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Monoisotopic samples of exotic, neutron-rich '’Rh nuclei, produced in the proton-induced fission of 23U
and separated using the IGISOL mass separator coupled to the JYFLTRAP Penning trap, were used to perform
B and y coincidence spectroscopy of '’Pd. The spin parity of the ground state of ''”Pd was determined to be
1/2* and the 19.1 ms isomer at 203.2 keV was assigned a spin-parity 7/2~. The ''""Rh 8~-decay scheme was
considerably extended, and various sequences of the levels were interpreted as resulting from the prolate, oblate,

and triaxial nuclear shapes. Some of the 8~ decays were considered as the allowed Gamow-Teller transitions.
The experimental distribution of Gamow-Teller strength is discussed.
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I. INTRODUCTION

The neutron-rich nucleus }}’Rh with N = 72 has 14 neu-
trons more than the only stable isotope of rhodium, '®*Rh.
The levels and transitions in ''”Pd, populated in the 8~ decay
of """Rh, currently represents the most rich spectroscopy
information at the neutron-rich side of the A = 117 isobaric
chain. In the next more exotic nucleus ''7Rh, there is only one
excited level known, a submicrosecond isomer, which decays
by a single y ray of 321 keV [1].

A strong motivation for studies of these exotic nuclei is
the longstanding prediction of a shape change from prolate
to oblate deformation expected in this region [2,3]. The first
experimental signs of this change were reported in ''"Mo [4]
and '"'Tc [5,6]. In "' Tc it was the observation of many extra
low-energy excitations, as compared to lighter Tc isotopes,
which was the sign of the occurrence of an oblate minimum
in the nuclear potential. In the chain of Pd isotopes a hint of a
transition to the oblate regime was recently reported in '3 Pd
[7] in connection with the new spin-parity assignment of 1/2%
to the ground state (g.s.) and of 7/27 to the isomer in this
nucleus [6,8,9]. Therefore, the extension of these studies to
'7pd is a natural step towards the identification of an oblate
deformation, which is still a rare phenomenon in nuclei.

That some shape changes may occur in the Pd isotopes
was already suggested by the extraordinary changes in the
hindrance factors of isomeric transitions in '*~!'7Pd isotopes,
which vary more than four orders of magnitude [10-13]. In
these early works, it was assumed that in all these Pd isotopes
spins of isomeric levels were 11/27, corresponding to the
spherical vh,; excitation. Subsequent changes of some of
these assignments [5,6,9] have shed new light on the effect. Itis
of interest to check whether any further changes in spin-parity
assignments should be made in these isotopes, especially in
1 17Pd.

Theoretical calculations support such expectations. In
Ref. [2] Skalski et al. pointed to strong shape variations due to
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the predicted coexistence of prolate and oblate potential min-
ima and a y softness expected in Mo-Pd nuclei. Many examples
of these phenomena have been observed experimentally in the
100 < A < 120 region, especially effects related to y softness
and triaxiality in neutron-rich Mo-Pd isotopes [4-10,14-29].

In the same region of the nuclide chart, calculations by Xu
et al. [3] have described the evolution of nuclear deformation
with an increasing neutron number from prolate through
triaxial to oblate, predicting stability for oblate shapes at N >
70. New data for the exotic ''’Pd nucleus would provide an
important and demanding case for testing such nuclear-model
prediction far from stability.

This paper reports on the experimental investigations of
excited levels in ''7Pd, populated in the g~ decay of !'’Rh
and aimed at the verification of spins and parities of the
ground state and the isomer in ''”Pd, as well as searching for
new low-energy levels—the expected signature of an oblate
deformation. In Sec. II we describe the experimental and
analysis techniques used and the measurement performed in
this work. Experimental results are presented in Sec. III. These
results are discussed in Sec. IV, followed by more general
discussion of Pd isotopes in Sec. V. Finally B-decay strength
is discussed in Sec. VI and a summary is in Sec. VIIL.

II. EXPERIMENT

The '""Rh nuclei were produced in fission of a natural
uranium target, induced by 25 MeV protons from the K-130
cyclotron at the Accelerator Laboratory of the University of
Jyviskyla. Fission products were on-line mass separated with
the upgraded IGISOL-4 mass separator. The isobaric beam of
17 ions from the IGISOL [30], formed into bunches in a radio
frequency cooler and buncher [31], was sent to the JYFLTRAP
Penning trap for isobaric purification [32,33]. Figure 1 shows
the spectrum of ions with mass A = 117 measured after the
Penning trap using a microchannel plate (MCP) detector. The
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FIG. 1. Ion counts registered with a MCP detector placed after
the Penning trap. The resolved atomic ions from the IGISOL isobaric
beam are marked with their element symbols.

measurement was done as a function of the cyclotron frequency
of ions inside the trap, w, = ¢ x B/m, where g and m are the
charge and mass of an ion and B is the magnetic field inside the
trap. As seen in Fig. 1, JYFLTRAP can deliver a monoisotopic
beam of !'"Rh. The rate of !'’Rh ions measured with the MCP
detector was about 40 ions/s. The trap purification cycle was
131 ms.

The ''"Rh ions, released from the trap, were implanted
into a movable plastic tape. The tape was moved every 5 s
to transport away the long-lived, isobaric decay products. Our
detector setup consisted of a 2 mm thick plastic scintillator and
three low-energy germanium (LEGe) detectors equipped with
thin (0.6 mm) composite carbon entrance windows to provide
high transmission at low energy. The scintillation detector
surrounding the implantation point was used for detecting
electrons from B decay. In the vacuum chamber, containing
the movable tape and the scintillation detector, there were three
thin capton windows to minimize absorption of low-energy y
rays. The three LEGe detectors were arranged at 90° to each
other in a horizontal plane around the vacuum chamber, each
detector was facing one of the thin windows of the chamber.
Average absolute efficiency of the LEGe detectors was about
4% at 100 keV and about 0.8% at 1000 keV.

