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The spin magnetic-dipole transitions and the neutron-proton spin-spin correlations in sd-shell even-even nuclei
with N = Z are investigated by using shell-model wave functions taking into account enhanced isoscalar (IS)
spin-triplet pairing as well as the effective spin operators. It was shown that the IS pairing and the effective
spin operators gives a large quenching effect on the isovector (IV) spin transitions to be consistent with data
observed by (p, p’) experiments. On the other hand, the observed IS spin strengths show much smaller quenching
effect than expected by the calculated results. The IS pairing gives a substantial quenching effect on the spin
magnetic-dipole transitions, especially on the IV transitions. Consequently, an enhanced IS spin-triplet pairing
interaction enlarges the proton-neutron spin-spin correlation deduced from the difference between the IS and the
IV sum-rule strengths. The S-decay rates and the IS magnetic moments of the sd shell are also studied in terms

of the IS pairing as well as the effective spin operators.

DOI: 10.1103/PhysRevC.97.054333

I. INTRODUCTION

The spin-isospin response and spin-isospin-dependent in-
teractions in nuclei are fundamental important problems in
nuclear physics and astrophysics. The Gamow-Teller (GT)
transition is an “allowed” charge-exchange transition induced
by the operator & £, while the magnetic-dipole (M 1) transition,
defined in a no-charge-exchange channel, involves both the
spin and the orbital angular-momentum operators [1]. It has
been argued that these spin-isospin responses need to be
quenched in order to reproduce the experimental values [2,3].
The experimental GT and M 1 strengths or the spin part of the
magnetic moments are quenched compared with the relevant
theoretical predictions by shell-model and random-phase ap-
proximations [4-9]. It was also pointed out that descriptions of
GT and M1 transition strengths as well as magnetic moments
in nuclei have been much improved with the inclusion of the
tensor components in the shell-model interactions [10-14].

The quenching effect of spin-isospin responses influences
many physical and astrophysical processes such as the neu-
trinoless double-8 decays (OvBB) [15], the spin susceptibility
of asymmetric nuclear matter [16], neutrino-nucleus reaction
cross sections [17], the dynamics and nucleosynthesis in core-
collapse supernovae explosions [18], the cooling of O-Ne-Mg
cores in stars with mass 8Mo—10Mg [19-21] as well as that of
prototype neutron stars [22], and the spin-response to strong
magnetic fields in magnetars [23].

The quenching phenomena of magnetic moments and GT
strengths have been extensively studied by taking into account
the mixings of particle-hole (p-h) configurations, meson ex-
change currents, and the coupling to the A resonances [2,3,24—
26]. Various contributions have been found to be important
for the quenching. On the quenching of the GT sum rule,
3(N — Z) [4], there has been a serious question whether the
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effect independent to nuclear structure such as the coupling
to A is a dominant contribution [25,26]. After a long debate
[27], experimental investigations by charge-exchange (p,n)
and (n, p) reactions on *°Zr have revealed that about 90% of
the GT sum-rule strength exists in the energy region up to
E, =50 MeV [6,28]. This demonstrates the importance of
the two-particle two-hole (2p-2h) configuration mixings due
to the central and tensor forces [24], although the coupling to
A is not completely excluded.

Recently, isoscalar (IS) and isovector (IV) spin M1 tran-
sitions have been investigated by high-resolution proton
inelastic-scattering measurements at £, = 295 MeV [29]. The
IV spin M1 transitions induced by the operator 67, can be
regarded as analogous to GT transitions, while the IS spin M 1
transitions are free from the coupling to A and the quenching
of IS strength should be due to the couplings to higher p-h
configurations. The quenchings of IS and IV spin operators
have been pointed out to be similar by various theoretical stud-
ies [30]. However, the proton inelastic-scattering experiments
have shown that the IS quenching is substantially smaller than
the IV quenching for several N = Z sd-shell nuclei [29].

We recently studied this problem by taking into account
the IS spin-triplet pairing interaction in N = Z sd-shell nuclei
to see if the difference of the quenching between IS and IV
transitions can be obtained [31]. The IS pairing is found to
induce more quenching in IV spin M1 transitions than IS
transitions. The IS spin-triplet pairing correlations have been
reported to play an important role in enhancing the GT strength
near the ground states of daughter nuclei with mass N ~ Z
[32-35]. At the same time, the total sum rule of the GT strength
is quenched by ground-state correlations due to the IS pairing
[36]. The IS paring is also found to be important to reduce
OvBB decay matrix elements [37].
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In this paper, we extend our study in Ref. [31] and inves-
tigate the IS and IV spin M1 responses in more detail based
on shell-model effective interactions with enhanced IS pairing
correlations for the same set of N = Z sd-shell nuclei as those
observed in Ref. [29]. The structure of the effective M 1 and GT
operators are also explored. Simultaneous calculations of these
responses within the same nuclear model may be advantageous
to distinguish the effect of the higher-order configurations
from the A-hole coupling. We discuss also the effect of IS
spin-triplet pairing interaction on the spin responses and the
proton-neutron spin-spin correlations in the ground states of
N = Z nuclei.

The spin M1 operators are introduced in Sec. II and their
sum rules are also defined. Section III is devoted to the shell-
model calculations of N = Z even-even nuclei in comparisons
with available experimental data by (p,p’) reactions. The
accumulated sum-rule values of IS and IV spin transitions are
extracted in Sec. IV. The proton-neutron spin-spin correlations
are also discussed in terms of the IS spin-triplet pairing
correlations. The S-decay rates and IS magnetic moments in
the sd shell are studied in the same context of the shell-model
calculations in Sec. V. The summary is given in Sec. VI.

II. SPIN M1 OPERATORS AND SUM RULES

The bare IS and IV spin M 1 operators are given by
O =) 5k, ()
k

O =Y 5k)(k), )
k

while the GT charge-exchange excitation operators are ex-
pressed as

Ocr = Y 5 (kyt=(k). 3)
k
The sum-rule values for the M1 spin transitions are defined by
1 A
S@) = Jel1Os119)1%, 4
@) ;MHH 711011701 @)
q 1 s
S(Ufz)—Xf:ZJiJr1I<Jf||01v||Ji)I - &)

For the GT transition, the sum-rule value is defined in a similar
way to the M1 transitions as

1 A
S@Gty) = Tl Ocrl| )P, 6
(Gts) ;MHH 7110crl13)] ©)
which gives the well-known model independent sum rule,
S(ot)— S(Gty) =3(N — Z). @)

According to Ref. [29], the proton-neutron spin-spin corre-
lation is obtained from the sum-rule values (4) and (5) as

Agin = £[S@) = SGT) = (SIS, - Suld), 8

where S, = Y. , S(k) and Sy =Yt (k). The correlation
value is 0.25 and —0.75 for a pure spin-triplet and a spin-singlet

proton-neutron pair, respectively. The former corresponds to
the ferromagnet limit of the spin alignment, while the latter is
the antiferromagnetic one.

