First Spectroscopy of the Near Drip-line Nucleus ‘Mg
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One of the most exotic light neutron-rich nuclei currently accessible for experimental study is
4°Mg, which lies at the intersection of the nucleon magic number N=28 and the neutron drip-line.
Low-lying excited states of “°Mg have been studied for the first time following a one-proton removal
reaction from ' Al, performed at RIBF RIKEN with the DALI2 ~-ray array and the Zero-Degree
spectrometer. Two ~-ray transitions were observed, suggesting an excitation spectrum which shows
unexpected properties compared to both the systematics along the Z=12, N>20 Mg isotopes and
available state-of-the-art theoretical model predictions. A possible explanation for the observed
structure involves weak-binding effects in the low-lying excitation spectrum.

The effect of weak-binding on nuclear structure, decay,
and reactions is an open question in nuclear physics. On
the neutron-rich side of stability, as the neutron separa-
tion energy approaches zero, weakly bound neutrons in
the single-particle levels at the Fermi surface approach
the edge of the nuclear potential and may move outside
the core of well-bound nucleons and possibly couple to
unbound continuum states. The nature of this transition
from a “closed” to an “open” quantum system [1], where
the binding is dominated by correlations rather than the
mean field, has only just begun to be explored, and our
understanding of weak-binding effects and coupling to
the continuum is, in many ways, nascent.

The unexpectedly strong B(F1) strength to the first
excited state in 'Be [2] and the strikingly large root-
mean-square matter radius in 'Li [3] were among the
first observations suggestive of a physically extended
wavefunction, now interpreted as a one-neutron 25} /2

halo in 'Be [4] and a two-neutron halo dominated by a
25@2 and 1p? , admixture in the case of '*Li [4, 5]. Since
these initial observations, more than ten nuclei have been
identified as having such one- or two-neutron halo struc-
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tures associated with low ¢ orbitals (¢=0,1) at the Fermi
surface (for a complete discussion see the review articles
of Refs. [4, 6, 7]).

The magnesium isotopes offer an opportunity to ex-
perimentally study the transition from well-bound to
weakly-bound nuclei and its influence on excited states,
which may in turn reflect the correlations at the limits
of stability. While knowledge is limited in the heaviest
Mg isotopes, an overall consistent picture of the struc-
ture along Z=12 has emerged between N=20 and N=28.
32Mg sits at the center of the Island of Inversion [8, 9] and
is understood as a prolate-deformed rotor in its ground
state. Moving towards the more neutron-rich isotopes,
the available spectroscopic data indicate that the Mg iso-
topes are prolate deformed, with assigned 2% and 4%
energies consistent with quantum rotors out to 3*Mg
(N=26), and with properties well reproduced by large-
scale shell model calculations [10, 11]. A measurement
of the inclusive two-proton knockout cross-section from
42Gi to 4OMg [12] suggests that the trend for prolate de-
formation persists to 4°Mg, which was first observed as a
bound system in 2007 [13]. The neighboring odd-A 3°Mg
was confirmed as unbound, indicating the ubiquitous role
of pairing correlations. The lighter odd-A 3"Mg is very
weakly bound and has been observed to have a neutron
(2p3/2) halo component in its ground state [14, 15].

4OMg represents a particularly intriguing case for
study. Theoretical expectations and experimental sys-
tematics suggest “°Mg to be a well-deformed prolate ro-



tor as well, similar to 363¥Mg. However, the occupation
of the relatively weakly-bound 2p3/, neutron orbital near
the Fermi surface may add a new degree of freedom not
found in the lighter Mg isotopes. Specifically, the cou-
pling of weakly bound valence neutrons to a deformed
core can modify the low-energy excitation spectrum, in
a manner dependent on the nature and strength of the
coupling of the core and valence 2p3 /> neutrons.

In this Letter, we present the first v-ray spectroscopic
information of “°Mg. We discuss the observed -ray tran-
sitions in the context of the systematics along the magne-
sium isotopes, and the potential manifestation of weak-
binding effects in this exotic system.

The experiment was carried out at the Radioactive
Isotope Beam Factory (RIBF), operated by the RIKEN
Nishina Center and the Center for Nuclear Study of
the University of Tokyo. A primary beam of *®Ca,
with an average intensity of 450 pnA and an energy of
345 MeV /u, was fragmented on a 2.8 g/cm? rotating Be
production target, producing a secondary cocktail beam
centered on 4'Al, which was selected in the first stage
of the BigRIPS fragment separator [16]. Beam purifica-
tion was achieved using the two-stage Bp — AE — Bp
method [16], by applying a total of three magnetic rigid-
ity selections with a 8 mm thick Al wedge degrader for en-
ergy loss located at the first momentum dispersive image,
and a 5 mm thick Al wedge located at the second mo-
mentum dispersive image. The momentum acceptance
for the separator was set to the maximum value of 6%.

