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Based on the structure input directly from the deformed relativistic Hartree-Bogoliubov theory in continuum
(DRHBc), we fully study reaction observables to search for halo evidence of Mg with the Glauber model. In
this scheme, we evaluate the reaction cross sections of 2°’Mg bombarding a C target at 240 MeV/nucleon and
find that most of the results agree well with the experimental data within 1o uncertainty, especially good for
the case of *’Mg. Our predicted doubling of the cross section change from 3*Mg to *’Mg over that from 3*Mg to
3 Mg is consistent with a halo structure in 3’Mg. Additionally, our calculated narrow longitudinal momentum
distribution of *Mg residues from 3’Mg + '?C breakup agrees well with data and imply a nuclear size much
larger than »Mg. Furthermore, our study shows a dominant p-wave contribution to the longitudinal momentum

distribution, supporting the conclusion that Mg is a p-wave halo nucleus. Our study provides the first unified
description of the halo characteristics of *’Mg from nuclear structure to reaction dynamics.

1. Introduction

An extended spatial distribution of the valence nucleon(s) in exotic
nuclei has the consequence of small nucleon separation energies that
make the system loosely bound [1-8]. In the breakup reactions of such
exotic nuclei bombarding a C target [9,10], an increase of the interac-
tion cross section implies a large radius of a halo nucleus. On the other
hand, for a Pb target, the Coulomb breakup cross sections appear to be
enhanced due to the soft E1 excitation [9,10]. Furthermore, a narrow
momentum distribution of the residues is commonly regarded as direct
evidence for a halo formation. So far, there are about 20 halo nuclei
that have been suggested or confirmed from experiments since the dis-
covery of the first case, !'Li [11], in 1985. Until now, 3’Mg remains the
heaviest halo nucleus identified as a p-wave case since 2014 [12,13].

Previously, the loosely bound valence nucleon(s) significantly occu-
pying a low angular momentum (s or p) orbital is commonly believed to
be the chief mechanism to form a halo. However, this was contradicted
when a small s-wave component of ~ 9% was declared in the halo nu-
cleus 7B [14]. Due to the ambiguity of the structure mechanism and
extremely low production cross sections for the most neutron-rich iso-
topes [15], the search for the next heavier halo nucleus is challenging,
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and needs an effective theoretical tool to suggest candidates. First of all,
the method should appropriately describe the halo nucleus 3’Mg. Re-
cently, the Facility for Rare Isotope Beams is producing isotopes in the
mass region of A > 40 along the neutron drip line up to argon [16], and
the short lifetimes of several exotic nuclei have been measured [17,18],
which may also cast a light on new halo candidates.

We briefly review the previous studies of neutron-rich magnesium
isotopes. The reaction cross sections for 24-3%Mg on a C target at en-
ergies around 240 MeV/nucleon have been measured precisely at the
Radioactive Isotope Beam Factory at RIKEN [13]. Near the neutron drip
line, the sudden enhancement of reaction cross section oy for 3’Mg
has been observed. In Ref. [12], nuclear- and Coulomb-dominated one-
neutron removal cross sections of *’Mg on C and Pb targets were mea-
sured, respectively, together with the inclusive longitudinal momentum
distribution of 3*Mg from 3’Mg on a C target. The results were used to
determine a small one-neutron separation energy (.S,,) of 0.22fg:(1)§ MeV
and provided evidence for a sizable p-wave halo component of >’ Mg as
revealed by a narrow momentum distribution of 3®Mg [12,13].

After 3’Mg was identified as a halo nucleus, some attempts have
been made to reproduce its reaction observables. Combining the double-
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folding model with the antisymmetrized molecular dynamics (AMD)
model, the reaction cross sections for 243°Mg on a C target can be
mostly well reproduced, but are considerably underestimated for the
case of 3’Mg. Even if a tail correction was added to the AMD density by
using the resonating group method (RGM), an underestimation larger
than 50 mb still existed for 37Mg in the AMD-RGM calculations [19].
Using the Glauber model based on the Hartree-Fock-Bogoliubov (HFB)
method with a phenomenological Woods-Saxon potential, Urata et al
could reproduce the reaction cross section for 3’Mg on a C target by
adjusting the parameters of the depth and deformation in the poten-
tial [20]. Nevertheless, the momentum distributions of reaction frag-
ments were not determined in the works mentioned above. Sharma et
al. used two-set of Gaussian functions (GFs) to fit the density from the
deformed relativistic mean field calculation for 3’Mg, and then signifi-
cantly increased its diffuseness parameter so that their results from the
Glauber model with this density as input agree with the experimental
data of reaction cross sections and longitudinal momentum distribu-
tions [21]. As clarified in Refs. [22,23], the GFs are not suitable to
describe the dilute tail part of the densities of exotic nuclei. Therefore,
it is highly desirable that the reaction observables of halo nuclei can
be evaluated via the structure inputs directly from microscopic models,
without other adjustment.

