
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Structure of the low-lying states in math
xmlns="http://www.w3.org/1998/Math/MathML">mmultiscri
pts>mi>Pd/mi>mprescripts>/mprescripts>none>/none>m
row>mn>99/mn>mo>,/mo>mn>101/mn>mo>,/mo>mn>
103/mn>mo>,/mo>mn>105/mn>/mrow>/mmultiscripts>/

math>
D. Ivanova et al.

Phys. Rev. C 105, 034337 — Published 28 March 2022
DOI: 10.1103/PhysRevC.105.034337

https://dx.doi.org/10.1103/PhysRevC.105.034337


APS/123-QED

Structure of the low-lying states in 99,101,103,105Pd

D. Ivanova1, S. Lalkovski1,∗, C. Costache2, S. Kisyov2,†, C. Mihai2, N. Mǎrginean2, P. Petkov2, L. Atanasova3,
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The odd-mass 99−105Pd nuclei were studied via 90−96Zr(12,13C, xnγ) fusion/evaporation reactions.
The beam was provided by the IFIN-HH Tandem accelerator at energies of approximately 50 MeV.
Emitted γ-rays were detected by the hybrid multidetector system RoSphere. The structure of the
low-lying excited states in 99−105Pd and their gamma-decay pattern are discussed in the framework
of the Rigid Triaxial Rotor plus Particle model, providing a reasonable description of the low-lying
level energies, electromagnetic transition rates and magnetic moments.

PACS numbers: 21.10.-k, 21.10.Hw, 21.10.Re, 21.10.Tg, 23.20.Lv, 23.35.+g, 27.60.+j

I. INTRODUCTION

The neutron mid-shell even-A palladium (Z=46) iso-
topes present typical textbook examples of transitional
nuclei [1] that evolve from harmonic vibrators towards
rigid rotors. Historically [2], some of the cadmium
(Z=48) nuclei, that are placed two proton holes away
from the magic Sn nuclei, have been considered to be
the benchmark case of the harmonic vibration model.
Recently, driven by a rising amount of new data, an
alternate interpretation has been proposed [3, 4], and
variations on the vibrational perspective have also been
suggested [5] The mid-shell palladium nuclei are even
more deformed than their cadmium isotones, but still
less deformed than the respective Ruthenium (Z=44) and
Molybdenum (Z=42) neighbors. This interpretation is
supported by ground states quadrupole deformation data
[6] and γ-ray spectroscopy showing that their yrast level
sequences [7] evolve faster than E ∼ J typical for the
harmonic vibrators, but still slower than E ∼ J(J + 1)
of the axially symmetric rotors. Furthermore, in all neu-
tron mid-shell even-A palladium nuclei ∆J = 1 bands
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built on the second 2+ state are observed. Such se-
quences are prominent for the transitional nuclei and
attributed to deviations from axial symmetry that can
be either γ-rigid [8] or γ-soft [9]. The neutron mid-shell
even-A palladium nuclei are considered to be γ-unstable
[10], but recent lifetime measurements suggest that rigid
triaxial deformation may develop in 112,114Pd66,68 nuclei
[11, 12]. On the extreme neutron-rich side, the spherical
symmetry seems to be restored once again at the semi-
magic 128Pd82 [13] nucleus having excitation spectrum
similar to that of 96Pd50 [14]. Indeed, based on theoret-
ical calculations and experimental band structure, some
authors suggest [15, 16] that oblate deformations may
arise in some of the neutron-rich palladium nuclei, which
makes the structural changes there even more intriguing
to study.

The odd mass palladium isotopes provide unique op-
portunity to further test nuclear structure of transi-
tional nuclei. Their excitation modes are sensitive not
only to the underlying core structure but also to the
single-particle orbit that the odd-particle occupies, and
to the particle-core interaction. The odd-mass neutron-
deficient palladium nuclei have well established band se-
quences, but lifetime data are often missing. Being an
essential ingredient for the γ-transitions matrix elements
calculations, these data provide important information
on the structural changes. The present work reports on
new half-lives data in the odd-mass palladium nuclei with
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A=99-105. The new data is analyzed within the Rigid
Triaxial Rotor plus Particle Model (RTRPM) model [17]
that was previously used [18, 19] for several nuclei of
A = 100− 120 mass region.

II. EXPERIMENTS AND PROCEDURES

A. Fast-timing experiments

In the present study, half-lives of excited states in
medium mass palladium nuclei 99−105Pd were measured
by using in-beam fast-timing technique [20]. These nu-
clei were populated in fusion/evaporation reactions with
12C and 13C beams, accelerated by the 9-MV Tandem
accelerator of IFIN-HH and impinging on 90−96Zr tar-
gets. The typical beam intensity was approximately 20
pnA. The target and beam species, used to populate each
of the nuclei considered in the present work, are listed
in Table I. γ-rays, emitted from the excited nuclear
states were detected by the hybrid RoSphere array [20],
which comprises eight HPGe and eleven LaBr3:Ce detec-
tors. The system worked in event-by-event mode and the
events, where at least three γ-rays were detected by two
LaBr3:Ce and one HPGe detectors in coincidence, were
recorded. The sorting procedures applied in the present
work are similar to the ones described in Refs. [20, 21].
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FIG. 1: (color online) Total energy spectra for 99Pd (a) and
101Pd (b). Gamma-ray energies are in keV. Contamination
peaks from the (12C,2nγ), (12C,pnγ) reaction channels, X-
rays and Au backing coulomb excitation are also labeled.
HPGe spectra are scaled up for visual purpose.

