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Abstract
Unambiguous values of the spin and magnetic moment of 31Mg are obtained by combining the

results of a hyperfine-structure measurement and a β-NMR measurement, both performed with

an optically polarized ion beam. With a measured nuclear g factor and spin I = 1/2, the magnetic

moment µ(31Mg) = −0.88355(15)µN is deduced. A revised level scheme of 31Mg (Z = 12, N = 19)

with ground state spin/parity Iπ = 1/2+ is presented, revealing the coexistence of 1p-1h and

2p-2h intruder states below 500 keV. Advanced shell-model calculations and the Nilsson model

suggest that the Iπ = 1/2+ ground state is a strongly prolate deformed intruder state. This result

plays a key role for the understanding of nuclear structure changes due to the disappearance of

the N = 20 shell gap in neutron-rich nuclei.
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Since Mayer and Jensen established the concept of shell structure in atomic nuclei, magic

nucleon numbers have played a decisive role in describing the nuclear system [1]. About a

quarter century later, the discovery of the anomalous ground state properties of 31Na [2, 3]

suggested that the magic shell structure can be broken. Shell-model calculations allowing

particle-hole (p-h) excitations across the N = 20 shell gap, proposed that a group of nuclei

with deformed ground states appears between Z = 10−12 and N = 20−22. Because the p-h

excited intruder states come lower in energy than the normal shell-model states, this region

has been called the “island of inversion” [4]. In fact, β-decay experiments [5, 6], intermediate

energy Coulomb excitation [7] and in-beam γ-ray spectroscopy [8] confirmed the deformation

of the even-even nuclei 30Ne, 32Mg and 34Mg. Moment measurements revealed that also the

ground state of the N = 19 nucleus 30Na has an anomalous deformation [9] linked to this

normal-intruder inversion [10]. The following questions arise thus: where is the boundary

between the normal sd-shell nuclei and nuclei having an intruder ground state, and does it

clearly exist at all? This general intriguing question about how widely nuclei with intruder

ground states are spread and in what manner they become normal has not been answered,

either experimentally or theoretically.

It has been suggested that the N = 20 shell gap is changing from one nucleus to another

[11, 12] due to changes in the proton-neutron interaction. The boundary of the island of

inversion can thus be shifted or smeared out, and intruder ground states might appear

outside the earlier defined boundaries. Since the size of the shell gap is related to the single-

particle energies [determined mainly by the monopole part of the nucleon-nucleon (NN)

interaction], the mapping of the boundary is linked to one of the most basic and unanswered

questions in present day nuclear structure physics: the microscopic mechanism to determine

the monopole part of the NN -interaction.

We present in this Letter a measurement of the ground state spin and magnetic moment

of the exotic even-odd nucleus 31Mg (Z = 12, N = 19). The earlier observed anomalous

lifetime and the branching intensities in its β decay have never been explained [5, 13],

although the high level density suggested the presence of intruder states at low excitation

energy [14]. However, unambiguous spin/parity assignments are needed in order to establish

the coexistence of normal sd-shell states with 1p-1h and 2p-2h intruder states. In addition

to the ground state spin and parity, the magnetic moment value and sign provides direct
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information on the odd-neutron configuration.

The spin and magnetic moment of 31Mg are measured by combining the results from

two experimental techniques, based on the atomic hyperfine-structure and on the nuclear

interaction with external magnetic fields. Both methods rely on an optically polarized beam

of 31Mg+ ions which are implanted into a crystal, where the angular asymmetry in the

β decay is detected. The experiments were performed at ISOLDE-CERN at the online

collinear laser spectroscopy setup [15–17]. The 31Mg beam was produced by bombarding

a thick UC2 target with 1.4 GeV protons (1.2 × 1013/s on average) from the CERN PS-

Booster. 31Mg was selectively laser ionized with the resonance ionization laser ion source

[18]. The ions were accelerated to 60 keV, and a mass separated 31Mg+ beam with a typical

intensity of 1.5×105 ions/s (and less than 5% contamination from surface-ionized 31Na) was

guided to the collinear laser spectroscopy setup. The β-decay half-life was measured to be

in agreement with the earlier published value of 250(30) ms [5].

