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. * GROUND STATE BANDS. IN HEAVY EVEN-EVEN FISlBION PRODUCTS 

J. :a. Wilhelmy', S. G. Thompson, R. C. Jared, and E. Cheifetz 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94720 

July 1970 

We present experimental results on the ground..,..state bands of 

h 1 · d d' th . f'" f 252Cf eavy even-even nuc e1 pro uce 1n e pr1mary .1ss1on 0 . 

Experimental values for the energy levels and lifetimes range from 

those typical of spherical nuclei to those associated with perma-

nently deformed nuclei. 

In this letter we present new information concerning the energy levels 

of very neutron rich even-even isotopes of 52Te , 54Xe , 56Ba, 58Ce, 60Nd, and 

62Sm. These results were obtained in a series of experiments on the prompt 

gamma ray de":excitation of the fission fragments from spontaneous fission of 

25
2

Cf . The data, which in some of the cases can be correlated with previously 

reported results, extend the knowledge about the systematic behavior of col-

lective excitations to neutron rich nuclei far .from the beta stability line. 

The ~ystematics of the energy levels in the ground state bands for the heavier 

fragments are well fitted using the phenomenological variable moment of inertia 

model of Mariscotti et al. l One of the main features of the results is the 

evidence that the,well-known abrupt discontinuity in the ratio E4+/E2+ for 

isotopes with 88 and 90 neutrons reaches its maximum effect in Nd, Sm, and Gd 

isotopes, and :becomesmuch less abrupt in theCe an<il. Ba nuclei. This· smoother 

transition is similar to the behavior observed for isotopes with Z > 66. 2 
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In the experiments x-rays and/or y-rays were measlired in coincidence 

with pairs of fission fragments. The experimental technique has been described 

in a previous paper3 and will therefore only be briefly summarized here. In 

most of the cases the atomic number was determined by observing a coincidence 

between the characteristic K x-rays and one or more of the y-rays of the ground 

state band. .The masses of the fragments were calculated from their measured 

kinetic energies. Direct determination of life times in .the region of 0.2-2 nsec 

were obtained from Doppler shift considerations. 

The experimental results are presented in Table I. For each isotope 

in the table we present two lines of information. The top line: contains the 

experimental energies of the observed levels along with the ratio of the 
.. . + + + 

energies of the 4 and 2 levels, the measured half life of the 2 level, the 

yield per fission of this transition (corrected for internal conversion) and 

the mean experimental· mass associated with the ground state band transitions. 

Also presented are BE(2;2 + 0) values. The second line contains corresponding 

·predicted values. The energies of the 6+ and 8+ levels were obtained by inter~ 
.. 4 

polation using the standard MaIlman plots of EI/E2 vs E4/E2 (I being 6 or 8). 

The ground state band data used for the curves were obtained from compilations 

of Mariscotti et ~l.l The predicted half life and B(E2) values are based on 

the phenomenological variable moment of inertia model. l The predicted radio­

chemical yields are from the calculations of Watson and Wilhelmy. 5 

The following comments explain the bases for the assignments of the 

levels: 

1. Some of the transitions reported here have been observed and identified 

. . b 2+ 0+ 4+ + .. . l32T prevlously yother methods. The + and + 2 transltlons ln e 

were observed by Bergstrom et al. 6 following beta decay of fission products 

'. 
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analyzed by an on-:-line mass separator. This group also reported evidence of 

the 2 + 0 transition in 134Te . The decay of 134Te has been studied by W. John 

et al. 7 who measured delayed y-rays from fission fragments and reported that 

the 115 keY transition (tentatively assigned as the 6+ + 4+) has a 160 nsec 

half life and is followed by two cascade transitions of .297 keY (4 + 2) and 

1278 keY (2 + 0). Our data contain an atomic number identification for this 

decay and also present transition intensities consistent with their assignment. 

The 2 + 0 t ". t' . . 140B·· d' 142B h b . b d b AI" t 1 B ranSl lons ln a an ln a ave een 0 serve y vager ~ ~. 

following beta decay of mass separated fission products. The 2 + 0 levels in 

13Bxe , 140xe , and 144Ce have been observed by Wilhelmy etal.9 in studies of 

transitions following beta decay of unseparated fission products. The rota-

b . 1568 h b b d . 154 (' ) J tional and ln m as een 0 serve ln the 8m t,p reaction by . G. 