III. SHELL-MODEL CALCULATIONS WITH EFFECTIVE
OPERATORS AND ISOSCALAR PAIRING CORRELATIONS

The shell-model calculations are performed in full sd-shell-
model space with the USDB interaction [38]. Among the ef-
fective interactions of the USD family, USD [39], USDA [38],
and USDB [38], the results of spin excitations with J™ =17
are quite similar to each other both in excitation energies and
transition strengths for collective states with large transition
strengths. Hereafter, we present results based on the USDB
interaction. To take into account the effects of higher-order
configuration mixings as well as meson exchange currents and
the A-isobar effect, effective operators are commonly adopted
in the study of magnetic moments, GT transitions, and spin-
and spin-isospin-dependent 8 decays.

IV magnetic transitions in sd-shell nuclei and GT tran-
sitions have been studied extensively in experiments and
theories. On the other hand, experimental evidence of IS
magnetic transitions is not well known so far except for
recent experimental data by Matsubara et al. [29]. In the
literature [2,3,40], the effective operators have been introduced
to mimic the effects of higher-order configuration mixings,
meson-exchange currents, A-isobar coupling and the relativis-
tic corrections. For the spin operators, the effective operators
read for the IS operator

Olesff — fIs5 +ﬁlsi+ f:,s«/g[Yz x 5]1%=D, )

s

and also for the IV spin operator,
O = Vot + fNIx, + Y V8rY, x 61%="r,, (10)

where f;s ( f;v), o = s, 1, p are the effective coefficients of IS
(IV) spin, orbital an spin-tensor operators. The summation of
index k in Egs. (1)—(3) is discarded in the effective operators.
The effective coefficients for the IS spin operator obtained by
Towner are fSIS = (0.745, flIS = 0.0526, and f;s = —0.0157.
For the IV part, Towner obtained the corrections for the spin,
orbital, and the spin-tensor operators of GT transitions of 1d
orbit as

O = (1 + 8g,)51x + Sgilts + 8g,/87[Yy x 51%= Dy,
(1n
with
8g, = —0.139, 8g, =0.0103, 8g, =0.0283,  (12)

due to the various higher-order effects. In the shell-model
calculations with USD interaction, the IV spin and charge-
exchange GT excitations are the same features since no
isospin-breaking interaction such as Coulomb interaction and
charge-symmetry-breaking forces is included. We adopt the
GT effective operators for IV spin transitions. For the IS part,
the quenching factor for the spin operator is introduced to check
the sensitivity of transition strength on the effective operator.
The effective operators for IS orbital and spin tensor are not
introduced in the present study.
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In the following calculations, we introduce effective inter-
actions with enhanced IS spin-triplet pairing matrices on top of
the USDB interaction. The interactions USDB* and USDB**
denote the effective interactions whose IS pairing matrices are
enhanced by multiplying a factor 1.1 and 1.2, respectively.
Results with effective operators are marked by “qis” or “qiv”
for the IS and IV transitions, respectively. For the IS case, we
perform four different versions of calculations:

(1) USDB: the original interaction with the bare spin
operator.

(2) USDB*: the IS spin-triplet pairing matrices are en-
hanced multiplying by a factor 1.1 on the relevant
matrix elements of USDB interaction. The bare spin
operator is adopted.

(3) USDB*qis: the IS spin-triplet pairing matrices are
enhanced multiplying by a factor 1.1. The IS spin
operator is 10% quenched: £S5 = 0.9.

(4) USDB**qis: the IS spin-triplet pairing matrices are
enhanced multiplying by a factor 1.2. The IS spin
operator is 10% quenched: f15 = 0.9.

For the IV case, we perform three different calculations:

(1) USDB: the original interaction with the bare spin
operator.

(2) USDB*qiv: the IS spin-triplet pairing matrices are
enhanced multiplying by a factor 1.1. The effective IV
spin operator (11) is adopted.

(3) USDB**qiv: the IS spin-triplet pairing matrices are
enhanced multiplying by a factor 1.2. The effective IV
spin operator (11) is adopted.

In Ref. [30], the effective operators for M1 and GT tran-
sitions are introduced on top of the USDB interaction. These
effective operators have essentially the same features as those
of Towner’s. In this paper, we adopt the Towner’s effective
operators to examine their roles on the spin M1 transitions.

A. ®Ne

Figures 1(a) and 2(a) show the energy spectra of the IS
spin excitations and their cumulative sums, respectively, in
20Ne. The IS spin-triplet matrix elements are enhanced by a
factor 1.1 for USDB* and USDB*qis, and by a factor 1.2 for
the USDB**qis case. Together with the enhancement of IS
pairing, the quenched spin operator is introduced in the cases
USDB*qis and USDB**qis with f!5 =0.9. The calculated
results are smoothed by a Lorentzian weighting factor with
the width of 0.5 MeV to guide the eye. The shell-model results
with USDB give 17 states at E, = 12.64 and 14.98 MeV with
B(o) = 0.360 and 0.519, respectively. The USDB**gis results
with the enhanced pairing and the quenched spin operator are
also shown in the same figure. The lowest state in the case
of USDB**qis is found at E, = 12.55 MeV with a smaller
strength B(o) = 0.178, which is a half of USDB one. The
higher-energy strength is fragmented into three peaks at E, ~
14.5 and 16.6 MeV with the summed strength B(o) = 0.19.
The accumulated values are shown in Fig. 2 for four cases
USDB, USDB*, USDB*qis, and USDB*gis. In 2°Ne, the ac-
cumulated sumincreases up to £, ~ 20 MeV. The enhanced IS
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FIG. 1. IS (top) and IV spin-M 1 (bottom) transition strengths in
2ONe. Shell-model calculations are performed in the full sd-shell-
model space with a USDB effective interaction. For the IS case,
the USDB* and USDB*qis have the 10% enhanced IS spin-triplet
interaction, while USDB**qis has 20% enhanced ones. The quenching
factor for the IS spin operator £ = 0.9 is introduced for USDB*qis
and USDB**qis calculations. For the results of the IV spin-M1
transitions, an effective IV spin operator (11) is adopted in USDB*qiv
and USDB**qiv cases. The IS spin-triplet interaction is enhanced by
multiplying the relevant matrix elements by factors 1.1 and 1.2 in
the cases of USDB*qiv and USDB**qiv, respectively, together with
the effective operator. Calculated results are smoothed by taking a
Lorentzian weighting factor with the width of 0.5 MeV, while the
experimental data are shown in the units of B(o) for the IS excitations
and B(o ) for the IV excitations. Experimental data are taken from
Ref. [29].

