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1. Introduction 
The y-rays emitted following spontaneous and induced fission are nch SOJTCCS :.f 

information about the structure of neutron-rich nuclei and about the fission process itself. The 
study of spontaneous fiuioning isotopes with large Ge detector arrays are providing a wealth of 
such information as seen. for example. in recent reports"*. In this paper we present some of 
our most recent results on nuclear S ~ N C ~ U E  studies and conclusions on the fission process itself. 
In our work, we have employed in spontaneous fission, a triple gamma coincidence study for the 
first time"' and a high resolution, X-ray detector-y-coincidence studyw. These data provide 
powerful ways of separating the gamma rays which belong to a particular nucleus. The triple 
coincidence technique was used to uniquely identify the levels in '"To and higher spin states in 
its N=84 isotones, INXe and "%a"'. Some other examples of the level StNCNRS observed in 
the low and high mass partners presented, including a detailed analysis of the backbending 
of the moment of inertia in cc**li4*ll'PdN. Finally, we present the first examples of how our 
analysis allows one to extract a detailed picture of the dependence of the angular momentum on 
the mass and atomic numbers of the fission fragments and of the long-sought neutron multiplicity 

distribution from zero-n to ten-n as a function of the charge and mass asymmetry. 

11. Experimental Methods 

A spontaneous fission sourcc of W f  (0.Ipg) with a strength of about 6 x lo' fissions/scc 
and with a 250 pm Be window was uscd for the Oak Ridge study. This source was placed in 
the center of the 20 Compton-suppressed Ge-dctcctor Compact Ball at the Holifield Heavy Ion 
Research Facility at Oak Ridgc National Laboratory. Approximately 2 x I@ y-y coincidences 
were collected during a five day run. Both double- and triple-coincidence events were recorded 

and,soned in data analysis. The coincidences obtained for the y-rays of fission fragment pairs 
can be used as triggers for the fission events of a given nucleus against the background of f3- 
decay and fission of other nuclides. The triple coincidence technique is particularly powcrful in 
eliminating or reducing all types of background. 

To compliment the above experiment, to help identify the 7_ of the fission fragmenis, and 

to enhance a specific neutron channel, another experiment was carried out at INEL with n X-y-n 
multiplicity spectrometer. This set-up consisted of a 2.5 cm' L E 1 3  detector, a 2.5% n-type HP 
Ge detector and eight Scm x 5cm neutron detectors with source-to-dctector distances of 7cm, 
IOcin, and IOcm. respectively. The neutron detectors were liquid sciniillators (B(:-SOI j, and 
were utilized as a multiplicity filter to enhance ;I desired neutron chiinnel. I b r  11.y discr$iili;ition 

charge-sensitive ADC's were employed with coinbinations 0 1  short and long gates. 'l'his 
experiment ran continuously for three months; during which time, about 3 x IO9 double- 

coincidence events were collected. A total X-ray spectrum as seen in coincidence with y-rays 
and neutrons is shown in Fig. 1, together with the 2-identification of each element. As seen in 
this Figure, the K, X-rays of the individual fragments are very well resolved from each other. 
It should be mentioned here that the X-ray detector was used not only to identify the isotopes, 

but also to resolve close-lying doublets of low energy y-rays from different isotopes. 

In. Levels in '*e and High Spin States in Neutron-Rich N=84 Isotones 
Nuclei near the doubly magic ItSn12 are especially interesting with regard to thc coupling 

of the single particle states to the collective deformation. The light N=84 isotones with two 

neutrons outside the N=82 closed shell an produced in *"Cf SF. In this work, for the first 
time. we report the levels in '?e together with new high-spin states in the N-84 isotonec 13*y- 
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and IWBa. The triple y-ray coincidence technique has been employed in SF studies to identify 
uniquely states in T e ,  and also to resolve doublets in '"Xe and '*Ba. 

When "'Cf scissions into a heavy fragment and a light fragment, approximately four 
neutrons and approximately ten y rays are emitted on the average per scissiori. P.11 t k  
transitions of a light Fragment and those of its complementary heavy partner are in coincidence 
with each other. So, coincidence spectra from gating a transition in a particular nuclide exhibits 
peaks not only for the transitions in that nuclide, but also for those in its seved heavy or light 
fission partners. By using peak intensities, predicted yields, and knowledge of other transitions 
in two or more different neutron evaporation channels, unique assignments can be made. 
However, there may be many unidentified peaks, potential signatures of new nuclides, in the 
doublecoincidence spectra. This is partly because there is a high probability that a gate on a 
particular energy transition will overlap not only the transition of interest, but nearly the same 
energy transitions (one or more) in different isotopes and because all the y-rays of the panner 
fission fragments are in coincidence with each other. 

