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- DISCLAIMER

This document was prepared as an account of work sponsored by the United States -
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. :
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EXCITED STATE IN EVEN-EVEN FISSION PRODUCTS
E. Cheifetzl, R. C. Jared, S. G. Thompson, and J. B. Wilhelmy,

Lavrence Rédiation.Laboratory,
University of California,

 Berkeley, California 9L720.

ABSTRACT

Experimental results are presented on the ground state‘bands of 31

252

even-even nuclei produced in the primary fission of Cf. Systematics

of the energies and life times of the transitions are given. From these

data there is evidence ihdicating that a region of deformation in the

A =~ 100 region may exist.

. INTRODUCTION

- In this talk we shall present information concerning the energy

_levels of very neutron rich even-even isotopes of elements with

252Cf pro-

,>&ided'experimeﬁﬁal access to-thié region. The datalwhich.in a few of

: ihe_cases can‘be correlated with alréady known levels, exténd the know-
*viedge about the éyétematié behaviour of collective excitations to neutr&n
‘ricﬁ nuclei far_from the beta étability'line. The data include the lowest
2% states (and in many of the cases some of the higher h+, 6" ana 8" levelS)

. of all the isotopes that have calculated independent fission yield of more

136Te)

than 1% (with the exception of . This is shown in Figs. 1 and 2

. Where we present a modified chart of nuclides indicating the isotopes

observed in this experiment. The systematics of the energy levels of

*)

Work performed under the aﬁspices of the U.S. Atomic Energy Commission.

On leave of absence from the Weizmann Institute of Science, Rehovot, Israel.
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Fig. 1. A region of the chart of nuclides presenting the isotopes produced as light fission products.
The solid line approximates the line of B stability and the heavy squares in this reglon are the
beta stable isotopes. The dotted line represents the Z, values for the fission of . 2Cf and the
heavy squares with diagonal lines in the lower right hand corner are the even- even products
observed in the current experiments. The heavy squares with an additional dlagonal line in the
‘uppér corner are 1sotopes for which our- a551gnments are tentatlve
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- recent theoretical studies of Ragnarsson and Nilscon

‘minute source of

b .- UCRL-19949

_ isotbpés that are removed from closed shells are well fitted'using the

phénoménolbgical model of Mariscoti gﬁ;g};l) There is evidence from

levéi'spacings and . B(E2) values that light fission fragments such as

1102 106

Zr and Mo have rotational like behaviour. These results support
2)

and Arseniev g£_§£;3

which have predicted a new fegion of stable deformation which includes

‘these nuclei. Another feature of the'results isvthe,evidencey that the

' ‘ : +,  + . .
well known abrupt discontinuity of the ratio ELY /E2 for isotopes with
88 to 90.neutronsvréaches its maximum effect in Nd, Sm andde, and becomes

much smoother in the Ce and Ba nuclei.

THE EXPERIMENTAL TECHNIQUE

 Prompt K‘x—rays and/or Y-rays in coincidence with pairs of fission

fragments were measured using the detector arrangement indicated in Fig. 3.

Three separate experiments. using different photon detectors were performed:
1) recording y-rays with a 1 om> Ge(Li) detector (resolution 1 keV at

122 keV) in ﬁoSition Y2; 2) recofding Y~rays and/dr'x-rays in coinei-

: . . : . e 2 qs fvs
" dence using a 6 cm3 Ge(Li) detector in position Yl and a 2 em” Si(Li)

_detector in position Y25 3) recording y-ray, Y-ray coincidences with

3

a 35 em” Ge(Li) coaxial detector in position Y2 and a.6 cm

5

3 Ge(Li) detector

in position yl. In all the experiments a nominally 10 fission per

252

Cf was electrodeposited onto the surface of fragment

detector_Fl; Thus Doppler shifting and broadening problems were minimized

for transitions from the fragments stopped in that detector. This tech--

PP

~ nique, which simplified the spectra, applies to half life times longer

than the étopping time of the fragments (’\'10—12 sec). Life time

determinations in the time region 0.1 - 2.0 nsec were obtained from the

)

-



(252G§.105 f/min

v'_a det.