pairing in USDB* gives about 10% quenching compared with
USDB results, while more-enhanced IS pairing in USDB**qis
gives further quenching compared with USDB*gis. In the
(p,p)) data, the IS strengths are not found so far.

The results of IV spin response are shown in Figs. 1(b)
and 2(b). The original USDB gives IV strength at E, = 11.16
and 13.49 MeV with B(ot) = 0.331 and 0.183, respectively,
below E, = 15 MeV. The excitation energies of these two
peaks are shifted to higher energies 11.62 and 13.92 MeV in
the case of enhanced IS pairing USDB*qiv. Comparing with

054333-3



H. SAGAWA AND T. SUZUKI

PHYSICAL REVIEW C 97, 054333 (2018)

1 T T T —]
@ P
. 20 / 4
@ 0.8 Ne IS //
m |
***** USDB
o] L J
% 0.6 —— uUSDB* /
s | USDB*qis 1 ‘_
E04r usbB~qis|| /| 1
Q Y j
i 7
0.2 + /| d
0 ’{';/// |
5 10 15 20
E, (MeV)
1 —————
(b)
20 /
08 - Ne IV // |
o
S USDB // A
S 06 | ~ USDBav
- USDB**qiv S
= — EXP C
€ 04 - -
>
Q
<
0.2 - J
\ \ . ,’l\'\‘
0 I e I NS
5 10 15 20

E, (MeV)

FIG. 2. Cumulative sums of the IS spin-M 1 strength (top) and the
IV spin-M 1 strength (bottom) as a function of the excitation energy in
2'Ne. The calculated energy spectra are also shown for USDB* in the
IS channel and for USDB*qiv in the IV channel. Calculated results
are smoothed in the same manner as in Fig. 1. Dot with a vertical error
bar denotes the experimental accumulated sum of the strengths. See
the text and the caption to Fig. 1 for details.

the results of USDB*qgiv, the USDB**qiv gives essentially the
same excitation energies for 17 spectra, while the B(o 1) are
decreased from 0.292 to 0.230 for the first peak and from
0.113t0 0.0627 for the second peak. The calculated results give
large strength also in the energy region above E, = 15 MeV.
The accumulated sums are shown in Fig. 2(b). Up to E, =
16 MeV, the accumulated sums are 0.577, 0.406, and 0.293
for USDB, USDB*qiv, and USDB**qgiv, respectively. Due to
the strong IS pairing and the effective IV spin operator, the
accumulated strength decrease by 30% for USDB*qiv and 50%
for USDB**qiv. The (p, p) experiments found two IV states at
E, = 11.26 and 13.36 MeV with B(ot) = 0.369 and 0.018,
respectively. The summed strength 0.387 is comparable with
the result of USDB*qiv.

B. ¥*Mg

Figures 3 and 4 show the energy spectra of the spin
excitations and their cumulative sums, respectively, in >*Mg.
For the IS case, the experimental data give the strong spin

L A T T
4 + (a) : .
24M I :' ”””” USDB i
9IS ——— USDB*qis
3 | —exp
EE '
©
B2 7
T
1L i
0 "
5 20
3 T T T T T T T
fffff USDB
b
2(4) - USDB*qiv
Mg IV ’;'1' e JSDB**QivA
2 ~ 1 -
57 it
2 I
. |
m |
'01 L { .
i)
y
i
0~ =
5 20

E, (MeV)

FIG. 3. IS (top) and IV spin-M 1 (bottom) transition strengths in
2Mg. See text and caption to Fig. 1 for details.

M1 strength at E, = 9.828 MeV with B(c) = 3.886 &+ 1.102.
The shell-model results with USDB give IS 17" state at E, =
9.818 MeV with B(o) = 3.278. In the (p, p’) data, other IS
strengths are also found at 7.748 MeV with B(c) = 0.508
and at £, ~ 14 MeV with B(o) ~ 1.2. The calculated results
reproduce strong M1 states at very similar energies E, =
7.82 and 13.7 MeV with B(o) = 0.24 and 0.59, respectively.
The calculations with USDB show also the same amount of
B(o) value as the experimental data around E, =14 MeV.
The summed strength up to E, =16 MeV is Bep(o :
E, <16 MeV) = 5.061 & 1.166, while the calculated sum is
Beac(o 1 Ex < 16 MeV) = 4.256. The calculated results of
USDB*qis changes only slightly the excitation energies of 1
states by about 100-200 keV, while the summed B(o) value is
decreased by 30%.

The experimental analysis show a strong IV spin strength
at £, = 10.71 MeV with B(ot) = 1.714. The calculation
gives at E, = 10.723 MeV with B(ot) = 1.854. Experi-
mental data show also substantial strength around E, =
12.8 MeV with B(c) ~ 1 and at E, = 9.968 and 16.046
MeV with B(ot) = 0.18 and 0.29, respectively. The calcu-
lated results give large strengths at E, = 9.939 MeV and
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FIG. 4. Cumulative sum of the IS spin-M 1 strength (top) and the
IV spin-M1 strength (bottom) as a function of excitation energy in
2Mg. See text and caption to Fig. 2 for details.

