, the
inclusion of the neutron-excited components is indispens-
able, since the core-polarized state C, is strongly frag-
mented over the excited states with a few MeV excitation
energy, just in the same way as was discussed in the Sc
case. The 3/22 state contains a large amount of the Ap
component, the antianalog state obtained from the
f7/+3/z configuration; in fact, the spectroscopic factor
for proton stripping reactions is predicted to be 1.90 in
calc. 1, 1.68 in calc. 2, and 2.37 in calc. 3, all comparable
with the experimental value of 2.6. In the M1 matrix
element between the analog and the 3/22 states, the
A p ~ A p and A p ~C, contributions cancel each other to
a great extent, and then we have a strong suppression of
the transition strength; however, other small com-
ponents, not present in the Sc case, become relatively
important and a cancellation mechanism becomes consid-
erably complicated.



ATSUSHI YOKOYAMA AND HISASHI HORIE 38

TABLE V. Calculated and experimental' transition strengths, B(E2) in e fm and B(M1) in 10 p&, from the 3+ analog state of
V to the low-lying states in Cr.

(MeV) Multipole Experiment
Prakash

bad T good T
Present calculations

calc. 1 calc. 2 calc. 3

4+-

4+

2+

4+

1.43

2.37

2.77

2.97

3.41

E2
Ml
E2
Ml
E2
Ml
E2
Ml
E2
Ml

0.51+0.02
3.9

13~18

9 5+10.3

2+2 f 4

& 1.7
& 0.84

9 5+3.5

0.312
9.088
0.022
0.109
1.859
1.116
0.705

73.33
0.010
4.593

0.421
4.934
0.032
0.059
1.950
0.606
0.768

39.82
0.010
2.494

0.259
1.426
0.003
1.582
0.363
0.262
0.000
8.026
0.368
1.825

0.235
1.350
0.146
1.630
0.132
0.623
0.000
0.041
0.201
1.379

0.176
5.877
0.020
0.101
0.243
1.242
0.000
0.015
0.155
1.592

'From Ref. 31.
bFrom Ref. 11.

E. A=52 nuclei

The calculated E2 and M1 transition strengths from
the analog state of the 3+ ground state of V to the low-
lying states in Cr are shown in Table V and are com-
pared both with the experiments ' and with the previous
shell-model predictions. " The calculation of Ref. 11
takes account of the T& ——T+ —,

' =—,
' components by using

the isospin projection method, ' but it does not include
the T, =T ——,

' =—,
' components. A few versions are

presented in Ref. 11, and among them the following ver-
sion is most analogous to the OW(4) and OW(5) for the
A =51 nuclei; first doing a shell-model calculation of Cr
with the proton f7/2+ f7/2(p3/2 f5/2)' configurations
and then projecting the wave functions to possess good
isospin. The results of this version are presented in Table
V. It is surprising to note from comparison of bad T with
good T in Table V that the effect of using good isospin
wave functions is not so significant as in the 'V case. In
another version presented in Ref. 11, the effect is not ap-
parent either. It should be emphasized here that in the
present calculations the f7/2 ~f7/7 transition introduced
by the T, = T ——,

' =—', components in the final-state wave
functions plays an important role in the Ml transitions.
A more detailed discussion needs further precise informa-
tion on the measured transition strengths.

The calculated logft values for the GT transitions from
the 3+ ground state of V to the low-lying states of Cr
are tabulated and compared with the experiments in
Table III. There seems to exist no strong contradiction
between the calculations and the experiments.

F. A )53nuclei

In Mn, Fe, and Co, the analog states of the
ground states of the %=29 isotones are all bound states,
and then the techniques used for capture reactions such
as (p, y), which are powerful to deduce the y-transition
rates for the unbound states, can no longer be applied to
these cases. On the other hand, the analog states of the
excited states of the %=29 isotones can be unbound, and
a few experiments have been done by using the capture

TABLE VI. Calculated and experimental' transition
strengths, B(E2) in e frn and B(M1) in 10 '

pN, from the —'

analog state of "Cr to the low-lying states in "Mn.

