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EXPERIMENTAL |NFORMAT[ON CONCERNING DEFORMAT|ON
OF NEUTRON RICH NUCLE! (N THE AvI00 REG!ON*
) , ,

E. Cheifetz,’ R. C. Jared, S. G. Thompson, and J. B. Wilhelmy

Lawrence Radiation Laboratory
University of California
Berkeley, California 94720
April, 1970
Experimental results are presented on the ground state
bands of.lighT even-even nuclei produced in the primary fission
of 2520f:' The systematics of the energy spacings and life times

are similérvfo those of deformed nuclei in the rare earth and

actinide regions.

lh Tﬁig:fe+féf we réporf experimental évidence for roTaTionaI—fiké
behavior in very heuTron‘kich even-even 4OZr, 42Mo, 44Ru,:‘and 4éPd isotopes.
These results SupporT recent TheQre+fcaI sfudiesvby Ragnarséon and Nflssonl.
and by Arseniev_gi_gi:Z which have‘prédicfed a new region of sTébIe defor-
mation which'fncludes these nuclei. Fission‘fragmeﬁTé from spontaneous
fissioh of ZSZCf pfovided exberimenfal acééss to this region. We have’
obtained systematic informafion on T%e ground state bénds of all the light
even-even fission products having calculated independent yields3 of greater
than approxihétély % per fissipn;

.Frompf K'x-rayé and/or y-rays in coincidence with pairs of fission
fragments weré measured using the deTechr arraﬁgemen+ indicated in Fig. |.
Three separate experiments using. different phofon detectors were performed:
l) recording y-rays with a | cm3 Ge(Li) detector (resolution | keV at 122
keV) in position Y2; 2) recording Y-rays and/or x-rays in coincfdence using

a 6’cm3 Ge(Li) detector in position yl and a 2 cm2 Si(Li) detector in posiffon



-

.Y2} 35 recording Y—ray, Y;ray coincidences with a.35?cm3 Ge(Lf) éoaxial
detector in posffion Y2 and a 6 ¢m3»Ge(Li) detector iﬁ pdsiTion yio In all
the experfmenfé»a nomihally IO5 fiésion per minQTe source of 252Cf was efec-
trodeposited Qn+dffhé surface of frégmeﬁT defecfor-Fi. Thus Doppler shifting
and broadening»pfoblemsAwergveliminaTed for transitions from the fragments
éfopped'in fha?udefeéfdr. 'fhis Teéhnique, which simplified the épecfra
applies fo Half.Life Timészlonger Than fﬁe'sfopping time of The ffégmenfs
(v 1O_|2 Sec).“ Ljfe time determinations in the time region 0.1 - 2.0 nsec
wefe obféfned froh ThevraTio of Thé>non—Doppiér>shifTed gamma ray intensity
observed when:fhe fragment sToppedﬁin the pléfedudefecfor FI relative to the
in¥ensi+y observed when the fragment stopped in the second detector F2,
wh%ch was sepaféfeq frbm:fhévplafed detector by 8 mm.: The various_defecfdr
sysfems‘wéré digiTalIy.gain.sfabiIiZed usiné external génma ray sourcés as
indicated in _Fig."l . | | |

©in alf:The expérimenfs the anang:pU|se héighfs were digitized and
stored evenf.by'évenf in a PDP—Q compufer. The on—lihe computer was‘pro-
gfammed to monifbr The'resolufioh_of the deTecTors‘and'To transfer the
experimental data onTo'magneTic +épe in a compressed format. A TdTaI of
2 x 108 mulfipéfémefér events were recorded and later processed on a CDC
6600 computer. |

