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I. D. Moore,5 H. Penttilä,5 M. Reponen,5 E. Ruchowska,3 A. Saastamoinen,5, ∗∗ M. K. Smith,1 and C. Weber5, ‡‡

1Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556 USA
2Lawrence Livermore National Laboratory, Livermore, California 94550 USA

3Division of Nuclear Physics, BP1, National Centre for Nuclear Research, ul. Hoża 69, 00-681, Warsaw, Poland
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Several new sub-nanosecond lifetimes were measured in 109Pd using the fast-timing βγγ(t)
method. Fission fragments of the A=109 mass chain were produced by bombarding natural ura-
nium with 30 MeV protons at the Jyväskylä Ion Guide Isotope Separator On-Line (IGISOL) facility.
Lifetimes were obtained for excited states in 109Pd populated following β decay of 109Rh. The new
lifetimes provide some insight into the evolution of nuclear structure in this mass region. In partic-
ular, the distinct structure of the two low-lying 7/2+ states occurring systematically across the Pd
isotopic chain is supported by the new lifetime measurements. The available nuclear data indicate
a sudden increase in deformation at N=60 which is related to the strong p-n interaction between
πg9/2 and νg7/2 valence nucleons expected in this region.

PACS numbers: 29.30.Kv, 27.60.+j, 23.20.-g, 21.10.Tg

I. INTRODUCTION

Neutron-rich nuclides in the mass region A∼110 dis-
play a wealth of interesting structural phenomena. This
region is characterized by the rapid onset of deformation,
isomerism, triaxiality, and shape coexistence, to name a
few (e.g. Refs. [1–17]). The precise origins and evolutions
of such phenomena are still not well-understood. The
persistence or disappearance of shells and subshells in
this region can have significant impacts on the radioactive
decay rates of nuclei, while the presence of deformation-
driving orbitals can lead to extended shapes.

In the past, it has been difficult to study unstable nu-
clei in this mass region in much depth due to low pro-
duction rates. However, even with the higher production
rates available from the current and next generation ra-
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dioactive ion beam facilities, the primary experimental
emphasis has been on the most neutron-rich isotopes in
an effort to ascertain the properties of the coveted r -
process nuclides. But before we can make reliable pre-
dictions about the structure of neutron-rich nuclei, it is
important to understand very well the structure of nu-
clides nearer to stability.

One of the best probes for revealing nuclear structure
information is provided through γ-spectroscopy and as-
sociated lifetime measurements. While much informa-
tion now exists in the A∼110 region on level energies,
spins, parities, and decay branchings, lifetimes of ex-
cited levels just one or two nuclides from stability re-
main elusive. Precise measurements of short lifetimes
require carefully calibrated detection systems which in-
clude high-efficiency γ-ray detectors with good timing
and energy resolution. These lifetime measurements rely
on multiple coincident events within the detection sys-
tem. Consequently, sufficient precision is achieved when
the production rate of these nuclides is high enough to
overcome the resultant loss in efficiency.

In the A∼110 region, there are relatively few life-
time measurements of nuclear excited states shorter than
∼10 ns. The investigation reported here is part of a
large systematic study of lifetimes in this mass region
[18]. The previous part of this study focused on the
even-mass chains in this region where some of the first
results were reported for 106Ru [19] and 122Cd [20]. In
this paper we report on the first results from the odd-
mass measurements of the A=109 chain. For mass 109,
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lifetime measurements were made for excited states in
109Tc, 109Ru, 109Rh, and 109Pd. Eight new lifetime mea-
surements of levels in 109Pd are reported with a discus-
sion on more collective excitations in the odd-A Pd iso-
topes via the 7/2+ and 5/2+ levels characteristic of all
the Pd nuclei from A=97–113. Note that the ground-
state spins and parities for the Pd isotopes in this mass
range are all 5/2+. Of particular interest from a nuclear
structure standpoint are the 7/2+ states which appear
in pairs at relatively low energies systematically across
the Pd isotope chain [21–30] and seem to display two
distinct structures. Other levels of interest are the low-
est 7/2−, which is the only negative-parity state strongly
populated in the β decay of 109Rh, and the 5/2+2 state,
which has a dominant β-feeding intensity systematically
across the Pd isotopic chain [21, 25–30]. These 7/2 and
5/2 levels are all discussed in Section IV. The experi-
mental and analysis details are provided in Sections II
and III, respectively. Section V provides a summary and
conclusions.

II. EXPERIMENT

The experiment was performed at the Ion-Guide Iso-
tope Separator On-Line (IGISOL) facility at the Univer-
sity of Jyväskylä, Finland. At IGISOL, isotopes are pro-
duced from the fission of natural uranium induced by a
30 MeV proton beam on a thin target. The fission frag-
ments are stopped in a He gas catcher and a common
charge state of 1+ is achieved by virtue of the high 1st

ionization potential of helium (for details see Ref. [31]).
After extraction from the gas cell, fragments and other
charged impurities are guided into high vacuum via an
RF sextupole device [32]. Following electrostatic accel-
eration to 30 kV, the ions are mass-separated using a
dipole sector magnet. The resulting beam of isobars was
then focused onto an aluminum catcher where a detec-
tion station was set up downstream from the focal plane
of the mass separator.

In this experiment, data for the mass chains 105, 107,
109, and 111 were collected with results from A=109 pre-
sented in this report. A continuous beam of isobars was
deposited on the catcher in a saturation mode. A 3-mm
thick plastic NE111A scintillator was placed directly be-
hind the catcher to record β events. Two HPGe detec-
tors of about 50% relative efficiency were placed on each
side (at 90◦) of the catcher to record the ensuing γ-decay
events following each β decay.

To measure the lifetimes associated with these decays,
the Advanced Time-Delayed method βγγ(t) was used
[33–35]. Coincidences between a fast-response β detec-
tor and a pair of LaBr3(Ce) detectors, placed above and
below the catcher (at 45◦ relative to the upstream di-
rection), provided excellent timing resolution for the life-
time measurements. The two LaBr3 crystals, one large
and one small, were cylindrical in shape. The smaller one
was 1 inch long with a 1 inch diameter, while the larger

one was 1.5 by 1.5 inches. Each was wrapped around the
sides with a few millimeters of lead foil to shield from
γ rays that were cross-scattered between detectors.

