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Precision mass measurements of neutron-rich rhodium isotopes have been performed at the JYFLTRAP
Penning trap mass spectrometer at the lon Guide Isotope Separator On-Line (IGISOL) facility. We report results
on ground- and isomeric-state masses in %112 114116.118Rh and the very first mass measurement of '*’Rh. The
isomeric states were separated and measured for the first time using the phase-imaging ion-cyclotron-resonance
(PI-ICR) technique. For ''?Rh, we also report new half-lives for both the ground state and the isomer. The
results are compared to theoretical predictions using the BSkG1 mass model and discussed in terms of triaxial

deformation.
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I. INTRODUCTION

Neutron-rich rhodium isotopes (proton number Z = 45)
are located in a region known for rapid and drastic changes in
nuclear structure and coexisting strongly deformed and spher-
ical shapes [1]. At Z & 40 and neutron number N =~ 60, the
strongly deformed configuration becomes the ground state.
The atomic mass can be used to probe the evolution of nuclear
structure along isotopic chains: the sudden onset of prolate
ground-state deformation has been observed as a kink in two-
neutron separation energies in the isotopic chains from Rb
(Z = 37) to Mo (Z = 42) [2-5]. The same shape change has
been observed as a steep increase in the mean-square charge
radii [6-11]. This is one of the most dramatic shape changes
on the nuclear chart.

Above Z & 42, the shape transition becomes smoother but
the situation remains complex. Coulomb excitation experi-
ments of Ru and Pd isotopes with neutron numbers between
N = 60 and 66 [12—-14] indicate that these nuclei exhibit triax-
ial deformation. Their nuclear density in the intrinsic frame no
longer has any rotational symmetry axis. In addition, the struc-
ture of neutron-rich Rh isotopes has been explored via prompt
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y-ray spectroscopy of fission fragments [15,16]. Comparison
of the studied band structures with triaxial projected shell
model (TPSM) calculations indicate a need for large, nearly
constant, triaxial deformation in ''-''”Rh [16]. Several theo-
retical models [5,17-19] predict an additional contribution to
the binding energy of triaxial nuclei compared to axially sym-
metric configurations. Most theoretical approaches predict the
largest energy gains due to triaxial deformation in the vicinity
of '%Ru [17,20-22].

The masses of neutron-rich odd-odd Rh isotopes have
not been accurately known prior to this work due to
the presence of low-lying long-living isomeric states [23].
The previous mass measurements [24,25] on these isotopes at
the JYFLTRAP double Penning trap [26] could not resolve
the isomeric states, with the exception of 108Rh, because of
the techniques used at the time.

The existence of two long-living states in neutron-rich odd-
odd Rh isotopes has been well established via f-decay studies.
The low-spin (17) states are strongly fed in the B8 decay of
even-even ''112114Ry nuclei [27,28] and have strong decay
branches to the 0" states in the Pd isotopes [29-31], whereas
the high-spin Rh isomers g decay dominantly to high-spin
states in even 1*118Pd isotopes [29-34]. Because of the large
spin difference, the internal transition is not favored and the
excitation energies of these isomeric states have remained
largely unknown [23]. Only in '®Rh has the excitation energy
of the isomeric 5" state (129 keV) been precisely established
through y-ray spectroscopy. In '%Rh, a 67 state is proposed
at 137(13) keV based on S-decay endpoint measurements
[23,35] whereas a 5% state is proposed at 113.0(75) keV

©2023 American Physical Society
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in '%Rh based on a time-of-flight ion-cyclotron-resonance
(TOF-ICR) mass measurement performed at JYFLTRAP [25].
For heavier Rh isotopes, the energies of the long-lived iso-
meric states have not been measured. Finally, it should be
noted that the order of the two long-living states is established
only in '™Rh and '°Rh, via y-ray spectroscopy ('**Rh) or
B-decay endpoint energies ('’°Rh). For all the other Rh iso-
topes discussed in this work, the ordering of the two long-lived
states is not firmly confirmed.

In this work, we studied odd-odd ''°'?°Rh isotopes via
high-precision Penning-trap mass spectrometry. With the
novel phase-imaging ion-cyclotron-resonance (PI-ICR) tech-
nique at JYFLTRAP [36-38], we have resolved the ground
and isomeric states in !10:112114.116.118 R} jsotopes for the first
time. The reported measurements yield more accurate ground-
state mass values as well as first direct determinations of the
isomeric-state excitation energies. In '>°Rh we report on the
first ground-state mass measurement.

The measured masses provide essential data to improve
future models of nuclear structure, particularly those that aim
to describe nuclear masses. To benchmark existing models,
we compare our experimental results to the recent global
model BSkG1 [22]. This model is based on self-consistent
Hartree-Fock-Bogoliubov (HFB) calculations using a Skyrme
energy density functional (EDF) and aims at a global yet
microscopic description of nuclear structure. Following the
protocol developed for the earlier BSk-models (see Ref. [39]
and references therein), the model parameters have been ad-
justed to essentially all binding energies tabulated in Atomic
Mass Evaluation 2016 (AME16) [40], all known charge radii
[41] and realistic infinite nuclear matter properties. The result-
ing model achieves a root-mean-square deviation of 741 keV
for the 2457 known masses of nuclei with Z > 8 included in
Atomic Mass Evaluation 2020 (AME20) [42].

II. EXPERIMENTAL METHODS

Precision mass measurements of neutron-rich rhodium
nuclei were performed at the Ion Guide Isotope Separator On-
Line (IGISOL) facility [43] utilizing the JYFLTRAP double
Penning trap [26]. The measured isotopes were produced in
proton-induced fission, with 25-MeV protons from the K130
cyclotron impinging on a thin (15 mg/cm?) natural uranium
target. The proton beam intensity was varied in the range
1-10 pA depending on the studied case. The fission fragments
were stopped in helium gas at about 300 mbar and extracted
using a sextupole ion guide (SPIG) [44]. The secondary beam
was accelerated to 30g kV and mass separated based on the
mass-to-charge m/q ratio with a 55° dipole magnet, which has
a mass resolving power of m/Am =~ 500. The mass-separated
beam was then transported to the buffer-gas filled radio-
frequency quadrupole (RFQ) cooler-buncher [45]. To control
the number of ions injected into the RFQ cooler-buncher,
an electrode after the dipole magnet was connected to a fast
switch to serve as a beam gate.

The cooled ion bunches from the RFQ were directed to
the JYFLTRAP double Penning trap mass spectrometer [26],
which consists of two cylindrical Penning traps housed in-
side a 7 T superconducting magnet. First, the ion bunch

was injected into the purification trap where the ion sample
was cooled, centered and cleaned utilizing the mass-selective
buffer gas cooling technique [46]. Typically, a mass resolv-
ing power of m/Am ~ 10° is reached, which in most cases
allowed removal of the isobaric contamination. The cleaned
ion sample was transferred to the precision trap, where the
mass determination of an ion was performed through the
measurement of its cyclotron frequency v,:

= Ldp (1)
2 m

where g/m is the charge-to-mass ratio of the ion and B is
the magnetic field strength. To determine the magnetic field
strength with enough precision, the cyclotron frequency of
a reference ion with a well-known mass is measured. These
references are measured alternatively with the ion of interest,
in order to reduce the effect of the drift of the magnetic
field. Utilizing the cyclotron frequency ratio R = v ef/ Ve,
determined with singly charged ions, the atomic mass of the
nuclide of interest m is then deduced as

m= R(mref - mE) + m, (2)

where m, is the mass of an electron and m,¢ is the atomic mass
of the reference nuclide. In our experiment, '33% Cs ions from
the IGISOL offline ion source station [47] were used for most
of the measurements. For 1122+ Rh ions, 3>t Rb ions from the
offline ion source station were used as a reference.