However, a microscopic and self-consistent description of the halo in
37Mg remained a challenge for nuclear structure models over years [19,
24-29]. Only in a recent Letter [30], such a description was achieved
by using the deformed relativistic Hartree-Bogoliubov theory in contin-
uum (DRHBc) [31,32], which has been successful in exploring many
halo nuclei from the structure point of view, such as 7"1°B [14,33],
15.1922¢ [34,35], 3!Ne [22], *Na [36], and *>*Mg [31,32,37,38].

Here, we report the first unified description of the halo characteris-
tics of Mg from nuclear structure to reaction dynamics, by combining
the DRHBc theory with the Glauber model. In Section 2, the theoreti-
cal formalism is briefly presented. Results and discussions are given in
Section 3. Finally, we make a summary in Section 4.

2. Theoretical framework

Details of the DRHBc theory can be found in Refs. [32] and [39].
The starting point is the relativistic Hartree-Bogoliubov (RHB) equation,
which can be solved in a Dirac Woods-Saxon basis [40,41]. Its wave
function has a more reasonable asymptotic behavior compared to that
of the commonly used harmonic oscillator basis and is therefore suitable
for the description of weakly bound nuclei. With the density of the
core nucleus and the wave function of the valence nucleon extracted
from DRHBc theory, reaction observables, ie., reaction cross section
and momentum distribution can be obtained by the Glauber model [42,
43].

The optical theorem [42] is utilized to obtain the reaction cross sec-
tion between a projectile (P) nucleus and a target (T) nucleus, which is
defined as

ou(P+T)= [ =lenn®a, @

where the phase-shift function yp; is given by

i;(PT(b)=—/dr/dr'pP(r)pT(r’)F(b+s—s’). 2

Here p is the density normalized to the mass number of a nucleus,
f p(r)dr = A, b denotes the impact parameter between the projectile
and the target, and s (s’) refers to a two-dimensional coordinate con-
sisting of x and y components of the projectile (target) location relative
to the center-of-mass. The profile function I'(b) can be expressed by the
nucleon-nucleon scattering amplitude f y(q) as,

1
I'(b)=
®) 2mik NN

/ e [ (@)da, ®
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Fig. 1. One-neutron separation energy .S, as a function of mass number A for
magnesium isotopes. Open red circles denote the results of the DRHBc theory.
Experimental data (closed black squares) are taken from AME20 [48].

where kv denotes the nucleon momentum in the two-nucleon center-
of-momentum system, and can be naturally eliminated during the in-
tegration of i ypy. The phase function iypr can be converted to the
integration of the projectile (target) densities pp (py) via the Fourier
transforms,

oo

iypr(b)= / dqqpp(@)f NN (@Dpr(9)To(gb), 4@
0

where ¢ refers to the one-dimensional transferred momentum from the
target to the projectile. In such a way, the projectile (target) densities
pp (pr) can be directly provided by the DRHBc theory.

Another critical reaction observable to judge halo nuclei is the lon-
gitudinal momentum distribution of the valence nucleon and the core
nucleus after one-neutron removal reaction, which is defined as [42],

do’in]e\,/:/ dGTKfI:LX
dP, tdP " 2zh

/de(l_e—UmlNT(bN))/dse—ﬂmlcr(bN—S)X (5)

i ) « 1 .~
/ dz / az'en "1 (1) o= PG )

where P; denotes the /-order Legendre Polynomial as a function of r =
(s,z) and r' = (s', 7).

3. Results and discussions

We adopt the same numerical details as in Ref. [30] for the DRHBc
calculations. It was shown in Ref. [30] that for 3’Mg, the bulk prop-
erties, density distributions, single-particle levels, and particularly the
halo orbital and its components predicted by the different density func-
tionals PC-F1 [44], PC-PK1 [45], NL3* [46], and PK1 [47] are con-
sistent. Here, we only present the main results with the PC-F1 density
functional to be applied in the Glauber model.