In this setup, triple coincidences (βγγ) were required
to trigger the data acquisition. The recorded events con-
sisted of the various combinations of β-LaBr3-Ge and
β-Ge-Ge coincidences. The latter provides clean coinci-
dence spectra for determination of the precise decay path
within the daughter nucleus, while the former provides
the lifetime measurement once the decay path has been
identified. A fast-TAC was paired with each of the LaBr3
detectors to extract the lifetimes with the start input
coming from the β plastic scintillator and the stop input
from the LaBr3 γ signal. The fast-TACs had a range
of 50 ns while a time gate of 500 ns was used for the
β-Ge coincidence requirement. This meant that lifetimes
longer than about 10 ns could not be measured with high
precision and decays populating microsecond isomers (or
longer) were mostly cut out from the acquisition system.
However, lifetime measurements of such long-lived iso-
mers already exist from previous studies [28]. The pur-
pose of the present work is to provide new lifetime infor-
mation for the shorter-lived states.

III. ANALYSIS AND RESULTS

Data were recorded over a period of 2 days. The de-
tector gains were monitored for changes by dividing the
whole data set into 2-hour time intervals and checking
the positions of various peaks in the spectra within these
intervals. Any gain shifts found were corrected. The data
were then sorted by events according to the hit-pattern
(i.e. β-Ge1-Ge2, β-LaBr1-Ge1, β-LaBr1-Ge2, etc.). Co-
incidence gates were chosen based on the most prominent
peaks in the Ge spectra. Initially some 92 gates were set
with eventual addition of numerous other supplementary
gates. The coincidence events observed for γ-ray transi-
tions in 109Pd were found to be consistent with the de-
cay scheme and branching intensities of Ref. [28] within
the uncertainties of the measurement. However, most
spectra did contain a number of contaminant lines due
to overlapping γ-ray energies from other nuclides in the
mass chain (i.e. 109Rh and 109Ru), including many new
γ rays, most of which seem to belong to 109Ru. Favorable
peaks for the timing analysis were identified in the coin-
cidence spectra based on statistics and cleanliness (i.e.
no doublets). Appropriate projections were then made
in the LaBr3 spectra to confirm the availability of tim-
ing information for such events. In some cases, despite
having sufficient energy resolution in the Ge coincidence
spectra, clean time spectra could not be extracted due to
the poorer energy resolution from LaBr3 (3% at 662-keV
137Cs line).

The fast-timing analysis has followed our standard pro-
cedures. Details of the present analysis are given in
Ref. [36]. The analyses include standard corrections for
the residual β-walk curve as well as corrections for small
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drifts in the fast-timing electronics during the measure-
ment. In the first step of the fast-timing analysis we have
identified those levels, which have long lifetimes that can
be measured by the slope (deconvolution) method [33].
Such a lifetime is identified by observing an asymmetry,
or a tail, on the time-delayed part of the time spectrum.
The time spectra are generated by setting appropriate
gates on the full energy peaks in the LaBr3 coincidence
spectra extracted from the β-LaBr-Ge data. Proper cor-
rections were made for the small Compton background
observed in each LaBr3 gate which is present below the
full energy peak. The time spectrum is then slope-fitted
using a deconvolution technique to separate the prompt
time response from the level lifetime [33]. Fig. 1 pro-
vides an example with the various spectra highlighting
the main steps in the analysis procedure.

For levels where the lifetime was too short to be deter-
mined by the deconvolution procedure, the centroid-shift
method [33] has been used. The time response curves, i.e.
calibration curves, were determined for the full-energy-
peaks (FEP) and Compton events using known γ-ray en-
ergies and level lifetimes in the A=138 β-decay chain,
primarily from the β decay of 138Cs to 138Ba (Fig. 2). For
γ-ray energies greater than 400 keV, any differences be-
tween the two curves are small compared to the measure-
ment uncertainties. However, γ rays with energies below
400 keV display clearly different time responses depend-
ing on the nature of the interaction inside the detector
[35]. As seen from Fig. 2, background Compton events
are delayed relative to FEP events, particularly strongly
at the energy of ∼220 keV due to a large component
of backscattering from surrounding materials. With this
information, the energy dependence of the background
component in each time spectrum is corrected prior to
subtraction, and the resultant time peak due to the FEP
event is compared with the baseline curve established
by the mass-138 peaks (which have been corrected for
their corresponding lifetimes). Any delay relative to the
baseline must be due to an associated lifetime for the
corresponding level in 109Pd.

The shape of the response curve was well-established
from the mass-138 measurements, however the absolute
normalization is not since the total delay may be dif-
ferent depending on the β-decay characteristics and how
the β-walk correction is done for each mass chain. The
absolute normalization is obtained from the two tran-
sition pairs 291-249 keV and 178-249 keV that connect
the 291-keV and 541-keV levels in 109Pd with delay re-
sulting solely from the 541-keV level lifetime which was
extracted from the deconvolution fitting. That is, a gate
is placed on each of the 178-keV and 291-keV γ rays in
either HPGe detector while a second gate is placed in the
LaBr3 spectra on the 249-keV γ ray. The time projec-
tion of one of these gates is shown in Fig. 3. Since the
541-keV level in 109Pd is directly fed by the β decay of
the 109Rh parent, with negligible feeding to higher levels
[28], the time peak centroid of Fig. 3 is delayed relative
to the prompt time position solely due to the 541-keV

