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New high-spin levels have been identified in the nucleus '?°Pd from analysis of the
coincidence gamma rays observed in the #%U(«, fyyy) reaction. Recoiling fragments
were detected with the Rochester heavy-ion detector array, CHICO, in coincidence with
gamma-rays using Gammasphere. An A=110-130 mass-gated v — v — v cube from this
experiment was constructed and analyzed for coincident gamma-rays in several nuclei near
A=120. New results for neutron-rich "®Pd and '?°Pd have been obtained. The '2°Pd
level scheme was extended to spin of 10" by building on the new low-energy gamma rays
identified in decay studies of 2°Rh. The details of the '8Pd level scheme derived from
this work are compared to previous work. The systematics of the yrast levels in even-even
Pd and Cd isotopes are presented and the symmetry of energy levels around N = 68
is discussed. A new 107 level in '2*Cd has been observed. The population intensity of
even-even neutron-rich Cd isotopes is deduced, indicating that nuclides near '?°Cd are
preferentially populated following alpha-induced fission of 233U,

1. INTRODUCTION

The structure of neutron-rich isotopes has been extensively studied for about 40 years
by detecting the prompt gamma-rays from recoiling fragments following nuclear fission
[1-3]. For many neutron-rich nuclides, fission is the only production mechanism available
for which sufficient and useful data can be obtained. Modern studies involve the use of
large arrays of high-purity intrinsic Ge detectors, such as Gammasphere or Eurogam, in
order to distinguish individual nuclides from the plethora of gamma-rays produced from
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the hundreds of fission fragments immediately following fission. Recent studies of the
spontaneous fission (SF) of #52Cf [4] and **Cm [5] have provided rich data sets containing
not only new nuclear structure information for nuclides in this neutron-rich region of the
chart of nuclides, but also important information regarding the dynamics of the fission
process itself. Many studies utilize thick-sources in order to stop all fission fragments
quickly and mitigate Doppler effects of the observed gamma-rays.

Complementary information can be obtained using thin sources and auxiliary particle
detectors coupled with these large Ge arrays. For example, ternary fission of 2Cf [6] has
been investigated using solar cells. Also, recent work using parallel-plate avalanche coun-
ters in conjunction with Gammasphere has extended level schemes of many neutron-rich
nuclei to higher spin [7]. These experiments feature several advantages, including a) im-
proved isotopic selectivity by utilizing a mass-gate in addition to gamma-ray coincidences;
b) unambiguous determination of the origin of the gamma-rays from either the heavy or
light fission fragment; and c¢) application of Doppler-shifts to the observed gamma-rays
removes the limitation of studying excited states with lifetimes longer than the stopping
time of the fission fragments [8].

In the present study of the 23U (a, fy~v) fusion-fission reaction [9], both the population
of excited states has been extended to higher spins and the mass distribution for a given
isotope chain is broader than obtained using SF sources. This experiment was carried
out at the 88-inch cyclotron facility of the Lawrence Berkeley National Laboratory by
bombarding a thin 300 pg/cm? 28U target with a beam of a-particles at Ei, = 30
MeV. Fission fragments were detected by the Rochester highly-segmented 47 heavy-ion
detector, CHICO[10], in coincidence with the detection of the de-excitation gamma-rays
using Gammasphere. A total of ~ 600 million events, with two fragments and at least
three gamma-rays in coincidence, were collected. The deduced masses from the measured
fission kinematics have a resolution of 12 mass units, which reflects the achieved time
resolution of ~ 500 ps. The achieved position resolution, ~ 1° in polar angle and 4.6° in
azimuthal angle, is consistent with prior CHICO performance[11].

The spectroscopy of some of the neutron-rich Pd isotopes has been studied extensively
[8,12,13]. Recently, the 27 — 07 and 4" — 2" transitions in °Pd have been identified
at 438 keV and 618 keV, respectively[14]. In an attempt to extend the systematics of
neutron-rich Pd isotopes to near spin 107, an A = 110 — 130 mass-gated v — v — v cube
was analyzed using RADWARE[15] for 18Pd and ?Pd gamma-ray coincidences and a
search for 122Pd gamma-ray coincidence was performed.

The spectroscopy of neutron-rich isotopes of Cd has been investigated[16,17]. The level
schemes of 122Cd and '**Cd by analyzing the A = 110—130 mass-gated v —~—- cube and
building upon the radioactive decay data [18]. Negative parity states are also observable.