10.75 MeV with B(ot) = 0.238 and 1.521, respectively. The
experimental summed strengthis Bexp (0T : Ex < 16 MeV) =
3.180 £ 0.236, while the calculated value is Beyc(0T : Ey <
16 MeV) = 3.855. There are about 20% quenching in the
empirical sum-rule strength of IV spin excitations below
E, =16 MeV compared with USDB results with the bare
spin operator. The USDB*giv and USDB**qiv results with the
effective spin operator show about 30 and 40% quenching of
the accumulated strength up to E, = 16 MeV, respectively.

We study the effects of the isospin-mixing in >*Mg. The 1+,
T = 0 states at £, = 7.747 MeV and 9.827 MeV are mixed
withthe 17, T = 1 state at E, = 9.966 MeV by the two-body
Coulomb interaction Vcp [41]. Using the mixing amplitudes
obtained by [41]

(T'=1|Vep|T =0)
AE

an enhancement is obtained for S() from 4.256 to 4.492,
and a reduction is shown for S(ot,) from 3.856 to 3.652.
These changes give an enhancement of Agy, by 0.026 for
USDB. These effects are favorable and consistent with the
experimental data although their magnitudes are not so large.

with (T = 1|Vp|T = 0) = 49 keV,
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FIG. 5. IS (top) and IV spin-M 1 (bottom) transition strengths in
8Si. See caption to Fig. 1 and text for details.

C. BSi

The calculated results of IS spin states are shown in
Figs. 5(a) and 6(a). The calculated results give an IS 1% state
at £, = 9.6 MeV with USDB interaction, which reproduces
well the experimental IS 17 state with a strong spin transition at
E, = 9.58 MeV exhausting about 70% of the total IS strength.
Another strong state is observed at E, = 14.571 MeV with
B(o) = 2.075 £ 0.621, while the calculation shows no sign
of a strong B(o) transition above E, = 14 MeV. Other IS spin
transitions are found experimentally at E, ~ 13 MeV with
B(o) ~ 0.7. The calculations show also the IS spin strength
of B(o) ~ 1.0 at E, = (12.3-13.2) MeV. The accumulated
empirical IS strength below E; = 16 MeV is Beyy (o : E, <

16 MeV) = 6.489 4 1.604, while the calculated results are
Beac(o 1 E, <16 MeV) = 6.816, 6.611, 5.355 and 4.562 for
USDB, USDB*, USDB*qis, and USDB**qis, respectively.
The B.y(o : E. < 16 MeV) values show 3%, 21%, and 33%
quenching for the USDB*, USDB*qis, and USDB**qis inter-
actions, respectively, compared with USDB results.

The IV spin response is shown in Figs. 5(b) and 6(b).
The gross structure of the empirical IV spin response is well
reproduced by the calculations based on the USDB interaction.
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FIG. 6. Cumulative sum of the IS spin-M 1 strength (top) and the
IV spin-M 1 strength (bottom) as a function of the excitation energy
in 28Si. See caption to Fig. 2 and text for details.

The empirical IV spin strength is rather fragmented, while two
IV 17 states with strong spin strengths of B(ot) = 2.05 and
0.92 are reported at E, = 11.45 and 14.01 MeV, respectively.
Calculated results show also largely fragmented IV spin
strength and two strong strengths are found at £, = 11.48 and
14.26 MeV with B(ot) = 2.165 and 1.773, respectively, with
the USDB interaction. The empirical accumulated IV strength
is Bexpi(oT 1 E, < 16 MeV) = 4.59 £ 0.222, while the calcu-
lated one is Beac(o7 1 E, < 16 MeV) = 7.34, 5.03, and 4.03
for the USDB, USDB*qiv, and USDB**qiv cases, respectively.
In the spin IV sum-rule value, we see a large quenched
spin factor g!" (eff) = \/Bexpi(07)/Beac(o T : USDB) = 0.79,
which is close to the ratio of accumulated values of USDB*qiv
to USDB. It is pointed out also in Ref. [31] that the enhanced
IS pairing multiplying a factor 1.2 on the IS pairing matrices
reduces the IV spin transition strength, corresponding to the
renormalization factor of f!V = 0.87 for the accumulated IV
spin strength. On the other hand, the same enhanced IS pairing
gives the IS quenching factor f!S =0.91. This difference
between IS and IV spin response induces a positive value for
the proton-neutron spin-spin correlations in the ground state.
This point will be discussed more in Sec. V.
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FIG. 7. IS (top) and IV spin-M 1 (bottom) transition strengths in
328, See caption to Fig. 1 for details.

D. 8

For the IS case shown in Fig. 7(a), the experimental
data show a strong state at E, =9.956 MeV with
B(o) =3.810 £ 1.118. The corresponding state is found in
the calculated results at E, = 9.632 MeV with B(o) = 4.312.
Another strong IS transition was found at E, = 9.297 MeV
with B(o) = 1.461 £ 0.436, while the calculations show a
state at £, = 9.154 MeV with B(o) = 1.293 MeV. There are
two IS states observed below E, = 7.2 MeV. The calculations
found also two states at the same energy region with almost the
same B(o) values as the observed ones. The observed IS sum
rule strength is Bexpi(o @ Ex < 16 MeV) = 6.414 £ 1.227,
while theoretically Beyc(o : Ex < 16 MeV) =7.623 in
Fig. 8(a). We can see a small quenching effect corresponding to
fSIS (eff) = 0.92 for the sum-rule strength below E, = 16 MeV.

The IV response in *2S is shown Fig. 7(b). The IV spin
strength is concentrated at E, ~ 11.3 MeV having 80% of
the total strength below E, = 16 MeV. The calculated results
show also very large fraction of the total strength of about
87% of the total strength. Another strong state is found
experimentally at E, = 8.125 MeV with B(ot) = 0.730 +
0.040, while the calculations show a state at £, =7.959 MeV
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FIG. 8. Cumulative sum of the IS spin-M 1 strength (top) and the
IV spin-M1 strength (bottom) as a function of excitation energy in
288i. See caption to Fig. 2 for details.

with B(ot) = 0.743. The agreement between theory and
experiment is quite satisfactory as far as the gross feature of
IV spin response is concerned. The accumulated strength of
IV transitions is Bexp(o7 @ Ey < 16 MeV) = 4.120 & 0.407,
while the calculated results are Beyc(oT : Ey < 16 MeV) =
7.993 in Fig. 8(b). We see a large quenching for IV case with
q" (eff) = 0.72. The results USDB**qiv with the enhanced IS
pairing and the effective IV spin operator give good account
of the accumulated strength.

