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ABSTRACT

e

'The measured‘intensities of intra—band'cascadingvtransitions in the

ground state bands of 21 high yleld even-even fission products have been analyzed

by two methods to determine the magnltude of the 1ntr1ns1c angular momentum of
the primary products formed in the spontaneous f1e51on of 5ZCf.-’ Thevflrst
method was to quantitatively compare the intensities of the intrat-band trans-
itions obserﬁed in fission'with those reported in the literature for in-beam
(particle, xn) reactiohs for which the primary angular momentum distribution
was determined'by optical model calculatiohs, The second method was based on
a simple'statistical model analysis of the angular momentum distributionr

throughout the neutron evaporation and the pre-ground state band gaﬁma ray

_transition: phases of the de-excitation process. The - two methods gave reason-

ably similar results with the former method yielding a eOmewhat larger primary
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aﬁgular'momentﬁm fof_the ffagments. The genersal conclusions from the statistical

model_analysis are that;' (l) the average angular momentum of the products is

LT 2 h,. (2) ‘the heavyéfiSSioﬁiproducts_have’% 20% greater angular momentum-

thaﬁ thé;ligh£ p%oducts, (3) the'mpre'symmétric the mass division the lower
the‘initiai aﬁgular momentuﬁ.and, (%) ’there are inyksméll changes in &ngular:
m@mentumRQ&ngh).with changeg'ﬁ1fragment kinétic energy. An important feéture'
of these results is that the fragment'angular mdmentum.does not corrélate with
the numbér-of neutrons evaporated by the fragment, fAdditional measurementé
have been,made‘to>study the gngﬁlar distribution of individual prompt gémma

rays. In‘all-observed cases the 2+ — 0% ground state transitions were forward

peaked with'reSPect to the fission axis, and this is consistent with the assump-

"tion thét the vangular momentum is aligned in a plahe perpéndicular to the

direction ¢f fission. 'The results are discussed’ in terms of a quasi-statistical

model in whi¢h the neck width at scission is approximately constant,
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I, iﬁtroduction

The-aﬁgular mdmeﬁtumvdistfibution«in the primary fission.fragments
has 5eenvof expérimental‘and theofétical interest as it provides information
on the p¥§perties of:the fissioning nucleus from tﬁe’time it gbes through'
the éaddle'point until‘éﬁortly after scission. Thé angular momentum dis-
tribﬁtiéh of the fragmentslin.particular begrs a cloée'felationéhip to |
vibraﬁioﬁsfpf matter: in the neck normsl to the fission difection.} At
SCissibn”£his resﬁlts in angulaf momentum of the ffagments normal to their
axis of sepdrétion;“tﬁus angular ﬁﬁmentum is ipduced even in fragments ffom

spontanéously fissioning nuclei such as ese

Cf which originaily have spin
zeré.. A different picture of the fissioning ﬁucléﬁs ié one:in which the
fragments at scission have their:tips directed alongva liﬁe of centers,

A finitefdisfribution of rotational angular momentum is iﬁtroduced through
the uncertainty principal relat;onship between qngular poSition-and momen -
tum.2. Coulomb excitétionfbetween the Separating fragments can alsé alter
the angular momentué Aistribution present at séission. Since thevcharacter—
istics Qf'the gammea -ray de-excitation of the fraéments are particularly

: sénsitive to the magnitude and bfientatioﬁ of the_éngularvmoﬁentum of the
_fragﬁehts,-Studiésvof gamﬁa-ray emission from fission haye provided most
of the knowledge about thé angular mgmentum in fissidnﬂ Pfevidﬁs estimates
of angular momentum have beern basedvon ﬁhrée kinds of information édncern-

ing the y-ray de-excitation:



(é) Angular dfstribution of'the_gyoes unresolVedzpfompt_Y—rays.
233y 235

Thesevetﬁdies were performed.usingIneutron-induced fission of ’ s
and 239Pu and Spontaneeus fission of ZSZCf By ase.verad.'_-g'roujps.?’-7 In all
the experimeﬁts anisdtroPyrwith'preferentiai emission of 10-15% more -
Y-rays in:the;fission direction relative to the direction ﬁormal to the‘
fragments was foﬁnd. VValskiiB’9 and'ArmbrusterlO have further investigated
this anisotrepy as & function of,mass ratio.and total'kinetic erergy of the
fission events and have found the enisoiropy to beerether independenﬁ of
these Quantitiesiv The intefpretation of these exPe:imente in terms anJ is
based on Strutinskii's derivationltf the angular distribution of the broad
y-rays which to first order is | |
" W (8) =»l+k.L(h2J/gT)zs‘lin26
whereve is the angle of emissipn of ihe Y-réy withirespect< tojthe fregment
directioﬁj.kL =.+l/8,'?3/8 and'-81/6h for I, = 1,2,3 respeetively where L
is the multipolarity of the radiation. & is the moment of inertia and T
is thevnuclear temperature. The.deriva£ion of J depends fhﬁs on aseuming‘
the raaietion fo be predominantly Eé in character‘and it also depende in a
very sensitive way on aesumptioﬁs regard&ng the values of T and § which are
quantities nOtidetermined experimentally.  The prbposed velues of J based
on the same experimental reeults variedrbetween (32)1/2 = 4.4 to 20 depend-

ing on model assumptions.

(v) Studies of y-ray multiplicities and total energy in fission.

It was found that the total ¥-ray energy in the thermal. neutron induced

- . . ¢ .
. fission of 235U was ~7.2 MeVlz and this is larger than that whith would be

expected from the average neutron binding energiesvif ho angular momentum

|
!




were preéént. Thomas and Grover13 have calculated the y-ray energy and
multiplicity usiﬁg apprbpriate spin dependent levei density expréééions.
Theyvfound that the experimental results are consistent with assuning '

T-5.5 |
# .(c). Isomer yield experiments, The ratioscﬁ independent yields
of isomers relative tovindependent ground state yields havg Béen studied
for several suitable fission products such as: 81Se and 83Sé,au)v
l3th}15};3lfe and 133Te.(‘lé) The experimehtal ratios have been interpreted
using the;method of Huizengavénd Vandenbosch.17 This method employs a
statistical treatment of isomer ratios with spin éut—off parameteré that
are fittéd_to'daté'for'which the input angular momentum is known. From
this anélysis the value of J determined in\thermal neutron fission of
235U and other induced fission cases was in the range of abou£ 5.5 to
8h.

The new épproéch ﬁhichlwe present in'ﬁhisipéper fdr the detefmination

- of angular momentum is baséd on the results éf recent experiments in which

the energiés and intensities.of prompt franéitions de-exciting the 2%, W+,
6t and.8+ 1e§els of the grbuﬁd state'bandS'hnmany é&en-even fission products
have been measurgd.lB-zo Two diffefent methods were then employed fo estimate
the initial angular momenta of the fragments. The first method involved
.comparisen of the relative intensities obtained from our experiﬁental data
-with the corresponding relativ¢ intensities from the décay of nuclei pro- '
duced in reactions fof which the inifial angular momentum distributioﬁ could
be calculétéd. The second method igvolved statistical analysis similar to
that used by‘Huizenga and Vaﬁdenbosch17 to interpret the isomer ratio data..
The results”afe quite»similar to thoée from‘anélysié Qf-isomer ratio data.

However, since data from 37 even-even fission isotopes have been obtained



from ourvekperiments,a corrélation Céhbbe obtéined for a wide variety of ‘
specific ?roducts covering‘thé region of fission.frggménfs with high
yields. | i | | |
An-additiénal'experimeﬁf to measure‘thébangulai distributiéns of
gamnms, rajs of.sevefal of the known 2+ — OF trénsitioné showed that théy
are emitted‘preferentiaily in the fragment'direbti¢n. Ihis~prb§ides direct
evidenceﬁthat,the primary éggular momentum @s aligned normal tg the fission
direction. The magnitude of the anisotropy is'conéistént with'the‘magni— /

tude of J obtained by thé statistical ahalysis method,

II. E§pefimental
Iﬁformatidn'about the'iﬁtrinsic éngulaf momentuﬁ_of the primary
. fission products was obtained from twoiseparate e#périﬁénts; In the first
eXperimehﬁ the intenéities of ground state band‘tfanéitions iﬁ.even—eVen
fission products. were measufed. The experiment cbnéisfed‘df fhreé or faur
paréméter_coincidence measﬁrémehts’&hefébthé kinetic energies of the two

252

v fission'products.formed in the spontaneous fission of Cf were measured

simultaneously with: - a) single gemma rays, b) two gamma rays, and

c) gamma rays and K x-rays. . The details of these experiments have been pre-

sented eléewherel8-20

and only a brief description will be given here.
Figure 1 shows a schematic'repfesentation of the experimental configuration
for the four parameter measﬁreménté. A source of»~105fissions/min was elec-

trodeposited on the surface of detector F.. In this procedure fragments

1
-enterihg the detector were stopped in ~lQ-;z sec and,therefore;transitions
"having life times longer than this value were ndt Doppler ghifted and were

sharp when recorded in the phoﬁon detectors.

4
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Thevmasées of the fission fragments were determined from the

. measured kinetic energies. The measurements of the prompt gamma rays

in coincidence with a specific K x-ray were used to assign the transitions

tQ specific elements. Once transitions Qere assigned ﬁo'Specific iseﬁopes
gammaegamra cOincidence megsurements were performed to-esteblish cascade
sequences.in the de-excitation process. Quantitative infbrmation regarding
1nten51ties were determlned using the higher eff1c1ency inherent in a three
parameter experlment in whlch the two fragment kinetic energles were measured
in coincidence with prompt gamme. rays. With this technlque the 1ntenslt1es

of transitioné de -exciting ground state bands of 37 even-even fission product

nuclei have been determined,

Details aﬁeut the identification of the ground state band transitions
in even-even fission fragments were reported.in Ref. 18 for light fragment
and Ref.‘19 fer heavy'fragments. The summarykofvthe intensities of the
ground state band transitions from nuclei produced by the spontaneous fission
of 2520f wae.presented in Table 1 of Ref. 21, The-intensities presented there
have been corrected for infernal conversion and fer any delayed transitiens
in the de-ercitation procees. Systematic errors are perhaps present_in the
case of any transitione with half iives shorter than lO-lz sec, Sinece such
gamma, rays could still be emltted by the moving fragment before it stopped
in the plated detector Thus these gamme rays would appear partlally Doppler
shifted and broadened. Since only sharp unshifted_transitions'were:studied
an underestimate of the total transition inteqeity was fossible.v This
remark applies specifically to the intensities of the 2% —»d+ transitions

. 98 134

zr (1223 keV), Te (1278 keV) and l36Xe (1313 keV).



