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ABSTRACT
A neﬁ fechnique is presented for determining mass and éharge distribution
- in fission. This method is based on obtaining ﬁhe independent yieldé of the
eVénégven fission products'from the ﬁeasuredvintensitiés of 2+ -+ 0+ ground-state
‘bénd trahsitions:de;exciting théAprompt fission products. Trénsitioniinteﬁsities-'
for memberé of ground-state bamds in 36>even-even fissién-ﬁfd&uct nuclei have
beén usedntd determine the centroids (Zp) ana'widths (OZ) of the charge distri-
vbufion for eight chains of fissioﬁ products with constant mass and also to
détermine'the ceﬁtroids (ZA)’ widths (OA) and yields (YZ) of the mass distri-
bution for fwelve chains of figsion products with constant charge. The method
has been appiied to analyze the charge énd.mass distributions of 2520f spon~-
taneous fission. The results when compared with the standard radiochemical
- and K‘x-ray techniques give satisfactory agréement. The discfepahcies which
exist are ﬁredominantly associated with regions influencéd strdngly’by nuclear
shells. Examples are given relating the obsefved ground-state band transitién

intensities with other observed fission variables such as kinetic energy release

and neutron evaporation systematics.
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I. INTRODUCTION
We présent‘in this peper a new-ﬁethod which héé‘been used to determine
:thé independent_yiélds of many of tﬁe'fission proauéts. Tﬁe.method is based
" upon the meaéufément of the intensities of the prompt traﬁsitions from the lowest
' éf‘lévei_to‘the 0+ ground étates in e#en—efen fission fragmenﬁs. These transi-
tions have béen idehtifiéd.in.36 of the highest indepéhdent—yield fission products
in'thé spdntahebus fission decay of 2520f.l’2’3
.For ﬁany years studies have been made'to:&étermine the charge distri-
“bution of products forﬁed in fission. Much of the information has been acquired
.through rédiochemical isolation of specifié shorﬁ—lived fission‘isotopes from
which independént ahd cunulative fission yields of sevefal isotopés héveibeen
:.obtainéd (for & review of these results, see Wahl gg_éi{h). The limiting
: featﬁre in.the radiochemical analysis is that the.majority of the high yield
_ prompt fission prbducts have very short beta-decay half iives. This makes the
isolatién of these isotopes quite difficult, and in genéral véry little is
known abqu£ their properﬁies or yields. Tﬁerefére, much of the data which have
been used.to interpret the chérge distribution haVe.comé from isotopes closer
to beta stability. These isotopes havé‘longer helf lives but have lower inde-
V pendent yields as fission products. Since the interest is in the primary distri-
bution at the'fime of fission, this makes the interpretation more'difficult.
"Indépendént yields of isotopes of Séleéted'elements (e.g., krypton,
rubidium, xénoﬁ, énd cesium) have also been determined fhrough the use of |
on—iine_mass separé.tofs.5 _This very accufate-method is still limited to ele-
menté that are.éasy to extfgcﬁ and ionizéf Both the radiochemical and isotopic:

mass separation techniques deal with the products in the time range of greater
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. thén 10_3 séc;after,fissiongand canﬁot'bé used:fdr cdrfelatidﬁs of the yiélds
* with physical préﬁertiés of the fissibh‘proceés such as fragment kiﬁetic.enéfgies
and neﬁtrén:émiésion. o

With fhé.aavent of the high resolﬁtion“solid—state photh deteétors,
the §rompt k x—fay spectra of the fiésion pfdducts ﬁefe étudied exténéively;6_lo
Information'éohcerning the charge and mass>disffibﬁtion of'the‘prodﬁcts hafe
.been dedﬁced from the measuremsnts.- This tecﬁnique overcémeé one.of‘the mainv
radlochemical difflcultles in that the high yield primary products are the ones
that are sampled However, there are difficulties w1th this approach in that
what is desired are the yields 0f the products, and what is measured are the
‘ylelds of;the K-x rays of the products. Ong, therefore, makes an assumption
.thét‘the’Kbi;ray yield is proportional tq’thevisdfbpié yield for any given -
element. This @ priori assumption ié difficult to justify.because the low
- energy transitions which are preéﬁm&ﬁly'regponsibie for most of the x-ray yield:
cannot be ére&icted. In.fact the K i-fay yiela among thé_farious elements bro_
duced inffiésipn véries by a factor of over 100 and‘even_the differences bétweenv
the K 3—?3& &iéids of adjacent even Z elements are as large as a factor of two
and coﬁld pefhaﬁs be larger if the K x-ray yields weré not already averaged over
fragménts witﬁ'even and odd neutron numbefs. -Sﬁch_yariatidns.could also bg‘
"éxpected ﬁetéeen isotopes of the same element and would bias the determinatiqn_,
of the independent'yield. A further complicatioh is in deterﬁihing the dis—
pérsion.of the charge and mass distributions. Té'dbtain-thgse values an unfolding

procedure has to be employedehich removes the effects due to fhe relatively '

poor experimental resolution in the mass determination.

I
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" Fron our recent experimental studies of prompt fission gnmma rays and
_from-étudies of John gﬁ_g;. on delayed gamma rays, we have been able to 1dent1fy
and determine the intensities of 36 lines correspondlng to the 2 > O ground—
state transitions of the highest 1ndependent yleld even-even f1351on products
We shall show in the follow1ng that from con81deratlons involving the statistical
nature of thg deaex01tatlon of the fragments and the removal of their primary
angulan mnnentui the intensity of the 2+ ad 0+ ground-state transitions reflect
the yiéld of the isotopes;.thus, in this way informétion can'ﬁe obtained on the‘
massland charge distribution 6f the primary produéts.‘ This method of deter;
mining the independent yields is comparable to thé x—réy methnduin that yields
can be correlated with other aspects of fission such as neutron emission and
kinetic energy reiease,‘and it has & clear advantage over the x-ray method in
that the information is obtained directly without having ﬁo unfold the large
dispersion intréduced by the mass resolution ;nd without the unnertainties

involving the x-ray yields.
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IT. EXPERIMENTAL

" The ground-state band transitions in even-even nuclee produced in the
dspontaneous fission of 2520f have been 1dent1f1ed utlllzing & three and four.
parameter coincidence . experlment in which the kinetic energles of both fragments
~ and their assoc1ated gamme, rays and K x rays were recorded From the measured
klnet;c energies it was po831ble to determine the'fragment masses and from the
K x rays their‘etomic numbers. The experimental'technique has been previously
described,l-Bvand ﬁe shallvexplain here only those'aspects'of the experiment
which are.relsted to.extraction of.trensition intensity wvalues.

