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Using a hybrid Gammasphere array coupled to 25 LaBrs(Ce) detectors, the lifetimes of the first
three levels of the yrast band in *'*Pd, populated via 2°2Cf decay, have been measured. The
measured lifetimes are 7o+ = 103(10) ps, 74+ = 22(13) ps and 74+ < 10 ps for the 2, 4] and 67
levels, respectively. Palladium-114 was predicted to be the most deformed isotope of its isotopic
chain and spectroscopic studies have suggested it might also be a candidate nucleus for low-spin
stable triaxiality. From the lifetimes measured in this work, reduced transition probabilities B(E2;
J — J -2) are calculated and compared with IBM, PSM and Collective model calculations from
the literature. The experimental ratio Rg(p2) = B(E2;4] — 27)/ B(E2;2{ — 0f) = 0.80(42) is
measured for the first time in '*Pd and compared with the known values Rp(g2) in the palladium
isotopic chain: the systematics suggest that, for N = 68, a transition from ~-unstable to a more

rigid «-deformed nuclear shape occurs.

I. INTRODUCTION 45

46

Nuclear lifetimes are very important physical observ-
ables able to provide fundamental information on the *
structure of the atomic nucleus. The lifetime of a nu- *
clear excited level can be related to the quadrupole re- %
duced transition probability B(E2;J — J — 2) of the®
level, which is in turn related to the intrinsic quadrupole %
moment Qq. This is strictly dependent on the quadrupole 53
deformation parameter 82 [1]. By measuring the lifetime %

55

56

57

* Alison.Bruce@brighton.ac.uk 58
T Present address: Department of Nuclear Engineering, Faculty so
of Physics, University of Sofia “St. Kl. Ohridski”, Sofia 1164, ¢,

Bulgaria
¥ Present address: Dipartimento di Fisica, Universita degli Studi o

di Milano and INFN, 20133, Milano, Italy 62
§ Present address: Department of Physics, U.S. Naval Academy, 6
Annapolis, Maryland 21402, USA 64

9 Present address: Department of Physics, Benue State University, g
P.M.B, 102119, Makurdi, Nigeria.

of nuclear excited levels it is therefore possible to quantify
the occurrence of deformation across the nuclear chart
as a function of proton and neutron numbers. Nuclear
deformation has been studied systematically in regions
far from shell closures such as A ~ 110, A ~ 150 and
A ~ 250, where nuclei are known to be characterized by
non-spherical shapes [2]. Together with oblate (52 < 0)
and prolate (B2 > 0) deformed nuclei, a third possibil-
ity is represented by cases of static or dynamical triaxial
deformation (v # n%), where all three nuclear axes have
different lengths. Indications of triaxial deformation have
been observed in the molybdenum (Z = 42) [3| [4], ruthe-
nium (Z = 44) [5H7] and palladium (Z = 46) [8] isotopic
chains.

The palladium isotopic chain lies between Cd (Z = 48),
usually treated as vibrational [9], and Ru (Z = 44) show-
ing y-soft and rigid-triaxial rotor behaviour [5l [6]. Stud-
ies have indicated the vibrational behaviour of 196:198Pd
isotopes [10] which approaches that of a y-soft rotor for
A < 110 [§]. Spectroscopic investigations of higher mass
H6-120p( jsotopes [ITHI3] suggest that, as the neutron
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number increases, the behaviour of Pd isotopes moves
back to that of an anharmonic vibrator showing a loss of
collectivity [14].

The isotope '*Pd (N = 68) lies very close to the mid
shell at N = 66, between the N = 50 and N = 82 neutron
shell closures, and it has been shown in Ref. [I5] that
the maximum of rotational collectivity is reached for this
isotope. Furthermore, for N = 68, the maximum value of
the ratio E(4])/E(2]) ~ 2.6 is reached [I5]. Similarly
to the case of the ruthenium isotopic chain, this never
reaches the rotational limit of 3.33, which is expected for
axially symmetric nuclei.

From a spectroscopic perspective, for the isotope 4Pd,
the energy spacing of the yrast band follows quite re-
markably the ~ J(J + 6) pattern expected for both
Wilets-Jean’s v-soft [I6] and Davydov-Filippov’s rigid
triaxial rotor [I7] models. Two important signatures for
triaxial deformation are also the Eyy / Ey+ and Eyy / Ey+
ratios which, for this case, are 0.8 and 2.1, respec-
tively. The former is reported by both Wilets-Jean’s and
Davydov-Filippov’s models to be a signature of strong de-
parture from axiality, while the latter is consistent withiz
a ~y deformation parameter of 27.5°. 122
A distinction between v-soft and rigid triaxial behaviour;.,,
can be established when looking at the energy spacing;,,
between levels inside the quasi-y band [I8]. In Ref. [19],
Pd isotopes have been systematically analysed in terms,
of the staggering parameter S(J), defined as

E(J)—2E(J —1) + B(J - 2))
B(2])

S(J) = ( . W

128

where F(J) is the energy of a level with spin J in the,,,
quasi-y band. In the case of y-soft nuclei, the S(J) pa-,,
rameter is expected to take positive values for the odd—,
spin levels and negative values for the even—spin ones,,.,
while the opposite is true for the y-rigid case [20]. Fig-,,,
ure [1| shows the behaviour of the parameter S(J) for the,,,
quasi-y band in the nuclei 1°®~18Pd. An inversion of the,,,
type of triaxiality, from v-soft to that of a rigid rotor, is
observed for 1Pd. .

