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Prompt gamma-ray spectroscopy of fission fragments produced in the heavy-ion induced fusion-fission reaction
28ph(180, £) at E =90 MeV has been performed. The relative isotopic yields of the fission fragments and
the fragment mass distribution have been studied. Structures in the mass distribution have been discussed in the
light of earlier results. Relative yields of several odd-A isotopes of Mo, Ru, Pd, and Cd and the odd-A isotones
with N = 62 and 64 have been studied along with the yields of the neighboring even-Z, even-N fragments and
correlated to nuclear structural effects. The average total neutron multiplicity during fission has been measured to
be 5.48+0.59. The level schemes of the two neutron-rich nuclei ''’Pd and ''Cd have been studied from y-ray
triple coincidence data. A large number of transitions, previously reported only from B-decay studies, have been
observed in ''°Pd for the first time. The yrast band in ''°Cd has been extended up to spin (16™). In addition, a
rotational sequence built upon an excited 5~ state in ''°Cd has been observed up to (137). The level schemes

have been discussed in the context of existing results, both experimental and theoretical, in the literature.
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I. INTRODUCTION

Primary fission fragments produced in heavy-ion- (HI)
induced fusion-fission reactions have a neutron/proton ratio
that is similar to that of the fissioning system and thus lie on
the neutron-rich side of the S stability line. Prompt y-ray
spectroscopy of such fission fragments has therefore been
widely used in recent years for studying the structure of
neutron-rich nuclei near the line of stability. Although cold
spontaneous fission can produce relatively more neutron-rich
nuclei [1], fusion-fission reactions are favored because of
their larger excitation energy leading to a broader mass
distribution and larger values of fragment spin [2]. The study
of the mass distributions provides information about the
fission mechanism, shape evolution of the fissioning nucleus,
and nuclear shell closures. The prompt y rays emitted by
the fragments are also an important source of information
regarding nuclear excitation energy, spin, and structure of the
fission fragments.

The present work relates to the spectroscopic study of
prompt y rays emitted by fission fragments produced in the HI-
induced fusion-fission reaction 208Pb( B0, fratE =90MeV.
Total intensities of the transitions feeding into the ground
state of a fission fragment represent the total independent
yield of that fragment. The relative yields of the different
fission fragments following the emission of prompt neutrons,
extracted primarily from threefold y-ray coincidence data, is a
direct measure of the fragment mass distribution. A general
feature of such mass distribution is that the yields of the
even-even nuclides are enhanced relative to the even-odd ones
due to the stabilization effect of nucleon pairing. In addition,
nuclear structure effects are manifest in the fragment yield.
Closed-shell nuclei are known to have a significantly lower
yield [3,4]. A study of some even-even and odd-A nuclei has
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been undertaken in the present work in order to gain an insight
into the structure of such nuclei. The other areas of interest
in the present work include the study of the level schemes of
neutron-rich nuclei with A ~ 110 and the extent of population
of the high spin states in these nuclei. While highly neutron-
rich nuclei in this mass region have been reported to be well
populated in spontaneous fission of >*8Cm and °Cf [5,6], the
relatively less neutron-rich ones such as those near the line of
stability have been studied from heavy-ion induced fission [7].
Neutron-rich nuclei have also been studied from deep-inelastic
reactions and B decay. The level schemes of the two neutron-
rich nuclei '°Pd and ''®Cd, both fairly well populated in the
reaction 2Ong( 180y, f), have been studied in the present work
using yyy-coincidence data in an attempt to look for new
information on the spectroscopic study of their level structures.

II. EXPERIMENTAL METHOD

The experiment was performed using a 90-MeV 30 beam,
with a beam current of about 1.5 pnA, on a self-supporting
30-mg/cm? enriched (99.3%) 2%Pb foil at the BARC-TIFR
Pelletron LINAC facility at Mumbeai, India. The cross section
of the fusion-fission reaction %Pb( 80, f) is about 270 mb
at 90 MeV and the Coulomb barrier for the reaction is
76 MeV (obtained using the code PACE4). The excitation
energy of the compound nucleus *?°Th is approximately
37 MeV. With a beam energy loss of about 1.6 MeV cm?/mg
in 2%Pb, most of the reactions occurred within the first
25-30% thickness of the target and almost all fission fragments
produced were stopped within the target, requiring no Doppler
shift correction. The y rays from the fission fragments were
detected using the Indian National Gamma Array (INGA)
comprising 20 Compton-suppressed clover HPGe detectors.
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Nine of the detectors were located in the backward hemisphere,
seven in the forward hemisphere, and four at 90° with respect
to the beam direction. Three- and higher-fold coincidence
events were recorded in a fast digital data acquisition system
based on Pixie-16 modules of XIA LLC [8]. The data were
sorted to generate symmetric Yy matrices and yyy cubes
which were subsequently analyzed using the software package
RADWARE [9]. About 2.9 x 108 threefold events were available
for analysis.

The relative yields of the even-Z, even-N fragments
produced in the fission of the compound system 22°Th
were determined mostly from the intensity of the 2% — 0%
transition in the sum of the spectra gated by the transition(s)
feeding the 27 state. In some cases, as in 100Mo, intensities
of transitions other than the 2* — 07 transition that have a
significant feeding into the ground state were also included
in determining the yield. In addition, the contribution of
long-lived isomers to the yield, as in '2°~126Sn, that did not
decay significantly to the lower-lying states, were considered.
This was done by estimating the population of the isomeric
states from gates set on transitions above the isomer. Spurious
contribution due to contamination peaks in the gated spectra
were carefully looked into and corrected for in all cases.

