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Measurement of the spin and magnetic moment of 2>Al
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For the first time, we obtained the g factor for the ground state of >Al by use of a B-NMR measurement.
23 Al has a small proton separation energy and is a potential proton-halo candidate. The obtained g factor, |g| =
1.557 & 0.088, clearly shows the spin and parity, J* = 5/2*, for 2>Al, which is the same as that of its mirror
partner, 2*Ne. The possible nuclear structure of 2*Al is also discussed.
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Studies of exotic nuclei far from the stability line have
attracted much interest during the past two decades since
the first observation of the neutron halo in !'Li [1]. Further
experiments have confirmed the neutron halo in ''Li, and
have also shown the existence of a neutron halo in other
neutron-rich nuclei [2]. However, the number of experiments
on the proton halo are relatively few compared with those
on the neutron halo. Recently, experimental evidence for the
proton halo in very proton-rich nuclei has become available:
8B [3-5], "Ne [6,7], and 227-28P [8]. 22Al is one of the
potential candidates for a proton-halo nucleus, because its
proton separation energy is quite small (125 keV). Recently,
a large reaction cross section of 2>Al was measured at the
intermediate energy (~36A MeV), although the error was still
large [9,10]. The authors of Ref. [9,10] analyzed the data by
a Glauber model with simply a core nucleus (**Mg) plus a
valence proton (p) configuration. According to their analysis,
the density distribution of 2*Al should have a halolike long
tail. Because the density of a loosely bound s-wave proton can
be extended, it is suggested that the spin and parity (J™) of
2 Al might be 1/2F. However, the J™ of its mirror partner,
2Ne, is 5/2F. Thus, if the ground-state J™ of 23Al is 1/27,
the proton halo structure can be anticipated, but the mirror
symmetry will be broken between the bound ground states of
mirror pairs, which has not been observed for known nuclei so
far. Because the magnetic moment of its mirror partner, 23Ne,
is known to be —1.077£0.004 [11], the magnetic moment of
23 Al allows one to discuss the spin expectation value [12] of the
A = 23 mirror pair with 7 = 3/2, where T'is the isobaric spin.
In p-shell nuclei, the *C-°Li mirror moments (T = 3/2) yield
an anomalous large spin expectation value, which suggests an
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exotic structure of proton-rich °C [13]. A similar anomaly may
be found in the sd-shell region.

Determining the ground-state J™ of 2>Al is also important
from a nuclear astrophysical aspect. The 2’Mg(p,y)> Al
reaction is relevant to the nucleosynthesis of ?Na in Ne-rich
novae [14]. The *’Na yield might be reduced if an escape
from the reaction sequence takes place via the 22Mg(p,y)>* Al
reaction. In novae, resonant capture through the first excited
state contributes dominantly, because the first excited state of
23 Al, lying at 405 keV above the proton threshold, locates near
the Gamow energy. To calculate the strength of the resonant
capture, determining the spin of the first excited state of 23 Al
is necessary [15]. In the previous works [16,17], J™ = 1/2% is
suggested for the first excited state, which implies J* = 5/2%
for the ground state. Thus, if the ground-state J* is 5/2%, the
suggestions by the previous works will be supported.

Until now, there has been no direct measurement for J7*
of 2Al. The B decay of Al to excited states in **Mg
has been investigated [18]. Although the B-decay branching
ratio to the ground state (J* = 3/2%) of 2Mg has not been
measured, the strength of B-decay branches to the excited
states in 2’ Mg strongly suggested J* = 5/27F for the ground
state of 23 Al. The magnetic moment allows us to determine the
spin and parity directly, because the magnetic moment is very
different for the different spin [19]. Therefore, we measured
the magnetic moment of 23Al.