When one of the states, ground or isomeric state, was
measured against a well-known reference, it was later used
as a reference for the other state, i.e., the ground state was
measured against the isomeric state or vice versa. The refer-
ence for each measurement has been tabulated in Table 1. The
energy difference between the ground and the low-lying iso-
meric states, i.e., the excitation energy of the isomer E,, was
calculated utilizing the frequency ratio R determined when
these two states were measured against each other:

E. = (R — D)[myer — me]c?. A3)

In the precision trap, the measurement of the ion cyclotron
frequency was performed utilizing either the time-of-flight
ion-cyclotron-resonance technique (TOF-ICR) [48,49] or the
phase-imaging ion-cyclotron-resonance technique (PI-ICR)
[36-38]. In the TOF-ICR technique an ion’s radial energy
is increased by a quadrupolar excitation and converted to
axial energy when the ions travel through the magnetic field
gradient after extraction from the precision trap. For the res-
onant ions this results in a shorter time of flight measured
with a microchannel plate (MCP) detector. From the time-
of-flight resonance the cyclotron frequency of the ion is then
determined [49]. To increase the precision, a technique called
Ramsey method of time-separated oscillatory fields [50,51]
can be applied: a measurement scheme where the quadrupolar
excitation is performed by two short pulses separated by a
waiting time. The Ramsey technique with a pattern of 10-
30-10 ms (on-off-on) was used for the most exotic isotope
measured in this work, namely '2°Rh (see Fig. 1). The PI-ICR
technique was utilized for all the other cases.
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FIG. 1. TOF-ICR resonance using a 10-30-10 ms (on-off-on)

Ramsey excitation pattern for *’Rh*. The mean data points are
shown in black, the fit of the theoretical curve [50] in red.

In the PI-ICR technique, the determination of the ion’s
cyclotron frequency is based on a measurement of the propa-
gation of the ion’s radial motions, magnetron motion v_ and
modified cyclotron motion v, projected onto a position sen-
sitive MCP detector (2D MCP). For this purpose, first a dipole
pulse at the ion’s modified cyclotron frequency is applied. The
excitation scheme depends on which ion motion propagation
is being measured. In the cyclotron phase ¢, measurement,
the ion is let to accumulate phase for a time #,.. on the modi-
fied cyclotron motion which is then converted with a  pulse
to magnetron motion. In the magnetron phase ¢_ measure-
ment, the modified cyclotron motion is first converted with a
7 pulse to magnetron motion, which is then accumulated for a
time t,.. before extraction. The measurement pattern utilized
at JYLFTRAP is described in more detail in Refs. [37,38] and
the PI-ICR measurement technique in general in Ref. [36]. As
an example the measurement of the cyclotron phase spot for
18Rh* is shown in Fig. 2, where the separation of the ground
state from the isomeric state is seen with a phase accumulation
time of 170 ms.

The measured phase difference of the ion’s propagated
radial motions ¢, = ¢ — ¢_ is related to the ion cyclotron
frequency:

¢+ 27n
e = V- =— ", 4
: v 2j'n‘acc ( )

where n is the number of the full ion revolutions in the pre-
cision trap. The accumulation time #,.. is selected to be a
compromise where the half-life of the ion of interest, phase
spot separation of different ion species, vacuum conditions,
and the stability of the electric field of the precision trap are
considered. The phase accumulation times were 700 ms for
the "'"Rh* measurements, 1 s for ''?Rh*, 300 ms for ''2Rh?™,
450 ms for '"Rh* and '"®Rh*, and 170 ms for | Rh*.
For '"'Rh*, 19y 1°0* jons were observed in the precision
trap. Therefore an additional cleaning step using the Ramsey
cleaning method [52] was applied before the phase accumula-
tion. To unambiguously determine n in Eq. (4), the cyclotron
frequency was determined with the TOF-ICR technique and
at least two phase accumulation times were applied before the
actual mass measurements.

8
20f
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15¢
10} 6
5t 5
=
g 0 4
>
_5 . 3
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—-101 2
_15 L
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118Rp + Cyclc_)tron
—20r motion o
-20 -10 0 10 0
x [mm] Number of

detected ions

FIG. 2. Ton projection of the cyclotron phase spot of ''|Rh*
on the 2D MCP detector. The ''®Rh ground state (g.s.) versus the
isomeric state (m.) are separated with a 170 ms accumulation time.
The phase difference A¢, corresponds to an excitation energy of
189(6) keV.

A count-rate class analysis [38,53] to account for the ion-
ion interactions was performed when statistically feasible.
Temporal magnetic field fluctuations of §B/B = 2.01(25) x
10712 min~! x 8¢ [38], where 87 is the time between the
measurements, were taken into account in the analysis. For
measurements, where '3Cst or Rb* ions were used as a
reference, a mass-dependent shift of §,,r/r = —2.35(81) x
107'°/u x (myef — m) [38] and a residual systematic uncer-
tainty of S /r =9 % 1072 [38] were added quadratically to
the final frequency ratio uncertainty. For the mass doublets
(i.e., ground state vs isomer), the mass-dependent and the
residual systematic uncertainties are negligible. Systematic
uncertainties of the magnetron phase advancement and sys-
tematic angle error [38] were also taken into account.

In addition to mass measurements, the mass-selective
buffer gas cooling technique [46] was used to select '>’Rh*
and ""?Rh?* ions for post-trap spectroscopy in order to iden-
tify the states and determine their half-lives. After injection
to the purification trap, the ions at A = 112 were let to cool
for roughly 60 ms, followed by a 10 ms dipolar excitation
at the magnetron frequency. During this time, a fraction
of the ""Ru™ ions [J* = 0%, Tj;» = 1.75(7) s] beta decay
to "">’Rh**, feeding only the low-spin (1) state in ''>Rh,
whereas fission dominantly produces ''>Rh in the high-spin
state. The ions of interest were selected using a 120 ms
quadrupolar excitation either at the "> Rh™ (from fission) or
"2Rh?* (from in-trap decay) cyclotron frequency, extracted
out of the trap, and implanted every 194 ms on a thin alu-
minum foil in front of a silicon detector after the Penning trap.
The signals were read and time-stamped with the Nutaq data
acquisition system with a 105 MHz clock.

014306-3



M. HUKKANEN et al.

PHYSICAL REVIEW C 107, 014306 (2023)

TABLE 1. Frequency ratios (R), mass excess values [ME = (m — Au)c?], and isomer excitation energies (E,) measured in this work. The
masses of '*3Cs and ¥ Rb reference ions were taken from the AME20 [54], whereas the masses determined in this work were used for the Rh
reference ions (Ref.). The spin-parities /™ and half-lives 7}, were taken from NUBASE20 [23], except for 2R, for which the half-lives are
from this work. For comparison, the mass-excess values MEj; from AME20 [54] and excitation energies E, ;. from NUBASE20 [23] are also

provided, where # marks an extrapolated value.