Moreover, the relative yields for several odd-A isotopes
of Mo, Ru, Pd, and Cd and the odd-A isotones of N = 62
and 64 have also been measured in the present work. Such
data are relatively scarce since detailed spectroscopic data
are not available for many odd-A nuclei in the literature.
Also, the presence of multiple low-energy isomeric states with
long half-lives in some odd-A nuclei (viz. 101Mo) renders the
yield determination a relatively complex exercise. However,
although multiple isomeric states are previously reported in
some odd-A nuclei, not all such states were populated in the
present experiment. For example, in '°'Mo, only one isomeric
state at 273 keV with 71, = 105(8) ns of the three previously
reported isomers [10,11] was populated. Similarly, only the
21-keV isomeric state with 77/, = 340(15) ns was observed
in '“Ru (from the observation of the 445-keV transition
that feeds this state) although several low-energy isomers are
reported in the literature [12]. The observed decays from these
isomeric states are strongly reduced since their half-lives are
comparable to the time window (200 ns) used in the present
experiment. Also, the 209-keV 11/2~ state in '°*Ru has not
been previously observed to decay to any of the lower-lying
states, suggesting that the state is a long-lived isomer [13].
Hence, the population of this state has been included in
determining the yield of '®Ru. However, the fragment mass
distribution for odd-A isotopes could be determined reliably
only for a few nuclei in the present work where the yields are
relatively large and the intensities of all relevant transitions
could be measured with sufficient accuracy.

The cross sections for the emission of light charged
particles like proton and « particles is insignificant (about 1%)
compared to neutron emission cross sections from the fission of
the compound nucleus 22°Th, produced in 2®Pb+ ¥0 at E =
90 MeV. Thus, the sum of the charges of the two correlated
fragments is assumed to be the same as the charge of the
compound nucleus Z = 90. The correlated yield distribution
in Fig. 1 shows that the five to six neutron emission channels
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FIG. 1. (Color online) Relative fission fragment isotopic dis-
tribution for 12 even-Z, even-N fragments from the reaction
208pp( 180, f) at E =90 MeV. Each complementary pair is rep-
resented by the same symbol with the light fragment shown by a
filled symbol and the heavy fragment using an open symbol. The
data points are joined by broken lines. The fission-fragment mass
distribution, obtained by summing the yields of the individual nuclei
having the same mass number, multiplied by 2, is shown at the top.
These data points are connected by a continuous line.

dominate. Plots of the relative yields of some odd-A isotopes
of Mo, Ru, Pd and Cd and the odd-A isotones of N = 62 and
64 are shown in Fig. 2. The relative yields of the different
fragments (corresponding to different neutron multiplicities),
obtained from a spectrum gated on the 2% — 0% transition of
a correlated fragment, has been used to provide an estimate of
the neutron multiplicity. The results are plotted in Fig. 3 and
discussed in the next section.

Level schemes of the two neutron-rich nuclei ''°Pd
and '"®Cd have been studied in the present work from
yyy-coincidence data. The y-ray relative intensities were
determined from double-gated spectra with one gate on the
2t — O transition in the primary nucleus of interest ( '1°Pd
and ''°Cd in this case) and the second gate on the strong
lower-lying transitions of the yrast band in the complementary
fragment. This spectrum permits the determination of the
relative intensities of all transitions in the primary nucleus
except the 2t — OV transition and eliminates the contribution
of B decay to the intensities of the y rays measured in the
experiment. For ''°Pd, the double-gated spectrum consisted of
the sum of two spectra in each of which one gate was set on the
373.7keV,2" — 0% transitionin ''°Pd and the other gate was
set successively on the 241 keV, 2 — 0T transition and the
422 keV, 4t — 27 transition in the complementary '%:110Ru
isotopes, corresponding to eight and six neutron emission
channels, respectively. It may be noted that the 2* — 0%
and 4T — 27T transitions have almost identical energies in
108,110Ry, For '9Cd, three such double-gated spectra were
added to improve the data statistics. Here the first gate was set
on the 513.3-keV y ray in ''°Cd and the second gate was set
successively on the three lowest 2t — 01, 4" — 2% and the
67 — 47 transitions in the complementary fragment '**Mo.
The resulting sum of the three double-gated spectra is shown in
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FIG. 2. The plots in (a)—(d) show the relative yields of the odd-
and even-A isotopes of Mo (Z = 42), Ru (Z = 44), Pd (A = 46),
and Cd (Z = 48) plotted as a function of A. Plots (e) and (f) show
the relative yields of the isotones with N = 62 and 64, respectively.

Fig. 4. Most of the transitions belonging to ''®Cd can be seen
in this spectrum except the weak 265.2-, 509.0-, and 931.6-keV
y rays. Relative intensities for these transitions were de-
termined as outlined below in Sec. III B. Generally, for
all transitions near the top of the band where the states
are populated only from prompt high-spin fission decay,
the relative intensities were measured using spectra with
both gates set on transitions in the primary nucleus. These
intensities were then normalized with the intensity of at
least one of the lower-lying transitions in the band that also
has no contribution from B decay and was determined with
one gate on a complementary fragment transition. Finally,
the intensity of the 2t — 0T transition relative to that of
the 47 — 2% transition was estimated from spectra gated
on the two lowest-lying transitions in the complementary
fragment. Appropriate normalization was done so that the
relative intensities are obtained with respect to 100 for the
4% — 27 transition. Further details are given in Sec. III B.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The relative isotopic yields of 12 even-A (even-Z, even-N)
isotopes belonging to complementary charge pairs, namely
Se-Ba, Kr-Xe, Sr-Te, Zr-Sn, Mo-Cd, and Ru-Pd, have been
determined in the present work. The resulting correlated
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FIG. 3. The total pre- and postscission neutron multiplicities per
fission event for four pair of complementary fragments Sr-Te, Zr-Sn,
Mo-Cd, and Ru-Pd obtained in the present work.