Isotopes transported through BigRIPS to the sec-
ondary target location, in front of the ZeroDegree Spec-
trometer (ZeroDegree) [17], were identified event-by-
event based on the Bp — AE—TOF method [18], with
AFE measured at the final focus using the multi-sampling
ionization chamber [19]. The average secondary beam
rate for 4'Al was 4 pps. The secondary beam cocktail
delivered to the target position is shown in Fig. 1(a).
The secondary beams were incident upon a polyethy-
lene (plastic) target with thickness 3.82 g/cm? placed
at the focal plane in front of the ZeroDegree, which was
tuned to center °Mg reaction residues, and operated at
the maximum momentum acceptance of 6%. Particles
in the ZeroDegree were also identified on an event-by-
event basis with the Bp — AE—TOF method. All frag-
ments were unambiguously identified with clear separa-
tion between neighboring isotopes in A/Q and Z for the
incoming beam and for reaction residues identified in the
ZeroDegree as shown in Fig. 1(b).

Prompt 7 rays depopulating excited states in “°Mg and
other reaction residues were detected in the DALI2 spec-
trometer [20], consisting of 186 large-volume Nal(T1) de-
tectors surrounding the secondary target. < rays emit-
ted from the fast moving nuclei (v/c¢ & 0.6) experienced
a large Doppler shift, and their energies were corrected
event-by-event based on the reaction-product velocity
and angle of emission of the v ray. The Doppler cor-
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FIG. 1: (color online) Particle identification for (a) the incom-
ing beam components as identified in the beam line detectors
of BigRIPS and (b) the reaction residues following interac-
tion of incoming **Al with the secondary target, as identi-
fied by the beam line detectors of the ZeroDegree. The *' Al
secondary beam is highlighted in panel (a); *°Mg reaction
residues are highlighted in panel (b).

rection was optimized using the known energy of the
27 —07 transition in *Mg [10, 21], and included an effec-
tive center-of-target offset of 2.2 c¢m, in agreement with
the physical mid-target position.

The top and center panels of Fig. 2 show the prompt
~-ray spectrum observed in the DALI2 array in coinci-
dence with incoming 4°Al beam particles identified in
BigRIPS and with Mg and 3®Mg reaction products,
respectively, detected in the ZeroDegree. 36Mg was pro-
duced from a -1p3n knockout/evaporation reaction and
38Mg from a -1pln knockout/evaporation. The observed
transitions, at 659(6) keV and 1319(21) keV in Mg and
635(3) MeV and 1326(14) MeV in 38Mg, agree with the
previously reported transitions [10, 21] assigned to the
27 =07 and 47 —2] decays, respectively. The spectra
were fit between 300 keV and 3 MeV to determine the
transition energies and intensities using the DALI2 re-
sponse modeled in GEANT4 [22] (red dashed curves), and
a double exponential decay (dotted blue line) used to
model the smooth background. Below 300 keV the spec-



trum is dominated by atomic background induced by ions
transversing the thick target; this region was not included
in the fitting range. Energies were determined from the
minimum x? as a function of energy [23]. The observed
agreement confirms both the optimization of the Doppler
correction parameters and the effective target thickness
used in the analysis.
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FIG. 2: (color online) Top panel: Spectrum of the prompt
~-ray transitions associated with 3*Mg, populated in -1p3n
removal from “°Al. Middle panel: Prompt 4-ray spectrum
associated with Mg, populated in -1p1ln removal from *°Al.
Bottom panel: Prompt y-ray spectrum associated with “°Mg,
populated in -1p removal from *'Al.  All spectra include
nearest-neighbor addback and are restricted to 7-ray mul-
tiplicity < 3. Spectra were fit using the DALI2 response
modeled in GEANT4 (red dashed curves) and a double ex-
ponential decay (dotted blue line) used to model the smooth
background; the solid black line represents the total fit.

The bottom panel of Fig. 2 (c¢) shows the spectrum of
7 rays detected in DALI2 for an incoming ! Al beam and
40Mg detected in the ZeroDegree. As for 36:38Mg, peak
energies and intensities were obtained by fitting with sim-
ulated DALI2 peak shapes from GEANT4 to model the
detector response and reaction kinematics, superposed on
a fixed double-exponential background. In this case, due
to the low statistics, the background shape was obtained
as the average of the backgrounds obtained for 36-38Mg

(scaled to the number of reactions) and the freely fit back-
ground function. Two prominent low-energy peaks are
observed at 500(14) and 670(16) keV, revealing a spec-
trum for “°Mg that is very different when compared to
those of 3%Mg and 38Mg. The peaks deviate from ex-
pected statistical fluctuations in the background by 9.3¢0
and 4.10 respectively. In other words, there is a less than
0.002% probability that the 670 keV peak results from
background fluctuations. The structure below 300 keV is
consistent within statistical fluctuations with the shape
of the expected atomic background.