The experimental set;up from which the intensitj information has been

obtained is shown in Fig. 1. The 252

Cf source was plated on one of the fragment
detectors_(Fl)‘ and thus all transitions.'from_tﬁe fragment entering this detector
having a lifetime longer than the eharacteristic stopping time of fission freg-

ments in solids (v 10712 sec)rappeared_yitﬁout'Dobpler-shiftimg and broadeﬁing._

The gamma ray lines associated with fragments'that were detected by the second

solid-state detector (Fr2), which was separated from F1 by 8 mm, were sharp and

unshlfted if they were emitted after the fragment arrlved at F2 and were broadened

and shifted when they were emitted by the fragment in flight. The ratios of
the non—Doppler-shlfted line intensities associated with the fragments when
they were stopped im ¥l and when they were stopmed.ih F2, corrected for the
different geometricsl efficiencies essociatedeith detecting gamma rays from
Fl.and F2.positdons, were used to obtain information about the half;life Values
of the’transitions in the region 0.2 -2 nSec. Any transition with a lifetime
longer than 2 nsec was observed with essentially equal 1nten51ty vhether the -

emittlng fragment was stopped in detector Fl or F2.
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The gamma-decayvécheme of a typié&l even-even fissioﬁ product ié showﬁ
in Fig. 2. Meﬁbefs of the ground-state band decay by a cascade of E2 transi-
tion$ té logér Spin levels of the band. They are fed by éithervthe highef
staﬁe_in the ground-state band or'frbm'many other states_outside the ground-
.stéte band. The energies of the levels_bf the gfouﬁd—state band are weil fifted
by the variable moﬁent éf inertia m.odel12 systémétics which rél@tes fhe energies
of the 6+, 8+;-10+, ete. states to the energies of the h+ And 2+ states. Thesev
felétionshipg'have been used to asceértain the identity of the observed transi-
tions and to meke prédictions of the energies of bransition$ that have not been
'obsérved due to low intensity.and complexity of the-spectra; fTéble I is a‘Sum—

+
+, and 8

mary of the experimental data and pfedictibns related to the 2+€ h+, 6
states . of the ground-stéte band} Details éohcerning the values in the table -
are given beiow. |

- 1. Energies: The observed transition energies of the ot O+, y* +'2+,
6" > h+, and 8% + 6% transitions are listed in the table and are accurate to
_better than % 0.5 keV for the cases which includé a decimal point and are
'accufafe to within 1 keV for the remainder of the daté. Energy values given
.invﬁafentheses are either<§redicted values derived from the variable moment
of inertia systematics or energies of‘weakly observed transitiopsvwﬁich aré
in.agreementﬁwith the variable moment of inertia systematics buf which have not
been identified with certainty as belonging to the nucleus in question. The
uncertainty of the predicted energy values can be as largé as 50 keV. Pre-

dictions have been made only in the cases where the energies of the 4" state

(E47) and the 2¥ state (E2%) satisfy the relation EM'/E2™ 2 2.23.
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2. Intensitx: The intensity values represent the total tfansition
" intensities, i.e. the intensity'of,thefobserved gamma ray corrected for electron
conversion and for emission of delayed components. The intensities of the gemma-

ray lines wefe-obtained by fitting the peaks in the gamma-ray spectra associated

&

with 2 amu ranges df,fragmenﬁ masses gnd then summing the intensities of lines
with the samé,energy appearing,in neighboring spectra. The fitting was pérforme&
by~usingvpre§detérmined line shapes and straight—liﬁe.background according td |
the method'of'Routti and Pruésin.lBk.Soﬁe_systematic errors wefé possiblj ihtrb—.
duced 5& the arbitrary choice‘dfvthé straight-line baékground and by the general
complexity of thevspectra. Additionel uncertainﬁies in thé absolute ihtenéities

252

vere céused byvthé uncertainties in the exact‘distrihﬁtion of the Cf source

on thé,fission detector which ﬁas:in close proximity to the ggmma-réy detector.
Altogefher‘we estimate an uncertainty of 15% for gamma limes with a yielq df
.greater thaﬁ 1% per fission and 25% for lines with lessér inﬁensity. These
uncertaintiés exceed the statistical érrors associated with the fitting procedﬁre.
Intensity vélues are alsélgiven for some of ﬁhe dbéervedvtransitions, the assign-
. ments for vhich as 6 > ﬁ+-and gt > ¢ afe uncertain (indicated by parentheses
in the energy column). Aﬁ underestimate of the transiti§n intensities could

" occur in the cases where the half-life values of.the transitioné are comp3¥able‘
to the‘& lO_l? sec stopping time of the'fragments in the plated detector. :In
such cases é significant portion of the decay was.Dopplervshifted and broadened
and thus was,not included in the totdl inteﬁsity yalués of Table I. Cases where
the ébove—mentioned situation could occur are associated with the.independént | 0

132Te'( .lBhT 136

feeding of the 2' states in 974 keV), e (1278 keV) and ~°Te (1134 keV

136

or 688 keV), and Xe (1313 keV). No attempt was made to correct the data of
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Table I for effects associmted with these very short half-life values. No

definite assignments have been made for the 2¥ + 0% in 136Te. The most intense

gamma rays that were preseht”in the spectra and could be associated with this

~isotope were at energy 1134 keV with an intensity of 0.68%/fission or 688 keV

with 0.81%/fission. The energies of either of these lines could be in agree-
ment with the systematic behavior of the energies of the 2° states in this
- 136

region, ahd thus both mentioned:intensity values were associated with v Te.