Thevsééohd_experiment,was an angular distribution study in which
the intensities.of individual f—rays were measured relative to the fission

fragment axis. The experimental configuration is schematically presented

¢

~

in Fig. 2. Asaurce with‘gdiameter,of about 2mm and approximately 10

fissions/min of 25'ZC:t‘ was electrodeposited onto a 0.005. inch thiCK~platiﬁum

foil, Prompt fission gamma rays were recbrded‘in’cdihcidehce with_fiésion
fragmentvkinetic energies. A 1 cm3.Ge(Li) detector having resolution éfﬁ-
1.2 kév at 280 keV waé used fdr‘the gamma ray measurements. The.fissipn
frégmént kinetic énérgies wére,recorded ih‘any of thfée phosphorous.diffused
300 ohm-cm fiésion'fragment detectors which_were-loéated‘apbroximately'B.S
;cm from.the éourée féii. Eéch deteétor had an érea'éf 360 mm?'-The frégment :
deféctors.wefe.used fOr timing purpdses'to inéufe that onlylpfompt fission
gamma rays were fecorded'and also to esféblish the,fiSSioﬁ axis abéut which
the gaﬁma:ray'distributions were obséryéd:. By‘uéihg three fiésion fragment
detectors the inﬁehsitiés of ﬁraﬁsitions were determined aﬁ three différent
angles in one éxperimental run, Since:ﬁhe kinetiq enefgy.of‘anly One.fragment
from each pair was measured (the other fiagment was=élways stopped in the

Pﬁ backing) the gamma rays were sorted only according to whethefvthey were
associated with light or heavy fragments. Two experimental runs, each of
about one week duretion, were perfofmea‘in order to obtain information on
transition intensities at six different av.nglesv (900, 67.5°, fu5°, 22. 50,5 no° |
and 425.50) one of which (F22.59) was chosen td béiredundant for consistency
detefmihatidns. The data were stored iﬁ an on line PDP;Q cqﬁputer. Théb

intensities of gamma transitions were obtained using a computer code for

gamma ray énalysis developed by Routti and Pruséin;zz Three y-ray sPectfa

\
i
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associmted with light fragments stopped 1h'the-Pt backing and obtained at

éngléS»Op;.hSO,‘and 90° to the fragment are show in Fié, 3.

It was not possible to determine experimental angular'dis£ributions
for all trahsitions.observed in the expérimenﬁ. There were two reasons
for this limitation. The firstlﬁas that the very complex gamma4ray_spectra
could not:be'sortéd according to'mass;-ahd thergforg onl& intenéitiés of
strong transitions which were ascertained in the mass sorﬁéd data of the

three and four parameter experiments to be relatively free of interfering

‘radiations could be accurately determined. The second difficulty was

that the gamma rays.emitted invfiight by.the coﬁplamehﬁary fragment were
Doppler shifted‘dué'to the highvffagment velocity. The energy shifﬁ
observed in the'laboratofy frame was dependent on the angle of observéﬁion;
Thereforevmany gamma rays emitted froh fragmenﬁs‘stopped in the Pt back-
ing had interfering radiations shifted into their peak positions at certain
observation angles thus obscuring intensity détefminations. Even.with '
these limifations it waé possible to obtain angular diétribution data

for 12 discrete transitions where interferences were small. Of these

.transitions seven were associated with the ground state bands of even-even

fission products ané all of these showed forward.peaking.v The measured-
intehsitieé of' the fitted»gamma'rays‘ére preéented in Table 1 és é N
function of ahgle relativebto_the fission axis; The uncertaint&'of ﬁhe'
relétiye inpensities was. assﬁméd to be 10%. This value exceeds the‘
statisfical uncertainty of the fits but was deemed neéessary due. to thev
arbitrary requirementévof linear background'impdsed by the fitting routine,

The angular distribution coefficients were extracted by making least
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squares‘fits to the measured gamma ray intensities as a function of angle

with reSpect to the fission axis. The expression used was:
W(0) = A, |1+ ayPy(cose) + ayPy(cosa)| . o
- Since somé'of the fits to the data.do not lead tp a significant.valuevof

8, the'fits_were slso made with éh = 0.

- The a_ and &), coefficients were corrected for the finite solid

2
éhglé subtended by thé detéétdrs. The solid angle correction factor for

&, was 0.917 and for au.¥ 0.744, The correéted values of a2 and a) are

2

shown in Table 1.

The anisbtmopy in the angular distribution of some of the transitions

could poééibly be influenééd by atténuation due to extra-nuclear effécts.
All the 2%t - Ot transitions that were observed have»hélfvlife yaluéflof

0.2 -2 ﬁsec.' (Tﬁéviife tiﬁé was found in previoﬁé experiments from depler
shift conéidérétions). The'étﬁenﬁation'in the angular_diétfibutions.inside
the Pt host is dependéﬁt on the electfonic strﬁctﬁré‘gnd is; for_any-ele-
ment, lafgest,for transitions with longer half life &alﬁes.aé.can bevseén
106, .

for the cases of the two isotopes lol‘blvl.o,arid Mo. The results of aniso-

tropies can thus be looked upon as lower limits of the real values with

110

values of shofter lived 2t — Ot transitions such as- Ru being close

2
to the actual values. Angular diStribution results are shdwn7in_Fig; L

a
for soﬁé transitions. :The fesults cieafiy show that there ié-alighment

of the anéular‘momentum in thevfiésion process, The two transitioﬁS’shown
associated with the efgﬁ-even isotopes are the 2% - ot ground{state'trans-
itions and therefore afé lowest mémbeis bf a cgscade'of stretchedAEz o
ﬁfansitibns.' The.dbsérved1in£ensities'for‘these_strefched Ez transitions
aré forward peaked igpl&ing-that thé angular momentum is |

~




initially aligned in a planerperpendicular to:the fissionvaxis. The 95 keV
transitionjassociated with the odd A isotope 105Mo‘is seen to have an
anisotropy peaked at éOo. This is coneistent'with ﬁB,being a.stretched
predominetely Ml transition that.is possibly a member of a:casoading

band,

III. Analysis

'A schematic representation of the de-excitation process.of the
primary fission fragments is shown in Fig. 5. The fragments after scission
can be visualized as tumbling about the axis‘of separationIWith thedir
angulﬁr momentum aligned in a plane perpendicular to this axis. In
addition to the high kinetic energy of the'initiai fregments they also
possess‘snbstantial internal excitation energy whichv is dissipated
through evaporation of neutrons and emission of gamma, rays; Since only
the last stages of thevderexcitation procees ere obéerved in these experi-
ments tne quantitative determination of tne angular momentum after
scission reqnires consideration of the changee in angular momentnm induced
in the evaporation and statistical gamma emission processes. As mentioned :
previonsly this analysis was performed utilizing two methods,

A. Reaction Comparison

The first method of anaiysis which waS'used‘to internret.thei
experimental data simply eonsisted of a comparison of the intensitiee
of the prompt-fission gemma rays with those observed in in-beam gammefray-
studies of (charged particle, xn) reactions. In recent years in-beam
gamma, -ray spectroscopy has become a fruitful area of research and

appreciable amounts of nuclear structure information are being currently
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obtainéd.‘ The significant featurés of these reactiQné are: (l) A sub-
sfahtial amount of angular momentum is introducéd in the compqﬁnd nucleus -
through the reactibn pollision; (2) the angular momentum'is éligned in

a planevperpéndicular to the beam axis; (3) the majority of the excita- .
tionuenetgy.is‘reﬁoved by neutron evaporation;‘ (4) the anéulaf moméntﬁm
is diséipated ﬁhrough cgscading band tranéition as thé résidual nuéléus
de-excités:toward ifé'groﬁnd state.'»This situationris therefog@l quite
analogoﬁs to the deféxéitation of the prompt fission'products. ‘By ch;
paring the intensiﬁieé of transitions de-exéiting' thé ground.state bands
. of evén4even fiséion products with those‘observedvin reactions of the type
A(charge particle, xn)B for which the initial ahgular momentuﬁICOuld be
Calculétéd and B is éven-evén, it is possible to obtain information‘on
thé priméry angular moméntumvof the fission products.