In this work, "'*Pd nuclei were produced via the spon-,s
taneous fission of 252Cf, which is able to populate the re-,,
gions of deformed nuclei around mass numbers A ~ 110,,,
and A ~ 150 with higher fission yields for neutron-rich,,,
nuclei with respect to other neutron-induced fission re-,,
actions [2I]. The measured lifetimes of the 2], 4] and,,,
67 levels, are used to calculate B(E2;J — J — 2) tran-,,
sition probabilities and then compared with theoreti-,,;
cal calculations from the literature, performed using the,
Interacting Boson Model (standard and triaxial IBM-,,,
1) [221 23], the Projected Shell Model (PSM) [24] and the,,,
Collective model [2] 25] with the inclusion of the Killing-,,,
beck potential [26]. Since Rp(ga) = B(E2;41 — 21) /150
B(E2;27 — 07) ratios are known to be able to give in-is:
formation about the type of nuclear deformation, and areis:
well established for nuclei in the mass region A ~ 110,
of prime interest for the present work is to obtain newis

62 64 66 68 70 72

FIG. 1. Values of S(J) for *®718Pd nuclei, calculated from
Eq. using values taken from Ref. [27]. The staggering
parameter for odd-J levels (solid lines) are compared with

those for even-J levels (dashed lines). Figure adapted from
Ref. [19].

information on the Rp(go) ratio for *Pd. Furthermore,
the experimental R g(g9) ratio obtained for 1**Pd is com-
pared with those from the neighbouring even-N palla-
dium isotopes, when these are available, and with the
theoretical values predicted by the vibrational, rigid ax-
ial rotor, Davydov-Filippov’s and Wilets-Jean’s models.

II. EXPERIMENTAL SET-UP

The experimental set-up combined the Gammas-
phere [28] and FATIMA [29] [30] arrays at the Argonne
National Laboratory (USA). This was the first time that
Gamamsphere was coupled to such a large number of
LaBrs(Ce) scintillator detectors using a fully-digital ac-
quisition set-up. 'Pd nuclei were observed following
the spontaneous fission of a 34.4 uCi 252Cf source placed
at the centre of a 47 hybrid array made of 51 Compton-
suppressed HPGe detectors from the Gammasphere array
coupled to 25 LaBrs(Ce) scintillator detectors from the
FATIMA array.

The source consisted of a sample of 183 ng of 2°2Cf elec-
trodeposited on a platinum disk of ~1.6 cm diameter and
0.25 mm thickness with an active spot of ~ 1.27 cm di-
ameter. A second platinum disk of the same size was
attached to the other side of the source using an indium
layer of 250 um/cm?. The resulting disk sandwiched the
source between the two Pt disks, therefore fission frag-
ments were equally absorbed on both sides of the disk
and no Doppler-shifted ~-rays nor increased line widths
were observed.

Each LaBrs(Ce) detector consisted of a cylindrical crys-
tal 3.8 cm in diameter and 5.1 cm in length, cou-
pled with a Hammamatsu H10570 photomultiplier as-
sembly comprising a R9779 phototube. A 5 mm-thick
lead layer covered the side of each LaBrs(Ce) crystal
in order to absorb Compton-scattered v-rays from ad-
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jacent crystals. A fully digital acquisition system (DAQ)
was used on the entire LaBrs(Ce) array for the first
time. On the LaBrs(Ce) side, events made of at least
two « rays within a time window of 200 ns were col-
lected. Independently, fold > 1 events were collected in
the Gammasphere array. The two DAQ data streams
were eventually merged using a coincidence time win-
dow of 500 ns between the fold > 2-LaBrs(Ce) and
fold> 1-HPGe events, in order to give events of the type
~v(LaBr3(Ce))-v(LaBrs(Ce))-vy(HPGe). During a 30-day
long run a total of 2.6x10° E,(HPGe)-E, (LaBrs(Ce))-
E,(LaBrs(Ce)) events were collected. For a detailed de-
scription of the acquisition system see Ref. [31].