Even though RoSphere was built in 2009 [20] and the
first tests were made in the following years [21, 22], the
quest for measurements of the shortest half-lives, the in-
beam fast-timing method allows, is still ongoing. This
led to a continuous improvement of the apparatus and
the methods. An essential part of these improvements
was the reduction of the time walk effect causing the
centroids of the prompt time distributions to appear at
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FIG. 2: (color online) Energy spectra: (a) summed energy
spectra from 103Pd experiment, obtained with the HPGe and
LaBr3:Ce detectors of RoSphere; (b) γ-rays detected by the
LaBr3:Ce detectors in coincidence with the delayed 244, 451
and 718-keV γ-rays in 103Pd detected in any of the HPGe
detectors; (c) γ-rays detected by the LaBr3:Ce detectors in
coincidence with the 306-keV γ-rays in 105Pd detected in any
of the HPGe detectors. Gamma-ray energies are in keV. Con-
tamination peaks from the (12C,2nγ) reaction channels and
Au backing coulomb excitation are also labeled. HPGe spec-
tra are scaled up visual purpose.

positions displaced with respect to the time zero posi-
tion, introducing systematical errors on measured half-
lives. Therefore time walk is minimized in hardware by
careful selection of the constant fraction discriminator
(CFD) delay lines and is further reduced by applying off-
line corrections during the data analysis [20, 23]. Thus,
the walk effect can be limited down to a level of 25 ps
guaranteed by the CFD manufacturer [24].
To test the time response of the LaBr3:Ce detectors of

RoSphere, measurements with 60Co and 132Eu sources
were made. They show that RoSphere is a fine tuned
spectrometer having practically walk free response at
high γ-ray energies, i.e. for Eγ ≥ 200 keV [20, 21]. In
the present work, the RoSphere time response was fur-
ther analyzed by using in-beam data, and by compari-
son of the walk-dependent (centroid shift method) with
walk-independent methods (slope method and deconvo-
lution) applied for the same level. In addition, plunger

TABLE I: Experimental details

Target thickness Backing thickness Beam energy Recoil
(mg/cm2) (mg/cm2) (MeV)

90Zr 0.9 Au 1.7 12C 45 99Pd
92Zr 1 Au 2 12C 45 101Pd
94Zr 1 Pb 6.8 12C 45 103Pd
96Zr 1.17 Au 16 13C 55 105Pd
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FIG. 3: Partial level scheme of 99Pd. Level energies are
rounded off from a least-squares fit to Eγ in keV. Jπ values
are adopted from [25].

measurements were performed, where possible, since they
can provide more stringent test for the shortest half-lives
measured at the edge of the fast-timing method applica-
bility.
Sample energy spectra, obtained for 99,101Pd and

103,105Pd in the present study, are shown in Figures 1
and 2, respectively. Based on γ-γ coincidence measure-
ments, partial level schemes of 99−105Pd were constructed
and present in Figures 3 to 6.
The major part of the new experimental data concerns

103Pd. Fig. 2(a) shows a summed energy spectrum taken
with the HPGe detectors and is compared to a summed
energy spectrum obtained with the LaBr3:Ce scintilla-
tors. The energy spectrum shows a dense distribution
of γ-lines, which is particularly high below 1 MeV. Most
of the 103Pd transitions are in this energy range and,
due to the worse LaBr3:Ce resolution, often several peaks
are superimposed. To obtain a cleaner energy and time
spectra with the LaBr3:Ce detectors and to select the
decay branch of interest, energy conditions were imposed
with the HPGe detectors. Such a gated spectrum is pre-
sented in Fig. 2(b) where coincidences with delayed 244-,
451- and 718-keV γ-rays detected by the HPGe detec-
tors. The gate, placed on the delayed component of
these transitions enhance the peak-to-background ratio
and the prompt transitions on top of the 11/2− isomer
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FIG. 4: Partial level scheme of 101Pd. Level energies are
rounded off from a least-squares fit to Eγ in keV. Jπ values
are adopted from [26].

emerge in Fig. 2(b) more clearly. Similar gated spectra
were constructed for all levels considered in the present
work.
Further, triple-gated LaBr3:Ce-LaBr3:Ce-HPGe spec-

tra are used to construct the time distributions discussed
in Section III. This reduces the background considerably
and hence helps to reduce the statistical error with which
the half-lives were obtained from background-subtracted
time spectra.