To eliminate most of the y-rays not belonging to a particular isotope of interest, we 
employed for the first time in SF, the triplecoincidence technique. Any y-rays that are known 
or thought to be in coincidence with two transitions, are histogrammed. This results in a 50-fold 
or greater decrease in the statistics, but the decrease in backgrounds with respect to peak heights 
more than compensates for this decrease in statistics. This allows us to see only the transitions 
in the two fission partners or emphasize the transitions in one partner. 

Figure 2 shows three double coincidence spectra. The top spectrum is gated on the 2* 
-+ O+ transition in Il'Pd. the 2n complement to '-e. The middle spectrum is gated on the 2' 
-+ O+ transition in "'Pd, the 4n complement of l y e .  In both the Pd gates we see other Pd yiast 

transitions: 520 and 648 keV in Ii4Pd, the 534, 667, and 768 keV in Ii1Pdm, We also see 
several peaks that are common in both these gates, which are transitions in Te. The bottom 
spectrum is gated on the most intense peak in common with the top and middle spectra, the 607 
keV transition. In this gate we see y-rays of lil-ll'Pd and candidate prays for transitions in 
'"Te. However, in all three spectra there are a number of unidentified peaks. 

Figure 3 includes three triple coincidence spectra. The top two are gated with the 607 
keV transition assigned to '"Te and the 2' -+ 0' transitions of its 'i2*ii4Pd complements. The 

bottom spectrum consists of gates on two of the transitions newly assigned to '"Te. The other 

transitions in "Te are now seen as prominent peaks, The same new transitions in ' q e  were 
recently reponed by Cizewski et d."'. However. in that work, the doublet nature of the 424 keV 
in the doublecoincidence spectra prevented them from obtaining a precise energy for the 4+ and 
higher levels in "Te. 

The new levels in ' T e  an ~ m p a r e d  to the levels of '-e in the left hand part of Fig. 
4. Note the sharp drop in the 2' -+ 0' energy in ' q e  compared to N=82 ' y e .  This is 
somewhat unexpected for which i s  only two neutrons and two protms away from the 

doubly closed shell nuclide '"Sn. However, the levels of the heavy xenon isotopes exhibit the 
same pattern for the 2' energies as these levels in the isotopes near N=82. 

' The level schemes of '"Xe and IaBa, known previously only up to 4 + ,  were extended to 

12' and 8.. respectively. This is shown in Fig. 5 .  Note that in both '"Xe and '"'Ba the 6' -+ 
4+ and 4' 3 2' transitions are very close doublets in energy. These doublets are established 
clearly in the respective isotopes with the triple coincidence data. Another interesting feature in 
the high spin data of I"Te and 13'Xe is the energies of the 8' -+ 6' transitions. These transitions 
have energies significantly greater than the energies of either the IO* --f 8+ or the 6' -+ 4' 
transitions in these IWO nuclei, This indicates a band crossing and, thus, a change in stiuctiire 
around the 6' to 8' levels in these nuclei. 

In summary, we have identified new high spin levels in  four nuclei, the N=84 isotoncs 
' q e ,  '"Xe, and 'OBa, and the N=86 isotope lWXe. The systematics of the N-84 iwtones are 

shown in Fig. 5 where one sees a smooth drop in the 2+ through 8' energies as Z decreases 
toward the closed shell at Z=50. This is a surprising trend for the 2 +  energy to decrease as one 
approaches a magic proton number especially since these isotones have only two neutrons outside 
h N = 82 closed shell. Further studies of the N-84 nuclei to search for weaker populated 
states are in  progress. 