The Mg+ ions are polarized through optical Zeeman pumping with a circularly polarized

laser beam propagating along the ion beam. The polarization axis parallel to the laser beam

is maintained by a weak magnetic guiding field over the interaction zone. Via the hyperfine

interaction and adiabatic decoupling of the electron and nuclear spins, the resonantly induced

electron polarization is partly transferred to the nucleus. The laser wavelength was set to

the Doppler-shifted resonance value for the D2 line (3s 2S1/2 ↔ 3p 2P3/2; 35760.88 cm−1).

About 15 mW of UV power (λ ≈ 280 nm) was obtained from an external-cavity frequency

doubling ring, coupled to the output of a cw dye laser (Pyrromethene 556) which was

pumped by an Ar+ laser. By varying the velocity of the ions, applying a tunable high

voltage to the interaction zone, the hyperfine-structure was scanned. The optically induced

resonances are observed through the asymmetry in the β decay of the polarized 31Mg nuclei,

after implantation into a MgO single crystal placed in a transverse magnetic field B. The

coincidence counts from two β telescopes (consisting each of two thin plastic scintillators),

placed at 0◦ and 180◦ with respect to the magnetic field, allowed the normalized β-decay

asymmetry [N(0◦) − N(180◦)]/[N(0◦) + N(180◦)] to be deduced.

In Figs. 1(a) and 1(b) the β-decay asymmetry is shown as a function of the scanned ac-

celeration voltage, for left-handed (σ−) and right-handed (σ+) polarized laser light. Apart

from the sign changes in the resonance amplitudes, which depend on details of the optical

pumping and decoupling process as explained in [9], the line positions are easily understood
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as arising from the different hyperfine-structure components F of the atomic ground and

excited states [Fig. 1(c)]. E.g., the splitting between the electronic J = 1/2 ground state

levels equals ∆ν(x) = A(x)[I(x) + 1/2] and depends on the nuclear spin I. The hyperfine

constant A(x) depends on the nuclear g factor and the isotope independent magnetic hyper-

fine field He [15], A(x) = g(x)µNHe/J . To simulate the line positions, the hyperfine fields

induced by the 2S1/2 and 2P3/2 electron states need to be known. These have been deduced

from hyperfine-structure data on the stable isotope 25Mg, reported from an optical pumping

laser-rf double resonance experiment in a Penning trap [19]. The essential number is the

3s 2S1/2 magnetic hyperfine-structure constant Ags(
25Mg) = −596.254376(54) MHz. Know-

ing the spin I = 5/2 and magnetic moment µ = −0.85545(8)µN of 25Mg [20], the hyperfine

constants for 31Mg can be deduced with the nuclear g factor as a parameter. Assuming

the measured g factor (as described below) with a negative or a positive sign, this results

in Ags(
31Mg) = ±3079.4(8) MHz. For a nuclear spin I = 1/2 this gives the line positions

as shown in Figs. 1(d) and 1(e). The good agreement of Fig. 1(d) with the observed line

splitting clearly decides for the ground state spin I = 1/2 and a negative g factor. Any other

spin assumption would involve a much larger splitting, as shown in Fig. 1(f) for the example

of I = 3/2. The spin I = 1/2 is also manifest in the feature that only three resonances are

detected in the hyperfine-structure scans. Now the adopted nuclear g factor remains to be

confirmed by a nuclear magnetic resonance (NMR) measurement.

Maximum polarization of the 31Mg beam is obtained for σ+ light, with the Doppler-tuning

voltage fixed to the resonance value of the (12) transition defined in Fig. 1(d). This is used

for a NMR measurement on 31Mg implanted into MgO. Resonant destruction of the nuclear

polarization is induced by a rf magnetic field at the Larmor frequency νL = gµNB/h.