B. Plunger experiment

Recoil Distance Doppler Shift (RDDS) measurements
for 103Pd were performed with the Bucharest plunger de-
vice [29]. The RoSphere HPGe detectors were arranged
in three groups. Five HPGe detectors were placed in a
ring at +37◦ with respect to the beam direction, i.e. at
forward angles (FA). Five HPGe detectors were at -37◦ ,
i.e. at backward angles (BA) and four detectors at -70◦.
For the purpose of RDDS measurements only the rings
at ±37◦ were used.

103Pd was produced in (12C,3nγ) reaction and the
beam was accelerated by the IFIN-HH Tandem acceler-
ator to E(12C)=56 MeV. A 1 mg/cm2 thick 94Zr target
was used and the recoils were stopped into a 5 mg/cm2
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FIG. 5: Partial level scheme of 103Pd. Level energies are
rounded off from a least-squares fit to Eγ in keV. Jπ values
are adopted from [27].

Au stopper. In the plunger experiment the data acquisi-
tion was triggered by two HPGe detectors in coincidence.
Plunger data were recorded for two weeks of measure-
ments at thirteen target-to-stopper distances from x =
10 to 140 µm. For each distance, the data were sorted in
two symmetric two-dimensional (2D) (Eγ , Eγ) matrices
for forward and backward angles, respectively.

The Differential Decay Curve Method (DDCM) [30, 31]
was used in the data analysis [32] to extract the half-life
of the excited level

t1/2(x) = ln(2)× τ = ln(2)×
{BS, AU}

d{BS , AS}/dx/v
. (1)

where {BS , AU} represents the area of the unshifted de-
caying transition AU , obtained from an energy spectrum
gated on the shifted feeding transition BS . {BS , AS}
represents the area of the shifted decaying transition AS ,
obtained from the same energy spectrum gated on the
shifted feeding transition BS and v is the mean recoil ve-
locity. The mean velocity of the recoils β = 0.87(5)% was
obtained as a weighted average, calculated from the cen-
troids of the shifted and unshifted components of the 477-
, 714-, 847- and 660-keV transitions observed at different
plunger settings. Sample energy spectra around the 477-
and 714- keV transitions are shown on Fig. 7 (left) as a
function of the plunger to stopper distance.
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FIG. 6: Partial level scheme of 105Pd. Level energies are
rounded off from a least-squares fit to Eγ in keV. Jπ values
are adopted from [28].

III. EXPERIMENTAL RESULTS

A. 99Pd

The half-life of (7/21)
+ state in 99Pd was measured in

the present study for the first time. Figure 8(a) presents
the time spectrum for this state obtained from the co-
incidence between the 264- and 805-keV transitions de-
tected by the LaBr3:Ce detectors. The time spectrum
was cleaned with a gate on 649-keV transition detected
with the HPGe detectors. A half-life of 168 (6) ps was
obtained from the centroid shift method, applied for the
two symmetric time distributions, and 157 (4) ps was
obtained from deconvolution method [33, 34]. The two
values are consistent with each other and their weighted
average T1/2 = 160 (5) ps has been adopted in Table II.

The (7/21)
+ level decays to the (5/21)

+ ground state
via 264-keV ∆J = 1 transition. Typically, such transi-
tions are of M1+E2 nature, but no experimental mixing
ratio data is available for 264γ [25]. Indeed, similar states
and decays are observed in the heavier 101,103,105Pd with
negligible 7/2+ → 5/2+ M1 + E2 mixing ratios mea-
sured only in 103,105Pd. Therefore, for the purpose of the
present work, we tentatively assume the 264-keV transi-
tion is M1. Thus, the electromagnetic transition rate is
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B(M1; 264γ) = 7.28× 10−3 (24) W.u. Here, and in the
text below, the electron conversion coefficients αcalc are
calculated with BrIcc [35].

B. 101Pd

The time spectrum shown in Fig. 8(b) was obtained
from the coincidences between the 261- and 678-keV tran-
sitions, detected by the LaBr3:Ce detectors, and the 878-
keV transition detected with the HPGe detectors. A
half-life of 60 (5) ps was obtained from the centroid shift

method and 64 (3) ps from the deconvolution. It has
to be noted, however, that our half-life is considerably
shorter than the half-life T1/2 = 0.7 (2) ns reported in
Ref. [36], where the Generalized Centroid-Shift Method
was applied for coincidences between one Pilot B plas-
tic scintillator and one HPGe detector. The reason for
this discrepancy may be that in Ref. [36] the half-life was
measured by the deviation of the 261-keV point from the
time-zero curve. The time-zero curve in Ref. [36] was ob-
tained from the transitions in 100Pd and the side feeding
effect seems to have been undermined, leading to a half-
life much longer than the one measured in the present
work.

The 7/2+1 level decays to the 5/2+1 ground state
via 261-keV transition of M1 nature [26] with
B(M1; 261γ) = 2.06 × 10−2 (17) W.u. The arguments
to adopt here the multipolarity adopted by NNDC are
the same as for the analogous transition in 99Pd. A sec-
ond branch from this state populates the 3/2+1 state at
80 keV via a stretched E2 transition with B(E2; 180γ)=9
(4) W.u. This weak branch is not observed in the present
experiment. The B(E2) value here is obtained with 179.7
keV γ-ray and branching ratio taken from [26].

