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Fine structure in the odd-odd proton emitter '*Tm
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Axial symmetry breaking in '**Tm is probed by examining its proton emission fine structure. The ground-state
spin and parity in **Tm and daughter **Er are assigned unambiguously based on the corroboration of our
calculations with the present data. We establish the first microscopic description of fine structure in odd-odd
proton emitters, which is capable of resolving ambiguities present in the assignments of transitions in such

nuclei.
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Owing to energy requirements, most of the proton emit-
ters populate only the ground states of the daughter nuclei.
However, when other appropriate states are available at low
excitation energy, significant branching can occur to these
states leading to fine structure in the emission spectrum. Since
the spacing between excited states depends mainly on the
deformation, the proton emission fine structure is an excel-
lent tool to probe the nuclear structure properties beyond
the drip line. Among around 30 known proton emitters in
the region 50 < Z < 82, fine structure is exhibited by three
odd-A ("'Eu [1], "'Ho [2], "“Tm [3]) and two odd-odd
("4146Tm [4-6]) nuclei only. In odd-A proton emitters this
phenomenon is well understood due to robust theoretical ap-
proaches [7-9]. However, a microscopic description of fine
structure in '*+14%6Tm is still missing.

The investigation of fine structure in proton emission pro-
vides a reliable way to identify the ground-state spin and
parity, along with the deformation of nuclei beyond the proton
drip line. For instance, in "“'Ho [9] and ' Tm [8], fine struc-
ture studies are found to be very accurate in ascertaining the
triaxial deformation. Such studies are more critical in odd-odd
nuclei where the information on the level scheme of exotic
daughter odd-A nuclei themselves are scarce and complex.
Furthermore, in the parent odd-odd nucleus, various possible
angular momentum couplings lead to numerous levels close
to each other and many of them may have a similar configura-
tion. Consequently, several levels can reproduce the measured
half-life in odd-odd nuclei. One way to rule out these pos-
sibilities is to look for the level with the lowest energy and
favored by the Gallagher-Moszkowski (GM) splitting [10]
and the Newby shift [11]. This way of proceeding has been
proved to be reliable in 9] [12]. Another more reliable way to
resolve these ambiguities is the investigation of fine structure,
if available. Though many levels can reproduce the measured
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half-life, only a few can agree with the measured branching
ratio and partial half-lives because of the additional constraint
through the excited state in the daughter [7]. Moreover, the
calculated branching ratios are almost insensitive to various
parameters of the model [8].

For the above reasons, it is interesting to study the fine
structure in the proton emission spectra of '**Tm. In the exper-
imental study [4], two proton groups with different energies
but comparable half-lives were observed, suggesting that they
might originate from the same state. The spin-parity assign-
ment for these transitions, guided by the cases of *>140Tm,
is still unclear. Furthermore, the assignment for transitions
in "Tm [5,6] itself is tentative and based on the modified
particle-vibrator model [13] in which the valence neutron
is treated as a mere spectator. Also, the single particles are
treated in a spherical potential, whereas the neighboring nuclei
145.147Tm [8,14,15] are well established to be highly triaxial.
Moreover, the residual pairing interaction is not considered
properly, which is very crucial in proton emission studies [16].
Also the np interaction is missing, which is very important
to the assignment of the lowest state in energy. The absence
of a robust theoretical approach for triaxial odd-odd nuclei
has led to ambiguities resulting in different assignments of
these transitions [5,6,17]. It hence has hampered achieving
the goal of such a tedious task performed to measure these
transitions. In this work, we present the first microscopic
description of fine structure in triaxial odd-odd nuclei by
extending the nonadiabatic quasiparticle approach [12,18,19].
One of the major advantages of this approach is that the
matrix elements of the coupled system explicitly carry the
rotor’s matrix element in the laboratory frame [18]. This pro-
vides the opportunity to utilize the rotor’s experimental data,
which in turn reduces the dependence on several adjustable
parameters. Most of the details of our formalism are reported
elsewhere [12,18,19] and hence a concise description relevant
to the calculation of fine structure is presented in the next
section.