This method of estimating: the.angular moﬁentﬁm of the fragmenté
is dirééf and requires no modei aSSumptioné‘regardihg the.de;excitatioh
process; The only aésumptidn implicit in_this_meth§d~is ﬁhat the induced
distributién of angular mdmeﬁtum in the reéctions is not radically differ-
ent from fhe fission product primary angular momentum distribution. . The
former distributions tend to be of the form (2L+l)TL, with TL thevoptical
model‘transmission coefficient, usually ;esembliﬁg'a Fermi function of
unity for low L values and zero for high L values; The latter distribution

. . , . v ’ :
has been suggested by Nix and Swiateckil to have the shape of (2I+1) exp
_(-LZ/BZ)'ih which B is a parameter related'to.tﬁe nuclear stiffnesses about
normal modes. . Despite the differences in distribution functions we assume
thatvaverége L values in fiésion can be deduced by ﬁhese comparisons to

an accufacy consistent with other uncertainties from the statistical

de-excitation paths.
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Figure 6 presents the experimehtal data.oh the observed intenéities
of transitions de-exéiting gfound state bands in even-even npclei. All tran-
sifion intensities are'normélized so that the 2+'—;0+ traﬁsition intenSitieS.
in each nucleus ere assignea the value of one. The linesrjoin the reported
_experimentél.intensities_of transitions associated-with,specific reactions,
The lines are labeled with thé average angulai momentum'induCed in the com-
,pound nucleus. Theée-valués have been calcuiated usiﬁg optical model codes.23
~ The reactions and'bombarding energies used for Fig; 6 are presented'in‘Table
2. The mdét.important feature of the reaction data présented in Fig. 6vis
tﬁat there épbears‘to be a good positive correlation between the intensities
of transitions observed in the ground state bands with the average angular
momgntum présent in the compound nucleus. It should be pointed out thaﬁ this
correlation persists”even though'a wide range of‘préjectiles and bombarding

1k

energies were used [(p,2n) at 12 MeV to (= N,5n) at 93 MeV]. Furthermore

there were a variety of residual nuclei produced ranging from isotopes consid-

ered nominally spherical (llBTe

) to deformed isotopes in tﬁe center of the
rare earth region. This corrélation is not perfect. Itvis seen that thetline
labeled 2 = 11.0 crosses two other lines which iﬁplies that some transitioné

in the gfouﬁdvstate band appear to have an inteﬁsity-which is slighﬁly too
large. Aléo the line labeled 7 .= 22 :is-seen~to have a local maximum inten-j
sity at 4 = 8 which is inconsistent with thé agéumétioné-that énce:fhévnﬁéléﬁs'
is in the gfound étate band it c;n only cascade'througﬁ the lower spin members;

The implication of the local maximum is that part of the population of

the 8% level does not cascade to the 6% member of the ground
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state band. ..It should be emphasized that these apparentvapomalies_could:
well be attributed to experimental uncertainties. . No attempt was made to
adjust- or make value judgments on,theAreported literéture,results,_ Also

shown in Fig. 6 are relative intensities of the complamentary fission

104 1Lk

product nuclei. Mo and Ba. These data points_are seen to be between

the lines labeled 7 =8.08nd Z =9.6. A linear interpolation of the
| 14k o

experimental intensities for Ba gives an / value of 9.2.

B. Statistical Model Analysis

N

The . second methodvconsisted of a simple statistical model'ahal&sis.
whichfﬁas based on methods deﬁelopéd by Huizernga and Vandenboschl7 to explaiﬁ
visomefic;yield ratios in‘neuﬁron capture and chargéd particle,reactiéns.
This-modei assumeg\that the distribution of levels with specific spin
is giveﬁ by: |

P(J) o ( 2Jb+l) exp [T + i/z)z/zozu : : . (2)

Where-P(J) is the proﬁability distribution of levels.with spin J and o is
a parameter which limits the>population of high spin>levels énd is in prin-
ciple.related to the momént of inertis and the ﬁemperature of'fhe excited.
nucleus, The de-6xcitation'from a specific spin level b& a transitioh is
. . vl
assumed to populate residual spin levels,with'a'pfobabilityldepéndént on
the availabiiity of the spécific levels as given'in equation 2.‘ Avfurthér
vaésuﬁptibn ié that fgllowing neutroh cabture_of after comple£i§n of the
neutron evaporatioh tﬁe fesidual nucleus émits three El gaﬁma rayé Befdre
reaching the isomeric level or ground state, With these assumptioﬁs a
large variety of isomeric yield data were émpirically correlated using
for c-a‘value of thfée or four. Once the value of o'ﬁas expeiimentélly

established for cases _ih which the initial athlar momentum was either
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known om could be calculated this teohnique was apﬁiied, using ﬁhe prede -
termined:ﬁalue of o, to.extfact information on fhe magnitude of the angular
momentum in fission. This method was applied to fission producté by Warhenek
| and'Vandenbosch15 to interpret the'primary'angulaf momehtum of fission- |

products. They experimentally determined the prompt independent yields
134

of the isomeric level and.ground state in Cs for the reactions:

233 "0, B0y 40 t) and BThp(ay 1),

233
U(al#Z’f) ’ 277

U(Yi6’f) ’

They assumed the probability distribution of‘initial angular momentum

states of the fragments could be represented by:
P(J) @ (27 + 1) exp [-3(3+1) /B%] : (3)

Where P(J) is the probability distribution for each spin value J and B
is approx1mate1y equal to the rms value of (J + 1/2), This tunctlonal
form whichowas‘originally chosen from statistical considerations has,
howévér;'also veen predicted on.theoretical grounds by Nix and Swiateckil
and by Rasmussen et él; 2 | | |

This statistical analysis was. also appliéd to fission fragmént angu-
lar momentum determinatious by Sarantities, Gordon.and Coryell.l They
.experiméntally determined the independent yields of the isomeric levels

133

Te for the following induced fission

232 238U(a

and ground states in 3lTe and
235y (x

. 8
reaction: Th(a ,2), 23mn(a g, 1), £), 2u(ag,1).

th’ ) 337 33}

Using the same functlonal form for the primary angular momentum as Warhanek

f)l3lTe

and Vandenbosch, they extracted a value of B = 6 + 1.5 for the 235Th(nth’

reaction., This value corresponds to an average primary angular momentum
of 5.0 £ 1.5 % for fission events leading to the formation of the Te iso-

" topes. They found, similar to the results of Warhanek and Vandenbosch,
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that there was an apparent slight increase in the fragment angular momerntum
with 1ncrea51ng excitation energy and angular momentum of the compound

232

'nucleus, For the reaction Th(c f) 31Te they found the average angular

‘ 337
momentum of the primary fragment to haVevincreased to ~7 from the value
oflS 1.5 for the reactlon '35U(nth’ ).

We have also applled this etatlstleal analysis to-interpret
:theﬁprimary fragment'angular momentumwusiné inetead” of‘tne/nopulation
of isomeric.levels,the;exﬁerimentallybdetermined lntensities of transiﬁione
defexciting the grouna'atate bands'in even-even fiasion product nuclei,

By ualng the prompt gammarray data we have four nrincipal advantagea

when compared with the previous mefhods: /

(1) it_isrnot necessary to have a fission producf which hae a convenient
‘isomer, (2) it is possible to obtain lnformation on the highest yield
prOmpt products, (3) for each product we have population information.for

up to four spln levels (the 2t, h* 6%, 8+ from the - gamma, ray intensities)

1nstead of Just two p01ntsas‘n1thelsomer studles, (h) it is in pr1n01ple

possible by using the presented technlque to correlate the angular momentum

with other fission variables such as klnet;c energy. We have evaluated

" the intensities of the members of the ground-state bands of even-even fis-

jsion products and using equation 3 have’extracted the value of B, the onlyv

free paramefer in the model. Exp11c1tly, the calculatlonal procedure
consisﬁed of': (l) determinlng the average number of neutrons emitted
from eaeh residual nucleus by correcting the average neutron emlssiOn re-.
sults.of Bowman et El;29 uaing'eurrenf resultS‘on.poat neutron enission

" mass determinations for the even-even fission products; (2) evaluating
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the angulaf momentum- removed by eachxneutron by detefmining the partial

wave amplitudes using transmission coefficients derived from a simple

‘square wellipotentidl;3o (3) for neutron evaporation a value of o = k4

was usedlin equation 2 to determiné the availability.of specific levelé;
(4) as a function of the parameter B(equation 3),ﬁcoupling the proEaEility
bf emission of various partial wave neutrons in proportion to the availa-
bility of-ﬁhé allowed épih levels (Fig. T preéents a sche@afic exanmple
for the spih disﬁribﬁtion in the residual nucléi for.vafious stebs in
the neutroﬁ evapora%ion); (5) after neutron emission it is assumed that
there are.three dipole trénsitions stétisticaily emitted before reééhing
the grbund‘staﬁe band, (the results are not chaﬁged éignificaptly,if E2
transitioﬁsvaferassumedjg .(6) the change in angular mpmentum from thé
emiSsion of each of thesevgamma rays is determined by coupling the £ =1
ﬁﬁltipolafitylfbf each transition in pfopbrtion to'the availability of
allowed spin levels as given by équaﬁionwz using a value of o = 3; (7
after the statistical emission of gamma rays it is assumed the grbund
state band;is fed diréétly and the intensities'éf the cascading intra-band
transition afe evaluated,

| :An'example of the résults'of this analysis;a:e shown in Fig. 8

for the residual isotope ltha as a function of the parameter B. The

'eXperiméntal data are within a band defined by B =6 and B = 8, and a

simple lihear interpolation gives a value of B = 7.2‘ for this isotope.
Using this analysis procedure similar information.wés extracted for 21

isotopes. The results of the analysis are presented in Table 3,
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A further appllcatlon of the statlstical model is a predlctlon
of the. degree of nuclear spln allgnment at each stage of the de-exc1tatlon
'prOcess- As p01nted out by HoffmanlF and Nix and Sw1ateck1l the angular
'momentum of the prlmary fragments would be- expected to be. 1n1t1ally allgned
in a- plane perpendlcular to the f15$1on axis., ThlS initial allgnment will
be partially destroyed through the neutron evaporatlon and- gamma ray tran-
sitions steps. If we make the assumption that the reduced_nuclear
transition matrix elements between variousnstates‘are censtant, the
Quantitative determination of the disalignment reduces to a geometry prob-
lem which' can be evaluated,by summing over Clebeeh-Gordon eoefficients
weighted bypthe probability distribution of the eﬁailable states. 'This

distribution can be represented as: :
7 JI £=L

Jy = max , / max
P(3'MY) =§ ’ - z PLLM) - Z T(£)
Bl TEE A £=0
B ; Y’ ‘} |
2 exp[-é(i'+l/2.)%62] ' .
It 2. 3
J'= \Jl-g\ ;I v exp[ ~(J"+1/2)"/20"] l
_J.;_,]_.JI-z] - | _
‘3