The one-neutron separation energies for magnesium isotopes by the
DRHBc theory are displayed in Fig. 1, with available data from the
latest atomic mass evaluation (AME20) [48]. Generally speaking, the
data and the odd-even staggering are reproduced well both in trend
and in magnitude, except for those close to 2Mg due to the island of
inversion related to the quenching of the N =20 shell closure. Detailed
discussion on the discrepancy between the DRHBc description and ex-
perimental data near this region can be found in Ref. [32]. On the
neutron-rich side, the negative .S, of ¥Mg suggests 3’Mg as the last
bound odd-N nucleus in this isotopic chain. Obviously, the small .S,

of 37Mg, 0.24(11) MeV [48] or 0.22J:8‘(1)§ MeV [12], consistent with the
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Fig. 2. (a) Angle-averaged neutron density distribution, (b) the neutron density
distribution along the symmetry axis, and (c) the neutron density distribution
perpendicular to the symmetry axis for **37Mg in the DRHBc calculations.

predicted 0.32 MeV from the DRHBc theory [30], is one of the signals
for a one-neutron halo in this nucleus.

We plot neutron density profiles of 3*-37Mg in Fig. 2, which are the
input for the Glauber model. The neutron density distributions along
(0 =0°) and perpendicular to (0 = 90°) the symmetry axis are respec-
tively exhibited in Figs. 2(b) and 2(c), where 6 represents the angle of
deviation from the symmetry axis. In Fig. 1 of Ref. [30], the neutron
densities are shown in the xz plane with z being the symmetry axis.
Hence, Figs. 2(b) and 2(c) here correspond to the neutron density distri-
butions along the central vertical (z axis) and horizontal (x axis) lines in
Fig. 1 of Ref. [30], respectively. To examine the overall evolution trend,
we average the neutron densities in different directions and obtain the
angle-averaged results depicted in Fig. 2(a). The angle-averaged neu-
tron density of 3’ Mg extends far from the center of the nucleus with a
long and dilute tail, supporting its neutron halo structure. By comparing
Figs. 2(b) and 2(c), one can realize that the halo is formed mainly along
the symmetry axis, which indicates that the shape of the halo is pro-
late, the same as the core with f, = 0.46 [30]. This implies that ¥’ Mg
is a deformed halo nucleus without the quadrupole shape decoupling
as predicted in 42"“‘Mg [31,32]. The neutron root-mean-square (rms)
radii calculated from neutron densities are respectively 3.60, 3.66, and
3.77 fm for 3 Mg, 3®Mg, and 3"Mg. The neutron halo of 3’Mg is further
supported by the remarkable increment of the neutron rms radius from
36Mg to 3’Mg, which is nearly twice that from 3*Mg to 3°Mg.

While the density distributions are not readily measurable, they can
serve as inputs for the Glauber model to calculate the reaction observ-
ables which can then be directly compared with measured data. We
calculate the reaction cross sections oy of 20-3’Mg bombarding a C tar-
get at 240 MeV/nucleon by Eq. (1). The results (open red circles) are
plotted in Fig. 3, together with the AMD/AMD-RGM calculations (blue
open/closed squares) and compared with available data (closed cir-
cles) [13]. Since the difference between reaction and interaction cross
sections for inelastic reactions is negligible at 240 MeV/nucleon [13],
here we do not distinguish them. It can be seen that most of our pre-
dictions are in satisfactory agreement with the experimental data within
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Fig. 3. Reaction cross sections o, of 2°*’Mg bombarding a C target at
240 MeV/nucleon. Open red circles stand for our predictions with the Glauber
model with inputs from the DRHBc theory. Open/closed blue squares stand for
the results from the AMD/AMD-RGM approach [19]. Experimental data (closed
black circles) are taken from Ref. [13] for comparison.

lo uncertainty, showing the validity of the DRHBc + Glauber approach.
In particular, without any artificial adjustment or introducing free pa-
rameters, the large reaction cross section of the halo nucleus *’Mg on
a C target is reproduced, demonstrating the advantage of our approach
over previous works [13,19-21]. Hence, this is the first time to success-
fully describe the reaction cross section of 3’Mg on a C target starting
purely from microscopic structure inputs.

One can also find in Fig. 3 that a kink at 3'Mg is not reproduced
and the reaction cross sections for 3!-3*Mg are underestimated by the
DRHBc + Glauber approach. This is related to the fact that the mean-
field descriptions [49-51] can hardly reproduce the large deformations
of the magnesium isotopes located in the island of inversion near
N =20. From the measured B(E?2 : OT — 2?) values, the extracted de-

formations for 303234 Mg are respectively §, = 0.42, 0.50, and 0.55 [52].
However, the ground-state deformations for 3%-3*Mg are respectively
p, =0.00, -0.08, 0.00, 0.16, and 0.25 from the present DRHBc calcula-
tions and are f, =0.29, 0.44, 0.40, 0.44, and 0.35 predicted by the AMD
model [19]. Although both the DRHBc and the AMD approaches fail
to exactly reproduce the experimental values, the larger deformations
in the AMD model lead to larger reaction cross sections, reproducing
better the measured results for 3'-3*Mg. The deformation increases sig-
nificantly from g, = 0.29 of 0Mg to p, =0.44 of 3IMg in the AMD
calculations, which might be responsible for the kink of the reaction
cross section at 3! Mg, but this is not the case in the DRHBc calculations.