A short measurement with the purification trap set to ''’Pd
was made as well. It shows y lines in the A = 117 decay chain,
except for those populated directly in the ''’Rh decay, helping
to identify new lines following 8~ decay of '!"Rh. The 8 decay
of ''Pd monoisotopic samples was measured with the same
setup as used for the 8 decay of ''"Rh.

The data acquisition system, based on the digital gamma
finder (DGF) modules, was recording data from all the de-
tectors in a triggerless mode. Later off line, data were time
ordered and sorted into one- and two-dimensional coincidence
histograms for further analysis.

III. 8 DECAY OF "Rh TO ''"Pd

The B decay of the neutron-rich isotope ''’Rh was for the
first time observed in proton-induced fission of "“U. A B
half-life of 0.44(4) s was measured and three y rays of 34.6,
131.7, and 481.6 keV were ascribed to the decay of ''’Rh [10].
Later a similar §-decay half-life of 3941’12 ms was reported
for ''"Rh produced by the fragmentation of a '*Xe beam
[34]. In the present work the coincidence between g particles,
KX characteristic radiation and y photons as well as double
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FIG. 2. The singles, §- and Pd(K, X)-gated spectra measured
with the LEGe detectors for the monoisotopic samples of ''"Rh (a)—(c)
and monoisotopic samples of 17pq [(d), log. scale]. The peaks are
labeled with their energies in keV.

y coincidences were used to deduce the relations among y
transitions following the 8 decay of ''’Rh.

Examples of y spectra recorded with the LEGe detectors
are presented in Fig. 2. In Fig. 2(a) a spectrum from the
"7Rh monoisotopic samples shows all the recorded events
with no additional conditions, the so-called singles spectrum.
The spectrum in Fig. 2(b) shows all y events, which are in
coincidence with 8 events registered in the plastic scintillator.
The B coincidence condition enhances y lines emitted from
excited levels populated by 8 decay and suppresses other y
lines, such as background radiation or isomeric transitions,
compare spectra in Figs. 2(a) and 2(b). The spectrum in
Fig. 2(c) shows y lines in coincidence with the characteristic
K, radiation of palladium, thus one can see transitions between
the excited states in !!7Pd. Finally, Fig. 2(d) shows a y spectrum
for the monoisotopic samples of ''7Pd, which is one step closer
to the B stability valley than ''’Rh. Comparing Figs. 2(a) and
2(d) one may identify y lines belonging solely to the ''"Rh
decay, which are present only in Fig. 2(a).

Figure 3 shows the quality of our coincidence spectra gated
on lines of ''"Pd. The spectrum in Fig. 3(d) indicates the
presence of the 17.8-keV link between the 207.7-keV and
225.4-keV levels.

Energies, intensities and coincidence relations for y rays
measured in this work are presented in Table I. The intensities
of y lines, visible in singles spectrum, were estimated based
on peak areas in a spectrum recorded with the LEGe detector
located opposite to the beam. The other two LEGe detectors
were looking at the implantation point through a thin metal
plates, which are used to support the plastic collection tape,
thus their detection efficiency was reduced at low energies.
For the y lines not visible in the singles spectrum, their
intensities were estimated using coincidence spectra. The g
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FIG. 3. The coincidence spectra for monoisotopic samples of
7Rh. Energy of a gating y line is shown in the top right corner.
The peaks are labeled with their energies in keV and the ones due to
backscattering are labeled with an asterisk.

feeding intensities to levels in ''"Pd populated via g decay of
"7Rh and the resulting log,, f¢ values are shown in Table II.

IV. EXCITED LEVELS IN '7pd

Using the coincidence relations shown in Table I, the
B-decay scheme of ''""Rh was constructed and is presented
in Fig. 4. The energy of ''"Rh B decay is as high as 0p =
7527 keV [35]. Due to the low count rate of the very exotic
nuclei, the contribution of naturally occurring y radiation was
significant. The y spectra were recorded in a limited energy
range because efficiency of a germanium detector decreases
with increasing y-ray energy. Therefore, some transitions of
low intensity (especially at high y energies) may have escaped
detection. Consequently the 8 feeding values observed in this
work, which are shown in Table I, must be considered as upper
limits and the corresponding log,, ft values as lower limits.

A. Spin parity of the ''"Rh ground state

The knowledge of the spin parity of the ground state
of """Rh is of prime importance for assigning spins and
parities to levels in ''"Pd, populated in the 8 decay of ''"Rh.
An axially asymmetric deformation is proposed for rhodium
isotopes to explain the nuclear structure observed in spec-
troscopy measurements [1,38,39]. Theoretical calculations of
the potential-energy surface for !!’Rh, based on the FRLDM
macroscopic-microscopic model, show a single minimum for
the axial-asymmetry coordinate y ~ 45° [40].

The lowest states in neutron-rich rhodium isotopes can be
explained using the scheme of proton single-particle levels
calculated as function of an axial asymmetry y for aquadrupole
deformation fixed at 8 = 0.31 [41]. The calculations suggest
7/2% spin assignments for ground states in '®~1Rh.

These expectations can be verified further by observing sys-
tematic trends of experimental excitations. Examples of such
systematics for odd-mass rhodium isotopes can be found in
Refs. [1,27]. In Fig. 5 we show an updated version, displaying
experimental excitation energies of some characteristic levels
in odd-A isotopes of rhodium. Levels are drawn relative to the
9/2% excitation, which in spherical Rh isotopes is most likely
dominated by the g9/, configuration.