The resonance is recorded by measuring the β asymmetry as a function of the applied

rf frequency, as shown in Fig. 2. In total, ten measurements have been performed for

different rf powers, and a statistical average over the resonance positions was taken to

obtain the Larmor frequency νL(31Mg) = 3859.73(18) kHz. To calibrate the magnetic field,

we measured the NMR spectrum for a polarized 8Li beam implanted in the same MgO

crystal: νL(8Li) = 1807.03(2) kHz. From both Larmor frequencies, and using g(8Li) =

0.826780(9) [20], the absolute value of the 31Mg g factor is deduced. This value needs

to be corrected for diamagnetic shielding, using the numbers from Raghavan’s table [20],
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resulting in |g(31Mg)| = 1.7671(3). The error accounts for a possible 5 ×10−5 magnetic field

drift over the 48 h period between the measurements and a similar uncertainty due to a

possible difference in the beam positions on the crystal. This value, with a negative sign,

gives the hyperfine-structure simulation of Fig. 1(d), confirming not only that the ground

state spin of 31Mg is I = 1/2, but also that the magnetic moment is negative, namely

µ(31Mg) = −0.88355(15) µN . The sign and magnetic moment value confirm the positive

parity assigned to this I = 1/2 level (see further).

Earlier β-decay experiments already assigned a positive parity to the ground state and

most of the low-lying states, based on the fact that they are fed via the β decay from the

positive parity 31Na ground state [14]. One level at 461 keV was observed only via the

β-delayed neutron decay of 32Na (N = 21) and therefore assigned a negative parity. No firm

spin assignments could be made. Now, with our ground state spin/parity Iπ(31Mg)=1/2+,

we can make tentative spin/parity assignments to the first excited states of 31Mg (Fig. 3)

using the multipolarity assignments made by Klotz et al. [14]. The negative parity level

at 461 keV is most likely the Iπ=7/2− (1p-1h) intruder state, confirmed recently from a

lifetime measurement on the 240 keV γ-decay [21]. Further, the earlier observed hindered β

decay to the ground state of 31Al [14], known to have Iπ=5/2+ [22], can also be understood.

A new measurement of the 31Mg β decay has revealed an even weaker ground state feeding

[23], as expected for a second forbidden 1/2+ to 5/2+ transition.

The level scheme is compared to recent shell-model calculations in Fig. 3. First we compare

to a calculation performed with the USD interaction, where protons and neutrons are in

the positive parity sd shell only [13]. The lowest 1/2+ state is in this case predicted around

2.5 MeV above the normal 3/2+ ground state (labelled 0p-0h in Fig. 3). The complete

disagreement with the observed high level density below 500 keV, including both positive

and negative parity states, suggests the need to include neutron excitations into the negative

parity pf shell [14]. Such calculations in the sd−pf model space have been performed using

two approaches.

With the ANTOINE shell-model code [12], using the interaction described in [24], calcu-

lations are performed in the full sd − pf space. Intruder states are calculated by blocking,

respectively, one or two neutrons in the pf shell (1p-1h, 2p-2h in Fig. 3), resulting in low-

lying positive and negative parity states below 1 MeV. While the 1p-1h intruder states are
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predicted to occur well below the 2p-2h states (contrary to the experimental situation),

these calculations do predict the correct ordering within each doublet (1/2+ below 3/2+

and 3/2− below 7/2−). The calculated magnetic moment (using free-nucleon g factors) of

the pure 2p-2h 1/2+ intruder state is in rather good agreement with the observed value

(µ = −0.84 µN compared to µexp = −0.88355 µN), suggesting that the wave function of the

observed ground state is close to a pure 2p-2h intruder. The lowest 1/2− state lies around