level lifetime. Moreover, due to the high statistics for
these two coincidence pairs, it is also possible to separate
the delayed component of the time spectrum from the
prompt component by the slope-fitting method (Fig. 3).
The half-life obtained by the slope method is consistent
with the value obtained from the centroid-shift analysis
for the other available γ pairs depopulating the 541-keV
level (i.e. 245-296 keV and 325-215 keV, see Fig. 4). In
other words, the time peak centroids for these γ-ray pairs
display delays, based on their positions in energy on the
γ-walk curve (Fig. 2), which are consistent with the fitted
lifetime of the 541-keV level. A further check of the 541
level lifetime and calibration of the absolute prompt time
peak positions is provided by using the slope-fitting re-
sult for the 113(Ge)-378(LaBr3) γ pair (T1/2=59(10) ps),
which gives the half-life for the 492-keV level, as the abso-
lute delay from the prompt position. When this is done,
the resultant centroid-shift analysis of the the 541-keV
level (using the same γ pairs as mentioned above) gives
a half-life in agreement with the original slope-fitting re-
sult within 1.1σ. This provides confidence that the de-
convolution fit gives an accurate half-life for the 541-keV
level, and therefore a reliable calibration of the normal-
ization for the time-response curve used in the centroid-
shift analysis.

Eight half-lives were obtained from this measurement.
These results are displayed in Table I. One of these level
half-lives is for the 5/2+2 level at 327 keV which had been
measured previously [14], but with much less precision
(T1/2=0.57(15) ns). The value we report here agrees
within 2σ with much improved precision. To calculate
reduced transition probabilities B(Mλ), γ-ray branching
intensities were taken from Refs. [37, 38]. In many cases,
the transition multipolarities (M1/E2 ratios) were deter-
mined from conversion-electron coefficients measured in
Ref. [38]. For γ rays with energies less than 90 keV, the
M1/E2 mixing ratios and intensities were taken from
Ref. [37]. It is worth mentioning that none of these
low-energy transitions were adopted in the evaluation of
Ref. [28], but all are confirmed in this measurement. For
transitions where the conversion coefficients had not been
measured, the multipolarity was assumed to be purely of
the lowest allowed order (e.g. for ∆J=1 and no change in
parity, the transition was assumed to be pure M1). For
consistency, all conversion coefficients used to derive the
transition probabilities were calculated using the BrIcc
conversion calculator [39]. The only exception to this was
for the 25-keV transition from the 291-keV level. Since
the transition energy is so close to the Pd K-shell electron
binding energy (24.35 keV), the BrIcc calculator was un-
able to calculate the K-shell conversion coefficient, nor
does an experimental value exist. Kanazawa et al. do
provide an upper limit for the E2 strength, presumably
by measuring the L-shell and/or M-shell conversion co-
efficients [37]. By measuring the total intensity through
γ-γ coincidences, they establish a rough γ-ray intensity
which was adopted here. However, other than the E2
fraction, no other numbers are provided in that paper. In
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FIG. 1. (Color) An example of the analysis procedure for slope fitting. (a) A gate is placed in the Ge data on the 249-keV
γ ray de-exciting the 541-keV level (blue). The coincidence spectrum in the opposite Ge is shown in (b). To measure the
lifetime of the 291-keV level below, a gate in the LaBr3 on the coincident 178-keV γ ray is placed (c) and projected in the TAC
spectrum (d). The TAC spectrum includes the delay from the 541-keV level lifetime. In this case, however, that lifetime is
short compared with the lifetime of the 291-keV level and doesn’t influence the observed slope [33]. The fit is shown by the
black solid line along with the corresponding prompt time peak (light gray).

order to calculate the strengths for the transitions from
the 291-keV level, we use our γ-γ coincidence measure-
ments to determine the total 25-keV transition intensity
(Iγ + Ice).

The total intensity was determined by gating on the
249-keV γ ray depopulating the 5/2+ level at 541 keV.
The efficiency-corrected intensities of the coincident
γ rays at energies 291, 178, 266, and 153 keV were
compared. The sum of these four (after correction for
conversion-electron intensities) gives the total feeding in-
tensity to the 291-keV level (see Fig. 4). The sum of the
266-keV and 153-keV γ rays gives the intensity through
the 25-keV transition from the 291-keV level. The total
intensity ratio, I25/(I291+I178), was used in the strength
calculations for the transitions from the 291-keV level
provided in Table I. The experimental value was found
to be 0.0324(50). It is important to point out that the
experimental γ-intensity ratio between the 291-keV and

178-keV transitions measured in this experiment was in
good agreement with the values adopted in Ref. [28]. The
γ-intensity ratio between the 266-keV and 153-keV tran-
sitions measured here was consistent within experimental
uncertainties with the value measured by Kanazawa et
al. [37], but not consistent with the value measured by
Casten et al. [38]. Our value for the intensity of the 266-
keV γ ray per 100 γ rays of 153 keV is 64(13), while
those previous measurements recorded 41.7(90) [37] and
28.9(41) [28, 38], respectively.

The level scheme obtained from the analysis of Ge-Ge
events is shown in Fig. 4. Five new levels and associated
γ rays (colored blue and red in the figure) were added
to the β-decay scheme of 109Pd based on the γ-γ coinci-
dence results. The other levels (black) were observed in
earlier measurements by Fettweis and Marmol [40] and
Kanazawa et al. [37] and verified in this experiment. Four
of the five new levels were observed in the 108Pd(n,γ) ex-
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TABLE I. Measured half lives with transition strengths for observed transitions. Multipolarities in [ ] are assumed. Intensities
(Iγ) and M1/E2 ratios are taken from Ref. [37, 38]. The M1/E2 ratios are based on measurements of various K-, M-, and
L-shell electron conversion coefficients. The total conversion coefficients (αtot) displayed in the table and used to determine
the B(Mλ)’s were calculated using the BrIcc conversion calculator [39].

Ei(keV) Jπ T1/2 (ps) Eγ(keV) Iγ Ef (keV) Jπ Mλ M1/E2 % αtot B(Mλ) (W.u.)