©2022 American Physical Society


https://orcid.org/0000-0001-6186-0555
https://orcid.org/0000-0001-9624-8024
https://orcid.org/0000-0001-7162-4863
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.105.L031302&domain=pdf&date_stamp=2022-03-17
https://doi.org/10.1103/PhysRevC.105.L031302

POOIJA SIWACH et al.

PHYSICAL REVIEW C 105, L031302 (2022)

In the nonadiabatic quasiparticle approach, we treat a
triaxial odd-odd nucleus as a composite system of two quasi-
particles (corresponding to the valence proton and the valence
neutron) weakly coupled to an even-even core. The total
Hamiltonian for such a system comprises the Hamiltonian
for dynamics of core, single-particle (proton and neutron)
motion, the residual pairing interaction, and the residual
neutron-proton (np) interaction. The triaxial Woods-Saxon
potential is considered for describing the single-particle mo-
tion. The residual pairing interaction is treated within the BCS
approach. The residual np interaction is considered in two
reliable forms, namely, the constant potential form and the
zero-range interaction (§ interaction). The detailed expres-
sions for all these terms leading to the matrix elements of the
total Hamiltonian are given in Ref. [18].

The overlap of the wave function of an odd-odd nucleus
(parent) with that of the final-state wave function (a tensorial
product of daughter and proton wave function at asymptotic
limit) provides the decay width. The partial decay width of
proton emission can be expressed as [12]
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Here a’s and c’s are the mixing coefficients in parent and
daughter wave functions, respectively. The terms in the an-
gular braces represent the Clebsch-Gordan coefficients. The
quantities Iy, jpn), and £, are the quantum numbers of
proton (neutron) orbitals with the usual meaning. I and I;
denote the total spin of the parent nucleus and the daughter
nucleus, respectively, and their projection on the 3-axis are
denoted by K and K. The square of u, signifies the proba-
bility of the proton level to be empty in the parent nucleus. k
is the momentum of the emitted proton and w is the reduced
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mass of the system. The quantity N, ]’ is the normalization
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constant [20] given by ¢,Q‘f (R)/1Gy,(kR) + tF,,(kR)], where

J
F and G are the regular and irregular Coulomb wave func-
tions, respectively, and ¢ is the radial part of the proton wave
function. The total decay width can be obtained by summing

over all the states as follows:
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The corresponding half-life is given by

hin2
|l ’

3

T =

The branching ratio for the transition to the excited state of
a daughter can be obtained as I'"¢ /(I 4 T'!lz), where I
denotes the spin of the excited state of the daughter nucleus.
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FIG. 1. The positive-parity [negative-parity] rotational states of
3Er panel (a) [(c)] as a function of B, and panel (b) [(d)] as a
function of y at 8, = 0.25 and B4 = —0.074.

The decay scheme of a proton emitter substantially de-
pends on the properties of its daughter nucleus. Therefore,
we begin with the investigation of the properties of '“3Er,
which is the daughter of '**Tm after proton emission. Due
to the unavailability of the data for '**Er (core of '**Er and
144Tm), the nearest even-even nucleus '**Dy is considered as a
core, similarly to earlier studies [8,15]. For the positive-parity
states, we couple the neutron levels from the 13th to the 22nd
(counted from bottom) which include levels with parentage
1g9/2, 1g7/2, 2d5/2, 3S1/2, and 2d3/2. The negative-parity levels
from the 14th to the 22nd originating from 1hyi, 2f7,2,
and lhg,, orbitals are considered for the corresponding ro-
tational states. The rotational energies obtained for positive-
and negative-parity states are given in Fig. 1. Since the states
are obtained considering the core (predominantly of rotational
nature) coupled to quasiparticles, we mention them commonly
as rotational states that may or may not belong to the same
rotational band. The values of 8, and B4 are chosen to vary
around the ones suggested by macroscopic-microscopic cal-
culations [21] and considered in several other studies [8,14].
In the axially deformed (y = 0°) case, the 7/27 state is the
lowest in energy among positive-parity states in the probable
deformation region. This is valid for y < 30°. Beyond y ~
30°, the levels 1/2% and 3/2% come down due to the crossing
of 3512 and 2d3,, quasiparticle levels.