IIT. DATA ANALYSIS AND RESULTS

The level of statistics obtained in this experiment only
allowed the lifetimes of the 2], 4] and 67 levels in 14Pd
to be measured. In order to measure the three life-
times, both LaBr3(Ce) and HPGe detectors were used.
Due to the superior energy resolution of HPGe detectors,27
E,(HPGe) transitions were used to select the nucleusxs
of interest and the corresponding excited band, while2os
cerium-doped lanthanum bromide (LaBrs(Ce)) scintil-210
lator detectors, capable to access the sub-nanosecond2u
range, were used to measure the lifetimes of interest.:
The large number of contaminant ~v-ray peaks from the2s
large number of fission fragments means that particu-24
lar care had to be taken when applying the E.(HPGe)as
gates and when performing the lifetime measurements2is
with the LaBrs(Ce) detectors. The lifetimes measuredzs
in this work were around 100 ps or shorter, thereforezws
the Generalized Centroid Difference (GCD) method [32]20
was used. The background correction applied on thez
time information followed the Three Samples approachzz
described in Ref. [33]. 223
The analysis performed for the three levels used simi-22
lar procedures, however, for each case, individual adjust-2z
ments had to be considered. For the discussions carried2zs
out in this Section, the reader should refer to the partialz
level scheme of 1'Pd, presented in Fig. |2, where only2s
the levels and transitions of interest for this work arezes

represented.
230

231

A. 2f level in '"Pd 230

233

For the lifetime measurement of the 2] level in 14Pd2x
E, (HPGe) gates were applied on the 67 — 47 (648 keV),2ss
87 — 67 (715 keV), 107 — 8] (644 keV) and 5] — 4] 2
(1332 keV) transitions. For each of these Full-Energy-2s7
Peak (FEP) gates a E,(HPGe) background gate was alsoxs
identified. Each of these background gates was taken aszs9
close as possible to the corresponding FEP gate and the2w
same gate width (usually 2 or 3 keV) was used. Duea
to the large number of peaks in the 2°2Cf fission spec-2s3
trum the selection of E.(HPGe) background gates re-aus

Quasi-y band

101 2860
644 +
8t \ 2216 L 2290
N
= 5151 6 659 1983
715 5%  / 1631
61 Y 1331 1501 —, 1
43 y 311 1320
ot ! '648 ) 31 625 1012
1 853
2% Y 695
520
oy 33 |695w %%
07 % 333 gs. | \ A
114pq

FIG. 2. Partial level scheme of '*Pd, including the ground-
state band and the quasi-y band, of interest for this work. For
clarity, the 57 level is also included (see text for details) [27].
All arrows have equal widths and these don’t reflect the y-ray
intensities.

quired extreme care, to make sure that no peak with
small amplitude was included in the background gate.
The E,(HPGe) (red) and E,(LaBr3(Ce)) (blue) energy
spectra shown in Fig. [3] were obtained by adding together
the four different FEP-gated energy spectra and by sub-
tracting the four background-gated spectra, for both ar-
rays, respectively. In both spectra the 4?’ — 2? (feeding
transition at 520 keV) and 2 — 0/ 5. (decay transition at
333 keV) are clearly visible, together with other higher-
energy transitions from the same nucleus or its fission
partners. The same FEP and background E.(HPGe)
gates were then applied to produce eight E, (LaBrs(Ce))-
E,(LaBrs(Ce))-AT cubes with coincident events. This
set of eight cubes was then used to produce the final
E,(LaBrs(Ce))-E, (LaBrs(Ce))-AT cube by adding to-
gether the four cubes obtained from the FEP gates and
subtracting those from the background gates.

The final E,-E,-AT cube produced following this pro-
cedure is a so-called start-and-stop cube, i.e. the two
energy axes x and y represent the energy values mea-
sured for the v rays defining the start and stop of the
measured AT value, respectively. Here, AT is defined as

AT =Tg, — Tg,. (2)

The information from the detector with the smaller iden-
tification number was put on the x axis and the other
one on the y axis. This avoids the cube from being
filled twice and also makes it not symmetrical. The E.-
E, matrix obtained projecting the cube on the = — y
plane, for the case of the 21+ level in 14Pd, is shown
in Fig. @ The two coincidence peaks encircled in red
contain independent events from the 47 — 2 — 0F
cascade and, by gating on them, the p|p (FEP-FEP) de-
layed and anti-delayed time distributions are obtained.
In order to background-correct the value of the centroid
position C71 - (where the label m stands for measured)

of the delayed and anti-delayed time distributions, the
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FIG. 3. (Colour online). Gammasphere (red) and LaBrs(Ce)
(blue) energy spectra, obtained by adding together four
FEP(HPGe)-gated energy spectra and by subtracting four
background-gated energy spectra, see text for details. The
4f — 2f and 2} — O;S_ transitions in ' Pd are clearly
visible. It can also be noticed the large number of (small)
transitions, produced by ''*Pd itself and the fission partners
1841366 For the purpose of this measurement these small
peaks are considered as contaminants. The four arrows indi-
cate the left (unfilled) and right (filled) background regions
considered for the timing background subtraction (see text

and Fig. ).