The «-ray intensities were obtained by applying an ab-
solute efficiency correction for the DALI2 array deter-
mined using the GEANT4 simulation benchmarked to -
ray calibration sources. After correction, the 500(14) keV
peak was measured to have 74(15)stq:(9)sys counts, ap-
proximately 2.5 times the intensity of the 670(16) keV
peak (30(10)s1q:(5)sys counts). Based on its stronger
population, the 500(14) keV transition is tentatively as-
signed as the 2] —07, first excited-state to ground-state
decay. The 670(16) keV transition then corresponds to
the decay of a higher-energy state. However, it is unclear
due to the limited statistics of the measurement whether
the 500 and 670 keV transitions are in coincidence, with
the higher-lying state feeding the 2?.

In the scenario that the two transitions are
in coincidence and form a cascade, approximately
19(7)stat(3)sys% of the cross-section populates a state
at 1170(21) keV, while 29(12)5:4:(7)sys% populates the
2 state directly, with the remaining cross-section likely
going to the 01+ ground-state. If the two transitions
are not in coincidence, then the state decaying via
the 670(16) keV transition takes 19(7)stqr(3)sys% of the
cross-section, with 48(10)s:q¢(6)sys% going to the 27
state and the remaining to the ground-state. The nature
of this unexpected second transition and the low-lying
state it depopulates are discussed in detail below.

We first consider the 2] state in **Mg. As shown in
Fig. 3, shell-model calculations using the SDPF-MU [24]
and SDPF-U [11] interactions predict a flat trend in
E(2]) and E(4]) all the way to 4°Mg, after decreasing
slightly from the higher excitation energies at 32Mg. The
trend for similarly deformed ground states from *2Mg out
to 4°Mg is consistently obtained in many other calcula-
tions [25-28] and overall these calculations agree very
well with the known data up to 33Mg. The trend pre-
dicted within the shell-model for a 2] energy in the
range of 650-700 keV for “°Mg is in contrast with the
E(2]) observed in the current work, where the energy
of 500(14) keV shows a ~20% decrease relative to **Mg.
Recognizing that relative changes in energy are perhaps
a more robust prediction than the absolute values, it is
important to note that the decrease in the 27 energy
at °Mg and the overall trend along the Mg isotopes
is not reproduced in any currently published calcula-



tion [11, 24-28].
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FIG. 3: (color online) Known experimental E(2]) (filled

symbols) and E(4]) (open symbols) energies for **Mg and
38Mg [10, 21]. Also included is the E(2}) for *°Mg inferred
here (filled star). The open star indicates the energy of the
second excited state in “°Mg under the assumption that the
two observed 4-ray transitions form a cascade (see text for
details). The data are compared to shell-model calculations
using the SDPF-MU [24] and SDPF-U-MIX [11] effective in-
teractions.

The observation of a second low-energy transition at
670(16) keV in “°Mg, and hence a likely second state be-
low 1.2 MeV, is even further outside of current model
predictions and experimental systematics. Based on the
trend of final states populated in the one-proton removal
reactions into 36:3¥Mg, one would expect to populate (if
bound) the 47 state at about 2 MeV and to observe a
de-populating v-ray transition to the 2f state at approx-
imately 1.3 MeV. No calculation predicts a 4f state only
670 keV above the 2f state giving a very low 4/, ratio
of only 2.34.

Alternatively, shell model and mean-field calculations
predict “°Mg to have a coexisting oblate-deformed con-
figuration at relatively low excitation energy, with a 03
oblate state at >1.5 MeV excitation energy, though in
most calculations it is well above 2 MeV. It is possi-
ble that the 670 keV transition could be associated with
states in the oblate configuration. This scenario, how-
ever, is not supported by a previous cross-section analy-
sis, where the inclusive two-proton removal cross-section
from 42Si to Mg was observed to be very small, only
40137 ub [12]. This cross-section was shown to be con-
sistent with only one of the predicted coexisting shapes
being bound — most likely the prolate shape — with the
oblate O; then being above the neutron separation en-
ergy [12].

Another possibility for the second observed state is a
27 level that decays to the 2], which may occur in the
presence of a strong axially-asymmetric deformation. In
this case, the observed level energy ratio E(23)/E(2])

4

would imply a triaxial deformation of y=25.470¢ de-
grees [29], close to the maximum of y=30 degrees. Once
again, this is outside the predictions of all published cal-
culations, which describe the nucleus as dominated by
axially-symmetric quadrupole deformation and prolate-
oblate shape coexistence with little mixing. We note
that, for v ~ 25 degrees, the decay from the 2 directly
to the ground state is expected to have a similar transi-
tion strength as the 25 —27 transition, leading to a y-ray
transition at 1170(21) keV with 5(2) counts in our spec-
trum, which cannot be ruled out within the experimental
uncertainties.