3. Yield of K x rays: The yields of the K x rays associated with the

tabuléﬁed’tfﬁnsitions of the ground-state bands of fhe even-even fission products
were caicuiated directly ffcm the measured or.prédicted gamma#ray.energies and
intensities using the known K§conversion coefficients. In the cases where the
6" » 4t and/or 8% » 6* transitiohs have not been identified experimentally, the
intensities 6f these transitions have been aésumed td be U5% and 20% respectively

+ + ' '
of the 2 =+ 0 transition intensities. The uncertainties in the K x ray yields due

to uncertainties in the predicted energies. or intensities are in general insig-

nificant as these transitions are usually of high energies and thus have low

‘contributions to the x-ray yield. The K x-ray yields are given in units of

10~u/fissi§n and include all of the contributions of the delayed transitions
with half-lives up to 3 usec. These valueé can be corrected for any observation
time by considering the contributions of the speéific dglayed compenents in

the decay.

4. Delayed component tramsitions: Information is summarized on transi-

tions of ,the ground-state band that have or are fed by delayed components of up
to 3 pusec lifetimes. The total intensity of the delayed component (including
a correction for electron conversion) is given for the highest spin member of

the ground-state band fed by the delayed decay. The data concerning delayed



8- o | UCRL-20498

a transitions-lbnger than 10 nsec are based on the resuits of Ref. 11. The:
.resultS‘éf Réf;'ll, however, are fathér ungettain when thé.lifetiﬁes 6f the
tfansitions ére lesé than lOInéec and fherefore are ﬁot usedvin‘Table_I.vkit
should be noted that the lifetimes of théb2+ -+ 0+ transitions for isotopes
150 : : :

lighter than Ce listed in Table I are less than 2 nsec; these results are

summarized in Refs. 1-3.
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ITI. VALIDITY OF THE PROPOSED METHOD
' The basic underlying assumption of this work is that the total inmtensi-
ﬁies.of fhe léﬁest ot % 0+ ground:state observed in the pféfbeta decay de-exci-
fatioﬁ,of.the:éven-even fission products feflects to a high_degree of accuracy
(5%)‘£he totél_independent yields of these isotopes. The evidence for the
vélidity of ihevaSSumption is summarized below. | |

1. Some of the 2¥ »> 0 transitions of the fragments from spontaneous

fission of 2520f have been obserVed with absolute intensities of more than 3%
10k 106 110 1hk

per fission; €.8. s Mo, 3.37%; Mo, 3.37%; Ru, 3.49%; Ba, 3.60%. On

the basis of rddidchemical studies of the width of the distributions of the
independent yields of various mass chains the most abundant single isotopes

are expected'to be produced with & yield smaller than 3.5%vper fission. The

+ + .
fact that some 2 > 0 +transitions associated with the most abundantly produced

single isotopes are observed with such high yields indicates that these transi-
tions indeed represent most of the independent yields of the isotopes in question.
2. Experiments measuring the ratio of the population of isomeric levels

v !
14,15 and those studying gross gamma-ray anisotropies

in fission produét nuclei
have determined that the magnitude of the ﬁrimaryaangulaf momentum of the fis-
sion préducts is approximately 6-9 units of h. Currently we have performed a
statistical anélysisvof the intensities of transitions in'ground—state bahdé

of the even-even products that has shownvthat‘95—98% of the iéotopic yield will

be represented as the 2 - O+ ground-state band transition. Details of these

17

calculations will be presented elsewhere ' but basicaliy it is assumed that the

; - : s . . ; -
primary fission products have an angular momentum distribution given by 2

P(J) « (2T + 1) % exp [~J(J + 1)/32] where B is a parameter which represents
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: apbroximately'the rms value of J + %u Thé primary fragment de-excites by emis-
sion'of néutfons and g&mma.ra&s. For each transition fhe change in anéular
momentum‘is’defermined using the procedure.of Huizengsa and Va.ndenboéch,18 in
which the statistical transition jrobabilitie#ware téken,to be proportional |
to the availability'of spécific angular momentum states.in the nucleus.. The v

'nuélear‘spin distribution is given by-a simple spin dependent Fermi-gas level

density'formnla ;
P | 12,2
p(E,J) = p(E) # (2741) exp [-(J + 5)7/207]

in ﬁhiCh' o 'ié.fhe "spin cutoff" parametér and has.been'deterﬁined from an;lyses
: of.éthér experimental da;ta-ls"l9 to hévé a vélué of v 3,'h;1'Figure.3 pfesenté
an exa@ple of'ﬁhe reéulfs of these calculations énd shows that #éry:liffle of
the de—excitétidn:process bypasées the 2+‘*20*‘ground~state band transition.

3. The?rélati#e'intensities of the members of the ground;stéte band -
-;of the.even4evéﬁ-fragﬁents are #ery similar to the relative intensities of the
members éfithé'grdund—state_band éf eveﬁ;efen products of (a,2n) reactionszo—25
.as indeed.the angularvmoﬁentum of the pfimafy products ih both‘cases is ;ery
1.s:'Lmi_laLr. Unfortunately we éré not aﬁare of any study that compares accurately
the'0+ gfoﬁpd;staté yiéld in such rédctibns tb the lqwést 2* +.O+ ground-state
transition intensity; however, in the_wdrk of Lederer ggugi;es on' gamma rays
following (a,2n) reactioﬁs in even futhenihmvand molybdenum ﬁuclei the highest - .
“intensity transition that was associated'ﬁith:a decay fhat fed the 0+ ground
;stafe and b&paSSed the loweét 2+vstafe éomprised 2.7% of-thé iowest 2+.+ 0+ groﬁnd—
state tranéition. Although:this is nof-éonclusive evidence that né othér gamma»'

rays feed the O+ grdund state, this evidence could be used as an indication for
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_thhe validlty of our assumption that the 2 state represents over 90% of the O
’Vsyleld._ In general unllke the s1tuatlon in beta decay, very llttle feedlng of
_the second 2 state (that could decay dlrectly to the ground state),has been .