fragment isotopic distribution, with the yields normalized to
1000 for the yield of the most strongly produced isotope '®Ru,
is shown in Fig. 1. The fragment mass distribution, obtained
by summing the yields of individual nuclei with the same mass
is also shown in the same figure. In addition, the relative yields
for several odd-A isotopes of nuclei with Z = 42, 44, 46, and
48 and the odd-A isotones corresponding to N = 62 and 64
have been measured in the present work. The results are shown
in Fig. 2. Such data are relatively scarce (compared to the
even-even nuclei) in the literature, as already stated above. The
average neutron multiplicities for four pairs of complementary
fragments have been determined and plotted in Fig. 3. Lastly,
the level schemes of two neutron-rich nuclei ''°Pd and ''°Cd
have been studied. Partial level schemes of these two nuclei
are shown in Figs. 5 and 6 and the corresponding gated spectra
in support of the decay schemes are given in Figs. 7, 8, and 9.
Tables I and II summarize the relative intensities of the y rays
in the two nuclei. The results have been discussed in the light
of existing experimental and theoretical data in the following
subsections.

A. Fission-fragment distributions and neutron multiplicities

The fission-fragment isotopic distribution for even-A iso-
topes obtained in the present work (Fig. 1) is expectedly
quite similar with the distribution reported earlier [4], as both
experiments employ the same reaction at similar projectile
energies (E = 90 MeV in the present work as compared to
85 MeV in Ref. [4]). The postneutron emission isotopic yield
distributions are narrow, with only four to six isotopes observed
for each Z value having significant yields. The yields of the Sn
isotopes, as expected, are somewhat small due to the effect of
the Z = 50 shell closure (discussed below). The yields of the
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FIG. 4. Sum of double-gated spectra with gates on (513.3 + 191), (513.3 + 368), and (513.3 + 519) keV where the 513.3-keV y ray
belongs to '®Cd and the 191-, 368-, and 519-keV y-rays belong to '*Mo.

corresponding complementary fragments with Z = 40 (i.e.,
the Zr isotopes) are also similarly small. Interestingly, the Sr
isotopes (Z = 38) have significantly smaller yields compared
to even the neighboring Kr (Z = 36) isotopes. It is possible
that the low yields of **~6Sr are related to the effect of subshell
closures of low-j orbitals at Z = 38 and N = 56, leading to
very low collectivity. Indeed, the 2% — 07 transitions in the
three even-even “°~%*Sr nuclei are all reported to have low
B(E?2) values in the range 8—13 W.u. [14].

The fission-fragment mass distribution, obtained by sum-
ming the yields of the individual nuclei having the same
mass number, is also shown at the top of Fig. 1. The
distribution, multiplied by a factor 2, is plotted and joined
by a continuous line in the figure. The mass distribution is
symmetric about A = 110. This is almost equal to half the
mass of the compound nucleus 2?°Th, the difference being
due to the mass of the neutrons emitted in the fusion-fission
process. Fission fragment mass distribution obtained from the
reaction “®Pb( 80, f) at 85 MeV and spanning the same
mass region as in the present work has been previously
reported by Bogachev et al. [4] while Danu et al. [3] have
reported the mass distribution for the reaction >*¥U('*0, f)

at 100 MeV for masses in the range A = 90-158 a.m.u. All
three mass distributions (including the present one) show
structures that are related to the nuclear shell effects and
nuclear structure. The present fragment mass distribution
(Fig. 1) shows dips at A = 94-96, 124, and 136. In addition,
the distribution tends to drop at A = 84. There is a general
agreement of this distribution with those reported earlier [3,4].
The mass distribution reported in Ref. [3] shows clear minima
at A =124 and 136 and a somewhat shallow minimum at
A = 112. The distribution reported by Bogachev et al. [4]
shows prominent minima at A = 96-98, 124, and 136 and a
somewhat smaller dip at A = 84.

Fission fragment mass distribution is known to show
structures with dips in the distribution arising primarily due to
shell closure of one of the two fragments. During the transition
from the saddle to the scission point, with the fissioning
nucleus evolving into an elongated shape, the contribution to
fission is reduced if one of the fission partners has a closed-shell
configuration. The closed-shell partner resists deformation and
its complementary fragment has to attain a large deformation
in the saddle-to-scission dynamics. This results in a decrease in
the yield corresponding to these fission partners. As explained

TABLE I. Present experimental results on level energies (E,), y-ray energies (E, ) and y-ray relative intensities (with errors given within
parentheses) for ''°Pd. J" and J7 refer to the spin and parity of the initial and final states, respectively.

E, E, Relative E, E, Relative

Band (keV) (keV) Intensities J' = J }’ Band (keV) (keV) Intensities J' — J}T
Band 1 373.7 373.7 170.9 (19.1) 2F - of Other states 1900.1 502.1 1.8° 5H — @h
921.2 547.5 100 (7.5) 4 = 2f 688.1 16.1 (4.1) 5H—@3H

1574.5 653.3 72.9 (7.6) 67 — 4 978.9 1.6* 5 — 4
2296.5 722.0 20.0 (4.5) 85— 6f 1086.1 3.5° 5H—@2h
3070.8 774.3 8.0(2.7) (10%) — (8 2261.2 1049.2 6.8 (2.7) 5H — (3H)

3720.2 649.4 5.7 2.1 (127) — (10™) 1340.0 2.5° (59) — 4f
4487.3 767.1 5.1(1.9) 147 — (12%) 2791.4 891.3 8.1(2.9) 63— 51

Band 2 814.1 440.4 36.4 (4.9) 25 —2f 1216.9 1.8% (63) —> 67
814.1 13.8 (3.0) 27— 0F 1393.3 4.7 (2.0) 63) = (49)
1212.0 290.7 1.9* (3") — 4f 1579.4 ~1? 63— (3%
397.9 16.4 (3.7) 3" —2f 2805.2 544.1 5.6 (2.3) 65 — (59)
838.3 22.6 (5.6) 3% —2f 818.1 1.4* (61) — (63)
1398.1 476.7 9.5(@3.1) 45 — 47 905.1 13.5(3.2) 65— 59

584.0 18.7 (4.4) 4 - 2f 1230.7 6.6 (2.7) 65) — 67
1987.1 589.0 7.1 2.4) 63) — (4 1407.1 5.0 (2.6) 65) — (49)
2651.1 664 ~2 85 — (67) 1593.2 2.8° 65— (3%

“Relative intensities determined from previous branching ratios [24].