C. 103Pd

1. 3/2+1 state

Prior to the present study, the half-life of the 3/2+1
state in 103Pd was measured from radiochemically sepa-
rated 103Ag source [37]. T1/2 = 1.9(4) ns was deduced
from the Compton electrons generated by the 119- and
148-keV γ-rays detected in coincidence by two 1-in× 1-
in plastic scintillators. The time spectrum was decon-
voluted and the parameters of the prompt component
were estimated with a 22Na source, emitting two γ-rays
of 511 keV, which may lead to incorrect evaluation of the
prompt response distribution (PRD) position. Indeed,
a different half-life T1/2 = 0.70(3) ns was deduced from
ISOL mass-separated activity [38] and 119 γ(t) analy-
sis. However, experimental details were not given by the
authors. T1/2=0.63(6) ns was also measured in Ref. [39].

In the present study, the 3/2+1 half-life was measured
by using the RoSphere fast-timing set-up. It is listed
in Table II along with sub-nanosecond half-lives of other
states in 103Pd. Two symmetric time spectra, obtained
from the coincidences between the 119- and 148-keV tran-
sitions detected with the LaBr3:Ce scintillators are pre-
sented on Fig. 9(a). To reduce the background, the spec-
tra are also gated with the HPGe detectors on transitions
from the band based on the 11/2−1 isomer. The half-life of
the 3/2+1 state was used to check the walk correction, per-
formed in the present study. The position of the prompt
distribution (PRD = 0.07(5) ns) was determined from
a deconvolution of the time spectrum into Gaussian and
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TABLE II: Experimental data for 99−105Pd: level energy (Elevel) and spin/parity (Jπ) assignments for the initial level; number
of counts in the time spectrum N ; half-life obtained from the centroid shift method T centr

1/2 ; T dec
1/2 is deduced from deconvolution;

Full Width at the Half Maximum of the prompt distribution (FWHM) obtained via deconvolution; T pl
1/2 is the half-life obtained

from RDDS measurements and T adopt
1/2 is the most reliable value adopted for the half-life of the level; γ-ray energies of the

de-exciting transitions Eγ and their branching ratios Iγ ; γ-ray multipolarities λM and mixing ratios δ; electron conversion
coefficients αcalc calculated with BrIcc [35].

nucleus

Elevel Jπ† N/103 T centr
1/2 T dec

1/2 FWHM PRD T pl
1/2 T adopt

1/2 Eγ I†γ λM† δ† αcalc

(keV) (~) (ps) (ps) (ps) (ps) (ps) (ps) (keV)
99Pd
[25]
264 7/2+1 5.9 168(6) 157(4) 740(12) 3(4) 160(5) 264.0(7) 100 M1 - 0.0275 (5)
101Pd
[26]
261 (7/21)

+ 5.9 60(5) 64(3) 767(10) 0.6(5) 60(5) 260.9(7) 100 M1 - 0.0283 (5)
a a a 179.7(6) 0.5 E2 - 0.173 (4)

103Pd
[27]
119 3/2+1 3.6 680(80) 743(16) 1200(90) 70(50) 743(16) 118.7(5) 100 M1+E2 0.090 (15) 0.239 (5)
244 7/2+1 4.2 80(14) 68(3) 603(10) 13(5) 80(14) 243.7(6) 100 M1+E2 -0.085 (15) 0.0340 (6)

a a a 124.4(6) 2 E2 0.640 (15)
267 5/2+2 1.1 106(19) 91(28) 580(125) 3.1(21) 106(19) 266.3(10) 52 M1+E2 -0.14 (6) 0.0272 (6)

b b b 148.2(7) 100 M1 0.1275 (25)
718 9/2+1 11.2 253(19) 229(8) 1223(24) 16(7) 212(7) 717.8(10) 100 E2 0.00223 (4)

3.9 203(14) 198(9) 1264(27) 5(12) 473.9(9) 13 M1+E2 0.0067 (4)
2.6 189(21) 163(13) 1259(37) 5.2(17) 451.0(6) 7 E2 0.00811 (12)
11.5 225(15) 216(5) 1505(15) 12(8) 186.0(6) 15 M1+E2 -0.12 (6) 0.0702 (19)

1262 15/2−1 2.6 41(4) 46(3) 453(9) 10(5) 17.9(3) 17.9(3) 476.5(9) 100 E2 0.00688 (11)
1976 19/2−1 a a a 2.70(21) 2.70(21) 713.9(11) 100 E2 0.00226 (3)
105Pd
[28]
306 7/2+1 3.2 92(8) 118(4) 460(12) 15(5) 92(8) 306.1(6) 100 M1+E2 0.055 (3) 0.0188 (3)
970 15/2−1 4.8 14(9) 36(2) 458(6) 13(3) 28(4) 480.9(8) 100 E2 0.00670 (10)

†from Ref. [42]
aweak transition. Insufficient statistics to deduce T1/2.

bhigh Compton background.

exponent, where Tw.a.
1/2 =0.69(3) ns was held fixed to the

half-life of the state obtained as a weighted average of the
literature values 0.70(3) ns and 0.63(6) ns [38, 39]. Also,
a fit to the slope of the time distribution performed for

T ≥ 1.5 ns gives T slope
1/2 = 0.69(6) ns, which provides a

PRD independent method for estimation of T1/2 and is
consistent with Tw.a.