D gy, | R )

M'=-£
o ‘
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Ji=g" J! IR

) : max » . | . o

2oty = ) Sooeawy oS epllient/o) Jro ]
- U‘gJimin L oM=gt ’ sz‘Ji-l/ZJ exp[f(Jf+l/2Y7202]

Je=|3'-1/2]
‘1z |
 f§S; - n, l/Z,Ms|Jf,Mf)2 (5)
M =—l/2 .
S

where the P(J,M)“terms are the relative population of the specific states
(J,M) at the initiéi,wintefmediate.and final values for the transitions;
T(£4)'s afé”the transmissioh coefficients_for the neutron evapQration;3O
aﬁd o is the spin cut off parameter which was assuﬁed equal to 4 for
neutron_evaporation and equal to 3 for gamma, eﬁission._ After scission ‘the
iniLigl spin distribution is given by Eq. 3 with the aséumption that all
M'# O’States are zero. The above expressions were summed for each eiaporf
ated neutron}v For the.statistica1 gamma emission Equation k4 was uséd
with the éum‘over £ and fhe T(4) terms eliminated éiﬁce only dipole radia-
tions were.considered,

o With the angular distribution expreésion

iw(e).= 1+ asz(cose)+ ahPu(éo§9) |

it is possible to calculate the gngular.correlation coeffipients azvand

ah for cascading quadrupole transitions within the ground state band if

the relative populétion of the M substates are known. Rasmussen and Sugi-'

31

hara”" give the general formula for the angular correlation coefficients:

- (5 Z | o |
%3 =gy Y WMRMLEGDIYH. ()
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wheré’kbisvthe ordér.of the cbeffiéient; P is the Legendre polynomials,
| W(M) is the normalized distribution of hagnetic substates Qith spin J, and
az (J) is the angular correlation coefficie@t for stretched quadrupole
_tranéiﬁions.from levels of spinAJ whiéh'afe perfectly aligned.31

'  I£ éhould bé emphésized thatAﬁhesevalignment caléulations involvé
no additional assumptions‘ aﬂd iﬁcludé no new free parameters.‘ Théy there-
fore cén be regarded és a fufther’teét-for any statisticel model analysis.
The experimental angular distribution of the 2t - 07 transitibﬁs pro§ides
’direct-eVidence that_thé fragﬁents'_primﬁry angular momenta are aligned
‘ predoﬁinantly hprmal to the akis‘of separation of thé fission fragments.
‘Defining the a#is of-qﬁantization along the‘fission.direction the éopu-
iﬁtioh_df the various m - magnétic substates of the 2% state can bé‘calcu-
, lated-e?actly fromvfhé observed ahgular distribution of the 2+I-;O+
.iransition which hés the form W(e)'= 1+a2P2(cos9) + a#P;(cdse).

Following de Groot et g;?z

the.populatibn of the various m compon-
ents o cean be represented as:

o, =0.20 + 0.40 a, - 0.30 a;

‘O
ail = 0.29 + OTZOYaZVf 0.20 au;
a,, = 0.20 - 0.40 a, - 0.05 aka

‘The populations of the various m substates of the 2t level of luuBavare
shcwn in Fig. 9, clearly demonstrating that the angular momentum of that

state is preferentially aligned normal to the fission -axis. The de-excita-

p

tion sequence preceding the 2t 0t transition and the extra nuclear effects

could onlyldisperée'the original nuclear alignment, g0 that independeﬁt

of any model one assumes for the de-excitation process, the'original
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angular momentum was alighed éfefereﬁtially perpendicular to fhe‘fission‘
axis., A caléulation of the populatioﬁ of the various m suﬁstates of the
2+ level Qas dﬁtaiﬁed from analysis of the statistical de-excitation
process‘using Egs. 4 aﬁd 5 ana.assuming.comﬁlete aiignment Béfofe.the
de-excitation'process.v The results for an iniﬁiai value of B = 6 are
showﬁ ianig. 9 and are in good agreement with fhe'experimentél.results.
Therefore the observed magnitude of the alignment.of the 2t lével'is con-
sistent with an initial angular momentum comparable-to that obtained from
analysis.of the.gamma fay iniensity measurémenté.ﬂ |
.Thevtwo generdl methods used tq'determinévthe magnitude of the
angularvMOmentum yieldedxsoméwhat different results. Thé statistical

model analysis fof lu#Ba gave .a value of B = 7.2 (a rms value of £ = 6.7)

‘where the reaction comparison results implied an average:angular momentum

for this nucleus of 4 = 9;2.v The discrepancies.between the methods can
e attributed;‘on'one:hand, to inédeéuacies in the assumptions 6f.thév
statistical model ahalysis‘used and, on the other hand; in the case of
the reaction comparisohs, possibly to the "resolution" available for
interpoléting such a wide variety qf experiméntél data and aléo’to dif-
ferences in the actual population'distribution of the angular mdmentum.
in fission and (cha;ged particle, xn) reactions. Therefore the.absélute
uncertéinty of the determinéfion of the magnitude ofythe»angular momenﬁum

is implied by these discrepancies. However, the variation of the angular

momentum as a function of producté_is essentially independent of the

" method of analysis as long as theﬁuﬁgmiﬁon is wvalid that the intenSities’

of the transitions in the-gfound-sfate'band reflect the primary angular

momentum distribution.

-
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| IV. Kinetic Energy Effects

1Th¢.expériménfal results have also-been uéed to study‘the effects
of.fragméﬁt kinetic‘energy on the priﬁary angular.momenﬁum pf the fission
products, For the'formatidn of the samé primary fiSSioﬁ fragments the
total energy releasé, Q; of the fission process is fixed and can be
consideréd: as the sum df the kineticienergy of the prodﬁcts, EK’ and
their internal excitation energies, E_.: |

2 E B o

Tberefére it is seen that for a fixed Q the g&enﬁs_vith.high_relati?e'
kinetié éﬁergy;are thoselhayihg low ihternai eiciﬁéfion'enéfgy. Qné édn-
sequence of thié is that éince the internal énefgy-ié primarily dissipétéd
thrdugﬁ the evaporation of neutrons, fraéménts‘with highef kinétic eﬁergy
will have lqw internal energy énd thgreforebeVaporate fewe:”neutrons. An
e?ample is shdwn in'Fig. lO'Whiéh preSEnﬁs a'portion-of a gamma ray spec-
trum for .three tqtal'kihetib.energy release intervals. The indicated

peaks are_the 2+t - Ot grouhd state transitions of three adjacent even-even

Ru isotopes; 108, 110 and 112. If the three spectra were summed the photo

‘peak height would be representative of the fission yields of these isotopes.

Since the total Q value for th: formation of adjacent isotopes is reason-
- ably ¢onétant the relative yields of these trénsitibﬁs in the three spectra
reflect“the neutron,evapofétion probabiliﬁies as a functionvof_kinétic |
energy. It is seen that the heaviest Ru isotope has its ﬁighesﬁ yield in
the hiéh'kinetic energy interfalrwhilé the trénsition from the lightést

Ru isotope, which appears as a shoulder relative to.llORu'in the high

1
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kinetic'energy interﬁal, is the dominant péak in_thé.low kinetic energy

interval; FWe interpret these.yields aslsupporting,the contention that the
heaviest Ru isotope has had the lowest intermal excitation energy and

has évaporafed the féwest neutrons‘and coﬁve#seiy the lightest Ru isotofe

is aSSoéiateé with the lower kinetic énergy and has had thebhighest internal -
energy and has evaporatéd ﬁhe most ﬁéutroﬁs;

There is theiefofe abstrong correiation in'fission product‘yield
with'total kinetic energy releasebin fission; We have also stﬁdied fhe correla-
tion befween fragment angular.ﬁomentum.and kinefié'energy release, Thé
relati?e'iﬁtensitieg of the ground state band trénéitions as a funcﬁion_
of thrge kihetic energy intervals (low 150 - 180'MeV, medium 180 - i90 MeV,
highvl90 - 225 MeV) are presented in Table b The data were obtained Ey
sorting the Y-ray épéctra accordihg to both mass épd kinetic energy. 'For
each line a rélative'intehsity was obtaiﬁed in thoSe’mass inﬁerals.where
sigﬁificaht.data were avéilabié. The expe:imeﬁﬁally determinedvrelaﬁive
intensities of Y+ 2t and 6+ - 4 transitions in each Ey interval were

divided_by the 2t 5ot relativé intensity in that interval. The results

are finally presented by normalizing the ratio of Ep -$I-2/E24 ¥f64 (I=4,6)

‘to unity for the medium interval of Ex (180 - 190 MeV). 1In this way the

results are independént'of déteétor efficiency. For several isotopes
:esults_were obtained in two independeht experiments ﬁtiliziﬁg tﬁo different
geometriésfandkaifferent Ge(Li)detectots (the experimentél data labeled

HR were obtéined wiﬁh a l cc detebtof and those labeled ax wereb bbtained

\ ) )
with a 6 cc detector). The mean deviation between results of the two
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experiments for a given isetope is 0.10 ﬁhich is an-indicatien of the
uncertainty of the experiment. 6n the whole there isvperhaps 8a tendency
of slightly higher ratio for the light fragments. A higher ratio implies
relatively higher feeding ef high angular mementum etates and consequentiy
nigheriangalar momentnm. | _

A 15% change in the ratio Ikr;y2+/I2;_0;corre5ponds, according to
the statistical model calculation;;to.a changeiof ~ 2 units in the initial
angular momentum. In such a case a larger Change ehquld be observed in
the I6+ ;;h+/I2+ ot ratio. As this is not'bbéerved in the experiment
the conclusion is that-the'value of J'is on the average (within‘il‘unitS)
independent of the fragment total kinetic energy. This reeult eheuld be
compared with the clear'dependence»of yields of’the.isotopes.on tne.total
kinetic energy, e.g. 112Ru shows a change in relative yield of factor ~ 50

-between the high and the low kinetic energy intervals.