The maéses of the fragments were éalculafed from the measured energies

using the Schmitt calibration meThoa and the known neufroﬁ corfecfions.
Gamma-ray spectra associated with fréguenf masses in 2 amu wide mass intervals
were obtained by sor+ing the Three parameter data. Each of these specTra‘wés-'
Then“analyzéd to give quantitative energiés and intensities of individual

transitions. This was accomplished using the on~line photopeak analysis code

developed by Routti and Prussin.5 The widths of the mass distributions
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associaféd with single gamma TEansiTions ranged from 4.0 to 6.5 amu (FWHM)
and the meén'vé[ues of the masseé for>Thésé,dis+ribquohs were deTerhined.
Wi+h sféndard sTa%isTical erroré of less than 0.2 amu for the strong transi-
tions; howevér,the absolute determination of Thermasses_ére uncertain by t |
amu dué to systematic errofs in +heV¢aIibraTion procedure and/or Tﬁe neutron
corrécfions.” Thevx—Féy, gamma-ray .coincidence data were used fo obtain
definite Z assfgnmenfs for the observed.¢kansi+iéns.” The gamma, gamma_coin—
cidéhcevdéfé‘wéré fhén uééd‘fo obféih'fhfqrmafion on addifionaf transitions
assqciafed wiTh singIe isdfopes; | | |
ancé'i%IWas.fO be expécfedlfhaf the radiafibns associaféd wah eVen—‘

eveh isopres>$hbuld come frqm Jow,lang sTéTéé fol lowing a siﬁple systematic
béha?ior} oukfsfudy_bégan»wifﬁ'fhe'fﬁVesngé+fon of these nuclei. From
analysis of Thé ana we. have been able to assign transitions to 12 even-even
isotopes fof‘thch.nd prevfous assfgnménfs have exisTed.. The résufTs of the
invesfigafioniéfe SUﬁmérized in Table I. For eéch‘isofope in the table we
present +w6.lihe5 of informaTion.’ The top. line confains the experihenfal
energies‘of_fﬁebobserQed levels along with the ratio-of the energies of Thé
4*/2% ) +he meésqredﬂﬁalf life of the 2 level, and the yield per fission of
this Transifioh. Also presented are the calculated B(E2;2 + 0) and 82 values
following fhé f§rmalism of Sfelson and Grodzins.6 The second line contains
~corresponding predicfed values. Several criteria wére taken iﬁfo account in
making these assignments. o
I. The intensities of the 2 = 0 grbund state band transitions corrected for

internal conversion follow the calculated indepéndenf fission yields of

the'evenQeveh iso‘ropes.3 Such a correspondence would be expected on- the

basis ofsgonsiderafions involving the removal of the initial 6 - 10 units

of angular momentum associated with each fragment. The decay sequence
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should be“énélogous to the prompt decay of even-even products fn (pafTicIe,
xn) reacffqns in which the ground state band is féd'very sTkoneg. The -
calculafeaiindependenf yields are based on empirfcal informaffon concerning
the hosT pfobable chéfges (Zb) of the mass.chaiﬁs;and the charge distri-
bution abouf fhis value. They are noT'beIieved.To be absolufely accurate
but shou{d'be‘reasonably good esTima%es. | | |
The masses.associafed with the 2 + 0 Tfansifions of the even-even isotopes
as deTermined.from the kfnefic energies of the fragments are within * |
amu of Thefaésigned masses. We weré,also agle To_obfain mass assignments
for Transifibns froh‘odd,RQ nuclei and one Zr isbfbpe which are.beTween
the masses;of the isotopes assfgned as even—evén.
The energiéslof the 2t Ievels-obéy'smoofh sysTeméffcs. fhe'frendé show é
deérease in the 2+ Ieyef énérgies'wifh increasing disbfaceménf from the
closed shélfs z ;-50 N = 50. An exception is the [ncrease in the energy
éf‘The 2+véfa+e‘of Il6Pd relative fo ‘r4Pd which‘méyvbe due to the influ-
ence of the N = 82 sﬁéll. o |
All eveﬁ~e?én isofépes with prompt yields > |.0% are seen. There‘are no
missing'cases." | B |

lIORu was

The multipolarity of the transition assigned as 2" of in
found to be E2Z in sfpdie§ of electron conversion.4' From other previous
studies which measured anisotropies of prompt gamma rays, mulTipoIarfTies
of the 2+ ; O+ transitions in IO§Mo‘and I'ORu were found to be consistent
with E2 transitions.’ |

High spin members of the ground state bands have been extracted from y-y
’tofncidence data. The transitions assigned as 4 - 2 have the highest

intensities in the spectra taken in coincidence with the 2 » 0 transitions.