1/2 and T centr
1/2 = 0.68(8) ns as well as

with the literature values 0.70(3) ns and 0.63(6) ns from
Refs. [38, 39].
The level decays to the 5/2+1 ground state via a transi-

tion of mixed M1+E2 multipolarity with δ = 0.090 (15)
[27]. The reduced transition rates are B(M1; 119γ) =
1.42× 10−2 (5) W.u. and B(E2; 119γ) = 7.3 (25) W.u.

2. 7/2+1 state

The half-life of the 7/2+1 state in 103Pd was measured
for the first time in the present study. The state decays
via two transitions with energies of 244 and 125 keV,

respectively. The time spectrum shown on Fig. 9(b) is
constructed using the coincidences between 541- and 244-
keV γ-rays. The 125-keV decay branch is weak and not
observed in the present experiment. Cleaning conditions
were imposed with the HPGe detectors.

The half-life of the state was deduced from the centroid
shift method T centr

1/2 = 80(14) ps, shown on Fig. 9(b), and

from deconvolution T dec
1/2 = 68(3) ps of the time spec-

trum. These values are in agreement with the upper
limit T1/2 < 0.2 ns deduced in Ref. [36] and are listed in
Table II.

The level decays via two transitions – a stretched 125-
keV E2 transition with B(E2; 7/2+ → 3/2+) = 160 (40)
W.u. and a 244-keVM1+E2 transition with δ = −0.085
(15) [27] and B(M1; 7/2+ → 5/2+) = 1.8×10−2 (4) W.u.
and B(E2; 7/2+ → 5/2+) = 1.9 (8) W.u.
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3. 5/2+2 state

The half-life of the 5/2+2 state T1/2 = 106(19) ps was
measured for the first time in the present work. It was
determined by using the centroid-shift method and vali-
dated by deconvolution data analysis.

The level decays via two transitions. A pure 148-keV
M1 transition (δ = 0.00 5 [27]) with B(M1; 5/2+2 →
3/2+) = 3.8 × 10−2 (7) W.u. and a mixed M1 +
E2 266-keV transition with δ = −0.14 (6) [27] and
B(M1; 5/2+2 → 5/2+1 ) = 3.4 × 10−3 (7) W.u. and
B(E2; 5/2+2 → 5/2+1 ) = 0.8 (+9-6) W.u., respectively.

4. 9/2+1 state

The half-life of the 9/2+1 state in 103Pd is also obtained
for the first time in the present study. The level de-
cays via four transitions of different energies. A set of
half-lives was obtained from the time spectra gated on
the feeding 67-keV transition and each of the de-exciting
transitions. In order to obtain the half-life of the level,
centroid shift and convolution methods were applied to
each of the four spectra. The results from the half-life
analysis are listed in Table II. In general, the half-lives
obtained from the centroid shift method and deconvolu-
tion are consistent, but for each spectrum the deconvolu-
tion method systematically underestimates it. The time
spectra, presented on Fig. 9(c), are obtained from the co-
incidences between the 474- and 67-keV transitions reg-
istered by the LaBr3:Ce detectors. To reduce the back-
ground contribution additional conditions with the HPGe
detectors were imposed on the prompt transitions placed
on top of the 11/2− isomer.
The state decays [27] via a branch of transitions – two

pure E2 transitions with energies of 718 and 451 keV and
two transitions of mixed multipolarities, i.e. 474 and 186
keV. The 186-keV transition mixing ratio is δ = −0.12 (6)
[27]. There is no experimental data for the 474-keV tran-
sition mixing ratio. A mixing ratio δ = 1 was assumed
by the authors. Therefore the obtained reduced transi-
tion strengths B(E2; 9/2+1 → 5/2+1 ) = 0.358 (14) W.u.,
B(M1; 9/2+1 → 7/2+1 ) = 3.2×10−5 W.u., B(E2; 9/2+1 →
7/2+1 ) = 0.25 (3) W.u., B(E2; 9/2+1 → 5/2+2 ) = 0.26 (4)
W.u., B(M1; 9/2+1 → 7/2+2 ) = 1.75 × 10−3 (25) W.u.
and B(E2; 9/2+1 → 7/2+2 ) = 0.7 (+8-5) W.u., respec-
tively. are only tentative.