V. Discussion

The variationsvn1the primary’angular nomenta‘are presented in Fig.
11 using values derived from the statisticai model'analysis (Eq. 3). The
data are plotted as a fnnction of Z and each experimental point represents
the average of the parameter B as determined from the various measured
isotopes of that element (Table III). The grabh'is presentedAsnen that
complementary'elements lie on the same abscissa, The-most obvious features
presented in Flg ll are: (l) the variation in angular momentum between
products is not large; (2) the heavy fragments have a somewhat greater
angular momentum than the light flss;on'products; (3) " the angular-

momentum appears to decrease slightly for both the light and heavy fission

fragment groupe as. symmetric division is approached;

-
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._An.importantjfeature to note i§ thaf the angulaf momentun doéé
noﬁ correlaﬁe with the’iﬁternal excitation engrgy of the producté. The
| mﬁltiplicity bf neutfdn eyéporafién by fission products ié usually in£er-
preted as a ﬁeasuré of the amount of internal egcitatiohAvor' deform-
~ation ehergybthej~pbssess. Figure 12 presents a plot ‘of the neutron mul-

tiplicityzg

and of the angular moméntum distributions as & function of
atomic humber;_ Whefeés'the neutrons show the well known "saw-tooth" behavior
vwith thé highest multipliCiﬁy o&nu&ing at FZQhB, the angular momentum
distfibutidn is not in phase with ﬁhisvbehavior. In fact, the fragménts
evapofating the largest nuﬁber of neﬁfrons have essenﬁially the lowest
primary angular mdmentum. | |

.‘We.have noted in previéus publications ﬁhét the lightest ﬁissidn._
producﬁé (Mb éhd Zr)_aé.ﬁell as thé heaviéstvfissiOﬁ products (Cé, Nd, Sm)
are apparently permanentiyvdeforﬁed in their gfound'staﬁes,lg-zo With
this knowiedge it is possibleifo seek alcorrélation_éf the angular moméntﬁm o
with the amount of.groﬁnd stéte deformation. Wé wish to see if the magndtude
of the iﬁtrinsic quadrupole moment in & residﬁal nucleﬁsvcorrelates with
the average angﬁlar momentum of the fragmenf. The quadrupole moments of
" the primary fission prbducts were calculated from the'vdriable moment of

33

inertia model of Mériscotti’gg al. using the known experimental energies
of* the members of the ground'state'bands.: Thé results of thése calculations
are presented in Table V., The implicit assumption is that the quadrupole

moment of the primary fragment is the same as-if the average angular

momentum was present in the ground state band,
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Eigure_l3 preSehts a plot of the data presented in Table V. The
line is a‘non-Weighﬁéd-léést squares'fit to the seven mo;é acéuraté;y.known
_ expérimental points.> It‘isvseen that thére is aﬁfeéspnably'good cdrreiation
wifh none of the better knowﬁ innﬁs héving a deviétion ofvéver 10% fromv..
the fiftéd'line. The two reﬁaihing points have a larger;deviation from
the line‘ (Z. = h8_is'3i%, 7 = 62 i's_ls%)v .but. sinée these pbini_:s are known
with iess éccuracy ﬁheée de&iatiéns méy not be significant. Thié cof}elé—
tion emphasizes the discrépéncy between tﬁe liquid dfép "deformétion_energy"
(which is largest for Z ; 46 and h8)vaﬁd the magnitude of'the éngulér mémen-
tuﬁ;. : . » o .

 To éummgriie; ﬁheAgeheral éxpefimenfal gonclusidns afe'that_there

are:appérently'Oniy»moderaté deviations in the ffégmenf(angplar @oméntuﬁ,
This is seen.in our current studies in which the product angular momentum

aé a fgn¢tion of elemeﬁt varied by lessfthan'a factor of two and that the
deviation in angulaf‘mdméntum as a function of kinetic ehergy Waé only
' ~1-2 K.  From the préViéus studiéé of Saréntitiés, Gordon, aﬁd Coryelll6
there*lis glso only ~1-2 1 deviation in the,product'angular‘momentum for
cases in which the fissioning compopnd nucleus is pfoduced‘with varying
excitaﬁion energy and angular momentum, The majofity of the angﬁiar momen -
tum. of the compound nucleué'goeé int§ ofbital.angular_momentum'of the
‘-separéﬁing ppo@ucts inétead of intrinsic fragment angular mbmentum. It
' 252

Cf which

should be pointed out that even for the Spontaneous fission of.
haé an - angular mbmentum of zero the pfoductsbdo hotvhéve to have identical
and cancelliné angular momentum. Whatever deviations that do exist between
the tio primary products can be made up by orbitél angulér momentum of the

system.
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In the discussion to follow we érgue that fhese results are consis-
tent.with the Quasi statistical equilibrium éﬁ sciséion modelz in which
_(l) there 1is an approximate cpﬁéfancy in ﬁeck width at the scission point
(here defined as the point at which the nucléarimatter density on>the axis
of the t’_ﬁi_rinest portion of the neck has fallen to half the central nuclear
density) and (2) there is only a relatively minor role for post-scissionv
Coulomb excitation. |
We had expected that the averége éngular momentum'might show a
positive correlation with V, the average number bf néutronS'emitted, but
such a correlation is.clearly absent. Either of two models (A and B)
wouid lead to such a correlation. The quantity V is generally assumedvto
‘be'a measure of the shape disﬁortion‘energy at séission, hence . the
higher V the more distorted is the fragment.,
Model A would assﬁme near scission, some sort ofvequilibration of
energy among collecfive degrees of freedom (though not among éll degrees
of fréedom), It would.fufther assume'thaf thevrotational moment of inertia
increased with distortion. Various rétationél angular momentum states |
would fhen be popuiated accofding to a Boltzmanp factor of some appropriate
"temperatufe" for the collective modes. Clearly, the more disforted the
fragment, ﬁhe more rotationai'angular momentum. it would receive on the
‘average.
. ] hz

jag]? = (21 + 1) exp [ = 1T+ /el 1)

Model B woﬁld focus attention on the zero;point motion in tﬁe o
bending énd wriggling modes at scission. Treatﬁeht ofvrelatea.cases has .
been made by Nix.and Swiéteckil and by Rasmussen, Mang, and Nﬁrenbefg.z
The former authors treated symmetric division of nuclei in the region of

astatine, where saddle and scission points are sufficiently close that
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stéfisticalqéQuilibfiumlét sciésion ié justified. The lattef authors
treéted the case .of asymmetric division of heaVy elements'in tﬁe'idealized
situation of one fragment (in the l328n‘fégion)-reﬁaining sphériCal; These
models are:appealing becaﬁse_of the very few adjustablévparameters. The
harmonic potential essentiallyvdépends only~on curvature 'of the toﬁching
fips, fragment Charges,'and the center to center distance pf the fragments.
Reasongble'éstimates of fragmeﬁt moments of inertia.can be made, The greater -
tip cufvatﬁre and inéreasing ﬁoment of inertia‘thatvéo With increaéing dis-
“tortion caﬁée a decreéée of fhe Gaussian zero-point amplitude:b in—the»bending
" mode, The:f:agment angﬁlar mémentum distribution‘jhst after scission may be
taken frbm expansioﬁ of the wave fuﬁcfion in symmetric—top rofof functions;
ﬁence; the narrower thélzero-poinf gngular wave packet-the iaréer fhe:average

~angular momentum,
' o 1/2 -
_ L . 21+l) e A
ap = Lf e 2b2 <-§—f PI(cos B) sinB 4 B

X Const. X (2I+1) exp [—(I+l/252/b2] ‘ h o (8)

Nix_énd~$wiatecki arrived at’aﬁgﬁlar momentum distributions in a
forﬁally aifferent way, but one‘that is equivalent. They used the zero-point
coordinate and momenfum distributioné as a starting ﬁbint fof ihtegrétion
of the ciassical equations of.motioﬁ - of the - séparating fragments;.
Their éaicuiations'on symmetric fiséion of excited‘zl3At using the‘touching
spheroids-at'séission predicted a most probabie value fof I of 15. got if
the spheroids had infinite visqoéity‘and weré."froﬁen" iﬁtp.their'deformedt
shapes . They'predicted a most probable value for I of 8.5 % if fhe

electrostatic interaction between fragments were zero, The difference
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~of tgese ﬁwQ calgulaﬁioﬁé répresents in their mode the maximum effect pos}
sible for.post-scission doulomb excitatioh.

| From the general maghitude of our obserﬁéd'l values in ZSZCf‘com-‘
pared.with fhe two cases of Nix and Swiatecki we wouldbinfer a minor fole
for Coulomb excitation.'vSecdndiy,;if:fragménﬁs were very viséous and Coulomb

excitation became importaht, the I, values should then correlate with

e,

V, and we have seen they do not.