As another visualized quantity, the longitudinal momentum distri-
butions for 3*3°Mg residues after one-neutron removal from 3337Mg
bombarding a C target at 240 MeV/nucleon are calculated by Eq. (5)
with a Lorentzian folded with the same experimental resolution
31 MeV/c as that used in Ref. [53]. Our predictions are displayed in
Fig. 4 and compared with the experimental data [12]. The momentum
distribution for 3®Mg residues shows a narrow peak shape, and agrees
well with the measured data [12]. It can be clearly seen from Fig. 4
that the contribution (red dashed line) from p wave dominates, while
the contribution (blue dashed-dotted line) from f wave widens the mo-
mentum distribution for the breakup reaction of 3’Mg on a C target.
As listed in Table I of Ref. [30], the main components of the weakly
bound orbital occupied by the halo neutron are 38% for 2p;/,, 19%
for 2p3 5, 6% for 1fs5,,, and 32% for 1f;,,. The narrower momentum
distribution can be explained by the larger p-wave components in the
DRHBc calculations [30], which is comparable to the ~ 40% p-wave
occupancy suggested in Ref. [12]. Since the momentum resolution for
34Mg residues after the breakup reaction of 3>Mg on !2C is not available
from experiment, we adopt the same value as that in the calculations
for 3°Mg. We can see from Fig. 4 that the calculated momentum distri-
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Fig. 4. Inclusive longitudinal momentum distributions of 3*3¢Mg residues after
one-neutron removal reaction of >>3’Mg bombarding a C target at 240 MeV/nu-
cleon. The black solid/dashed line refers to the predictions for *Mg/3*Mg with
the DRHBc + Glauber approach. The red dashed line and blue dash-dotted
line denote the individual contributions to the results for **Mg from p- and f-
wave neutron removal, respectively. Experimental data for the *’Mg reaction
are taken from Ref. [12].

bution for *Mg residues is much flatter than that for 3*Mg residues, in
agreement with the Heisenberg uncertainty principle. Quantitatively,
the peak value of the momentum distribution for 3Mg residues is 3.69
times larger than that for 3*Mg residues, and the extracted full widths at
half maximum (FWHM) are approximately 132 MeV/c and 207 MeV/c,
respectively. These differences are due to only ~ 10% p-wave compo-
nents of the valence neutron in 3>Mg and its tightly bound (non-halo)
structure. The FWHM of our predictions before convolution is 82 MeV/c
(130 MeV/c) for 3°Mg (>*Mg) residues, which is consistent with 82(13)
MeV/c obtained in Ref. [12]. Therefore, the narrow momentum distri-
bution observed in the one-neutron removal reaction of 3’Mg as direct
evidence for its halo structure can be well reproduced by the DRHBc
+ Glauber approach and therefore well explained by our microscopic
nuclear structure framework.

4. Summary

In this paper, we have given the first unified description of the halo
nucleus 3’Mg from the microscopic structure to reaction observables.
Firstly, one-neutron separation energies of 20-3’Mg and the extended
neutron density distribution of 3’Mg are well described by the DRHBc
theory. Secondly, the density of the core nucleus and the wave func-
tion of the valence nucleon from the DRHBc theory are adopted as
microscopic inputs for the Glauber reaction model to study the reac-
tion observables of neutron-rich magnesium isotopes on C targets with
240 MeV/nucleon beams.

Most of the calculated reaction cross sections are in satisfactory
agreement with the experimental data within 1o uncertainty. In par-
ticular, the large reaction cross section for the 3’Mg reaction is well
reproduced without any adjustment. The slope of the reaction cross sec-
tions from 3°Mg to 3"Mg are significantly enhanced by a factor of two
compared to that from 3*Mg to Mg.

We further study the longitudinal momentum distributions of
3436Mg residues after one-neutron removal reaction of 3>3'Mg on C
targets. It turns out that our predicted longitudinal momentum distri-
bution for 3®Mg residues agrees well with measured data, showing a
peak much narrower than its neighbors, in agreement with the Heisen-
berg uncertainty principle. This narrow momentum distribution can be
self-consistently interpreted as being caused by the dominant p-wave
components of the valence neutron. Therefore, for the first time, a uni-
fied description of the halo features of 3’ Mg is achieved from nuclear
structure to reaction dynamics.
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