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The nuclear g factor and quadrupole moment (Q;) have been measured for the low-lying isomeric
1t state of 34Al, using the B-detected nuclear magnetic resonance (8-NMR) and quadrupole resonance
(B-NQR) methods. Spin-polarized 34Al isotopes were produced in a one-neutron pickup reaction induced
by a 36S beam on a 9Be target at a kinetic energy of 77.5 MeV/nucleon, and were collected with
the LISE fragment separator at GANIL. The measured g factor (|g| in a range of 1.757 &+ 0.014) and
quadrupole moment (|Qs| = 38(5) mb) are in good agreement with shell-model calculations using
effective interactions. The similarity between the g factor of 34mAl and that of 32Al confirms a dominant
neutron 2p1h configuration 7 (ds;2) ™! ® v(ds/2) "1 (f7/2)? of 34MAL In addition, the enhanced quadrupole
moment of 34MA] relative to that of 32Al suggests that the neutron 1p1h excitation across the N = 20
shell gap introduces extra nucleon-nucleon correlation and deformation.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Thanks to the experimental techniques exploiting radioactive
ion beams, exotic nuclei have been extensively produced and in-
vestigated in recent decades, bringing crucial challenges to nuclear-
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structure theories up to date. It has been revealed that even
though the shell structure in stable nuclei can be well interpreted
using simplified mean fields plus spin-orbit interactions [1,2], it
may vary drastically in exotic nuclei due to the residual nucleon-
nucleon interaction which produces different effective single par-
ticle energies depending on the proton-to-neutron (Z/N) ratio [3].
One of such typical examples is the N = 20 island of inversion [4],
where unexpected ground-state deformation has been observed in
the neutron-rich isotopes in the vicinity of 3’Mg (Z = 12). The
relevant anomalies were first discovered in 1975 in the binding
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energies of 3132Na [5] and shortly afterwards extended to the
charge radius of 3'Na [6] and the low-lying 2F state of 32Mg [7],
indicating a strong ground-state deformation in spite of the neu-
tron closed shell. Later, theoretical works using large-scale shell-
model calculations associated this deformation with 2p2h exci-
tations across N = 20, in which two neutrons are excited from
the sd shell to the pf shell [4,8]. For isotopes belonging to the
island of inversion, the energy of those 2p2h intruder configura-
tions is lower than that of the normal configurations, giving rise to
the deformed ground states. More recently, this remarkable phe-
nomenon was understood as a general consequence of monopole-
based changes in the spherical mean field and strong quadrupole
correlations in exotic nuclei far from stability [9,10].

Following the pioneering work in 1970s, many experimental ef-
forts have been devoted to examine the shell evolution near and
inside the island of inversion [11-34]. While the ground states of
Mg isotopes with N ~ 20 are dominated by intruder configurations
[13,14,18,20,21,24], those of the Si isotopes are associated with
normal sd-shell configurations, placing the Z = 14 isotopes outside
the island of inversion [26]. As such, the Al isotopes (Z = 13) in be-
tween Mg and Si should be characterized by transitional behavior
from normal to intruder configurations. Indeed, the ground-state
g factors and quadrupole moments up to N = 19 are nicely de-
scribed by the shell-model calculations within the sd shell [35-38],
whereas from N = 20 onwards the inclusion of the pf shell is
crucial to reproduce the ground-state properties observed exper-
imentally [22,39-41].