: lbbserved in (a,2n) reactlons leadlng to even-even products.
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IV. RESULTS

A. Indegendent Yield Distributions-

The méasured gemma-ray intensities were analyzed by two separate methods
to-détermine the fission;product distributions. The first enalysis ﬁas to
detefmine ZP (the most probablevcharge for each mass chain) ahd-oZ (the standard
aeviation of;this'distribution). " The independent yields of5thé products, Y(Z,A),

are assumed to have, for each mass chain, a Gaussian distribution centered about

Z_.
P
_ Z+E _ v
oy 2 y(a) . 2, 2. -
Y(Z,A) = - Z—exp- [(Z2-12)%2,"1az . (1)
o n_L o OZ' LA ‘ :
T2

There are three parameters asségiate@ witb this‘distfibutioh: Y(a), o,, and

Zp; The p§£a¢etef'Y(A);'the total mass chain yield, has béen measured ihdef- ‘
pendently26‘ﬁy fadiochemical techniques énd therefore is not a free parameter.
The remaining two parameters éan, in prinéiple, be_detérmined.by a'leaSt-sqﬁares
'kfitting procedure. Since the distributions are relatively nérrow and the
independént yiélds from‘the gamma~ray anﬁlysis_are‘only known for even—e&en
isotopes,'ﬁherevwere_no mass chains for which more than two'independent-yields
were»found. 'Therefore Eq. (l) was analytically so;ved to give the values.éf

zp and'OZ'fOr eight m§SS»chains (A = 102, 106, 112, 136, 140, 1Lk, 1L6, 154).

A signifiéant'érror mey be present in the number associated with the mass chain
136 due to the;éxpected short life time of 2+'states;' The results are presented
in Table II along with the ZP valﬁgs obtained-frbm K_#sray studies of Watson

‘§§_§£.8 ahd those of Reisdorf g&_gl.lq The errors. quoted 6n’Zp represent the
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prqpagationvof thé étatistiéal erroré assoéiated with the independent yieldsf
The facﬁ that the-2+ states may represent only 90% of the independent yields
and that a systemafic error of * 10% may have 5een present_in the determination
of absolute tfaﬁsifiqn intensities has not been included. The average value of

o, calculated from the individual s, values of Table I by_weighting each value

Z Z

with the square of the reciprocal of the quoted uncertainty is Eé = 0.595 + 0.011.

It is clear from comparing'the spread of the values of o, in Table iI'with 527

values among the various mass chains occurs; how-

that some variation in the o,

' ever, this could be due to a deviation of the actual distributions from the a

p?idri assumed Gaussian shapes. A value of Eé = 0.56 * 0.06 has been deduced

, L ’
th,f) which is in good agreement .

252 : ' '

with the presented average value for Cf.

The second method used to analyze the data was to determine information

~on the fission product distribution with respect to mass. In this representation

the data are analyzed for_conétant 7 velues. The formalism used to define the

distributions is analogous to that used for the charge distribution.

| A+~% |
Y(Z,4) = jf 1(2) - [(a - 2 )%/20 °lan . (2)
‘ A ;' JEE dA exp v p A v .

T2

Again the-distribution was assumed to be Gaussian. The three parameters are

¥(Z) (the total prompt yield of each element), o, (the standard deviation of

A
the distribution of individual isotopes for each Z value), and Ap_(the mean
of the mass distributibn). They were determined by‘least—squares fitting the

measured independent yields to Eg. (2). In a strict mathematical sense Eqs. (1)
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Aand_(2) cannot, . in géneral, both repreéent the distribution éf the products.
However, to the accuracy of this model, it is as & priori valid to assume that
““the distributiohAis Geussian in the consﬁant Z plane as in the constant.A élane.
Also the two representations agree clésely in the region where the mass yield

distribution is flat.r There were ten isotopic chains for which three or more

yields were known. For two chains Z = 38 and 48 we assumed the value ofrcA

ito be the saﬁe as ih the neighboring even eiements-(assumed OA vélues are given
in parentheses). Table III is & summary of the values of Ap,'OA,_and Y(Z) as
derived from the‘experimental points and includes for cémparigonvthe APFQalueg
of Watsonlgz_gl,8'and‘Reisdorf gg.gi.lo as well as the yields that have been
calculated by Reisdorf EE.QL- Also given are the total'number of neutrons
derived from comparing the A# valués of compleméntary‘éleménts and the values
of the average number of emitted nentrons.as meésured by Bowﬁan-§§_§;327 The
errors presenfed in Table III were calculated from the propagation of the

estimatéd uncertainties in the independeﬁt yields of the even-even isotopes.

It should be noted that significant errors could have been introduced into the

A

half-life values of less thén 10—12 seck This applies in parficular to 982r,

132Te, lBhTe, 136Te, and 136Xé. In the case of l3uTe,v£he independent yield

determined values of.Ap, Y, and o, by the isotopes which have o% states with

of that isotope could be much higher, thus.increasing the total elementai yield
of tellurium and bringing its Ap value ?loser to mass 13h.
Seversl self-cohsistency checks were made of the results:

1.. Neutron emission: The'average number of neutrons emitted <3£otai

).
was'obtained by subtracting the sum of the Ap values of complementary 2 elements
| | 252

from 252 dnd‘compared with the number of neutrons emitted from: Cf obtained
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27

- by Bowman”gt_gl. .This comparison has the drawback that the latter measurements
did not distinguish atomic numbers of the emitting isotopes in any given mass
reglon therefore, some s1gn1f1cant differences between our values of vt tal

and those of Bowman et a.‘!..?"7 could exist due to odd-even effects for example.

