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Abstract. Ground-state properties of neutron-rich 2°*' Mg have been recently measured at ISOLDE/CERN
in the context of shell structure far from stability. By combining the results of S-NMR and hyperfine-
structure measurements unambiguous values of the nuclear spin and magnetic moment of 3*Mg are ob-
tained. I™ = 1/27 and u = —0.88355(15) ux can be explained only by an intruder ground state with
at least 2p-2h excitations, revealing the weakening of the N = 20 shell gap in this nucleus. This result
plays an important role in the understanding of the mechanism and boundaries of the so called “island of

inversion”.

PACS. 21.10.Hw Spin, parity, and isobaric spin — 21.10.Ky Electromagnetic moments — 27.30.+t 20 <

A < 38 - 32.10.Fn Fine and hyperfine structure

1 Introduction

With the advent of radioactive beam facilities the num-
ber of nuclei available for study became much larger than
about 300 stable nuclei investigated before. Among the
ways of gaining insight into this vast variety of nuclear sys-
tems, one is to study their ground-state properties. One of
the regions of special interest is the “island of inversion”,
comprising highly deformed neutron-rich nuclei with 10 to
12 protons and about 20 neutrons. The large deformation
in this region was first suggested after mass measurement
of 31 Na [1] and has been since then observed also by other
methods in some neighbouring nuclei, such as 3°Ne [2],
30Na [3] or *2Mg [2,4]. The shell model interprets this be-
haviour as a sign of weakening, or even disappearance of
the N = 20 shell gap between the sd and fp shells. Due
to this, particle-hole excitations come very low in energy
and even become the ground state, giving rise to the in-
version of classical shell model levels, thus the name of the
region. The exact borders of this “island” are not known.
0Odd-A neutron-rich radioactive Mg isotopes lie on its on-
set, or probably even inside it. Their nuclear moments are
not known and only the spin of 2Mg has been firmly as-
signed [4], and the spins of 31:33Mg have been assigned ten-
tatively [5,6] (table 1). It is therefore important to study
these systems.
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Table 1. Ground-state properties of 2231:33Mg (before our
measurements).

Isotope Half-life Nuclear spin-parity
Mg 1.3s 3/2%

31Mg 230ms  (3/2)*

33Mg 90 ms (3/2)*

2 Experimental procedure and tests

The beams of interest are produced at the ISOLDE mass
separator at CERN via nuclear fragmentation reactions in
the UC, target by a 1.4 GeV pulsed proton beam (about
3x10'3 /s protons per pulse, every 2.4 seconds). They are
next ionised by stepwise excitation in the resonance ioni-
sation laser ion source [7], accelerated to 60 kV and guided
to the collinear laser spectroscopy setup [8], where laser
and S-NMR spectroscopy are performed (fig. 1). The typ-
ical ion intensities available are 6.5 x 10%, 1.5 x 10°, and
8.9 x 103 ions/s of 29Mg™, 3IMg*, and 33Mg™, respec-
tively. In the experimental setup the ions are polarised,
implanted into a crystal lattice and the angular asymme-
try of their S-decay is detected [9].

The polarisation is obtained via optical pumping
(see [3]). For this purpose the ions are overlapped with
circularly polarised cw laser light and their total spins
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Fig. 1. Experimental setup for laser and S-NMR spectroscopy on Mg ions. For the measurements, either the optical detection

or the B-NMR is used.
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Fig. 2. Optical pumping of ' Mg with an assumed spin I =
1/2 and a negative magnetic moment. The process is shown for
F =1 — F’ = 2 transitions with positive and negative laser
light polarisation, which populate different mr sublevels.

(electron and nuclear) get polarised due to the interaction
with the light in presence of a weak longitudinal magnetic
field. When positive laser polarisation is chosen (o), af-
ter several excitation-decay cycles the ground-state sub-
level with highest mp (projection of the total atomic spin
F in the direction of the guiding magnetic field) is mostly
populated. For 0~ the population is highest for the low-
est mp = —F (fig. 2). The electric and nuclear spins are
next rotated in a gradually increasing guiding field and
adiabatically decoupled (fig. 3) before the ions enter the
region of a high transversal magnetic field (0.3 T), where
they are implanted into a suitable host crystal. With po-
larised spins the [-decay is anisotropic and the angular
asymmetry of the emitted (-particles can be measured in
two detectors, placed at 0 and 180 degrees with respect to
the magnetic field. The hyperfine structure of the ions can
be observed in the change of this asymmetry as a function
of the Doppler-tuned optical excitation frequency.