From the experimental point of view, the low-lying states of
34A1 (N = 21) remain to be investigated more extensively. Even
though the ground-state g factor suggests a strong mixing of in-
truder (2p2h) and normal (OpOh) configurations in the ground
state [22], mass measurements support the argument this is a
normal-configuration state [34]. Besides, a low-lying 17 state orig-
inating from 1p1h excitations across N = 20 was anticipated in
341 by shell-model calculations using the SDPF-M interaction [22].
Due to the large spin gap between the 1% state and the states
underneath, the former is predicted to be an isomer. The first
experimental evidence for this 1% isomer (referred to in the fol-
lowing as 34MAl, to be distinguished from the ground state 342Al)
was observed indirectly in the B decay of 34Al, feeding the intruder
0; state of 34Si through a strong Gamow-Teller (GT) transition
[42]. More recently, a systematic study on the low-lying states of
34A1 was carried out via the 8 decay of 3*Mg, putting the isomer
46.6 keV above the ground 4~ state [43]. To pin down the micro-
scopic configuration of this isomer unambiguously, its g factor and
quadrupole moment are indispensable. While the g factor probes
the orbital occupation of unpaired nucleons in a certain state, the
quadrupole moment Q is more sensitive to nuclear correlations
and associated deformation [44]. Theoretically, the unpaired pro-
ton and neutron in 3*MAl (1) occupy the same single-particle
orbits as that in the 32Al 1+ ground state, therefore their g factors
should be similar. On the other hand, due to the intruder nature
of the isomer, it may be more strongly deformed than the 32Al
ground state, resulting in a larger quadrupole moment. More gen-
erally, measuring the g factor and quadrupole moment of 34mA|
helps to establish a unified picture of deformation and its underly-
ing nucleon-nucleon interaction in the island of inversion as 34" Al
is so far the only case in which the increase in deformation due
to a 1p1h excitation can be experimentally investigated in a long-
lived state.

This Letter reports on the first g-factor and quadrupole-
moment measurements of the isomeric 11 state of 34Al, using the
continuous-beam B-NMR/NQR techniques. To investigate the con-
figurations of the isomer, the results are compared to large-scale
shell-model calculations with different effective interactions.

Spin-polarized 34Al (N = 21) isotopes were produced in the
one-neutron pick-up reaction of a 36516+ (N = 20) beam
(77.5 MeV/nucleon) on a 1-mm-thick ?Be target, similar to Ref.[45].
A 34Al beam with about 80% purity was obtained using the high-
resolution fragmentation separator LISE at GANIL. The neutron-rich
Al nuclei were transmitted to the SB-NMR/NQR setup [46], where
they were implanted into either a Si or a «-Al,03 crystal, de-
pending on the observable (g factor or Q) to be measured. The
entire experimental setup was hold under vacuum at room tem-
perature. To maintain the nuclear spin polarization, the crystal was
placed in a static magnetic field By (~1500 gauss) parallel to the
spin orientation. A Helmholtz coil was mounted around the im-
plantation crystal to generate a radio-frequency (rf) field of a few
gauss perpendicular to the static field, with a frequency vgg. The
B-decay asymmetry of polarized nuclei was recorded using two
sets of AE-E plastic scintillator telescopes placed above and be-
low the implantation crystal in the vacuum chamber. Coincidences
between the AE and E scintillators were made in each telescope
to reduce the random background in our B-detection system. For a
spin-polarized ensemble, the experimental B-decay asymmetry A
is defined as

Nup - Ndown

= ~ QexpAgP. (1)
Nup""Ndown X

Here Nyp and Ngown are the counts registered by the up and down
telescopes respectively, Ag is the asymmetry parameter deter-
mined by the 8 decay under consideration, and P is the amount of
spin polarization. Qexp takes into account the experimental asym-
metry losses due to, for instance, the relaxation, the scattering of
B particles, the experimental geometry, and so on.

In the first order perturbation theory, the transition frequency
between the magnetic substates m and m + 1 of a nuclear spin I
under the combined Zeeman and electric quadrupole interactions
is given by [47]

3(3cos20 — 1H2m+ 1)
Vm — Vm+41 = VL — Vg 812l 1) . (2)

Here v; denotes the Larmor frequency v; = gunBo/h, vq the
quadrupole coupling constant vo =eQsV,/h, and 6 the angle be-
tween the external field By and the symmetry axis of the electric
field gradient (EFG) V, of the crystal. Depending on the mounted
crystal and applied rf field, one can deduce either the g factor or
the quadrupole moment of a nuclear state, by measuring the cor-
responding transition frequencies between magnetic substates.