Nuclide I Ty Ref. R = Vg et/ Ve ME (keV) ME;;, (keV) E, (keV) E. 1. (keV)
10RK (1) 3.35(12) s HORK™  0.999 999 629(15) —82702.4(23) —82 829(18)
HOR ™" (6") 28.5(13) s 133Cs 0.826 987 604(15) —82664.3(18)  —82 610(150)# 38.0(15) 220(150)#
12Rh (1) 2.22(13) s* 85Rb 0.659 002 526(11)° —79 603.7(17) —79 730(40)
2Ry 61) 6.96(8) s 133Cs 0.842 060 991(16) —79 565.2(19) 38.5(26)

12Rh 1.000 000 368(27) —79 565.4(33) 38.3(28)

Weighted mean —79 565.2(17) —79 390(60) 38.4(19) 340(70)

4Rh 1t 1.85(5) s 133Cs 0.857 140 868(21) —75 662.7(26) —175 710(70)
H4Rp" (77) 1.85(5) s 14Rh 1.000 001 045(30) —75551.8(41)  —=75510(170)#  110.9(32) 200(150)#
16Rh 1t 685(39) ms 133¢Cg 0.872 229 073(17) —70729(2) —70 740(70)
HoRp™ 67) 570(50) ms 6Rh 1.000 001 119(18) —70608.3(28)  —70540(170)#  120.8(19) 200(150)#
18Rh 14 282(9) ms 13B3Cs 0.887 323 752(40) —64 994(5) —64 887(24)
18Rp™ 6 # 310(30) ms 18Rh 1.000 001 720(55) —64 804.9(78)  —64 690(150)# 189(6) 200(150)#
120Rh 8 # 129.6(42) ms 133cs 0.902 423 642(470) —58 614(58) —58 620(200)#

4Half-life determined in this work; see Sec. III B 2.
bMeasured with doubly charged ''>Rh>* ions.

III. RESULTS

In total, we report six ground-state and five isomeric-state
masses, which are summarized in Table 1. The mass of 12°Rh
and the isomeric states in !!%-!114116.118R were measured for
the first time. We have also determined the excitation energies
of the isomers for the first time and show that the previously
determined excitation energy of !'’Rh isomer deviates signif-
icantly from our result (see Table I and Fig. 3). Comparison to
the previous JYFLTRAP mass measurement by Hager et al.
[25] and to the AME20 [54] values is given in Fig. 4. Taking
into account the ground- and isomeric-state yields, our results
show a reasonable agreement with the values reported by
Hager et al. [25], where the measured masses were unresolved
mixtures of the ground and isomeric states. Below, we report
the results and compare to the literature for each of the iso-
topes separately.

A. "'Rh

For ""Rh (N = 65), the measured mass excess of the
ground state is —82702.4(23) keV and —82664.3(18) keV
for the isomer. The excitation energy of the isomer, E, =
38.0(15) keV, was directly extracted from the measured
ground-state-to-isomer frequency ratio. The ground-state
mass value determined in this work is 126(18) keV larger
than the AME20 value, which is based on S-decay endpoint
energies from Jokinen et al. [27] and a private communication
[55] (see Fig. 4). However, our ground- and isomeric-state
results are consistent with the earlier JYFLTRAP measure-
ments done for a mixture of ground and isomeric states using
the buffer-gas cooling technique in the first trap, —82640(70)
keV [24], and with the TOF-ICR technique in the second trap,
—82674(8) keV [25]. Here we provide the first direct mass
measurements of the ground and isomeric state of ''°Rh.

B. '"2Rh
1. Mass measurements

The fission yield of ''>Rh (N = 67) is largely dominated
by the high-spin state, and as explained in Sec. II the low-spin

Mass number A

104 106 108 110 112 114 116 118
4001} @ JYFLTRAP
#  NUBASE20
(6+)
< 300f
0]
X
>
o
€ 200}
9] L[]
c 6-#
i) E
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© ]
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= 5+ (6)* E ( 2
< 100} o 0
i (5%)
6*) @ ®(6")
Or ] | | § ] & E . [ )
1+ 1+ 1+ (%) 1+ 1+ 1+ 1+#
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Neutron number N

FIG. 3. Systematics of the ground and isomeric states in
104-118ph isotopes. The literature values from NUBASE20 [23]
are shown in black, while the energies measured in this work at
JYFLTRAP are shown in red. The spin-parities are adopted from
NUBASE20 [23]. For ''?Rh, we confirm the order of the states and
show that it was previously significantly overestimated.
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FIG. 4. The mass-excess values (ME) for the Rh isotopes measured in this work at JYFLTRAP (red circles) compared to AME20 [54] and
NUBASE?20 [23] (black squares) and the earlier JYFLTRAP results obtained with the TOF-ICR technique by Hager et al. (blue diamonds)
[25]. Prior to this work, only the mass of the !'>Rh isomer had been experimentally determined, whereas the rest of the isomeric states were

based on extrapolations (shown with open black squares) [23].

state of !'Rh can be exclusively produced by the in-trap
decay of the even-even ''>Ru. The latter method was there-
fore used to determine the mass excess of the low-spin
state of ''”Rh in this work. The resulting mass excess of
—79603.7(17) keV is 27(9) keV lower than reported for
a mixture of the isomeric and ground states in Ref. [25].
We note that our result is 127(44) keV higher than the
AME20 value, —79 730(40) keV [54], in which the previous
JYFLTRAP measurements contributed by 16% [24] and 19%
[25], whereas a §-decay study based on private communica-
tion had a 66% contribution [55].

For the high-spin state produced directly by fission, the
final value for the mass excess, —79 565.2(17) keV, was taken
as the weighted mean of the PI-ICR measurements performed
with a 1 s accumulation time against (i) the !'?Rh ground state
[—79565.4(33) keV] and (ii) **Cs [~79565.2(19) keV]. In
the measurement (i) the reference (ground state) statistics
were rather low, thus the measurement was repeated with
133Cs as a reference. Thus, the ''2Rh mass measurements now
allow us to determine unambiguously that the low-spin state
is the ground state of ''?’Rh whereas the high-spin state is the
isomer. The excitation energy of the isomer was determined
from the difference between the mass-excess values of the
isomer and the ground state, E, = 38.5(26) keV, as well as
directly from the isomer against the ground state measure-
ment, E, = 38.3(28) keV. The weighted mean, E, = 38.4(19)
keV, was adopted as the final value. The excitation energy is
significantly (more than 40) lower than the NUBASE20 [23]
value, E, = 340(70) keV, which is based on an unpublished
B-decay study [55].

2. Half-life measurements

In order to further confirm the order of the low- and high-
spin states, B-decay half-lives of the ground and isomeric
states of ''2Rh have been determined using a silicon detector
located after the JYFLTRAP Penning trap. The first measure-
ment, performed with an isomerically mixed beam of ''>Rh*
produced directly in fission [see Fig. 5(a)], was performed
with a cycle of 2 s of waiting period, followed by 38.8 s
of implantation and 80 s of decay. The second measurement

was performed with the pure beam of the low-spin ''?Rh**
ground-state ions produced by in-trap decay of ''*Ru* [see
Fig. 5(b)]. In this case, the cycle consisted of 2 s of waiting
time, 14.6 s of implantation, and 25 s of decay.

The data were fitted using the Markov chain Monte
Carlo (MCMC) method. Depending on the dataset, the fit-
ting models consisted of exponential functions, two for the
isomerically mixed '">Rh* and one for ''>Rh?*, as well as a
constant background. The choice of this model is justified as
the half-life of the daughter isotope 12pq (13 2~ 21 h [56])
is much longer than the ''’Rh half-lives. Both datasets were
fitted simultaneously, with the 12RK ground-state half-life
being a parameter shared by both models.

