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Nonquenched Isoscalar Spin-M1 Excitations in sd-Shell Nuclei
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Differential cross sections of isoscalar and isovector spin-M1 (0" — 17) transitions are measured using
high-energy-resolution proton inelastic scattering at £, = 295 MeV on 24Mg, 28Si, 28, and °Ar at
0°-14°. The squared spin-M 1 nuclear transition matrix elements are deduced from the measured differential
cross sections by applying empirically determined unit cross sections based on the assumption of isospin
symmetry. The ratios of the squared nuclear matrix elements accumulated up to E, = 16 MeV compared
to a shell-model prediction are 1.01(9) for isoscalar and 0.61(6) for isovector spin-M1 transitions,
respectively. Thus, no quenching is observed for isoscalar spin-M1 transitions, while the matrix elements
for isovector spin-M1 transitions are quenched by an amount comparable with the analogous Gamow-

Teller transitions on those target nuclei.
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Spin-isospin responses in nuclei play an important role
in nuclear physics and astrophysics [1-3]. One of the
fundamental modes is of the type AJ* = 17 that corre-
sponds to Gamow-Teller (GT: AT, = +1) and magnetic-
dipole (M1: AT, = 0) transitions. The relevant transition
rates are often taken from shell-model predictions.
Experimental transition strengths are, however, found to
be quenched when compared to the theoretical predictions
using bare operators and are reproduced only by introduc-
ing effective operators. Quenching is a basic property of
nuclear structure and influences astrophysical processes as
well. The nuclear spin responses and their quenching have
strong effects on the mean free path of neutrinos in dense
neutron matter, on the dynamics and neutrino nucleosyn-
thesis in core-collapse supernovae [4], and the cooling
of proto-neutron stars [5,6]. Furthermore, exhaustion of
a sum rule of the spin strengths is relevant to the spin
susceptibility of asymmetric nuclear matter [7] and its
response to the strong magnetic field in magnetars [8].
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The quenching phenomenon has been extensively
studied for spin-flip transitions of the GT type. The GT
quenching is explained mainly by the mixing with higher-
order configurations primarily resulting from the tensor
interaction [9,10]. The M1 operator provides another case
of a spin-flip transition. It consists of spin and orbital
angular-momentum terms which can be of isoscalar
(IS: AT = 0) and isovector (IV: AT = 1) nature. The IV
spin-M 1 operator mediates transitions that are analogues to
GT under the assumption of isospin symmetry. IV spin-M 1
transitions are, thus, expected to be quenched similarly
as GT transitions [11]. Various theoretical studies [12—-15]
suggest that the quenching of IS spin-M1 transitions in
sd-shell nuclei is similar to that of the IV ones.
Experimental information on IS spin-M1 transitions is,
however, scarce leading to large uncertainties with respect
to a possible quenching.

The spin-M1 operator is common among the strong,
electromagnetic, and weak interaction. For studying IS
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spin-M1 quenching, the (p, p’) reaction is a superior probe
compared with the (e,e’) [16] or (y,y’) [17] reactions
because of its selectivity solely to spin-M1 excitations
due to the local nature of the nucleon-nucleon (NN)
interaction [18]. Previous experimental studies using the
(p, p’) reaction indicated that the quenching of IS spin-M 1
transitions was stronger than that of the IV ones [19] and
that IV transitions often exhibited no quenching [20]
inconsistent with the observed quenching at analog GT
transitions. It was not clear to what extent these contro-
versial results were caused by limitations with respect to
the sensitivity of the J* assignments of excited states or by
the model for the conversion from the differential cross
sections to strengths.

This Letter reports on new high-energy-resolution (p, p’)
scattering data and the extracted IS and IV spin-M1
quenching factors obtained by a comparison with 0w
shell-model calculations. The new data show significant
improvements when compared to the former work [19,20].
(i) High energy-resolution (p,p’) measurements at
extremely forward scattering angles including 0° [21] have
greatly enhanced the signal-to-noise ratio. (ii) Only even-
even self-conjugate nuclei were selected as targets. This
allows an unambiguous distinction of IS and IV spin-M 1
transitions. (iii) The unit cross section, which is the
conversion factor from the observed differential cross
sections to the squared nuclear matrix element (SNME),
has been obtained from experimental data.