 XBL703-2403

Fig. 3. Schematic representation of detector system. Detectors F1 (with elec-
trodeposited 2520r) and F2 measured energies of fragments. Detectors vy .
and Yo measured energies of Y-rays and/or x-rays. External sources for .
‘stabilization of the photon detectors were 2L"3Cm..(c_>t'—y coincidence), 80co -
(Y - v coincidence) and 2*'am (o -y coincidence). '
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ratio of thé non—Doppler'sbifhed gamma ray intensity observed when the frag-
ment sfopped in the plated detector F1 relative to the intensity ohserved
whén the fragﬁent étopped ih the second detector F2? which was séparated
from the plated detectqr by 8 mm. The various detector systems wére‘digi—
tally gain stabilized using-external gamma réy sources aé indicated in Fig£.3.
‘ In ail the éxperiments the analog puléé heights were digitized and . 04
stored event by évent'iﬁ a PDP-9 computef. .Thé on-line cbmputéf was pré-
grammed to monitor thevfésolutioh of the detectors and to-transfer the experi-
mental data onto magnetit tape in a compressed.fofﬁat. A'totalv2 X 108 _
bmultiparameter evenié.Qéfe fecorded and later processed on alCDC 6600 compu-
ter. T

The masses.offthe fragments WCré calculated from the méésured cner- |
" gies using‘the Schmitt calibratioh mgthéd and the‘knéwn neﬁtroﬁ correctignsh);
Gamma—ray spectrévéséociated with f%agmeni masses ‘in 2 amu wide maés infer- -
vals were obtain¢a b§ sorting the three ?arameter data. |

‘In'Fig. ﬁ ékémples of high'résolutioh Y?ray spectraiassociatedlwith7.
v2 amu mass~inter§aisbare sﬁown. Eaéh of theée Y-ray spéctra was then ana-
lyzed to give quéntitative energies and intensitiés of individual transi-
tions. This wasfaécomplished uSing the on-line photopeak analysis code
.developed by‘Réﬁﬁti and PrussinS). ‘The widths on the masé'distributions
associated withvsingle gamma trénsitions ranged from h;O to 6.5 amu
: (FWHM).and the méan values of the masses for these distributions were
determined withnétandard statigtical errors of less‘ﬁhan 0.2 amu for
-the strong ffansitions; howevér; the absolute determination of the
masses are ﬁncertéin by % 1 amu.'vfhis can be attributed mainly to the

use of the average neutron corrections. The average value for a given

mass is presumably too small for isotopes that are on the neutron
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detector. Results shown are for fission fragments that were stopped
in the plated detector having masses 103-105 and 105-10T7.



been explained in two previous papers
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deficient side of the nmost probable isotope for a given element and

conversely too large for isotopes on the neutron excess side. In some .

cases we have observed odd mass isotopes of even 7 elements with experi-

mental masses between those of the adjacent even isotopes al though the

. latter were separated”by'lessfthan 2 amu. There may also be a smali

smooth systematic error due to the uncertainties in the fragment pulse

height'to‘energy calibration-procedure. The x—ray; gamma—ray coiﬁéidehce

datsa were used to obtain infofmation on additional transifions associated .

with single isotopes.

RESULTS

The results of this investigafioﬁ are'summariéed in Tablerl. For
each isotope in the table we present the transifién energies thaﬁ were
observed, the half life of the é+.1e§el and the yield per fission of |
the 2+ level (corrected for intérnal cénVersion). The considerations
and criteria that have beéh used in assigning these levelé havg already
. 6’7). Some of'thev1evels have been

assigned by other workers and are repeated here becausé the transitions

have been observed in the prompt gamma spectra. The cases in which our

‘results have been correlated with bther works are explained in the

‘comments under the table.

T4 3 oo
Some of the lowest-2 = 0 transitions in isotopes on the neutron

deficient side of the Zp line have been observed in (t,p) reactions and

in post beta decay of fissioﬁ products. Our results are in good agreement

,with.#alues obtained by‘these other methods. This agreement confirms the

techniques we have utilized for making level assignments.

) + +
Most of the transitions that we have assigned as 2 =+ O have also ,
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Table I. Experimental results for ground state bands.