10 
Bjerrgaard et al. They have explicitly identified by means of angular dis-

+ tribution studies only the spin of the 2 state; however, the levels of the 

rotational band of this nucleus as reported here (72 keY, 250 keY, and 51B keY) 

are in good agreement with their lowest levels (74±10, 250±l0, 521±l0 keY). 

2. Most of the de-excitation of the even-even isotopes is expected to pass 

through the lowest 2+ + 0+ transitions and therefore the yields of these transi-

tions correspond rather well to the calculated isotopic independent yield of 

these isotopes. The small deviations that appear can be accounted for by 

uncertainties in the most probable charge (Zp) of the mass chains which were 

used in the calculations. With the exception of 136Te , the 2 + 0 transitions 

from all of the isotopes with calculated independent yields ~l% per fission 

were found. The above mentioned missing case may be accounted for if there is 

a sharp, decrease in its independent yield as a result of the proximity of the 

N 82 Z 50 h 11 Th It ' l' f h 2 O' . t . . 144B 148C = =. s e. e mu lpO arlty 0 t e + transl lons ln a, e, 
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158· . 11 2 . . and Sm were found by Watson et . a1. ,to be E by electron x-ray cOJ.ncJ.dence 

252 studies in prompt decay of Cf fragments. 

+ 4+/2+·· 3. The energies of the 2 levels and the energy ratios obey smooth 

systematics, showing a decrease in the energies and an increase in the ratios 

wi th increasing displacement from the N = 82 shell. This relationship was 

used to confirm the level and element assignments when as a result of small 

internal conversion the x-ray evidence was not available. This approach applies 

140 to the case of Xe. 

4. Higher spin members of the ground state bands have been extracted from 

y-y coincidence data. The intensities of the intra band transitions decrease 

with increasing spin (12 -+ 0 > 14 -+ 2 > 16 -+ 4 > 18 -+ 6) in a manner consistent 

with considerations involving the removal of 6-10 units of angular momentum 

associated with each fragment; however, these intra band transitions are still 

the strongest present in the spectrum. This can be seen in Fig. 1 which pre-

sents the y-ray spectrum obtained in coincidence with the 199.4 keY 2 -+ 0 tran­

sitions in 144Ba . Also shown is the y-ray spectrum of· all fragments with 

experimental mas'ses between 143 and 145. The coincidence spectrum strongly 

selects the higher spin members of the ground state band. When such a selec-

tion was found in which the strongest levels conform to the phenomenological 

predictions and no other intense lines were present, definite assignments, were 

made. 

5. The experimental mean masses associated with the transitions in the 

even-even isotopes sometimes differ by more than 1 amu ;from the assigned masses. 

This can be attributed mainly to the use of average neutron corrections. The 

average values for a given mass are presumably too small for isotopes that are 

on the neutron deficient side of the most pr,cbable isotope for a gi ven __ element 
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and conversely. too large for isotopes on the neutron excess side. In some 

cases we have observed odd mass isotopes of the even Z elements with experi-

mental masses between those of the adjacent even isotopes although the latter 

are separated by less than 2 amu. There may also bea small smooth systematic 

error due to the uncertainties in the fragment pulse height to energy calibra-

tion procedure. 

The data show that the 88-90 neutron discontinuity is smearing out as 

the proton number decreases below Z = 60. This is seen both for the energies 

of the 2+ level and the E4+/E2+ ratio. A plot of the E4/E2 ratio of nuclei 

with 56 ~ Z ~ 70 is shown in Fig. 2. This figure clearly shows that the maxi-

mum effect of the 88-90 neutron discontinuity occurs in'the region 60 s:: Z $ 66. 

The nuclei with N = 92, Z = 58, and N = 92, Z = 68 haveE4/E2 ratio and B(E2) 

values which indicate that they are as rotational as l~~sm, which is known to 

have permanent quadrupole deformation, even though for Z = 58 and Z = 68 the 

88-90 neutron effect is relatively rather smooth. A similar effect has been 

,12 " 
shown to occurirt ,the 76-80 proton number reglon where a sharp discontinuity 

occurs for 106 ~ N ~ 112 and a smooth behavior was observed outside this region. 

We can summarize then that the transition from a vibrational spectrum to a 

rotational one can be either abrupt or smooth depending probably on a delicate 

balance between proton and neutron pairing correlations. Calculations by 

N'l t 1 13 d b R d N'l 14. d'; 't th t d ft' . l sson ~~. an y agnarsson an l sson In lca e a eorma lon lS 

expected to occur abruptly between 86 and 88 neutrons for the nuclei discussed 

here. These calculations which are based on the Nilsson model combined with 

the Strutinsky normalization procedure reproduce the general trend of decreased 

deformation for nuclei with 88 neutrons on both sides of Z = 62. 