For the purpose of S-NMR measurements [9,10], the
frequency is tuned to the strongest hyperfine component
and the polarisation is destroyed by transitions between
different nuclear Zeeman levels caused by irradiation with
a tunable radio frequency. In a cubic host crystal the
nuclear magnetic resonance takes place when the radio
frequency corresponds to the Larmor frequency (vr) of
the implanted nucleus. This frequency allows the deter-
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Fig. 3. Behaviour of the ground-state hyperfine structure of
31Mg for weak and strong magnetic field (I =1/2 and negative
u assumed).
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Fig. 4. B-decay asymmetry as a function of the laser power.

mination of the nuclear g-factor, since v;, = gunB/h
(with B as the external magnetic field). A precise g-factor
measurement requires high asymmetries and narrow reso-
nances. Both the linewidth and amplitude of the observed
resonance can depend strongly on the used implantation
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Fig. 5. Measured hyperfine structure of 3*Mg D; and D lines for 67 and ¢~ polarised light. The experimental count rate
asymmetry is shown as a function of the Doppler tuning voltage.

crystal. Three cubic crystals were tested. At room temper-
ature MgO turned out to be superior to metal hosts (it
gave up to 6.7% asymmetry, compared to 3.1% for Pt and
1.8% for Au, all values taken for 3' Mg, with the linewidths
comparable for all three crystals) and was therefore used
for further measurements.

3 Hyperfine structure and g-factor of 3'Mg

The transitions suitable for optical pumping of Mg ions are
the excitations from the ground state to the two lowest-
lying excited states, 3s 2,5'1/2 — 3p 2P1/2 and 3p 2P3/2
(Dy and D lines). The wavelength (280nm) is in the ul-
traviolet range. For better efficiency (about 5%) an exter-
nal cavity was used to frequency double the 560 nm output
of a ring dye laser (Pyrromethene 556 as active medium),
which was in turn pumped by a multiline Ar* laser. The
UV powers obtained in this way (about 15 mW) suffice to
saturate the transitions (fig. 4). With this setup the hy-
perfine structure of 3'Mg for both lines was recorded for
ot and o~ polarised light (fig. 5). The structures reveal
1/2 as the most probable nuclear spin, since this is the
only case which can reproduce the observed three hyper-
fine components for both D; and D, lines, as shown in
fig. 6. For all other spins (e.g., 3/2, 7/2) there should be

D2 line | | G+ D1 line | |
I | I
G-
) |
0->1 1>2 1>1 0>1 1>1 1->0

Fig. 6. Predicted hyperfine structure of >*Mg D; and D lines
for I = 1/2 and a negative magnetic moment.

4 components in the D line (fully resolved) and 6 in the
D5 line (at least partly resolved).

The positive and negative resonances in fig. 5 reflect
the sign of polarisation achieved by optical pumping on
the different hyperfine-structure components for which
only one example is shown in fig. 2. For a quantitative
explanation one has to take into account also the decay
from the excited state to the other ground-state level (with
F = 0 in the case of fig. 2). The distribution of popula-
tion over the different |F, mp) levels can be calculated [3]
by solving rate equations including the relative transition
probabilities for the excitations |F,mp) — |F/,mp’) and
subsequent decays |F’',mp’) — |F,mp). Figure 3 shows
the rearrangement of electronic and nuclear spins by the
adiabatic decoupling which occurs while the ions enter
the strong-magnetic-field region. Apparently, the effect of
o7 and o~ optical pumping is asymmetric in the final
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population of |m s, my) levels reached in the Paschen-Back
regime. Only the distribution over the nuclear Zeeman lev-
els my is responsible for the S-asymmetry signals observed
in the spectra. These are different in amplitude and only
partly in sign under reversal of the polarization from o™
to o~ light.