272

273
Three Samples approach explained in Ref. [33] was used..
The Interpolation approach was avoided due to the large,
number of contaminant peaks. The three samples of,
the p|bg (FEP-background), bg|p (background-FEP) and,,,
bg|bg (background-background) background components,
were obtained from the average between the left and right,
gates indicated by the white and black dots in Fig. [4] re-,,,
spectively. The same gates were represented in Fig. |3| by,
the unfilled and filled arrows.
Twelve 2-dimensional background gates were considered,,
(six for each coincidence peak) in total. For example,284
events showing a coincidence between the 2+ — 0;’
transition and the background gate to the rlght (left)285
of the 27 — 0/, transition, give the right (left) gate
of the p|bg background component. The opposite iSys
true for the left and right background gates of the bg|p,s
component. The 2-dimensional right (left) bg|bg gates,s
shown in Fig. [4] are obtained by combining the ener-,,
gies of two right (left) background gates shown in Fig. [3].
From these six time distributions, three background time
distributions were obtained from the weighted average
between the two time distributions characterizing each
background component. From these, the centroid posi->?
tions C™ C{)’;lp and Cbg‘bg and the number of counts®?
oo npe, and nge, - were obtained. For both delayed®*
and anti-delayed time distributions, the true centroid po-
sition C;‘ » of the time distribution was calculated from?2ss

282

plbg’

250 300 350 400 450 500 550 600
Energy [keV]

FIG. 4. (Colour online). Two-dimensional projection of the
start and stop E,(LaBrs(Ce))-E,(LaBrs(Ce))-AT cube ob-
tained by gating on the 6] — 41, 87 — 67, 107 — 8} and
57 — 47 transitions, in ***Pd, in Gammasphere. The two re-
gions encircled by the red solid lines represent the coincidence
peaks for the 47 — 21 — 07, cascade. The dots encircled
in red are used to indicate the left (white) and right (black)
gates applied to obtain the three background components, for
both the delayed and anti-delayed time distributions. These
correspond to the four arrows shown in Fig.

the equation

m m m m m m m m
C nplbgC B nbglpc + nbglbgC

n _
t _ _plpplp plbg bg|p bg|bg
plp — m m m m ’

nm —n ! n
plp plbg bg|p+ bg|bg
(3)
where n;rllp, represent the measured number of counts of

the p|p time distribution. In order to take into account
the energy-dependent time-walk affecting the centroid
position of each background time distribution, these were
corrected for the Compton time-walk obtained from the
Compton curve (see Ref. [33]) before being used in Eq.
The measured centroid positions and number of counts
for each of the eight time components measured and for
the final background-corrected delayed and anti-delayed
time distributions, are listed in the first part of Table. [}
The centroid difference value, AC, defined as

ACt _ Ct,del _ Ct,antz—del’

plp plp

(4)

was then corrected for the FEP-FEP time-walk which,
when the GCD method is used, is usually described by
the Prompt Response Difference Curve (PRD). This cor-
rection term is given by the value PRD(Ey,Eq), defined
as

PRD(Ef,Eq) = PRD(Es) — PRD(Ey). (5)
The Compton curve and the PRD curve are shown in
Fig[f] Finally, the lifetime of the level is obtained from
the equation

AC! — PRD(Ey, Eq)

T
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FIG. 5. Experimental PRD (solid line) and Compton (dashed
line) curves, plotted using 344.3 keV as the reference energy.
These are used to correct for the effect of the time-walk on
the position of the centroids of the FEP (p|p) and background
(plbg, bglp and bg|bg) time distributions, respectively. See
Refs. [32] [33] for a complete description of the properties of
these two curves.

The corrected centroid shift value of AC* = 358(19) ps,
together with a time-walk correction of PRD(520,
333) = 152(6) ps, gave a lifetime for the 2 level of
7 = 103(10) ps. This is consistent with the literatureso
value of 7 = 118(20) ps, from Ref. [15], and also with
the result of 7 = 116(6) ps obtained in Ref. [34], thats
was never published in a referee journal. The weighted3®
average of the three values is 75+ = 113(5) ps and that*?

is the value which will be used later on in the paper. **
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346
347
B. 4] level in '*Pd e
349

The 47 level in ''Pd was isolated by applying threesso

background-subtracted HPGe gates on the 2] — 0f .

87 — 67 and 107 — 8] transitions. The resulting y-ray®
spectra are shown in Fig. [} The energy gates on the®?
4F — 2§ and 6] — 47 transitions in E. (LaBrs(Ce)) are®
shown by the two pairs of black solid lines. The non-**
negligible contribution of the 511 keV peak to the peak®®
at 520 keV means that the energy gate on the 4f — 21“56
transition was taken only to the right of the energy peak.*’
The energy gate on the 6] — 47 transition was taken as®
narrow as possible in order to minimize the contributions®®
from the 10 — 81 and 7{ — 51 (659 keV, from the*°
quasi-y band) transitions. The former is presumably car-*
rying a very short lifetime, from the 101" level, while the®*?
lifetime carried by the latter is unknown. The position®
of the two background gates are indicated by the black®*
arrows. For the 47 — 27 peak, this was taken as close as
possible to the peak. The second background gate was
applied around 750 keV of energy, in order to avoid the
37 — 2{ transition, from the quasi-y band at 680 keV.
Only the background to the right-hand side of the coin-3%
cidence peak was considered for the Three Samples ap-3
proach because of the large number of contaminant peaksses

365

on the left-hand side of the 67 — 4] transition. At the
same time, the asymmetric energy gate for the 61 — 4
peak, should reduce the contribution from the left-hand-
side background significantly. The position of the p|p,
plbg, bg|p and bg|bg gates are indicated in the projection
of the E, (LaBrs(Ce))-E, (LaBr3(Ce))-AT cube in Fig.
A corrected centroid difference value of AC! = 116(26)
ps was found for this measurement (refer to Table [If).
Combining this value with the time-walk correction of
PRD(648, 520) = 71(5) ps, Eq. [0] gives a lifetime of
T4+ = 22(13) ps.