E. *Ar

The IS spin response in *°Ar is given in Fig. 9(a). The
experiments found two states: E, = 8.985 and 14.482 MeV
with B(o) = 2.473 £ 1.045 and 0.872 +£ 0.342, respectively.
The shell-model results of USDB show a strong IS strength at
E. = 8.551 MeV with B(o) = 1.558. Above E, =10 MeV,
the calculated IS strength is rather fragmented with the summed
B(o) ~ 2 in the energy region E, = (11-15) MeV. The
experimental accumulated strength in Fig. 10(a) is Bexpi(o :
E, <16 MeV) = 2.910 £ 1.091, while the calculated value is
Beac(o @ E, < 16 MeV) = 3.753. We see a small quenching
with the factor ¢’ (eff) = 0.88.
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FIG. 9. IS (top) and IV spin-M 1 (bottom) transition strengths in
36 Ar. See caption to Fig. 1 for details.

The IV spin strength is shown in Fig. 9(b). Experimental
data show two large IV strengths at £, = 8 and 10 MeV
having 33% and 55% of the observed total strength below
E, = 16 MeV. The calculated USDB results show also two
strong spin strengths at E, = 8.11 MeV and E, = 9.8 MeV
with B(ot) = 0.648 and 0.788, respectively. The calculations
show another strong IV transition strength with B(ot) ~
2.3 at E, ~ 13 MeV, while experimental data observed a
small strength with B(ot) ~ 0.3 around E, = 12 MeV. The
observed accumulated strength in Fig. 10(b) is Beg(oT :
E, <16 MeV) = 1.986 & 0.143, while the calculated one is
Beac(ot 1 E, < 16 MeV) = 4.125. The quenching is rather
large with the factor g'¥ (eff) = 0.69 for the IV case so that the
results of USDB**qiv in Fig. 10(b) give the closest value to the
empirical one.

F. 2C

For a reference, we mention the IS and IV 17 states in '2C,
although it is a p-shell nucleus and not a sd-shell nucleus.
In '?C, IS and TV 17 states are observed at E, = 12.71 and
15.11 MeV, respectively. The B(M 1) values are extracted from
(e,€’) scattering experiments to be B(M 1) = 0.0402 and 2.679
in terms of nuclear magneton (e/1/ 2mc)? [42]. The shell-model
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FIG. 10. Cumulative sum of the IS spin-M1 strength (top) and
the IV spin-M 1 strength (bottom) as a function of excitation energy
in 28Si. See caption to Fig. 2 for details.

calculations with CKPOT interaction give B(M1) = 0.01434
and 2.314 in units of nuclear magneton at E, = 12.45 and
15.09 MeV, respectively, with the bare magnetic transition
operators. A recent p-sd shell Hamiltonian, SFO [10], gives
B(M1) = 0-0131:“12\/ and 2.515;&, for the IS and IV transi-
tions, respectively. The model space of SFO is the p-sd shell
and the excitations from the p shell to the sd shell are included
up to 2hw. It is noticed that the experimental value is about
three times larger than the calculated value for the IS 17 state
at £, = 12.71 MeV, while the calculated value for the IV
state is close to the experimental value. The (p, p) data were
reported for the two 1% states to be B(o) = 3.174 4 0.842
at E, =12.71 MeV and B(ot)=1.909£0.094 at E, =
15.11 MeV, respectively. The shell-model results with SFO are
B(o) = 1.516 and B(ot) = 1.937, respectively. The proton
inelastic-scattering data of the state at £, = 12.71 MeV show
also a factor two larger value than the shell-model results. The
isospin mixing between the two 17 state has been discussed
as an origin of the enhancement of IS spin matrix element.
A large isospin mixing was claimed to enhance IS magnetic
transition observed by electron scattering.

The same effect is expected for B(c). When the IS 11 at
12.71 MeV and IV 1T at 15.11 MeV states are mixed by the
isospin-mixing effect,

117,12.71 MeV) = V1 — a2|1T,T = 0) +a|l*,T = 1),
11%,15.11 MeV) = V1 — a?|1",T = 1) —a|1",T = 0),
(13)

we get an enhancement of B(o') as well as areduction of B(o 7).
B(o) is enhanced from 1.516 to 1.714 while B(o 1) is reduced
from 1.937 to 1.750 and the mixing amplitude a = 0.056 [43].
The proton-neutron spin-spin correlation Agy, in Eq. (8) is
found to be enhanced by 0.024. Although the isospin-mixing
gives rise to favorable effects, it is still not enough to reproduce
the experimental value of B(o).

IV. ACCUMULATED STRENGTH OF ISOSCALAR
AND ISOVECTOR SPIN M1 EXCITATIONS

Figure 11 shows the sum-rule values of () and S(c 7,) for
the variations of interactions, respectively. The 10% enhanced
IS pairing in USDB* give a small quenching effect on the
accumulated IS sum-rule value; about 5% on average and at
most 7% in *?S and *®Ar. With the quenching factor f!5 = 0.9
in USDB*(is, the IS accumulated strength is further decreased
by 22%-25% compared with the original value by USDB
interaction. The decrease of the accumulated IS value is going
down further to be 29%-33% in the case of USDB**qis with the
20% enhanced IS pairing. Compared with USDB calculations,
the empirical accumulated IS values are 20% enhanced in 2*Mg
and gradually quenched from A = 28 to 36; 0.95, 0.88, and
0.77 in 288i, 328, and *°Ar, respectively. Thus the quenching
effect in the experimental data is rather small and at most 23%
of the USDB calculations with the bare spin operator.

The IV accumulated sum-rule values up to E, = 16 MeV
are shown in Fig. 11. The IS pairing interactions are enhanced
by factors of 1.1 for USDB*qiv and 1.2 for USDB**qiv, respec-
tively, with the effective operators from Ref. [3]. The results of
USDB*qiv give 31%-36% quenched sum-rule values, while
the stronger IS pairing in USDB**qgiv gives additional quench-
ing of the strength, i.e., 41%—-45% quenching of the summed
strength. The empirical values show also large quenching; 33%
in *Ne, 15% in **Mg, 27% in ?8Si, 47% in **S, and 52% in
36 Ar, respectively, compared with the USDB calculations.