UCRL-1994k9

96

. Transition Energy in keV tq /(2 > 0) Yiela 2"
ot 5ot ‘h+ 5 oF ¢t st gt a gt nsec %/fis;{
Mg e 837.4 ' 0.51
sr® 815.5 0.3k
98,0 1203 v 0.3
100, 212.7 352, 197.9 0.52 1.80
1027 1519 396, 486 (587) 0.86 1.43
102y, 296 o 0.46
lOAMo_ 192.3 368. | 5éo.o 0.45 3.37
l _061~40.  171.7; - 350. (511.8) 0.75 3,37'
106, 69 : 0.16
1085, o423 k23 | 0.22 Lo
110y 240.8 1423, 5761 (707.7) 0.23 349
Mgy 236.8 408, - | 0.20 0.97
) 348.8 535, 0.77
Mhpg 332.9 520. 649.3 1,48
iléPd 340.6 538. 0.87
1184, 488.0 617.3  (805) 0.32
132ped o7k | 990 n 0.2
1y, dse g 297 115 1.5
.?3BXe 589.5 k82 | 2.3
- Moy, 376.8  LS5T. 1.5
140 F 602.2 | 0.52
1h2p 1 ;359.7 LT5. 632 2.90

(continued)
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Table I. Continued

Transition Energy in keV t1/p(2 > 0)  Yiela 2*
ot 5ot yt ~> 2+ 6F > 1t gt 5 gt | nsec a %/fiss. k
ltha. 199. 4 5304 431.7 510.8 1 0.49 ~3.60 oy
R 181.0 333 . o 0.85 1.01
o8 97.5 o 0.2
W66e | 258.6 | k0.1 1502.3 l" , 'i,lv - 0.29 o 1.04
U8 1587 2957 386.5 - 0.9 2.31
1500e - 97.1 209 | 300.? ' 376.h: > 0.9 > 0.98
Yona 75.9 N7 k3 321 > 2 >0
15hNd - 7é.8 - 162,k 2kl 328.1 > 2 > 0.4
15650 6.0 ath2 268 > >0.1
1585, 72.8  167.5 258.2 36 . >2 > 0.15

The 2¥ + 0"transitions in 94Sr and 96Sr have been a581gned by R. Foucher et al.
using an on-line mass separator. .
P e first 2% in 987r was found by Blair et al. 9 using the 96Zr(t p)982r reaction.

“Mhe first 2* lO6Ru was reported by Castenl®  and was produced by the
10k . :

4

Ru(t ,p)lOGRu reaction. _

Th 2 +0%tand 4t 2 tran51t10n in 132Te and the 2 + 0 tran51t10n in l3hTe weré
observed by Bergstrom et al. 11 follow1ng beta decay of fission products analyzed
by an on-line mass separator.'

l3h1e has also been reported by John et al. 2 who measured the

®The decay of
6% h+ o ot . and ot 5 0 transition in their study on delayed gamma-rays in
2520f fission. ‘ » _ R
f‘I’he 2 -+ 0 tranSitions in 1h03a and IAQBa have been observed by Alvégér g§_§;;13
following beta decay of mass. separated fragments}

€he 2++!d+tran sition in lM‘Ce has been observed by Wilhelmy et al. 1k

hThe rotational band in 156Sm has been observed in the 15hSm(t p)lS6Sm reaction

by Bjerrgaard gz;gl,ls




| . emitted fcllowiné béta decay of unseparated prompt fission products.™
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been observed (though not previously assigned) in studies of gamma rays

' 10)
These 2 - 0 transitions occurring after beta degay are qbserved with
intensities which are substantial ffactidns of the cumulative mass chain
yields. These measurements help substantiate that we are in fact observing

ground state band transitions in the de-excéitation of the prompt products.

DISCUSSION

4.1 - Systematics of Energy Levels

The systematics of the energy levels of the ground state band in

4+, .+ . : : Lo )
the cases where EL /E2 2 2.3 are well fitted using the phenomenological

variable moment of inertia model of Mariscott gz_gl,l). The results of

+, 4 - . +,_+ L : :
E6 /E2  and E8+/E2+v_vs. ELV /E2  for the ground state bands are shown

in Fig. 5 which includes our current data and all the prévioubly known

experimental data that were summarizéd in reference 1. Although our
data contains lighter nuclei than those of reference 1, no large devia-
tions from the known systeﬁatic behaviour are observed.

. _ + .
The energies of the 2 states obey smooth systematics. The trend

. , + . ‘
. shows a decrease in the 2  level energies with increase displacement
from the N=50 and N=82 shells. In the light fragments (Z < 48) there

+ ;
“is a decrease of 2 level energies.with displacement from the 7Z=50

shell. On the other hand, in the heavy fragments (Z = 50) region isotopes

. . : : : - . . +
with neutron number between 82 and 86 have an increasing 2 level

_energies with ihcreasing displacement from the Z7=50 shell.

