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Cross sections of 1n-removal reactions from the neutron-rich nucleus 37Mg on C and Pb targets and the

parallel momentum distributions of the 37Mg residues from the C target have been measured at

240 MeV=nucleon. A combined analysis of these distinct nuclear- and Coulomb-dominated reaction

data shows that the 37Mg ground state has a small 1n separation energy of 0.22þ0.12
−0.09 MeV and an

appreciable p-wave neutron single-particle strength. These results confirm that 37Mg lies near the edge of

the “island of inversion” and has a sizable p-wave neutron halo component, the heaviest such system

identified to date.

DOI: 10.1103/PhysRevLett.112.242501 PACS numbers: 24.50.+g, 21.10.Jx, 25.60.Gc

Nuclear halo formation is an important feature of nuclei

with extreme neutron to proton number asymmetry near the

limits of nuclear stability [1–5]. The halo, a dilute neutron

cloud of large radius, has a small spatial overlap with a core

of more tightly bound nucleons [6–8]. Necessary condi-

tions for halo formation are that one or two valence

neutrons have (a) weak binding, with typical separation

energies Sn < 1 MeV, which are significantly lower than

the more conventional 8 MeV, and (b) low orbital angular

momenta, l ¼ 0 or 1 [2]. The reactions of nuclei with such

spatially extended halo distributions lead to several inter-

esting phenomena such as soft E1 excitations [9], narrow

momentum distributions of the core fragments following

dissociation, reflecting low Fermi momenta of the halo

neutron(s) [5,7,8], and large reaction cross sections [5,6].

Very recently, the formation of halo configurations was

also found to be strongly correlated with other aspects of

the structure of neutron-rich nuclei, such as shell evolution

and the presence of deformation [10,11]. Formation of such

halo components, with their low kinetic energy content,

may impart added stability, affecting the location of the drip

line, the limit of binding in neutron-rich nuclei [11].

Despite this significance of halo features for nuclear

structure studies, the experimental difficulties in accessing

the extremes of neutron-rich nuclei have restricted the

confirmed neutron-halo cases to the light neutron-rich

sector of the nuclear chart, namely, in p- and sd-shell
nuclei with N < 20. The notable exception is the recently

confirmed 1n-halo nature of 31Ne [10–12]. The 31Ne

ground state was shown to have a p-wave halo component,

built upon the 30Neð0þ1 Þ core [11], with about 30% of a

single-particle strength, very different from the lighter,

more conventional 1n-halo nuclei with their dominant

s-wave configurations [5,9]. This deduced 31Ne structure

was strongly suggestive of the presence of deformation

[11], the halo formation being driven by the nuclear Jahn-

Teller effect due to the near degeneracy of the ν1f7=2 and

ν2p3=2 orbitals [13–15]. However, the role of such interplay

between shell evolution, deformation, and halo formation

remains an open question for heavier near-drip-line nuclei.

Here we consider 37Mg.

Almost no experimental information is available for
37Mg (Z ¼ 12, N ¼ 25), the most neutron-rich bound

odd-mass Mg isotope and member of the N ¼ 25 isotonic

chain, beyond its first identification [16]. Neither its half-

life, ground state (37Mgg:s) spin parity, nor its mass have

been measured; although mass systematics suggest that it is

very weakly bound Sn ¼ 0.16ð68Þ MeV, albeit with a

relatively large uncertainty [17]. Thus 37Mg is a candidate

for a 1n-halo system that is heavier than 31Ne [10–12]. This

Letter reports evidence of such a neutron halo component

in 37Mg. In the conventional, spherical shell model, the
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37Mgg:s. would have Jπ ¼ 7=2−, the least bound neutron

occupying the 1f7=2 orbital, and the resulting high

centrifugal barrier would then suppress halo formation.