For the g-factor measurement, nuclei are implanted into a Si
crystal with cubic lattice structure (zero EFG) so that the second
term on the right-hand side of Eq. (2) vanishes. The magnetic sub-
states of nuclear spins I under such circumstance split equally
in energy with E; — Ep4q = hvy. When the applied rf frequency
vrr matches the Larmor frequency v;, the transition between two
neighboring magnetic substates is resonant, and the ensemble po-
larization is destroyed. This results in a resonant change in the
B-decay asymmetry A in the B-NMR spectrum, from which the
Larmor frequency vy can be deduced. In combination with the
known static magnetic field By, this gives access to the g factor.
For the quadrupole moment measurement, on the other hand, the
nuclei are implanted in a «-Al;03 crystal with a hexagonal crystal
structure, thus inducing an axially symmetric EFG V ;. This crystal
was mounted such that the symmetry axis of the EFG is parallel
to the static magnetic field Bg (thus with cos?@ = 1). According to
Eq. (2), an I =1 state splits into three substates with two unequal
transition frequencies v; + %VQ. The destruction of the B-decay
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Table 1

Experimental results of this work. The g factors are extracted with the static field Bg = 1501(5)sys gauss. The quadrupole moments are obtained using the 27Al data in the
a-Aly03 crystal as a reference. The half life of 3¥™Al is taken from Ref. [42]. The literature values of the g factor and Qs of 32Al are from Refs. [39] and [37], respectively.

See text for more information.

N " Tij2

g factor

Qs (mb)

v (kHz)

This work Lit.

vo (kHz) This work Lit.

32p] 19 1+
34mp] 21 1t

33.0 ms
26 ms

2240.5(7)
2010+ 15

1.958(1)(7)sys
1.757 £0.014

1.9516(22) 418(4) 25.5(3) 24(2)

627(83) 38(5)

asymmetry is maximized by simultaneously applying two rf fre-
quencies equal to these two transition frequencies respectively.
These frequencies are varied simultaneously as a function of vq.
In practical, it is necessary to know the Larmor frequency in ad-
vance so that the two rf frequencies applied to nuclei are set to
vé} =1 + A. By scanning A, a resonance signal in asymmetry .4
is observed if the condition A = %vQ is matched. In both NMR and
NQR measurements, the rf frequencies are scanned in several dis-
crete steps. To cover the frequency range in between the steps, a
frequency modulation of more than 50% of the step size is applied.
More technical details of the experimental setup and method can
be found in Ref. [46].

Prior to the 3*mAl measurements, the experimental setup was
optimized using the 32Al isotope, of which the g factor and
quadrupole moment are well known [36,37,39]. The results are
summarized in Table 1.