024318-4



y-RAY SPECTROSCOPY OF FISSION FRAGMENTS ...

TABLE II. Present experimental results on level energies (E,),
y-ray energies (E, ), and y-ray relative intensities (with errors given
within parentheses) for ''°Cd. J* and J refer to the spin and parity
of the initial and final state respectively.

E, E, Relative
Nucleus Band (keV) (keV) intensities ST = J7
16cq Band 1 513.3 513.3 103.5(9.8) 2T — 0t
1219.2 7059 100 (6.8) 4+ —2F
2026.5 807.3 65.8(6.4) 6T —4%
28244 7979 25.7(3.7) 8 —6"
3039.6 166.7 5.3 (2.0) 10" — 85
2152 16.8 (3.0) 107 — 87
3578.1 5385 17.3(3.1) 12+ -10*
4380.0 8019 13.1(5.2) (147) — 12%
5227.8 847.8 6.6(24) (167) — (14%)
Band2  2248.6 10294 24.4(4.3) 57 —4t
26929 4443 6.1 (2.1) 77) — 57
666.4 13.6 (3.2) 77) — 6%
2958.1 2652 27(1.2) (6;)— (7))
709.5 9.4 (3.0) 6,) —> 57
931.6 2.0(1.3) 65) — 6%
3212.7 2546 6.9 (1.9* -—(65)
3238.6 5457 10524 O)— 7))
3721.7 509.0 ~3 —
39155 6769 732.0) (A17)—=O)
4604.7 689.2 5.8(1.9) (137)— (117)
Other states 2503.5 2549 69(1.9* 5, =5/
2828.8 580.2 5.7(3.4) 67) —> 57
28729 8464 17.5(4.3) 8y —6"
3087.4 583.9 ~1 (73) = 55

2Combined relative intensity for 254.6- and 254.9-keV y rays.

earlier [3], the dips in the mass distribution at A = 124 is
due to the influence of the Z = 50 closed shell and that at
A = 136 is because of the N = 82 closed shell. The minima
in the distribution corresponding to the complementary fission
partners should occur at A = 84 and 96, considering that
the average number of neutrons emitted in the fusion-fission
process is almost six (discussed below). The present results
are in general agreement with these observations.

As stated earlier, the relative yields for several odd-A
fragments have also been measured in the present work.
The relative yields of both the odd- and even-A isotopes of
Mo (Z = 42), Ru (Z = 44), Pd (Z = 46), and Cd (Z = 48)
are plotted as a function of A in Figs. 2(a)-2(d). Also, the
relative yields of the odd-A isotones with N = 62 and 64
are shown in Figs. 2(e) and 2(f) along with the yields of the
neighboring even-even fragments. Measurements were made
only for strongly populated odd-A fragments in which the
yields from the cascades populating the ground state could be
correctly estimated. Odd-even effects, a prominent structural
feature observed in fission, with an enhanced production
of even-Z, even-N fragments compared to the odd-A ones,
superimposed on the gross shape of the yields, can be clearly
seen for the Z = 44, 46 and 48 [Figs. 2(b)-2(d)] isotopes and
the N = 64 [Fig. 2(f)] isotones. The effect is relatively small
for the Z = 42 isotopes [Fig. 2(a)] and the N = 62 isotones

PHYSICAL REVIEW C 92, 024318 (2015)

[Fig. 2(e)]. It is also evident from Figs. 2(a)-2(d) that the
odd-even effect in neutron number is more pronounced than the
odd-even effect in proton number [Figs. 2(e) and 2(f)]. Neutron
evaporation from the fragments following scission, facilitated
by their large excitation energy, gives rise to a significant
excess of even-Z, even-N fragments over the even-Z, odd-N
species. Since evaporation of protons is relatively suppressed,
the odd-even effect in proton number is comparatively small.

Apparently, the yields for the odd-A Mo [Fig. 2(a)]
and 'Tc [Fig. 2(e)] are large and comparable to those for
the neighboring even-A fragments. It may be noted that the
nucleus Mo belongs to the region of deformed neutron-
rich nuclei in the A = 100 mass region. The quadrupole
deformation of the first excited state at 102.6 keV (spin 5/27)
in %Mo is reported to be B, = 0.34(1) [15]. For 1057¢,
triaxial-rotor-plus-particle model calculations have been pre-
viously found to be compatible with large deformation and
triaxiality [16]. These findings are in general agreement with
the observation that neutron-rich nuclei with N close to 60
are strongly deformed. The large relative yields of '®*Mo and
105T¢, observed in the present work, are presumably related
to their large deformations.

The average neutron multiplicities for four pairs of com-
plementary fragments Sr-Te, Zr-Sn, Mo-Cd, and Ru-Pd have
been determined in this work and plotted in Fig. 3. The average
total number of neutrons emitted considering all four pairs is
5.48+0.59 and is similar to the result reported in Ref. [4].
These multiplicities represent the average number of neutrons
emitted per fission event during the pre- as well as the postscis-
sion stages of the decay of the compound nucleus **°Th.
However, it is the postscission neutron multiplicities that are
related to the fragment excitation energies and their shapes
at scission. Larger postscission neutron multiplicities are
associated with higher excitation energies of the fragments
and larger fragment deformation. Information of postscission
neutron multiplicities are obtained from fragment-neutron
angular correlation measurements [17]. Assuming a prescis-
sion neutron multiplicity of about 3 [17], the postscission
multiplicity is approximately 2.5 in the present work. This
is expected to correspond to a moderate deformation of the
fragments at scission [18].