L.2 Rotational-l1ike Lipht Fission Frapgments
In Fig. 6 we present the systematic behaviour of the lowest 2

levels and the Eh+/E2+ ratio in the Zr-Pd region. One can see
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‘Fig. 5. Plot of the energy ratios E8*/E2" and g6 /B2 versus EWT/E2*. The
data presented as dots were taken from ref. 1 and those presented as open -

'squares are the current experimental results.
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Fig. 6. _
the Zr - Pd region.
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Energies of the lowest ot lévels and Eh*/EZ* energy ratios in
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!

clearly that the smooth decrease 1n levei energies and corfeSponding smooth -

increase in the EL/E2 ratio in’'Pd becomes more rapid in Ru .and Mo isotopes

o . . . 08 :
and then turns out to be an extreme jump between )JZr - lOOZr. A similar

) . s s . . '“/,.1,) o
behav;our is seen in Fig. T that shows the E\LL)CXP/U\U2))1np]( DdrtLClp

ratio for this region. .The B(E2) values were obtuined from the: measured

energies and llfe time values follow1ng the formalism of otelsoA and

,Grodzins.l7) The ng values in that formalism are %'0;35 for “lORu 0. hS
for louMo and 106Mo, and 0.6 for ;OQZr. In principle, our. reoorted life

time values are upper Iimits because a hold up can occur in a transltlon
before;the 2* + 0" stage.ﬂp?his implies that ‘the experimental B(E2) and
8> values can On;y'Be highef. |

o " The cenfrai'qnestion fron fhese studies is whether the theoretical
predictions for.deformation can.be verified; It'is'notﬁpOSSible to deter-
mine the existence of static deformations. from observed energy level spacings
- or from measurenents of‘B(EZ; 2:§ 0). However, studies of such systematics

» are indicative of .nuclear softness and_fherefore it is of interest to com-

~ pare these pfoperties in this new region with the corresponding values for

the rare earth and actinide reéions which are the two major areas of known

permanent deformation. There are several different indicators of deformation

and it is informative to comparefeach. Figure 8 is a composite plot con-

talnlng five indicators assoc1ated w1th deformatlon

[ 2’ Sp’?

a function of mass. The last indicator represents to a first approximation

)5/3] plotted as

B(E2) /B(E2) g0 Bye/Eyes B, B y5ps (19.51/,,) % (158/4

-' . . . + N .
. a mass independent comparison of the energies of the first 2 states using
" arbitrarily phe'deformed 158.Gd nucleus as a reference. The nucleil presented
in the plot include the current, light fission pfoduct region, and a repre-

sentative sanpling of isotopes in the rare earths (150 - 180) and in the

actinides»(22h - 2L4).
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~16-

UCRL-19949

Fig. 8.
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A composite plot presenting five indicators of deformation plotted as a
function of mass. The mass intervals used contain only the current light fis-
sion product experimental region and a representative sampling from the two
major known regions of deformation. The values of Bo, Bosp, B(E2) and
B(E2)S were extracted from relatlonshlps presented in ref. 17; the indi- -
cator 579 51/Eot) X (158/A)5/3, gives a relative comparison between the
energies of the first 2% states on a basis which removes the inherent mass-
dependence from the moment of. inertia. The open circles represent current:
results obtained using experimental energies and life times. The open squares
represent current results obtained using experimental energies and calculated
life t%mes-(ref.'l). The closed circles represent literature values (refs. 1
and 17). ' : '
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In:this lighfrfiseien—broduct region, of the_isofopee etudied, 102ir_
:appears es the most'favorable candidate for deformation; Its value for 82 r
(0.06h)'and for the mass independent energy-éarameter_(i.OB) ere larger
than any of thevcorrespondihg values found in:the rare earth and actinide
nuclei. _Aiso ifs valdes for B(E2)/B(E2)SP (23ﬁ. and B /BQSP (15;2) are
larger than for any of the rare earths theugh smaller than some of‘thebacti~
nides. The only parameter for which it.has a lower vaiue thah_obtained in
the other regions is the Eh+/E2+ ratio where the J'0221' value'of 3.15 is
- somewhat smaller than the llmltlng value for a perfect rotor (3.33) which
is closely approeched';n both the rare earth and aetlnldes.,.The other new
isetopes for which we present informetion have smaller values for these
vdeformatien indicatorsvthan lO.2Zr but even they have, in several instances,
values comparable,er larger than thoee typicaliy found ihithe rare earth
andvactinide region and in all.cases are larger than the values found for
spherical nuclei near eloeed shells.
For the,isetopee with.higher masses the decrease in tﬁe deformation
indicators is believed to be due to the abproach of the Z = 50 closed shellg
v"and for the llghter 1sotopes the effect of the N = 50 shell should be impor-
v'tant ‘The theoretlcal calcuretlonsrof Arseniev gg_gl.3) imbly that'the
:freglons of strongest deformatlon should be in the heavier 1sotopes of stron—f
tium (98 - 102) and of krypton (96 - 102) which are not produced Ln‘slg—.
nificant yield in the 252Cf fission process. The change in‘the energy of
the 1owest.é+elevel betWeen 98Zr'and lOOZr is rery extreme and larger thanb
the well noted dlscontlnulty between 150 Sm and lssz. The 1.233 MeV firet.””
'excited 2 level in 982r is supéortedvby recent 96Zr(t,p)982r reaction