So, evidence for the existence of halolike structure would

imply significant modifications to this shell structure and

the likely presence of deformation.
37Mg is also important in understanding how the feature

of the island of inversion (IoI) evolves from N ¼ 20 to

N ¼ 28. A nucleus in the IoI is characterized by significant

components of 2ℏω, 2p − 2h [νðsdÞ−2ðfpÞþ2] neutron

intruder configurations and thus is deformed [18]. The

well-established picture of the IoI around 34Mg (N ¼ 22)

[19,20], where 2ℏω configurations are dominant in the

ground state, may change towards N ¼ 28. 36Mg was

recently confirmed to be within the IoI, but with reduced

2ℏω contributions [21], suggesting a transitional behavior

of the neighboring 37Mg nucleus. A recent in-beam γ-ray

experiment on 38Mg, however, confirmed that 38Mg is as

well deformed as 34;36Mg [22], suggesting a more constant

structural behavior towards N ¼ 28. Hence, the evolution

of IoI features toward N ¼ 28 is of importance, and

investigation of the odd-A nucleus 37Mg gives greater

sensitivity and insight into the active single-particle states.

The present work addresses this spectroscopy of

neutron-rich nuclei near the edge of the IoI. Specifically,

the halo, shell, and deformation properties of 37Mgg:s. are

deduced by using Coulomb- and nuclear-dominated 1n-
removal reactions at energies around 240 MeV=nucleon,
exploiting their distinctive sensitivities to the asymptotic

wave function of the active single-particle states [9,23,24].

Hence, as demonstrated in the recent work on 31Ne [11], a

combined analysis of data for these reactions allows one

to extract Sn, J
π , and the spectroscopic factor C2S of the

h36Mgð0þ1 Þj
37Mgg:si overlap.

The experiment was performed at the RI Beam Factory

(RIBF) [25] at RIKEN. The Superconducting Ring

Cyclotron supplied a 48Ca primary beam at 345 MeV=
nucleon with the beam intensity ≈100 pnA. The 37Mg

secondary beam, produced by projectile fragmentation at a

15-mm-thick rotating Be target, had typical intensity of

6 pps and a momentum spread (ΔP=P) of�3%. Each 37Mg

particle was identified according to the magnetic rigidity

(Bρ), time of flight (TOF), and energy loss (ΔE) obtained
by the standard detectors of the fragment separator

BigRIPS [26,27]. The midtarget energies of the 1n-removal

reactions were 244 MeV=nucleon for the Pb target

(3.37 g=cm2) and 240 MeV=nucleon for the C target

(2.54 g=cm2). The 36Mg residues produced were identified

by their Bρ, TOF, and ΔE measured with the Zero Degree

Spectrometer [26,27]. In addition, the γ-ray detector array

DALI2 [22,28] was installed, surrounding the reaction

target, to detect γ rays emitted from those 36Mg residues

populated in excited states.

The first row of Table I shows the inclusive 1n-removal

cross sections on C [σ−1nðCÞ], on Pb [σ−1nðPbÞ], and the

estimated Coulomb breakup contribution [σ−1nðE1Þ] on the
Pb target. The latter is obtained by subtracting a nuclear

contribution, estimated by scaling the σ−1nðCÞ value [10,11].
The large deduced σ−1nðE1Þ value of about 0.5 b, compa-

rable to that for established 1n-halo systems such as 19C and
31Ne [10], is indicative of a soft E1 excitation and 1n-halo
component in 37Mg.

To examine this neutron halo component quantitatively,

the inclusive cross section σ−1n is resolved into partial cross

sections feeding the 36Mgð0þ1 Þ and bound excited states

(36Mg�) using the γ rays measured in coincidence with

the 36Mg residues. Figure 1 shows these Doppler-shift-

corrected γ-ray coincidence spectra for the C and Pb

targets. A peak near 660 keV is observed, corresponding

to the known 2þ1 → 0þ1 transition [21,22]. For the C target

[Fig. 1(a)], we also see the hint of a second peak near

1400 keV that can be assigned to the recently observed

4þ1 → 2þ1 transition [22]. By fixing these energies to the

known values 662 and 1370 keV [22], the γ-ray spectrum

on the C target is fitted with the detector response function

for these transitions, obtained from a GEANT4 simulation,

plus an assumed exponentially decreasing background.