B. Level schemes

The level schemes of the two neutron-rich nuclei ''°Pd
and ''°Cd have been investigated in the present work. The
relevant level schemes and the triple-y coincident spectra that
support the placement of the y rays in the level schemes
are discussed in the following subsections. All double-gated
spectra presented in the paper are corrected for y-ray relative
efficiencies. The relative intensities of the transitions in the two
nuclei from prompt fission decay are summarized in Tables I
and II. Spin-parity assignments are based on earlier studies
unless indicated otherwise.

1. The nucleus ""°Pd

The neutron-deficient Pd isotopes are good examples of
vibrational nuclei while the neutron-rich ones exhibit behavior
characteristic of a y-soft rotor. The values of the energy
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ratio E41/E2% = 2.4-2.6, observed for '%~114Pd, are typical
for y-soft rotors. The excitation energies of the 2% states
belonging to the ground-state bands in the even-A palladium
isotopes '~ 11°Pd decrease smoothly from 512 keV for '°Pd
to332keV for ''*Pd. This also suggests a gradual development
from a vibration-like toward a rotation-like structure with the
neutron number N approaching the midshell region between
N =50and N = 82. Indeed, the two N = 64 isotones '®Ru
and '"OPd have the largest deformation of B, = 0.28 + 0.01
and 0.24 £ 0.01 inthe Z = 44 and 46 chains, respectively [19].
However, the ground-state rotational bands in the neutron-rich
even-mass palladium isotopes and ''°Cd have been reported
to be crossed above spin 8" by a sequence of transitions
having pure vibrational character. This indicates a coupling
of vibrational and rotational motion. In addition, two-phonon
y -vibrational bands have also been reported in several neutron-
rich even-A Pd isotopes, extending up to high spins such as
(15+) in 114’116Pd.

The high-spin states of ''°Pd have been previously studied
from the fusion-fission reactions '>C + 2%y [20] and *'P
+ 176YDb [21]. The ground-state yrast band was observed up
to spin 1471 in these experiments. A detailed level scheme
of ""Pd up to an excitation energy of 2805 keV was
also established from the B decay of the (61) isomeric
state (77, =28.0 s) of 10Rh [22,23]. Several states ob-
served from the B-decay studies, including those belonging
to the y-vibrational band, were subsequently reported in
Ref. [21].

The level scheme of ''°Pd obtained in the present work is
shown in Fig. 5. Only the positive-parity states are shown.
Negative-parity states were populated weakly and are not
discussed here. Some of the states are grouped under two
bands as shown in the figure. All levels in the ground-state
band (Band 1) up to an excitation energy of 4487.3 keV and
spin J™ = (14™), reported previously [20,21], were observed.
The level spins are the same as those reported earlier [21].
Figure 7(a) shows the coincidence spectrum obtained from
gating on the two lowermost transitions in the ground-state
band. All y rays in the band are seen in the spectrum, except the
649.4-keV y ray, masked in the low-energy tail of the strong
653.3-keV y ray, and the highest transition in the band with
energy 767.1 keV. This last transition is weak and can be seen
only in double-gated spectra (not shown) with at least one gate
on a transition higher up in the band. States up to spin 6 and
excitation energy 1574.5 keV in Band 1 have also been previ-
ously reported to be populated in the 8 decay of !'°Rh [22,23].

The other band (Band 2) is the y band, observed up
to an excitation energy of 2651.1 keV and spin (8%) (see
Fig. 5), as reported earlier [21]. The 2651.1-keV state, first
reported in Ref. [21], was shown to decay by the 664-keV
y ray to the 1987.1-keV level. As seen from Fig. 7(b) in
the present work, a reasonably strong 818.1-keV transition
and a weaker 664-keV transition are observed in the spectra
gated on the 373.7- and 584.0-keV transitions, suggesting that
the 818.1-keV y ray could also be a possible candidate for
placement above the 1987.1-keV state. However, much of
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FIG. 6. Partial level scheme of ''®Cd based on the present work.

this intensity of the 818.1-keV y ray, observed in Fig. 7(b),
appears to come from the feeding to the 2805.2-keV state
(Fig. 5) from the B decay of the 28.0 s isomer of ''°Rh
[23], since the 818.1 transition is observed to be very weak in
spectra with one gate on the complementary fragment ''°Rh.
Hence, the 664-keV transition is placed at the top of Band 2,
confirming the earlier assignment [21] of this transition in the
level scheme. Moreover, the systematics of the level energies
in the y band in the neighboring even-even '08:112.114.116p
isotopes are consistent with the placement of the 664-keV y
ray in the band rather than the higher-energy 818.1-keV y ray.
The placement of the 818.1-keV y ray in the level scheme, not
reported in the earlier fission study [21], is consistent with the
spectrum in Fig. 7(b) and the level scheme reported from the
B decay of ''°Rh [23].

Furthermore, it may be noted that no evidence is found
for the previously reported [21] 1759 keV, (5T) state in Band
2 from the present data. The earlier reported (57)— (37),
547-keV transition from this level was stated to have a relative
intensity similar to that of the 584.0-keV y ray in Ref. [21].
Since the 584.0-keV transition is observed to be fairly strong
with an intensity of 18.7 & 4.4 relative to 100 for the 4% —
2%, 547.5-keV transition (see Table I), it is plausible that
the 547-keV y ray from the previously reported (57) state
should also have been observed in the present work. The

spectrum gated by the 440.4- and 397.9-keV y rays [inset
of Fig. 7(b)] only shows a 544.1-keV y ray depopulating the
2805.2-keV state (see Fig. 5). The expected position of the
547-keV transition is indicated with an arrow in this figure.
Moreover, it may be noted that the 1759 keV, (51) state was
also not reported from the 8 decay of the (6) isomeric state
of "ORh, whereas all the four other states in the band with
energies up to 1987.1 keV and spin (67) were observed. Based
on these arguments, the (57) level, reported earlier [21], is not
included in Band 2.

