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Interpretation of '°®] as an odd-odd y-deformed proton emitter
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We have interpreted the recent observation [K. Auranen et al., Phys. Lett. B 792, 187 (2019)] of proton
emission from '%]. We find that y deformation is crucial to reproduce the experimental data, and have identified
the decaying state as the 17 state. The effect of the residual np interaction is also discussed. With the present
calculation, we establish the first microscopic description of a triaxial odd-odd proton emitter.
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Introduction. In a recent experiment [1] performed at Ar-
gonne National Laboratory, a weak 0.50(21)% proton decay
branch from %81 was observed for the first time. The 0,
value and the corresponding half-life are extracted to be
597(13) keV and 5.3(22) s, respectively. This further helped
in the indirect measurement of the proton separation energy
of '%Sb. With this measurement, the possible branching in
the end cycle (Sn-Sb-Te cycle shown in Figure 1) of the
astrophysical rapid proton capture (rp) process through '%Sb
was discarded. This study supports Ref. [2] which also argued
against the presence of this branching. However, the structure
of '%1 and the angular momentum of the proton emitting state
are yet to be interpreted. A robust description has to consider
triaxiality as learned from the case of the neighboring '°°1 [3].
With this motive, we present for the first time the theoretical
study of proton emission from %] using the nonadiabatic
quasiparticle approach with appropriate treatment of residual
np interaction.

Several theoretical approaches [5] have been applied to
study proton emission, and the most consistent and reliable
one is the nonadiabatic quasiparticle approach [6] based on the
rotation-particle coupling. This approach has been extensively
used in studying the proton emission from axially [6] and tri-
axially [7] deformed odd-A as well as axial odd-odd nuclei [8].
Recently, it has been modified [9] to incorporate the experi-
mental energies of even-even cores in a more microscopic way
and successfully applied to triaxially deformed odd-A nuclei
[3]. This approach was extended to examine the structure and
decay of triaxially deformed odd-odd nuclei [10]. Here, we
present its extension to study triaxial odd-odd proton emitters,
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which renders it the first microscopic approach to study these
nuclei.

The proton emission half-life depends on the energy and
angular momentum carried away by the emitted proton, along
with the properties of its wave function. The odd-odd nu-
clei are of special interest due to the crucial role of the odd
neutron, which affects the angular momentum of the emitting
proton. This requires the proper treatment of the residual in-
teraction between the valence proton and neutron. Therefore,
a nonadiabatic quasiparticle approach, similar to the one used
in Ref. [3] which takes into account the odd-odd nature of
nuclei and triaxiality both, is needed.

Theoretical framework. We couple the valence proton and
neutron to the triaxially deformed even-even core within the
nonadiabatic quasiparticle approach. The total Hamiltonian
for this system can be written as

H == Hr()t + I-Ilfllr + Hi’:llr + Vnpv (1)

where H,,; is the Hamiltonian for the triaxial rotor [9] and
Hl.flg';) accounts for the motion of the proton (neutron) in the
intrinsic frame. V,,, is the residual neutron-proton (np) inter-
action. With the inclusion of the residual pairing interaction,

Hlfx) becomes

HIW = HI + HIY )

intr pair *

where the H, ") describes the pairing which is dealt within the
BCS approach. For Hs”p("), the triaxial Woods-Saxon potential
is taken as the nuclear mean field potential [9] along with
the spin-orbit and Coulomb potentials. Since the detailed for-
malism of the approach used is presented elsewhere [10], we
give a brief description relevant to the present study, mainly
required to calculate the rotational energies and the proton
emission decay width.
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The matrix element of the total Hamiltonian given in
Eq. (1) within the nonadiabatic quasiparticle coupling treat-
ment takes the following form:

(q,9,K', IM|H|q,q,K, IM)

Jptin

= (&, + &, )8kK' 84,4, 84,4, + Z Z Z

Jpdn J=1Jp=Jnl §2,82p2, Q2

Jpinj2 Q2 Q,Q
X ZWK[}(/” 052,82 n/drfu,,v,,¢;g2;(r)¢jpgp(r)