This is shown in Fig. 1(a). For the Pb target [Fig. 1(b)],

only the 662-keV transition is evident. Table I also presents

the deduced partial cross sections for direct feeding of

the 36Mgð0þ1 Þ for the C and Pb targets, now denoted

TABLE I. Measured 1n-removal cross sections of 37Mg on C

[σ−1nðCÞ] and Pb [σ−1nðPbÞ] and the extracted Coulomb breakup

contribution on Pb [σ−1nðE1Þ]. The three rows show the inclusive

1n-removal cross sections, the partial cross sections for excited

states decaying via the 662-keV γ ray, and the partial cross

sections for direct feeding of the 36Mgð0þ1 Þ.

Reaction

σ−1nðCÞ
[mb]

σ−1nðPbÞ
[mb]

σ−1nðE1Þ
[mb]

(37Mg, 36Mg)

(inclusive)

80(4) 660(40) 490(50)

(37Mg, 36Mg�) 42(7) 130(50) 40(60)

[37Mg, 36Mgð0þ1 Þ] 38(8) 530(60) 450(80)

0

20

40

60

500 1000 1500

(a) C(
37

Mg,
36

Mg γ)

E
γ
 (keV)

0

10

20

500 1000 1500

(b) Pb(
37

Mg,
36

Mg γ)

E
γ
 (keV)

C
o
u
n
ts

/ 
4
0
 k

eV

FIG. 1 (color online). Measured γ-ray spectra in coincidence

with 36Mg residues following 1n removal from 37Mg on C (a) and

Pb (b) targets. The solid red lines show the fits to the spectra

based on the simulated detector response functions (dotted red

lines) and exponential backgrounds (dashed red lines).
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σ−1nðC; 0
þ
1 Þ and σ−1nðPb; 0

þ
1 Þ, respectively, obtained by

subtracting the values for the 2þ1 → 0þ1 transition, of the

second row, from the inclusive cross sections. The partial

cross section feeding 36Mgð0þ1 Þ due to Coulomb breakup,

σ−1nðE1; 0
þ
1 Þ, is obtained similarly.

To assess the characteristics of the valence neutron

removed from 37Mgg:s, we subject these deduced nuclear

and Coulomb breakup partial cross sections σ−1nðC; 0
þ
1 Þ

and σ−1nðE1; 0
þ
1 Þ to a combined analysis [11]. We inter-

rogate both the ground state to ground state Sn and C2S
by taking the ratios of the experimental and calculated

cross sections. For the C target and each assumed Sn, an
empirical spectroscopic factor C2Sð0þ1 ; nljÞ for removal

from a given neutron single-particle state is deduced from

the ratio of σ−1nðC; 0
þ
1 Þ to the calculated single-particle

cross section σspðC; nljÞ. These σspðC; nljÞ are computed

by using the eikonal model [23]. Similarly, for the Pb target

data, the ratio of σ−1nðE1; 0
þ
1 Þ to σspðE1; nljÞ is used to

make a second, independent C2Sð0þ1 ; nljÞ assignment,

where the required σspðE1; nljÞ values are obtained by

using the direct Coulomb-breakup model of Ref. [11].

Figure 2 presents these two independently determined

C2S as a function of Sn, assuming neutron removal from

(a) 2s1=2, (b) 2p3=2, (c) 1d3=2, and (d) 1f7=2 orbitals. These
correspond to 37Mgg:sðJ

πÞ of 1=2þ, 3=2−, 3=2þ, and 7=2−,
respectively. The results for 2p1=2, 1d5=2, and 1f5=2 orbitals
are almost identical to those shown in Figs. 2(b), 2(c), and

