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One-proton emission from *>Sb and its sensitivity to the proton-neutron interaction
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One-proton emission from the '®>Sb nucleus is discussed, assuming an inert '%Sn core and the valence proton
and neutron. There are experimentally measured bound states in the '®’Sn-neutron system, whereas no particle-
bound '®Sn-proton state has been observed. With time-dependent three-body calculations, the 1* ground state
of 1928b is suggested as a possible proton emitter. This conclusion is reached by assuming a weakening effect on
the proton-neutron (pn) interaction with respect to a bare deuteron. An analogous phenomenon is necessary to
reproduce the empirical binding energies of “*Sc and '*F. Continuous shift from the unbound to bound regions by
changing the pn-interaction strength is demonstrated. The lower limit of lifetime is evaluated as T 2> 4.4x107!% s
in the no-pn-interaction limit. However, the actual lifetime is expected as longer with a finite pn interaction.
Observation of a resonant state in '*>Sb and its decay would provide a benchmark of the pn-pairing correlation.
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I. INTRODUCTION 1028b has been less considered. Especially the one-proton
emission is expected if the pn interaction is not strong.
Proton-rich nuclei around A = 100 have been experimen-
tally produced by the (i) multinucleon transfer [5,10,11],
(i) fragmentation of neutron-deficient nuclei [12-14], and
(iii) fusion-evaporation reaction [15-18]. For example, in
Ref. [10], a multinucleon-transfer reaction **Ca +2**Cm was
utilized to produce the proton-rich isotopes between Z =

Proton-rich nuclei around A = 100 have attracted a spe-
cial interest in recent years [1-5]. A variety of radioactive
nuclides, including «, proton, and light-particle emitters, can
exist in this region, due to the proximity of the dripline. In
addition, the rp process, which contains rapid captures of pro-
tons followed by the B decay, is expected along the N = Z
line in order to explain the origin of proton-rich isotopes.

The '°2Sb nucleus demonstrates these qualities. Whether this 8,2 and Z :1219 0. In Ref'. [1‘.”’ .from a fragmenta}tion reac
system is particle-bound or not is an open question. tion of the “"Xe beam impinging on the bery Hglélm t;fget
For the N = 50 and Z = 50 nuclei, the Coulomb repul- performed in RIKEN, new proton-rich nuclides, *°In, **Cd,

22Ag, and *°Pd were observed. With the fusion-evaporation
reaction *°Cr +28Ni in GANIL [15], the secondary ions of
100Ag 190Cd, 1%, and '°Sn were produced. Recently, the
fusion-evaporation reaction 54Fc:3(58Ni, 4n) 108%e has reported
the first observation of the a-decay chain, '%Xe — '%Te —
10081 [18]. In spite of these experimental developments, no
?gzrect evidence has been reported on the binding nature of

Sb.

In this work, we theoretically investigate the one-proton
emission from '92Sb, considering an unbound and metastable
system, in which the proton-energy spectrum should have a
finite width corresponding to its lifetime. For this purpose, the
time-dependent three-body model is utilized [19,20].

sion of protons is relatively strong, and many systems are
expected as particle-unbound. On the other hand, as the
counter effect to Coulomb repulsion, the proton-neutron (pn)
interaction can stabilize these nuclei. When the valence pro-
tons and neutrons occupy the same orbits, the pn-attractive
effect is enhanced. The '°>Sb nucleus is one typical case.
Considering '%°Sn as the rigid core, the core-neutron subsys-
tem '°'Sn is bound with S, = 11.2(4) MeV [6] (one-neutron
separation). In contrast, the core-proton subsystem '°'Sb is
expected as particle-unbound. By assuming a strong pn at-
traction, the particle-binding nature of '%Sn -n-p is expected.
Therefore, '>Sb provides a good benchmark to infer the pn-
pairing strength as well as the deuteron correlation [1,7-9]. In
Ref. [1], the effect of isoscalar spin-triplet pn pairing in '°>Sb

is deeply investigated. The charge-exchange Gamow-Teller IL. MODEL AND FORMALISM
transitions are shown to be significantly sensitive to this pn ) ) )
pairing. On the other hand, the alternative scenario of unbound Employing the core-orbital coordinates {r,,r,} [1,7.8],

we assume the '©2Sb nucleus as the three-body system
1008y +p + n, which is described in Fig. 1. Our three-body
Hamiltonian is given as [1,7,8]