90><103
E +_, o+ 6f-4*
sof- 41725 L, 8- 6"
E A +o +:
70F by 31I 21!
60 . . '
ok 10781 [ | 7+5+ !
S 50 1 . 1,72
5 . 2 | :
8 405_ ho PR he
zgg “— " o'l 1
10p
kW | R i | e R
4?00 450 500 550 600 650 700 750
Energy [keV]
FIG. 6. (Colour online). E,(LaBrs(Ce)) (blue) and

E,(HPGe) (red) spectra obtained in coincidence with the
background-subtracted HPGe gates on the 2] — ng&,
85 — 67 and 107 — 87 transitions. E.(LaBrs(Ce)) gates
on the 47 — 21 and 6 — 4 transitions are indicated by
the black solid lines. In order to minimize the contributions
of contaminant peaks, observable in the E.(HPGe) spectrum,
these were not centred around the LaBrs(Ce) energy peaks.
Background gates for the timing information in the LaBr3(Ce)
array are indicated by the black arrows.

A second indirect measurement was performed on
the lifetime of the 4 level. E,(HPGe) gates were
applied on the 8 — 6 and 107 — 8] transi-
tions, while E,(LaBrs(Ce)) start and stop gates were
applied on the 2f — 0/ and 67 — 47 transi-
tions. A background-corrected centroid difference value
of AC = 477(38) ps was obtained and by using the time-
walk correction PRD(648, 333) = 231(6) ps, the lifetime
To+ + T4+ = 123(19) ps was measured. The lifetime
of 79+ = 103(10) ps was subtracted from this sum of
two lifetimes, and the value 74+ = 20(22) ps was ob-
tained. The weighted average between the two lifetime
measurements (direct and indirect) for the 4] level gives
T4+ = 21(11) ps.

C. 67 level in '"'Pd

The lifetime of the 6] level in '*Pd was determined af-
ter gating on the background-subtracted 2f — 0;5_ and

41 — 2f transitions in Gammasphere. E.(LaBrz(Ce))
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FIG. 7. (Colour online). As Fig. |4] but gated on the
background-subtracted 2 — 07, , 87 — 67 and 107 — 8}
transitions, in Gammasphere. The black solid lines define the
limits of the gates applied on the delayed and anti-delayed
coincidence peaks, while the black dots represent the three

background samples selected for each peak.

(blue) and E, (HPGe) (red) spectra are shown in Fig.
As for the case of the 4] level, in order to minimize
the contribution from the 107 — 8] transition, the
E,(LaBr3(Ce)) gate on the 67 — 47 transition was set
asymmetrically to the right-hand side of the peak. Any
background gate taken to the immediate right of the
648 keV peak, or to the left of the 715 keV peak, would
include also events from the 37 — 2] transition, and
therefore the background gate for the 6] — 4] transition
was set around E, = 760 keV. As for the previous case,
many peaks can be observed to the left of the 67 — 47
transition, and for this reason a left background gate was
excluded also for this peak. The background gate for the
87 — 67 transition was applied around E, = 780 keV.
The positions of the two FEP and the background gates
are indicated in Fig. |8 by the two black arrows and by
the black dots in the two-dimensional projection of the
E,-E,-AT cube, shown in Fig. El The measured cen-
troid positions and number of counts for the eight time
distributions considered for this measurement, are listed
in the bottom part of Table. [l A corrected centroid dif-
ference value of AC! = 35(15) ps was found. Combined™
with a time-walk correction of PRD(715, 648) = 30(4) ps*’
the lifetime value obtained was 7g+ = 2(8) ps. This was_
translated into an upper limit for this lifetime of 10 ps.
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IV.

407

The Weisskopf hindrance factor Fy is defined as 408

.
_ Ty
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- ™
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FIG. 8. (Colour online). E,(LaBrs) (blue) and E,(HPGe)
(red) spectra obtained from the two background-subtracted
HPGe gates on the 27 — 07, and 47 — 27 transitions.
Energy gates on the feeding and depopulating transitions are
indicated by the black solid lines. Background gates for the
timing information on the LaBrs array are indicated by the
two black arrows.

Energy [keV]
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FIG. 9. (Colour online). As for Fig. [4] but obtained by gat-
ing on the background-subtracted 27 — 07, , and 47 — 2
transitions in Gammasphere. The background regions are in-
dicated by the black dots and the red arrows indicate to which
of the two coincidence peaks they refer.

where Ty is the single—particle Weisskopf estimate of the
lifetime and 7, is the partial lifetime defined as

(8)

where «a is the electron conversion coefficient taken from
Brlcc [35]. For each of the three measured lifetimes Fyy
is in the order of magnitude of 10~2 which indicates a col-
lective behaviour for the excited levels in the yrast band
of 11Pd.