245.0 7/2− 1528(56) 245.0 100 0 5/2+ E1 0.012 1.302(48) · 10−5

276.3 7/2+ 11.3(34) 276.3 100 0 5/2+ M1 79(17) 0.0244 7.1(26) · 10−2

E2 21(17) 0.039 2.1(18) · 10+2

291.4 3/2+ 136.5(23) 25.1 0.43(35) 266.3 1/2+ M1 100(+0
−46

) a 2.0(+17
−19

) · 10−2

E2 < 46 < 1.0 · 10+4

178.0 100(5) 113.4 1/2+ M1 0.0776 1.327(54) · 10−2

291.4 98.6(57) 0 5/2+ M1 0.0213 2.98(13) · 10−3

325.3 3/2+ 39.6(35) 59.0 2.2(7) 266.3 1/2+ [M1] 1.714 3.9(14) · 10−2

211.9 44(7) 113.4 1/2+ M1 0.0488 1.68(32) · 10−2

325.4 100(19) 0 5/2+ M1 85(+15
−20

) 0.01611 8.9(+19
−24

) · 10−3

E2 15(+20
−15

) 0.0227 12(+17
−12

)

326.8 5/2+ 832(27) 35.3 2.4(3) 291.4 3/2+ M1 84(+16
−29

) 7.65 8.4(+28
−50

) · 10−3

E2 16(+29
−16

) 58.3 1.1(+2.2
−1.2

) · 10+3

50.6 0.06(2) 276.3 7/2+ [M1] 2.68 8.5(+3.1
−3.5

) · 10−5

81.8 1.3(1) 245.0 7/2− E1 0.272 5.9(+10
−15

) · 10−6

326.8 100 0 5/2+ M1 < 23 0.01591 < 1.2 · 10−4

E2 100(+0
−23

) 0.0223 4.1(+6
−14

)

426.1 7/2+ 73.6(42) 149.9 8(1) 276.3 7/2+ [M1] 0.1237 6.5(10) · 10−3

426.1 100(10) 0 5/2+ M1 100(+0
−27

) 0.00822 3.52(+21
−97

) · 10−3

E2 < 27 0.00963 < 4.6

491.5 3/2+ 62.9(42) 166.3 7(3) 325.3 3/2+ [M1] 0.0932 2.8(12) · 10−3

200.2 45(6) 291.4 3/2+ M1 100(+0
−3

) 0.0567 1.02(14) · 10−2

E2 < 3 0.1183 < 6.9

378.2 100(10) 113.4 1/2+ [M1] 0.01104 3.38(32) · 10−3

491.5 35(5) 0 5/2+ [M1] 0.00581 5.38(80) · 10−4

540.6 5/2+ 29.3(43) 213.8 9(2) 326.8 5/2+ [M1] 0.0476 3.8(10) · 10−3

215.4 33(4) 325.3 3/2+ M1 100(+0
−9

) 0.0467 1.38(+26
−29

) · 10−2

E2 < 9 0.0915 < 26

249.2 100(10) 291.4 3/2+ M1 100(+0
−11

) 0.0319 2.70(+42
−52

) · 10−2

E2 < 11 0.0553 < 47

264.4 7(2) 276.3 7/2+ M1 57(35) 0.0274 9.0(62) · 10−4

E2 43(35) 0.0452 8.1(71)

274.3 2(1) 266.3 1/2+ E2 0.0399 4.5(23)

295.6 6(1) 245.0 7/2− E1 0.00721 1.31(30) · 10−5

427.3 <5 113.4 1/2+ E2 0.00955 < 1.6

540.6 12(4) 0 5/2+ [M1] 0.00462 3.2(11) · 10−4

a Measured total transition intensity (Itot = Iγ + Ice), see text

periment by Casten et al. [38], however one new level has
been added at 765 keV with two γ rays of energies 489
and 339 keV depopulating it as well as five additional
new γ rays distributed between the previously observed
levels at 1319, 1054, and 541 keV. Measured β-feeding
and γ-ray intensities have not been provided due to the
difficulty for this experiment to provide precise values as
a result of the triple coincidence requirement. New half-
lives have been measured for eight of the low-lying levels
above the first-excited 380 ns isomer at 113 keV as shown
in Fig. 4 and Table I.

IV. DISCUSSION

There are two 7/2+ states that exist at low excitation
energies across the Pd isotope chain [21–30] and display
two distinct structures which are of particular interest to
us. These along with the lowest 7/2−, which is the only
negative-parity state strongly populated in the β decay
of 109Rh, and the 5/2+2 state, which has a dominant β-
feeding intensity systematically across the Pd chain [21,
25–30], are highlighted below.
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FIG. 2. (Color online) (a) The γ-walk curve generated by
events from mass-138 β decays. The blue diamonds repre-
sent full-energy-peak (FEP) events, while the red squares and
green triangles represent background events (primarily Comp-
ton events from the 1436-keV and 2218-keV γ rays in 138Ba).
(b) Below 400 keV, background events begin to display a sig-
nificant delay relative to full-energy events. Peak and back-
ground centroid corrections are made separately according to
their respective walk curves.
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fitted half-life is in good agreement with the centroid-shift
analysis. The prompt time peak from the fit is also displayed
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TABLE II. Low-lying `=4 spectroscopic strengths for odd-
mass Pd isotopes. The notation “N/A” means data is not
available, “N/I” means the 7/2+

2 level has not yet been iden-
tified in any experiment, and “N/O” means the level was
not observed in the transfer experiment, but was identified
through a different type of measurement(s). The colors in the
table correspond with those in Figures 5 & 6. Data taken
from NNDC nuclear database [21].

