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Abstract: The impact of the Lipkin-Nogami (LN) method on a giant halo is investigated within
the relativistic continuum Hartree-Bogoliubov (RCHB) theory. The ground-state properties of Ca
isotopes obtained from RCHB and RCHB+LN calculations are presented. The results show that the
LN correction does not change the range of Ca isotopes with a giant halo. Taking 66Ca as an example,
the neutron density distribution with LN correction is found to be slightly more diffused, which can
be illustrated by the enlargement of the root mean square radius and the enhancement of the relative
contribution in neutron 3s; /, level.

Keywords: relativistic continuum Hartree-Bogoliubov theory; Lipkin—-Nogami method; Dirac Woods-
Saxon basis; giant halo

1. Introduction

The study of exotic nuclei with extreme N/Z ratios has become one of the frontiers of
nuclear physics [1-4]. One of the interesting and impressive phenomena in exotic nuclei
is the halo, which was first discovered in ''Li [5] and has been observed in many light
nuclei near drip lines [6]. Experimentally, some unusual properties have been found
in halo nuclei, for example, their abnormally large radii [5], their narrow momentum
distribution in the breakup reaction [7,8], the enhancement of electromagnetic dissociation
cross-sections [9], etc.

In halo nuclei, the weakly-bound valence nucleons could be easily scattered to the
continuum states due to the pairing correlations [10]. Thus, a theory which gives a proper
theoretical description of halo phenomena must properly treat the continuum, the pairing
correlations, the large spatial distributions, and the coupling among them. The rela-
tivistic continuum Hartree-Bogoliubov (RCHB) theory [11] fulfills all these features self-
consistently. It has achieved great success in reproducing and interpreting the halo in
11i [10]. The RCHB theory also predicted the halo nuclei in Zr isotopes with a large
amount of particle numbers in the halo region [12]. This special kind of halo is called
the giant halo. Giant halo phenomena have also been predicted in Ca isotopes [13,14]
within RCHB theory. In addition to RCHB theory, the relativistic mean field-BCS approach
combined with proper treatments of the resonant continuum [15-18], the relativistic [19]
and non-relativistic [20-22] Hartree—Fock-Bogoliubov theory, and the RCHB theory with
the Green'’s function method [23,24] also give the predictions of giant halos.

In RCHB theory, the pairing correlations are treated with Bogoliubov transformation.
However, Bogoliubov transformation breaks the symmetry of the particle number. Thus, it
is necessary to investigate the influence of the particle number symmetry breaking on the
halo and giant halo. Variation after particle number projection method is a rigorous way to
restore the broken symmetry of the particle number [25,26]. However, such calculations
are expected to have a massive computational cost for realistic interactions [26,27]. To
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reduce the time consumption, an approximation to the variation after the particle number
projection method by means of the Lipkin-Nogami (LN) method [28-30] has been widely
used. Up to now, the LN method has been applied in many nuclear studies, such as nuclear
charge distributions [31], abnormal odd-even staggering around '32Sn [32], the properties
of low-lying states [33,34], superdeformed bands [27,35,36], the thermodynamic properties
of nuclei [37], and two-neutrino double beta decay [38].

In this paper, we combine the RCHB theory with the LN method to investigate the
giant halo phenomena in Ca isotopes, especially in ®®Ca. By comparing the RCHB and
RCHB+LN calculations, the impact of the LN correction on giant halos is discussed.

2. Method
2.1. The Relativistic Continuum Hartree—Bogoliubov Theory

The detailed formalism of RCHB theory can be found in Refs. [11,39,40]. The RCHB
theory, assuming the spherical symmetry, solves the relativistic Hartree-Bogoliubov (RHB)
equations [41] in the coordinate space in order to deal with the large density distribution.
Alternatively, one can use a basis with improved asymptotic behavior at large distances [42],
for example, the spherical Dirac Woods—-Saxon (DWS) basis used here. As shown in Ref. [42],
an expansion in the DWS basis is fully equivalent to the calculations in coordinate space. In
fact, the DWS basis has already been used in the deformed relativistic Hartree-Bogoliubov
theory in continuum (DRHBc) [43], which has many applications so far [44-48]. Our
examination shows that the results of RCHB solved in the DWS basis are the same as those
of DRHBc with a spherical shape.