5. 15/2−1 state

The half-life of the 15/2−1 state in 103Pd was ob-
tained by using the in-beam fast-timing method [20] and
compared to RDDS measurements with the Bucharest
plunger device [40]. The RDDS data for the 15/2−1 state
is shown in Fig 11 (left). It shows the intensity of the
shifted (s) and unshifted (u) component of the 477-keV
peak as a function of the plunger-to-stopper distance.
The data analysis shows that the half-life of the state is
T1/2 = 17.9(3) ps, which is in reasonable agreement with
T1/2 = 21.6(30) ps measured previously in [41] by using
the Recoil Distance Doppler Shift method.
Also, the 15/2−1 half-life was directly measured by us-

ing the fast-timing method. The time spectra, shown in
Fig. 9(d) were obtained by gating on the 477-keV and
714-keV transitions with the LaBr3:Ce detectors. A gate
below the 11/2−1 isomer was imposed on any of the HPGe
detectors to clean the energy and the time spectra. The
centroid position is found to be at 41(4) ps with respect
to the arbitrary offset. A 46(3) ps were obtained from
the deconvolution of the time spectrum. Given that the
half-life of the level is at the limit of the applicability of
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the method, fine PRD corrections were made by using
the in-beam data for 102Pd produced in the same exper-
iment. There, the first 2+ state in the even-even nucleus
is populated by a 719-keV transition and decays via a
556-keV transition, which resembles the 15/2−1 case in
103Pd. The PRD was estimated to 15.5 (14) ps, given
that the apparent half-life T ap

1/2 = PRD + T1/2 = 27 (6)

ps, determined from centroid-shift measurements for the
2+ level in 102Pd, is a superposition of the PRD and the
half-life of the level T1/2 = 11.5 (8) ps [42]. Thus, the
half-life of the 15/2−, corrected for the PRD, is 26 (4) ps
which is in a good agreement with the RDDS measure-
ments performed in the present study and in ref. [41].
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FIG. 11: (color online) RDDS data for 15/2− (left) and 19/2−

(right) states in 103Pd. Data was analyzed with NAPATAU
program [32].

The level decays via a single γ transition with energy
of 477 keV and B(E2)=44.6 (9) W.u.

6. 19/2−1 state

T1/2 = 2.70(21) ps was obtained for the first time in
the present RDDS experiment. The half-life of the level
was obtained by using the intensities of the shifted and
unshifted 714-keV peaks shown in Fig. 11 (right). In or-
der to facilitate the analysis only the HPGe detectors at
backward angles were used, given that at forward angles
the shifted component of the 714-keV transition over-
laps with the 718-keV transition from the 9/2+1 level.
The electromagnetic transition rate is B(E2; 19/2− →
15/2−) = 39 (3) W.u.

D. 105Pd

1. 7/2+1 state

Prior to our study, the level half-life was estimated [28]
to 71 (8) ps from Coulex data. In the present study, the

half-life of this state was determined from the delayed
coincidences between the 306- and 706-keV transitions
shown in Fig. 10(a). The time spectrum was addition-
ally cleaned with a gate on HPGe detectors imposed on
891-, 854- or 539-keV prompt transitions. The half-life,
obtained from the centroid shift method is 92(8) ps and
118(4) ps is obtained from deconvolution.

The level decays via a single γ transition of mixed mul-
tipolarity and δ = 0.055 (2). Hence, the B(M1; 7/2+ →
5/2+) = 8.2×10−3 (8) W.u. and B(E2; 7/2+ → 5/2+) =
0.23 (3) W.u., respectively

2. 15/2−1 state

The half-life of the 15/2−1 state in 105Pd was measured
for the first time in the present work. The time spec-
trum, shown in Fig. 10(b), is obtained from the delayed
coincidences between the 481- and 772-keV γ- rays. The
time spectrum is additionally cleaned with gates on 959-,
1100- and 1153-keV prompt transitions, imposed on the
RoSphere HPGe detectors. The half-life, measured in the
present experiment, is T1/2 = 28 (4) ps. The level decays
via a pure E2 transition with B(E2; 481γ) = 27 (4) W.u.
Similarly to the 103Pd case, the decay properties of the
7/2+1 and 15/2−1 states are listed in Table II.

IV. DISCUSSION

The positive-parity bands observed in 99−105Pd are not
unique for these palladium isotopes. Similar band-like se-
quences were observed in the heavier isotopes as shown
in Fig. 12. After the abrupt decrease in energy, from
97Pd51 to 99Pd53, the yrast level energies remain nearly
constant with the neutron number. This behavior seems
to be weakly correlated with the 2+ level energies of the
even-even palladium cores decreasing with neutron num-
ber towards neutron mid-shell. In contrast to the yrast
states, the 3/2+ level shows a different trend. It oscillates
around the 7/2+ state, and in 101Pd it is closer to the
5/2+ ground state than in any of the other isotopes in
Fig. 12. Indeed, a similar trend is observed in the Ruthe-
nium isotopic chain [43], where the 3/2+ state becomes
the ground state in 103,105Ru. Fig. 12 presents also the
evolution of the triaxial parameter γ calculated as