2(d), respectively. The blue and red areas show the C2S
from the σ−1nðC; 0

þ
1 Þ and the σ−1nðE1; 0

þ
1 Þ analyses, with

their experimental error bands, and so regions of overlap

represent those C2S and Sn consistent with the reaction

models used and the data. Figure 2(d) shows there is no

such overlap for f-wave neutron removal which is thus

excluded. Figure 2(c) shows that any overlap for a d-wave

neutron is at the limits of the error bars on the data sets and

requires a pure d-wave configuration, 36Mgð0þ1 Þ ⊗ 1d3=2,
with C2S ≈ 1 and Sn ≈ 0 MeV. However, such a configu-

ration is not realized in the mass region around 37Mg. The

s- and p-wave cases, on the other hand, have well-defined

regions of overlap. A chi-squared analysis of the 2p3=2

case, of Fig. 2(b), gives the values Sn ¼ 0.22þ0.12
−0.09 MeV and

C2S ¼ 0.42þ0.14
−0.12 . The values for 2p1=2 are essentially

identical. For the s-wave case [Fig. 2(a)], the corresponding
results are Sn ¼ 0.40þ0.19

−0.13 MeV and C2S ¼ 0.40þ0.16
−0.13 .

Thus, from Fig. 2, the most probable 37Mgg:s spin parity

assignments are 3=2−, 1=2−, and 1=2þ, corresponding

to the 36Mgð0þ1 Þ ⊗ 2p3=2,
36Mgð0þ1 Þ ⊗ 2p1=2, and

36Mgð0þ1 Þ ⊗ 2s1=2 configurations, respectively, in the

ground state to ground state overlap. The deduced Sn
values are consistent with the evaluated value 0.16

(68) MeV [17], but with an improved accuracy.

These assessments are also confronted with large-scale

shell model (SM) calculations that employ the sd − pf cross

shell, modified monopole (SDPF-M) SM effective interac-

tion [29]. Additionally, the 2p1=2 orbital is included in the

SM model space to generate a realistic 36Mgð0þ1 Þ ⊗ 2p1=2

configuration and overlap. Table II compares the experi-

mental and theoretical cross sections on the C target when

making the 3=2−, 1=2−, or 1=2þ 37Mgg:s SM assignments.

The theoretical values are computed by using the eikonal

reaction model and the SM C2S values from the

h36MgðJπÞj37Mgg:si overlaps. The calculations include the
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FIG. 2 (color online). The blue and red hatched areas show the

C2S values deduced from the data, as a function of Sn. (a)–(d)
show the results assuming 2s1=2, 2p3=2, 1d3=2, and 1f7=2 neutron
removal, respectively, from 37Mgg:s. The thick black lines in (a)

and (b) represent the deduced region of overlap with a 68%

confidence level.

TABLE II. Experimental inclusive and partial 1n-removal cross

sections on C [σ−1nðCÞ] are compared with eikonal model

calculations [σth
−1nðCÞ] using the SM C2S values for an assumed

3=2−, 1=2−, or 1=2þ 37Mg ground state. The theoretical cross

sections shown for 36Mg� ⊗ 2p, 36Mg� ⊗ 1f, and 36Mg� ⊗ 1d
are the sums of cross sections to all bound excited final states
36Mg� that originate from p-, f-, and d-state neutron SM

configurations in 37Mgg:s.

Configuration σsp (mb) C2S σth
−1nðCÞ (mb) σ−1nðCÞ (mb)

C½37Mgð3=2−Þ; 36Mg�
36Mgð0þ1 Þ ⊗ 2p3=2 89.4 0.31 30.1 38(8)
36Mg� ⊗ 2p � � � 0.47 17.4
36Mg� ⊗ 1f � � � 1.35 23.0

Inclusive 80.6 80(4)

C½37Mgð1=2−Þ; 36Mg�
36Mgð0þ1 Þ ⊗ 2p1=2 88.1 0.20 18.9 38(8)
36Mg� ⊗ 2p � � � 0.44 17.4
36Mg� ⊗ 1f � � � 1.80 28.4

Inclusive 77.6 80(4)