II 
I' 
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Another interesting feature of the lowest 2+ states which are already 

known or have been established in this experiment is that for any specific even 

neutron number between 82 and 88 the level energies increase with increasing 

displacement from the Z = 50 shell. 

We are grateful to the following persons for their help in this work: 

Elizabeth Quigg wrote the necessary programs for the PbP~9 computer. Thomas 

Strong handled the processing of our data using the CDC 6600 computer. Robert 

Latimer and J8.Illes Harris electrodeposited the 252Cf sources on our fission 

detectors. Very useful discussions with John Rasmussen, Frank Stephens, 

Chin Fu Tsang, and Rand Watson are acknowledged. 

FOOTNOTES AND REFERENCES 

* This work was performed under the auspices of the U. S. Atomic Energy 

Commission. 

1. M. A. J. Mariscotti, Gertrude Scharff-Goldhaber,and B. Buck, Phys. Rev. 

178, 1864 ( 1969) . 

2. F. S. Stephens,D. Ward, and J. O. Newton, Suppl.J. Phys. Soc. Japan 24, 

160 (1968). 

3. E. Cheifetz, R. C. Jared, S. G. Thompson, and J.B. Wilhelmy, Phys. Rev. 

Letters 25, 38 (1970). 

4. C. A. MaIlman, Phys. Rev. Letters ~, 507 (1959). 

5. R. L. Watson and J. B. Wilhelmy, Lawrence Radiation Laboratory Report 

UCRL-18632 ,1969 (unpublished). 

6. I. Bergstrom, S . Borg, P . Carle, G. Holm, and B . Rydberg , Annual Report 

1969, Research Institute for Physics, Stockholm, p·.89, (unpublished) .. 



-7- UCRL-19931 

7. W. John, F.W. Guy, and J. J. Wesolowski , submitted to Phys. Rev., and 

Lawrence Radiation Laboratory Report UCRL-72501 (unpublished). 

8. T. Alvager, R. A. Naumann, R. F. Petry, G. Sidenius, and T. D. Thomas, 

Phys. Rev. 176, 1105 (1968). 

9. J. B. WilhelI!lY, Lawrence Radiation Laboratory Report·UCRL-18978, 1969 

(unpublished); J. B. WilhelI!lY, S. G. Thompson, J. O. Rasmussen, J. T. Routti, 

and J. E. Phillips,Lawrence Radiation Laboratory Report UCRL-19530, 1970, 

p. 178 (unpublished). 

·10. J. G. Bjerrgaard, O. Hansen, O. Nathan, and S. Hinds, Nucl. Phys. 86, 

145 (1966). 

11. R. L. Watson, J. B. WilhelI!lY, R. C. Jared, C. Rugge;, H. R. Bowman, S. G. 

Thompson, and J. O. Rasmussen, Nucl. Phys. A141, 479 (1970). 

12. J. Burde, R. M. Diamond, and F. S. Stephens, Nucl. Phys. A92, 306 (1967). 

13. S. G. Nilsson, C. F. Tsang, A. Sobiczewski, Z. Szym~nski, S. Wycech, 

c. Gustafson, 1. Lamm, P. Moller, and B. Nilsson, Nucl. Phys. Al31, 1 (1969). 

14. 1. Ragnarsson and S. G. Nilsson, Lund Institute of Technology, Lund, 7 

Sweden, (.pri vate communication, 1970). 

15. c. M. Lederer, J. M. Hollander, and I. Perlman, Table of Isotopes, 6th Ed., 

(John Wiley and Sons, Inc., New York, 1967). 

FIGURE CAPTIONS 

Fig. 1. Prompt y-ray spectrum from 252Cf observed using a 35 cm3 coaxial Ge(Li) 

detector a) in coincidence with fragments, having experimental masses be-
I 

tween 143 and 145, b) in coincidence with fragments having experimental 

masses between 139 and 149 and also with the 199.4 keV y-ray (2 -+ 0 in 144Ba ) 

detected by a 6 cm3 planar Ge(Li) detector. 
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Fig. 2; System:atic behavior of the ratio E4/E2 as a function of proton number 

in the N = .86-92 region.· , new data from this experiment. The other data 

is from the Table of Isotopes15 and Ref. 2. 
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