As is ev1dent from. Table ITII the agreement netween Ve tal values derived from
our'Ap values“and,nentron measurements is reasonably good for the pairs of the
more abundant elements (40,58), (42,56), and (hh,Sh). The disagreement in the

case (k46,52) could be due to the probablé systematic errors in measuring the

yields of the Z = 52 isotopes.

,2.' Yield of complementary elements: The fact that charged particie
'emission (aside from the two fragments) is very rare in fiseion and can tneref
fore be neéleeted for our diecussion implieslthat tne yield of complementary
elements ghould hare'Been eqnal. Only for two pairs out of five: presented in
Table III did the dev1at10ns between ylelds of complementary peirs fall within
one standard deviation of the estlmated uncertalnty On the basis of statlstlcal
considerations the expected devistion between complementary pairs should be
12.1%, whereae the observed average deviation between such pairs was 19.9%.

Again the short half-life values of some of the 2+ states might have been
responsible for undereetimates of the yields of elements LO, 52, and 54. Another
» possible reason for the inconsistency of tne yields of'complementary fragments
could:be the failure of the a priori aesumption.of a Gaussian fnnction for‘
descrining the independent yields of isotopes of a.mase chain or of an element.
This subject and its impiications will be discussed later.

3.‘_Yields of light and‘heavy fragments: The sum of yields of the even

7 light fragments of Table III was 45.1% and the value for the even Z heavy
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fragments was 45.2%. ﬁoth nﬁmhefs should be roughly 50%. ‘Considering the facts
that the independent yielde of the ffagméntélwere measurgd without ﬁny pre-
defermine& nofmalization and that tﬁe eveluation of the yields dépends upon
7includiﬁg'absolufé'efficiency determinatibn'of.the gaﬁma detectién system and
- that perhaps up to 10% of the decays bypessed the 2" states, thé results can be .
considgred as.a cdnfirmation of the presented method.
| The mass distribution in fissioﬁ has a

4. Relationship of o, and @

A Z
much larger width than the charge disﬁribution of any magss chain or the mass’

distribution of isetopes of any given element; therefore, EA and'ai should be
approximaﬁely_relatéd by the post-neutron charge té»mass ratio 52/52 = 98/2&8
= 0.395. The value obtainedvfor this ratio was EE/GA = 0.408 * 0.012 which ;s' 
in good agfeement with the predicted value.

VComparisoh of the A.IJ valués derived from the gamma-ray iptenéities_and
the values derived by Wapsbn g&_gl.slby the x—raj teghnique showed'a clear
deQiation'gt 7 = 54, The fact.that the xenon fiséion prodUCtsvinciudé the

136Xe and the expected deformed region aroundvlhEXe

closed shell region around
may have beén responéible for emission of disproportional numbers 6f K x rays

from the hgaviér xenon:isotopés in the time range of Watson's experiﬁent (100 nsec).
If such a systematic variation in K x-ray yield occurs, the analysié of Watson
which assumes é constant yiéld_of K x rays éervelement vbﬁld resulf in 8 deriveé
_Value.of Ap which is higher thaﬁ the true experimental diétributién. Figure L
shows the absqluté value of.the deviation of thé Zp values from equai éhaige |

A division in fission. The experimeptal points represent pre-neutron emissioﬁ
_mass:determinatioﬁs and were obtained using thé a&erage neutron distributions

of Bowman EE.EL.QY The 'solid line in Fig. L4 are from the results of Watson
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et gl.a In coﬁpariﬁg our Apvvalﬁe‘with those of Reisdorf gﬁ_g;.lo
good agreement was 6btainedvin all the’cases eicept for Z = 38 and
Z = 52" Thejdiségfeement in the‘case of 7 = 52 éouid be asséciated with the
error introduced into our e#aluatiqn.of the Ap value by the very short half

1 . , .
3h’l‘e. In the case of strontium (2 = 38) we have

life of the 2f state of
L+ - . : 9k . i :
observed 2 + 0 transitions in two isotopes: Sr 837.4 keV with a yield of
0.51%/fission and 96Sr 815.5 keV with a yield of 0.34%/fission. Both the 2° > 0
transitions had been identified through the beta decay of mass separated rubidium

isotopes by J. Chaumont and R. Foucher gﬁ_&i.s

The two transitions are very

-close in energy; therefore, the determination of their relative yield is

essentially independent. of any efficiency calibration procedure, and since they

have approximately the same yield, the determimation of Ap is rather insensitive
A

eSﬁimate of it can be obtained from a simple avefage,of the two independent

to the assumed value of o,. Since Ap.is.sameﬁhere between 94 and 96, a féugh

yields.ﬁhich givés A.p = 94.80 in agreement with the value derived by'fiffihg a
Gauséiaﬁ distfibution'to the experimental values.

_»The basic hypothesis in.determining the'properties of fhe prompt fission
products distribution-héé been that the independent yields could be represénted
by a éimple Gaussian function. Statistical checks can be performed to expefi-
mental“data to see if this is a valid assumptibh. 'The most complete determihation
of-indeﬁéndent yields of specific elemental chains are for the rubidium and cesium
isotopes. Wahl ggig;.h have summerized the independent yields of the 11 rubidiﬁm
isotopes and the 10 césium‘iéotopes thet have been detefmined.from the thermal

235

heutron—induded fission of . U. We have taken these data points and their
reported uncertainties'and performed a weighted leaét-squares'fit to the

functional distribution given in Eq. (2). ' Three cases have been considered using
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different sets of the aata. In the first case all déta points were used in

the fit. In the second case the oni& points used were those which came_from a
single experiment in which an 6n—iine mass separator-was used io determine the
independent yiélds.. fhese data points consisted of the most abundant isotopeg
of the two élemenfs considered and wére estimated to include over 95% of the
elemental yieldf In the third case a fit was made using only three values of
the most abundant odd-A isotopes. This approach simulaﬁes a situatioh such as
has been reported here in which énly three data points'are known for each ele-
ment. In this case, to be consistent with our previous analyéis, we have
assumed that the uncertainties in the yields were * 15% for isotopes héving'
yields gréater‘than l%/fissipn and * 25% for those with yields lesé’than 19/fis-
sion; The 6btained results for Ap; OA, and Y including.theif statistical qncer—
tainties'(baéed oﬁvthe validity of the Gaussian distribution) are presented in
Table IV for the three cases considered. Léast-squares fitting of & Gaussian