QQ
X /drfunun¢;‘:9;1(r)¢j,1&’2,l(r)
+ SKK’funvnfu,,vp(1[/p’1//11’|vnp|¢’pl/fn>» (3)

where the H is sandwiched between resultant states of proton,
neutron, and rotor coupled systems. g; (i = p or n) denote
the quasiparticle states, &,, are the quasiparticle energies of
proton and neutron, and the factor f,,,, = w;uy + v;vy. ¢;0,(r)
are the single-particle wave functions comprising the radial
part and mixing coefficients. W/r/n/%2%% is the matrix
element of the triaxial rotor in K representation multiplied by

the coupling terms, and can be expressed as

i 22 2
Wi,
_ IK' IK R; R;
= > Ajpj,,jsz;Q;L,Rk;gAjpjnjszpsz,,,RKRZC@ETRI-CKR’ )
RERK}, i

where Erg, are the rotor energies taken from the experimental
data or calculated using Method 2 of Ref. [9]. C};; are the
rotor wave functions obtained by diagonalizing H,, 1n R rep-
resentation which is obtained by basis transformation from
the laboratory frame to the intrinsic frame. The quantities
A are coefficients having the normalization constant and the
Clebsch-Gordan coefficients.

We have incorporated the residual neutron-proton interac-
tion in the constant potential form [10] given as

Vip = (=DZ 2 (Vy + (=D (=D Vs 0),  (5)

where Vi) and Vi account for the strength of Gallagher-
Moszkowski (GM) splitting (which indicates that a triplet
state is energetically favored over the singlet one) [11] and
Newby shift (due to which the odd spin states are favored
over even spin ones belonging to K = 0 band) [12], respec-
tively. The quantity X, is the projection of proton (neutron)
intrinsic spin on the third axis.

The wave function of the parent nucleus (initial state) is
given by

21 +1
Vi =/ Ton? Z aéz,,sz,,m(

Q,92,9K

Q,Q, —j—j QpQy

x [DJIMKXQP + (_1)1 Jp j”DZI\/I—KRiXQF ]’ (6)
where xo'™ = ¢j,2,9.q, is the product of single-particle
wave functions obtained from the mean field calculations and
R; is the rotational operator along the second intrinsic axis.
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FIG. 1. Possible decay channels in the vicinity of the end cycle
of the rp process as suggested in Refs. [1,2,4]. The nuclei '’ Te and
1081 studied in present work are highlighted in green. The weaker
(stronger) decay channels are shown with dashed (solid) lines.

a’s account for the amplitudes, which we obtain by solving
the total Hamiltonian.

The wave function of the triaxial odd-A daughter nucleus
can be expressed as

[21; + 1
\IJIde = 167.[2 Z Cinan

JnS2, Ky
x [Dyy ki, + (DD ¢ o] (D

where ¢’s are the mixing coefficients.

The partial decay width corresponding to the outgoing
proton can be obtained from the overlap of the initial (parent)
and the final state wave functions, which is a tensorial product
of the outgoing proton and daughter wave functions, at the
asymptotic limit [13]. The resulting expression is given by

Ll Bk (21d + 1)

Z cla al
JnS2 Ky T 82pS20, QK

2l +1 JnS2:2,Ks QK

lpjp %

x (11K jpQ2plIK) + (—1)/ K

. Q, |2
x (s = KajpplIK g, N7 |7, )
2, o R) . -
where Nl,, J = G R, @Ry 1S the asymptotic normalization

constant comprising F' and G as the regular and irregular
parts of the Coulomb wave function. QZ??,, (R) is the radial
part of the proton wave function having momentum vector
k determined from the Q, value. uép is the probability of
the corresponding proton level to be empty in the daughter
nucleus. The quantities in the angular brackets represent the
Clebsch-Gordan coefficients. The total decay width can be
obtained by summing over all the possible states as follows:

I+1,

rie= % 1. ©)

Jp=H—14]

and the corresponding half-life is obtained by Ti, =
Rln2/TM,
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FIG. 2. Single-particle (top panels) and quasiparticle (bottom panels) levels for neutrons in '°’Te (left) and protons in '’ (right) as a
function of B,. The solid and dashed lines correspond to the positive and negative parity states, respectively. The green lines represent the state
of the valence particles. At zero deformation, the positive parity degenerate states are labeled by the quantum numbers n/;.