Khowledge of the 7a and 4+ members of. the band allow the other members to
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" be prediCTéd“wifh gdod accuracy., Théée predicfiéns caﬁ be obtained
empirically8 és wé_have done 6r through analyses using one of the various
two paramefer'ﬁomenf of inéfTia.models. The predicted regulfs are shown
below the expérimenTaI data in Table |. For Transitfons with sufficient
inTensiTy;fé.pérmjf observation this gives addi+ionaT_confidence in the
aséignmenT{;‘The ratio 6f'+he énérgies of fhe'4+/2+rjs én indicafion éf
fhe'ééffnéé$ of fhé nQéleus andifhese'vaIUes show smooth trends between
adjécenf>éven-even nuclei. )

TheuexaCT-Z-assiénnenTs were made for most of -the Transifions from'THe
presénf‘meésﬁremenfs of K X—rays in cdincidehce with gamma rays and by
comparisbn'QfTh éarlfer work of Wafson4-on measureménfs‘of K x-rays in
coincidéhéé’wifh conversion eleéfrons. For évy;fay, x—-ray coincidence

it is necéssary to have a Y—ray cascade wah at least one of fhe members
undergo{ngSinTernal ﬁohversfon in the K elecfrbn shell. This implies

that The'é'+ 0 grohnd éTaTe Yéréy transition will. not be sTrbngly observed
in coinciéénce wffh x¥raYS sincé‘ff requires The:infernal conversion of é
hfghervéﬁergy membefvdf the cascéde; however, Tﬁe 4 ~ 2 transitions can
be‘seen;éihcé their observation depénds on the pfobabil?fy‘fof internal
conversion ‘of the lower energy 2 *;Q transition. We haQe seen the 4 » 2

Transifions,in coincidence with K x-rayé for the isotopes IOOZr, 'OZZr,

IO4Mo, |O6Mo, l08Ru, IIORU. We also saw 2 + 0 transitions for some of

(96)Sr, IOOZr, 102Zr,'IO4Mo, and 'O6Mo) by observing the

the iso+opes (
transitions in coincidence with the K x~rays of Thé comp lementary frag-
ment. The complementary fragment of an even-even product can have odd
neutron numbers (due To.a distribution in the number of neutrons evapor-

ated) and can therefore have a high probability of emitting a K x=ray

following internal conversion of one of its low energy transitions.
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8. ,Fof all of The‘isofopesvin Table l; with the exception of‘llzRu, the
2+0 groundesfafe +ransifions were also observeduin‘a'prevfous exper-
iment which fellowed beTe'decay of The_unseparafed'prompf producTs_.9
These 2 ;'OffransiTions observed following beta decay were seen with
apbroprfafe.ﬁalf lives éndvWi+h intensities which are a subsfanfial

‘ fFac+ion (>50%) of the calculated cumulative mass chain yields.

9. Our meésu#emenfskef.THe Iffe.fimes ére‘believed,io be uncertain by as
mﬁch'as.ZOZ and in principle our'values repreeenT gppef Iimifs since
there is'TheepossibiliTy of hold-ue in the previous TEansT+ionS. However,
comparlson of these results with values predlcTed u5|ng The empirical
relaflonshsp of Marlscoffn ef al 10 shows that the agreemenT is perhaps
beTTer than could be expecTed.

Slngle parflcle (B(E2;2 + 0) values and the theoretical deformaTnon
.values of Arsenlev eT al.2 are presenTed in Table I below The correspondlng
quan+|+|es defxved from The experlmenTal daTa  The +heore+|cal calcuIaT|ons
predlcf this To be a reglon for which the equnllbrlum shape is an axnally
vsymmefrlc obiafe spherond. We have Translafed the reported eb deformaflon to
82 deformafiensv(Bz'g 86/0'95)'