‘ distribution to all of the rubidium.yields gives a X2 value of 181. This very
large value of xgvgives a level of significancé to the fit of léss than lO—3
which shows.that the data are poorly represented by the Gaussian assumption.
Nevertheless, comparison of the Ap, GA’ and Y values of the fit of three most
abundant odd—A isotopes with the fit of all thebmASs separation values shows
‘that reagonéble consistency Qith.a range of 0.1 in Ap;IO.é_in OA'and 20% in.fhe'
total elemental yields is obtgined and thus for practical applications the
actual distribution can be estimated és'a Gaussian.if the data points are taken
-~ in prdximit& to the center of the distribution. f

| In the case of'rubidium‘thé inclusion of the two sﬁielded-nuclei 8th

86

and Rb which have negligible yields compared to the other rubidium isotopes
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causes,a.signifiéant shift in the 1-\.P value when ﬁﬁe:yie1ds a;e.fitted by a 
Gaussian. In a sﬁrigt mathematical sense the Gaussian function fails to repre-
sent the distfibution of the independeht yiélds; therefofe,vthe'errors quofed

| }or Ap, 9, and Y in Tables IT, III, and IV are not realistic. This could
pérhabs be thelcéuée of the difficulties of the éonsistenéy tests mentioned
‘eaflier,.as.uncertaihties of 0.1 in.AP and 0.2 in‘cA and 20% in the'yiélds aré.

perhaps inherent in the presented approach.

B. Yield of K X Reys
The X x-ray yields associafedeith.the de-excitation of the ground-staté

'bands have been calculéted;from the experimental aﬂdvpredictéd values of the
'inteﬁsitieé of thé transitions and are summarized in Téblé'I.‘ The yield df.K
X fays from'an even-even iSQtope will’be dominated by internal conversion of
‘members of thevground—state band when thé ehergy Qf any of the transitions
de-exciﬁing this band is less than Vv 300-400 keV. 1In the dfher cases the non—:
ground-state band transitions which have energies of %.800 keV will probably
substdntiallyAéontribute to the total K x-ray yield..

A sﬁmmary of the K x-ray yields of even-Z elements produced in ﬁhe

spontaneous fission of 252

Cf is given in Table V. The K x—ray'yiéldsiassociatéd
with only the ground-state bands of the isotopes listed in Table I and ﬁith
: transitions'having lifetimesrshorter than 3 usec are sﬁmmarized in the first
.column.. The»sééond column is the result of thevexperiments of Watson EE.EL'
whiéh required the K x rays to be emittéd within 100 nsec of fission..‘Theﬁthird

column contains the results of Reisdorf gﬁ_é&.;o who measured the K x rays

emitted within sbout 1 nsec of fission. .



-20- o UCRL-20498

In the case of tellurium the contribution of the even isotopes exceeds
the observed value reported by Watson for the entire tellurium yield. This is
presumably becauée the K x rays afé produced predominantly from the conversion

Hh . . o ’
3 Te. This state has a half life of 160 nsec and

of'the.6 5h transition of
thué not'ali the émitted.K X rays were obsefved by Watson. Apparently most of
the K x rays associated withrteliurium frégments come from l3hTe and thus this

is an example’in which a single-transitiéh can dominatevfhe x-ray yield for an
entire element. In the cases:of-defofmed fragments such as zirconium, molybdénum,
barium, cerium, and nébdyxﬁium the decay within the ground-state band of the | |
even-even isotopes which goes Via_low-energy tfansitions with relatively high
cqnversion coefficients accdunts for nv 25% of the K x-rﬁy yields~as observed
bykwatson. in the cases of even-even nuclei havingylow conversion éoefficients
associated with the ground-state band transitions as is thg case in,rutheﬂium,
paliadiuﬁ, énd xénbn the odd isotbpes apparently cpntriﬁute ih muCh greater
proportion to the K x-ray yields, and,thereforé; appareqtly biaé the distfibutipn_

when it is assumed that all isotopes have constant K x-ray yields.

C. Correlations Between Independent Yields and Other Fission_ProPerties'
The fact that the production of spgcific isotopeslcan be detected in
‘most cases within 1 usec of the'fissign évent by'thé obsérvétion of the prompt
gamma decay opens thé pdssibilities of studying Eorrelations between independent
yields of s6me frdgments and total'kinetic energy of the fragments, neutron
émission, and productioﬁ'of variéﬁs compleméntary fragments. As an example

-of the power>df the presented experimental méthod, two types of correlations

.,are presented.. In the first the yields of'specific*isotopes of ruthenium were.
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correlated with the total kinetic energy of the fragments. ,This was done by

. sorting the gamma4ray.spec£ra into both mass intervals and kinetic energy

o ‘ +
intervals and summing the yields of the<2+ + 0 transitions of lOBRu, llORu,

and 112_Ru»forxeach of fhree kinetic energy intervals. The results are pre-
sented in Tabie VI.  The total enefgy release in fiséion for the formation of
any ruthenium'isofope.is approximately constant and can be considered as the
sum of a kinefic‘energy term and an ihﬁernal excitation'energy term. Therefore
the more neuﬁron defiéient_isdtope_(lOBRu) had originally higher internal exéi—
tation‘enérgy'and_thus is correlated with a lower total kinetic-énérgy. Con-

112
(

versely the neutron-rich isotope Ru) had less internal excitation energy

. and-is'thefefore correlated with the higher kinetic energy release.