Results and discussion. To investigate the properties of 1%%1,
we utilize the formalism given in the theory section. First, we
will study '’ Te, which is the daughter of the proton emitting
nucleus '%[. The single-particle and quasiparticle energies for
neutrons in """ Te calculated with the parameters [14] for the
Woods-Saxon potential, tuned for nuclei in this region, are
given in Fig. 2. Among the positive parity levels, the orbitals
of 2ds,, and 1g7,, parentage are close to the Fermi surface for
a broad range of §,. The identification of important levels can
be done through the lowest lying quasiparticle orbitals. One
can observe from the quasiparticle energies shown in Fig. 2,
at B, ~ 0.25, that the orbitals of 1g9/, also come down. The
negative parity levels of 1hy;,, parentage are closer to the

Fermi surface only for large §,. For calculating the rotational
energies of '’ Te given in Fig. 3, we have considered positive
parity levels of the neutrons from the 11th up to 20th counted
from the bottom, which include the single-particle levels of
2d5/2, ]g7/2, 3S1/2, and 1g9/2 subshells. The experimental
study of Ref. [15] suggests the ground state as 5/2% and the
two excited states as 7/2% (90.3 keV) and 9/2% (721 keV).
With y & 30°, our calculations support these assignments,
since both the ordering and spacing could be reproduced, as
shown in Fig. 3.

Proceeding to study the properties of %81, the single-
particle and quasiparticle energy levels for protons in '
are shown in Fig. 2, where we observe a behavior similar
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FIG. 3. Rotational energies of '’Te (a) with varying 8, and (b) with varying y at 8, = 0.152 and B = 0.058. Yellow lines represent the

experimental data for 7/2% (lower) and 9/27 (upper) states [15].
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FIG. 4. (a) Rotational energies and (b) the proton emission half-life of 1 as a function of y at 8, = 0.152 and B4 = 0.058. The uncertainty
in the calculated half-life due to the uncertainties in measured Q,, value is shown in grey. The cyan region corresponds to the experimental

half-life of proton emission [1], including the error in measured data.

to the neutron levels in '’ Te. The positive parity levels of
protons from 11th to 19th (including 2ds,, 17,2, 351/2, and
1g9/2) and same neutron levels as in the case of 07Te are
considered in our calculations. Considering axial deformation,
the calculated half-lives are far from the measured ones for a
broad range of f,, irrespective of the residual np interaction
as discussed below. Therefore, we expect that triaxiality can
play a major role in '], similar to the case of ' [3],
and the value of y will be defined as the one for which the
ground state reproduces the experimental half-life. The values
of B, and B, are considered as 0.152 and 0.058, respectively,
as suggested in macroscopic-microscopic calculations [16].
However, the results do not change substantially for a broad
range of f,. Looking at the rotational energies of '°*T shown
in Fig. 4, one can infer that the ground state might be at-
tributed to one of the 0, 1T, or 2% states for a deformation
y below 30°, while, for y above 30°, only 0" or 17 can be a
candidate.

The half-life corresponding to the proton emission from the
37 state agrees with the experimental data when y ~ 10°, but
the energy of this state is very high from the ground state. The
half-lives corresponding to 0 and 17 states are in agreement
with the experimental data when y = 30°. Therefore, the
inclusion of triaxiality has a substantial impact on the half-
life and enables us to predict the y deformation. However,
the ground state spin and parity cannot be unambiguously
assigned from these results. To ascertain those, we proceed
to study the role of residual interaction between the valence
proton and neutron.