Figure 12 shows the experimental and the calculated proton-
neutron spin-spin correlations (8). Although the experimental
data still have large error bars, the calculated results with the
USDB interaction show poor agreement with the experimental
data. This is also the case for the other USD interactions such as
USD and USDA. The results with an enhanced IS spin-triplet
pairing improve the agreement appreciably. For the IS channel,
USDB* adopts the bare spin operator, while the effective
spin operator fSIS = 0.9 is used for the USDB*qis case. The
effective operator gives a smaller spin-spin correlation Agpiy
than the case of bare IS spin operator. The positive value
of the correlation indicates that the population of spin triplet
pairs in the ground state is larger than that of the spin singlet
pairs. We should remind the reader that the spin and the
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FIG. 11. Accumulated spin-M1 transition strengths of (a) IS
channel and (b) IV channel. Experimental and theoretical data are
summed up to E, =16 MeV. Shell-model calculations are per-
formed with the USDB effective interaction: (a) In the results of
USDB* and USDB*qis, the IS spin-triplet pairing interaction is
enhanced by multiplying the relevant matrix elements by a factor of
1.1 compared with the original USDB interactions and the quenching
factor f15 =1.0 and 0.9 for IS spin operator, respectively. For
USDB*gis, the IS pairing interaction is enhanced by a factor of 1.2
and aquenching factor £!5 = 0.9isintroduced for the IS spin operator.
Experimental data are taken from Ref. [29]. Long thin error bars
indicate the total experimental uncertainty, while the short thick error
bars denote the partial uncertainty from the spin assignment. (b) The
effective IV operators are adopted for spin, orbital, and spin-tensor
operators in the case of USDB*qiv and USDB**qiv. The effective
operators are taken from Ref. [3]. For the results of USDB*qiv and
USDB*qiv, the IS pairing interaction is enhanced by a factor of 1.1
and 1.2, respectively, with the effective operators.

spin-isospin M 1 strengths may exist in the energy region above
E, = 16 MeV. In the analysis of Fig. 12, these higher-energy
contributions are assumed to be the same for both the IS
and IV channels. In the shell-model calculations in the full
sd-shell, the spin M1 strength above 16 MeV is small in
the N = Z nuclei except *°Ne and **Mg. In *°Ne, 20% and
51% of the total strengths exist in the energy region E, =
(16-46) MeV for the IS and IV channels, respectively. In the
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FIG. 12. Experimental and calculated proton-neutron spin-spin
correlation Ay, in Eq. (8). Spin M1 transition strengths are summed
up to E, = 16 MeV. Shell-model calculations are performed with an
effective interaction USDB. In the results of USDB* and USDB*qis
for the IS channel, the IS spin-triplet interaction is enhanced multi-
plying the relevant matrix elements by a factor of 1.1 compared with
the original USDB, and the IS quenching factor is 5 = 1.0 and 0.9,
respectively. The effective spin operators are used for the USDB*qiv
for the IV transitions. Experimental data are taken from Ref. [29]. See
the captions to Fig. 11 for the explanation of the experimental error
bars.

case of 2*Mg, the strengths above E, = 16 MeV are 9.9% and
21% of the total strengths for IS and IV channels, respectively.
In the other nuclei, the spin strengths above E, = 16 MeV
are rather small to be a few% of the accumulated strength
below E, = 16 MeV and the strengths are more or less the
same in both IS and IV channels. The hypothesis of equal
IS and IV strengths in the higher-energy region is valid in the
present theoretical calculations innuclei A > 28, which should
be checked experimentally in the future.

To clarify the physical mechanism of the IS spin-triplet
interaction, we make a perturbative treatment of the (2p-2h)
ground-state correlations on the spin-spin matrix element. We
express the wave function for the ground state with proton-
neutron correlations for even-even N = Z nuclei, |0), as

0) = 10)+ Y a(11,2.2)

1,12,/
x| (L 1) 1T (202, ) LT : T =T =0). (14)

Here the first term on the right-hand side, |0), is the wave
function with seniority v = 0 (i.e., without the spin-triplet
correlations). The second term represents the states of 2-
particle-hole pairs (1, 1;‘1 )and (2,2/1) for proton and neutron
excitations. The indices (i = 1, 2, 1/, 2’) stand for the quantum
numbers of the single-particle state i = (n;, [;, j;). In Eq. (14),
the perturbative coefficient is given by

a(1,1,2,2)

(L1700, Ty (20271 00T 2 J =T = 0|H,,|0)
AE

’

5)
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where H, is the IS spin-triplet two-body pairing interaction and AE = Ey — E(11'~';22'~1). The 2 p-2h states are the seniority
v = 4 states in Eq. (14). The two-body matrix element in Eq. (15) is rewritten as

i o R N e e 172
<(1771;T 1)J13T13(2V2:) I)Jl’Tl =T _0|Hp|0) a J’ZT/{Jli jV J{}{l/z
-4

x((1:2,)J7.T); (12,71 7], 1) : J = T = 0|H,|0),

iﬁ ;1/}fljl/f‘lf‘l/(_)j,’,+ju+J|+J{+l+T|+Tl’
1

where J = +/2J + 1 and 6j symbols are used (see, for example, appendixes Al and 3B of Ref. [1] for the notations of formulas
in Sec. IV). The matrix element is further expressed as

(20,1 (1727 J T - T =T =0|H,|0) = —/2J; + 1{(1:2,)J].T]|H,|(1,2,) J].T}), (16)

where 1/, and 2/ are time-reversed states of 1/, and 2/, respectively. Since the pairing interaction H, is attractive and the
energy denominator AE is negative, the perturbative coefficient «(1, 2, 1/, 2) should be positive. The effect of the ground-state

correlations on the proton-neutron spin-spin matrix is then evaluated as

(OIS, S,10) =2 Y a(1.2,1'.2)(01S, - 8,[ (1o 1) 1. T1s (227 ) 1Ty - T = T = 0), (17)

1,11,2,2

where the angular momenta and the isospins are selected to be J; = 1 and 77 = 0 by the nature of the neutron-proton spin-spin
matrix. The matrix element in Eq. (17) is further expressed as a reduced matrix element in the spin space,

- =d 1 v —j— ! - . AN .
OISy - Sul| (L 1) 15 (2225 1) i 2 I = 0) = 85,1 —= (=) 2RV, i) (g 1l a) - 18

In Eq. (18), the coupled angular momentum J; is taken as
J1 =1 due to the selection rule of the spin matrix element.
The isospin quantum number is discarded since it gives a trivial
constant in Eq. (18).