After hyperfine structure scans, the acceleration volt-
age is fixed to the hyperfine component giving largest
asymmetry (6.7% for Dy line with o%) and S-NMR
measurements follow. Several resonances in a cubic
MgO lattice give the Larmor frequency vp(3'Mg) =
3859.72(13) kHz. For the calibration of the magnetic field
(within 48 hours of taking the data for *'Mg) a search
for Larmor resonances in the same crystal was performed
on optically polarised ®Li with the g-factor g(8Li) =
0.826780(9) [11]. This nucleus is available from the same
ISOLDE target and requires changes in the optical pump-
ing laser system (excitation wavelength around 670 nm),
as well as minor modifications to the setup. The refer-
ence Larmor frequency is v, (8Li) = 1807.03(2) kHz. From
the above, the deduced absolute value of the g-factor of
3IMg is |g(®*Mg)| = 1.7671(2) (corrected for diamag-
netism) [12]. The final error includes a systematic un-
certainty accounting for the inhomogeneities of the mag-
netic field and its drift between the measurements on 3'Mg
and 8Li.

4 Nuclear magnetic moment and spin of 3'Mg

The hyperfine splitting depends both on the nuclear spin
and the g-factor, e.g. the splitting between the ground-
state hyperfine components of >'Mg (the electronic spin
J = 1/2) equals Av = A(I 4+ 1/2), with the hyper-
fine constant A = gH./J. Based on the measured g-
factor and the hyperfine splitting one can thus determine
the spin and the absolute value of the magnetic moment
(= glun) of 3'Mg. A reference measurement on a differ-
ent Mg isotope with a known g-factor is also required, in
order to calibrate for the magnetic field created by elec-
trons at the site of the nucleus (H.). Av can be then
expressed as Av = Ayer/grer - (I + 1/2). For this pur-
pose stable 2’Mg was chosen and was studied by means
of classical collinear laser spectroscopy with the optical
detection method (fig. 1). To verify if our measurements
are performed in the correct way, we scanned the hy-
perfine structure of this isotope in the D; line (fig. 7).
The measured hyperfine-structure constant for the ground
state Ags(**Mg) = —596.4(3) MHz is in excellent agree-
ment with the accurate value quoted in the literature
—596.254376(54) MHz [13]. This value, together with the
known magnetic moment p = —0.34218(3) ux and spin
I = 5/2 [11] of ®Mg, as well as the measured value of
the ground state splitting of 3'Mg Av = 3070(50) MHz,
reveals the spin I = 1/2 for 3'Mg. This was expected from
the number of hyperfine-structure components. From the
positions of the resonances also the sign of the magnetic
moment can be deduced (@ < 0). The negative value of
the magnetic moment implies furthermore a positive par-
ity of this state. It follows both from the earlier 5-decay

The European Physical Journal A

9000+

*Mg, D, line
8000

7000+

photon counts

6000

5000

T T T T T T T T T T T T T T
280 300 320 340 360 380 400
Doppler tuning voltage (V)

——
260

Fig. 7. Hyperfine structure of *>Mg™ recorded by detecting
the photons emitted during the relaxation of the ions in the
optical detection part of the setup.

studies [5], as well as from the large-scale shell model cal-
culations presented in Neyens et al. [12]. Calculations with
different interactions, both in the sd and in the extended
sd-pf model spaces, predict a positive magnetic moment
for the lowest 1/27 state. Thus, our observed negative sign
excludes the negative-parity option, in agreement with the
assignment based on the (-decay. Therefore we conclude
that u(*'Mg) = —0.88355(10) uy and I™(*'Mg) = 1/2%.

Shell model calculations in the sd model space using
the USD interaction [14] predict the lowest I = 1/2F
level only at 2.5 MeV excitation energy. More advanced
large-scale shell model calculations, including excitations
of neutrons into the pf-shell, and using the interactions as
described in [15] and in [16], both predict the 1/2% level
below 500keV and with a magnetic moment close to our
observed value [12]. The wave function of this 1/2% state
consists mainly of intruder configurations, which places
this nucleus inside the “island of inversion”.

This unambiguous spin-parity measurement allowed us
also to make tentative assignments to the lowest-lying ex-
cited states in 3'Mg [12].

Similar measurements have also been performed for
29Mg. They include the nuclear g-factor and the ground-
state spin I = 3/2, which is well described in the sd shell
model. This measurement places the ground state of 22Mg
outside the “island of inversion”. Study of shorter-lived
33Mg is planned for the future.
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