Among the negative-parity states, the 9/2~ state is the
lowest in energy for 0.15 < 8, < 0.25 and y = 0°. Beyond
B> =~ 0.25, many lower spin levels cross due to crossing of
272 quasiparticle levels. With an increase in y, the 9/27 state
is consistently lowest in energy followed by the 11/2~ state in
the probable deformation region. It is well established in many
studies [8,14,15] that the ground-state proton emission in
neighboring isotopes *>!4’Tm occurs from a negative-parity
state. Therefore, we consider the negative-parity proton levels
from the 14th to the 19th which include orbitals of 14,1/, and
27,2 origin. We examine the transition to both negative and
positive levels of the daughter nucleus '**Er. For the negative-
parity levels in '**Tm, the calculated rotational energies and
the total half-lives along with the branching ratios for the
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FIG. 2. Rotational energies (top panels), total proton emission
half-lives (middle panels), and branching ratios (bottom panels) for
144Tm. Results without np interaction, with np interaction in constant
potential form and zero-range form are given in the first, second,
and third columns, respectively. The experimental data taken from
Refs. [4,22] are shown in gray. The width in violet represents the
uncertainty in the results due to the experimental uncertainty in the
0, values.

first probable excited state (9/2%) are given in Fig. 2. As
stated earlier, among the positive-parity levels in '**Er, the
7/27 state is the lowest in energy in the probable deformation
region followed by the 9/2% state. Note that the 5/2% state
is also close to the 9/2% state but the transition to it is not
found to be consistent with the measured branching ratio due
to its different configuration. In the absence of the residual
np interaction, we infer from the rotational energies that the
17,27, and 8~ states are the lowest and almost degenerate in
the region y < 25°. Beyond this y value, the 5~ state turns
out to be the lowest in energy with the 2~ and 6~ states
close by. Including the np interaction, the degeneracy in the
1~ and 8~ states is lifted, pushing the 8~ state up in energy
due to its singlet nature in consistency with the GM rule [10].
The calculated half-lives for the considered states assuming
transitions to the 7/2% (ground) and 9/27 (first excited) states
of the daughter agree well at y = 0°. However, the measured
branching ratio is not reproduced for any of these states.
The branching ratio for the 8~ state is in the range with the
measured one for y & 30° where the corresponding half-life
does not agree with the measured one. A similar behavior is
observed for the 1~ and 6~ states. The branching ratios for
other states are found to be out of the range and hence are not
considered here.

The effect of the residual np interaction is studied in two
different forms, a constant potential and a zero-range in-
teraction. Due to the scarcity of the data in the considered
exotic region, the values for the strength parameters Vg,
Vv, o, and W of the np interaction cannot be estimated, and
hence they are chosen as the standard ones to analyze their
qualitative effect only. It can be observed from the results
given in Fig. 3 that the residual np interaction does not af-
fect noticeably the half-lives and branching ratios. Since for

11/2 Br. ratio (%)
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FIG. 3. Same as Fig. 2 but for positive-parity states.

y 2 30°, the 1/2% and 3/2" states of the daughter are lower
in energy, we calculated the half-lives and branching ratios
corresponding to these states also. The results are found to
be not in agreement with the experimental data in the prob-
able deformation region and hence are not presented here.
Therefore, the transition to the positive-parity states of the
daughter nucleus is very unlikely. A better understanding can
be obtained from the analysis of partial half-lives as explained
later.

We proceed to analyze the case of transition from positive-
parity states of the parent nucleus to the negative-parity 9/2~
(ground) and 11/27 (first excited) states of the daughter nu-
cleus. The results for this case are given in Fig. 3. When
the residual np interaction is not incorporated, the rotational
energy of the 0T state is minimum; however, the other states
(1, 2%) are also very close to it. Though the branching ratio is
very well reproduced for all considered values of y, the proton
emission half-life corresponding to the O state is out of range
and does not reproduce the measured one. Therefore, the 9"
state is the only possible state for which the measured half-life
and branching ratio are very well reproduced at y = 30°. This
assignment is also supported (because of its triplet nature) by
the np interaction.