The RHB equations self-consistently treat the mean field and pairing correlations,

hD —-A A uk _ Uk
( —A —hEJr)\) (Vk> a Ek(Vk)' @

where A is the Fermi surface, E is the quasiparticle energy, and (Uy, Vi)T are the quasipar-
ticle wave functions. The Dirac Hamiltonian /ip in coordinate space reads as

hp(r) =a-p+V(r)+ B[M+S(r)], )

with S(r) and V (r) being the scalar and the vector potential, respectively, and where

S(r) = asps + Psps + 5P + 6sBps, 3)
V(r) = avpy + yvpy + SvApy + 12T p0 + ary 1303 + oTV T3APS. 4)

The pairing potential A reads as
A(ry,12) = VPP (11, 12)x(r1,12), (5)

with the density-dependent zero-range pairing force VF?,

VFPP(ry, 1) = %Vo(l —P7)é(r1 —12) (1 - pp(1’1t)> (6)

and the pairing tensor x = V*UT.

2.2. The Lipkin—Nogami Method

The Lipkin-Nogami method [28-30] is an approximation to the variation after particle
number projection. Its detailed formalism and its comparison with the exact projection
method can be found in Ref. [26].
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The application of the LN method to the framework of RHB gives a modification of
the RHB equation, i.e., the RHB+LN equation [27]

(hD —A —_22*2(1 ~2p) e +A+§A2(1 - 2p*)> (g}f) — (B — Ay) (%ﬁ) @)

where A; is given by
Ay — 1 TrpTro[(x*p)d(0x)]
2T T 4 [Tr(ext)]2 = 2Te (et

(®)

with p being the density matrix and ¢ = 1 — p and 0.y = (ab|VFP|cd — dc) being the anti-
symmetrized matrix elements of the pairing force VP?. The trace Tr, means the summation
only runs over the particle-particle channel [25].

After the approximate particle number projection, the total energy reads as [49]

Ein = (H) — A2((AN)?). 9)

Similarly, the physical observables should be calculated with the approximately particle
number projected state. In particular, the LN occupation probabilities in canonical basis are
given by [31,49]

uZoRu?v? (u? — v?) — udvd (uf — vl )u?v?

2(1202)3 + (u202)2 — 61202 utv?t — [1202 (12 — 02))?

(10)

wy = vg + ulv?

withx = Zk>0 X

3. Numerical Details

For the present investigation of Ca isotopes, the spherical RCHB calculations are
adopted. It is noted that in Ref. [50], the DRHBc theory was used to calculate all the even—
even nuclei with 8 < Z < 120, and the authors found that the investigated Ca isotopes
were all spherical. As mentioned above, instead of coordinate space [11], here the RCHB
theory is solved in the DWS basis [42]. This is actually a simplification of the DRHBc theory
with the assumption of spherical symmetry, i.e., the Hamiltonian matrix is expanded in
j-blocks instead of m™-blocks. Based on this, the LN correction is further implemented.

The relativistic density functional PC-PK1 [51] is employed in the particle-hole chan-
nel, and in the particle-particle channel, the density-dependent zero-range pairing force (6)
is adopted, where the pairing strength Vy = —325 MeV - fm® and the saturation density
psat = 0.152 fm~3 together with a pairing window of 100 MeV. The energy cutoff for the
DWS basis in the Fermi sea is EJ; = 300 MeV. The angular momentum cutoff for the DWS
basis is oyt = 23/2 . The number of DWS basis states in the Dirac sea is taken to be the
same as that in the Fermi sea. All these numerical details are well examined in the DRHBc
mass table calculations [50,52-54], where the RHB equation is also solved in a spherical
DWS basis.