The second example concerns édrrelations bétween thebyield of compiementary
fragmenfs.and their total kinetic enefgy. Thié information was derived from
Y—Y,doincidénce data which was obtained by placing a second y-ray detector‘behind
5 (see Fig. .1). The correlations were studied
for pairs of complementary even-even'fragments in which one of the fragments
had a transition with avsufficiently long lifetiﬁe (over 0.5 nsec) so.that a
substantial part of the gaemmas decay would occur after the fragment traversed
-the:diétanée between the detectors and was stopped in the F2 detector. Thus a
part éf both the 2+ -+ O+ transitions of complementary fragments appeared non-
Doéplef-shifted and sharp. Figure 5 presents the yield of two complementafy
pairs of prompt préducts (thMo -blhhﬁa and lo6Mo - ltha) aéla function of the
totdl kinetic ehergy releage. By identifying a pair of frdgments, the total

neutron emission associated with the event is determined. Although the statisti-

cal uncertainties in the distributions are large due to background subtraction,
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it is'evident that events with emission of two neutrons (ltha - 106Mo) are

correlated with highér kinetic energy than events with four emitted neutrons
1kh_ 10k | o ; S T U

( Ba - Mo); furthermore, the differences in the mean kinetic energy of the
two distributions is about T MeV/neutron which is in good'agreement with the
value of 6.6 MeV/neutron that Bowman g§_g£.27 found for the variation of the
total number of emitted;neutrons as a function of total kinetic energy of the

- fragments, and it is also in agreement with the energy fequired for the emission

' of two neutrons from the initial frégments, i.e. v 11 MeV in binding energy and

3 MeV in average neutron kinetic energy.

The width of the presented-distributions is roughly 15 MeV (FWHM) with

a largé uncértainty. Since the_kinetic energy"distribution should be ﬂarrow
when the two emitted fragments are known and consequentlyvthevtotal nﬁmber of
émitted neutrons is determined, the width thefefore.predominantly refiectsbthe
large dispérsion'in the kinetic energy measurement of this experiment. The
effects that are.inherent ih the fission process and would contribute to the
width, such as_variation in neutron emission between thé initial fragments,
variation iq neufron kinetic energies and variation in total gamma-ray energy,

are presumably much smaller than the observed width.
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V. CONCLUSIONS

We nave presented a_new'method for determining mass end charge distri-
bution in.fission; This teChnique\is besed on'the correlation of the intensities
of.trenSitione deAexciting the ground-state bands in'even-even prompt fission
nuclei‘with'the independent yields of the isotopes; The principle advantage is
that the.high yield prompt fission prodncts are sampled.' This overcomes the
prinary iimitation of the standerd radiochemical techniques ﬁhich are usually
not rapid enough'to chemically isolate the short—lired beta.decaying nuclei.
The chemical studies are often limited therefore to cumulative-yield deter-
minations, and thns much is lost about the details of the distribution. The
other method_commonly,used to determine fiseion yield distributionsvis based
on K x-ray measurements and this enalysis necessitates assumptions about -
absolute eray yields end mass resolution considerations which we are able to
avoid by obeerving the prompt ground-state band gamma rays. The primary dis-

advantages ofvthe technique is that it is currently limited to even-even iso-

.topes and thus only approximately one fourth of the isctopes are available for

anélysie.- This, of course, precludes any information on odd-even effects in
fission yields.
-Quantitative comparisom of results of the various methods gives satis-

factory agreement in most regions. The deviations exist in regions around

nuclear shells (most notably the tellurium isotopes) where assumptions dealing

with both the K x-ray yields and with the intensities ofvgronnd-state band
transitions are open to criticism.

'_'By studying prompt gamme rays correlated with individual fragments it
is possible to extract additional informetion relevant to the fission procees{

The cited two ekamplestof this are the correlations of isotopic yields with
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kinetic energy reléése and the simﬁltaneous.Observation of complementary pairs
‘ éf products’to extract information on enéfgy disﬁributibn.in the fiésiéning
system. | |

ro thain'the mass and charge distribution in’fissioh ve.haQe used the
_experimentally determined 2+ > O+ ground-state band transitions‘of even-even
isotopes produced in the spontaneous fission of 252Cf. ‘This technique, however,
: woula be applicable td any fissioning species for which the_?rompt gémma rays
éoﬁld be measufed. For most rea&ily fissionable nuciei, the same isotopes are
produéed'(in Vérying yieids)vas‘prompt fission products. Since now that the
'ground;statg.band transitions have béen determined in the mdjority'of the even-
even.isdtopes;'it should be poésible to obtain the details of the mass distri-
bﬁtion by-méasuring the intensities of these tranéitions. in.thiswcase the
uncertainties in thé determination of thé mass distribution will be depehdent
on the accuraéy ﬁith which the inténsities of the gamma traﬁsitions:can be
~measured. With continued improvement in detector resoiutidn and with adequate
efficiency calibrationvit should be possible to make éuch-méasurements to an
accuracy'of ~ 5%. TIn this experiment the intensities of the transitions were
obtained from the gamma-ray spectra which were associated with measured msss
intervals. At the present gamma-ray energy resolution (1 keV FWHM ét 100 keV)
this procedure is essential for obtaining intensities of weak lines (less than.v’
about.l%/fission); however, when one of the fragmenfs is stopped immediately
in a solid and thus emits non-Doppler shifted lines, many of‘the intense lines

(> 1%/fission) can be observed in the gross unsorted prompt gemme-ray spectrum.