The B(E?2) transition strengths in e?b? units were calcu-
lated using the equation

Ty = Tmeas (1 + Oé),

_8.162 x 10'°

B(EQ, J1 — Jl — 2) T,YEg s

9)
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TABLE I. Centroid positions and number of counts for the p|p, p|bg, bg|p and bg|bg time distributions, obtained for the lifetime
measurements of the 27, 4] and 67 levels in '*Pd. The values are listed for the p|p, p|bg, bg|p and bg|bg time distributions of
both the delayed and anti-delayed coincidence peaks. The centroid positions listed for the background time distributions have
been corrected for the Compton time-walk. For each lifetime measurement, the delayed and anti-delayed centroid positions CP/P
and the related centroid difference value AC are given before and after the background correction from Eq. [3]and labelled with
m and t, respectively. The values of the PRD(Ef, E4) time-walk correction applied in each case are also listed. All centroid
positions, PRD values and lifetimes are given in picoseconds.

27 level in *Pd
E Z\Lp gllbg g;\p ?Zu»g Cp\p
% 130(2) 135(4) 87(4) 98(7) 163(14)
— m m m m t
v plp Dplbg Dpg|p Dpglbg plp
A 15552(125) 7382(72) 8516(98) 5250(91) 4904(196)
. m m m m T
o plp plbg bg|p bg|bg Cp\p
o —148(2) —141(4) —117(4) —132(8) —195(13)
o= m m m m t
=] Dplp Uplog Uogp Wog|bg Dp|p
< 16024(127) 7080(69) 8811(100) 4963(86) 5096(195)
AC™ = 278(3) ACt = 358(19) PRD = 152(6) Tmeas = 103(10) — w.a. 7o+ = 113(5)
4 level in '*Pd
g ZTP lebg g;\p Zlbg C;\p
%; 39(4) 43(5) 32(11) 31(11) 41(21)
_— m m m m t
o Ny|p Nypbg Npg|p Dpglbg Np|p
A 2797(53) 899(30) 1390(37) 468(22) 976(75)
. m m m m T
o) plp plbg bg|p bg|bg Cp\p
i~ —58(4) —42(5) —40(11) —36(11) —75(15)
o=t m m m m t
=] Dplp Uplog Dbg|p Dog|bg Dp|p
< 2825(53) 874(30) 1180(34) 581(24) 1352(74)
AC™ = 97(6) ACt = 116(26) PRD = 71(5) o+ = 22(13)
from 75+ + T4+
AC™ = 411(11) ACt = 477(38) PRD = 231(6) T+ = 20(22) — w.a. T4+ = 21(11)
6, level in ''“Pd
E Z\Lp gllbg g;\p Ztlzlbg Cp\p
? 7(3) 5(6) 11(5) 19(8) 11(10)
) Dyl Dybg hglp it Ny
A 3664(61) 1543(39) 1145(34) 639(25) 1616(84)
'E;‘ Z\Lp gllbg bg\p CZZJIbg Cp\p
i~ —27(4) —22(5) —35(6) —20(9) —24(11)
ot m m m m t
] Uplp Nplbg Dbg|p Nbg|bg Lplp
< 3512(59) 1522(39) 1011(32) 617(25) 1596(82)
AC™ = 34(5) ACt = 35(15) PRD = 30(4) Tmeas = 2(8) — 76+ < 10

where 7, is in nanoseconds and the energy ., of the tran-so

where the symbol in brackets <

> is the Clebsch—

sition is in keV. The uncertainties o g(gg) are assumed tow
be symmetric, and were estimated following the proce-
dure given in Ref. [36]. This is usually recommendedas
when the uncertainties associated to the lifetime mea-a
surements are either asymmetric or exceed 10%. Intrinsic
quadrupole moments Qg for the levels of interest were cal—425
culated using the relationship between B(E2;J — J —2)
and g, described by the equation

426
427

B(E2;J; — Jy) =

429

5 2
1o QALK 20T, K), (10),.,

Gordon coeflicient. Uncertainties on Qg were obtained
by propagating the uncertainties on B(E2). Deformation
parameters |(z2| for each level were calculated solving the
cubic equation [I]

1) an

Q*TRQZ@ 1+ \/752+ 52

valid in the assumption of a quadrupoloid shape. The
value of Ryp = 1.2-AY/3 fm was used. Uncertainties for
the different |32| values were obtained solving the same
equation for the upper and lower limits of Q. Partial
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level lifetimes 7., reduced transition probabilities B(FE2),44
intrinsic quadrupole moments ¢y and deformation pa-sss
rameters |Bs| for the 2], 47 and 6] levels in 1*Pd are
listed in Table. [l

TABLE II. Partial lifetimes 7, reduced transition probabil-
ities B(F2;J; — J;—2) together with intrinsic quadrupole
moments Qo and deformation parameters |3z| for **Pd. One
W.u. equals 32.84x107% e?b2.