The extracted half-lives are 2.22(13) s for the ground state
and 6.96(8) s for the isomer. The latter is in good agreement
with 6.73(15) s from Ref. [30] and 6.8(2) s from Ref. [29].
The ground-state half-life is more than 100 away from the
value reported in the ENSDF evaluation [7i,, = 3.6(3) s
[56]]; however, it agrees with the result reported in Ref. [27]
[Ti/ = 2.1(3) s]. It should be noted that the ENSDF value
relies on Refs. [29,30]. In all three publications, the beam
had a significant !'?Ru contamination which decays to the
low-spin ground state of ''">Rh. However, only in the work
by Jokinen et al. [27] was this effect taken into account.

Around 14(2)% of the ''>Rh nuclei were in their ground
state based on the PI-ICR measurement. This value was mea-
sured with 1 s accumulation time, and only statistical uncer-
tainty has been accounted for. The same ratio extracted from
the half-life fits, 1 s after the implantation has been stopped, is
equal to 16(2)%. The two results are in excellent agreement.
The combination of independent mass measurements of the
two states, together with the half-life measurements, allow us
to unambiguously assign the 17 state as the ground state of
2Rh, and the high-spin (67) state as the isomer.

C. "Rn

The measured ground-state mass excess of "“Rh (N =
69), —75662.7(26) keV, is in agreement with the AME20
[54] value based on Hager ef al. (59%) [25] and Kolhinen
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FIG. 5. Decay curves of !'>Rh for the Penning-trap purified sam-
ples of (a) '"Rh™ directly produced in fission and (b) ''?Rh**
produced via in-trap decay of ''>Ru™. The green and blue dash-
dotted lines indicate the contribution of the ground state [T}, =
2.22(13) s] and the isomer [T}, = 6.96(8) s] decays, respectively.
The lower panels show the residuals of the fit.

et al. (41%) [24]. The mass excess of the isomer ''“Rh™,
—75551.8(41) keV, was measured for the first time. The ex-
citation energy of '"*Rh™, E, = 110.9(31) keV, was directly
obtained from the measurement against the ground state and
determined for the first time. Contrary to the other Rh isotopes
studied in this work, the fission yield was dominated by the
ground state. The ground state is presumably 17 and the iso-
mer (77) [23,57]; however, the order of the low- and high-spin
states has not yet been confirmed experimentally. Such an
inversion in the observed isomeric fission yield ratio could be
an indication of an inversion between the low-and high-spin
states. Another explanation could be that the half-life for the
high-spin state is much shorter than reported in literature,
where the states have identical half-lives [23].

D. "*Rn

The measured mass-excess value for the ground state
of "oRh (N =71), —70729(2) keV, agrees well with the
AME20 [54] value, —70740(70) keV, but is 35 times more
precise. The AME20 value is based 63% on the JYFLTRAP
measurement by Hager et al. [25] and 37% on an average
between the earlier JYFLTRAP measurement [24] and the
storage-ring experiment using isochronous mass spectrometry
(IMS) at GSI [58].

The mass of ''°Rh™, —70 608.3(28) keV, has been deter-
mined for the first time in this work. Its excitation energy,
E, = 120.8(19) keV, was directly obtained from the measure-
ment against the ground state. The isomer has been assumed
to have spin-parity (67) based on the S-decay feeding to a
(6™) state in the daughter nucleus and no feeding to levels
with J < 4 [23,59].

E. "8Rh

The measured mass-excess value for the ground state of
18Rh (N = 73), —64994(5) keV, is 107(25) keV lower than
the AME20 value [54] based mainly on the previous study at
JYFLTRAP [25], where a mass excess of —64 894(24) keV
was determined for a mixture of the ground and isomeric
states. In addition, ''8Rh has been measured via IMS at GSI,
—64 830(270) keV [60].

The isomeric state '*Rh™ was resolved from the ground
state and measured for the first time (see Fig. 2). Its mass ex-
cess is —64 804.9(78) keV and the excitation energy, directly
determined from the measurement against the ground state,
is E, = 189(6) keV. There is no experimental information on
the spin-parities of the ground and isomeric states but they are
assumed to be 17 and 6~ based on systematics [23].

F. 'Rh

The mass of '°Rh (N = 75) was measured experimen-
tally for the first time (see Fig. 1). The mass-excess value,
—58614(58) keV, is very close to the extrapolated value
in AME20, —58 620(200)# keV [54]. Whereas the ground
state has a half-life of around 130 ms [23,61-63], the known
isomeric state in °Rh is too short-lived (7} 2 =295(16) ns
[64]) for a Penning-trap measurement. The spin-parities of the
ground and isomeric states of '2’Rh are unknown.

IV. DISCUSSION

We start by introducing mean-field modeling of nuclear
masses and the BSkG1 model in Sec. IV A. The experimen-
tal mass values obtained in this work are compared to the
predictions from the BSkG1 model in Sec. IV B, whereas two-
neutron separation energies, as well as other mass differences,
are discussed in Sec. IV C. The quadrupole deformation, its
evolution, and their role in the region are further discussed in
Sec. IV D and the case of ''>Rh in Sec. IVE.

A. Mean-field modeling of nuclear masses

The BSkG1 model is based on self-consistent HFB cal-
culations using a Skyrme EDF [22]. In such approaches one
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searches for the nuclear configuration that minimizes the total
energy in a large variational space, which generally includes
symmetry-broken Bogoliubov states that correspond to nuclei
that are not spherically symmetric. In this way, the shape
of the nucleus in its ground state arises naturally as a pre-
diction of the model. It is usually characterized in terms of
the multipole moments Qy,, of the nuclear density, which we
define in Sec. IV D, and whose relative importance generally
quickly decreases with increasing £ [22]. Not all possible
multipole moments are explored by all nuclei, since many of
them take shapes that are symmetric in some way. This fact
is often exploited by practical implementations that enforce
commonly found symmetries to reduce the computational
cost. For example, the triaxial shapes we study here combine
nonzero values for both quadrupole moments Q»y and QO
but are only encountered in specific regions of the nuclear
chart [22]. By assuming axial symmetry, i.e., by considering
only shapes with one rotational symmetry axis, a significant
amount of computational effort can be saved at the cost of
possibly missing some physics.

An EDF-based model is characterized by a sizable num-
ber of parameters, which need to be fitted to experimental
data using one of many different possible strategies. The
standard procedure constructs the objective function for this
parameter adjustment from the masses and charge radii of a
few, usually spherically symmetric, even-even nuclei, nuclear
matter properties, and some spectroscopic information. With
only a few exceptions, the parametrizations constructed this
way are nevertheless applicable to the modeling of all nuclei,
independent of their shape. Some of these parametrizations
have been widely used for local studies of nuclear structure
in small regions all over the nuclear chart; examples that
studied the appearance of triaxial shapes in the mass region
of interest here are Refs. [5,17-19]. There also exist more
global mass-table calculations with such parametrizations, but
in the majority of cases these are limited to even-even nuclei
with axial shapes [65,66], with some of them also including
nonaxial shapes [67,68]. Large-scale calculations of this kind
including odd- and odd-odd nuclei are even more sparse, an
exception being Ref. [69]; however, these calculations are
restricted to axial shapes only.!