Beside Bands 1 and 2, four other states with energies
2261.2, 2805.2, 1900.1, and 2791.4 keV are observed in the
present work that are strongly linked with the states of Bands
1 and 2 (Fig. 5). It may be noted that although most of the
linking transitions are observed to have large intensities in
the spectra in Fig. 7 and the inset therein (all of which have
contributions from g decay also), only the stronger ones with
relative intensities of about 5 units or more (see Table I) are
clearly observed in spectra with one gate on the 373.7-keV
transition in ''°Pd and the other gate on a complementary
fragment transition. Evidently, this is due to limitations in data
statistics. However, it also indicates that the 2261.2-, 2805.2-,
1900.1-, and 2791.4-keV states, mentioned above, are more
strongly fed from § decay compared to prompt fission decay
in the present experiment.
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FIG. 7. Coincidence spectra for 19pg with double gates on (a) 373.7- and 547.5-keV and (b) 373.7- and 584.0-keV y rays. The inset in
(b) shows the spectrum gated on the 440.4- and 397.9-keV transitions. The arrow in the inset shows the expected position of the 547-keV

y ray, previously assigned to the y band in ''°Pd [20].

The relative intensities of y rays in ''Pd have been
determined as described in Sec. II (last paragraph) and
presented in Table I. Intensities of some of the weak transitions
could not be reliably estimated from spectra with one gate on a
complementary fragment y ray. For example, the intensity of
664-keV transition from the 2651.1-keV state in Band 2 was
estimated to be approximately two units based on spectra with
gates on ''°Pd y rays only. Also, the relative intensities of
several weak transitions from the 1900.1-, 2261.2-, 2791 .4-,
and 2805.2-keV levels have been determined from previously
reported y-ray branching ratios [24] using the intensities of the
relatively stronger transitions from the same level as reference.
These are marked with asterisks in Table I.

In addition, transitions at the top of Band 1 were observed
to be weak in spectra with one gate on a complementary y ray.
Since states with spin J” > (8%) are not fed from B decay,
the relative intensities of the transitions from these states in
Band 1 with energies 722.0, 774.3, 649.4, and 767.1 keV were
estimated from the sum of two double-gated spectra with gates
on the (373.7 + 653.3)- and (547.5 + 653.3)-keV transitions
where all y rays belong to ''°Pd. These intensities were then
normalized with the intensity of the 722.0-keV y ray obtained
from a spectrum with one gate on a complementary fragment y
ray that also gives the intensities of the 547.5- and 653.3-keV
transitions in the band.

As stated above, the yrast bands in the neutron-rich Pd
isotopes '9112Pd are crossed by a sequence of transitions
above spin 8% [21,25]. Similar crossings have been reported
in the heavier even-mass Pd isotopes ''*!1°Pd at rotational

frequencies of iw = 0.32-36 MeV [26]. In the absence of such
low-frequency crossing in the neighboring odd Pd isotopes
with an unpaired /1, neutron, as in 15pd [26], the crossings
in the even- A Pd isotopes are attributed to the alignment of pair
of neutrons in the %1/, orbital. The unpaired 411/, neutron in
the odd-Pd isotopes blocks the low-frequency alignment. The
transitions in the aligned band have energies that are very
similar to each other, suggesting a mixing of vibrational and
rotational motion. Although no such (vibrational) sequence
has been reported in ''°Pd, the yrast band has been previously
observed to be crossed above spin 8" by a sequence of two
transitions with energies 900 and 522 keV [21]. These two y
rays, in fact, were shown to connect the (81) and (10%) states
of the yrast band. However, the 900- and 522-keV transitions
were not observed in the present work possibly due to a lack of
adequate statistics in the data. It is possible that the yrast band
in "OPd is also crossed by a vibration-like sequence as in the
neighboring even-mass Pd isotopes. Further experiments are
necessary for testing such possibilities.

In addition, the odd-spin levels in the y band are known up
to 15% in '"*11%Pd and 13* in '2Pd [26]. In contrast, only the
(3%) state is confirmed in the quasi-y band in ''°Pd. The (5%)
state, previously reported to belong to the y band [21], could
not be confirmed in the present work as discussed above. As
pointed out in Ref. [26], the degree of even-odd staggering
in the y band indicates whether the nucleus is gamma-soft
or if it has a well-developed triaxial shape. Hence, a more
detailed study of both Bands 1 and 2 is essential for a clear
understanding of the underlying nuclear shapes.
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2. The nucleus °Cd

The cadmium isotopes being close to the Z = 50 major
shell have been considered to be good examples of quadrupole
vibrators with spherical shapes [27]. In addition, rotational
collectivity has been reported in the neutron-rich Cd isotopes
and the study of the evolution of such collectivity with spin
and neutron number has been a subject of much interest. A
study of the systematics of the energy of the 2% states in
even-A Cd isotopes suggests that the ground-state yrast band
with the probable configuration vh11 PR 16Cd should be
among the most strongly deformed structures in the Z = 48
chain. Level lifetimes and reduced transition probabilities
B(E?2) values in the range 30—-110 W.u. have been previously
reported in the literature [28] for the 2%, 4%, and 67 states
in the ground-state band in ''°Cd. Although the ground state
is reported to be axially symmetric, triaxiality is predicted to
appear at higher rotational frequencies [29]. The quadrupole
deformation B, for the 2%, 4™, and 6 states, deduced from the
previous B(E?2) values, are found to be between 0.20 and 0.28,
assuming a small triaxiality parameter y = 10°. This indicates
a significant rotational collectivity for the yrast band.