(d,p) (d,t)
AXN 7/2+

1 7/2+
2 7/2+

1 7/2+
2

101Pd55 N/A N/A `=4, 4.68 N/I
103Pd57 `=4, 3.82 `=2, 0.35 `=4, 4.28 `=2
105Pd59 N/O a `=4, 2.52 b `=(2), 0.04 b

107Pd61 `=4, 0.26 `=4, 0.45 `=(4), 2.78 `=(4), 1.82
109Pd63 N/O `=4, 1.6 N/O `=4, 4.0
111Pd65 `=4, 0.14 N/I N/A N/A

a Observed, but no assignment made
b From (p,d)

A. The Low-Lying 7/2+ Levels

The two low-lying 7/2+ levels appear systematically
across the Pd isotopic chain beginning at the N=50 ma-
jor shell closure and continue into the exotic neutron-rich
isotopes. Single-neutron transfer [21, 24–29] and high
spin studies [41–48] indicate that one of these levels con-
sistently displays a νg7/2 single-particle character, while

the other can be described as a νd5/2⊗2+1 configuration.
This distinction is based on the observed spectroscopic
strengths (Table II) and band structures connected to
them (Fig. 5). The exception to this is in 107Pd where
the level structures seem to be mixed due to the close
proximity in energy of the 7/2+ states as well as the iso-
lated occurrence of a third low-lying 7/2+ state in the
same vicinity [21, 27]. The energy systematics of the two
7/2+ states in the Pd isotopes compared to the even-even
Pd 2+1 levels are shown in Fig. 6. Clearly the two differ-
ent structures display unique evolutionary trends. The
g7/2 single-particle state drops abruptly after the N=50

shell closure and maintains a flat trend through 105Pd59

before slowly rising beyond that. The d5/2 ⊗ 2+ state
on the other hand, drops smoothly towards a minimum
value around midshell in accordance with the 2+1 of the
even-even cores. The crossing point of the two structures
occurs near 107Pd which results in the mixed character
seen in this nucleus. By 109Pd63, the two levels are well-
separated again, and the distinct structure is evidenced
by the neutron transfer strengths [49, 50], and confirmed
in this work by the lifetime measurements and resulting
transition probabilities which are discussed below.

One interesting feature of the Pd isotopes is the ap-
parent consistency in the structure of the 5/2+ ground
states. Single-neutron transfer experiments indicate a
strong d5/2 single-particle character of the ground-state
which persists across the stable Pd isotopes (Table III)
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FIG. 5. (Color) The observed band structures in Pd isotopes near N=60. The colors are based on data from Refs. [41–48].
The blue levels are associated with the excited 7/2+ band heads while the red levels comprise the 5/2+ ground-state bands.
In 101Pd the ground-state band transitions start out as ∆J=2, however ∆J=1 transitions begin to appear in 103Pd, and by
105Pd a strongly-coupled band is well-developed. A sudden shape change is apparent at 107Pd at higher spins, however the
band assignments are uncertain in this nucleus due to mixing of the low-lying 7/2+ states. The purple levels highlight the 5/2+

2

states and associated band structure observed in 105Pd [45].

[21, 24–29]. Although based on Fig. 5, one might ex-
pect the pure d -wave character to begin to deteriorate as
the ground state quasirotational band begins to exhibit a
deformation-aligned character starting near N=59. Nev-
ertheless, the 5/2+ ground state has been identified up
to N=67 [21, 30], and the `=2 spectroscopic strengths
remain strong at least up to N=63 (Table III).

These facts combined with the trajectory of the g7/2
single-particle state are indicative of the following: 1) the
d5/2 single-particle orbital remains partially filled even

when the valence neutron number is much greater than
the maximum occupancy of the orbital (i.e. the occu-
pancies of other single-particle orbitals become more en-
ergetically favorable for these valence neutrons), 2) νg7/2
achieves significant occupancy relatively early (byN=53)
and seems to be mostly filled by N=60 (Fig. 6), and 3)
the unpaired neutrons in the odd-mass Pd isotopes pre-
fer to sit in the d5/2 orbital. In fact, 2) is not entirely
unexpected since the νg7/2 is predicted to come down
in energy due to the interaction with valence g9/2 pro-
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FIG. 6. (Color online) The energies of the two low-lying 7/2+

states along with the 2+
1 of the even-even Pd isotopes are

shown as a function of N . The two trends provide additional
support for the distinct structure of these levels. The g7/2

and d5/2 characters are assigned based on earlier neutron-
transfer and high-spin measurements. It is seen that both sets
of levels exhibit a transition beyond N=58. The g7/2 single-
particle state begins to rise in energy indicating a nearly filled
occupancy, while the d5/2 ⊗ 2+

1 state deviates from the 2+
1

trend coinciding with the d5/2 ground-state band switching
from ∆J=2 to ∆J=1 [41, 43, 45]. Data taken from NNDC
nuclear database [21].

TABLE III. Low-lying `=2 spectroscopic strengths for odd-
mass Pd isotopes. The notation “N/A” means data is not
available and “N/I” means the 5/2+

2 level has not yet been
identified in any experiment. Data taken from NNDC nuclear
database [21].

(d,p) (d,t)
AXN 5/2+1 5/2+2 5/2+1 5/2+2

101Pd55 N/A N/A `=2, 2.43 N/I
103Pd57 `=2, 2.96 `=2, 0.08 `=2, 2.09 `=2, 0.21
105Pd59 `=0 `=(0+2+4) a `=2, 1.78 b `=2, 0.36 b

107Pd61 `=2, 0.21 `=2, 0.10 `=2, 1.39 `=2, 0.16
109Pd63 `=2, 1.06 `=(2,0), (0.18,0.018) `=2, 1.16 `=2, 0.063
111Pd65 `=2, 0.13 N/I N/A N/A

a From (d,t)
b From (p,d)

tons [51, 52], and this behavior has already been con-
firmed experimentally in N=51 isotones [53]. Moreover,
the πg9/2-νg7/2 interaction had been proposed early on
by Federman and Pittel to be responsible for the onset
of deformation in the Zr and Mo isotopes [54].

A shape change to large deformation is also evident in
the band structure of the odd-mass Pd isotopes [41–48]
(Fig. 5) and suggested by B(E2) systematics [21, 55–
59]. Yet, Stefanova et al. [48] have recently suggested
a transition to γ-softness beyond N=61 which may be
maximal at 109Pd63 and 111Pd65. This makes the tran-
sition strengths measured in this work crucial for testing
nuclear models. In particular, the 7/2+ states, with their
differing structures, provide an excellent testing ground
since lifetime information has been obtained for both lev-
els in this work, and these can be compared with existing

TABLE IV. Strengths for transitions (W.u.) involving lowest
7/2+ and 5/2+ levels in 105Pd59 [26] and 109Pd63 (this work).