Despite their usefulness for the study of differential quan-
tities in small regions of the nuclear chart, such “standard”
models usually do not describe absolute binding energies
well: their objective function includes but a handful of nuclei,
resulting in root-mean-square (rms) deviations with respect to
the entirety of known masses that can reach 10 MeV [22] and
are generally not smaller than 1 MeV. This former strategy
has to be contrasted with that adopted by what we refer as
global models: their adjustment includes, among other things,
the binding energies and charge radii of almost al/l nuclei for
which data are available, be they even-even, odd, or odd-
odd. Including this large amount of data in the fit typically
results in rms deviation on all masses that lie between 600—
800 keV [39]. The lowest rms deviations, for microscopic

'The update of the database also considers nonaxial shapes for
even-even nuclei.

TABLE II. Mass excesses of the odd-odd Rh isotopes measured
in this work (JYFLTRAP) and those obtained with the BSkG1 model
[22] and differences (Diff.) between both, all expressed in keV. To
illustrate the impact of nonaxial shapes, results from calculations
restricted to axial symmetry BSkG1, and their difference from ex-
periment (Diff.,y) are also given. We remind the reader that BSkG1
describes essentially all known masses in AME20 with an rms error
of 741 keV.

Mass excess (keV)

Nucleus N  JYFLTRAP BSkGl Diff. BSkGl, Diff.,
Rh 65 —82702.4(23) —83408 —706 —81545 +1157
2Rh 67 —79603.7(17) —80263 —660 —78386 +1218
MRh 69 —75662.7(26) —76401 —739 —74538 +1125
6Rh 71 —70729(2) —71538 —809 —70168 +561
8RR 73 —64994(5) —65776 —783 —65090 —96
20Rh 75 —58613.8(58) —59412 —799 —59373 —763

and microscopic-macroscopic models alike, are generally not
lower than 500 keV [21,70].

However, including more than a handful of nuclei requires
allowing for nuclear deformation during the parameter adjust-
ment, which is computationally costly. Most global models,
EDF-based or not, were adjusted for this reason with the
assumption of axial symmetry. The first global model to
overcome this limitation is the 2012 version of the semimi-
croscopic finite-range droplet model [21]. The authors of
Ref. [20] achieved a first global EDF fit that allowed for tri-
axial shapes, although some of the model ingredients for odd-
and odd-odd nuclei were interpolated from adjacent even-even
nuclei.

Profiting from recent numerical and algorithmic develop-
ments, BSkG1 is the first global model based on a Skyrme
EDF that allowed for all nuclei to take nonaxial shapes dur-
ing the parameter adjustment. This was achieved with the
MOCCa code [71], a tool that represents the single-particle
wave functions on a three-dimensional coordinate-space
mesh. It offers both an easily controlled numerical accu-
racy [72] and also advanced algorithms to achieve a rapid
and stable solution of the self-consistent Skyrme-HFB equa-
tions [73].

The calculations we report on here were performed using
the same tool, in identical numerical conditions as in Ref. [22].
We repeat here only the main features of our treatment of
nuclei with an odd neutron number, an odd proton number, or
both: for each nucleus we performed multiple self-consistent
blocking calculations using the equal-filling approximation
[74]. Among such a set of calculations, we selected the ground
state as the one with lowest energy after convergence.

B. Comparison of mass values to the BSkG1 model

The measured mass excesses, the BSkKG1 values [22] and
the differences between both are shown for the Rh isotopes in
Table II. The model overbinds all isotopes with a remarkably
constant energy difference on the order of 700 keV. This value
is close to the overall rms deviation BSkG1 achieves on all nu-
clear masses, indicating that the Rh isotopes are, on average,
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neither better nor worse described than other isotopic chains.
The difference between theory and experiment is nevertheless
several orders of magnitude larger than the experimental un-
certainty, but this reflects the current state of the art of global
mass models such as BSkGI.

To illustrate the additional energy gain due to triaxiality,
Table II also lists the mass excesses obtained when restrict-
ing the calculations to axial shapes (BSkGl.), as well as
its difference (Diff.,x) from experiment. The full calculation
leads to binding energies that are larger than those obtained
from an axial calculation, as expected from the variational
principle. With the exception of '2°Rh, the energy gain due
to triaxiality is large, up to 1.9 MeV for ''°Rh, and depends
on N. Subtracting this energy gain results in calculated mass
excesses that increase faster with neutron number than the
measured ones, as is reflected also in the mass differences we
discuss below.

Calculations spanning the nuclear chart that account for
triaxiality are scarce, but all of them predict triaxial deforma-
tions in the vicinity of ' Ru [20-22,67,68,75]. The strength
of the effect, as evaluated by the theoretical energy gain due
to triaxial deformation, is strongly model dependent. The
microscopic-macroscopic model of Ref. [75]* predicts the
largest energy effect for '®Ru at about 500 keV. They obtain
triaxial deformations for several isotopes in the Rh chain, but
the energy gain is often smaller than 300 keV. These values
are much smaller than the ones found for BSkG1, which in
this mass region are often significantly larger than 1 MeV, see
Table II, and can even reach 2.3 MeV for ''?Tc. The larger
BSkG1 values are in qualitative agreement with the results
of Ref. [20] obtained with the DIM Gogny-type EDF. This
model predicts an energy gain of up to 1.6 MeV for ''°Pd, but
the region of triaxial nuclei is limited to nuclei with N < 70.
The authors of Ref. [68] do not report on calculations for
odd-mass or odd-odd nuclei, but find a modest effect on the
order of a few hundred keV [67] for 10%104.106,108p,;- they
find the smallest amount of nuclei with ground state triaxial
deformation among the models considered here.

C. Comparison of mass differences to the BSkG1 model

The mass differences are not affected by the global offset
of about 700 keV between the experimental and the BSkG1
model values. The two-neutron separation energy is a sensi-
tive probe for structural changes, such as shell closures or the
onset of deformation as a function of neutron number [76]. It
is defined as

So.(Z,N) =BE(Z,N) — BE(Z,N — 2), 5)

where BE is the nuclear binding energy of a nucleus. In
terms of mass values, it can be written as S, = [m(Z, N —
2) + 2m,, — m(Z, N)]c?, where m denotes the masses for the
nuclides (Z, N), (Z, N — 2) and the neutron, and c is the speed
of light in vacuum.

2We note that the latest model in this series includes the effect of
triaxiality, but Ref. [21] provides no information on triaxial deforma-
tion or its associated energy gain.

Mass number A
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FIG. 6. (a) Comparison of two-neutron-separation energies Sy,
of the Rh isotopes affected by our new measurements (red circles),
AME20 values (full and open black square), and BSkGI results,
as tabulated in Ref. [22] (blue diamonds) or restricted to axially
symmetric shapes (purple triangles), see text. Open markers repre-
sent values at least partially based on extrapolated mass values from
AME20 [54]. (b) Two-neutron shell-gap energies d5,.

Figure 6(a) shows the experimental and calculated two-
neutron separation energies. As before, we compare complete
BSkG1 calculations allowing for nonaxial shapes and re-
sults from calculations restricted to axial shapes. The BSkG1
model reproduces the experimental data remarkably well
when triaxial deformation is allowed for, as could be ex-
pected from the near constant offset between the calculated
and experimental mass-excess values (seen Table II). The S5,
values from axial calculations deviate significantly from the
experimental ones. Their slope does not follow that of the
experimental data, which is a consequence of the gradual
evolution of the energy gain from triaxial shapes with N. For
the heaviest Rh isotopes the S,, values from the full and axial
calculations become very similar again as the energy gain
due to triaxiality is small. We note that older global Skyrme
EDF-based models that do not allow for triaxial deformation,
such as those of Ref. [39], do not match the smooth trend
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FIG. 7. Three-point neutron gaps A for (a) Ru (Z = 44), (b) Rh (Z = 45), and (c) Pd (Z = 46) isotopes. We compare values obtained
from BSkG1 (blue triangles with solid line), AME20 (black squares), and from this work at JYFLTRAP (red circles). As illustration, we also
show the BSkG1 values with an additional shift of —250 keV for Rh isotopes (Z = 45) (blue diamonds with dotted line).

of the experimental S,, as well as BSkGI1. They typically
predict one or more sudden transitions between prolate and
oblate shapes between N = 70 and N = 75 with associated
nonsmooth features of the calculated two-neutron separation
energies.