The experiments were performed at the Research Center
for Nuclear Physics (RCNP), Osaka University. A proton
beam at £, = 295 MeV was transported to the west-south
(WS) beam line [22]. Dispersion matching [23] between
the beam line and the Grand Raiden (GR) spectrometer [24]
was realized to achieve an energy resolution of 18 keV
(FWHM). Protons inelastically scattered from the target to
angles from 0° to 14° were momentum analyzed by the GR
spectrometer with two sets of multiwire drift chambers and
two plastic scintillation counters. A detailed description of
the experimental techniques can be found in Ref. [21].

Self-supporting foils of 2Mg, 28Si, and 32Si were used as
targets. The 32Si target was kept at the liquid nitrogen
temperature in order to prevent sublimation by charged
particle irradiation [25]. A gas-target system with aramid
window foils [26] was employed for °Ar.

An excitation energy spectrum of the 28Si(p, p’) reaction
at scattering angles 0°-0.5° is shown in Fig. 1(a). Excited
states below E, = 16 MeV are well separated from each
other. The angular distribution of the differential cross
sections of each state was compared to distorted-wave
impulse approximation (DWIA) calculations for identify-
ing the 0" — 17" transitions. The DWIA calculations were
performed with the code pbwBAO7 [27] using one-body
transition densities obtained from shell-model calculations
with the code NuShellX@MsU [28] incorporating the
USD interactions [12,29]. The effective NN interaction
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FIG. 1 (color online). (a) Excitation energy spectrum of the
Si(p. p') reaction at E, = 295 MeV and 6y, = 0°-0.5°. The
arrows in the figure indicate states which are assigned definitely
as 17, Angular distributions of (b) an IS and (c) an IV spin-M1
transition marked by red and blue arrows in (a), respectively,
in comparison with theoretical angular distributions for several
multipolarities.

of Love and Franey [30] at 325 MeV was used. Optical
potential parameters were obtained from the elastic scatter-
ing data [31]. Oscillator parameters were taken from global
parameters [32].

In Figs. 1(b) and 1(c), the angular distributions of the
differential cross section for transitions to the states at
E,=9495 (1": T =0) and 11.447 MeV (1": T =1) in
28Si are compared with DWIA calculations for several
multipolarities (J* = 0", 17, 17, and 2). The theoretical
curves are normalized to the experimental data at the most
forward angle. The angular distribution of the IS spin-M1
excitation is flatter than the IV one due to the contribution
of an exchange tensor component in the effective NN
interaction [30]. Thus, the shape of the angular distribution
allows a clear isospin determination for each spin-M1
excitation. The resulting isospin assignments are in good
agreement with those from (e, ¢’) scattering [33-37] for M 1
transitions seen in both experiments.

We identified 1-4 (4-8) states for each target nucleus
to result from IS (IV) spin-M1 transitions (cf. Fig. 2).
In addition, 1-3 (1-7) states were assigned as IS (IV)
transitions to 17 states with less confidence indicated by the
“+” label in Fig. 2. They are included in the estimation
of experimental uncertainties. We reassigned between one
and six states in each nucleus as 0" instead of 17 claimed
in the previous work [19,20].
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FIG. 2. Observed distributions of IS and IV-spin-M1 SNME
[open (filled) bars represent IS (IV) transitions].
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FIG. 3 (color online).
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labeled + indicate states with a less confident spin assignment.

The differential cross section at 0° is approximately
proportional to the SNME. The IS and IV spin-M1 reduced
nuclear matrix elements for transitions from the ground
state |g.s.) to an excited state |f) are defined by

i><1>

Vet Z" ). @

respectively, where 6, is the Pauli spin matrix, and 7, is the
z component of the isospin operator for the kth nucleon. The
factor 1/+/2J; + 1 is unity for a 0™ ground state. The unit
cross section (UCS) is defined as the ratio of the differential
cross section to the SNME at momentum transfer ¢ = 0. We
define a UCS (615 and 61y) for IS and IV spin-M 1 transitions
analogous to the GT strength [38]

M;(o) = \/W<

Mf(ETZ)

do
dQ

(0°) = 6rFr(q. EQ)IM(O), (3)
where the subscript T represents either IS or IVand O either
the o or 67, operator. Here, F(g, E,) is a kinematic factor
which accounts for the finite momentum transfer (g) and
excitation energy (E,). It can be obtained from a DWIA
calculation. The target mass dependence of the UCS can be
parametrized as [38]

67(A) = Ny exp(—xAll), ()
where Nr and x are free parameters. The mass-dependent
factor x essentially arises from distortion effects common to
IS and IV transitions and, thus, is taken to be the same.
DWIA calculations indicate this assumption remains better
than 5%.