2. "Pd Analysis

A preliminary series of double gates on the 438-keV and 618-keV transitions, utilizing
a wider gate width, contained gamma-rays belonging to '"Pd and a weaker transition
at 738 keV in coincidence with a weaker decay sequence. This work confirms the lower
transitions in ""Pd and extends the level scheme to that shown in Figure 1. Prior work
for 17Pd is discussed in [19]. Two additional strong transitions at 767 and 864 keV
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can be clearly assigned as members of the ground band of '"Pd. A sum of all possible
double gates on the 438-, 618-, 767-, and 864-keV transitions resulted in the identification
of several more transitions in '"Pd. Based on coincidence relationships, examination of
many single and double gated spectra, and the relative intensities of gamma-rays, the level
scheme shown in Fig. 1 was constructed for 1'"Pd. The 848-keV transition was chosen as
the 31/27 — 27/27 of the ground band because of its larger intensity than the 903-keV
or 952-keV transitions. No multipolarity measurements were performed. The widths of
the arrows indicate the relative intensities of the transitions based on the assumption
of E2 multipolarity for the ground band, and include corrections for the small internal
conversion coefficients.

Note that the side band feeding the 27/2 level, consisting of several lower energy tran-
sitions, is tentatively assigned here without spins and parities. While this side band is in
coincidence with several gamma-rays from ''7Pd, its overall intensity when double gating
on transitions within the side band seems anomalously high, and thus it cannot be ex-
cluded that this is a band structure from another nucleus in this mass region contributing
to the background of one of the 17Pd gates. It cannot also be excluded that a short-lived
isomeric state (with respect to the time it takes a fission fragment to fly from the source
and stop in the detector of approximately 10 ns) exists in ''"Pd that would distort the
apparent relative intensities between this band and the ground band. The Doppler-shift
correction cannot be properly applied for the in-flight delayed gamma-ray decay.

3. 18Pd Analysis

Much work has been performed on the "8Pd level scheme[8,12,13], resulting in some
discrepancies in interpretation of this nucleus. For the systematics discussed later in
this paper, it was necessary to reanalyze the data to see if some consistency could be
achieved between the different experiments. It should be noted that the level schemes
were constructed from different sets of data in different experiments, which might tend
to emphasize the population of different nuclear states within the nucleus. M. Houry, et
al.[13] used heavy-ion (*2C) induced fission of ?*U to populate ''*Pd. Zhang, et al., used a
2520Cf SF[12] source to populate "®Pd with a modest independent yield of 0.13%, while the
present alpha-particle induced fission of 8U experiment was used to populate **Pd [8].
A recent reanalysis of the 2Cf SF data[20] has produced a modified and independently
derived '8Pd level scheme in almost total agreement with the level scheme derived from
the Rochester 2*8U(a,f) experiment [8] — the notable discrepancy being the selection of
the 8" — 6T transition in the yrast-band. Thus, a reanalysis was performed of the
present 23¥U(a,f) experimental data by a different collaborator to attempt to resolve this
discrepancy. Based on many single and double gates, relative intensities of the transitions,
and coincidence relationships between the transitions, a level scheme was deduced from
this effort and is shown in Fig. 2.

Note that some weaker transitions, mainly at the tops of bands, have not been included
and at least one new transition (the 681-keV transition feeding the 2622.4-keV level) has
been added. The main discrepancy, whether the 8 — 6 transition in the yrast band
is the 539-keV or the 821.5-keV transition, may still exist, but from this work, based on
systematics and the factor of 2 larger relative intensity for the 821.5-keV transition, it has
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Figure 1. 7Pd level scheme deduced from Figure 2. *®Pd level scheme deduced from
this work. Note the tentative assignment of this work. The widths of the arrows in-
the side-band (dashed lines) to this nucleus dicating observed transitions are propor-
and see discussion in the text. The 11/27 tional to the relative intensities of the
band is built on a 19.1 ms isomeric state at transitions.

203.2 keV.

been chosen for the yrast band. The order of the 411-keV and the 539-keV transitions is
difficult to determine due to nearly identical relative intensities and lack of distinguishing
transitions feeding or de-populating either level.