In addition, sequences of states built upon excited 5~ states
have also been reported to exhibit rotational collectivity in
several even- A neutron-rich Cd isotopes. Such states have been
reported up to spin (137) in ''*120Cd although states only up
to (117) are previously observed in ''®118Cd.

The level scheme of ''®Cd has been studied previously
using deep-inelastic heavy-ion collision [27], the fusion-

PHYSICAL REVIEW C 92, 024318 (2015)

fission reaction 23Si+!7°Yb [30], and the B decay of the
isomeric states of 116Ag [31,32]. While Juutinen et al. [27]
observed the yrast band up to a spin 10", Buforn et al.
[30] extended the band up to (141). However, considerable
discrepancy exists in the published level schemes for the
sidebands.

The level scheme of ''®Cd obtained in the present work
is shown in Fig. 6. All states up to 4380.0 keV in the yrast
band (Band 1), first reported by Buforn er al. [30], have been
confirmed in the present work. In addition, a 847.8-keV y ray
has been placed at the top of the band leading to the new level
at 5227.8 keV with spin (16™). States up to 2026.5 keV in the
yrast band are also reported to be populated in the 8 decay of
the 127.8-keV isomeric state in 116Ag [32].

The placement of the transitions in Band 1 is supported by
the double-gated spectrum shown in Fig. 8(a) with gates on
the two lowest transitions in the band having energies 513.3
and 705.9 keV. All low-lying transitions in the band above the
1219.2-keV level, reported previously [30], along with some
of the transitions belonging to the sideband (Band 2), are seen
in the spectrum. However, the 847.8-keV y ray is partially
masked by the stronger 846.4-keV y ray from the 2872.9-keV
state in Fig. 8(a). The inset in Fig. 8(a) is the sum of two
double-gated spectra with gates on (797.9 + 215.2)-keV and
(513.3 + 797.9)-keV y rays. The 847.8-keV y ray is clearly
seen in this spectrum, lending firm support to the placement
of the y ray in the band. Spin assignments for states up to
4380.0 keV are based on earlier work [30]. The spin and parity

500 600 700 800 <
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110 8 £ « and705.9keV =
1200 =2 gol |7 S -
80 E 20 % | ;
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g 700 900
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FIG. 8. Double-gated spectra for '9Cd with gates as indicated for (a) and (b). The inset in (a) shows the sum of double-gated spectra with
gates on the (797.9 4 215.2)-keV and (513.3 + 797.9)-keV y rays. The inset in (b) is the spectrum with gates on the 666.4- and 545.7-keV
transitions. The 534-keV peak (not marked) in (b) and the inset in (b) is due to a contamination y ray, possibly belonging to ''*Pd.
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as the individual y rays could not be resolved.

of the new 5227.8-keV level is tentatively assigned (161) based
on the systematics within the band.

As already stated, sidebands reported earlier in ''°Cd
lack consistency. Buforn et al. [30] reported a sequence
of four states with the 5~ level at 2248.6 keV as the
bandhead. The states with spins 57, (77), (97), and (117) were
observed to be connected by the 444.2-, 689.3-, and 676.9-keV
transitions (y-ray energies as in Fig. 1 in Ref. [30]). However,
Batchelder ez al. [31] have reported only the 444-keV transition
connecting the two lowest-energy states in this sequence. In
fact, the latter have also reported the non-observation of the
689.3- and 676.9-keV transitions above the (77) state in this
band. Juutinen ef al. [27] did not report any of these states.
Instead, they reported a band built upon an excited 0" state,
interpreted as a two quadrupole-phonon state in the vibrator
picture, with links to the yrast band. All transitions assigned to
this band were observed to be very weak with intensities that
are about two to four orders of magnitude less than the 47 —
2%, 705.9-keV transition in the yrast band (see Fig. 3 in Ref.
[27]). Subsequently, most of the states belonging to this band
were also observed in the 8 decay of the isomeric states of
16 A0 [31,32].

In the present work, a sideband with a sequence of five
states, built upon the previously reported 5~, 2248.6-keV state
(Band 2 in Fig. 6), is proposed to replace the sequence of
four states reported earlier by Buforn et al. [30]. The new
transition in this sequence is the one with energy 545.7 keV
which is placed above the (77) state. With the 676.9- and
689.2-keV y rays, earlier reported by Buforn et al. [30], placed
above the 545.7-keV transition, the sequence extends up to
an excitation energy of 4604.7 keV and a tentative spin of
(137). The 3238.6-, 3915.5-, and 4604.7-keV levels in Band

2 are new. It may be noted that the ordering of the 676.9- and
689.2-keV transitions in the level scheme is reversed compared
to their placements in Ref. [28]. This is done on the basis of
the relative intensities of the two y rays (Table II). These
placements, including that of the new 545.7-keV y ray, are
supported by the double-gated spectra shown in Fig. 8(b) and
the inset therein. The spectrum in Fig. 8(b) is the sum of two
double-gated spectra with gates on (513.3 + 666.4) keV and
(807.3 4+ 666.4) keV and shows all three transitions in the
band above the (77) state. The inset shows the spectrum gated
on the new 545.7-keV transition and the 666.4-keV y ray.
Observation of the 676.9- and 689.2-keV y rays belonging to
Band 2 and the three low-lying transitions of Band 1 in this
spectrum lends a firm support to the placement of the new
545.7-keV transition.