In the RCHB+LN calculations, all the numerical details are taken to be the same
as those in the RCHB calculations except the pairing strength, because the LN correc-
tion gives stronger pairing correlations with the same pairing force (cf. Figure 4a,b in
Ref. [27]). Figure 1 shows the odd—even mass differences for Ca isotopes calculated by
RCHB+LN in comparison with those in RCHB calculations, as well as the corresponding
experimental data [55]. It is found that in RCHB+LN calculations, the odd—even mass
differences of most Ca isotopes are overestimated when the pairing strength is chosen to be
Vo = —325 MeV-fm3.  Therefore, the pairing strength was readjusted to
Vo = —300 MeV - fm? in order to reproduce the experimental data.
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Figure 1. The odd-even differences of Ca isotopic chain in the relativistic continuum
Hartree-Bogoliubov+Lipkin—-Nogami (RCHB+LN) calculations versus the mass number for
Vo = —325 MeV - fm? (triangle) and for Vy = —300MeV - fm3 (inverted triangle). The experimental
data [55] (square) and the results in RCHB calculations (circle) are shown for comparison.

4. Results and Discussion

The ground-state properties of even Ca isotopes calculated by RCHB and RCHB+LN
are shown in Figure 2. The results of RCHB+LN with V) = —325 MeV - fm3 are also shown
for comparison. The binding energies per nucleon BE/ A are shown in Figure 2a. It is
found that larger BE/ A are given by including the LN correction, while the trend does
not change. The two-neutron separation energies Sy, are shown in Figure 2b. In RCHB
results, kinks appear at the traditional magic or submagic numbers N = 20, 28, and 40.
With LN correction, all the amplitudes of these kinks become smaller. At N = 50, however,
there seems no kink for both the RCHB and RCHB+LN, indicating the disappearance of
the traditional magic number N = 50 in Ca isotopes. In addition, in the region of N > 40,
the nuclei become weakly-bound, and the Sy, decrease slowly both in the RCHB and
RCHB+LN calculations. Such behavior of Sy, indicates the appearance of giant halos in
the Ca isotopes. Moreover, both the RCHB and the RCHB+LN calculations show the two-
neutron drip line of the Ca isotopic chain at N = 60. The root mean square (rms) neutron
radii in even Ca isotopes are plotted in Figure 2c. The rms radii are nearly unchanged with
the LN correction. In addition, from N = 40, the rms radii gradually deviate from the
empirical rgN'/3 formula as the neutron number increases. This behavior also indicates
the possible existence of the halo or giant halo phenomena.
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Figure 2. (color online) The ground-state properties of even Ca isotopes, including (a) the binding
energies per nucleon BE/A, (b) the two-neutron separation energies Sy,, and (c) the root mean
square neutron radii R, obtained from the RCHB and RCHB+LN calculations. The experimental
results (square) of BE/ A and Sy,,, as well as the empirical formula (dotted line) of Ry, are also shown
for comparison.

Figure 3 shows the neutron density distributions of Ca isotopes derived from RCHB
and RCHB+LN calculations. In the region of N > 40, the neutron density distribution of
Ca isotopes with A > 62 are much more diffused than those of ®2Ca for both the RCHB
and RCHB+LN. Combined with the S,,, and R, results mentioned before, this indicates
that ®*~8Ca are halo nuclei but that ®2Ca is not, and the LN correction does not change the
range of those with halo.
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5 10 0 5 10 15

r [fm]
Figure 3. (color online) The neutron density distributions of even Ca isotopes obtained from
RCHB+LN for (b) Vj = —325 MeV - fm® and (c) Vj = —300 MeV - fm® in comparison with (a)
RCHB results for V = —325 MeV - fm3.