It is clear that the observed spectrum of Mg does
not follow the systematics expected from either data, or
predicted by theory, including the large-scale shell-model
calculations which have proven so successful in describing
both the lighter Mg isotopes and the heavier N=28 iso-
tones (42Si and 4*S). However, °Mg is near the limits of
binding with a model-extrapolated one-neutron separa-
tion energy (S,) value of 2.0(7) MeV [30] and, according
to Nilsson and shell model calculations [11, 31], likely has
two neutrons in the low-£¢ 2p3/, orbital at the Fermi sur-
face, giving rise to the potential for an extended neutron
wavefunction. In this case, we may consider ‘Mg as a
deformed 3*Mg, surrounded by an extended two-neutron
p-wave halo, a picture consistent with recent Hartree-
Fock-Bogolyubov calculations [32]. It is of interest then
to ask the question: might the observed 7-ray spectrum
and breakdown of systematics at “°Mg be the result of
weak-binding effects not captured in the current calcula-
tions?

We consider two simplified scenarios to describe the
coupling of the weakly-bound 2p3,» neutrons to the core.
The first assumes that it is possible to generate 2% ex-
citations from the core rotation and by recoupling the
valence neutrons to a pg , 27 configuration, and that
these two degrees of freedom are weakly coupled. If the
energy required to recouple the valence neutrons is of or-
der the core 2% energy, then the resultant two 27 states
can be highly mixed, giving rise to two low-energy tran-
sitions, as observed, where both 21 levels directly feed
the ground state. In fact, a simple volume scaling [33] of
the two-body matrix element for the 27 V2p§ /2 configu-
ration on top of 3°Ca (~1 MeV) results in a 2p§/2neutron
2 energy of ~550 keV for “°Mg, close to the core E,y.
Alternatively, if the 2p3 /5 neutrons follow the core defor-
mation, as suggested in Ref. [32], then it is possible to
generate a paired rotational band based on the ground
state (with properties similar to 3¥Mg) and an aligned ro-
tational band, where the angular momenta of the 2ps /o
neutrons (j=2) are aligned to the rotational core angu-
lar momentum due to the Coriolis force [34]. Since it is
possible that the reduced spatial overlap between the ex-
tended v2p3 /5 halo with the core will weaken the pair cor-
relations, consistent with the description of HFB calcu-



lations [32], the excitation energy of the aligned band in
40Mg will be lowered relative to that expected for >*Mg.
In this scenario, a pairing gap of ~500 keV will result in
a 27 state from the aligned band close to the 2] of the
ground-state band, a similar picture to the one above.
It is also worth noting that in either description we also
expect a lowered 4f state, which if bound could be pop-
ulated. However, based on the relative population of the
2 and 4 state in the proton removal reactions into
36.38Mg [10] and the present statistics, it is not clear that
we would expect to see the associated -ray transition(s).

The above qualitative discussions indicate that weak-
binding effects could produce a spectrum of excited states
consistent with that observed in *°Mg, and would signal
a departure from the structural characteristics of well-
bound nuclei. However, more fully microscopic models
taking into account extended wavefunctions and coupling
to the continuum, such as those adopted in Ref. [28, 35]
for example, are required to provide a quantitative de-
scription and to fully explore the impacts of weak binding
on the collective and single-particle excitation modes.

In summary, y-ray transitions have been observed in
40Mg for the first time in a one-proton removal reaction
from *'Al, studied at RIBF RIKEN, using the ZeroDe-
gree and DALI2. The observed spectrum, with two tran-
sitions at 500(14) and 670(16) keV, is strikingly different
from the neighboring 3¢**Mg. The tentatively assigned
27 —07 transition at 500(14) keV is 20% below that in
38Mg, a trend which is outside of shell-model and other
state-of-the-art theoretical predictions. The second ~-
ray transition is even more puzzling. While most models
would favor this transition as associated with a coexisting
configuration (shape), there are currently no model pre-
dictions for a second low-lying (below ~1.5 MeV) state
in 4°Mg consistent with our observation. However, given
that 4°Mg is very near the neutron dripline, and the low-
¢ v2ps /o orbital sits at the Fermi surface, the observed
spectrum may be an indication for the manifestation of
weak-binding effects. We have speculated on possible sce-
narios, but more detailed calculations are required for the
structure of **Mg and other weakly-bound systems which
may become accessible in the future, as next generation
radioactive beam facilities come on-line.
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