IV. Band Crossing in Neutron-Rich Pd Isotopes 
Another example of the detailed physics one can obtain is our observation of new excited 

states and band crossings in I'lPd, ii4Pd and Ii'PdN. Information about low-lying levels in li4Pd 
and "'Pd has been reported previously from spontaneous fission of 262CP10'. Also, levels in "*Pd 
were identified"" by studies using the 1i"Pd(t,p)i12Pd reaction. Recently, Aysto, et a]."" have 

used the wU(p,F) fission reaction to investigate the energy levels of even-even iic'i6Pd nuclei 
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via Pdecay of odd-odd ''cl"Rh isotopes. These isotopes were extracated for study by using an 
on-line isotope separator. In these previous experiments the levels up to spin I.= 6' have been 
reported in these isotopes. Now we have extended the excited states of "'Pd, '"Pd and "'Pd to 
IO', 12' and 12+, respectively. Representative coincidence spectra in "'Pd are shown in Fig. 

6. As expected, in these gates there are peaks not only in coincidence with ymt transitions, but 
also in coincidence with several y-rays in complementary Te fragments, as well as with 
transitions in other isotopes with the overlapping gates. To eliminate most of the y-rays not 
associated with the isotopes of interest, we employed the triplecoincidence technique as discussed 
above"'. This method allows us to observe only the transitions in the two fission partners. 
Figure 7 shows a typical triplecoincidence spectrum using gates on both the 664- and the 649- 
keV transitions in "'Pd. The other yrast transitions in IB4Pd show up prominently. The level 
schemes of ll'Pd, Ii4Pd and IirPd, deduced from our data, are shown in Fig. 8 with identified 
excited states extended to IO', 12' and 12', respectively. 

A. 

The energy systematics for known yrast states in lUPd to '"Pd isotopes BS a function of 
neutron number and mass are presented in Fig. 9. This figure shows that there is a decrease in 
the 2' through 12' energies as N increases until N=64 (neutron subshell closure) and then the 
level energies flatten to a near constant value, The level energy systematics also show a definite. 
transition from vibrational nuclei to more deformed ones. This is more apparent in the plot of 
the experimental ratios of E,,/&,, and J&+& as a function of neutron number, as illustrated 
in Fig. 10. Sudden changes of these ratios at N=64 in both curves indicates that there is a shape 
transition from SU(5) to O(6) symmetry; a change from anharmonic vibration to a 7-soft 
rotation. In fact, the E4&' ratios for O1-'ccPd are very close to a value of 2.5 for an O(6) 
nucleus of the IBA model, but smaller than the value of 3.3 for a rigid rotor. The same holds 

true for the E,+&+ ratios in these three isotopes as these rates are closer to the IBM model 
prediction of 4.5 for O(6) symmetry. IBA calculations which'reproduce the level energies quite 
well are discussed elsewherem. 

B) -1 d c u  IatiQaS 

A plot of the kinematic moment of inertia as a function of rotational frequency (Fig. 11) 

shows a backbending behavior in all three Pd isotopes that are studied in the present work, The 
crossings occur at a rotational frequency between 0.32 and 0.34 MeVlh. Similar band crossings 
have been observed in lUPd. luPd and 'QPd but not in l0lPd 'I3'. There is also an indication of 
backbending in IlrPd, Seen in Coulomb excitation experiments"". However, for ""Pd and lWPd 

the crossing frequencies are higher, at about 0.35 and 0.38 MeVlh, respectively. This may be 
because of the shape transition in this region at N=64 as previously mentioned. The Occurrence 
of a shape change is also evident from the comparison of a B(E2; 0' -+ 2 ) value of 0.51 e'b' 
in lUPd to a B(E2; 0' 4 2') value of 0.91 e'b' in "OW. Recent macroscopic-microscopic 

~!culat i~ns"~ '  predict positive quadrupole deformations (prolate) for imiwPd nuclei, but predict 
negative deformation (oblate) parameters for lia."'Pd. 

We camed out cranked shell model (CMS) calculations to determine whether the proton 
orbital (nesn) or neutron orbital (uh,,,) is responsible for band crossings at the observed 
rotational frequencies. The calculations predict a band crossing related to the alignment of two 

protons at ho = 0.35 MeV which is very close to the experimental values of 0.32-0.34 in 
'i'-'14Pd. The crossing related to the alignment of two hl ln  neutrons is predicted to occur at ho 
= 0.42 MeV, which is much higher than the observed values. Hence, we assert that the &,, 

proton orbttal is responsible for backbendings in this region. 