“Contact author: tomohiro.oishi @ribf.riken.jp

fContact author: masaaki kimura@ribf.riken.jp Py Py

Contact author: lorenzo.fortunato@pd.infn.it Hsp = hy(rp) + hy(ra) + fonVpn(rp, ra) + ’ )

me

2469-9985/2025/111(3)/034307(6) 034307-1 ©2025 American Physical Society


https://orcid.org/0000-0003-0040-354X
https://orcid.org/0000-0003-2137-635X
https://ror.org/05tqx4s13
https://ror.org/00240q980
https://ror.org/00z34yn88
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.111.034307&domain=pdf&date_stamp=2025-03-07
https://doi.org/10.1103/PhysRevC.111.034307

OISHI, KIMURA, AND FORTUNATO

PHYSICAL REVIEW C 111, 034307 (2025)

Y

(%)
o vpn(?p' %)
N

\

IOOSn

\

nG) —&

n

FIG. 1. Three-body model of '%*Sb.

where k = p (k = n) for the valence proton (neutron). Here, ;.
indicates the relative coordinate between the core and the kth
nucleon, and thus, 4, (h,) is the core-proton (core-neutron)
Hamiltonian. That is
P
hi(r) = 55~ 4 Vi(rp). )
2tk
Mass parameters are given as g = mym,/(my + m,.), where
m, = 938.272 MeV/c?, m, = 939.565 MeV/c?, and m, =
50m,, + 50m, — 825.16 MeV /c? of the '%Sn core [6].
The spherical symmetry is assumed for both V,(r,) and
V(7). These potentials are determined as

Vi(re) = Vws(re) + Veou (ri)dx, p, (3)

Uy d
Vins(r) = Vof (r) + ~s)71 ];(:),

where Ry = roAé/ 3 and F(r) = [1 + er—Ro)/a]=1 (Fermi pro-
file). Parameters are listed in Table I. In addition, the Coulomb
potential Vi, (r,) of an uniformly charged sphere with radius
Ry is employed for the core-proton subsystem. We mention
that the energy of the valence proton is insensitive to the
interior profile of the Coulomb potential V¢, (7)), as long as

the potential barrier around the surface, r, = roAlc/ ?, remains
unchanged.

In Table II, the single-nucleon energies solved with V,, and
V), are summarized. Our core-nucleon potentials are tuned so
as to reproduce the neutron energies in 2ds,, and 1g9,> evalu-
ated by the spherical Skyrme-meanfield calculations with the
SLy4 parameters [21,22,24]. Notice that our neutron energy
in the 2ds;, level is —10.822 MeV. This value is consis-
tent to the experimental one-neutron separation energy, S, =
11.2(4) MeV, of the '°'Sn nucleus [6].

For the valence proton, levels up to the 1gg» are bound
consistently to the magic number Z = 50 in the core. For
the additional valence proton, no bound orbits are available.

“

TABLE 1. Parameters of the potentials V), and V,,.

ro ap 4 Ui
Ac [fm] [fm] [MeV] [MeV fm?]
1008n -p/n 100 1.24 0.63 —52.1 32.8r2
“Ca-p/n 40 1.25 0.65 —55.7 10.812
150 -p/n 16 1.25 0.65 —53.2 22.1r2

TABLE II. Single-nucleon energies obtained in this work. For
the resonances in ''Sb =1%Sn 4 p, their positive energies are
determined by solving the scattering phase shift. The results of
Skyrme-meanfield calculations with SLy4 and SkM* parameters are
presented for comparison. The unit is MeV.

SLy4[21,22]  SkM*[23]  This work

10080 -n 1£s)2 —22214 —20.714 —18.715
2pi) —19.890 —19.090 —17.203
1g9/2 —16.948 —16.995 —16.727
2ds) —10.849 —11.114 —10.822
Lhiip —6.301 —7.208 —8.413

1080 -p 1fs)2 —7.987 —6.629 —6.054
2pi) —5.674 —4.929 —3.737
1892 —3.081 —3.150 —2.576
2ds), - - +3.414
1hy1)2 - - +5.221

Namely, the '°'Sb nucleus is particle-unbound in the present
model. Instead, several resonances are predicted. For this pur-
pose, the scattering problem with h,(r,) is solved, and its
phase shifts 6(E) are displayed in Fig. 2. The lowest ds/»
resonance exists at £, = 3.41 MeV. From numerical fitting

with §(E) = arctan(?f/Ez”) + 3, its width is obtained as I'), =
1.5 x 107* MeV.