The 1/27 excitation corresponding to the ground state
in spherical '°'Rh, is due to the mp, 2 configuration. Its
energy increases quickly with deformation (neutron number),
in accord with Nilsson scheme predictions for the 1/27[301]
orbital, and is not expected to play any role at low excitations
in !'>17Rh. Similarly, the 1/2% level, corresponding to the
1/2%[431] intruder orbital, departs quickly from the 9/2%
excitation past '’Rh and should be well above the ground
state in ''>!""Rh. Its minimum energy in '®Rh suggests the
maximum deformation in Rh isotopes at the neutron number
N = 64, i.e., around the middle of the 50 < N < 82 shell.

Only in the spherical '*!Rh the 7/2% level lies above the
9/2% level. The ground-state levels of all known Rh isotopes
from 'Rh up have spin parity 7/2%. As pointed out in
Ref. [52] in isotopes with some collectivity this excitation
is most probably due to seniority-three coupling of protons
occupying the 77 g9, shell. Therefore, one may expect the 7/2*
level below the 9/2% level in Rh isotopes with N in the region
58-64.

The systematics in Fig. 5 suggests that above neutron
number N = 68 (">Rh) the 7/2" level rises, which may be
due to lowering of collectivity above the midshell. This is
supported by the systematics of 3/2% and 11/2% levels shown
in Fig. 5, which can be interpreted as the antiparallel and
parallel, 7/2% ® 2% couplings, respectively, but from N = 62
these states form regular bands based on a triaxial ground
state and 3/2% state [39,53,54]. We also note a rapid change
at '°Rn, though it should be remembered that these data
are rather tentative [39]. In conclusion, the stable trend of
(g 3/2)1-,1 7/2% levels shown in Fig. 5, points to preliminary
7/2% spin-parity assignment for the ground state of ''"Rh.

It is of interest to find the reason for the suggested changes
in collectivity (deformation) of Rh isotopes past N = 68. A
possible cause could be a change from prolate to triaxial or
oblate deformation in Rh isotopes, which is expected around
this neutron number [2,3].

B. Levels related to the 19 ms isomer
and the ground state of ''’Pd

The 203-keV isomeric level in !'Pd with a half-life of
19.1 ms was reported in Refs. [11,55] and later in the discussion
of the low-energy states populated by the ''""Rh B~ decay
[10,12]. Five transitions of energies 34, 71, 97, 131, and 168
keV were ascribed to the decay of the isomer. The 71 and
168 keV transitions, depopulating the isomeric level, were
assigned a M2 multipolarity based on the spectroscopy of
conversion electrons. Using the systematics available at that
time, 11/2~ spin was assigned to the isomer and the 7/2%,
7/2%, and 5/2% spins were assigned to the 131-, 34-keV, and
the ground state, respectively. The results of Refs. [10-12,55]
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TABLE I. Energies, relative intensities /,,, and coincidence relations of y lines observed in the 8~ decay of Rh. “weak coincidence;
Yunplaced in the scheme; “2also in Ag; “also in Cd; and ™also in In.

E, (keV) I, from to coincident y lines

17.8(4) 2.3(1.5) 225.4 207.7 207V

34.6(1) 55.6(2.0) 34.6 0.0 21,97, 104, 168, 202, 286, 330, 401, 481, 567

63.3(3) 6.2(9) 266.5 203.2

71.4(7) 1.3(4) 203.2 131.7 97,131, 273"

84.6(1) 10(2) 3213 236.7 21,34%,97, 104, 131, 202, 236, 423

93.9(5) 2.4(4) 225.4 131.7 131

97.0(1) 34.9(1.6) 131.7 34.6 21,23, 34, 84, 104, 189, 279, 307%, 384, 412, 423, 469

104.9(1) 49.7(1.8) 236.7 131.7 21,23, 84,97, 131, 198, 279, 307, 390, 395, 507, 533, 601", 612

131.7(1) 100.0(1) 131.7 0.0 21,23,71, 84,93, 104, 189, 195, 198, 279, 307, 384,
390, 395, 412, 423, 469, 533, 612, 628", 707%

151.9(3) 8.7(1.0) 516.5 364.7 21,330

168.6(1) 91.7(6.0) 203.2 34.6 21,23, 34

189.4(2) 18.0(1.8) 321.2 131.7 21,97, 131, 195, 306, 423

190.9(8) 6.2(0.8) 2254 34.6 21, 291, 330, 406

195.5(5) 7.7(1.0) 516.5 321.2 21, 131, 189, 286

198.9(3) 4.3(1.6) 435.6 236.7 21, 104, 131, 202, 236

202.1(1) Cd 43.5(5.0) 236.7 34.6 21, 23, 34, 84, 198, 279, 307, 390, 395, 507, 533, 612