- We may rescue médel B only by aséumihé that the zero-point Vibfq-
tion amplitudés that go over into rotation afe_practically’constant for
all degreeé‘of mass asymmetry in division. Perhaps the zefo-point uncer- -
téintyvof fragment tips with respect to the center-to—center_axis is.a
distancé about equal to the diffuseness of the nuclear surface. Certainly
it cannot be less, | |

From Eq. 8 we can calculate the average spin

7T I=0 . | o

Tet us.make some estimates, The r.m.s.xaveragé i is about tﬁe reciprocal

6f b. vAﬁ scission a‘first estimate of b is the angle subtended by the nuclear
surface”diffuseness 1eﬂgth at the distqnce of the neqk from the cenﬁérlﬁf

mass of the fragment, For sﬁrface diffusehess length we take the parameter

a, in the Fermi density function

Pp(r) = Pollvexpl(r-c)/ay]1 ™"

Experimgntally a, is around 0.5 =~ 0.6 Fnm. The simple Coﬁlomb energy estimate
of»centéf4to-center séissionvdistance in ZSZCf is around 17Fm. On this

basis the neck is abdﬁt 8.5 Fm from the centers and the angular Width'b

of the‘ﬁending wave packet would be'1/15 radian. This answer is’too small

by a factor of two, and we consider alternatives. For the neck density
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to fall off as rapidly with radial‘distanée as the density falls from half
density in the nuclear surface is unreasonable, since that imﬁliés unusually
high kinetic energy of the nucleons in the neck region. For an orbital

at the Fermi enérgy of 40 MeV in the neék region let us négleét energy associ-

ated with motion along the Z-axis. Thus, we consider. the width of the Gaussian

zefd;ppint‘motion in the two;dinensioﬁal bafﬁoﬁiq'potentiél acfoss the néck.
The characferisticroscillatérﬁeﬁergy foo will be hO»MEV»and the'zero;pbint
amplitudé'is‘\/%%; Zvl;O Fm.. This.width gi#es a reasSnable angular.packét of
1/8.5 redians. A third estimate would_consider thaﬁ the nuclear potential

is not at its full central depth at tﬁe scission neck, Perhaps, then the
wavé packet'will not be nafrower than the r.m.s. radius of the Qipha particle,

“which is 1.6 Fm. This width gives the most'feasonable value of scission r.m.&.

angular-mgmeﬁtﬁm 5.3 ( = %42455),

We.feel that we ndw'éanvqualitatively interpret thesevrésults>in é con-
sistent manner in termé of‘thevuniversal néck sizé,for all'scission sPlits;;
That the iig'htest and hea%r_'iest ‘fragments have ‘somewhat' 1ar§ger .vIave.thavn the.
others may mean that Coulomb excitation does add anothervz;h units_of average

angular momentum where the ground states of the fragment have stable deformed

shapes. o ) “
o ‘ I

Is there any special significance to the observation that complementary

i

fragments have near equal Iave.values? We think not. The conserQation of angu-
_lar‘momentum‘requires that three vectors, the angular momenta of the fragments
and the orbital angular momentum of the-system sum to. zero after separsation

but before neutron emiséion.. :

' ‘ - ' A A

always much larger than the moments of inertia of .the two'fragments,

Because the inértial,parameter for orbital motion is
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conéervation of angular moméntum will not ?bse.a Serioﬁs constraint on the
fragment anguiar-momenté. The fragment angulaf.momenta éan be governed,
a8 discuésed abdve, by'their angulaf wave ?ackets at scission, and the
orbital angular momentum of fhe system adjusts to satisfy overali L
conservation, | |

It is not élear that we nave much to gain now by fﬁrther refinements
in the,thebry. The Nix-Swiatecki vibrationél ﬁormal-mode calculatiohs
could Be géneralized to unequal mass division and to moré realistié shapés
than touching spher@ids. The Rasmussen, NSrenberg, Mang model could be
generalized to bbth fragménts deformed, The reétoring force for énéular
rocking:adts as a spring befween centers of cufvature of the fﬁo tips.
Thus, the general problem can be reddced ﬁo the problem of twb two;éimen—
sional isotropic harmonic oscillators with hérmonic coupling;‘ The bending
and wriggling normal modes then separate in this formulation. The zero-
point w@ve functions can finally be expended in prodﬂctg of symmeffié top
rotor fﬁhétions for the_fragments.‘ It 'does not seem worthwhile - here
t§ refine model B to this extent, for it has been argued?’lL that for the heavi-
est elements the.scission point‘is so far from saddle point that the 
statistical picture, equilibrating energy among various modes of motion,
dbes‘not épply and one must solve the detaiied dynamics\of motion from
saddle to scission., We would like to hope that the statisticél approach
‘ at scission still retains validity in the sensé.that'the'system will tend
to adiabatically minimize the energy tied up in the bending modes, so‘long
as their potential and inertial éarameters do not sharply change on the -

path from saddle to scission.



i We have car‘ ed out addltlonal calculations of Coulomb ex01tation

ﬂ'for'cases

uvAppendix,

E'slightly

‘alters the angular momentum dlstrlbutlon at sc1s310n.,_»crif .

of flxed deformation ) These calculatlons are descrlbed 1n the

S e

‘and theyvsupport the conclusion that Coulomb exc1tat10n only

|
L
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Appendix

Calculation of Coulomb-Excitation Effects.
v-We obéerve fhatvthere is no correlation between avéraée angular

momentum of fragments < Z > and their SCissionePOint deformation, as
inférrédvfroﬁ»average'nuﬁber of neutrons V., There seems, however, to be
somébcorrelaﬁion between < 4> and the ground bond oéfofmatioo of the
fragments.-bThis oorrelation‘wodld indicote to us the neédvto éxamino
carefullybtho possibility of significant Coulomb excitétion effects after
‘scission. A number of calculations of Coulomb excitafion effects ha&é'
been made.v The'additional angular momentum thus ooming in the post-scission
period depends greaﬁly‘on.assumptions gbout the time behavior_of the‘frég-
ﬁent_Shapes. If the prolate fragmentovmaintain most of theirvdeformaﬁion,
the Couiomb eXcifation effects oan be largo. irf fhe fragmenté undergo
quadrupole shape vibrations, either démped or undaﬁped, Coulomb oxciﬁation
effeotsbaforsmall; ﬁespifé the abovenqﬁalitatiVe understanding afforded»r
by prévioﬁs calculations, we felt it of vaiue‘to reformulate and study

the fissioo Coulomb excitation.problem in the lighf of the new data.

35 have givén a WKB method of calcu-

" Rasmussen and Sugawara-Tanabe
lating multiple'Coulombiexoitatioh inbthe limit of infinite moment-of-inertia,
The phése shift due to the.quadrupole potential is calculatea in the one-
.dimensional radial wave equation with potential energy that Obtaioing for -

é spherical nucleus along'the;line of the symmetry axis of afSpheroidal

nucleus, | o |
Inbtreating the mutual Coulomb excitation of fiséion fragments we

shall restrict ourselves tO'tho.quadnupole-monopole interaction, ignoring

. Quadrupole-quadrupole or higher order interaotions with their shorter range

nature, Furthermore, we ignore effects of the nucléaf'potential and neglect



rotational-eneréy As with alpha decay of spln-zero nuclei the problem

may be solved in the nuclear frame 6 W' Thus, the Hamlltonlan is-
[ ' , 2 Z Q e,. o .' ,
H=- g"Vz +leZ?? + ’lfaf-'P (cos 8'), . (A.L)
S , r ' 2,_4'3 2 : : ' o

where e is the angle of the symmetry axis of fragment 2 with- respect to
the line of centers, u is the reduced mass, and QZ is the 1ntr1n51c quad-
rupole moment of fragment 2, The presénce of the'quadrupole interaction
term dlsplaces the cla831cal turnlng radlus, and Coulomb ex01tat10n matrix
elements may be approximated by evaluathg the resultlng shlft in phaSev
at 1nf;n1te radius for the regular solutlons of the wave equatlon,
ﬁy.Froman‘s36 approx1mat10n for the three-d1mens1onal wave equation
the solut1on for a single z-value at its turnlng radlus is continued out
to ‘large distance by solving the one-dlmens1onalbwave equationralong
constant'e' rays. | _.
v‘Thus,vinVokiné:alsé'the WKB approximation we get'the'as&mptotic

wave function

¥(r,e" ,¢ ) (68 ) exp[lf k ar + i “/u] - (A.2)

v - : f, Z Zoe2 .o ' 74Q '
_ : _l . f1%2 o Re -~ 182¢° aar141/2
Where k, =% 2ulE T T Bl z(g+l)r = Pz(cose ] .

We designate kﬂ(o) as the corresponding wave number without the quadrupole

- term. Also rz(e’).and rz(o) are ﬁurning'radii with and»without quadrupole
f ' o

interactlon

' Without the quadrupole term the phase factor is Just the Coulomb
v o 2
phase factor - o ZlZBe

o, = Arg (2 +1 + in) with n =
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Thus, the Friman matrix elements are found by préjectioﬁ from the

asymptotic wave function

L _limop¢ o g
Kpptm = v | Yo V05,00, g) t e % aw
Y oL Y BN LD 1 (0)
~/&z,m exp [;/;z k£  dr - 1 (0) k, dr]Yﬁm aw
(Y%, expl-i5 1Y, a (A.3)
= fYﬁ'm' expl-1 B ngl Yyp dv. (B3

The Appendix of Ref. 35 outlines the method of evaluation of the Coulomb

‘excitation phase_shift 5 in terms of =lementary integrals,.

%CE

We shall be concerned only with m = O waves, so
o ) . | | .
f%ﬁﬁ' f_j—Xzo exP[}SCEPz(COSG )]_iz.o dw | (A.L)

'If the expansion coeffiéients of the angular wave function at scission are

8,15 then the amplitudes at infinity bz are given by multiplication by the
Froman matrix.'
b.'=z’k , o '
A Fgr \ | (A.5)
. It is commonly assumed that the angular wave functibn at scission
nust bessome sort of péaked function, susch as, a Gaussian in ' or sin §'

[(cf. Ref., 2 Eqs. (10) and (1351.

"612 A ) '
. ll!sc = e "0 _ ‘ v (A.6)
.'TPUSJ 2
o o 8’ : .
L T 5= 2 v o ' . : '
a’e,' -. f € 2YO Y_ﬂ'O dw ‘ ) - (A"?)

=const. + (24'+1) ¥7 exp [-(441/2)%7] -



g

. We can alternatiyelyaderiveian expression directly for the ampli-

tudes b Qithout the.intermediary Froman matrix.