In order to highlight the changes in the evolution of the
two-neutron separation energies as a function of N, Fig. 6(b)
shows a quantity often called the two-neutron shell gap:

8on(Z,N) = S20(Z,N) — Sou(Z, N + 2), (6)

which quantifies the changes in slope of the S, and filters out
discontinuities. It is also often used to analyze the evolution
of magicity in spherical nuclei [77], but can also indicate a
change of shape. The experimental §,, values stay rather con-
stant until N = 71, implying a near-constant slope of the S,
caused by near-parabolic behavior of the masses of odd and
odd-odd Rh isotopes, respectively. From N = 71 with added
neutron numbers the &, values have a decreasing trend signal-
ing a change in the slope of the S,, values, or, equivalently, a
discontinuity in the N dependence of the masses. At N = 73,
the slope decreases less with newly measured '2°Rh (N = 75)
mass compared to the AME20 based on an extrapolated mass
value of '**Rh. The &5, from the full BSkG1 model follow
the experimental values up to N = 73, as expected from the
good reproduction of the experimental S, values. Beyond,
the BSkG1 values fall to even lower values of §,,, reflecting
the nearly flat trend of the S, and signaling a structural
change in the isotopic chain associated with the disappearance
of triaxial deformation; see Sec. IV D. The experimental data
for N =74 and N = 75 indicate a less dramatic change, but
their precision is degraded by the large uncertainty on the
masses of '2I'122Rh. Of these, >'Rh is based on a storage-ring
measurement [78], and only an extrapolated value for '*’Rh
is given in AME20 [54]. To better constrain the trend with
neutron number, masses of more exotic rhodium nuclides have
to be measured to high precision.

The masses of odd-even and odd-odd Rh isotopes fall on
two distinct curves that smoothly evolve with N in a similar
way, but that are separated by an energy gap. The distance,
or the gap, between the two curves can be estimated by a

three-point formula,

(_1)N+1
2
—2BE(Z,N) +BE(Z,N — 1)].

AP(Z,N) = [BE(Z,N + 1)

(N

The gap is usually associated with the size of the neutron
pairing gap, but is also affected by discontinuities such as
shell closures and shape transitions [79,80]. We compare the
A values for the Rh chain obtained from our measurements
to those derived from AME20 and to calculated values in
Fig. 7(b).> We have drastically reduced the uncertainties of
the experimental A®) values of neutron-rich Rh isotopes in
this work. Interestingly, the new A values do not agree
with AME20 for many of the studied Rh isotopes. This is
a consequence of the differences between the mass-excess
values determined in this work and AME20 (see Table I and
Fig. 4). For instance N = 65 and 67, the A'> value increases
by slightly more than 100 keV, whereas for N = 73 it de-
creases by a similar amount.

The amplitude of the odd-even staggering of the A® is
well reproduced by the BSkG1 model, while the absolute size
of the A®) is not. It turns out that the model’s systematic over-
estimation of the neutron pairing gaps in the Rh chain that is
visible in Fig. 7(b) is a deficiency particular to isotopic chains
of elements with odd proton number Z. For isotopic chains
with even Z, the A® values are in general reasonably well
described in this region of the nuclear chart; we illustrate this
for the adjacent Ru (Z = 44) isotopes in the Fig. 7(a) but have
also checked this for other isotopic chains. The experimental

3Note that the A®) values in Fig. 7 exhibit an odd-even staggering,
but this does not indicate a difference in neutron pairing correlations
between isotopes with odd and even neutron number. Compared to
finite difference formulas of higher order, a three-point formula does
not perfectly eliminate mean-field, i.e., non-pairing, contributions to
the evolution of the nuclear binding energy with N [79,80]. We stick
to Eq. (7), however, as it allows us to extend the experimental curves
Rh (Z =45)in Fig. 7to N = 75.
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A values of the Rh isotopes are systematically smaller than
the values in the adjacent Pd and Ru isotopes with the same
N, while the calculated ones are of the same size.

The differences in the size of calculated and experimen-
tal gaps appear systematically all across the chart of nuclei,
which points to missing physics in the BSkG1 model. The
effect in question is usually interpreted as an interaction be-
tween the unpaired proton and neutron in odd-odd nuclei that
produces additional binding energy [21,81]. Roughly speak-
ing, the offset between experimental A‘® values of the Rh
isotopes and those in the adjacent Pd and Ru chains is about
250 keV. If we subtract this estimate from the BSkG1 masses
of the odd-odd Rh isotopes, the A®) values shift down along
the entire chain. As an illustration we show the BSkKG1 values
for the Rh isotopes shifted this way for the Rh isotopes on
Fig. 7(b): the shifted BSkG1 three-point gaps agree quite well
with the experimental values.

To further clarify the systematic difference between odd-Z
and even-Z chains, we also show values for the three-point
gaps for Ru isotopes in Fig. 7(a) and for Pd isotopes in
Fig. 7(c). In any event, this discussion implies that, for nu-
clides with odd Z, the A® values systematically contain
a sizable contribution that has nothing to do with neutron
pairing correlations. The same applies of course also to three-
point formula for protons, AY(Z), for nuclides with odd N.
The pattern of the calculated AP)(NV) becomes irregular for
Rh and Pd beyond N = 73 while for the Ru beyond N = 74.
This can be attributed to the same structural change that is at
the origin of the decrease of the 4,, in panel (b) of Fig. 6. We
discuss the change in the shape of the nuclides with N in the
next section.

D. Evolution of quadrupole deformation

To better understand the experimental results and the role
of deformation and triaxiality for the structure of neutron-rich
Rh isotopes, in what follows we will analyze the evolution of
the ground-state shape as predicted by BSkG1 for this region.
To this end, we will discuss the quadrupole deformation of a
nucleus of mass A in terms of the dimensionless deformation
B and the triaxiality angle y as

4
Br = iy B + 205, @®)

y = atan(v/202/0x), )

where R = 1.2A'/3 fm. The quadrupole moments Q,, and
0y, are defined in terms of integrals of the nuclear den-
sity distribution and spherical harmonics Y, as Qy, =
[ d*rr* p(r)Re{Ys, (r)}, where p(r) is the nuclear matter
density and Re{Y,,,(r)} is the real part of the relevant spherical
harmonic, for m = 0 and 2 [22]. The quantity 8, characterizes
the total size of the quadrupole deformation and is always
positive such that its sign cannot be used to distinguish be-
tween prolate and oblate shapes. The triaxiality angle y can
make the distinction: values of 0° and 60° correspond to an
axially symmetric prolate or oblate shape, respectively. Values
in between these extremes indicate triaxial shapes that no
longer posses a rotational symmetry axis.

0.4

—4— Rh —< Pd

—&— Ru

40 —e— Ru —4— Rh — Pd ]

(b)
63 65 67 69 71 73 75 77
Neutron number N

FIG. 8. (a) Deformation parameter 8, and (b) the triaxiality an-
gle y for neutron-rich ruthenium (Z = 44), rhodium (Z = 45) and
palladium (Z = 46) isotopes as calculated from the BSkG1 model.