207.7(1) 18.9(2.0) 207.7 0.0 17%, 21, 291, 308, 330, 348", 393, 406%, 433, 519%

225.4(1) 80.3(2.8) 225.4 0.0 291, 330, 376, 406, 415, 519, 613, 808, 1689

228.1(1.9) 1.6(8) 744.6 516.5 481

236.7(1) 20.3(2.0) 236.7 0.0 84,198, 279, 307, 390, 395

279.9(2) 18.4(1.2) 516.5 236.7 21,97, 104, 131, 202, 236

286.6(1) 45.6(3.0) 321.2 34.6 21,23, 34, 195, 306, 423

291.1(2) 23.8(2.0) 516.5 2254 17%, 21, 97,207, 225

306.1(4) 5.3(1.5) 627.4 321.2 21,131, 189, 286

307.7(2) cd 10(1.9) 544.4 236.7 21, 23,97, 104, 131, 202, 236, 401

308.8(3) 2.9(0.7) 516.5 207.7 21, 34, 131, 202, 207, 401

308.8(3) 2.9(0.7) 744.6 435.6 21, 34, 131, 202, 207, 401

330.1(4) 35(5) 364.7 34.6 21,23, 34, 151, 380, 473

330.6(9) 5.8(2.0) 555.6 2254 191, 207, 225

334.5(7) 1.0(5) 770.0 435.6 401

348.2(7) 1.9(1.0) 555.6 207.7 207

376.3(5) 7.1(1.5) 601.7 2254 21,225

380.2(3) 7.0(1.2) 744.6 364.7 21,330

384.5(4) 19.1(2.2) 516.5 131.7 21,97, 131

390.8(3) 8.7(1.5) 627.4 236.7 21, 23,97, 104, 131, 202, 236

393.9(4) 1.9(1.0) 601.7 207.7

395.5(4) 5.8(2.0) 632.1 236.7 21, 34,97, 104, 131, 202, 236

401.0(3) 28(3) 435.6 34.6 21,23, 34, 308, 493, 587, 620"

406.7(2) 15.3(2.0) 632.1 225.4 225

412.9(3) 9.3(1.1) 544.4 131.7 21%,97, 131

415.4(8) 2.1(1.0) 641.0 225.4 21%, 225

423.4(3) 5.8(2.0) 744.6 321.2 21, 34%, 84,97, 131, 286

423.8(3) 14.7(2.0) 555.6 131.7 21, 34%, 84,97, 131, 286

433.5(9) 3.9(1.5) 641.0 207.7 207

469.9(7) 8.7(1.5) 601.7 131.7 21%,23%,34,97, 131

473.9(4) 3.5(1.5) 838.6 364.7 330

481.9(1) Ag 133(10) 516.5 34.6 21,23, 34, 14742, 228
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TABLE 1. (Continued.)

E, (keV) I, from to coincident y lines
493.7(1.0) 3.4(1.0) 929.3 435.6 401

507.7(8) 3.9(1.5) 744.6 236.7 104, 202
519.1(7) 5.5(1.5) 744.6 225.4 207%, 225
533.2(9) 4.4(1.0) 770.0 236.7 21,97, 104, 131, 202
567.2(5) 15.6(3.0) 601.7 34.6 21,34
587.6(1.7) Ag 3.1(1.0) 1023.2 435.6 21, 401
612.3(9) 2.7(1.0) 849.0 236.7 21, 104, 131, 202, 225
612.7(7) 3.1(1.0) 744.6 131.7 21, 104, 131, 202, 225
613.2(6) 2.3(1.0) 838.6 2254 21, 104, 131, 202, 225
707.0(1.5) 2.4(1.0) 838.6 131.7 131
808.1(1.5) 3.3(1.0) 1033.5 2254 225
1689.1(1.2) 5.9(1.0) 1914.5 2254 21,225

summarized above, came from the simultaneous spectroscopy
studies of all the neutron-rich nuclei in the A = 117 isobaric
chain since the best mass resolving power of the available
separation techniques was limited to select isobars, only. The
production rate of the isomer in '!'"Pd was estimated one order
of magnitude higher than the production rate of ''’Rh [12].
The excited levels in !'”Pd, populated in the spontaneous
fission of 2¥Cm were investigated by prompt y spectroscopy
with the EUROGAM?2 array [8]. A new y transition of 63.3 keV
was observed to feed the 203.2-keV isomeric. Consequently
the 11/2~ spin parity was assigned to the 266.5-keV level and
spin of the isomeric level was lowered to 9/27. The 63.3 keV

TABLEIIL g feedingintensities (/g) andlog,, ft values of excited
levels populated in the B~ decay of '"Rh. The I value to the 131.7-
keV level is 0 or 4.6 for the E2 or M1 multipolarity of the 104.9 keV
line, respectively. For some transitions in ''’Pd the multipolarities
were deduced [12] and their total conversion coefficients were taken
from Ref. [37]. Total intensity of 17.8 keV was estimated as 7(3) y
units. ''""Rh T;,, = 421(30) ms [36].

E\ey (keV) Iy log,y ft  Eiey (keV) Iy log,, ft
0.0 0.0 555.6 2.9(0.4) 6.0
34.6 0.12.1) 7.8 601.7  4.3(0.5) 5.9
131.7 0-4.6 >6.0 627.4 1.8(0.3) 6.2
203.2 <192(1.2) 253 632.1 2.7(0.4) 6.0
207.7 0.0 641.0  0.8(0.2) 6.6
2254 3.7(0.8) 6.0 744.6  3.4(0.4) 5.9
236.7 7.4(1.0) 5.7 770.0  0.7(0.1) 6.6
266.5 1.9(0.2) 6.3 838.6 1.0(0.3) 6.4
321.2 5.9(0.6) 5.8 849.0  0.3(0.1) 6.9
321.3 2.0(0.3) 6.3 929.3  0.4(0.1) 6.8
364.7 1.9(0.7) 6.3 1023.2  0.4(0.1) 6.8
435.6 3.2(0.5) 6.0 1033.5  0.4(0.1) 6.7
516.5 27.7(1.7) 5.1 19145  0.8(0.1) 6.2
544.4 2.5(0.3) 6.1

transition in ''”Pd was confirmed in another study, using a
22Cf spontaneous-fission source [9].

In this work, with the use of a Penning trap as a precise
mass filter, monoisotopic samples of ''"Rh were studied. In
the singles y spectrum [see Fig. 2(a)] one observes, for the
ion trap frequency set to !'’Rh, the 71.4- and 168.6-keV lines
depopulating the isomer and the 63.3-keV line observed before
in the spontaneous fission study [8,9]. The 63.3-keV line is not
coincident with any other line in our 8-decay data and this is
why we think that it populates directly the 203.2-keV isomer.
This leads to the conclusion that the 203.2- and 266.5-keV
levels are populated (directly or indirectly) following 8 decay
of '""Rh. A considerable B feeding to the 203.2-keV level
(see Table II) is an upper limit, in our coincidence data it
was not possible to find any other y transitions populating
the isomer. The experimental log;, f# > 5.3 can not exclude
a singly forbidden B transition to the 203.2-keV level, as such
forbidden transitions with log,, ft < 6 are known in other
nuclei.