Role of residual neutron-proton interaction. The residual
np interaction is included in the constant potential form of
Eq. (5) such that the effects of GM splitting and Newby shift
are incorporated through appropriate mixing of spins, and
phase factors [10].

Since the strength of residual np interaction cannot be
estimated, standard values for the strength parameters are
chosen to understand the corresponding qualitative effect on
the ground state. As shown in Fig. 5, 11 is the lowest lying
state for all sets of strength parameters, and splitting is more

enhanced between 0" and 17 at y ~ 30°. Also, including the
GM splitting with Vg, = 0.5 MeV, the only candidates for
a ground state which are in agreement with the experimental
data are the 01 and 17, after elimination of the 3*. The 0%
is predominantly singlet, and is excluded as a ground state by
GM splitting and also by the Newby shift since the spin is
even. Based on the above arguments related to the rotational
energies and corresponding half-lives, the ground state of 1%%]
can be assigned as a 17 spin and parity state, with y ~ 30°.
Our calculations performed with a zero-range interaction [10]
also supported the same conclusions.

To exclude the influence of fine structure on the decay
properties, we have calculated the branching ratio for decay
to the 7/2% of '"’Te, the probable first excited state. In the
considered deformation region, it was found to be very small,
supporting our conclusions.

For further insight into the behavior of the rotational en-
ergies and half-lives due to the triaxial deformation and the
residual np interaction, the single-particle configurations are
given in Fig. 6. These configurations suggest that there is a
strong mixing of many orbitals with 1g7,, and 2ds,, parent-
age. The sudden variation observed in the 17 state half-life at
y ~ 30° is due to a larger contribution of the proton g7,» level.
When y is small, the occupied level by the escaping proton is
predominantly the ds;,, but with increasing y it is the g7/,
that dominates. Thus the half-life increases due to the larger
centrifugal barrier.

The residual np interaction significantly affects the con-
tribution of configurations at large y for the 0" state. These
effects lead to increase in the energy and half-life for this
state. In the case of the 3T state, at y = 10° the np inter-
action increases the contribution of the nds[%’d] level which
has a larger probability ”%‘z,,a and hence reduces the half-life.
The effects of residual np interaction on other states are not
noticeable.

Conclusions. We have presented the first microscopic ap-
proach to interpret the data of triaxial odd-odd proton emitters.
This nonadiabatic quasiparticle approach has been success-
fully applied to study the recently observed proton emission
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FIG. 5. Rotational energies [upper panels (a)—(c)] and the proton emission half-life [lower panels (d)—(f)] at 8, = 0.152, B4 = 0.058, and

as a function of y calculated with different parameters (each column for a particular set of parameters) of the residual neutron-proton interaction
in central potential form [Eq. (5)]. The cyan color lines correspond to the experimental proton emission half-life [1].
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FIG. 6. The contribution of the single-particle configurations without np interaction at (a) y = 10°, (b) y = 30°, and with np interaction
at (¢) y = 10°, (d) y = 30° for different angular momenta (/). The configurations which change (do not change significantly) with inclusion
of np interaction at a particular y are shown by solid (dashed) lines. The configurations having negligible contributions shown in grey are not
labeled.
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from '°%] for the first time. The ground state spin and parity
of the daughter nucleus '’ Te is confirmed to be 5/2*+. Based
on the agreement with the measured half-life, there is a clear
indication of triaxiality, and the deformation is found to be
y & 30°. The residual neutron-proton interaction is found to
be important in assigning the spin and parity for the ground
state of 191 by resolving the ambiguities due to the other pos-
sible states. Considering GM splitting and Newby shift, the
present study suggests the 1 as the ground state from which
the proton emission occurs. The analysis of single-particle

configurations revealed a strong mixing of orbitals having a
87,2 and a ds, origin, rather than dominance by a particular
orbital angular momentum. This result settles the relevant un-
certainties pointed out in Ref. [1]. The mixed configurations in
181 might also be present in the neighboring nuclei involved
in the end cycle of the rp process, and have to be treated in a
nonadiabatic manner.
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