To see the impact of the LN correction more clearly, as in Refs. [13,14], we take %6Ca
as an example. Figure 4 shows its single-neutron levels in canonical basis around the
Fermi surface, where the results of the RCHB with Vy = —325 MeV - fm3, RCHB+LN
with Vy = —325 MeV - fm3, and RCHB+LN with V; = —300 MeV - fm? are plotted in the
three panels, respectively. Comparison between these three calculations shows that the LN
correction only slightly changes the energies and the occupation probabilities of the levels.
For example, the energy and the occupation probability of the neutron 2d3/, level with the
largest difference are 2.05 MeV and 6.2% for the RCHB with Vy = —325 MeV - fm3, 1.96
MeV and 7.0% for the RCHB+LN with Vj = —325 MeV - fm?, and 1.87 MeV and 5.2% for
the RCHB+LN with V = —300 MeV - fm?, respectively.
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Figure 4. (color online) The single-neutron levels around the Fermi surface in the canonical basis for
66Ca versus the occupation probability (v? for RCHB and w for RCHB+LN) obtained from RCHB+LN
for (b) Vg = —325 MeV - fm® and (c) Vy = —300 MeV - fm? in comparison with (a) RCHB results for
Vp = —325 MeV - fm3. The dash-dotted lines indicate the neutron Fermi surfaces. The dotted curves
correspond to the BCS or BCS+LN formula with corresponding average pairing gap.

To further check the influence of the LN correction on the potential giant halo in ®°Ca,
the rms radii of each single-neutron level around the Fermi surface in RCHB and RCHB+LN
calculations are compared in Figure 5. The rms radius of the neutron 3s; /, level is much
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larger than other neutron levels nearby both in RCHB and RCHB+LN. This shows that the
neutron 3s /, level plays a crucial role in the giant halo in Ca isotopes, as was pointed out
in Ref. [13]. With LN correction, when the same pairing strength V; = —325 MeV - fm?
is employed, the rms radii of these single-neutron levels do not change much. Among
them, the rms radius of the neutron 2d5 , level changes most for about 0.04 fm. In contrast,
when the pairing strength is readjusted to Vy = —300 MeV - fm?, although most of the
radii do not change much, there are considerable changes in those of the neutron 3s; /,,
2ds /5, and 2d3,, levels. Especially for neutron 3s; /, level, its rms radius increases from
6.775 fm (RCHB, V) = —325) and 6.804 fm (RCHB+LN, V) = —325) to 7.100 fm (RCHB+LN,
Vo = —300).

10 T I T I T I T I T I T

- 4 - RCHB (V= —325)
-0+ RCHB+LN (V= -325)
—0—RCHB+LN (¥,=-300)

L I L l L I L l L I L
2 3 4 5 6 7 8

rms radius 7, [fm]

Figure 5. (color online) The single-particle energies in the canonical basis €can of each single-neutron
level around the Fermi surface in °Ca versus its root mean square radius 7;.

As shown in Figure 4, there is a large shell gap between the 1g9/, level and 1f5, level
both in the RCHB and RCHB+LN, which corresponds to the submagic number N = 40.
Thus, one can naturally take the levels below the N = 40 shell gap as the “core”, and
the remaining weakly bound levels and the levels in continuum above the shell gap as
the “halo”. Correspondingly, one can decompose the neutron density p,(r) into the “core”
part and the “halo” part, as is plotted in Figure 6. The three panels show the results
of the RCHB with Vy = —325 MeV - fm3, RCHB+LN with V; = —325 MeV - fm3, and
RCHB+LN with Vj = —300 MeV - fm?, respectively. The halo part surpasses the core
part at about r = 8 fm and gradually domains with increasing r in all three calculations,
indicating the halo structure in ®®Ca. The neutron numbers in the halo are 6.45 for both
the RCHB and RCHB+LN with V) = —325 MeV - fm? and 6.25 for the RCHB+LN with
Vo = —300 MeV - fm3. The results show that the LN correction does not change the
appearance of giant halos in ®*Ca. On the one hand, under the same pairing strength, both
the neutron number in the halo and the neutron density distribution of RCHB+LN are
nearly unchanged in comparison with that of RCHB. On the other hand, with the pairing
strength readjusted, the neutron density distribution of the RCHB+LN becomes slightly
more diffused, although the neutron number in the halo becomes a little smaller.