Intensity balances for the 34.6- and 131.7-keV levels, shown
in Table II, indicates they are not (or only weakly) populated
in B decay. With the 7/27 spin and parity for the ground state
of '""Rh and the M2 multipolarities of the 71- and 168-keV
transitions [10] one may explain the observed § feeding to the
low-energy levels in ''/Pd by assigning spin parity 9/2~ for
the 266.5-keV level, 7/27 to the 203.2-keV isomer and 3/2"
to the levels at 34.6 and 131.7 keV.

We note that the 203.2-keV isomer does not decay to
the ground state. This suggests that the spin of the ground
state is lower than 3/2 or the structure of the ground state
is significantly different from structures of the 34.6- and
131.7-keV levels. While this latter possibility needs further
investigations, we note that the presence of prompt 34.6- and
131.7-keV transitions to the ground state does not favor very
different structures. Therefore, we propose spin parity 1/2%
for the ground state of '!7Pd.

With the 1/2% spin parity, the ground-state branching in
the B decay of ''"Rh is assumed to vanish, correcting the 70%
feeding proposed in Ref. [10], where 5/2% spin parity was
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assumed for the ground state of !'”Pd. It may be noted, that
in our paper on $ decay of ''>Rh [7], we assigned spin parity
7/2~ to the isomeric state in ''>Pd and changed spin of the
ground state to 1/27F.

C. Levels 236.7 keV, 207.7, and 225.4 keV

There are three excited levels of similar energies 207.7,
2254, and 236.7 keV, which exhibit significantly different
decay properties. The 236.7-keV level is fed in 8 decay (7.4%)
and deexcites by 104.9 (M1 8.4-E2 13.8%), 202.1 (5.5%). and
236.7 (2.6%) keV transitions, where % is given in § intensity
units. It is the highest-energy level that deexcites directly to
the ground state. Its feeding in B decay (log,, ft = 5.7) and
the observed y-decay branchings point to its 5/2% spin parity.

The 207.7-keV level, which is not populated in 8 decay,
deexcites by the 207.7-keV (2.5%) transition to the ground
state. The 225.4-keV level is populated in 8 decay (log;, ft =
6.0) and deexcites by four transitions: 17.8 (0.9%), 93.9
(0.4%), 190.9 (0.8%), and 225.4 (10.7%) ke V. The levels 207.7
and 225.4 keV are connected by the 17.8-keV transition not
seen in the singles spectrum, but are well confirmed by the
coincidence relations. Considering the B-decay feeding and y
deexcitation patterns, the most probable spins and parities for
these levels are 3/2% and 5/27, respectively.
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D. 516.5-keV level

The 516.5-keV level has the highest population of 27.7% in
B decay. It shows no relation to higher-lying levels, except
a weak 228.1-keV line. The strongest line of 481.9 keV,
depopulating this level, was already observed in Refs. [10,12]
but was not placed in the decay scheme. Considering the
log,o ft = 5.1 of this level and its decay to 3/2% level the
spin parity of this level must be 5/2% or 7/2%. Of the two
spins 5/2% is more likely as suggested by the systematics
of 5/2 levels in the inset of Fig. 6 (red points). Somewhat
puzzling is the lack of any decay of the 516.5 keV to the
1/2% g.s.

E. Other excited levels in ''’Pd

Thelevelsat321.2,321.3,435.6,544.4,555.6,601.7,641.0,
and 744.6 keV deexcite to the 3/2 and 5/27" states, thus their
most probable spins are 5/2 and 7/2. The excited levels at
627.4, 632.1, 770.0, 838.6, 849.0, 929.3, 1033.5, and 1914.5
keV deexcite to the 5/2% and 7/2% states, thus their most
probable spins are 7/2 and 9/2. The 321.2-keV level, which
decays to the 5/2% level at 236.7 ke V only and is not populated
from any other level, has most likely a spin parity 7/2". The
321.3- and 364.7-keV levels, which decay to the 3/2% levels
only, both have, most likely, spin parity 5/2%. The levels at
435.6, 544.4, 555.6, 601.7, 641.0, and 744.6 keV, all with
log,, ft values around 6.0 and deexciting to 3/2% and 5/2%
states have spins 5/2% or 7/2%. Excited levels at 627.4, 632.1,

770.0, 838.6, 849.0, 929.3, 1023.2, 1033.5, and 1914.5 keV,
with log,, ft values around 6.5, deexciting to the 5/2% and
7/2% states, have probable spins of 5/2,7/2 or 9/2.

V. DISCUSSION

With the total log,, ft ~ 4.5, for B~ decay of the ground
state of '!7Rh to the observed positive-parity levels in ''7Pd,
this decay must involve the allowed Gamow-Teller transitions.
In this section we will trace them and try to clarify other tran-
sitions. It is particularly important to explain the pronounced
population of the negative-parity states in ''"Pd in the decay
of """Rh. We will also discuss possible signatures of oblate or
triaxial shape in Pd isotopes.

A. Positive-parity levels in Pd isotopes

The general structure of the positive-parity levels in lighter
odd-A Pd isotopes was described in the recent study of '“Pd
[52]. Below, we present this picture updated with the new
data for '""Pd and some new observations for lighter Pd
isotopes, which should help understanding the structure of
17Pd observed in this work.