We employ the pn interaction of the finite-range Gaussian
type. That is

vpn(rpa rn) = [VReial"d2 + VSeianz]ﬁS:O
+ Ve = 4 Ve P1B_,, ()

where d = |r, —r,|. The operator Ps_o (155:1) indicates
the projection into the spin-singlet (spin-triplet) channel of
the pn subsystem. Parameters read Vx = 200 MeV, Vs =
—91.85 MeV, Vp = —178 MeV, ag = 1.487 fm~2, a5 =
0.465 fm~2, and ar = 0.639 fm 2 [25].

The two-body binding energy of isolated deuteron, E,, is
solved as the lowest eigenenergy of H;, which reads

2
p
Hyd) = > + v,(d), (6)
2pa
~ " 100g. _ ‘
E Sn-proton, sy
= 52 T
a g3/2 -
= (/-
w iy
an
<
[}
]
0
o
<
~
0 — |
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Scattering energy, E (MeV)

FIG. 2. Scattering phase shift calculated with the '®Sn-proton
potential V,(r).
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where d =r, —r, and ug = m,m,/(m,+ my,). By using
vy, in Eq. (5), the empirical value is reproduced: E; =
—2.20 MeV. Note that the spin-triplet and s-wave state is
assumed. In the following sections, the tuning factor is also
employed to modulate the strength of the pn interaction
(deuteron-correlation energy):

vpn(rpvrn) - fpnvpn(rparn)' (7)

Thus, f,, = 1 indicates the bare-deuteron energy.

The three-body Hamiltonian Hip is diagonalized with the
basis [¢,(r,) ® ¢, (r,)]Y"™ for the J™ state, where J is the to-
tal angular momentum, and = = (—)"*". Here, {¢(r)} (k =
p/n) are the single-nucleon wave functions: /. |¢r) = €; |Pk).
The basis up to 24 MeV are taken into account. However,
because of the Pauli principle, single-proton states up to the
1go/> for Z = 50 in the '“Sn core are excluded. The same
exclusion applies to the neutron states for N = 50.

For the pn-coupled spin §pn =5, +5,, we mention that
this quantity cannot be a well-defined quantum number in
the three-body system, but only the J = l;, + 1, + Sp + 5, has
well-defined eigenvalues. Thus, there are both §,, =0 and
Spn =1 components involved in the unique-J” state. The
corresponding mixture of the isospin components happens.

For studying the particle-unbound cases, we employ the
time-dependent calculation. The same calculation was utilized
in Ref. [20]. The initial state, | ¥ (¢ = 0)), is solved within the
confining Hamiltonian

Hyp = Hyp + AV, (1)), ®)

where AV, is the confining potential for the valence proton.
Note that the valence neutron is bound in this work.

For ¢ > 0, the time evolution is solved with the original
Hamiltonian

. Hip
|W(2)) = exp [—117] [ (0)) . &)

With the survival coefficient (t) = (¥(0) | ¥(¢)), the decay-
ing state is defined as

[Wacy(1)) = [W(1)) — B(2) |W(0)). (10)

Notice that (W(0) | W4ey(t)) = 0. The survival probabil-
ity, P(t) = |B() = 1 — (Waey (1) | Waey (1)), can be approx-
imated as the exponential damping if only one resonance
exists.

III. RESULTS AND DISCUSSIONS

First we neglect the pn interaction (fy, = 0). In this no-
interaction limit, the pn state is purely of (p, ds2) ® (n, ds;2),
where (p, ds ;) is the lowest resonance: see Fig. 2. The ratio of
Spn = 1, namely the isospin-singlet deuteron-like component,
is evaluated as 44%.