To further analyze the neutron density, the density distributions of several single-
neutron levels in the halo are also depicted in Figure 6. The neutron 3s; /, level contributes
to the halo most both in the RCHB and RCHB+LN. This can be seen more clearly in
Figure 7, where the relative contributions to the total neutron density of these single-
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neutron levels are plotted. At r = 15 fm, the relative contribution of the neutron 3s; /, level
is about 50% in the RCHB with Vy = —325 MeV - fm?, about 48% in the RCHB+LN with
Vo = —325 MeV - fm?, and about 55% in the RCHB+LN with Vy = —300 MeV - fm3. Such
a result shows that with LN correction, when the pairing strength is Vy = —325 MeV - fm?,
the neutron 3s; , level contributes slightly less to the giant halo in ®Ca. In contrast, when
the pairing strength is readjusted to Vo = —300 MeV - fm?, it contributes more. As the
density distribution of neutron 3sq/, level is more diffused than other levels nearby (cf.
Figure 6), it is no wonder why the total neutron density becomes more diffused with LN
correction and the readjusted pairing strength.

107 T T T T T T T T T T T e T T T T T T T T . m LB B LA
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Figure 6. (color online) The total neutron density distribution of ®®Ca, as well as its decompo-
sition into the core and the halo, obtained from RCHB+LN for (b) V; = —325 MeV - fm® and
(c) Vg = —300 MeV - fm? in comparison with (a) RCHB results for Vy = —325 MeV - fm3. Contribu-
tions from several single-neutron levels in the halo are also given.
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Figure 7. (color online) The relative contributions of several single-neutron levels in the halo of %6Ca
obtained from RCHB+LN for (b) Vj = —325 MeV - fm? and (c) Vj = —300 MeV - fm? in comparison
with (a) RCHB results for Vj = —325 MeV - fm?. The shade areas indicate the total neutron density

in arbitrary units.
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5. Conclusions

In this paper, the impact of the Lipkin—-Nogami (LN) method on giant halos has
been investigated within the relativistic continuum Hartree-Bogoliubov (RCHB) theory.
Here, the RHB and RHB+LN equations were solved in a spherical Dirac Woods—Saxon
basis. Reproducing the odd—even mass differences of Ca isotopes, the pairing strength was
readjusted to Vy = —300 MeV - fm3 for RCHB+LN. Comparing the ground-state properties
of Ca isotopes calculated by the RCHB with Vy = —325 MeV - fm?, the RCHB+LN with
Vo = —325 MeV - fm3, and the RCHB+LN with Vy = —300 MeV - fm?, this shows that the
LN correction does not change the range of Ca isotopes with giant halos. Taking ®®Ca as
an example, the neutron density distribution obtained with LN correction and readjusted
pairing strength has been found to be slightly more diffused than that of the RCHB, which
can be illustrated by the enlargement of the root mean square radius and the enhancement
of the relative contribution for neutron 3s; /, level.

Note that present results are limited to spherical halo nuclei, and the influence of
the LN correction on the deformed halo nuclei is a topic to be investigated in the future.
As the LN method is an approximation to the exact particle number projection method,
how the exact particle number projection works on halo nuclei is an interesting topic.
Besides halo phenomenon, neutron skin has also attracted much attention [56-58], and
further investigation on it can be carried out. In addition, studies on odd nuclei are also
important. For instance, in a recent work [48], the even—odd staggering of charge radii in
Hg isotopes has been studied by the DRHBc theory and attributed to shape staggering. The
even—odd staggering of charge radii in Ca isotopes is also interesting, which has attracted
many theoretical efforts [59-63], and thus future work about it based on the DRHBc theory
is welcome.
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