!
‘ 21 L g2 ' N
b, = j’ ,f Y, (m ) expl - ;——5 -1 BCE , (cos 6!)] au' (a.8)
B Yo

Wevhave nnmerically;evainatedathese inteérals forvvarious parameter sets
‘c0mparable to fissioniné nuclei, The resultlng probabllity destrlbutlons-
bgl were found in all cases to be very. close to the standard form |

|b2| ~ 2£+l) exp[ (E+l/2) Y ] o |

Table A 1 gives the results of numerlcal 1ntegrat10ns of Eq (A.8)
(with the quadrant © to‘n/z subdivided into 60 intervals and the ordinary
Simpson'é rule used, £ ralues 0 throngh 18 being evalnated). -The center-
27 Az, and Q refer to

the charge' mass, and intr1n31c quadrupole moment of the fragment belng

of -mass energy was taken as ZOO MeV in all cases Z

Coulomn excited. Zl and Al refer to the complementary fragment. The
'calculations are carried out for several valuee of Yoz, rhe mean square
angular.width\of the rotational wave packet'at:scission aceording to Eq.
V(A.6);. In the lastvcoiunn is the final average angular.momentum according
fo Eq. (14) of Ref. 2. The differences of final average angular momentum
with and without Coulomb excitation are small, even for the last case of
unrealistically large quadrupole moment of 1541 barns.

_ We have checked that these results are consistent Wirh the classi-
cal formula of Eé. (15) of Ref. 2, if we take into account that a factor
JiB nas_erroneously>omitted from the denominator of that expression. It

should read
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: 2 Qg sin v, cos T '
Mz 1/2" 9B 0 o
Ap = (i_"li) (A.9) -
22y PYEL

where we have alse replaced Yo by sin-Yoeeoe fo‘ Here v  is the angle
betweenithe cylindricalvsymmetry ekis and - the cenfer-to-center.vector end
cc'is the'claseical turning radius. " The average-angﬁlar’momentum'change

due to Coulomb exc1tatlon does not s1mply add- to the average angular
'umomentﬁm at scission, as we shall see by an approx1mate analytlcal inte-

gration of Eq.-(A.8). |

" Provided rg <<l so as to eonfine the main:integrand tg small engles,'
and providedlz ls not too small; we can substitute the-asyﬁptotic expression

~ for the spherical harmonic as follows:

~/ 2ﬂ+l P, (cos 6) ~/2ﬂ+l J [(2+1/2)e]

Eo

where Jo is as.ordinary Bessel function, Since the integral mainly:bomes.
around ev;_O;»with an equal contribution (even £) around 6. = ﬁ;vwe can put

‘the upper limit at infinity and double the result. We also approximate

sin @ by 6 o . :
N . ) 2
‘b, xNn(24+1) - 2 _[‘Jb[2+l/2 ] exp [~ Eg—z -19 (l -3/2 6% )lede
[n(2£+l)]1/2 10 5[ Jol £+1/2] exp[-aezl

Cwith @ = 1.2 ;1% SCE
ZYO

~ We find from integral'tables that the integral has the Value e%agxp[-(ﬂ+%)2/h&].

22+l)n xpl - (2+ 112 B —,L%éf%-“ p _fii[ﬁl_ A;ll)

A~ e bo| Py

Hence
]b
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lFor parametefs'encountereduin'fission the.COulomb excitation phase
.shift SCE-W;ll_nOt aepend-yery much on £, so we may as well use the simsle_
'expressionlfor 4 = o as used in Ref. 35. '

| '=1/3 (2MeE) l/ Arg/n | o T (aa2)
with E ﬁhe kinetic energy;, M, the'ieduCedlmsss, and r the disblacement
of the classicsl'turning point at:é = o due to the quadmupole‘potential.
'To lowest order in the intrinsic quadrupole moment Ar 1QB/ZBv"V

If in Eq (A 12) we substltute_also for E the following

8., = 1/3(315.%&3_ 1/2 qg

CE (A.128)

73/2

The cormespondence of (A 12a) wiﬁh the-élassidal formula (A. 95 is-obvious

:Formulas (A 11) and (A 12) glve results very close to those of” the numerl-.

.cal,lntegratlon. Since Coulomb exc1tat10n only affects the angular momentum

distribution through |a{ (———H % B ), it only becomes significant

as the second term becomes comparable to- the first term in the la‘ sum,
Under.spec1al.forms-of the angular wave packet. at scission the

Coulomo'emcitation could become.more significant. Conceivably the.secondf

saddlé;poiut fission barrier could be unstable with réspect to.ﬁhe’iower”

symmetrylbending displacement of the neck, Jjust as it is unstablevwith

respect to mass asymmetfic displacements, In such s situation ﬁhe angular

packet af sclssion mighﬁ uot be a Gaugsian centered on 6 = 0 but oould be

of form |

:WSC =192n e-'zYo . with a positivekinteger. - _(A.l3)

_This function has a maximun at § =v2n y . In this case we can also
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derive an approximate expression similar to Eq. (A;11). Here the integral

in (A,10) becomes

'fJO[(ml/z)e] exp [ -0p%] 02 ag.

. This integral is equal to the follbwing37 _ ) : :
' 24.2n+1 I'(n+l) .. (8+1/2)
J Iol(£+1/2)] expl -00%16" " 7d0 = —=3= | F) [n+1515 - —ruL——] |

e : 2a
where the‘F fUnctioﬁ‘is a dégenerate hypergeometric function. Wé ha?e not
ﬁéde numerical studies with tﬁe boundary conditions of (A.13), but by the
Corféspdndénce Principle we'wouldjexpect'Eé. (A.9) to be a good approxima-
tion where we replaée'YOlih Eq;(A.Q) by the angular maximum in (A.lj),
In;mely;NE;; Y- o
| .Other Qariants>in the post scission Coulomb e#citatidn problem -~
mainly reduée the amount of Coulomb ekcit&tion;. Sécondly, if the prola£e
sbherdidal scission shapes are unstable'and.thére is oscillation toward
spherical, the Coul@mb exéitation is reduced.‘vHowever, the tiﬁe for
fragﬁeﬁts to move ffom scission to where tdfque is halvedvis compafable
to chafacteristic vibgation‘timeé l/n so the quadrupole'shape vibration

will not cause a large reduction below fixed-shape calculations,
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_ TABIE I. Angular distribution of specific tramsitions.
Isotope E v Intensity (counts) . tl.[zv 2 8p and éh Fits . % only
keV 0° 22.5° 45° 67.5° 90 nsec ; B a
= ‘ %2 4 %2
2+ - ot Transitions
W0  213.0 665 876 ez k0 . o.52 56 £ 0,088 0.559 + 0,189 .334 £ 0,175
027, 152.0 1392 1ok 1303 0.8~
lOl*Mo 192.6 2_176 2076 1686 1636 p.&s .269 t 0,115 - 0,068  0.215 27k 2 115
Vo 1719 2670 2670 2b50 2367 2us6 R 065 £ 0.099 . 0.058 % 0.151 .083 + 0,088
lloRu © 240.9 1392' 1370. 1005 1ok 980 - 0.23 .229 + 0,101 - 0.195 * 0.153 L267 * 0.09%
Whee 29905 1863 1819 1775 1503 147k 0.49 204 £ 0,097  -0.060 + 0.153 .187 + 0.089
148, 158.7 1862 1778 1527 1472 . 0.9 J151 4 0,182 0.113 £ 0.211 221 * 0.126
Other Transitions
(107)Tc 91.7 1uﬁ 1863 1700 161;; 1514 ,677 :1 0.09% -.194 + . ,138 094 + 0,088
1050 95.0 . 2360 3275 3537 158 3824 .209 £ 0.093 -.20k £ 127 .312 + 0.078
101, v .
109 98.3 2175 . 2620 3190 Losk - 3735 . .320 + 0.093 -.100°¢+ 128 .372. % 0.064
Ru L : . ’
C g, 10k, 2 2332 2277 - 2139 2188 1846 .152 % 0,095 -.058 £+ |1k6 : .138 + 0.088
(lQB)Tc L1381 2909 -.080 £ 0,098 106 £ .153 045 + 0Bk

2430 - 2730 ‘2724 2890

—Th-
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TABLE_II., Data for reaction comparison, - B : .. i

_ E <

: . v . Energy of _
b/ ' Reaction A Projectile. =~ "Ref, <
® S (ev) | ~

3 -l§9Tb(p;2n)15&Dy S 2 s
8 181*'w(-oz',’ zh)l%Os , o 27 S
126

Tc(a,Zn)128Xe_ v 28 ¢
' 118Te

9.6

11 o WS40 2m)

13 161Dy(a,3h)l62Er

2z Pm(Mws) e o3 D ]

33.5 o a |
4.5 ' - e - - f

a Ref. 24, b Ref, 25, c Ref. 26, d Ref. 27, e Ref.\28,

N



@

3

TABLE III. Derived values of the angular momentum parameter B,

. . Number of Levels Used _(a) - Weigpted average ( )
Isoscpe -for Determination v B of B for each Element
, T 5

100z, 2 ' o181 6.15

e~ b 1k 660 6.45

Wb 3 2. 6.70

106MQ o 3 a 1.8 5.80 6.25
108,110, y . 2.8 550

e 2 : 2.8 6.35 5.78

M2pg o3 3.8 5.60 B

1hpg R 3.6 5,40 k.82

Wbpg - 2 3.2 2.80

llBCd - 2 3.6 6,15 - 6.15

. '(\

;38Xe o 2 | 2.0 6.70 - \

Woge 2 1.0 10.05 8.31

luzaa N 3 2.0 8.20 |

Mee | L 1.k 7.20 7.24

Wope 2. .9 5.90 "

Won, 3 2.8 v&&J'
k8, 3 o 1.9 8.90 8.87

150 _ .3 1.2 . 8.9

ey oz 2.0 8.8 |

Pa 3 2.5 975 737

1588n _ 30 2.8 11.1. o111, |

ajThe V values are the average nﬁmber of neutrons emitted by the corresponding

isotopes. These values are taken from the experimental results of Ref. 29 and
have been corrected to be consistent with the results from Ref. 18-20,

b)'I‘he average has been welghted by the number of" levels used for determination
of B for each 1sotope of the element. :



.

to the combined 2+ - OF transition intensities of* the two isotopes.