4. 'Pd Analysis

Motivated by the report of the two lowest transitions in '2°Pd from the beta decay
studies of 1Rh [14], and the observation of a weaker transition in the 17Pd gated spec-
trum, a re-examination of the double gates on the 437-keV and 618-keV transitions, with
a narrower gate width, was performed. A sum gates spectrum identifies a few more tran-
sitions, but the decay sequence is weak (100 counts in peaks). The statistics of the '2°Pd
spectra are generally poorer than comparable 18Pd spectra, indicating population of this
nuclide following fission is less than that of ''®Pd. Indeed, the ratio of the 4+ — 27
transitions, '*°Pd/"®Pd = 0.16 +0.04. Coincidence relationships, and a variety of double
gated spectra, enable the construction of the tentative level scheme for 2°Pd shown in
Figure 3. It is interesting to observe that for only the 6% — 4% and higher transitions
do the gamma-ray energies diverge from the ''"Pd sequence. This is the first observation
of such a “degeneracy” of transition energies in closely related neutron-rich nuclei where
one partner is an odd-A nucleus and the other an even-even nucleus. It should be noted
that the observed transitions are weak and are only tentatively assigned to '°Pd based
on the 2°Rh decay data. These transitions were not observed in either 2*2Cf SF data
[20] nor the recent deep inelastic (DI) reaction data (%*Ni + 23U | Se + U and Se + Pb
experiments) from Argonne [21]. It should be noted that in the SF experiment, *°Pd
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should be populated much less and in the DI reactions the background is higher than in
the o + U experiment because there was not a fission fragment coincidence required.
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Figure 3. Decay sequence for 2°Pd deduced Figure 4. '22Cd level scheme deduced

from a series of double gated spectra and co- from this work. The widths of the ar-

incidence relationships and discussed in the rows indicating observed transitions are

text. proportional to the relative intensities of
the transitions.

5. 12Cd and '**Cd Analysis

With the help of several double coincidence gated spectra, the '22Cd level scheme
shown in Figure 4 was constructed. The data is presented here as confirmation of prior
work[16,17], and with the relative intensities observed for alpha-induced fission of 2*3U.

By utilizing double coincident gated spectra, the ?*Cd level scheme shown in Figure
5 was constructed. Several new transitions, which were subsequently observed in other
work [17], were observed including the 127 — 107" transition. The widths of the arrows
are proportional to the relative intensities of the transitions.

6. Systematics

The relative intensities of the 47 — 2% transitions, gated on the 2+ — 0% transitions,
corrected for peak and gate efficiency, of even-even Pd isotopes observed in the U(a,f)
experiment in arbitrary units are shown in Figure 6 together with the Pd independent
yields from 14 MeV neutron-induced fission of 228U, 2#%240Py and from fission spectrum
neutron induced fission of 233U. The peak of the population for Pd isotopes is near ''*Pd
for fission from n + ?*°Pu and o + ?**U (with only one neutron more in the compound
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Figure 5. '2#Cd level scheme deduced from Figure 6. Comparison of the relative

this work. The widths of the arrows are intensities of even-even Pd isotopes ob-

proportional to the relative intensities of the served in the *®U(a,f) experiment with

transitions. independent yields for several neutron in-
duced fissioning systems.

system), dropping nearly an order of magnitude by the time '*°Pd is reached. This is
in contrast to the U neutron-induced fission data where the independent yields for
Pd peak around mass 118. The 14-MeV neutron-induced fission of 2*°Pu is directly
comparable with the alpha-induced fission of ?**U distribution, and peaks at A = 114
with approximately the same FWHM = 6 mass units.

The levels of the even-even Pd nuclides with 50 < N < 74 are shown in Figure 7. The
new data for 1'®120Pd now make it possible to observe several interesting facets of these
levels in a systematic fashion. These levels can be classified on the basis of the smooth
behavior of the 8" levels. For “*Pds the 67 and 8" levels are relative pure m(gg2)?
seniority 2 proton states, whereas the higher-energy 10* level must be a seniority 4 state.
When two neutrons are added to make **Pd, additional two-neutron states are available,
in particular the vdsj vgrs 61 level that lies near 2.1 MeV for ?100:102104106pq  The
p-n interaction among the four proton holes and the neutrons pushes the lower members
of the yrast band down away from both the 8+ and 10" levels. For '%Pd with N = 60,
however, a rather sharp shift in the systematic behavior of the level structure can be
observed. At higher spin, this corresponds to the rise in the Fermi level that lowers the
energy for the two-neutron (hyq/) 10* level. Accompanying this 107 level will also be a
two-neutron 67 and 8" level. These 67 and 8" levels mix with the two-proton 8% level
and the vds/, vgr/s 67 level , generating collective effects that also push these levels down
to lower energies that come to a minimum for ''*Pd. Perhaps the most interesting feature
is the remarkable symmetry of the 2+ energies nuclides on each side of '4Pdgg for neutron
numbers 62 < N < 74, namely, out to the new data reported in this paper (for example
18Pd and 2°Pd have 2* energies only 4 keV different). Indeed, the search for levels in
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Figure 7. The lowest lying levels in even-even Pd isotopes from the N = 50 closed neutron
shell to the new '2°Pd data discussed in this paper. Several interesting systematic features
can be observed and are discussed more fully in the text.