105
46 Pd59

109
46 Pd63

Transition B(M1) B(E2) B(M1) B(E2)

7/2+
g → 5/2+

1 < 0.011 < 0.3 0.00351+21
−97 < 4.6

7/2+
d → 5/2+

1 0.065(24) 15(6) 0.071(26) 2.1(18)·102

7/2+
d → 7/2+

g
<∼ 0.005 < 0.0065(10)

5/2+
2 → 5/2+

1 0.016(2) 1.5(2) < 0.00012 4.1(+6
−14)

lifetime data for the corresponding states in the stable
isotope 105Pd59 [26], just prior to the shape change.

A comparison between 105Pd and 109Pd is shown in
Table IV. Note that the transition 7/2+d → 7/2+g has not

been observed in 105Pd, so we roughly estimate an upper
limit on the strength based on the weakest observed γ-ray
intensities in the 100-keV energy region as measured in
105Ag electron capture experiments [26]. The strengths
displayed in the table provide further support of the in-
terpretations discussed above. The intraband transition
7/2+d → 5/2+1 is relatively enhanced compared with the
average B(M1) for even-Z odd-N nuclides in this mass
region (0.016 W.u., based on data from Ref. [60]) while
the other two transitions are hindered. Such a hindrance
is expected from a state with a predominant νg7/2 config-
uration to states exhibiting a νd5/2 character since both
M1 and E2 transitions would be suppressed (the former
could not produce the required ∆`=2 while the latter
could not produce the required spin-flip between g7/2 and

d5/2). The fourth transition in Table IV between 5/2+

states is discussed below. A detailed theoretical investi-
gation is currently underway to ascertain which nuclear
shape best reproduces the level energies and new lifetime
results.

B. The 7/2−1 level

The 7/2− level at 245 keV is interesting since it seems
to be the only negative-parity state which is strongly
populated in the β-decay of 109Rh (g.s. Jπ=7/2+). The
negative-parity states have been the subject of theoretical
investigation in the past since they form an isolated set of
levels with common structure originating from the νh11/2

single-particle orbital [38, 61, 62]. Indeed, an 11/2− iso-
mer is observed throughout the region with a half-life
typically of several minutes. In 109Pd, this isomer occurs
at 189 keV.

The 7/2− level at 245 keV has been interpreted as
νh11/2 ⊗ 2+ anti-aligned state, based on particle-rotor
model calculations [38]. With this interpretation, one
would expect a strong E2 transition to the 11/2− band
head situated below. However, this transition has not
been observed in this experiment or any of the previ-
ous experiments due to the hindrance from the energy
spacing of the transition and the much faster E1 transi-
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tion to the 5/2+ ground state. This has been discussed
previously by Casten et al. [38] where it was noted that
the γ-ray intensity would likely fall below the detection
threshold for their experiment. This can now be con-
firmed from the lifetime measurement of the 7/2− level
obtained in this study, with T1/2 = 1.528(56) ns resulting

in B(E1) = 1.302(48) ×10−5 W.u. for the ground-state
transition. Assuming a maximum possible E2 transition
strength of about 40 W.u., which is comparable to the
B(E2,2+1 →0+1 ) of the adjacent even-even isotopes 108Pd
and 110Pd, the γ-ray intensity of the 56-keV transition
to the 11/2− level will be 400 times weaker than the
ground-state transition (after conversion-electron correc-
tion). This corresponds to 0.03 photons per 1000 β de-
cays [28, 37] which is 10 times weaker than the lowest
intensity measured by Kanazawa et al. [37] and 5 times
weaker than the upper limit established in this experi-
ment. The 108Pd(n,γ) study by Casten et al. [38] was
not sensitive enough either with an upper limit of 1.5
photons per 1000 neutron captures while the actual in-
tensity is expected to be about 4 times weaker at 0.4
photons/1000 neutron captures. Thus, in all cases the
experimental limits are consistent with the particle-rotor
interpretation.

However, there have been noted difficulties in the in-
terpretation of the higher-lying, low-spin negative parity
levels [38]. The energies and spacings of these so-called
unfavored states (unfavored meaning that the coupled
angular momentum between the unpaired neutron and
core are neither fully aligned or fully anti-aligned), could
not be produced by particle-rotor models using the stan-
dard BCS pairing approximation without the aid of an
unphysically large Coriolis strength attenuation. How-
ever, these states were reproduced quite well in lower
mass Pd isotopes using the same model. In particular,
the model was successfully applied up to 105Pd [38, 63].

Here again is additional evidence of a significant struc-
tural change occurring between 105Pd and 109Pd. It was
later shown by Henriquez, Rekstad, and England that
the particle-rotor model was capable of reproducing the
unfavored states in 109Pd with a proper treatment of the
pairing interaction using the Particle Plus Recoil (PPR)
model [62]. They found that the degree of Coriolis at-
tenuation was dependent on the structure at the Fermi
surface. The attenuation was less pronounced when the
Fermi surface is spread across orbitals originating from
the same spherical parentage as compared to the case
when it includes a mixture of orbital structures. This is
due to the blocking of occupation of the high-Ω orbitals
by the unpaired neutron due to the selection rules of the
recoil term of the rotor Hamiltonian [64] which reduces
the diffuseness of the pairing distribution. As a result,
the total number of Coriolis matrix elements is decreased,
effectively quenching the overall interaction strength.