As can be seen in the Nilsson diagram the bone structure of
the '3~115pd isotopes is based on the interacting 5/2%[413]
and 5/27[402] orbitals, originating from the ds;» and g7/»
neutron shells. In spherical '%!195Pd isotopes the odd neutron
occupies the ds; shell, producing 5/27 ground states. With the
increasing neutron number the occupation moves to orbitals
originating from the g7/, shell. However, the interaction of
the two results in the 5/27[402] still having the properties
(log,o ft) characteristic of the ds;, shell. Therefore in a long
chain from '®Pd to !'3Pd the ground state has the same
spin parity 5/2% and similar properties. Figure 6 shows these
levels (black circles, labeled vd5/2 and 5/2[402]), drawn
relative to the excitation stemming from the 14y, orbital
with the corresponding log,, ft values shown in rectangular
boxes.

The 5/25 excitation, expected at higher energy, starts in
193p(d as the 87,2 neutron coupled with a pair of gg /> protons to
produce the 5/2% j — 1 anomalous state. At higher neutron
number this evolves into the 5/2[413] orbital, which after
virtual crossing with the 5/2[402] orbital retains the properties
of the vg7/» shell. These excitations are shown in Fig. 6 as cyan
and blue circles with [vg; /271g§ /2]5 2 and 5/2[413] labels and
with the corresponding log;, f¢ values in rectangular boxes.

We note that in ' Pd, where the pseudocrossing takes place,
the positions of 5/2; and 5/2, levels are displaced with respect
to positions suggested by systematics for the 5/2[402] and
5/2[413] levels. This is probably due to the interaction between
these two orbitals.

The log,, ft values in the rectangular boxes display regular
trends, as shown in the inset of Fig. 6. The values for the
ground states in 103-109pq (vds2), which scatter around 5.9,
suggest a hindered 8 decay, supporting a 8 transition from the
ds;» neutron in the ground state of '7Rh to the g9/2 proton
in !'7Pd. At higher neutron number, the two points for 5/2;
levels in ''*!5Pd (labeled 5/2[402]) are a likely continuation
of this trend. The log,, ft & 5.5 for these two points is lower,
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probably due to the interaction with the 5/2, levels. Until
now the log,, ft for the ground state of ''"Pd has not been
determined but assuming that this state also corresponds to the
v5/2[402] configuration, its expected log;, f¢ is 5.4, which
corresponds to 20% feeding in B decay to the ground state
of "Pd. The log,o ft value for the 5/2, level in 17pq
(green point in the figure and in the inset, corresponding
to the 236.7-keV level in !''"Pd) suggests that this level
has similar structure though it does not continue the energy
systematics.

The log,,, ft values around 5.0 corresponding to the 5/25
levels, indicate an allowed B decays to these levels. The
allowed character of the transitions can be explained as the
G-T transitions from the ground state of Rh isotope containing
an admixture of a pair of g7/, neutrons, in which one of these
neutrons is converted into the g9/, proton. This is observed
from '9Pd to '3Pd in both, spherical and deformed nuclei.

The trend of log,, ft values for the 5/2, levels, seen in the
inset, suggests that the 5/2, level in ''>Pd and the 5/25 level in
7P (red points), should also be populated by G-T transitions,
i.e., should contain the g7/, neutron in their structure. However,
the systematic trend of excitation energies of these 5/2; levels
in "">17Pd (red points in the main figure) does not match
the trend of 5/2[413] excitations in '®~1*Pd (blue points).
Similar comments concern the 236.7-keV, 5/2; level in 17pg
(the green point). There are also two further observations (i)
the quick lowering of 1/2% and 3/27 levels with increasing
neutron number and (ii) the increase in a number of low-energy
levels in ''7Pd, as compared to lighter isotopes.

All these effects observed in ''"Pd (and partly in ''>Pd)
suggest that above the neutron number N = 67 there is a
change in the structure of Pd isotopes. The possible explanation
is the appearance of an extra minimum in the nuclear potential.
This could explain the doubling of the number of low-energy
excitations in "7Pd. As expected theoretically [2,3] a new
minimum corresponding to an oblate shape would appear at
high neutron number. The details of the competition of both
minima is a challenge for the future calculations. We note that
the fact that, on the one hand the 5/2; and 5/25 levels in ''7Pd
are similar in nature to the 5/2; and 5/2, levels in lighter

isotopes, while their excitation energies do not follow the trend,
on the other hand, suggest an interaction between the prolate
and the oblate minima in the potential.

B. Isomers and negative-parity levels in Pd isotopes

The assignment of spin parity 7/2~ to the 19.1 ms isomer
in ''"Pd, proposed in this paper, is an important new result.
Apart from providing, in turn, a new spin parity of 1/2% to
the ground state of ''’Pd, it may help understanding the very
intriguing hindrance factors of isomeric transitions, which vary
more than four orders of magnitude in neutron-rich palladium
nuclei.

The decays of isomers in odd-A, '®~!!7Pd isotopes are
collected in Fig. 7, showing the behavior of isomeric states
and the levels associated with isomers. The properties of
isomeric states in odd-A, neutron-rich palladium isotopes were
reported in Refs. [12,13], among them the hindrance factors for
isomeric transitions, shown in Fig. 7 in square brackets next to
M?2 or E3 labels of isomeric transitions.

The hindrance factor of 7.6, for the isomeric transition in
105pq is typical for an M2 transition between single-particle
levels in a spherical nucleus (cf. the compilation [57] and the
hindrance factors of 11 and 8 for M2-E3 transitions in '“Cd
and 'Ru). It is the huge increase to the 165 200 hindrance in
11pd, which is puzzling. The authors of Refs. [12,13] proposed
differences in pairing but pointed out that this can not be the
only reason and suggested different shapes of the involved
nuclear levels.