TABLE IV, Relative intensities of ground state band transitions for three kinetic energy 1ntervals

. See text for details B .
Isotope Exp. 4t L 2tfet S of ) 6% bt /2t Lot

. " Low, " Medium . High . Low . Medium . High

(150-180 Mev) .(180-190 Mev)  (190-225 MeV) (150-180 MeV) (180-190 Mey)  (190-225 MeV)
100y R 1,14 1.00 :
GX 1,29 1.00 1.23 1.37 1.00 0.85

102, HR 0.9 1.00, : )

. GX 1.17 1.00 1,04

1ok, R 1.1h 1.00 1.0k

GX 1.14 1,00 - 0,93 1.00 1.00 0.85
W06y - g 1.13 1.00 0.93 1.00 1.00 0.8k

© X 1.1k4 1.00 0,95 1.13 1,00 0.84:
10 a ) : . g
11:Ru Gx ™ 0.96 1.00 0.97 . E

Ru GX [ ' 1.14 1.00 0.68
Mgy ox 1.00 0.70
112 .

‘Pd GX 1.37 1,00 1.2k
11k . ’ )

pd -GX 1.00 0.8k 1,00 1.33
11654 6xX 1.00 0.63
138 . A

Xe GX 0.92 1.00 - 0.%
1ko : .

Xe GX 1.00 0.93 L .
‘g, GX. 0.95 1.00 1.02 1.2 1.00 1.28
by i 1.12 1.00 1.09 ’ '

X - 1.00 1.00 1,02 - 0.94 1.00 0.89
l%Ba HR - 1.00 1.06. :

' >4 1,00 0.91
e, ox 0.98 1.00
148

Ce HR 0.88 1.00 0.98 :

GX - 1.10 1.00 1.07 1.15 1.00 1.17
5 . ) ]
150ce HR 0.88 1.00 1.11 0.88 1.00 1.k
Average  All 1.07 1.00 0.98 1.10 1.00 1.00
) Light 1.15 1.00, 0.95 1.16 1,00 0.91
Heavy 0.97 1.00 1.05 1.05 1.00 1.12
a'I.‘he 4+ _, 2t transitions in lOBRu and lloRu could .not be exper:.mentally resolved. and therefore have been: ratioed
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TABLE V. Average determined angular momentum of fission products (B)
- and calculated quadrupole moments of ground state bands
. evaluated at B. ' : :

‘ . : - : : Calculated
Z B S Quadrupole Moments
: — — v (varns)
hor S 6 - 6.7
b2 . v 6,25 v . 5.70
e 5.78 sy
U6 o | k.82 : » , .70
48 e (6.15) S . (¥.60)
56 | | 7.24 S 6.40
58 . - 8.87 S 733
60 - 9.3 S 8.66

62 () o (8.50)




'-l»6‘-'

TABLE Al. Pdst;Sqissibn'qulomb Excitation Caléulations.' 

_ s e N R - ‘ -
zp h ],22 o 523_ L 9 - ‘o . - Tave.

o T = T 51 e m
s . w02 58 ;150 o o s 2.31
58 150 0 b e k8 a0 6o
740_ ,;, ,( ;dé , i 'v58 f' , 150 I o . .dl , f  , 5}77_v
koo v;oz' ) 58.i . 150 51 - Lo f j'  5.80

‘w0 12 58 . 150 s L0167 koo

o

w0 11“162 58 l_ 150 0 - S Loer 4.30

.Kinetic éhérgyuis taken as 200 MeV. Qzlis in barns.
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Fig. 1. Schematic representation of the experimertal detector configuration.

Detectors F, (with electrodeposited 252

Cf) and Fé were used to measure
the frégment kinetic energies.A Détectors T and T3 meagured energies of
Y-rays and/or X-rays. ‘The sources and détéétors indicated at the bottom
of the‘figure werewuséd for exterhal'stabilizationIof the photon detect-
oré.

Fig;'z. Experimental configuration fbr the‘angﬁiar distribution stﬁdies of

| the prompt fission gamﬁa-rays. The dashed'vline iskthe.sécond location
of thé Ge  detector thﬁs allowihg the aﬁgular'aistribution to be stﬁdied
at 6 angles. |

'Fig. 3.- Portions of gamma ray spectra recorded at_thréevangles relatiVe.to
thé fission éxis for the cases when lighﬁ fission fragments have entered
the Pt backiﬂgs. The.labeled transitioﬁs’are associated with the indi-

- qated isotopes. ‘Gamma fays from‘light_fission products. appear aslsharﬁ
lines at all ahgles, hbwevef) gamma ra&s from heavy fission products (e.g.
llF)+Ba;,) éfe Doppler shifted and are recorded at Vafyihg energies depeﬁding
on the angle of detection, .

Fig. 4. Anéuiaf distributions of thfee prompt fission gamma rays relative
to thé fission axis. The lines represent least squares fits . of the
experimental déta to Eq. 1. o

?ig. 5. A échematic'representation of the de-excitation of the.fission frag-.
menﬁs,l'The primary fragments can be visualized as tumbling aé they
separéﬁé. They‘possessv~i5-20 MeV.excitation enérgy which is predominantly
dissipéted through_e?aporatioh of neutrons,  After neutron'évapéraﬁion

the remaining energy and angular momentum is removed by gamma ray transi-

tion., If the residual fission product is even-even the de-excitation
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/process.Wiil eventﬁally stfongly feéd'the gfbund stété b§nd. Theée .
intréJBEﬁd gamma, ray'transitions.are ﬁhat aré ohéervéd in the experiment,
Fig. 6. A cémparison of the obsérved relative intra.ground state band tréns—
itioﬁ.inténéities frgm'the'current éxperimental resﬁlﬁs (ﬁrianglesy”with
»thoée,obsefvéd in.variaus charged barticlé; xn-reactions (lines). The -
Vréaction data are lébeled with the average angularvmoméhtum of{ﬁhé'réac—
tion as calculated from optical model codes. A tebulating of these data
‘are'frésentea in Téble 2. | o |
Fig.‘7.' Thé calculated‘angﬁiar momentum distribufion for an initialiy'formed
fission préduct and‘for the residuai products affer evaporation of'th§

first and second neutron, Invthe bdttEm portibh of the figure the hori-

zbntal.lines’represent-the'loéation of the ground state bandbof the resid-

ual nucleus. The dashed line is én appfoXimatév"yrast" line éalculateq
using a:rigid body momeﬁt of.ineftia. | |

Fig._8. " The poihts'areithe observed g¥oupd'3téte band’tranéitioﬁ intenéities
in the de-excitation of thevfissidn.product ltha’ 'Theiiines are.a\

Ffeamily of calculated transitioh intensities as a;function of the angular
momentum paraméter‘B(Eq. 3). The caléﬁlatidns were performed uéing Eq.

4 and 5 with the'experimehfal parameters indicéied. oy and o, afé reépeb-
tively the spin cutoff parameters associated.ﬁith Y—fay emission and
ﬁeutron evapératdénfand V- is the average number of neutrons emitted.

Fig. 9. Thé.points'are the calculated populations of the:Various m sUbétafes
yof'the 2t level'in>l&hBa. Theéévvalues‘wéreldetermined-using‘thé'fitted

.éxpériﬁeﬁtal,angulér distribﬁtion éf the 2+ - 0t gamma, ray.k Tﬁé solid

: line‘repreSents the predicted population of the - m states as caleulated

4
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from the'atatistical model analysis of the‘de-excitation proceas using
Egs. #‘and 5 with an assumed valne of B =6 (Eq. 3) for the initial
angular momentum distribution. |
Fig. 10; fortions of prompt fission gannsa ray Spectra_obtained for three
" intervals of total kinetic energy release.  The labeled peaks are the
ot —90+ tran51tlons in adjacent even-even Ru 1sotopes The heaviest
1sotope, n 2Ru, has its highest yield relative to other 1sotopes, in the
high kinetic energy 1nterval Conversely the lightest 1sotope, 8Ru,
has ite max1mum relative yield in the low kinetic energy 1nterval .These
yields ‘are 1nterpreted to reflect the effects of 1nternal exc1tation of_
the primary fragments. The fragments‘With the largeat internal excitation
energy evaporate the'most_nentrons'and form the‘lightest'prOducts. Energy
_conservation requires that these.produots haveithe lowest total kinetic
energy. _ |
Fig. 11. A plot of the derived angularvmomentum narameter_B.[B%rms(J)fl/Z]
as & function of atomic nﬁmber. Each datum‘point represents an average
ofithe parameter B asvoetermined from.various measuredviSOtopes of that
velement‘(Table 3). 'The-dataiin parentheses joined by'dashed lines repre-
sentsvoeterminations from limited eXperimental data and are therefore
‘taken.to be less‘certain; The plot is presented snch that complementary
.elenents are on the same abacissa. | |
Fig; 12; A plot oomparing the neutron multiplicity and angular momentom para-.
meter (B) as & function of atomlc number, The'neutron multiplicity data
show the well know "saw tooth" behavion, while no such effeots are present
in the angular momentumbdistrihutions of the.products. It should-be'noted
thatkfragments evaporating the largest number of neutrons have essentially

the lowest angular momentum. The arrows indicate which ordinate values

apply to the curves,
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Fig. 13. A plot of the anguler momentum (B) as a function of calculated quad- e
rupole moment. BEach point is labeléd with the atomic number with which .- ;
- . ' . f -» - . - o L %
it is associated. The line represents the results of a least squares fit
(excluding the two points in parentheses) to the experimental = data points.
i
.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or .assumes any legal liability or
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.
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