Y. Oetails of the Fission Rocess 
The 2+-1 0' ground state transitions in even-even fission fragments are estimated to 

contain >95% of the yields of the even-even isotopes. Therefore, the relative yields of the 
isotopes can be deduced from the 7-ray intensities of 2' 4 0' transitions. Table 1 shows the 
experimental yields of selected mCf fission fragments compared with calculated values by 
Wahl.'". Both data are normalized to 100% for '"Ce. Except in a few cases, very good 

agreement is obtained with theoretical calculations. 
In the following, we present some further examples of the data to illustrate the 

information about the spontaneous fission that can be extracted from our SF experiments. Table 
2 shows the normalized (to one hundred for the 2'40') intensities of the transitions within the 
ground state rotational bands of some complementary fission fragments formed as a result of two 

charge divisions of u'Cf: Zr-Ce (Z=40 and 58) and Mo-Ba (Z=42 and 56). The last column 
gives the mean values of the angular momentum for the obtained level populations (< j > ). 
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TABLE I. Experimental yields of some *"Cf fission fragments as compared with predictions 
of Wahl. et al."'. Both data are normallized to the yield of ""Ce. 

Fragment Experiment (96) Theory (96) 
9 r  31 25 

%Sr 25 33 
9'Sr 25 10 

IMZr 28 a 
10?Zr 55 61 

10ZMo 134 143 
I'Mo 1 I8 147 

lWMo 23 
"'Ru 89 
"'Pd 37 

41 

82 
31 

"'Pd 40 14 

""Cd 19 
IZOCd 26 
1'6Xe 126 

9 
32 
111 

"%e I03 119 
"'Ba 40 45 
IQBa 58 48 

I'Te E100 4 0 0  

Compared with previously obtained results'17"0', our data gives a better, detailed picture of the 
dependence of the angular momentum on the mass and atomic numbers of fission fragments. 

The angular moments of different specific fission fragments arc provided in combinations 
with the angular moments of their separate partner nuclides representing different numbers of 
emitted prompt neutrons. It is well known that this number is directly related to the initid 
fragment excitation or, in other words, to the fragment elongation at the scission point. 
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TABLE 2. Relative intensities are given for the transitions in the fragment in column one in 
coincidence with the 2 ' 4 +  transition in a particular partner and the mean angular momenta <j  > 
of the levels populated in the fission. One u errors are in parentheses. 

< j >  
Intensities of transitions (%) Fission 

fragment 

6.5( 1.2) '"Ce'' lOO(5) 41(3) I l ( 2 )  4(%) 

lacell lOO(5) 85(5)  58(4) 36(4) 2l(2) 7(3) 8.4(1.3) 
'*Ce" lOO(5) 78(4) 46(3) 36(3) 20(2) 9(4) 8.6(1.2) 
'?Ce" lOO(5) 75(4) 46(3) 31(3) 19(2) 7(3) 8.6(1.2) 

lWZP 72(4) 61(3) 21(3) 5.1(0.9) 
5.7(0.9) lWZ+' 77(4) 70(4) 26(3) 

4.8(0.9) 'rnZr4I 78(4) 50(4) 21(3) 

5.3( I .O) '*Zr" 9?(5) 61(4) 24(3) 5(2) 

5.1 (1.4) lu&p Y2(6) 85(7) 52(6) 15(5) 

76(6) 48(5) 15(5) 7(3) 4.9( I .5) 

4t-2t 6'4' 8 + 4 *  10*-8* l2+-lO* 14+-12* 

1 0 4 ~ ~ 7 )  

"Average over Zr isotopes (in this case, the gate is the 2'4' transition in '*,''*Ce, respectively), 
*) with ImZr, "with "'Zr, 'I with I4'Ce, with '"Ce, 6, with IWMo, 7, with )*'Ba, '-') these results 
are derived from two-gates in the triple coincidence spectra (see text). 

TABLE 3. Relative yields of the correlated fragment pairs for &/Z, = 40158. 

< A >  Normalized yields 
of the Zr isotopes Ce 

mer ZP ZP ZP ZP z+" ~ r l o 3  ZP 

IUCe 0.05 0.15 1.00 0.52 0.64 0.14 0.06 100.9 

0.20 0.60 0.55 1.00 0.26 0.20 101.4 "'Ce 

Table 3 shows the mass distributions of Zr isotopes obtained in coincidence with lace and 
lace. These distributions are deduced from the detected intensities of transitions between the 
lowest excited and ground states of Zr fragments corrected for the known y-ray energy 
dependence of the detection efficiency &(E,) of the Close-packed Ge detector Ball. Assuming 

b 
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the small variation of the y-ray multiplicity with the mass numbers of Zr fragments, we deduce 
from the data of Table 2 that the most probable Zr mass numbers are shifted by two mass units 
(from ImZr to I%) in going from '"Ce to '"Ce, whereas the mean value of the Zr fission 
fragment mass vanes rather slowly, 0.5 mass units between '"Ce and '%e. 