In the no-interaction limit, the one-proton emission is
active in the time evolution, where its energy is solved
as E,(fpn =0)=3.41 MeV. We confirmed that the sur-
vival probability can be well approximated as the ex-
ponential damping: P(t) = P(0)exp(—tI',/h) in Fig. 3.
By fitting P(¢), the proton-emitting width is evaluated as
r,=152x 10~* MeV. Notice that this width coincides with

99.92
99.9
99.88

100.04 T T T T
. 100.02 0%8b, 1%, £,,=0 x|
s 100 Fitted g
S 99.98 .
£ 99.96 .
A’ 99.94 |
o
[}
—

| | | | | | |
0 200 400 600 800 1000 1200 1400
ct (fm)

FIG. 3. Survival probability with f,,, = 0: the pn interaction is
neglected. The fitted function reads P(¢t) = P(0)exp(—tI",/h) with
P(0) =1.00015 and ', = 1.5212 x 10~* MeV.

the result obtained from the core-proton scattering phase shift
in Fig. 2. This is trivial because the valence neutron makes no
changes on the proton’s motion. The corresponding lifetime is
T(fn=0)=h/T,=44x 10785,

Next we activate the pn interaction. The results are pre-
sented in Fig. 4. The potential v, is adjusted to reproduce
the binding energy of deuteron when f,, = 1. In this case,
the J™ = 17 state of '°2Sb becomes bound against the proton
emission. The additional attraction vy, reduces the valence
proton’s energy below the threshold. That is

E, = (Hsp(fon = 1)) + S,("'Sn) = —0.61 MeV,  (11)

where S,('°!Sn) = 10.82 MeV. Note that the sign convention
of E, is opposite to the empirical binding energy: negative E,,
values mean that the proton is bound. We also checked that, in
the time-dependent calculation, no outgoing components can
be observed.

In Fig. 4, the one-proton energy and width are plotted
as functions of f,, for 1* and 0" configurations. In the
no-interaction limit, the two resonances are identical, where
the single-proton emission of ds,, is allowed. By increasing
fpn» the 1T (0T) energy rapidly (slowly) decreases. Then at
the experimental point of deuteron, the 17 becomes bound,

102y ot —— |
E———

deuteron —e—

Eb=—
\

S N B O
T

4
Ep and 10 r, (MeV)
)

A~
[T

0 0.2 0.4 0.6 0.8 1
fpn for pn interaction

FIG. 4. One-proton energy E, and width I", (shaded area) of
1028b. The width is multiplied by 10* for visualization. Notice that
the sign convention of E, is opposite to the binding energy: the
negative energy, E, < 0, indicates the bound state. For f,, > 0.6,
the width is not available due to the evaluation limit. Binding energy
of isolated deuteron with the same interaction is also plotted, where
the f,, = 1 reproduces its experimental value —2.20 MeV.
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TABLE III. Properties of the 1% state in '®Sb calculated by
changing the pn-interaction strength. The width I', with 0.4 < f,,,
is beyond the evaluation limit. With f,,, = 1, the proton is bound.

fon 0 0.4 0.8 1.0
(Hzz) [MeV] —741 844 —1024 —11.43
(fonVpn) [MeV] 0 —137  —443  —6.34
(p.dsp) ® (n,dsp) %] 99.9 93.6 71.7 60.4
T, [eV] 152 =094 (<0.1) 0

whereas the 0% is still unbound. The threshold for binding is
found at f,, > 0.92 in the present model.

In Table III, the three-body energy (H3p), the mean pn
interaction (f,vp,), and the ratio of (p, ds;») ® (n, ds)) are
summarized for several f,, values. One can read that the 17
state becomes more deeply bound with the stronger pn in-
teraction. In correspondence, the smaller (p, ds;») ® (n, ds)2)
ratio is obtained. This is because, for deeper binding, an inclu-
sion of continuum states other than (p, ds/) is necessary. The
same effect is known for stabilizing two-neutron Borromean
nuclei [26-29].

For computing finite nuclei, one often needs to weaken the
pn interaction in order to reproduce the empirical energies.
For the valence proton and neutron around the nuclear surface,
because of the density dependence, the effective pn interaction
can become reduced [30-33]. For inferring this weakening ef-
fect phenomenologically, we performed the same three-body
calculations for 'F (1°0 +p + n) and **Sc (**Ca +p + n) nu-
clei. For their core-nucleon potentials, parameters are given
in Table I. These parameters are optimized so as to reproduce
the experimental single-nucleon energies [34]. For the pn in-
teraction, the same finite-range Gaussian potential in Eq. (5) is
utilized. The results are presented in Table [V. Consequently, a
finite weakening with fj,, = 0.38 (f, = 0.58) is necessary to
reproduce the pn-separation energy of the *Sc ('8F) nucleus.
By assuming that the same weakening is necessary in '92Sb,
the proton emission is expected from its 17 state.