The B-NMR spectra showing the experimental B-decay asym-
metry as a function of the applied rf frequency in a Si crystal
are plotted in Fig. 1 for 32Al (top) and 3*MAl (middle and bot-
tom). Note that for 34mAl the change in asymmetry is negative as
expected, opposite to what is seen in 32Al which has the oppo-
site polarization because of the different production mechanism
[45]. A series of measurements with different frequency ranges
and frequency modulation were carried out for 32Al to verify the
experimental setup and confirm the literature values from previ-
ous works. The spectra from each measurement were fitted us-
ing a Lorentzian function, of which the amplitude, centroid fre-
quency, baseline, and linewidth are free to fit. The Larmor fre-
quency, v;(32Al) = 2240.5(7) kHz, has been determined from the
weighted average of different runs. With a calibrated magnetic
field of Bo = 1501(5)sys gauss, the g factor of 32Al is deduced to be
|g] = 1.958(1)(7)sys, consistent with the literature value as shown
in Table 1. In contrast, the 3#™Al measurement suffered from sev-
eral difficulties. First of all, the total production rate of 34Al was
measured to be a factor of 20 less than that of 32Al at the same
primary-beam intensity. Additionally, the yield of the isomer in
341 is even further reduced as the isomer-to-ground state ratio
is estimated to lie between 30% and 70%. Due to the 34Al daugh-
ter and grand-daughter activities, approximately only one third of
the detected B particles are associated to 3#Al and only 30-70%
of those to the isomer. The amplitude of the experimentally ob-
served asymmetry is therefore significantly reduced, as confirmed
by simulations. While the daughter and grand-daughter decays can
be partly cut out based on their significantly lower B energies (at
the cost of reducing the statistics on 34MAl), this is not applica-
ble for the ground-state decays due to the similar g-decay Qg
value as that of the isomer. The combination of a low yield with
a small-amplitude signal made the measurements extremely chal-
lenging. Only the broad frequency scans with few steps (60 kHz
step size and 45 kHz modulation) provided high enough statistics
to observe the signal. As shown in Fig. 1 (middle), no resonance
is seen for 34MAl, and there is a single point at vgg = 2010 kHz
having a significant deviation from the weighted average baseline
(indicated by the horizontal line). This is due to the very broad
frequency modulation that was used to search for the resonance
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Fig. 1. The B-decay asymmetry .A in the Si crystal as a function of applied rf fre-
quency vgr (kHz) for 32Al (top) and 34™Al (middle and bottom). The polarization
orientation is different between the two isotopes due to the different production
mechanics. The sizes of horizontal error bars correspond to the amplitudes of fre-
quency modulation, which are 15 and 45 kHz for 32Al and 34MAl, respectively. The
32 A1 spectrum is fitted by a Lorentzian lineshape (red curve), while only the aver-
aged baseline with its variation is drawn for the 34MAl spectra. See text for more
explanation. (For interpretation of the colors in the figure(s), the reader is referred
to the web version of this article.)

signal. Since the asymmetry on both sides of the 2010-kHz point
is that of the baseline, the Larmor frequency of 34™Al cannot lie
within the 1950 + 45 kHz nor 2070 £ 45 kHz ranges, thus it has
to be in the range of 2010 4 15 kHz. The corresponding g factor,
|g(34mAl)|, is determined as 1.757 + 0.014, where the symbol “+”
indicates the range in which the observable lies, as outlined above.
The same notation is used throughout the paper. Note that because
the applied frequency modulation range is very large, no meaning-
ful 10 statistical error can be deduced for the Larmor frequency.
All frequencies in the determined range have equal probability to
be the Larmor frequency.

However, the signal shown in Fig. 1 (middle) only has a 2.80
deviation from the baseline, where o is the root sum square of
the baseline variation and the asymmetry uncertainty at 2010 kHz.
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Fig. 2. The B-decay asymmetry A in the a-Al;03 crystal as a function of A (kHz)
for 32Al (top) and 3*™Al (bottom). The applied rf frequencies are v = v £ A, in
which the Larmor frequencies are 2240 and 2020 kHz for 32Al and 34Al respec-
tively. The polarization orientation is different between the two isotopes due to the
different production mechanics. The sizes of horizontal error bars correspond to the
amplitudes of frequency modulation, which are 45 kHz for both 32Al and 34Al. Both
spectra are fitted by a Lorentzian lineshape shown as the red curve. The baseline
and its variation (determined from the fit) of the 34MmAl spectrum are drawn as a
reference.