| studiesg) and also by our gamma ray spectra for which no line was found

that could be attrlbuted to a lower 2 state.



_1._8'_ o UCRL_i991;_9

- For this A &~ 100 reéipn the theéfefically'prédiCted2f3) tfend of
increasing Bé defo?mation with dispiacement from the Z = SQ Shéll was
indeed found by the experiment,'howevér the ﬁagnitudé-of thé.éiperiﬁental
82. vaiue are mﬁch larger fhan thefpfedicted values., This;poseé questiéns
regarding‘the parémeters of the Nilsson levels in this.region and regarding -
depéndencé of the surface energy coefficient on the neﬁfr§n éXcess; The
very sharp changes in.deformation parameterévin.the‘Zr isbtopéé are also’
not.predicted by thé calculations.

Although experimentai infgrmation conéérning rbtatiﬁnéi bands in

18)

neutron rich Ru nuclei has been reportéd previously by Johdﬁsson'

by Zicha g§,§l3;9)

and
we are unable to reproduce their results. We have not

been able to find ény of the y-rays reported by them in coincidence with

- transitions we ‘have assigned to the ground'stéte bands ofIlOBRu'and llORu;’

4.3 _88—96 ﬁeutron DiScohtinuity.v

The data déscribed hefefinciude Z = 56 and 2 = Sé nuclei having 88 and
90 neutrons, :The.data show that the 88-90 neuﬁron discontinuity'is:smearing‘
out as the protoﬁ-humber decreases below.z = 60. This}isbseen both for thé_:
energies of the 2% level and the Eh+/E2+rfatid. A'biot bf'ﬁhe‘Eh/EQ ratio |
“of nuclei Vith'Sé <§Z-<:7O is preéented'in Fig. 9. Thié_figure clearly
-shows that the maximgm effect of the 88-90 neutron discontinuity occurs in .
the i‘egion‘6_0 < 7 < 66. The nuciei'with N = 92, 7 = 58, and N = 92, 7 = 68
have EL/E2 ratios and B(E2) values which indicéte that they.arebas rota-
tional as'lg§Sm, which.is‘known to have permanent guadrupole deformation,.
even though for>Z = 58 and Z = 68 the 88-90 neutron effect is relativély
rather smooﬁh; A-similar effect hgs been shown to occur in the 76-80 pro-
ton numﬁer region29) Whére a.sharp.discontinuity occurs for 106 SN <112

and a smooth behaviour was observed outside this region. We can sumarize

"then that the transition from a vibrational spectrum to- a rotational one
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9. Systematic behavior of the ratio EL/E2 as a function of proton number .
in the N = 86 - 92 region. Data presented as A are from the current experi-

~mental results and the other:data are from refs. 22 and 23.
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" can bé either-ébrupt or'smo§th depending probably on a délicaté balaﬂce
between proton and neutron palrlng correlatlons. -Calculations by Nilsson
et al 21) 1nd1cate that deformation is expected to occur abruptly between
86 and 88 neutrons for the nuclei discussed»here. These calculations are
similar tthhe ones described in the light fragment regiqan They are based
on the,Niisson model ¢dﬁbined with the Strutinsky normalizégibn.procedure
and reproduce the general tren& of decreésed defofmatibn for nﬁélei with
- 88 neutrons on both sides of Z = 62.

B We are gratéful to the followiﬁg pérsons for their ﬁelb in this' work:
Ellzabeth Quigg wrote the necessary programs for the PDP 9 comnuter Thomas
Strong handled the proce551ng of our data using the CDC 6600 . computer.

2520f sources on our

Robert Latimer and James Harrls electrodep031ted the
fissipﬁ detectors. Very useful discussions with John Raémussen, Chin
Fu Tsang, Ffank'Stephens, and Rand’Watéon are aéknowledgéd.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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