γ =
1

3
arcsin

√

9

8
(1 − (X − 1)2/(X + 1)2) , (2)

where X denotes the level energy ratio E
2
+

2

/E
2
+

1

, ob-

tained from the core’s 2+ states [8]. This systematics
shows that small changes in γ seem to have large impact
on the 3/2+ level energies. Indeed, the linear correlation
coefficient between the 3/2+ level energy and the triaxial
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parameter γ is corr(γ,E3/2+ ) = 0.86, calculated as

corr(γ,E3/2+) =

∑

i(γi − γ)
∑

i(Ei,3/2 − E3/2)
√

∑

i(γi − γ)2
∑

i(Ei,3/2 − E3/2)2
,

(3)
where γ and E3/2 are γ and E3/2 mean values estimated
from the sample shown on Fig. 12. Apparently, this effect
is less pronounced in the yrast band sequence. However,
fine effects can be detected by using the staggering cal-
culated as

StgI = EI −
(I + 1)EI−1 + IEI+1

2I + 1
. (4)

StgI introduced in [44] describes the placement of the
level EI with respect to the neighboring levels EI−1

and EI+1. Results for 99−105Pd nuclei are presented in
Fig. 13(a). All isotopes have identical staggering pat-
terns, except for the 101Pd55 isotope, the same nucleus
that has a 3/2+ level unusually low in energy.
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FIG. 12: (color online) Low-lying positive-parity yrast states
in some odd-mass palladium isotopes compared to the core 2+

level energies denoted with * symbols. Even-even palladium
nuclei are considered to be the cores of the odd-A palladium
isotopes. Triaxial parameter γ is determined from the neigh-
boring even-even nuclei considered to be the core.

TABLE III: RTRPM parameters for the positive-parity bands
in 101−105Pd.

nucleus 99Pd53
101Pd55

103Pd57
105Pd59

ǫ2 +0.10 +0.15 +0.17 +0.19
ǫ4 -0.07 -0.07 -0.04 -0.04
γ 32.0◦ 32.0◦ 32.0◦ 26.48◦

χ 0.8 0.8 0.8 0.8
E2PLUR (MeV) 0.48 0.52 0.54 0.54

To further test the triaxiallity in these nuclei Rigid-
Triaxial-Rotor-plus-Particle model [17] calculations were
performed. The model Hamiltonian [17] is H =
∑3

k=1
(I2k − 2Ikjk + j2k)/2ℑk +Hpart, where ~I = ~R+~j is
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FIG. 13: (color online) Staggering function obtained from
the experimental data (a) and theoretical calculations (b) for
99−105Pd.

the total angular momentum with ~R and ~j being the core
and the single particle angular momenta, respectively.
ℑk = 4

3
ℑ0 sin

2(γ + k 2

3
π) is the triaxial rotor moment of

inertia. Hpart is the single-particle Hamiltonian. The
single-particle wave functions were calculated with the
GAMPN code, which is part of the ASYRMO package
[45]. The Nilsson parameters κ4 = 0.070, µ4 = 0.39 and
κ5 = 0.062 and µ5 = 0.43 [46] were used for the fourth
and fifth oscillators shells, respectively. The initial val-
ues of the deformation parameters ǫ2 and ǫ4 were deduced
from the neighboring even-even palladium nuclei by us-
ing the Grodzin’s equation and from the Finite-Range
Droplet Model calculations performed in Ref. [15]. The
core moment of inertia is calculated from the E2+ excita-
tion energy, deduced also from the neighboring even-even
nuclei. The parameter of triaxiallity γ is calculated from
the E

2
+

2

/E
2
+

1

energy ratios and eq. (2). The Particle-

Rotor level energies were then calculated in a strong cou-
pling basis by using the ASYRMO code [45]. A Coriolis
attenuation parameter χ = 0.8 [45] was used. To obtain
a better fit to the experimental level energies, the defor-
mation, moment-of-inertia and triaxility parameters were
varied. The set of parameters, for which the best descrip-
tion was found, are listed in Table III. This procedure
was applied earlier in [19] and [18], for example.

In the case of 103Pd, the positive-parity states were
calculated for γ = 0◦ to 60◦ with a step of 5◦. On the
prolate side the level energies are almost independent on
γ, which is consistent with the present observations. A
similar approach has been applied for the rest of the pal-
ladium nuclei considered here. Sample theoretical level
schemes are shown in Fig. 14 for the odd-A 99−105Pd nu-
clei, and compared to the experimental data. The overall
description of the experimental level energies is good at
the low- and medium- spin regimes. At higher-spins, the
theoretical level energies overestimate experimental ener-
gies. This is due to the back-bending effect, observed in
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TABLE IV: Summary of experimental and theoretical reduced transition probabilities for transitions de-exciting low-lying
positive-parity yrast states in 99−105Pd. B(M1) and B(E2) are given in W.u. Gamma-ray energies Eγ are from the present
experiment; Branching ratios from the ENSDF file [42]; Conversion coefficients are from BrIcc [35]; Lifetime data is from
present experiment, except for the 3/2+ states in 101,105Pd where they are adopted from ENSDF.