E„
(MeV) Multipole Experiment Calc. 2 Calc. 3

5/2i
/2

3/2z-

1/21

0.38
1.29
2.41
2.67

E2
Ml
Ml
Ml

1.3
1.8
3.6
7.2

0.100
1.80

32.2
22.6

0.281
0.566

61.4
8.36

'From Ref. 33.

reactions. Table VI compares the calculated and experi-
mental E2 and M1 transition strengths from the analog
state of the 1/2] state of Cr to the low-lying states in

Mn. According to the (d,p) reactions on Cr, the
low-lying —,

' states in Cr have a large fraction of the

vp, /2 strength, and the spectroscopic factor for the
lowest —,

' state is 0.71, suggesting that 7rf 7/2vp, /2 is the

principal configuration for this state. The calculated
values are 1.14 with calc. 2 and 1.06 with calc. 3, being
slightly larger than the experiment.

The Ml transition from the 1/2] analog to the 3/2]
state is forbidden in the single-particle shell model, since
the initial and the final states are generated by the

f7/2p ] /2 and the f7/7 configurations, respectively. In the
extended shell model, a considerable amount of the

f7/i( J'+0) X v(p3/p f5/2 ) components are admixed in

the —,
' state of Cr, and an appreciable amount of the

f7/2(p3/2 p]/2 f5/2)' components are contained in the
low-lying states of ' Mn. Then, all the p3/2~p3/2,
p3/2 ~p ] /2 f7/2 ~f7/2 and f7/2 ~f5/7 transitions be-
come operative in this M1 transition. There occurs a
cancellation among them, and we can always have a
small M1 matrix element. Calculation 2 agrees with the
experiment very well.

The 3/22 state of Mn has most of the Ao component
obtained from the f7/7p3/2 configuration. The calculated

p 3/p proton stripping strengths are 2.24 in calc. 1, 1 .95 in
calc. 2, and 2.23 in calc. 3, slightly larger than the experi-
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mental value of 1.45 extracted from the ( He, d) reac-
tions. Thus, the M1 transition from the —,

' analog to the

3/22 state may proceed mainly via the spin-flip

p, -/z p3/2 transition. Moreover, if one assumes that the
1/2, state of Cr comes from only the f7/7p ] /2

configuration, the CPS generated by the f7/7p3/2
configuration, which is admixed in the 3/2z state of

Mn, does not induce the f7/2~f7/7 core transition.
This is in contrast to the M1 transitions from the —, ana-

log to the —,
' states with the largest spectroscopic factors

in Sc and 'V, in which the CPS gives rise to the impor-
tant cancellation. It is therefore expected in this naive
picture that the 1/2, ~3/2z Ml transition in ' Mn
must be considerably strong. In the present calculations,
this spin-flip p&/2 +$73/2 transition is in fact the major
component in the M1 matrix element, and the

f7/7~f7/7 transition, which is induced by the CPS of
the f7/7p]/2 configuration admixed in the final 3/22
state, does cancel the p, /2~p3/2 contribution. The can-
cellation effect is not perfect, however, as can be seen
from Table VI. This may be understood by the fact that
the calculations overestimate the spectroscopic strengths
both for the 1/2] state of Cr and for the 3/22 state of

Mn and consequently overestimate the p ~ /2 ~p 3/2
spin-flip contribution.

For the A =55 nuclei, electron capture decay data for
the Co~ Fe transition are available, and comparison
of the experiments with the calculations is made in
Table III. The 5/2] and 5/22 levels in Fe have been
strongly populated in the single-neutron transfer reac-
tions with the transferred angular momentum of I„=3.
The spectroscopic strengths for these levels extracted
from the (d,p) experiments are 3.9 and 0.92, respective-
ly. The calculated spectroscopic strengths for the 5/2,
and 5/27 levels are 3.37 and 0.88 in calc. 2, and 3.73 and
0.53 in calc. 3, respectively, being in good agreement with
the expeirments. Since the ground state of Co consists
mainly of the f7/2 component and the low-lying states of

Fe are composed of several f7/7j components, the

f7/2 +f5/p spin-fiip transition is expected to be impor-
tant. It is in fact the leading term in the 7/2, ~5/2, 2

and the 7/2, ~9/2] 2 transitions; however, the other
components, particularly the f7/2~ f7/7 core transition,
cannot be neglected. The two f~f contributions are

added in phase in the 7/2, ~5/2] 2 and 9/2] transi-
tions, and a cancellation occurs in the 7/2,
~9/22 transition. For the 7/2, ~7/2~ transition,
the p3/2 +p3/2 transition plays a decisive role, since the

~ f7/7(T, =1,J]——2+),vp3/2) is the major component in
the 7/2, state of 'Fe and the

~
f7/2(2+), p3/z) com-

ponent is admixed appreciably in the 7/2, of Co. The
7/22 state in Fe would come mainly from the

f7/2 (p3/2 p ] /2 f5/2 ) configuration, as is suggested from
the two-neutron transfer reactions, so that it is beyond
the scope of the present analysis.