The 23Al nuclei were produced through the projectile-
fragmentation process in the collision of 28Si on a ?Be target,
as the RI beam. The primary beam of ?8Si was accelerated
up to 135A MeV by the RIKEN ring cyclotron. The Be target
thickness was 4.0 mm. Only the fragments ejected at angles of
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FIG. 1. Experimental setup for the magnetic moment measure-
ments of ZAl.

1.0°£0.6° were separated by the fragment separator, RIPS. In
the separator, the momentum of the fragments was analyzed,
and only the fragments with a momentum 2.0+0.5% larger
than the central momentum were selected. The projectile
fragments were polarized with this selection of the reaction
angle and the momentum [20]. The major contaminants in the
RI beam were isotones of 2 Al: 22Mg, 2INa, and so on. To
sweep the isotones of 23 Al, an RF deflector [21] was installed
at the achromatic focus, F2, of the RIPS. The S/N ratio in the
RI beam was improved from 0.024 to 0.17 by use of an RF
deflector.

Experimental setup for the magnetic moment measure-
ments is shown in Fig. 1. The selected fragments were slowed
down by an energy degrader and were implanted in a Si
catcher of 0.6 mm in thickness placed in a strong magnetic
field, Hy, of 3.000540.0006 kOe to maintain the polarization.
Count rate of the RI beam was monitored by the plastic
scintillator located after the energy degrader. Typical total
count rate of the RI beam during the measurements was
~4000 cps. B rays emitted from the stopped >*Al (the max-
imum B-ray energy, Qg = 12218 keV) were detected during
the beam-off time after beam bombardment by use of two sets
of plastic-scintillation-counter telescopes placed above and
below the catcher relative to the reaction plane. 1.0-mm-thick
Cu absorber was placed in between the first and second
scintillators of the each telescopes to absorb low-energy g rays
emitted from the contaminants of the RI beam. For example,
B rays with Qg ~ 4 MeV can be absorbed. The § rays from
2Mg (Qp = 4786 keV) and 2*Mg (Qp = 4056 keV), which
is the daughter nucleus of 23 Al, were absorbed. The S/N ratio
in the B-ray counts was improved to 1.9140.17 by use of the
Cu absorbers. Thus, we obtained a clean decay curve, where a
beam-on production time was 0.5 sec followed by a beam-off
time of 5.0 sec, as shown in Fig. 2. The typical count rates
of the § rays in the magnetic moment measurements, where a
beam-on production time was 0.5 sec followed by a beam-off
time of 1.0 sec, were ~6 cps in total. The polarization of
the 2>Al was detected by the B-ray asymmetry in the counter
system. An RF magnetic field, H;, of about 13 Oe was applied
to induce transitions between the magnetic sublevels, resulting
in an inversion of the initial polarization. The adiabatic fast
passage technique in NMR [22] was employed for inverting
the spin polarization under the on-resonance condition.

We performed two measurements with different setups. In
the first measurement, the space from the final energy degrader
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FIG. 2. Typical B-ray time spectrum. Experimental data are
shown by closed circles. The thick solid, thin solid, and broken lines
show the total, 2Al, and Mg components fitted by exponential
functions with known half-lives, respectively.

to the entrance of the catcher chamber was filled with He
gas. In the second measurement, the whole region from the
final energy degrader to the catcher was in a vacuum so as
to completely remove any polarization destruction by gas
collisions before the catcher. Preliminary results of the first
measurement are shown in Ref. [23].

A NMR spectrum for wide frequency modulation (FM) of
4500 kHz is shown in the upper part of Fig. 3. The data were
averaged by the first and the second measurements. We found
a resonance at around 3600 kHz. To determine the resonance
more precisely, we performed measurements with a narrow
FM of £200 kHz. The obtained NMR spectra are shown in
the lower part of Fig. 3. For fitting the NMR spectrum, we
took into account the width of the FM and the strength of the
magnetic fields. The fitting function, S(w), is given by