The central question from these studies is whether The'+heerefical
| predictions for.deformafjon can be verified. It is not possible to determine
the exisTence_of sTaTic‘deformaTions from observed-. energy level spacings or
from.neasuremenfs of B(E2;2 + 0). However, studies of such sys+ema+1cs are
indicative of nuclear soffness and therefore it is ef intferest to compare
these properties in this new region with the corresponding values for the rare
earth and actinide regions which-are‘+he two major areas of known permanen+
: deformaTion._;There are several different indicators ef’deformafion and it is

informative to compare each. Fig. 2 is a composife plot containing five
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|nd|caTors:as$ocraTed with deformafign [62, B(EZ)/B(EZ)SP, E4+/E2+, BZ/BZSP’

(79.51/E ) x (158/A)°/>
+ N

represents to'a first apprdximaTibn a mass independenf comparison of the ener-

158

J plotted as a function of mass. The last indicator

“gies of the fffsT 2" states using érbifrarily The'deformed Gd nucleus és a
reference.‘:The nuciéi bresenfed in the pldT include the current region (96 -
116), and'a:représehTaTive sampling of isotopes in the rare earths (150 - [80)
and in the actinides (224 - 244).

In +hss'1¢gh+ fission-product region, of the isotopes studied, '0%zr
appears as fhé‘ﬁbsf favorablé candidéfe for deforméfion. [ts values for 82
(0.604) and for'fhe mass‘indebendenf energy parameter (1.08) are larger +Han
‘ahy 6f:+he éorfespondfhg values found in the rare earth and écTinide nuclei .
P 2SP

for any‘of the rare earths though smaller than some of the actinides. The

Also its values for B(E2)/B(E2) o, (234.) and B,/B,p, (15.2) are larger than

only parameter for which it has a lower value than obtained in the other
regions is ThefE +/E + ratio where the 10z

4 2 , : v _
than the Fimiting value for a perfect rotor (3.33) which is closely approached

Zr value of 3,15 is somewhat smaller

in both the fafevearfh and actinides. Thé other new ‘isotopes for which we
present information have smaller values for these deformation indicators than
'OZZr but even'They have, in several instances, values comparable or larger
than Thosé fypically found in Thé rare earth and actinide region and in all

- cases are lérgér than the values found for‘spherical nuclei near closed shells.

For *hé>fsb+opes with highér masses.fherdecrease in the defofmaTion

indicé*ors is believed to be due to the approach of the Z = 50 closed shell,
'andvfor The71ighfer isotopes the effect of the N = 50 shell should be impor-

tant. The theoretical calculations of Arseniev et al. imply.that the regions

of sfrqnges+ deforma+ion should be in the heavier isotopes of strontium (98 -
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102) and of kfypfon (96 - 102) which éfe not produced injéignificanf yield
in the fission:process. RécenTIy (t,p) reactions leading to 982r have shown
its loweéT 2+§s+afe to be at 1.223 MeV.IT' Unless 982r has a lower lying col-
lective state théh-hés npf been deTecTed,'fhe change in }he energy-of the

lowest 2% sTafesibefWeen %8

| 152

Zr and I'OOZr is larger than the eguivalent change
from 5OSm.+Q._

Sm.

We are grateful to the follbWing persbhsifor Theirvhelp'in this work:
Elizabefh.Quigg whoTeVThe_necessary pro§rams.f6f ThevPDP4§ computer. Thomés
Strong hahdled fhe proééssfnghof our data using the CDC 6600 computer. Robert

Latimer and James Harris electrodeposited the 252

Cfiéoﬁrces on ouf fission

deTecToré.‘ Very useful discussions with John Rasmussen, Chin Fu Tsang,iFrank

STéphens, and Rénd Wafsqh'aré.aCKnbwlédged. N |

* This work‘was,ﬁerformed'under the auspicés.of the U.S. Atomic Energy Com-

mission. :
f on 1edve of:ébséhée from Thé Weizmanhjlnsfifufe of Science, Rehovot, |srael
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FIGURE CAPTIONS |

Fig. | Schematic represéh}ation of detector sysfem.'xDeTecTors FI Cwith
elecTrbdéboSiTedlzszbf) and F2 méésuréa ehefgiés of fragmenfé. Detectors
Y, ahdvyzlhéaSured énergies of YéraYS and/or x—rayé; Exféfnal sources'
‘for'sfabilizaficn of the photon detectors were 2430m (a-y coincidence),

»6000,(y—y'coincidehce) and 24]Am (a-Y ééincidencef.