In transitional nuclei excited levels originating from high-
j intruder orbitals can maintain their almost single-particle
character over a long range of isotopes (isotones). This is
because such levels do not mix with neighboring normal-parity
levels. Therefore, one observes rather similar E2 energies
above 11/27 levelsin Pd isotopes, characteristic of adecoupled
band, which indicate moderate deformation of 11/27 levels in
103=17p{ isotopes.

In contrast, various orbitals of positive parity are populated
with an increasing neutron number, which may interact with
each other and produce more collective states. In this way the
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5/2% ground states in palladium will increase its deformation
with the growing neutron number. The resulting increasing
difference in the deformation between the 11/2~ isomer and
the ground state in '’ ="' Pd will result in increasing hindrance
factor in 'Y7~1'Pd isotopes.

At still higher neutron number, in ''>!!'>Pd isotopes the
hindrance factor decreases, suggesting smaller difference be-
tween shapes of the isomer and the ground state. This is
most evident in '">Pd. Here the ground state has spin 1/2%
[7], which is probably due to the less deformed vds/, shell.
On the other hand the isomeric state most likely gains some
deformation. Such an increase is supported by the observed
lowering of quadrupole-transition energy in bands on top of the
11/2" levels in ''*!15Pd. Another indication of an increasing
deformation of negative-parity states in the two isotopes is the
lower spin of the isomeric level.

This latter effect is supported by the systematics of negative-
parity excitations in odd-A Mo, Ru, and Pd isotopes, shown
in Fig. 8. We note that the new 7/2~ spin-parity of the isomer
in '""Pd makes the systematic trends for Pd isotopes similar
to the trends for Mo and Ru isotopes. It surpasses previous
ones [7,8] partly incorrect due to the incomplete or wrong data
available at that time. As already discussed in Ref. [7] the
parabolic trends results from filling the subsequent 5/2[532],
7/2[523], etc., orbitals with nucleons, as the Fermi level
goes up. At 61 < N < 65 the 5/2[532] orbital is populated.
When this orbital is full, the 7/2[523] orbital is filled at 67 <
N < 71. In spherical and weakly deformed nuclei the 11/2~
level will have the highest energy. With increasing deforma-
tion the 5/2[532], 7/2[523], and 9/2[514] levels will drop
below the 11/2 level. This is illustrated in Fig. 8 where, for
example, the 5/2~ ground state of '“Mog3, which is well
deformed with a strongly coupled band on top of it [21] is
well below the 11/27 level. Analogously, a strongly coupled
band is observed on top of the 7/2~ level at 222.2 keV in

109Mog; [22]. Therefore, the lowering of the 7/2~ level below
the 11/2~ level in ''3~!7Pd isotopes is a sign of an increasing
deformation of the negative-parity system in these nuclei.

We note that the improved systematics, shown in Fig. 8, sug-
gest positions of 7/2~ and 9/2~ levels in '''Pd approximately
40 keV and 80 keV above the 11/27 isomer at 172.2 keV. It
is of interest to search for these excitations in order to verify
the proposed picture. We note that both levels are expected to
be populated in B decay of the 7/2% g.s. of '''Rh, similarly
to what is observed in ''7Pd and '"Pd [52]. Interestingly, a
(7/27) excitation was proposed in '''Pd at 191.3(3) keV in
Ref. [58], but was not adopted by evaluators [48].

C. Properties of states and deformations in '"Pd

In many theoretical works [2,40,59-61], two potential min-
ima for a prolate and an oblate shape, as well as a triaxial shape,
are predicted in the palladium nuclei in the A = 110-120
region. The potential energy curves calculated in Ref. [59]
show two minima for even-even palladium isotopes from
A =114 to A = 118. Prolate-type deformation is predicted
for ground states and an oblate-type for the isomers in Pd
isotopes [59,60]. Deformed shell-model calculations for even-
even palladium isotopes [1] predict quadrupole deformation
with 8, > 0.2.

In ''>Pd we have proposed spin 1/27 for the ground state
[7]. The 1/2% excitation may be formed in both prolate and
oblate minima of the nuclear potential in Pd isotopes. In Fig. 6
one observes the 1/2] excitation close to the Fermi surface
in the whole range '*~!'"Pd. It is obvious that this excitation
must correspond to various configurations.

At the low-neutron side, in spherical '~197Pd isotopes
it probably corresponds to the v3s;, single-particle config-
uration. In '~!13Pd the 1/2 level is most likely due to
the 1/2[400] orbital (in '"*Pd this is the 1/25 experimental
level). Finally, in ''*~17Pd the 1/2[440] orbital in the oblate
minimum is probably responsible for the 1/2 excitation,
which forms ground states in '">Pd and ''"Pd. Therefore, in
5pd the E3 transition between the weakly deformed 7/2~
oblate isomer and the 1/2% ground state of like deformation
has relatively low hindrance of 497 only. In ''7Pd two 3/2*
levels, which probably correspond to the 3/2[402] orbital in
the interacting prolate and oblate minima, appear at 34.6 and
131.7 keV, enabling M2 decays from the 7/2~ oblate isomer.
The admixture of the prolate shape increases moderately the
hindrance factor.

Excited levels in ''7Pd, populated by g~ decay of ''"Rh,
can be divided into three groups, marked in Fig. 4 with capital
letters A, B, and C, according to their decay preferences.
The levels at 207.7 and 225.4 keV (from group C in Fig. 4)
decay preferably to the ground state. The 17.8-keV transition
indicates similar structure of both levels. Because of the oblate
nature of the ground state, proposed above, they are also
candidates for an oblate deformation. Other levels from group
C, decaying to the 207.7- and 225.4-keV levels are probably
oblate, as well.