S(w) = 1 —cos a(a;) cos 'B(w)AP, 0
where A is the 8-decay asymmetry parameter and P is the spin
polarization. The a(w) and B(w) are defined by the direction
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FIG. 3. Observed B NMR spectra. The upper (lower) part is
the spectrum with £500 kHz (£200 kHz) frequency modulation,
respectively. The solid lines show the results by the fitting procedure.
Predictions of the g factor by our shell-model calculations are shown
by the arrows.
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of the nuclear spin at the start of FM and the end of FM to the
Hy, as given by
cota(w) = @o — (@ — wrm) 2)

[}
and

cotp() _@o—(@+ CUFM),
w1

where wy = gunyHy/h is the Larmor frequency, w; =
gy Hi/h, and wgy is the half-width of the FM. The fitting
results are shown by the lines in Fig. 3. The resonance
frequency was determined to be 3558.8+15.8 (statistical)
4200 (systematical) kHz. It is noted that the statistical error
was determined by the average of the data with a wide and
narrow FM, and the systematical errors was given by the width
of a narrow FM. By using the resonance frequency, the g factor
was determined to be |g| = 1.5564-0.088, where any statistical
and systematical errors were simply weighted. We took into
account a small diamagnetic correction (8.3+0.5x 10™*) in the
Si stopper [24]. Thus, the final g factor was 1.557£0.088.

We performed shell-model calculations to assign the spin
and parity of 2>Al. We used the OXBASH code with the
USD interaction for the shell-model calculations [25]. At
first, we calculated the magnetic moment of BNe, which
is a mirror pair of 23Al, to check the validity of the
calculation. The calculated magnetic moment for >*Ne is
g = —1.129, which is consistent with the known value of
g = —1.07740.004. For 23Al, our shell-model calculations
show g = +3.410 for J™ = 1/2%, g = +0.538 for J* =
3/2%,and g = +1.575 for J* = 5/2%, respectively. Here, the
nucleon g factors in free space were used for the calculations.
The calculated values are shown by arrows in Fig. 3. The
calculated values are not sensitive to the choices of the nucleon
g factors. If we use the effective nucleon g factors [25],
g = +1.591 for J™ =5/2%. 1t is also noted that, even if
we use different types of interactions or different single-
particle energies, where J* = 1/2% or J* = 3/2% becomes
the ground state, each g factor changes by only ~0.3. The
present experimental g factor is well reproduced by the
shell-model value for the ground state J” of 5/2%, as shown
in Fig. 3. The shell-model values for J* = 1/2% and 3/2%
strongly deviate from the present experimental value. This
clearly shows that the ground-state J* of 2Alis 5/2*. Thus,
the magnetic moment, u(= gJ), of >>Al was determined to
be || = 3.891+0.22 . The obtained results of the magnetic
moment of 2}Al and its energy levels with those of neighbors
are shown in Fig. 4.

The ground-state J™ of 23Al can give a strong restriction
to the possible nuclear structure of the nucleus. Because the
proton separation energy of 2* Al is fairly small, a core nucleus
plus a valence proton (**Mg+p) structure can be anticipated.
If we assume the 2?Mg+ p structure, J™ = 5/27 allows three
different configurations: (i) the ground state of 2?2Mg (J* =
0™) couples to the d-wave valence proton, (ii) the first excited
state of 2>Mg (Ex=1.25MeV, J™ = 2%) couples to the s-wave
valence proton, and (iii) the first excited state of 22Mg couples
to the d-wave valence proton. Our shell-model calculations
show that the configuration of case (i) is 71%, that of case
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FIG. 4. Level schemes (in keV) with the related information of
22Ne+n, 2Ne, 2 Al, and 2?Mg+ p. Only low-lying excited states are
shown.

(i1) is only 0.2%, and that of case (iii) is 23%. It is noted
that, in the mirror partner 23Ne, the d-wave valence neutron
is dominant in the ground state, which was shown by the
22Ne(d, p)**Ne reactions [26]. Thus, the configuration with
the d-wave valence proton is the most probable for 2*Al.