To further consolidate the observed signal, a second scan exclu-
sively focusing on the single resonance and two satellite points
was performed, with the same frequency modulation (45 kHz) as
the former scan. The asymmetry of the two satellite points at 1300
and 2700 kHz was used to determine the averaged baseline, see
Fig. 1 (bottom). The asymmetry change at resonance is now more
than 3.50, reducing the probability that the deviation is purely
statistical to less than 5 x 1074,

In the B-NQR measurement of 34MAl, the asymmetry param-
eter A was scanned as a function of A with frequency modu-
lation 45 kHz and step size 60 kHz. The spectrum is plotted in
Fig. 2 (bottom), together with that of 32Al (top) measured under
the same experimental conditions. The Larmor frequencies in the
B-NQR scans of 32Al and 3#™Al are fixed at 2240 and 2020 kHz re-
spectively. Although for 34mAl there could be a difference between
the applied and the real Larmor frequency (within our quoted un-
certainty), it has been demonstrated previously [48] and verified
with 32Al in this work, that this does not affect the extracted
vq. A slightly shifted v; value would make the resonance a little
broader but would not alter the central frequency of A. However,
as our modulation range is much larger than the uncertainty on vy,
this will not have an influence here. It is noted that a very clear
NQR resonance seen here also proves that our NMR-resonance is
correct, since a resonance can only be observed if the Larmor fre-
quency (the g factor) is properly measured and set during the
multiple-RF NQR scan. A Lorentzian function is employed to fit the

Py, Py,
N=28 N=28
f7lz —*— f7l2
N=20 N=20
—000— d,, —9000— d,,

—eo— —ee—
sIIZ sIIZ

400880 ©88000 J,, 9080880 €80809e J,,
T 1% T 1%

Fig. 3. Proposed proton (77) and neutron (v) leading configurations in the 1t state
of 32Al (left) and 34™Al (right). Particles and holes are presented by solid and open
circles respectively.

NQR resonance to extract vy from each measurement. For 32Al,
a weighted mean value of four runs with different modulation and
step size gives vo = 418(4) kHz. To fit the spectrum of 3#™Al, the
linewidth of the resonance is fixed to the value determined from
32p1, as the same modulation and rf power where used. Following
this analysis, vq = 627(83) kHz is obtained for 3#™Al From the
definition of vq, one finds

vo ("A) eV,
|Qs(AAD| — h

to be constant for various mass numbers A in the same crys-
tal. Using 27Al as a reference, of which Qs = +146.6(10) mb and
v = 2403.1(2) kHz have been measured in a-Al;03 at room tem-
perature [49,50], quadrupole moments of 25.5(3) and 38(5) mb are
extracted for 32Al and 34MAl, respectively. The static quadrupole
moment of 32Al measured in this work is an order of magnitude
more precise than the earlier reported value [37].

According to the shell-model and B decay studies of 34Al, the
1% isomer is proposed to be a 1p1h intruder state with respect
to N =20 [22,42]. A schematic drawing of this configuration,
7 (ds;2) ' ®v(ds/2) "' (f72)?, is illustrated in Fig. 3 (right), in com-
parison with the leading configuration of the 32Al ground state
(left). Since the nuclear g factor (related to the magnetic moment
u = gluy) is very sensitive to the orbits occupied by unpaired
nucleons, it provides a stringent test for the validity of the pro-
posed configuration. In case most of the two pf-shell neutrons
in 34mAl couple to spin J = 0, they act as “spectators” that do
not contribute to the magnetic moment. In this case, we expect
the 34mAl and 32Al g factors to be similar, which is indeed the
case. Their values can also be compared to the Schmidt moment
for a (7ds;; ® vds;2)1=1 configuration. Indeed, in a simple single-
particle model, the g factor of a nuclear state with total spin I can
be described by a weak coupling between protons and neutrons,
resulting in [44]

(3)

I (I +1)_1v(1v+1)]

1
gh=3 [(gn +8&v)+(8r —8v) Ia+1)