This interpretation suggests a change in the purity
of the orbitals at the Fermi surface between 105Pd and
109Pd. Such a change, of course, would be instigated by
the sudden increase in deformation which appears to oc-
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FIG. 7. (Color online) Energies for the 11/2−1 and 1/2+
1 lev-

els in Pd isotopes. By N=61, both levels appear to play a
prominent role in the structure of the Fermi surface. Data
taken from NNDC nuclear database [21].

cur here (Fig. 5). The evolution of level energies and
neutron-transfer strengths suggests an occupancy pre-
dominantly limited to d5/2 and g7/2 orbitals for 105Pd59

and lighter isotopes as discussed above, while for 109Pd63

and heavier isotopes, the level systematics indicate a
more complicated Fermi surface polluted by s1/2 and
h11/2 orbitals (Fig. 7). This would provide a consistent

picture for the extra Coriolis attenuation needed in 109Pd
as well as the observed 7/2+ systematics discussed above
and the behavior of the 5/2+2 level discussed next.

C. The 5/2+
2 level

The 5/2+2 levels in the Pd isotope chain show partic-
ularly interesting behavior. In plotting the energies of
this level as a function of neutron number, one finds a
sharp drop in energy at N=57 immediately followed by
a smooth, flat trend as far as the experimental data ex-
ists (Fig. 8). The most striking feature is the enhanced
β feeding to this level from 7/2+ odd-Z parents, which
only exist beginning precisely at N=56. Before N=56,
odd-mass Pd isotopes are fed by 9/2+ Ag parents. The
log ft values for decays to this level from the 7/2+ par-
ents (consisting of both Ag and Rh) range between 5.2
and 4.8 (Table V) putting them firmly in the enhanced
side for allowed β decays. This suggests that these 5/2+2
states are closely related to the 7/2+ ground states of the
Ag and Rh parents.

These 7/2+ states in Ag and Rh are an example of the
well-known I=j−1 anomaly and have been described as
higher seniority (ν=3) (πg9/2)3 configurations [65, 66].

The connection between these states and the 5/2+2 states
in the Pd daughters has been pointed out more recently
by Lhersonneau et al. [14, 67]. Examining the system-
atics of these 7/2+ states relative to their ν=1, 9/2+

counterparts in the Rh and Ag isotopic chains (Fig. 8),
it is seen that the 7/2+ configuration becomes the fa-
vored one at N=56 in Ag and N=58 in Rh giving rise to
this configuration in the Pd daughters at N=57 (where
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topes (blue diamonds) are shown as a function of N . Also
plotted are the energies of the 7/2+

1 levels relative to the 9/2+
1

levels in Ag (red squares) and Rh (green triangles) isotopes.
The correlation between 5/2+

2 in Pd and 7/2+
1 in Ag and Rh

is evident. Once the 7/2+ becomes favored over the 9/2+ in
Ag, the 5/2+

2 level in the Pd daughters changes significantly
(see also Table V). Data taken from NNDC nuclear database
[21].

TABLE V. β decays from Ag and Rh parents to the 5/2+
2

level in Pd daughters. Data taken from Nuclear Data Sheets,
Refs. [21, 23–30].

APdN E(5/2+
2 ) keV Parent, Jπ log ft

99Pd53 686 99Ag, (9/2)+ 6.58(9)
101Pd55 600 101Ag, 9/2+

103Pd57 267 103Ag, 7/2+ 5.25(5)
105Pd59 319 105Rh, 7/2+ 5.112(21)
107Pd61 303 107Rh, 7/2+ 5.0(1)
109Pd63 327 109Rh, 7/2+ 4.82(7)
111Pd65 275 111Rh, (7/2+)
113Pd67 349 113Rh, (7/2+) 4.93(4)

Ag is initially the parent switching over to Rh as the
stability line is crossed). This combined with the char-
acteristic low log ft values identifies these 5/2+2 states as
a 3-quasiparticle configuration of [(πg9/2)2,(νg7/2)1]5/2+
where the low log ft is explained by the Gamow-Teller
decay of a paired g7/2 neutron (in the case of Rh) into
a g9/2 proton leaving an unpaired g7/2 neutron and a
ν=2 set of g9/2 protons (in Ag parents an unpaired g9/2
proton decays to a g7/2 neutron).

The lifetime of this state in 109Pd was measured in
the present work. The multipolarity of the transition be-
tween this state and the ground state was determined
to be pure E2 by Casten et al. [38], which is expected
for a ν=2 to ν=0 transition. This results in a reduced
transition strength of B(E2)=4.1(+06

−14) W.u. An upper
limit on the M1 strength set by Ref. [38] results in
B(M1)< 0.0012 W.u. As with the 7/2+ states, this
can be compared to the corresponding state in 105Pd
which has lifetime information [26] (Table IV). Interest-
ingly, the lifetime of this state in 105Pd is much shorter

due to a strong M1 component in the transition to the
ground state. The resulting transition strengths are
B(E2)=1.5(2) W.u. and B(M1)=0.016(2) W.u. for the
319-keV 5/2+2→5/2+1 transition.

The fact that the M1 and E2 strengths differ by
so much from N=59 to N=63 is interesting consider-
ing that both 5/2+2 states exhibit the same behavior,
i.e. strong β-feeding from 7/2+ Rh parents with simi-
lar log ft values and excitation energies. Moreover, the
5/2+ Pd ground states that these de-excite to appear
to maintain strong d5/2 single-particle structure (evident
from neutron-transfer strengths) as mentioned earlier, al-
though 109Pd may have increased `=4 admixture due to
larger deformation (Fig. 5). Another possible complica-
tion is admixture in 105Pd from a signature of the νg7/2
band as suggested by the results of Rickey et al. [45]
(see also Fig. 5). However, it is not qualitatively obvi-
ous how the M1 and E2 transition strengths should be
affected by such admixtures. It would be interesting to
measure the lifetimes of these states across a large iso-
topic range to see how the M1 and E2 strengths evolve.
It is possible that this lifetime in either 105Pd or 109Pd
is an anomaly, but it could be that the M1 strength per-
sists up to the N=60 shape change where it suddenly
vanishes. A quantitative theoretical investigation on this
would also be interesting.