Levels from group A do not communicate with levels
from group C. Therefore, we propose that their structure is
dominated by prolate deformation. Some admixture of oblate
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shape is likely because these levels are related to the two
3/2% levels 34.6 and 131.7 keV, proposed to be mixed. Here
the 236.7- and 321.2-keV levels are likely the beginning of a
rotational band corresponding to the 5/2[402] configuration,
though again with possible admixture of an oblate deformation,
as discussed in Sec. VA. We note that this 5/2% band in
17Pd is not well developed. In particular one might expect
the population of the 9/2% member of this band in 8 decay of
the 7/2% parent as observed in ''"*Pd. A possible explanation
of different populations is that in ''*Pd the 5/2% ground-state
band is populated strongly because the 7/2% g.s. of 3Rh is
prolate, while in ''>Pd and ''7Pd it is populated weakly because
the 7/2% g.s. of ''>!"Rh are triaxial or oblate.

Levels from group B in Fig. 4 decay to all, the oblate levels
C, the mixed 3/2}, 34.6-keV and 3/27, 131.7-keV levels and
the prolate 236.7-keV level but not directly to the ground state.
This suggests a difference in deformation and we propose that
levels from group B correspond to a triaxial shape. High g
feeding of the 516.5-keV level in group B may be explained
if the 516.5-keV level has a similar deformation as the 7/2%
ground state of ''"Rh.

Summarizing, we propose that the triaxially deformed
'7Rh ground state (see Sec. IV A), decays to the three groups of
levels in '7Pd, which have predominantly prolate (A), triaxial
(B), and oblate (C) deformation. The 3/27, 34.6-keV and 3 /2,
131.7-keV levels are probably due to interacting prolate and
oblate solutions.

VI. STRENGTH DISTRIBUTION IN 8 DECAY

In very neutron-rich isotopes the S-decay rates competing
with the neutron-capture cross sections define the course of
the r-process path. The third element in this picture is the
nuclear deformation, which generally should stabilize nuclei
and shift the path further away from the stability line, as argued
in Ref. [5]. The new region of oblate deformation above N =
70, discussed in previous sections would be consistent with
the expectation that the r-process path reaches the N = 82
shell closure at Z =~ 45 [62]. In this section we will verify the
information on the 8~ -decay rates in this region, especially on
the fast, allowed transitions.

We have determined the experimental Gamow-Teller tran-
sition strengths B; (G T) for the §~ decay of the ground states
of '>Rh and ''""Rh isotopes by using the comparative half-lives
fit; measured for the observed 8 transitions. Summing up the
B;(GT) over all transitions in a decay of the nucleus of interest
we obtained the total B(GT) value

3860
; fiti

The distributions of B;(GT') values are presented in Fig. 9
for the decays of A =115 and 117 rhodium nuclei. One
observes a similar pattern of B;(GT') distributions in the two
decays of rhodium to palladium, with most of the intensity
below 800 keV. The total B(GT) values of 0.13 and 0.12,
shown in Fig. 9, are also very similar.

In B decay of rhodium the low-lying levels in palladium
are single-neutron states and the higher-energy states contain
a single neutron and two unpaired protons. The B;(GT)

SB(GT) = ZB,-(GT) =

T T T B B T T T O B B
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FIG. 9. The distributions of B(GT') decay strength for odd A =
115 and 117 ground-state decays of rhodium to palladium. The data
are taken from Ref. [7] and this work. The half-lives [36], the beta-
decay energies in keV [35] and the total B(GT') strengths observed
in this work are shown also.

distributions in Fig. 9 suggest that the § decay of rhodium
preferably populates single-particle states. In preparation there
are results on 8 decay of 17pd to “7Ag, where we observe, in
the same experiment and with the same detector setup, most
of the B(GT) strength going to three quasiparticle states.

VII. SUMMARY

The present work reports studies of = decay of monoiso-
topic samples of ''’Rh, which populated excited states in ' '"Pd.
Arguments in favor of the 7/27 spin parity for the ground state
of '""Rh have been presented. 53 new transitions and 23 new
levels were proposed in the excitation scheme of !'’Pd. Based
on the observed population in 8~ decay, a new spin parity of
7/27 has been proposed for the 19.1 ms isomer at 203.2 keV
in ''"Pd, leading to the new spin parity of 1/27 for the ground
state of ''"Pd. We also proposed that the 11/2 level in !'7Pd
is located no more than 20 keV above the 266.5-keV level (see
Fig. 8), to which a new spin parity 9/2™ has been assigned.

The 1/2* ground-state spin in ''>!''"Pd (and in their
isotones ''>115Ru [24,26]), in contrast to the 5/2F ground-state
spin in lighter palladium and ruthenium isotopes, and signif-
icantly more low-energy excitations in ''"Pd, as compared to
lighter Pd isotopes, indicate the appearance of new deformed
structures above the neutron number N = 67. We propose
that the new states correspond to configurations with oblate
deformation, which appear in addition to the prolate-deformed
structures observed in the lighter isotopes. In ''"Pd there
are also new levels due to mixing of the two deformations
and due to a triaxial deformation. The observed B decays of
'"Rh suggest that as the ground state of ''’Rh has a triaxial
deformation, its decay populates levels of all, the prolate,
oblate, and triaxial shapes in ''"Pd.

The new data allows a consistent explanation of the excep-
tional evolution of hindrance factors of the isomeric transitions
in 1%-17pd, as due to changes in the deformation of the
isomeric levels from spherical to weakly oblate deformed vs.
changes of levels they decay to, from spherical to prolate
deformed and to weakly oblate deformed. With new data in
favor of the transition to an oblate shape expected past the
middle of the 50 < N < 82 neutron shell the present work
provides a demanding case for testing nuclear models.
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