(4)

where gz () is the proton (neutron) g factor. If the Schmidt values
are used here with the proposed configuration, we get g, C2Al) =
gscnC*MAl) = 2.78, well above the observed values. That is due to
missing nucleon correlations. These can be accounted for to some
extent by using the experimental g factors of the near-by odd-
mass isotopes. Using the known g factors of 3'Al and 33Al for the
7ds), configuration, and that of 33Si for the vds), configuration
[51], we obtained respectively g(?2Al) = 2.08 and g(3*mAl) = 2.28,
closer to the observed values. Thus the intuitive picture confirms
the 1p1h nature of the isomer which was proposed based on the
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Table 2

Available experimental g factors and quadrupole moments of 32~34Al compared with shell-model calculations using the SDPF-U-MIX (denoted as MIX) [10], SDPF-M [52], and
EEdf1 [53] interactions. Experimental data denoted by * is derived from the present work. Calculated g factors are obtained using free nucleon g factors, while quadrupole
moments are calculated using effective charges (e;,e,) = (1.1e, 0.5e). The EEdf1 results of 34m Al include both the 1f and 1; states. See text for more information.

1" g factor Qs (mb)
Exp MIX SDPF-M EEdf1 EXp MIX SDPF-M EEdf1
32a1 1+ 1.9516(22) [39] 1.80 1.83 - 25.5(3)* 23.2 25.6 -
BAl 52+ 1.635(2) [39] 167 155 — 141(3) [41] 113.2 152.8 -
3481 4~ 0.539(2) [22] 0.54 0.41 0.55 - 46.3 76.1 2379
34mp| 1+ 1.757 £ 0.014* 1.76 1.73 014 (11) 38(5)* 415 39.6 79.0 (17)
152 (1) 35.6 (1)

B decay of 34Al [42]. However, the g factor of 3#MAl also shows a
10% decrease with respect to that of 32Al, implying a slightly dif-
ferent mixing with configurations other than that of 32Al in the
isomer’s wave function.

To take into account more complex wave functions, the mea-
sured g factors are compared to large-scale shell-model calcu-
lations with different effective interactions. These include two
widely used interactions in the island of inversion, SDPF-U-MIX
[10] and SDPF-M [52]. In addition, calculations are made with
a new effective interaction, EEdf1, which is purely derived from
a realistic nucleon-nucleon potential using the extended Kuo-
Krenciglowa method [53]. This interaction has been successfully
employed to study the Ne, Mg, and Si isotopes with N ~ 20 [53,
54], and is applied to 34Al in this work. All three interactions are
constructed based on a 10 core. While SDPF-M considers only the
f7/2 and p3/, orbits on top of the sd shell, SDPF-U-MIX and EEdf1
include the full sd 4+ pf shells in their model space. To reduce the
computation time, particle-hole excitations are limited up to 4p4h
in all calculations. As in our previous work in this mass region
[20,22,39], the g factors are calculated using free nucleon single-
particle g factors. The calculated g factors are compared in Table 2.
SDPF-M and SDPF-U-MIX give a very similar g factor for 34mAl
which is in good agreement with experiment and as suggested by
our simple calculations in previous paragraph, its predicted wave
function is dominated by 1p1h configuration. In the EEdf1 interac-
tion, two 17 states are calculated within less than 150 keV. Since
EEdf1 is free from any fit of two-body matrix elements, calcula-
tion precision is a few hundred keV and hence both states should
be considered. The lowest 17 state is predicted to be mainly dom-
inated by 3p3h configurations (~ 75%) and its g factor is an order
of magnitude smaller than the experimental ones. This excludes a
3p3h configuration for the 1+ isomer. However, the 1; state has a
mixed 1p1h and 3p3h configuration (~ 50% for each) with a g fac-
tor that is much closer to the experimental value. This confirms the
conclusions from the SDPF-U-MIX and SDPF-M calculations which
reproduce the experimental g factor very well and predict a dom-
inating 1p1h nature of the observed isomer.