We can obtain the effect of the IS spin-triplet pairing
correlations on the proton-neutron spin-spin correlation matrix
element by taking a 2p-2h configuration j; = j, = j. =
ld3pp and j| = j5 = j» = lds,. Taking the spin-orbit splitting
between 1ds/, and 1d3/, as 5 MeV and the spin-triplet pairing
matrix element as —2 MeV, the « coefficient in Eq. (15)
is evaluated to be 0.056. The effect on the neutron-proton
spin-spin correlation becomes a large positive value, Agyin =
0.27. Thus, the positive value obtained by numerical results
shown in Fig. 12 can be qualitatively understood by using
these formulas for 2 p-2h configuration mixing due to the IS
spin-triplet pairing.

V. B-DECAY AND ISOSCALAR MAGNETIC MOMENTS

The effects of IS pairing and the effective spin operators
are examined for the S-decay rates between mirror nuclei with
T =1/2 and T, = £1/2. The results are given in Table I for

V3

(

from B(GT; Expt.) becomes the minimum value 0.030 at
gor(eff) = 0.78, while that of ggr(eff)’> x B(GT; USDB**)
from B(GT;Expt.) becomes the minimum value 0.039 at
ggr(eff) = 0.77. We obtain more or less the same quench factor
for USDB and USDB**. This is because the odd nucleon in
these 7 = 1/2 nuclei masks the pairing effect by the single-
particle nature of the transition. The r.m.s. deviations oy,g get
reduced for the cases with the Towner’s effective operator,
USDBqGT and USDB**qGT, although they are not as small
as those for the y-squared-fit cases with the quench factor
ggr(eff).

The traditional source of information for the IS spin operator
comes from IS magnetic moments, i.e., the average of the
magnetic moments of mirror nuclei. The IS magnetic moments
are also calculated for USDB, USDB**, and USDB**qis as

TABLE I. B-decay rates between mirror nuclei with 7 = 1/2
and 7, = £1/2. The shell-model calculations are performed by using
USDB and USDB** interactions with the bare spin g factor as well
as by USDBqGT and USDB**qGT with the Towner’s effective GT
operator (11).

USDB, USDB**, USDBqGT, and USDB**qGT calculations. A J USDB USDB* USDBqGT USDB*qGT Expt.
The IS spin-triplet pairing matrices are enhanced by a factor
1.2 multiplied by the relevant matrix elements and the bare 19 1722761 2.800 2.076 2.096 1652
spin operator is used for USDB**. The effective GT operator 21 3/2 0486 0514 0.372 0.398 0.323
(11) by Towner is used for USDBGGT and USDB*qGT 2 gg 0207 20 02 O
calculations. The r.m.s. deviations o, between calculations 27 52 O. 464 0' 427 0' 404 0'3 63 0'30 "
and experiments are 0.37, 0.39, 0.15, and 0.16 for USDB, 29 1,2 0:233 0:180 02194 0:154 0:176
USDB**, USDBqGT, and USDB**qGT, respectively. We do 312 0288 0242 0216 0.196 0176
not see any 51gn1ﬁcan.t difference in the results between USDB 33 32 0171 0.156 0.135 0.127 0.0577
and USDB™ interactions. . . 35 3/2 0138 0143 0.116 0117 0.0505
Let us make the optimal x — square fits with experimental 37 3/2 0386 0419 0315 0332 0.218
data [40] by using the quenched spin factor for the GT oper- Oms 037 0.39 0.15 0.16

ator. The r.m.s. deviation o,y of qGT(eff)2 x B(GT; USDB)
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TABLE II. IS magnetic moments extracted from the average of magnetic moments in mirror nuclei. The shell-model calculations are
performed by using USDB, USDB**, and USDB**qis models as well as with the Towner’s effective operator (9). The results with the effective
operator (9), where the coefficients are obtained by chi-squared fitting procedure, are given as USDB+Towner and USDB**+Towner. The

values are given in units of nuclear magneton pi .

A J USDB USDB** USDB*qis USDB+Towner USDB**+Towner Expt.
19 172 0.431 0.432 0.414 0.385 0.371 0.371
21 3/2 0.869 0.870 0.858 0.850 0.853 0.862
23 3/2 0.844 0.838 0.829 0.832 0.834
25 5/2 1.403 1.403 1.388 1.384 1.397 1.395
27 5/2 1.388 1.381 1.368 1.373 1.384 1.393
29 172 0.315 0.304 0.298 0.301 0.297 0.340
31 172 0.323 0.313 0.307 0.307 0.302 0.322
33 3/2 0.691 0.676 0.683 0.711 0.722
35 3/2 0.676 0.679 0.686 0.715 0.724 0.727
37 3/2 0.629 0.630 0.642 0.681 0.692

Orms 0.032 0.033 0.030 0.020 0.019

well as for the case with Towner’s effective operator (9) and
tabulated in Table II. In the case of the Towner’s operator
which is denoted “+Towner,” the IS spin-triplet pairing matrix
is not enhanced. The coefficients of effective operator (9)
are obtained by x-squared fitting of the experimental IS spin
expectation values of sd-shell nuclei with T = 1/2, 0, and 1
(Table II of Ref. [40]). The coefficients obtained are fSIS =
0.66, f,Is = 0.05, and f;s = 0.06 and the r.m.s. deviation o
is 0.044. The results using enhanced IS spin-triplet pairing
matrix elements by a factor 1.2 is also tabulated and denoted as
USDB**+Towner. The o,,s between the calculations and ex-
periments shown in Table IT are 0.032, 0.033, 0.030, 0.020, and
0.019 for USDB, USDB**, USDB**qis, USDB+Towner, and
USDB**+Towner, respectively. The results of USDB-+Towner
and USDB**+Towner are close to each other with smaller
r.m.s. deviations and quite satisfactory. We do not see any
appreciable difference among the results of USDB, USDB*
and USDB**qis, whose r.m.s. deviations are larger but only
1.5 times those of USDB+Towner and USDB* + Towner.