122pd with a 2% energy near 512 keV was stimulated by the construction of this figure.
We should also note the rather close values for the 4% energies (shown in bold) for these
nuclides as well. Beyond '?2Pd, one might expect shell properties to begin to dominate
over the collective properties as the N = 82 closed shell at '?®Pd is approached. The
excited levels in '**Pd and '?°Pd might possibly be influenced by this shell closure and
deviate from the symmetric parabola of 2% states highlighted with the box in Fig. 7, just
as the 2% energies deviate for nuclides below '%Pd as one approaches the closed N = 56
subshell.

In summary, it can be seen that the determination of the excited states for 1'8120Pd has
permitted considerable insight into the collective and non-collective behavior of the Pd
level structures over a wide range of neutron numbers. Moreover, these data also reveal
clear differences between collective and non-collective states as protons are removed from
the Sn closed shell for N = 72 and N = 74 isotones. New gamma-ray transitions in 12°Pd
have been observed following alpha-particle induced fission of 23¥U. Transitions in '8Pd
have been confirmed, reducing the discrepancy with prior work. A search for gamma-
rays in '22Pd was inconclusive. The systematics of neutron-rich isotopes of Pd indicates
remarkable symmetry of the 27 levels in nuclei surrounding *4Pd. Several new transitions
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in 122Cd were observed and the level schemes for 12%124Cd were deduced from this work.

7. ACKNOWLEDGEMENTS

Much of the support for the work at LLNL was provided through the U.S. DOE under
contract No. W-7405-Eng-48. Dr. M.A. Stoyer gratefully acknowledges the support of
Dr. W.B. Walters and the Univ. of Maryland during his sabbatical. The authors thank
Dr. Dennis Fong of Vanderbilt University for concurrent work on the "8Pd level scheme
using the 2Cf SF data and for valuable discussions of the results prior to publication.
The work by the Rochester group was funded by the National Science Foundation. The
work at LBNL was supported in part by the U.S. DOE under contract No. DE-AC03-
76SF00098. The work at MSU was supported by the National Science Foundation under
grant PHY-01-10253.

REFERENCES

1. H.R. Bowman, S.G. Thompson and J.O. Rasmussen, Phys. Rev. Lett. 12 (1964) 195.
2. E. Cheifetz, et al., Phys. Rev. Lett. 25 (1970) 38.

3. W.R. Phillips, et al., Phys Lett. B212 (1988) 402.

4. J. Hamilton, et al., Prog. Part. Nucl. Phys. 35 (1995) 635; C. Hutter, et al., Phys.

Rev. C67 (2003) 054315; J.K. Hwang, et al., Phys. Rev. C67 (2003) 014317.

I. Ahmad and W. Phillips, Rep. Prog. Phys. 58 (1995) 1415.

6. A.V. Ramayya, et al., Phys. Rev. C57 (1998) 2370; M. Jandel, et al., J. Phys. G:
Nucl. Part. Phys. 28 (2002) 2893.

7. M.W. Simon et al., Proc. of the Int. Conf. on Fission and Properties of Neutron Rich
Nuclei, Sanibel Island, F1, Ed. J.H. Hamilton and A.V. Ramayya (World Scientific
Publishing Co., 1998) 270; M.W. Simon, Ph.D. Thesis, Univ. of Rochester (1999)
(unpublished).

8. C.Y. Wu, et al., Frontiers of Nuclear Structure Conf., Berkeley, CA 2002, ed. P. Fallon
and R. Clark, ATP Conference Proc. 656 (2002) 408; and H. Hua, et al., Phys. Rev.
C69 (2004) 014317.

9. H. Hua, et al., Phys. Lett. B562 (2003) 201.

10. M.W. Simon, et al., Nucl. Inst. Methods A452 (2000) 205.

11. C.Y. Wu, et al., Phys. Rev. C57 (1998) 3466.

12. X.Q. Zhang, et al., Phys. Rev. C63 (2001) 027302.

13. M. Houry, et al., Eur. Phys. J. A6 (1999) 43.

14. W. B. Walters, et al., Phys. Rev. C70 (2004) 034314.

15. D.C. Radford, Nucl. Inst. Methods Phys. Res. A361 (1995) 297.

16. P. Dendooven, Nucl. Inst. Methods Phys. Res. B126 (1997) 182; J. Aysto, Nucl. Phys.
A693 (2001) 477; Y. Wang, et al., Phys. Rev. C67 (2003) 0643034.

17. T. Kautzsch, et al., Eur. Phys. J. A 25, Supplement 1 (2005) 117.

18. T. Kautzsch, et al., Phys. Rev. C54 (1996) R2811.

19. X.Q. Zhang, et al., Phys. Rev. C61 (1999) 014305 ; H. Penttila, et al., Phys. Rev. C44
(1991) R935.

20. Dennis Fong, private communications, August 21, 2003 and March 23, 2004.

21. Adam Hecht, private communication, August 22, 2006.

ot