Next we have a look at the quadrupole moments. In spite of
their similar g factors, the experimental quadrupole moment of
34mal shows an increase in amplitude of 50% with respect to that
of 32Al, indicating the isomer is more deformed than 32Al. In Ta-
ble 2, the experimental data is compared with the calculations
obtained using proton and neutron effective charges (er,e,) =
(1.1e,0.5e), which have been suggested based on the systematic
study of quadrupole moments in the proton sd-shell nuclei [38].
As shown in the table, calculated quadrupole moments using all
three interactions (take 1; from EEdf1) agree well with the ex-
perimental data of 34™Al. Moreover, both SDPF-M and SDPF-U-MIX
nicely reproduce the increasing trend of Qs(17) from A = 32 to 34.
In SDPF-M, an examination on the respective proton and neutron
contributions reveals that the enhancement is mainly due to the
neutrons occupying the v f7,, orbit above N = 20. Since a neutron

J =0 pair does not contribute to quadrupole moment, it suggests
a sizable component with (vf72/2)122 mixed in the isomeric state.

This can also explain the variation of g factor between 34mAl and
32pl, though the quadrupole moment is much more sensitive to
this component than the g factor. As discussed previously, the
lowest 17 state in EEdfl overestimates the quadrupole moment
(79 mb) due to the too strong 3p3h excitations. Again, the second
17" state gives a much more reasonable result compared with the
experimental data.

As discussed above, SDPF-U-MIX and SDPF-M give very similar
results for 3#MAl while for some cases in the past, clear discrep-
ancies between different shell-model interactions were observed.
To better understand the differences between the interactions and
how those affect the nuclear moments, it is therefore instructive
to give a short overview of the available information of Al isotopes
near or inside the island of inversion. As 32Al is considered to lie
outside of the island of inversion, the g factors and quadrupole
moments of SDPF-U-MIX and SDPF-M are very similar and close
to the USD predictions [55]. The small underestimation of a few
percent in the g factor is understood as a consequence of over-
estimating the proton mds;; component in the calculated wave
function [39]. 33Al at N =20 is considered the transition point
into the island, at least from the nuclear moments point of view.
Historically, the small but uncharacteristic deviation of a few per-
cent from the USD calculated g factor was the first indication of
the mixed normal-intruder nature of the ground state [22]. The
more sophisticated SDPF-U-MIX and SDPF-M interactions predict
very different wave functions for 33Al, with 17% and 74% of in-
truder admixtures respectively [41], but their calculated g factors
are quite similar. The experimental value lies in between these
two predictions, showing somewhat better agreement with the
SDPF-U-MIX value. However, the ground-state quadrupole moment
is much more sensitive to the amount of intruder configurations.
While the SDPF-U-MIX and USD interactions predicts a decline in
quadrupole moment from 3'Al (N = 18) to 33Al, only the SDPF-M
interaction reproduces the rising trend observed experimentally.
The discrepancy between SDPF-U-MIX predictions and experimen-
tal data was suggested to arise from the underestimation of the
intruder configurations and thus from a too strong N = 20 gap.
Moving to 34Al, the ground-state g factor is well consistent with
the SDPF-U-MIX and EEdf1 calculations, which manifest stronger
neutron excitations across the N =28 gap (between the vf7,,
and vps3,p orbits) than that in SDPF-M. The latter shows a siz-
able deviation over 20% from the literature value, which can be
improved by the interplay of decreasing the N =20 and N =28
shell gaps. This has been verified using the SDPF-M’ interaction,
of which the N =28 gap is reduced by 500 keV with respect to
that of SDPF-M [22]. Due to the increased ps3,; occupancy, the
ground-state g factor of SDPF-M’ (0.478) agrees better with the
experimental data, and the state becomes an intruder state with
55% contribution from 2p2h excitations. It is interesting to note
that in EEdf1 the 4; state is also an intruder state, dominated by
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2p2h (~ 70%) configurations. The corresponding quadrupole mo-
ment is thus significantly larger than that of either SDPF-U-MIX or
SDPF-M. To fully identify the configuration of the ground state and
to constrain different theoretical calculations, it is of great interest
to measure this quadrupole moment in a dedicated experiment in
the future.