Fig. 2 A compo$i+e plot éonfaining five iﬁdicafors of defonmafion‘ploffed.as
a fUncTidn of mass. The mass intervals used conTain only the current
experiménfal region (96 -'II6)vand a represenTa%iQe sampling from the two
méjor knan regions of deformation. The rare earth and actinide data were
taken from refs. 5 and 9. The values of 62, BZSP’ B(E2), and B(EZ)SP wefe

extracted from relationships presented in ref. 6; E + and E , are the
: , : 2 4
experimental energies of the first 2" and 4+ levels; the final indicator
(79.51/E ,) x (158/a9°73
2t -

of the first 2" states on a basis which removes the inherent mass-dependence

, gives a relative comparison between the energies

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 ekperimen?al'energies and calcu=-
lated life times (ref 10). The closed circles represent |iterature values

(refs 6 and 10).
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.. Table I. Experimental results and phenomenological predictions for ground state bands.

Energy in keV EM/E2 t,(200) Yield® Mass B(E2; 2+ 0)° - g°
! . " v
2* I 6+ gt nsec - ' %/fis - . exp 5.p.
(96)od . : '
sr” -exp - (20k.1) (556.3) 2,72 <1.7 0.51 . 96.0 >87 >0.24
pred. 1029 1582 0.35 0.6  (96) 2.59
100 c | . a2 A ‘
Zr exp 212.7 564.8 1062.7 2.65, 0.52 1.8 100.53 233 0.364
‘pred ' - 1021 - - 1563 0.29 1.82 100 2.7k -0.29
102, exp 151.9 . 478.5 964.5 (1551) 3.15  0.86 - 1.43.  101.85 658 0.60k
_pred : o 9k9 . 1533 : 0.94 0.8 102 2.81 -0.29
102 : ' o
Mo exp 296.0 . <0.1 0.46 103.04  >2h1 >0.348
‘pred ‘ _ ~ o.82 102 - 2.8
10k a o ,
Mo exp . 192.3 561.0 1081.0 2.92 . 0.45 3.31 104,67 430 0.459
- pred i 1075 1681 0.45 3.12 7 10k 2.88 -0.28
06, . ‘ '
Mo - exp. 171.7 522.5 . (1034.3) 3.04 0.75 3.37 106.04- 433 0.Lsk
pred ) 1008 1604 0.61 2.k9 106 } 2.96 -0.27
108, ' ' '
Ru - .exp - 2L2.3 665.3 2.75 0.22 1.9h 108.99 293 | 0.353
" pred ‘ : 1240 191k 0.17 2.73 108 3.03 -0.26
W0q, exp 240.8 663.9 12L0.0 . (1»91;7.7) 2.76' 0.23 3.249 110.15 289 ' 0.3146‘
pred . ) 1238 191k . 0.18 3.25 110 3.11, =0.25
112 . : ) .
Ru exp 236.8 645.7 2.73 0.20 0.97 ~ -~ 111.85 361 0.382
~pred - _ 1200 1847 ©0.19 0.70 112 3.18 ~0.25
12 :
P4 - exp 348.8 <0.1 0.77 112.90  >108 >0.199
. pred . 0.71 112 - 3.18
y - o
1lhpg exp 332.9 853.6 1503.0 2.56 <0.1 1.48 114.36  >136 >0.221
pred 7 1515 2304 0.052 1.77 11k 3.26
116 ) : )
P4 exp 3%0.6 878.6 2.58 <0.1 0.87 115.25 >121 . >0.207
pred o 1570 © 2384 0.045 0.73 116 3.34
aYield; exp. = no. of 2 + 0 transitions per fission correctéd for internal conversion; pred. - radio-chemi-
cal yie;d of g.s. (see text).
bB(EZ) are in units of e2 cmuxlO-Sl.

The ‘experimental By values are derived from the B(E2) data following Ref. 6. The sign is undetermined,

4 B
The assignments of the levels as 2+ and h* associated with A = 96 are uncertain. The transition assigned
as 4 + 2 has & life time of >l nsec but may be partially held up by a previous delayed transition.

-
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This réport_ 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: o
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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