A complete set of relative yields of diffetent pairs of fission fragments is presented in 
Table 4 for the charge division of californium 2,/2,,=42/56 (Mo/Ba). This is the first time such 
detailed distributions as those given in Tables 3 and 4 have been obtained in a fission study. The 
last row and column of Table 4 give the sums of the correlated relative independent yields of MO 
and Ba isotopes which are the independent yields according to the known evaluated data tables"". 
The distributions presented in Tables 3 and 4 give us a deeper insight into the multiplicity 
distributions of prompt fission neutrons. Note the lQMo-l"Ba and IUMo-'"Ba pairs have zero 
neutron emission, and the 'p2M~-1aBa pak has IO neutron emission. Figure 12 shows the neutron 
multiplicity distributions obtained in coincidence with '"Ce and '"Ce fiuion fragments, and Fig. 
I3  shows such a distribution for the Mo/Ba charge division of the californium nucleus. These 
are the real distributions deduced directly from our experimental data c o m t e d  only for the y-my 
detection efficiency. This is a specific positive feature of our results. Neutron multiplicities 
obtained previously were deduced from the experimental data via a sophisticated reduction 
procedure. For the first time we obtained clear data about the long sought fractions of 
californium spontaneous fission events with zero and ten prompt neutrons. For the first time the 
charge asymmetry dependence of the mean number of prompt neutrons can be deduced direct!: 

from an experiment. For the 42/56 charge asymmetry we obtained <u > =3.85. Similar data 
for the various pair fragments are currently being extracted. 

TABLE 4. Relative yields of the correlated fragment pair masses Y(AI.,A~ for &./&1=42/56. 
The matrix is normalized to 100. 

1% 1% la& l W g a  I W g a  l*ga c 
' W O  <0.4 <0.4 C0.4 <0.6 
ImMo < 0.4 0.60 2.99 4.78 1.73 10.1 
lUMo 0.24(12) 0.90 8.07 26.71 8.37 1.79 46.08 

0.12 35.74 '@'MO 0.48 5.44 17.14 12.56 
8.01 '%lo 0.18 4.78 3.05 <0.1 

c 0.90 11.12 28.86 42.26 13.27 3.52 
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VIII. Figure Captions 
Fig. 1. Total coincidence x-ray spectrum of fragments from spontaneous fission of 252Cf 

taken with a LEPS detector. 
Gedetector double coincidence spectra gated on: 
a) 2++0' transition in "'Pd. the 2n fission partner of "Te, 
b) 2'+Otttansition in 1i2Pd, the 4n fission partner of I've, 
c) and the 2++O+ground state transition in new isotope "6T:. 
Gedetector triple coincidence spectra. The transitions used to gate each spectrum 
is the label on the spectrum. 
Systematics of the heavy fission fragments Te and Xe above the N = 8 ?  shell 
closure. The new levels are identified in Table I .  and the levels for "'Xe are 
from A. S. Mowbray. et al.. Phys. Rev. €42 (1990) 1126.. 
Systematics of the N=84 isotones. The new levels are identified in Table I .  
Levels for I''Ce, "'Nd, and "%m are from Data Base of the National Nuclear 
Data Center. 
Examples of y-y coincidence spectrum gated on several transitions in "'Pd. 

A typical triplecoincidence spectrum. This spectrum is gated on 643 hcV and 
649 keV transitions in "'Pd. 
Level schemes for neutron-rich eveneven Pd nuclei. 
Systematics of known ground states up to IC= 12' in  Pd isotopes. 
Experimental excitation energy ratios of E,+/&+ and E,+/%, as a function of 
neutron number. 
Plot of moment of inertia as a function of rotational frequency. 
Neutron multiplicity distributions obtained in coincidence with "*Ce and '*Ce 
fission fragments. 
Prompt neutron multiplicity distribution derived from yields of Ba-Mo pair fission 
fragments of '"Cf. <u> = 3.85 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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