As an example, the results with f,, = 0.4 are displayed
in Figs. 5 and 6: this case corresponds to the limit for quan-
titatively evaluating I',, with the present model. In Fig. 5,
the survival probability is plotted. The proton-emission width
of '%2Sb (17) is evaluated as I', = 9.4 x 10~ MeV, where

TABLE IV. The pn-separation energies, Sy, cac. = —{H3p), cal-
culated in this work. Experimental data of “*Sc and '®F are presented
for comparison. Note that **Sc (17) is not the ground but the first-
excited state.

Spn.calc. Spn,expl. [6]
Son [MeV] [MeV] p-emitter ?
128 (1+) 1.00 11.43 - No
0.60 9.23 - Yes
0.40 8.44 — Yes
23c (1) 0.38 12.06 12.023 No
BE@ah) 0.58 9.75 9.750 No

T T T T T
102 + —
Sb, 17, £,,=0.4  x

Fitted

X 99.9998
= 99.9996 |
E 99.9994
o 99.9992
(=)
99.999
99.9988

0 200 400 600 800 1000 1200 1400
ct (fm)

FIG. 5. Same to Fig. 3 but with f,, = 0.4. The fitted function
reads P(t) = P(0)exp(—tT',/h) with P(0) =0.999996 and I', =
9.3965 x 1077 MeV.

the corresponding lifetime reads 7.0 x 107!¢ s. Notice that
the polynomial behavior, P(t) = 1 — a(t /r)z, is observed in
the early-time region. Such a behavior is generally known in
time development, being relevant to the quantum Zeno effect
[35-38].

In Fig. 6, the normalized density distribution of the time-
dependent decaying state is displayed:

2.2
I”pl"n
Ndcy(t)

pdcy(ta Ip, ) =

// d2,d Q| Waey (t, 1y 1)1,
(12)

where Nyey (1) = (Wyey(t) | Wyey(1)). Its angular components
are integrated, and thus, [/ dr,dr,pacy(t, rp, r,) = 1. One can
observe the trajectory in the region with r, > 10 fm and
7, < 10 fm. It can be interpreted as that the unbound proton is
emitted outside, whereas the bound neutron stays around the
core.

With f,, > 0.4, one can expect the narrower width as
well as the longer lifetime. In such cases with extremely
narrow widths, however, the quantitative evaluation is still
demanding.

ct= 400 fm
-4
— ] 3.0x10_
o 25310
£ 10 |— | 2.0x10.
8 — 1.5x10*
o5 o - SR 1.0x1072
5.O><1005

0 L L L L L L Il Il L .
0 5 10 15 20 25 30 35 40 4 0.0x10
T, (fm)

ct = 1200 fm
-4
— —] 3.0x10
B 2.5x10°}
£ 10 |— | 2.0x10
= . T— _ 1.5x10*
£ 5 o - { =+ 1.0x10*
5.O><1005

0 L L L L L L L L L . 1

0 5 10 15 20 25 30 35 40 45 0.0x10

T, (fm)

FIG. 6. Time-dependent density distribution of the decaying
state, Ogey(t, 7p, 7), With fp, = 0.4.
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IV. SUMMARY

The '2Sb nucleus is suggested as a proton emitter. We
reached this conclusion by considering the weakening of pn
interaction. This weakening effect is introduced from the pn-
separation energies of other core-pn systems, **Sc and 'SF.
In this proton-emitting scenario, the lower limit of lifetime
is evaluated as T > 4.4 x 107'® s in both the 1% and 0
cases. This limit is determined by assuming no interactions
between the valence proton and neutron. However, since the
finite pn interaction actually exists, the longer lifetime is ex-
pected. Note that the pn interaction and its weakening effect
have been treated phenomenologically in this work. Further
sophistication of models are expected in forthcoming studies.

In this work, the valence neutron is bound. From ex-
cited nuclei, in contrast, the emission of both proton and

neutron can take place. Especially the deuteron emission
and its sensitivity to the pn interaction is left for future
works.
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