Figure 8(a) shows the calculated 8, and Fig. 8(b) y values
for the neutron-rich odd-Z Rh isotopes, as well as for the
neighboring Ru (Z = 44) and Pd (Z = 46) isotopic chains.
From N = 63 up to N = 74, Rh nuclei exhibit a fairly large
deformation (B, ~ 0.25-0.3) which evolves smoothly. For
these neutron numbers, BSkG1 predicts y values close to 30°,
i.e., the nuclear shapes are close to being maximally triaxial.
For the heaviest Rh isotopes, the model predicts a return to
axial shapes: beyond N = 74, the calculated values for y
drop significantly as does the total quadrupole deformation
B. This change in deformation coincides with the reduction
of the additional binding from triaxial shapes in Table II that
is responsible for different changes in Figs. 6 and 7 around
N = 75. More precisely, it leads to (i) the flattening of the S5,
in panel (a) of Fig. 6, (ii) the drop in &,, in panel (b) of Fig. 6,
and (iii) the irregularities in the odd-even staggering of the
A® in Fig. 7.

The trends in even-Z Ru and Pd chains follow the same
general lines: strong deformation that evolves smoothly for
the lighter isotopes, and smaller deformation and values of y
for neutron-rich isotopes. The details differ between chains:
the transition between both regimes happens one neutron later
(N =75) in the Ru chain, while the calculated 8 values in
the Pd chain vary more smoothly than those in the other two
chains.

Direct experimental information on triaxial deformation
in nuclear ground states is scarce, especially for odd-mass
and odd-odd nuclei. For even-even nuclei, information on
quadrupole deformation can be extracted from experimental
data in a model-independent way through the use of rota-
tional invariants [82,83]. The authors of Ref. [12], the only
such study in this region of the nuclear chart that we are
aware of, report y values for the stable °6:19%:110pq jsotopes
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(Z =46, N = 60, 62,64) as 2073, 197, and 167] degrees,
respectively. These values are somewhat smaller than the cal-
culated triaxiality angles for these nuclei [22], but we consider
this a satisfactory level of description for a global model.
Coulomb excitation data for 'Ru (Z = 44, N = 60) [13] and
HORu (N = 66) [14] also point towards triaxiality of these two
nuclides.

Also, as already mentioned in the Introduction, the inter-
pretation of the available information about rotational bands
of neutron-rich Rh isotopes and nuclides in adjacent isotopic
chains [15-17,84-88] consistently requires the assumption of
triaxial shapes within the various approaches used to model
them.

E. More detailed look at '>’Rh

As illustrated in Table II and Fig. 6, the effect of triaxiality
on the BSkG1 mass values for the Rh isotopes is large, and
the largest effect is seen for !'*Rh. The trend in the isomeric-
state excitation energies (see Fig. 3) has a minimum around
the midshell at N = 66, i.e., at ''"°Rh (¥ = 65) and ''*Rh
(N = 67). Thus, '"?Rh is a special case among the studied
Rh isotopes. In the following, we will discuss its structure in
detail.

To obtain a correct description of an odd-odd nucleus in a
mean-field calculations, one has to construct a quasiparticle
excitation for each nucleon species on top of a reference state
that describes an even-even nucleus [89]. Among a multitude
of possible choices for such blocked states, the combination
leading to the lowest total energy varies with deformation in a
discontinuous way rendering it impossible to draw consistent
potential energy surfaces (PES) for such nuclei. Instead, one
can forego the construction of quasiparticle excitations and
perform a false-vacuum calculation, which fixes the average
number of protons and neutrons to be odd but otherwise treats
the nucleus as even-even [80,90]. We show the PES for such
a calculation for ''’Rh in Fig. 9. While we obtain for this
nucleus the largest difference between the triaxial minimum
and the axially symmetric saddle among all Rh isotopes, the
topography of the surface is representative for '%-11Rh. A
peculiar aspect of the PES in this region is that the triaxial
minimum is at a slightly larger total deformation S, than either
of the prolate and oblate saddle points.

The appearance of triaxial deformation in this region can
be understood qualitatively by inspecting the single-particle
spectra as a function of deformation. Figure 10 shows the
eigenvalues of the single-particle Hamiltonian of neutrons
(top row) and protons (bottom row) for '">’Rh (Z =45, N =
67) along the path indicated by black arrows in Fig. 9. The left
column explores the variation of the single-particle spectrum
as a function of quadrupole deformation g at y = 0°, i.e.,
for axially symmetric prolate shapes. The rightmost column
shows the same for oblate shapes with y = 60°, while the
center column is drawn for fixed quadrupole deformation
B> = 0.3 while varying y. For axially symmetric shapes it is
possible to assign the single-particle states the quantum num-
ber K according to the projection of their angular momentum
on the symmetry axis. This quantum number is indicated by
colors in the left and right columns of Fig. 10, but cannot be

0.2

0.3
B2

FIG. 9. Potential energy surface in the (8, y) plane for false-
vacuum calculations (see text) of !'’Rh. The shape-trajectory
followed by the Nilsson diagram in Fig. 10 is indicated by black
arrows.

0.4

used in the center column where configurations are not axially
symmetric.

The origin of the drive towards triaxial shapes can be
found in the proton single-particle spectrum. According to
Strutinsky’s theorem [91,92], local minima (maxima) in de-
formation energy surfaces correspond to regions where the
bunching of single-particle levels around the Fermi energy is
very low (high). At spherical shape, the proton Fermi energy
is in the middle of the highly degenerate 1g9,>+ shell, lead-
ing to large level density. Through prolate deformation, the
substates of the spherical proton 1gg/+ spread out strongly
and produce a very sparse spectrum with large gaps among
the positive-parity states. The upsloping negative-parity states
spoil these gaps though, particularly the K™ = 1/27 level
coming from the spherical 2p;,,- shell. However, this state
curves up strongly for increasing values of y, such that tri-
axial deformation allows the nucleus to decrease the level
density near the Fermi energy significantly, opening up a gap
at Z = 44. Similarly large gaps open up as well for Z = 42
and Z = 46, explaining the preference for non-axial deforma-
tion in this region. Whether a given nucleus takes a triaxial
shape, however, depends also on the neutron spectrum at these
deformations.

For the midshell nucleus !'’Rh, the overall density of
neutron levels around the Fermi energy is much larger than
the one of protons. The former is also not visibly decreased
when going from spherical to prolate or oblate shapes with
B> >~ 0.3. Still, for N = 68 and some other adjacent neutron
numbers, modest single-particle gaps open up for finite val-
ues of y. When increasing the neutron number however, the
neutron Fermi energy rises and encounters larger shell gaps
at smaller prolate deformations. Sufficiently close to N = 82,
this effect trumps the preference of the protons for triaxial
deformation.
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FIG. 10. Nilsson diagram of the eigenvalues of the single-particle Hamiltonian for neutrons (top row) and protons (bottom row) along the
path in the 8-y plane indicated by arrows in Fig. 9 for !'>Rh (see text for details). The Fermi energy is drawn as a dash-dotted line, while
full (dashed) lines indicate single-particle levels of positive (negative) parity. The three indicated regions correspond to axially symmetric
prolate shape with y = 0° (left column), fixed quadrupole deformation 8, = 0.3 with varying y (center column), and axially oblate shape with
y = 60° (right column). The vertical gray band in the center panels is centered at y = 27°, the value obtained in a complete calculation of
12Rh. The quantum numbers of the shells at sphericity are indicated on the right-hand side.