It is noted how the authors concluded the proton halo
structure for 22Al. They measured reaction cross sections
of 2Al and Mg at ~36A MeV and found a much larger
reaction cross section for 23Al than for ?Mg. To reproduce
the enhancement by the simple >>Mg+p configuration based
on the Glauber model, the halolike tail is needed for 23Al.
Loosely bound s-wave protons can extend its density so much
because of no centrifugal barrier (/ = 0) [27]. Thus the authors
of Refs. [9,10] concluded J™ = 1/27 for 23 Al. However, if
the J™ of Al is 5/2F, the d-wave proton is dominant, as
discussed above. Thus, the large reaction cross section of
23 Al compared to that of Mg cannot be explained by the
simple Mg+ p configuration based on the Glauber model.
A similar puzzle is also observed in '°C and 2*0. In both
nuclei, large interaction cross sections cannot be reproduced
by the simple core+neutron configuration, even for the pure
s-wave valence neutron [28,29]. One solution may be to
introduce a core modification [30]. Although the core+valence
nucleon structure is fulfilled, the density of the core nucleus
is much larger than that in the free space. Thus, the large
reaction-interaction cross sections of these nuclei are because
of the large density of the core.

The spin expectation value can be determined from
the present result combined with the magnetic moment
of the mirror partner, 23Ne. For the calculation, the sign of
the magnetic moment of *Al was assumed to be positive,
which is predicted by our shell-model calculation. Thus, the
spin expectation value was determined to be +0.8+0.6. The
present error is still large for further discussion about detailed
configuration mixing of the nucleus. Experimental results of
magnetic moments of the mirror pair with 7 = 3/2 nearby
A = 23 are noted. Very recently, magnetic moments of '’Ne
[11] and *°K [31] have been measured. Thus, the mirror pair
with T = 3/2 for A = 17 and A = 35 can be discussed. For
both systems, no anomalous spin expectation values have not
been observed. For A = 21 and A = 25, magnetic moments
of neutron rich nuclei (>'F and >’Na) are experimentally
known [32]. Thus, if we measure the magnetic moments of
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2IMg (J™ = 5/2%)and 2Si (J™ = 5/2%), the spin expectation
value can be extracted.

For 2 Al, one unbound excited state with E,=528 keV
is known, as shown in Fig. 4. Our shell-model calculation
shows that J” of the first excited state is 1/2% if the
ground state of Al is J™ = 5/2%. These assignments are
important to estimate the strength of the resonant capture in
the 22Mg(p, y)?* Al reaction.

In summary, the g factor of the ground state of 2> Al, which
is a potential proton-halo candidate, has been measured for
the first time. The obtained |g| = 1.55740.088 clearly shows
the spin and parity J* = 5/2% for 2>Al, which was strongly
suggested by the previous B-decay measurement [18]. Thus,
the mirror symmetry is fulfilled in the ground states between
2 Al and 2’Ne. Determining the spin and parity provides a
strong restriction to the possible nuclear structure of 22 Al. If we
assume a simple 22Mg+p structure for 23Al, a configuration,
including the d-wave valence proton, is most probable for 2 Al.
However, previously observed large reaction cross section of
the nucleus at the intermediate energy (~36A MeV) cannot be
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reproduced well. Experimentally, more reliable and accurate
measurements of the reaction cross sections are urged with
different energies. Energy dependences of the reaction cross
sections can describe effective matter densities of 2*Al in
detail [4]. Concerning a possible proton halo structure of 2>Al,
measurements of the momentum distribution of fragments
from 2> Al and the quadrupole moment of 2*Al will give more
information. The present result on the ground state spin and
parity may remove any uncertainty in estimating the strength
of the resonant capture cross section of *Mg(p,y)**Al
Previously, the ground state of J* = 5/2% and the first excited
state of J* = 1/2% in 23Al were assumed [15]. The present
measurements show that the above spin assignments are
proper.
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