In the experimental study of Ref. [4], the proton-emitting
state was suggested to be either 10" or 5~. However, in our
calculations the 107 state is found to be very high in energy
and also the measured values are not reproduced. The 5~
state also cannot reproduce the branching ratio. These dis-
agreements can be understood in terms of the shortcomings
of the theoretical model [13] used in Ref. [4]. Apart from the
absence of residual pairing and np interactions, as mentioned
above, in this model, the wave function is truncated to one-
phonon basis states. This assumption will work if the coupling
between zero- and one-phonon states is small, as it should be
in a vibrational model. However, the wave function has about
50% contribution from zero- and one-phonon states [4,6,23]
respectively. Including two-phonon basis states would further
decrease the zero-phonon part, as can be learned from the
study of Ref. [24]. So, it seems that the coupling strength used
is too large, which will increase the decay to the excited state
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FIG. 4. Partial proton emission half-lives corresponding to tran-
sitions to ground (top panels) and first excited (bottom panels )
states of the daughter nucleus from positive-parity (left panels) and
negative-parity (right panels) states of *Tm.

with respect to the ground state. Therefore the assignment of
the 10" state is very questionable.

To further strengthen our arguments, the partial half-lives
for the transitions to ground and first excited states are given
in Fig. 4. In the case of positive-parity states, for the 9%
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state, the half-lives for both transitions reproduce well the
measured data at y =~ 30°. However, the partial half-lives
for none of the negative-parity states simultaneously agree
with the measured values. For instance, the half-life for the
8~ state reproduces the transition to the 7/2% state in the
region y < 30°, but does not agree in the case of transition
to the 9/2% state. Similar arguments are true for other cases.
Therefore, we can unambiguously assign the spin and parity to
the ground state of '**Tm as 9. Furthermore, the ground-state
and first-excited-state spin and parity in '**Er are assigned to
be 9/27 and 11/27, respectively. The assignment of 9/27 is
in agreement with the one suggested in Ref. [25].

One of the motives to study proton emission is to inves-
tigate the organization of single-particle levels beyond the
drip line. The contributions of single-particle levels in the
ground state along with the probability of K[=Kz + 2, £
Q,] (projection of I on the 3-axis) distribution are given
in Fig. 5. In the case of the 1~ and 8~ states, {Jrh?lh/2 ®

vgih} is the dominant configuration, and the probabilities
for K = 1 (p|K| ~ 86%) and 8 (p|K| ~ 46%) are maximum,
respectively. Therefore, we can approximately infer the nature
(singlet or triplet) of final states by analyzing the resulting to-
tal spin projection from the single-particle ones (X, X,). The
asymptotic quantum numbers [26] of the A7}, and g7 levels
are [514]9/2 (X =1/2) and [404]7/2 (X = —1/2), respec-
tively. Noticing the dominance of Kz = 0 in the lower-lying
states, K ~ Q, £ Q, indicates that the 1~ and 8~ states have
the strongest contribution from 2, — 2, (X, — X,) and Q,, +
Q, (X, + X,), respectively. Therefore, we can infer from

PK])

p(K|)

FIG. 5. The contribution of single-particle configurations (left panels) and the probability of K distribution (right panels) in the negative-
parity (top panels) and positive-parity (bottom panels) states of “*Tm. The dominant single-particle configurations are labeled.
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these asymptotic quantum numbers that the 1~ and 8 states
are predominantly triplet (¥ = 1) and singlet (X = 0) states,
respectively. This observation further discards the 8~ state as
a probable ground state following the GM rule [10] which fa-
vors the triplet state (17). The triplet state being energetically
favored due to np interaction is also evident from Fig. 2. The
other considered negative-parity levels have {A{l', ® vs}}}}
as the dominant configuration and a strong mixing of many
K’s. For positive-parity states, {71}1?1}1/2 ® vh?tlh/z} is the domi-
nant configuration and the probability of K = I is maximum,
and for the 97 state it is p|K| &~ 50%. Following the same
analysis as for the negative-parity states, the 0" and 97 states
can be identified as singlet and triplet states, respectively,
supporting the 9" state as the ground state. For the con-
sidered levels, the residual np interaction does not change
the configuration significantly. This happens due to the large
deformation where the mixing of levels is weak as can be seen
in Fig. 5. Therefore, we do not observe any significant change
in the half-lives and the branching ratios in the presence of np
interaction.