The 5/2+2 levels in Pd isotopes at N≥57 are most in-
teresting because they highlight the onset of a dominance
of p-n interactions over pairing interactions. In the Fed-
erman and Pittel work [54] referenced earlier, the onset
of deformation near N=60 is attributed to p-n interac-
tions between valence nucleons in the spin-orbit partner
orbitals πg9/2 and νg7/2 which are filling simultaneously
in this region. The deformation arises when such inter-
actions begin to dominate the spherical-favoring p-p and
n-n pairing interactions. A more recent investigation of
such p-n interactions has been provided by Otsuka et
al. [51, 52] where the tensor component of the monopole
force was identified as a key factor in the strength of
the interaction. The interaction strength is expected to
increase with the filling of both orbitals. Experimental
evidence of this was later provided by Sharp et al. [53].

Such a dominance of the p-n interactions is perhaps
even more explicit in the Rh, Pd, and Ag isotopes as
increased seniority configurations start to become favor-
able. As Z increases beyond 45, πg9/2 becomes greater
than half occupied which increases the binding of g7/2
neutrons. This would help explain the early occupancy
of g7/2 before filling d5/2 in Pd isotopes and also why the

7/2+ ground state first appears at lower N in Ag com-
pared to Rh (Fig. 8). A further consequence of this strong
p-n interaction is the inversion of πp1/2 and πg9/2 in this
region due to the increased binding energy of the latter.
Experimental evidence for this and its possible influence
on ground state shape evolution has been discussed in
Ref. [36].
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V. SUMMARY AND CONCLUSIONS

A study of sub-nanosecond lifetimes of excited states in
odd-mass neutron-rich nuclides in the mass region A∼110
is underway. The results from the measurement involv-
ing levels in 109Pd are presented in this paper. The good
timing characteristics of the plastic and LaBr3(Ce) scin-
tillation detectors allowed for precise lifetime measure-
ments down to ∼10 ps.

The new lifetimes, when combined with the already
existing nuclear data, provide insight to the microscopic
nuclear structure governing the mass region, bolstering
formerly proposed theoretical assertions. Of particular
interest are the low-lying 7/2+ and 5/2+ states which
occur systematically across the Pd isotopes. The charac-
teristics of these levels provide additional evidence of a
strong interaction between valence g9/2 protons and g7/2
neutrons which may drive the evolution of bulk nuclear
properties within this mass region, such as the appar-
ent onset of deformation at N=60. The new lifetimes
measured here provide the transition rates between these
relevant states which add an important constraint for nu-
clear models. The present work provides motivation for
a detailed theoretical study to try to understand quan-
titatively this strong p-n interaction and how it influ-
ences phenomena such as higher seniority configurations,
shape transitions, and movements of single-particle or-
bitals. Theoretical efforts investigating the nuclear shape
transition in the Pd isotopes is currently being pursued
by comparing the available experimental data with cal-
culations using geometric particle-rotor models. A de-
tailed understanding of the underlying nuclear structure
and how it evolves is necessary for reliable predictions of
nuclear input for r -process and nucleosynthesis studies.

In conclusion, a thorough consideration of much of the
available experimental data in the neutron-rich Pd iso-
topes has identified a number of interesting nuclear struc-
ture effects, all occurring near N=58–60. The present
discussion has been focused on the lowest 5/2+ and 7/2+

states. The new lifetime measurements provided in this
work complement the other available experimental data
including neutron-transfer strengths, rotational-band as-
signments, and β-decay properties. These along with
level energies, spins, and parities in the surrounding nu-
clei help to characterize the shape transition at N=60
for the Pd isotopes. All the structure effects discussed
above seem to be correlated and are likely driven by the
p-n interaction between valence g9/2 protons and g7/2
neutrons. A detailed understanding of such effects and
how they evolve along the nuclear landscape will be of
great importance for reliable predictions of nuclear prop-
erties for the r -process and subsequent nucleosynthesis
calculations. In particular, the migration of the high-j,
unique parity πg9/2 orbital may induce isomerism along
with a potentially strong influence on β-decay lifetimes.
Additionally, such rapid shape changes like the one at
N=60, could affect nuclear masses, neutron-capture cross
sections, as well as β-decay lifetimes [68, 69] potentially
influencing r -process dynamics.
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[44] B. M. Nyakó, J. Gizon, A. Gizon, J. Timár, L. Zolnai,
A. J. Boston, D. T. Joss, E. S. Paul, A. T. Semple, et al.,
Phys. Rev. C 60, 024307 (1999).

[45] F. A. Rickey, J. A. Grau, L. E. Samuelson, and P. C.
Simms, Phys. Rev. C 15, 1530 (1977).

[46] K. R. Pohl, P. H. Regan, J. E. Bush, P. E. Raines, D. P.
Balamuth, D. Ward, A. Galindo-Uribarri, V. P. Janzen,
S. M. Mullins, and S. Pilotte, Phys. Rev. C 53, 2682
(1996).

[47] S. Juutinen, P. S̆imec̆ek, C. Fahlander, R. Julin,
J. Kumpulainen, A. Lampinen, T. Lönnroth, A. Maj,
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[59] G. Gürdal and F. Kondev, Nucl. Data Sheets 113, 1315

(2012).
[60] P. M. Endt, At. Data Nucl. Data Tables 26, 47 (1981).
[61] G. J. Smith, R. F. Casten, M. L. Stelts, H. G. Börner,

W. F. Davidson, and K. Schreckenbach, Phys. Lett. B
86, 13 (1979).

[62] A. Henriquez, T. Engeland, and J. Rekstad, Phys. Rev.
C 27, 1302 (1983).

[63] H. Smith and F. Rickey, Phys. Rev. C 14, 1946 (1976).
[64] J. Rekstad and T. Engeland, Phys. Lett. B 89, 316

(1980).
[65] V. Paar, Phys. Lett. B 39, 587 (1972).
[66] V. Paar, Nucl. Phys. A 211, 29 (1973).
[67] G. Lhersonneau, J. C. Wang, S. Hankonen, P. Den-

dooven, P. Jones, R. Julin, and J. Äystö, Phys. Rev.
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