JI Ty B(E2; Ji — Ji—2) |Qo| |B2]
[ps] [e®b?] [W.u] [eb]

27 115(5)  0.174(7) 53(2) 2.96(6)  0.231(5)

47 21(11)  0.140(73)  43(27)  2.22(58)  0.177(44)

67 <10  >0.071 > 21 >1.51 >0.123

In Davydov-Filippov’s model [I7] for rigid triaxial ro-
tors, B(F2) values between the ground-state band and,,
quasi-y band are able to provide a signature of triaxial-se
ity, however, as shown in Ref. [37], for values of v go-ss
ing from 0° to 60°, B(E2) values for transitions betweenswo
levels inside the ground-state band change by less than#:
10%, which is below the experimental uncertainties on*?
the B(E2) values presented in this work.

Figure shows the comparison between measuredas
B(E2) values (black dots) and theoretical values from,ao
Projected Shell Model (PSM) [I4] (squares) and usingass
the Bohr Hamiltonian coupled with the Killingbeck po-asps
tential [20] (triangles, down). In this last work Pduo
was assumed to be triaxial. In the IBM-1 calculations inas
Ref. [38] two different approaches were used to calculateas
B(E?2) transition rates in 1*Pd. An SU(3)-type Hamil-soo
tonian was used first (triangles, up), and then a three—sa
body term (three d bosons) able to create a triaxial min-so
imum in the potential was added (crosses). The effect ofsos
this additional interaction is to strongly modify the dis-so
tribution of the energy levels belonging to the y—band,sos
reducing the odd-even staggering S(J) described previ-sos
ously [39]. As pointed out in Ref. [38], the three-bodysor
term reduces the relative B(E2) values for the ground-sos
state band, by a factor of ~0.8, leading to a better agree-so
ment with the experimental B(E2) values as shown inswo
Figure[10] IBM-2 calculations [40] (not in the figure) givesu
arelative B(E2; 47 — 27) value of 0.25 e2b? which over-si
laps with those from PSM and the triaxial IBM-1 (thess
B(E2; 6] — 47) value was not calculated in this model).su
All calculations were normalized to the B(FE2; 27 — 07 )sis
value measured in this work. 516
Figure shows that none of the calculations for thesy
B(E2; 47 — 27) value are within one standard devia-sis
tion of the experimental value but the closest is for thes
Killingbeck potential which is at 1.2 standard deviations.sx
This calculation explicitly includes the triaxial deforma-sx
tion and this may be why it shows better agreement. In-s»
deed, the B(E2; 47 — 27) values calculated in the twos:
versions of the IBM-1 show the importance of triaxiality.sz
However, in order to get a better understanding, it wouldsss
be necessary to measure the lifetimes of the first excitedszs

states of the quasi-y band, which is not possible with this
data set.

® This work LA
CE A IBM-1 standard
% 0.357 m psm
] ¥ Killingbeck potential ',‘ ____.>.<
- X IBM-1 triaxial /" ﬁ:_-:::-'-_'_'_'.v
t 0.25¢ RAIPt AL
RAUPTLISPE e
) BTt
& PO
A s
& 0.15¢ A
0.05
2 4r .
1 1 61
J

FIG. 10. Theoretical values of the reduced transition proba-
bilities for the 2 — 07, , 47 — 27 and 67 — 4] transitions
in ''Pd, obtained from PSM (squares) [14], Killingbeck po-
tential (triangles, down) [20], standard IBM-1 (triangles, up),
and triaxial IBM-1 (crosses) [38], compared with experimen-

tal values (black dots).

Additional information can be obtained by analysing
the systematics of the B(F2; 2 — 0) values for the
neighbouring even-Z isotopic chains, i.e. Cd and Ru as
shown in Fig. Even-even cadmium isotopes in the
range N = 56-72 are considered to be good examples of
spherical anharmonic vibrators [9, 41 [42] while among
the even—even Ru isotopes cases of y-softness and stable
triaxiality in the range 19°~118Ru were observed [6} [7].
Fig.[IT]shows that as the number of neutrons N increases,
the Ru and Cd isotopic chains follow completely differ-
ent paths. The B(E2) values for the cadmium chain are
rather constant while Ru transition rates increases up
to a maximum value for '*2Ru, where the maximum of
triaxiality is expected to occur [6]. The B(E2) values
for the Pd chain lie in between those of Cd and Ru for
almost every value of N, but it is interesting that the
adopted value of "4Pd approaches that of '?Ru, indi-
cating some degree of triaxiality. Moreover, Qg values in
the ground-state band of molybdenum and ruthenium,
which are associated to «y-deformation, were observed to
decrease for increasing J values [4] and this is consistent
with the values quoted in Table [LI| for the 27 and 4™ lev-
els in M4Pd.