IV. SUMMARY AND CONCLUSION

We have discussed the isovector E2 and M1 transitions
from the isobaric analog states of the N=29 isotones to

the low-lying states in the N =28 isotones and the
Gamow-Teller beta decay matrix elements between the
states of the N=28 and N=29 nuclei. The shell-model
wave functions obtained from the f7/2'j configurations
are assumed for the N=29 isotones and those from the

f7/2+ f7/2'j are used for the N=28 isotones. Two cal-
culations with the different configurations have been
made; one with j =p3/p only and the other with j =p3/2,
p»z, and f5/2, by using the effective interactions relevant
to each assumed model space. They have been compared
with the previous shell-model calculations' "of the iso-
vector transitions, in which the neutron-excited com-
ponents involving isospin- and spin-recoupling were not
taken into account. The role of the various wave-
function components entering into the transition matrix
elements has been studied stepwise.

Magnetic dipole moments of the N=28 isotones are
well interpreted by the spin-flip f7/7~f5/2 transition
caused by the small admixture of the f5/7 components in

the wave functions. The present shell-model calculations
predict both number and state dependence for the g fac-
tors and agree with the perturbation calculations, ' '
both of which emphasize the importance of the proton
excitation from the f7/7 to f, /7 orbit.

For the isovector E2 transitions allowed in the single-
particle shell model, e.g. , the transition from the analog
of the —', ground state of the N=29 isotones to the —,'
ground state in the N=28 isotones, the major com-
ponents of the wave functions which can induce the

p, /~ ~f7/7 transition play a decisive role. For the other
E2 transitions which are forbidden in the framework of
the single-particle shell model, rather small components
contribute to the matrix elements and the use of the good
isospin wave functions becomes crucial. The results for
the isovector E2 transitions in 'V confirm the conclusion
of the previous calculations by Osnes and Warke. '

For the isovector Ml transitions, the f7/2~ f7/7 core
transition, which can be introduced by the neutron-
excited configurations in the wave functions of the N= 28
nuclei, becomes of primary importance, in sharp contrast
to the previous calculations by Osnes and Warke. ' The
f7/, ~f7/2 transition alone can explain roughly the 1 and

j forbidden M1 and GT transition matrix elements in 'V

and also plays a significant role in the M1 transitions to
higher-lying states. It can easily be shown that the frag-
mentation of the M1 strengths is largely determined by
the amount of the wave-function components which in-
duce the f7/2~f7/2 transition. The suppression of the
M1 transition from the analog state to the low-lying state
with the largest spectroscopic factor can be explained
roughly by the cancellation effects between the A ~A
and A ~C& components in the transition matrix ele-

ments, as was already indicated by the previous stud-
ies. It should be mentioned, however, that a perturba-
tive calculation can no longer be applicable, since the
various components of AJ and CJ are admixed rather
strongly in the wave functions, and moreover the cancel-
lation in the M1 matrix elements makes the other small
contributions, e.g., the p3/2~p, /2 transition, relatively
significant.

We conclude that the model space and the effective in-
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teractions adopted in the present calculations give a
reasonable description for the isovector E2 and M1 tran-
sition and the GT beta decay matrix elements as well as
the energy levels and other spectroscopic properties pub-
lished' so far. More qualitatively, there still remains
some fluctuations of the calculated values around the ex-
perimental ones, suggesting that the next-order wave
function components should be taken into account. An
analysis of the GT matrix elements for the whole 1f7/2
region has shown that the one-particle excitation from
the f7/2 to fs/2 orbit can account for the experiments

qualitatively, but at least the two-particle excitations
from the f7/2 to the higher orbits are needed for a quan-
titative fit to the experiments.
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