C½37Mgð1=2þÞ; 36Mg�
36Mgð0þ1 Þ ⊗ 2s1=2 95.3 0.001 0.1 38(8)
36Mg� ⊗ 1d � � � 0.85 15.7
36Mg� ⊗ 2p � � � 0.17 5.1
36Mg� ⊗ 1f � � � 1.00 15.4

Inclusive 37.0 80(4)
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predicted bound SM excited states of 36Mg up to the energy

Snð
36MgÞ ¼ 3.33ð49Þ MeV [17]. For the 3=2− case, the

actual SM ground state, the measured inclusive and partial

cross sections are reproduced by the calculations, supporting

this assignment. The partial cross sections for the alternative

1=2− assignment are less well reproduced, but the assign-

ment is not excluded by the SM energy, of 0.28 MeV, or the

final-state inclusive cross section. The 1=2þ ground state

assignment of Fig. 2(a) is very unlikely. The large measured

ground state partial cross section contradicts the SM

calculation that, due to the almost complete occupancy of

the ν2s1=2 orbital in the 36Mg core, suppresses such an

overlap and transition. This lowest 1=2þ state lies at

1.37 MeV above the SM ground state, too high to be

accommodated by reasonable modifications to the SM.

We conclude therefore that the 37Mgg:s has a significant

weakly bound Jπ ¼ 3=2− or 1=2− p-wave halo component

with a 36Mgð0þ1 Þ ⊗ 2pJ configuration.

Figure 3 shows, for the C target, the parallel momentum

distributions of the 36Mg reaction residues, in the rest frame

of the 37Mg projectile, observables that permit further exam-

ination of the orbital angular momentum of the removed

neutron [23]. Figure 3(a) shows the inclusive momentum

distribution and Fig. 3(b) the distribution for events in

coincidence with γ rays with 510 < Eγ < 810 keV, shown

by an arrow in Fig. 1. The latter corresponds to all events

that populate 36Mg� final states. The width of the inclusive

momentum distribution of 82ð13Þ MeV=c, extracted from a

fit with a Lorentzian folded by the experimental resolution,

indicates the importance of low-l orbital components in
37Mgg:s. The measured distributions are compared with the

eikonal model predictions for the p-wave configurations

with Jπ ¼ 3=2− and 1=2−. These are constructed by weight-
ing the individual calculations to each bound SM final state

by itsC2S value. So, Fig. 3(a) includes and Fig. 3(b) excludes
the 36Mgð0þ1 Þ contribution to these sums. The thick (thin)

lines represent the results for the 3=2− (1=2−) SM state. The

total contributions ofp- and f-state neutron removal to these

cross sections are shown by the red dashed and blue dotted

lines, respectively. The sums of all contributions, the black

lines, should be compared to the data where, as above, the

thin lines assume the 1=2− SM state.

The shapes of the experimental distributions are repro-

duced by the calculations for the p-wave configurations. The
distributions reveal the importance of the p-wave neutron

contributions to the h36Mgð0þ1 Þj
37Mgg:si overlap for repro-

ducing the measured data for the 37Mgg:s to 36Mgð0þ1 Þ

transition, at odds with the expectation of the naive spherical

shell model. This indicates a breakdown of the conventional

shell ordering and deformation in 37Mg. The quality of

agreement with the realistic SM calculation supports such a

deformation picture, since the SM 37Mgg:s involves complex

mixing of configurations, as shown in Table II.
The deformation of 37Mg can be understood in terms of