The parameters Ny and x in Eq. (4) have been fitted to
four experimentally obtained IV UCSs. The value oyy
has been derived from Eq. (3) using the (p, p’) data and the
IV spin-M1 SNME deduced from the GT SNME on the
assumption of isospin symmetry. In addition, the GT
SNME has been obtained from (*He,?) measurements
and f-decay lifetimes [39,40]. The factor Nig has been

and (b) IV transitions.

calibrated using ''B(p, p’) data [41] and an IS M1 strength
deduced from the y-decay lifetimes of the first excited
mirror states in ''B and !''C [40]. Note that the linear
combination of the y-decay strengths is proportional to the
IS SNME, owing to isospin symmetry. Details on the UCSs
can be found in Ref. [31].

The results for the IS and IV UCSs are shown in Fig. 3,
where the bands represent the fitting error. Note that the
experimentally obtained IS (IV) UCS value is 50% lower
(20% higher) than the theoretically obtained value used in
the previous work [19,20].

Each differential cross section at 0° has been converted to
the IS or IV spin-M1 SNME using Eq. (3), as shown in
Fig. 2. The sums up to E, = 16 MeV are plotted as a
function of the target mass in Fig. 4. Here, shell-model
calculations using the USD interaction [12] are shown as
solid lines. (The difference between predictions of the
summed M1 strength using the USD and the newer USDA
and B [29] interactions is less than 10% and, thus, not
significant in the following discussion.) The quenching
factors defined as the ratio of the observed SNMEs to the
theoretical predictions summed up to 16 MeV are 1.01(9)
and 0.61(6) for the IS and the IV spin-M1 transitions,
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FIG. 4 (color online). Accumulated sums of the spin-M1
SNMEs for (a) IS and (b) IV transitions up to £, = 16 MeV.
The error bars and gray bands indicate the total experimental
uncertainties and the partial uncertainties from the spin assign-
ment, respectively. The solid lines and dotted lines are the
predictions of shell-model calculations using the USD with bare
and effective g factors, respectively.
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respectively, where the factors are averaged over the nuclei
measured. Note that the quenching factor of the IS spin-M 1
transitions is close to unity, while that of the IV ones is
significantly smaller and consistent with the study of
analogous GT transitions [42]. The calculations with
empirical effective g factors [12] are shown by dotted lines
in Fig. 4 (USD eff). The SNMEs of the IV spin-M1
transitions are reproduced well by USD eff (y*>/N values
for the USD and USD eff predictions are 13 and 0.8,
respectively, where N is the number of data points). In
contrast, the IS transitions are better described by USD
(x*/N values for USD and USD eff predictions are 0.5 and
2.2, respectively). The present result shows that the widely
used effective g factors lead to an overquenching for IS
spin-M1 transitions in the sd shell.

The effective IS ¢ factor was determined to reproduce
the diagonal spin matrix element (S) of the ground state; see
Eq. (20) in Ref. [43]. Experimental (S) values were obtained
from the IS magnetic moments of mirror nuclei and
subtracting the contribution of the total angular momentum
J. Although the quenching of (S) in nuclei of the closed LS
shell plus or minus one nucleon was obvious [12-15],
the quenching in the mid-sd-shell was insignificant [43].
The finding is consistent with our observation of no IS
quenching of M1 transitions in the mid-sd-shell.