In line with Ref. [21], one might suspect the role of y-
softness, whereas we have performed the calculations at fixed
B and y values. As pointed out in Ref. [18], our formalism
can be extended to study the role of y-softness by consid-
ering a superposition of states with different y’s. However,
we notice from Figs. 2—4 that the branching ratio and de-
cay width (inversely proportional to half-life) corresponding
to the excited state for y < 30° are negligible. Therefore,
considering a superposition of the states with various y’s
will reduce the contribution from higher y and will lead
to a smaller decay width (large 77,2) and a branching ratio
that does not reproduce the experimental data. Hence, com-
ponents leading to a large partial decay width only should
contribute to the ground-state wave function. This is fulfilled
only by the states with a large y value in a narrow region
around 30°.

Analyzing the transitions to both positive- and negative-
parity states of the daughter, we arrive at the conclusion that
the transition to the positive-parity states of the daughter is
not possible. Though the half-lives corresponding to several
states of the parent nucleus agree well with the measured
data, the branching ratios are found to be helpful in ruling
out the possibilities for those states. Furthermore, among the
positive-parity states of the parent, the 9% state is the only

possible state reproducing all the measured properties, viz.,
the total half-life, the partial half-lives, and the branching
ratios, simultaneously at y & 30°. The residual np interaction
further supports this assignment (97) due to its triplet nature.

The triaxial deformation proposed in this work is in
agreement with the one in nearby nuclei [8,14,15]. How-
ever, the disagreement with Ref. [21], where '“Tm is
suggested to be axially deformed, lies in the fact that the
microscopic-macroscopic calculations involve several param-
eters to be tuned, which makes them unreliable in drip-line
nuclei due to lack of data. Because of the crucial role of
the residual np interaction, these difficulties are enhanced
in the case of odd-odd nuclei. Such disagreements for sev-
eral other proton-emitting nuclei [8,9,12,14,15,27,28] further
strengthen the necessity of novel tools to probe the nu-
clear structural properties of drip-line nuclei. It is clear that
the microscopic-macroscopic calculations, rotation-particle-
coupling calculations, etc., which focus only on the structure
part of the drip-line nuclei, lead to ambiguities. A unified
description of structure and decay is required to ascertain
properties of such exotic nuclei as exemplified in this work.

The fine structure in proton emission from '**Tm is studied
within the nonadiabatic quasiparticle approach. This is the
first microscopic study of fine structure in proton emission
from odd-odd nuclei. The '**Tm is found to be highly triaxial
with y & 30°. Corroboration of our results with the present
data allows us to unambiguously assign the ground-state spin
and parity of '**Tm to be 9%. Furthermore, the ground- and
first-excited-state spin and parities in '**Er are assigned to be
9/2~ and 11/27, respectively. With the present investigation,
we settle the uncertainties pointed out in earlier work and
provide a robust explanation of the level scheme. Similar
calculations for other odd-odd nuclei like "“*Tm would be
interesting where the fine structure in proton emission is ob-
served but no clear assignment is available. The nuclei in the
proton drip-line region continue to be puzzling and surpris-
ing [29], which demands novel techniques and approaches.
Further studies exploring the proton emission and the y spec-
trum simultaneously can provide a robust way to understand
the nuclear properties in this exotic region.

This work was supported in part by the U.S. Department
of Energy, Office of Science, Office of High Energy Physics,
under Grant No. DE-SC0019465.
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