The staggering of the triaxiality angle at N = 77 in Fig. 8
can be understood in a similar way. The mean-field minimum
for N > 76 is axially symmetric for all three isotopic chains,
as neutrons close to the shell closure strongly prefer axially
symmetric shapes. Nevertheless, the potential energy surface
of a false-vacuum calculation at N = 77 remains sufficiently
soft with respect to y such that the creation of a neutron
quasiparticle excitation is sufficient to break the symmetry
for '>'Ru and '>*Pd. As the level density of neutrons is much
larger than that of protons, the polarizing effect of a blocked
neutron is larger than that of a blocked protons; the latter
cannot generate triaxial deformation in '>'Rh.

Without symmetry restoration techniques, the symmetry-
broken mean-field calculations we report on here cannot
produce definite spin assignments for ground or excited states.
For even-N Rh isotopes however, we can make tentative as-
signments due to the sparsity of the single-particle proton
spectrum. The picture that emerges is consistent with exper-
imental spectroscopic information: a positive parity proton
state, linked to the K™ = 7/2% state on the prolate side, is
located close to the Fermi energy in the center of Fig. 10. This
matches well the J© = 7/2% ground states of the '9197-19Rp
isotopes.* Without triaxial deformation, theory would not re-
produce the spin-parities: on the prolate side the K™ = 1/2~
state suggests a negative-parity ground state, whereas an
oblate shape would result in a state with a lower spin. These
considerations seem to be independent of the type of EDF that
is employed: calculations with the Gogny D1S parametriza-
tion lead to a similar single-particle spectrum for the protons
[19].

“The ground states of the neutron-rich even-N Rh isotopes with
111 < A < 125 have also been tentatively assigned J™ = 7/2% [23].

For odd-N Rh isotopes, however, extracting spin-parity
assignments for the ground and isomeric states is particularly
difficult due to the large number of states near the Fermi
energy that are all K mixed. Based on the (often tentative)
experimental information on spin-parities in this mass region,
we can, however, offer some observations. For both ''"°Rh and
2R, the ground and isomeric states have been assigned (1)*
and (6)7, i.e., states of identical parity that differ by a large
amount of angular momentum. In the strong-coupling limit,
these assignments can be naturally explained by combining
the angular momentum of a K™ = 7/2% proton and a K™ =
5/2% neutron in two different ways: a parallel (antiparallel)
coupling results in a high (low) spin. Such spin assignment for
the odd nucleons would make the ground and isomeric state a
so-called Gallagher-Moszkowski pair [93]. The appearance of
triaxial deformation stops us from relying on the K-quantum
number, but we observe that the central panel of the top
row of Fig. 10 shows two neutron single-particle states near
the Fermi energy that link to K™ = 7/2% states on the prolate
side. Although the negative parity neutron state linked to the
K™ =7/2~ state on the prolate side could lead to a negative
parity ground state in a symmetry-restored calculation, the
BSkG1 Nilsson scheme in Fig. 10 is thus not incompati-
ble with this scenario for the ground and isomeric states in
10, 112Rp

Assuming that the isomeric states in !'%!'>’Rh are the
Gallagher-Moszkowski partners of their respective ground
states also offers a possible, albeit tentative, interpretation
for the extremely low excitation energy of their isomers of
10.112Rh . For other nuclei in this mass region, the excitation
energy of spin isomers is often of the order of 100 keV; see for
example Fig. 3. This splitting is generally interpreted as being
the result of the relative orientation of the intrinsic spins of the
odd neutron (s,,) and odd proton (s, ): depending on the relative
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orientation of spin, the proton-neutron spin-spin interaction
is either attractive or repulsive, leading to a small difference
in total binding energy. The state with lowest energy has
spins that are parallel (s, - 5, > 0) while the excited partner
has antiparallel spins (s, -5, < 0). The situation of 10Rh
and '"’Rh is somewhat peculiar due to the presence of two
positive parity neutron levels with similar angular momenta
near the Fermi energy that are candidates for the observed
states. These two single-particle states differ, at least for ax-
ial prolate shapes, in their relative orientation between their
orbital (£,,) and spin (s,) angular momentum, although they
have roughly similar total angular momentum (j,, = £, + s,).
The neutron level originating from the spherical 1g7/,+ has
both mostly antiparallel (£, - s, < 0), while the one connected
to the 2ds;»+ shell has both mostly parallel (¢, - s, > 0). For
triaxial shapes these two single-particle states mix, and in the
many-body wave functions of the two partner states the quasi-
particle configurations in which either is blocked might also
be mixed. This could lead to a situation where the spins of the
odd nucleons are almost perpendicular (s, - 5, ~ 0), resulting
in a very small Gallagher-Moszkowski splitting and hence a
very low excitation energy of the isomers in ''Rh and ''?Rh.
This interpretation also naturally explains why such low-lying
isomers are only observed only for a small number (two) of
the Rh isotopes; as N increases (decreases), the neutron Fermi
energy moves up (down) in Fig. 10, further away from the
K™ =7/2% neutron state with highest (lowest) energy and
removing the possibility of this mixing. Although we cannot
provide definite predictions, it is natural to expect a larger, i.e.,
normal, Gallagher-Moszkowski splitting for neutron numbers
sufficiently far from N = 65, 67.

We emphasize this discussion is no substitute for more
advanced many-body calculations capable of constructing
spectra with the associated quantum numbers for these nuclei.
Performing such calculations with predictive power based on
nuclear EDFs might however not be possible in the near fu-
ture. On top of the technical challenges inherent in employing
symmetry-restoration techniques for odd-odd nuclei, it has
been argued that virtually all existing EDF-based models are
not suited to describe the attraction between the odd nucleons
in such nuclei [94].

V. CONCLUSIONS

We have determined the ground- and isomeric-state masses
of 110-112.114.116.118Rh and determined the isomeric state exci-
tation energies accurately for the first time. Also the mass of
120Rh was measured for the first time. The new ground-state
mass values revealed deviations up to around 100 keV from
the adopted mass values of 10112, 118R K in AME20 [54]. We

have unambiguously determined the masses and half-lives
of the ground and isomeric states in ''?Rh and confirm that
the low-spin 17 state is the ground state. The new ground-
state half-life was found to be more than 10o shorter than
the value reported in the ENSDF evaluation [56], but to agree
with the result reported in Ref. [27] which had taken into
account ''"?Ru contamination. The experimental results have
been compared to the results of the global BSkG1 mass model
[22] that was adjusted allowing nuclei to take triaxial shapes.
The trends of mass excesses and two-neutron separation ener-
gies of the Rh isotopes are very well reproduced with the full
BSkG1 model, whereas limiting the variational space to axial
shapes leads to substantial deviations from the experimental
values. This result underlines the important role of triaxial-
ity in the region of studied Rh isotopes. The predictions of
BSkG1 for the potential energy surface as well as the defor-
mation dependence of the single-particle energies have been
studied in detail for ''?Rh, the nucleus for which the effect of
triaxiality is largest in the BSkG1 model. The results indicate
that the proton shell effects drive the Rh nuclides to triaxial
shapes, and that neutron shell effects moderate for which
isotopes this happens. A drastic change in the deformation is
predicted to take place at N = 75 (*°Rh), which is imprinted
on several mass differences. In the future, mass measurements
of the more exotic Rh isotopes are needed to explore if this
effect can be seen as a change in the slope of the two-neutron
separation energies beyond N = 75.
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