B(λL; Jπ
i → Jπ

f )
99Pd 101Pd 103Pd 105Pd

B(M1; 7/2+1 → 5/2+1 ) exp 7.28×10−3 (24) 2.00 × 10−2(17) 1.8×10−2 (4) 8.2 × 10−3 (8)
B(M1; 7/2+1 → 5/2+1 ) RTRPM 2.28×10−3 1.14 × 10−3 1.73×10−3 3.27×10−3

B(E2; 7/2+1 → 5/2+1 ) exp 1.9 (8) 0.23 (3)
B(E2; 7/2+1 → 5/2+1 ) RTRPM 0.47 0.01 0.08 0.12

B(M1; 3/2+1 → 5/2+1 ) exp 3.7×10−3 (6) 1.42× 10−2 (5) 2.03 × 10−2 (22)
B(M1; 3/2+1 → 5/2+1 ) RTRPM 7.28×10−2 2.02×10−3 1.2× 10−2 1.65 × 10−2

B(E2; 3/2+1 → 5/2+1 ) exp 90 (50) 7.3 (25) 4.6 (7)
B(E2; 3/2+1 → 5/2+1 ) RTRPM 2.69 22 33 36

the odd-mass palladium positive-parity bands [47], that
is not accounted for by the model. The overall description
of the staggering effect is also good as shown in Fig. 13.
Table IV presents a summary of the reduced transition

probabilities calculated for several transitions de-exciting
the low-lying positive-parity yrast states in 99−105Pd.
The 7/2+1 state feeds the 5/2+1 ground state via a hin-
dered M1 transitions. The hindrance factor is two-three
units and is overall well reproduced by the RTRPM cal-
culations.
Similar hindrance factors were observed earlier in some

of the odd-mass cadmium nuclei [48] and were attributed
[36] to l-forbidden M1 transitions that link single parti-
cle states with ∆l = 2, suggesting that the two states,
involved in this transition, are of rather pure single par-
ticle nature. This interpretation is also supported by the
small E2 components. Also, a strong argument, sup-
porting the single-particle nature of these states are the
large spectroscopic factors, measured for the 5/2+1 and
7/2+1 states in 101,103,105Pd from neutron transfer reac-
tions [42]. In addition, the magnetic moments measured
for the ground states in 101Pd and 105Pd are (-)0.66 (2)
µN and -0.642 (3) µN [49], respectively. Therefore, the
leading component of the ground state wave function is
assumed to be νd5/2. If the γ-decay mechanism is the
same as in the Cd nuclei, then the main component of
the 7/2+ state is νg7/2.

The magnetic moments of the 5/2+ ground states, cal-
culated for 101,105Pd within RTRMPM, are -0.927 µN

and -0.86 µN , respectively, and are also in a reasonable
agreement with the experimental values.
The 3/2+1 states decay to the ground state via transi-

tions of mixed M1 + E2 multipolarity. The M1 compo-
nents are hindered with respect to the Weisskopft units
by two to three orders of magnitude, which is similar to
the B(E2; 7/21 → 5/2+) transition rates. The RTRPM
calculations describe well the transition hindrance.
The experimental B(E2; 3/21 → 5/2+) in 101Pd is

large, but the uncertainty is also big. For the rest of
palladium nuclei, the experimental transition strengths
are several Weisskopt units. The B(E2) values for those
mixed-multipolarity transitions are not correctly repro-
duced which might be related to discrepant mixing ratio

coefficients.
The experimental magnetic moment of the 3/2+ state

in 105Pd is −0.074(13) µN [49]. This value is far from the
Schmidt values – µ(νd3/2) = 1.148 µN and µ(νd5/2) =
−1.913 µN , but its sign suggests a dominant νd5/2 com-
ponent of the wave function, since νd3/2 is much higher in
energy. This is also in agreement with the spectroscopic
factor for this state, observed from (p, d) reactions, which
is relatively larger when compared to the spectroscopic
factors for the respective states in the neighboring palla-
dium nuclei. Therefore, we tentatively interpret this as
a νd5/2 × 2+ state.

V. CONCLUSION

Low-lying states in 99−105Pd were excited in four
fusion-evaporation reactions. Lifetime measurements of
their low-lying excited states were performed by using
fast-timing technique realized with the hybrid RoSphere
detector array. In addition, lifetimes of negative-parity
states in 103Pd were measured by using the Recoil Dis-
tance Doppler Shift method. The new data is analyzed
within the Rigid Triaxial Rotor plus Particle model. A
good description of the low-lying states energies and tran-
sition rates in these palladium isotopes is achieved. This
result is interesting since the even-even Pd isotopes have
been interpreted in the past as γ soft nuclei. Given that
RTRP model satisfactorily describes the 99−105Pd data,
we can assume that the odd particle polarizes the γ-
unstable palladiums’ cores towards rigid triaxiality. How-
ever, the alternative interpretation, where RTRP model
describes well unstable nuclei when γ is similar to the
average triaxial deformation of the soft core, can not be
ruled out completely. Nevertheless, both scenarios re-
quire significant deviations from axial symmetry to ex-
plain the structure of the 99−105Pd odd-mass nuclei.
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