1.5 MeV and has a positive magnetic moment µ = +1.54 µN .

Another set of calculations, including mixing between normal and intruder np-nh configu-

rations has been performed with the Monte Carlo shell model (MCSM) [25] in the sd−p3/2f7/2

space (“mixed np-nh” in Fig. 3). The interaction for this model space is described in [26]

and was used to describe a variety of nuclei, many of which have intruder dominant low-

lying states [10, 26, 27]. While these mixed calculations reproduce better the high level

density below 500 keV, they also can not reproduce the correct ordering of the intruder

levels. The magnetic moment for the 1/2+ level (µ = −0.66 µN), dominated by more than

90% of 2p-2h intruder configurations, shows a less good agreement with experiment than for

the pure 2p-2h state calculated with the interaction from [24]. This shows the sensitivity of

the magnetic moment to small changes in the configuration, due to differences in the model

space and single-particle energies.

The fact that the pure intruder calculations with the interaction from Ref. [24] predict

the correct ordering within each doublet and reproduce better the magnetic moment than

the calculations with the interaction from [26] may guide us to improve the interactions,

particularly in their monopole and/or spin-isospin parts. The spacing between the 1p-1h

and 2p-2h states is closely related to the N = 20 sd − pf shell gap. The reduction of

this gap from 40Ca down to 32Mg is different for the sd − pf interaction (from 7.5 to 5.3

MeV) and the sd − p3/2f7/2 interaction (from 6 to 4 MeV). The better agreement of the

MCSM calculations with the high experimental level density is an indication that indeed

the shell gap is strongly reduced in the Mg isotopes. Such a reduced gap creates extensive

particle-hole excitations from the sd shell to the pf shell, making 31Mg rather soft against

deformation and inducing a near-degeneracy of 1p-1h and 2p-2h states. In fact, in a Nilsson

model picture, the [200]1/2+ Nilsson orbit is occupied by the last neutron of 31Mg for

a large prolate deformation (β ∼ +0.4). Thus, the present firm spin value suggests a

strong prolate deformation of the 31Mg ground state. This is confirmed by the shell-model
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calculations, where the quadrupole moment of the mixed np-nh and the pure 2p-2h states

are calculated to be respectively Q(3/2+)= –13.6 e fm2 and –14.6 e fm2 and with transition

moments B(E2; 3/2+ → 1/2+) = 85 and 87 e2 fm4. These E2 quantities are consistent with

a prolate deformed K = 1/2 band having an intrinsic quadrupole moment Q0 ∼ 65 fm2 and

deformation β ∼ +0.44.

In conclusion, we determined the spin/parity of the 31Mg ground state as Iπ=1/2+ and

present an updated level scheme with tentative spin/parity assignments to the lowest ex-

cited states. Calculations using the most recent shell-model interactions for the sd − pf

shell can not reproduce the experimentally observed level ordering, but they predict the

observed coexistence of 1p-1h and 2p-2h intruder configurations at low excitation energy.

A comparison of the experimental magnetic moment with the calculations for pure intruder

and mixed wave functions suggests that the observed 1/2+ ground state is a nearly pure

2p-2h intruder state, which in a Nilsson model approach is related to the strongly deformed

[200]1/2+ level.

The spin/parity assignments made in this work, together with the static moments of this

and other odd-A nuclei, are thus providing a key element for further investigating the shell

gap evolution in this region of the nuclear chart.
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FIG. 1: (a),(b) Hyperfine spectra of σ+/σ− optically polarized 31Mg+ ions, observed via the

asymmetry in the nuclear β decay after implantation into MgO. (c) Hyperfine structure in the

transition 3s 2S1/2 → 3p 2P3/2 (D2 line) assuming a nuclear spin I = 1/2. (d)–(f) Simulated

spectra assuming I = 1/2 or I = 3/2, using the absolute g factor measured by NMR. The allowed

transitions are labelled by the total angular momenta F of the ground- and excited-state hyperfine

levels.
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