Figure[l1] also hints at some sort of staggering behaviour
between '?Pd and ''Pd. However, the lifetime mea-
surements of the first 2+ levels in ''2Pd and '!'°Pd
have been performed using the recoil distance method
in Refs. [43] and [44], respectively. In both works, the
palladium isotopes were observed following the sponta-
neous fission of 2°2Cf and v rays were detected in singles,
in coincidence with fission fragments. Considering that
lifetimes were obtained by measuring the absolute or rel-
ative intensities of the 2] — 07 transition in the two
nuclei and that high-J levels are likely to be populated,



527
528
529
530

531

532

533
534
535
536
537
538
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558

559

560

561
562
563
564
565
566
567
568

569

it is possible that some feeding transitions contribute to
the lifetimes measured in the two experiments. The life-
time measured would then be larger than that for the 27
level leading to correspondingly smaller B(E2; 27 — 07)
values.

0-30F o Ru (Z = 44)
N: A Pd (Z = 46)
R 0 Cd (Z = 48) This work
= 0.20 % ‘% e
| ce
Lhooit
N 9104 A O = $
5% 8 o o oo
=
=]

0.00

54 56 58 60 62 64 66 68 70 72 T4
N

FIG. 11. B(E2;2{ — 0],) transition rates for the Ru

(Z = 44, circles), Pd (Z = 46, triangles) and Cd (Z = 48,
squares) isotopic chains. Values are taken from Ref. [36], ex-
cept for 1**Pd (N = 68) which corresponds to 75+ = 113(5) ps
Error bars are not shown when they are smaller than the data
points.
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The ratio Rp(p2) = B(E2;4] — 2])/ B(E2;2] — o+)5”
is indicative of the degree of collect1v1ty Rp(g2) = 2 for’”
vibrational nuclei [25], 1.43 for rigid axial nuclei [45], 1.68™"
for y-unstable rotors [46] and 1.40 for rigid triaxial ro-""
tors [47], in the case of y = 27.5°. The B(F2; J; — J;—2)""
values in Table give a value of Rp(ga) = 0. 80(42)579
for 1Pd and this is compared with the experlmental 0
ratios measured in Coulomb excitation experiments for
104,106,108,110pq ip Fig. [12] It can be observed that the
Rp(p2) values of Pd 1sot0pes for N = 60, 62, 64 fluctu-" o
ate around the limit of 1.68 given by the Wilets-Jean’ S,
model, although the value for °4Pd (N = 58) is shghtly
smaller. A sudden drop of the Rp(gg) value is observed o
for N = 68 and while the experimental value is more than -
1 standard deviation from the value for either rigid ax1al
or triaxial deformation, it is consistent within 1.40 Wlth
the conclusion suggested by the energy staggering S(J )
shown in Fig. [T} that there is an inversion to rigid trlaxml;:

behaviour at 'Pd. 593

594
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V. CONCLUSIONS

596

This work reports on the first measurements of life—z;
times of excited levels in fission fragments using the large
scale array Gammasphere + FATIMA. The hybrid array,
used at the Argonne National Laboratory used 51 HPGe
detectors coupled to 25 LaBrs(Ce) scintillators. A fully-
digital acquisition set-up was used for the first time.

A lifetime measurement of the 27 level in '*Pd gave a
value of 7o+ = 103(10) ps which was found to be con-sn
sistent with previous measurements [15], 34]. Values ofso
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FIG. 12. Experimental Rp(g2) values for 104,106,108,110p 4

taken from Ref. [27], and for "'*Pd measured in this work.
The ratios are compared with the values predicted by
the vibrator, rigid axial rotor, Wilets-Jean’s and Davydov-
Filippov’s models, as indicated in the legend.

T4+ = 22(13) ps and 75+ < 10 ps were also obtained.
From the lifetimes measured, B(E2) transition strengths
and quadrupole moments Qqy were calculated, along with
their associated deformation parameters |33]. None of
the theoretical calculations performed using the IBM[38}-
40], PSM [14], and Collective model calculations [20] is
within 1o of the measured B(E2; 47 — 2]) value but the
closest is the one obtained from the Killingbeck potential,
probably because of the inclusion of a triaxial minimum.
The lower limit obtained for the B(E2; 67 — 4) value
is in agreement with all the calculations.

The suggestion that ''“Pd is one of the most de-
formed of all Pd isotopes is strongly supported by the
B(E2; 2f — 0f) value which is one of the largest of
the isotopic chain. The systematics of the B(E2) values
for even-even palladium isotopes compared with the ones
of the even-even neighbouring ruthenium and cadmium
isotopes shows an onset of triaxiality that reaches a max-
imum for 4Pd.

The experimental Rp(gz) ratio was compared with the
expectations from different models and a transition from
~-soft rotor to that of a rigid triaxially-deformed config-
uration seems to be taking place for N = 68.

Any measurement of inter-band B(E2) values was pre-
cluded by the lack of statistics, with LaBrs(Ce) detectors,
for the transitions between the quasi-y and ground-state
bands. This forbids any quantitative evaluation of the
triaxial deformation characterising ''*Pd and therefore
new data will be necessary to draw any definitive conclu-
sion.
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