Finally, the level schemes from those shell-model calculations
are compared. The calculated results below 1 MeV are summa-
rized in Fig. 4, together with the experimental data taken from
[43,56]. For a discussion like this, one can not forget that an un-
certainty of a few hundred keV on the calculated energy levels of
complex odd-odd nuclei like 34Al is to be expected for any of the
interactions. As such, the overall agreement between theory and
experiment is quite limited. Nevertheless, a few interesting con-
clusions can be drawn. The excitation energies calculated using
SDPF-U-MIX are taken from Ref. [43]. In order to match the relative
energy splitting between 4~ and 17, positive-parity levels were
shifted downwards systematically by 453 keV. Since the excitation
energy of the intruder 17 state is very sensitive to the size of the
N =20 gap, it again points towards an overestimated N = 20 shell
gap at Z = 13, as inferred from the 33Al quadrupole moment. The
levels calculated by SDPF-M are taken from Ref. [22]. Note that the
calculation was performed using the Monte Carlo Shell Model [57]
without restrictions on the amount of particle-hole excitations. In
this case, the 17 state is naturally given as an isomer. However, the
interaction predicts a 5~ ground state, while the 4~ state is 20 keV
above. As suggested by Ref. [22], reducing the N = 28 shell gap
(as SDPF-M’) is applicable to reproduce correctly the ground-state
spin. Generally EEdf1 seems to behave the worst: the lowest 17
state does not correspond to the 11 isomer, and the experimental
ground state 4~ is given around 400 keV higher. Considering the
calculated g factors or quadrupole moments for the lowest 4~ and
second 17 states reasonably agree with the available experimental
data, the wave functions given by EEdf1 seem to be correct. The
discrepancy in excitation energies might arise from the choice of
single-particle energies. For instance, if the single-particle energies
above N =20 are too low, 3p3h excitations will be overwhelming
in the lowest 17 state. Further investigation is required to improve
its predictive power on excitation energies for odd-odd nuclei.

In conclusion, the properties of the Al isotopes are quite sensi-
tive to the N =20 and N = 28 shell gaps in each interaction. As
not every isotope and observable is sensitive to the same effects,
measurements on a wide variety of properties in the region is nec-
essary to assess the available theories as well as to offer clues for
their improvements.

In summary, the g factor and quadrupole moment of 34mAl
have been measured using the B8-NMR/NQR techniques at GANIL
with an estimated isomeric production rate of less than 300 ions/s.
The Larmor frequency of 34MAl was observed within the range
2010+ 15 kHz in a 1501(5)sys-gauss static field, yielding |g(3*™Al)|

within 1.757 + 0.014. The quadrupole coupling constant of 34mAl
was deduced at vgq = 627(83) kHz in a «-Al;03 crystal, which
corresponds to |Qs(3*mAl)| = 38(5) mb. The newly measured g
factor of 34MAl is close to that of 32Al, which can be attributed
to very similar orbital occupations of the odd proton and neutron.
This, together with the comparison with empirical g factors cal-
culated from simple proton-neutron coupling scheme, establishes
firmly the 1p1h nature of the isomer. The quadrupole moment of
34mAl increases about 50% in amplitude with respect to that of
321, evidencing the enhanced deformation due to the particle-hole
excitation across N = 20.

The experimental data was compared to large-scale shell-model
calculations using several effective interactions. SDPF-M and SDPF-
U-MIX well reproduce the measured moments, while in the EEdf1
calculations it is rather the second 1% state which seems to cor-
respond to the observed isomer. This comparison corroborates a
wave function dominated by 1p1h configurations in the isomer,
and excludes a large admixture with 3p3h configurations. Together
with the moments of 32-34Al and the energy levels of 34Al, the
status of these interactions at the boundary of the island of inver-
sion is reviewed.
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