2ℏω intruder configurations in 37Mgg:s (IoI picture).
Figure 4 shows the evolution of the fractions (as percent)
of 0ℏω and 2ℏω configurations in the ground states of the
Mg isotopes, obtained from the SM calculations discussed
above. The figure indicates that 37Mg and 36Mg are located
in the region where the 0ℏω and 2ℏω configurations are
stronglymixed and different from the behavior nearN ¼ 20.
Indeed, it was recently quantified that 36Mgð0þ1 Þ has 38(8)%
of 0ℏω configurations [21]. For 37Mg, the agreement of the
current cross sections and momentum distributions with the
SM results provides evidence for such intruder configura-
tions. Turning off the 2ℏω components in 37Mgg:s would
produce smaller 1n-removal yields due to the blocking of the
decays of these 2ℏω 36Mgð0þ1 Þ components. The existence
of such intruder configurations places 37Mgg:s within but
near the edge of the IoI. We note also that the current SM
calculations predict that the IoI may have a long shore
towards 40Mg (N ¼ 28). To clarify the entire picture along
the isotopic chain, further investigations of the heavier Mg
isotopes will be necessary.
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FIG. 3 (color online). Measured parallel momentum distribu-

tions of 36Mg residues and corresponding theoretical calculations

using the 37Mgð3=2−Þ (thick lines) and 37Mgð1=2−Þ (thin lines)

SM state calculation. (a) includes and (b) excludes the 36Mgð0þ1 Þ
contribution to the inclusive distribution. The red dashed and

blue dotted lines are the individual contributions from p- and
f-wave neutron removal, respectively, and the black solid lines

are the summed distributions.

FIG. 4 (color online). The fractions of 0ℏω (black circles) and

2ℏω (red squares) configurations in the ground states of the

Mg isotopes, as given by the SDPF-M (open symbols) [29] and

SDPF −Mþ p1=2 (solid symbols) large-scale SM calculations.

The latter, used for the current analysis of 37Mg, is more

appropriate for nuclei near N ¼ 28.
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Another perspective on the mechanism driving defor-

mation in 37Mg is provided by the Jahn-Teller effect due to

the near degeneracy of the ν1f7=2 and ν2p3=2 orbitals

[11,13–15,30] and the melting of N ¼ 28 magicity. The

Nilsson diagram for 37Mg (Fig. 5 of Ref. [13]), which

shows this effect, indicates that the least-bound neutron will

occupy the ½321�1=2− state for quadrupole deformations

0.3 ≤ β ≤ 0.6 and that the wave function is a strong

mixture of pf-shell orbitals. Depending on the decoupling

parameter, Jπ is predicted to be 3=2− for 0.30 ≤ β ≤ 0.34

and 1=2− for 0.34 ≤ β ≤ 0.60, which is consistent with

the present results. The near degeneracy of the ν1f7=2
and ν2p3=2 orbitals is thus expected to be correlated

with characteristic behavior of weakly bound low-l

neutron single-particle configurations. This is in contrast

to the (nearly) stable N ¼ 25 isotones, such as 47
22Ti

and 49
24Cr, which are deformed (β ¼ 0.2–0.3) but their

ground state bands correspond to the Nilsson ½312�5=2−

and f7=2 dominant configuration [31] due to a large gap

of N ¼ 28.

In summary, we have presented a combined analysis

of the data from Coulomb- and nuclear-dominated

1n-removal reactions at 240 MeV=nucleon from 37Mg.

An extremely small ground state to ground state separation

energy Sn ¼ 0.22þ0.12
−0.09 MeV and a spectroscopic factor

for p3=2 neutron removal of C2S ¼ 0.42þ0.14
−0.12 are deduced.

The Jπ ¼ 3=2− 37Mg spin assignment is most likely, but

the Jπ ¼ 1=2− assignment is not fully excluded. All of the

results presented are consistent with a picture in which
37Mg is deformed and has a significant (≈ 40%) p-wave
neutron halo component. Furthermore, the results are

consistent with large-scale SM calculations that suggest
37Mgg:s lies within the island of inversion, that is respon-

sible for the deformation, but with a reduced fraction of

2ℏω intruder configurations. The nuclear Jahn-Teller effect,

driven by the fp-orbital degeneracy (melting of N ¼ 28

magicity) in weakly bound nuclei, may also play a role in

the deformation. To complete the picture, halo phenomena

and shell evolution should be investigated towards N ¼ 28

and beyond on the neutron drip line.
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