In addition to the band built on the 5~ state, two new states
with energies 3212.7 and 3721.7 keV, the latter tentatively, are
proposed to be placed above the 2958.1-keV level in '16Cd.
States somewhat similar to these have also been reported
earlier in "'8Cd [29]. The 2958.1-keV level is reported
previously from S-decay studies only [31,32]. It is established
in the present work primarily on the basis of the observation
of the 709.5-keV y ray. The other two transitions from this
level with energies 265.2 and 931.6 keV were found to be
very weak, considering fission decays only (Table II). The
large intensity of these two y rays and the 709.5-keV y ray
in the spectrum in Fig. 8(a) is due to contributions from both
fission as well as B decay, with the latter being the major
contributor.

The two new states at 3212.7- and 3721.7-keV decay by
the 254.6- and 509.0-keV transitions, respectively (Fig. 6).
The 254.6- and the 254.9-keV v rays, the latter deexciting the
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2503.5-keV state, form a doublet (Fig. 6). The 2503.5-keV
state has been previously reported only from S-decay studies.
The spectrum in Fig. 9(a) shows both components of the 255-
keV doublet as well as the new 509.0-keV y ray.

The spectra in Figs. 9(b) and 9(c) provide clear evidence
for the placement of the 254.6-keV transition above the
2958.1-keV state. Of the 255-keV doublet, the spectrum in
Fig. 9(b) with gates on the 709.5- and 1029.4-keV transitions
shows a 254.6-keV y ray. This y ray cannot be the one that
is reported previously to de-excite the 2503.5 keV level from
B-decay studies unless there is a significant contribution from
the 705.9-keV y ray in the 709.5-keV gate (see Fig. 6). As
this would lead to observation of the 709.5-keV y ray in the
spectrum, of which there is no significant evidence, it would be
reasonable to place the 254.6-keV y ray above the 2958.1-keV
state as shown in Fig. 6. The spectrum in Fig. 9(c) with gates on
the 255-keV doublet and the 709.5-keV transition shows the
705.9-keV y ray as expected. The 254.6-keV y ray is possibly
due to prompt fission events only as the 3212.7-keV level
has not been reported from B-decay studies so far. Evidence
in favor of placement of the 509.0-keV transition at the top
of Band 2 is mainly provided in Fig. 9(a). The 509.0-keV
peak in Fig. 9(b) suffers from being masked by the stronger
513.3-keV y ray. The present data only permit a tentative
placement of the 509.0-keV y ray above the 3212.7-keV
level.

Relative intensities of most of the y rays (see Table II),
including those near the top of Band 1, were determined
following the procedure outlined in Sec. II (last paragraph).
The present branching ratios for the 444.3- and 666.4-keV
transitions from the 2692.9-keV state and the 166.7- and
215.2-keV transitions from the 3039.6-keV level are in
agreement within experimental errors with published results
[31,33]. Among the weak transitions, the relative intensities
of the 265.2- and 931.6-keV y rays were estimated from
their branching ratios with respect to the strong 709.5-keV
y ray obtained from the spectrum gated by the 513.3- and
705.9-keV transitions [spectrum in Fig. 8(a)] belonging to
116Cd. The intensity of the 509.0-keV y ray, supposedly
having no contribution from g decay, was also estimated from
the same spectrum and normalized to that of the 538.5-keV
transition. However, only an approximate value is adopted (in
Table II) in view of the somewhat large error involved in this
exercise.

The yrast band in ''°Cd, with a significant rotational col-
lectivity, shows a sharp back-bending at a rotational frequency
of hw ~ 0.4 MeV due to the quasirotational alignment of a
pair of 111/, neutrons. This is supported by Nilsson cranked
shell-model calculations that also predict the 7 p? J, Crossing at
~0.65 MeV [29]. Although the band has been extended up to
spin (16™) in the present work, the latter prediction can only
be experimentally verified by extending the band to still higher
spins.

It may be noted that the sideband reported by Buforn et al.
[30] in neighboring ''*Cd is also built upon a 5~ state and
extends up to spin (137). The level energies of the sidebands in
14Cd and '"°Cd bear a remarkable resemblance to each other
and indicate a similarity in their structure. These bands have
been interpreted as having the two-quasiparticle configuration
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vhi12 @ vgy. Bands with the 57 state as the bandhead have
also been reported in '"*Cd up to a spin of (117) and in '*°Cd
up to (137) [29]. The 5~ levels in '%120Cd, as well as in
some of the lighter Cd isotopes, have also been interpreted as
possible candidates of quadrupole-octupole phonon coupled
2T ® 3 states [29].

IV. CONCLUSION

Prompt y-ray spectroscopy of primary fission fragments
produced in the reaction 208Pb( 130, f) at E =90 MeV has
been performed. Fission fragment isotopic distributions have
been determined for 12 even-Z, even-N fragments and the
fission-fragment mass distribution derived from the sum of the
yields of the individual nuclei have been studied. The relative
yields of both odd- and even-A isotopes of Mo, Ru, Pd, and
Cd and the isotones of N = 62, 64 have been measured to
study the odd-even effects associated with the fission process.
The odd-even effect in neutron number is observed to be more
pronounced than the odd-even effect in proton number. The
large yields of '“Mo and '®Tc may be attributed to structural
effects. The average total neutron multiplicity, pertaining to
both pre- and postscission neutrons, has been found to be 5.48
£ 0.59. Considering that the prescission neutron number is
about 3, a postscission neutron multiplicity of 2.5 is expected
to correspond to a moderate deformation of the fragments at
scission.

The level schemes of two neutron-rich nuclei ''°Pd and
16Cd have been studied from yyy coincidences. Several
transitions, previously reported only from f-decay studies,
have been assigned to ''°Pd from prompt fission decay. The
yrast band in !'°Cd has been extended up to an excitation
energy of 5227.8 keV and spin (16™). In addition, the sideband
built upon the excited 5~ state has been observed up to spin
(137) for the first time. The band was previously reported up
to (117). Results for the two nuclei ''’Pd and ''°Cd have been
discussed in the context of earlier experimental observations
and theoretical calculations.
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