In order to shed some light on these observations, we
next consider the difference Ay, between the sums of the
IS and IV spin-M1 SNME:s as a function of E,,

N A PILCIED SN

E/<E, E <E,
where the sum is taken up to E,. With the total spin opera-
tors for protons (neutrons) S pn) (= %ZZZZ(IIW 6 p(n).i)» IS and
IV spin-M1 transitions are represented by M () =

(fIS, + S,|g.s.) and s M((o7,) = (f|S, — Sa|g.s.), respec-
tively. In the limit of E, — oo, the completeness of |f)
yields

(S, + 807 = (g[S, + S,IA/1S, + S,lgs.)

2, (6)

and ((3’1, —5,)%) = limg o3>, <r, |M(67.)*. Here the
expectation value is taken for the 0" ground state. We then
derive

E{—iinmASPin(Ex> = <SI7 ’ S">’ (7)

which represents the spin correlation between protons and
neutrons in the ground state.

_Figure 5 shows experimental Ay,(E,) and theoretical
(S,-S,) values for nuclei in several shell regions. In
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FIG. 5 (color online). Experimental Ay,(E,) and theoretical
(3‘1, . 3‘,,) values explained in the text for (a) “He, (b) >C, and
(c) sd-shell nuclei. The experimental results in (c) are summed up
to E, = 16 MeV with the same definition of the error bars as in
Fig. 4. The arrows of the NCSM results in (c) indicate that the
results are considered to represent a lower limit.

Fig. 5(a), (S b S,.) values from state-of-the-art nuclear stru-
cture calculations for “He using the correlated Gaussian
(CG) method [44] and no-core shell model (NCSM) [45]
are displayed. Realistic (AVS8® [46] and G3RS [47])
and chiral [48] NN forces give positive values due to
the tensor correlation, in contrast to the Minnesota [49]
interaction, which does not contain the tensor force.
Figure 5(b) compares experimental results for Agy, in
12C derived from (p, p) [21] and (e, ') [50] experiments

with (S b S,) values obtained from shell-model calcula-
tions. Both the experiments and the NCSM with realistic
forces show positive values while a calculation using the
effective Suzuki-Fujimoto-Otsuka interaction [S1] gives a
slightly negative value. Finally, Fig. 5(c) shows Ay, values
derived from the present data in comparison to the shell-
model calculations using the USD interaction discussed
above. Note that the strengths predicted in the latter are
almost exhausted up to 16 MeV. The data show positive
values as in '>C and comparable to the values predicted
with realistic forces for lower mass nuclei. In contrast,
the shell-model calculations are unable to reproduce the
experimental results irrespective of the use of bare or
effective g factors or using other effective g factors [13—15].

However, predictions by the NCSM (open blue circles)
indicate positive <3‘p :S,) values for PNe (N =4)
and **Mg (N, = 2). Here, N,,,, defines the maximal
allowed harmonic-oscillator excitation energy above the
unperturbed ground state [45] and, hence, represents a
measure of the model space. The results (—0.007, 0.028,
and 0.072 for N,,,, = 0, 2, and 4 for *’Ne and —0.018 and
0.011 for N, = 0 and 2 for **Mg, respectively) show a
clear correlation with the size of N,,, but are considered to
represent a lower boundary only because they have not yet
converged for the present N, values. The increase of

(3‘,, : §n> with increasing N, implies that mixing with
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higher-lying orbits due the tensor correlation is important
for reproducing Ay, > 0 values. This should be verified in
future NCSM calculations which might be possible up to
Nmax = 8 for the nuclei under investigation [52]. It is
remarkable to see the positive (S, - S,) values hinted by the
NCSM calculation as the experimental Agy,(16 MeV)
indicates, despite the limitation of the excitation energy.
It would be interesting to study the IS and IV strength
distributions at higher energy.

In summary, proton inelastic scattering at very forward
angles has been measured on N = Z sd-shell nuclei for the
study of the IS and IV spin-M 1 SNME:s. Systematically, no
quenching of the IS spin-M1 SNMEs has been observed.
The present result may provide new insights into the
mechanism of the quenching of spin matrix elements in
nuclei. The difference in the quenching between the IS and
IV spin-M1 SNMEs may be attributed to the spin corre-
lation between protons and neutrons in the ground state,
which is closely connected to the concepts of spin-aligned
np pairs [53], np pairing [54], and high-momentum
correlated nucleon pairs [55] in nuclei.
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