The IS magnetic moment is expressed by using the effective
operators as [40]

[s — J/21/ (8 — &%) = (J1s 1) + & /(&5 — &%),
(19)

where

8s = 8s(J[s:|J) + S (J|L|J) + 8,8 (J|[Y2 x 51 |J).
(20)

The effective factors §;, §;, and &, are essentially equivalent to
the effective factors in Eq. (9) as §; = fSIS — 1,6, = IIS /2, and
8, = [,>. Since the effects of spin and orbital contributions in
Eq. (20) to the IS magnetic moment cancel largely because of
different signs of &5 and §; so that the net effect of the effective
operators is rather small.

The summed IS and IV spin M1 transition strengths are
tabulated in Table III for N = Z sd-shell nuclei and >C. The
calculated values are obtained by the USDB and USDB**
interactions with the bare spin operator as well as with
Towner’s effective operators both for IS and IV transitions.
The values of '>C are for the IS state at E, = 12.708 MeV
and for the IV one at E, = 15.113 MeV. For the summed
strength, the enhanced IS interaction USDB** gives 12%—18%
quenching for the IS spin transitions and 18%—-24% quenching
for the IV ones except 2°Ne (38% for IS and 40% for IV). The
difference between 2°Ne and the other nuclei is due to the
smaller accumulated values below E, = 16 MeV for °Ne,
i.e., the accumulated values exhaust 80% and 50% of the
total strength of full model space for IS and IV channels,

TABLEIIl. Summed IS and IV spin M 1 transition strengths in sd-shell nuclei and '>C. Calculated and experimental values are accumulated
up to E, = 16 MeV. The shell-model calculations are performed by using USDB and USDB**(the IS pairing is enhanced by 20%) interactions
as well as with Towner’s effective operator (denoted “Towner”) for USDB results. For '2C, the shell-model calculations are performed with the
SFO interaction with the bare spin operator. The experimental IS strength is for the state at £, = 12.708 MeV, while the IV strength is for the
state at £, = 15.113 MeV. Experimental data are taken from Ref. [29]. The values in the bracket are experimental errors.

S(1S) SAV)

A USDB USDB** USDB+Towner Expt. USDB USDB** USDB+Towner Expt.
ONe 0.919 0.574 0.485 0.577 0.346 0.456 0.387(0.042)
HMg 4.256 3.573 2.221 5.05(1.00) 3.856 2.937 2.808 3.3(0.3)

88 6.816 5.632 3.579 6.5(1.5) 7.340 5.593 5.256 4.6(0.35)

328 7.247 6.167 3.810 6.4(1.2) 7.993 6.554 5.734 4.2(0.45)

¥ Ar 3.753 3.303 1.975 2.9(1.1) 4.159 3414 2.978 2.0(0.2)

2c 1.516 3.174(0.842) 1.937 1.909(0.094)
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respectively, in 2°Ne, while more than 90% of the total
strength exists below E, = 16 MeV in other nuclei (except for
the IV channel of >*Mg; 80%). Towner’s effective operators
(9) and (10) give large quenched values, about 47%—48%
quenching for all nuclei in the IS channel and 27%-28%
quenching (21% for 2°Ne) for the IV channel. respectively.
The experimental accumulated values of the IS strengths show
minor quenching or even enhancement in >*Mg compared
with those of USDB results, while the IV data show a large
quenching consistent with those obtained by Towner’s effective
operators. More quantitatively, we need a combined effect
of the enhanced IS paring and the effective operators to get
better agreement with the experimental values of IV channel
for A = 28, as seen in Fig. 11. Although the IS moments are
very well described by USDB+Towner and USDB**+Towner,
the S(IS) values calculated with Towner’s operators show
large suppression compared with the experimental data. The
values of accumulated strengths S(IS) are 0.485 (0.318),2.221
(1.520), 3.579 (2.356), 3.810 (2.490), and 1.975 (1.282) for
2Ne, Mg, 288i, 28, and 3®Ar, respectively, for Towner’s
operators (USDB** + Towner).

The difference between the IS magnetic moment and the
spin M1 transition will be clarified in the following way: The
IS spin M1 transition is expressed as

(J10@)0) = (£ = £)(J1510)
+ VBN x 51010),  (21)

where the nondiagonal matrix element of the operator J
vanishes, and the effective coefficients §; = 5 — 1 and f®
have different signs so that the net effect (f15 — £/) may give
a large quenching effect. This is rather different from the IS
magnetic moment in Eq. (19) where the effects of effective
spin and orbital operators cancel largely.

VI. SUMMARY

In summary, we studied the IS and IV spin M1 transi-
tions in even-even N = Z sd-shell nuclei using shell-model
calculations with USDB interactions in full sd-shell-model

space. We introduced the effective operators for the spin and
spin-isospin M1 operators in Egs. (9) and (11) as well as
the enhanced IS spin-triplet pairing. In general, the calculated
results show good agreement with the experimental energy
spectra in N = Z nuclei as far as the excitation energies are
concerned. Compared with the experimental M1 results, the
accumulated IS spin strengths up to 16 MeV show small
quenching effect, corresponding to the effective quenched
operator ¢'S(eff) ~ 0.9, while alarge quenching "V (eff) ~ 0.7
is extracted for the IV channel. The similar quenching on the
IS spin M1 transitions is obtained by the 20% enhanced IS
spin-triplet pairing correlations with the bare spin operator.
The enhanced IS pairing does not change much the excitation
energy spectra themselves.

Positive contributions for the spin-spin correlations are
found by the enhanced IS spin-triplet pairing interaction in
these sd-shell nuclei. The effects of the effective spin operators
and enhanced IS pairing on the fB-decay rates and on the
IS magnetic moments in sd-shell nuclei are also examined.
The r.m.s. deviation between the calculated and experimental
B-decay rates is improved by the effective operator, while the
IS pairing has only a minor effect on these observables since
the unpaired particle masks the effect of pairing correlations
on the matrix elements.

Towner’s effective spin operators work well to reproduce
the accumulated experimental IV spin strength, while the
quenching of the effective operators is much larger than the
observed one in the IS spin channel. In the past, a large
quenching of IS magnetic transition strength was suggested
in the literature. However, the (p, p) data in Ref. [29] do not
show any sign of the large quenching effect on the IS spin
transitions. This point should be studied further experimentally
by possible IS probes such as (d,d") reactions [44] together
with comprehensive theoretical calculations.
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