~

In addition however, there are still the fundamental limitations associated
. : ' L+ + ., s
with the relative intensity of the 2 > 0 transitions and with the assumptions

regarding the Gaussian distribution of the fiésion products.
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Table 1, Energies and intensities of ground-state band transitions in prompt even-even products of ZSZCE spontaneous fission.
» K x-ray yield
240 ‘b2 6 b 8 46 from ground- Délay
E ‘1 E I B 1 E 1 state band Yy Yield State
Isotope (keV)‘. ($/1) (keV) (%/f) (kev) (%/£) (keV) (%/£) (10"‘/1’) (nsec)  (4/f)
gy 837:4  0.51 (800) 0.11-
g8 815.5  0.3b (800) 0.07
98,0 1223 0.3
100, 212.7 1.80 352.1 1.26 497.9 0.57 (640) 13
1025, 151.9 1b.u_3 3266  0.99 486 0.61 (587)  0.17 26
102,00 296.0 046 bh7 (562) - (652) 1.3
1040 1923 3.37 368.7 . 2.49 520.0  1.03 (606) 33
% LT 337 350.8  2.31 (511.8) 0.8 (59) 48
106g,4 269 0:16 439 (562) (667) 0.65
108, T ek2.3 1.9b w23 10" (580} - (665) 10.8
10y, - 2408 3.9 “u23 1.9" 576.1  1.19 (108) ©0.31. 15.9
Nz, 236.8  0.97 508.9  0.67 (554) . (647) 5.9
i2pge 3188 0.77 535.8  0.ks (643.8)  ©.26 (810) 1.6
Ly 32,9  1.48 5207 0.87  649.3 0. (189) 3.5
116 340.6  0.87 '538.0 0.4z (691) (814) 1.9
18, f 488.0 0.3 6T1.3  0.29 (M) 0.09  (934) 0.3
12004 " 505.5 ~0.3 (698) (818) (961) 0:3 .
132p.8 974 0.2 691 103 0.08 by 130 0.08 &*
13,0 1278 15 297 1.3 115 1.08 87.3 - 164 1.08 6
136y, (688)  (0.81) ' '
or
(1134)  (0.68) i
1361 1313 ~0.75 381 ~0.75 197 ~0.68 10.6 3000  0.68 6*
l38)(e 589.5 ' 2.3 482 1.63 2.6
ROy 376.8 1.5 4579 1.29 (536) (569) b2
105 ed 60z.2 ~ 0.52 065
Lhzg,k 359.7 2.9 ¥15.7 | 2.28 632 .29 (660) 9.7
Whp, 199.%  3.60 331.0 2.48 431.7 1.57 510.8  0.76 51.%
Wby, 181.0°  1.01 333 0.69 (4ks) ' (569) 18.1
et 397.5 0.2 0.7
I%Ce 258.6 1.0k 410.1 0.81 soé.3 0.51 (637) 8.1

(Continued)

)
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Table 1, (Continued)

K x-ray yield

2 _.'o : k52 - 6 sk 8 56 from ground- Delay
E 1. E 1 E 1 E 1 state band oty field  State

' Tsotope (kev)  (%/£) (keV) | (%/) (keV)  (%/6) (kev)  (8/7) RECR/IN (nsec)  ($/9)
T8, 158.7  2.31 295.7  1.84 L3865  1.20 (484) 60.6 10 0.39 2*
0 © " 971 >0.98 - 209.0  0.85 300.7 . 0.65 - 376.4 045 69 18 ous 2"

150g,m 1301 0 0,15 251k ST (hak) 4.3

15254 75.9 >0.6 . 16k.7 . 0.51 247.3.  0.35 322.1  0.30 217 g2 0018 6
15]*Nd ‘ 72.8 >0.!+. 162.4 0.39 . 2h3.7 0.2k 328.1 0.16 ' 23.5 12100 ©.08 yt

Lobgyn 82,0 0.08 = 185 0.034 282 - _ ’
1565,0 v7.6 o501 17h2 0.10 258 ~0.07 (352) . : 185  0.03 5
lSBSm 72.8 >0.15 167.5°  0.1h4 . 258.2 0.10 346 0.07 77 - 0.03 ut

* . . ' . .
The ¥ -, 2. transitions in loaRu and lloRu were too close 1in energy to be separated; thus their intensities were assigned to the isotopes

according to the ratio of the 2+ —,0+ intensities,
9k, %,

Sr and

5

8The 2+ - 0¥ trensitions in Sr have been assigned by R. Foucher at al. using an on-line msss separator,

bThe first z+ in 98Zr was found by Blair et a_l_._zs.using 96Zr(t,p)gez.r reaction.

“The 2t and 47 excited states of lo?Mo have also been seen by Casten et 61.29 and. also by Herrmann et al.3o

32

d'I'he 2% and 4" states of 106Ru have been identified in the radiochemical work of Herrmann et 31.31' and by Casten et al. using

lOhRu( 1, p)losRu.

12

“The 2+_ and 4 states of 1 Pd have also Leen observed by Casten et 51.29 using the llOPd(t,p)llde reaction.

lleCd and 1200(1 have been identified also by BHcklin et al.33 using an on-line mass separator.

132,

f‘The states in
Te have been identified by A, Kerek et al.3u using an on-line mass separator.

lBu’l‘e and the isomeric 6 — 4% tramsition have been identified by .John et al.ll who studies delayed gamma

Brne 2%, 1Y and 67 states in

Bne 2*, 4" ana 6* levels of

rays from Zsch fission fragments. These states have also been identified by Bergstrtm et al.zo using an on-line mass separator.

1The 2+, h+ and 6,+ states in ]’35Xe have been identified by W. John et al.ll ;l_hO observed the 3 psec decay of the isomeric 6+ state in
252

the spontaneous fission of Cf. The states were also identified by Monnand et al.35 using radiochemical techniques.

. - l \ v .
‘JThe 2+ ~ 0+ tr&neiti_ons in l“)Ba have been observed by AlvAger et 51.36 using mass separation techniques.

The 2t ana u¥ states have been identified by Alvger et 31.36 and Larsen et &37 ueing on-line mass separators.

1kl .
The_ 2+ - O+ {raneition in- Ce has been observed by Wilhelmy et gl_,_38 following beta decay of unseparated fission fragments.

150,

The energies of the ground-state band in Nd have been taken' from Greenberg et 31.39

15k

The ground-state band of Sm which is a stable isotope has been taken from the Table of Isotop_g's.ko

Ohe 2+, 4* and 6% states or lssSm were found also in the lsusm(t,p)l%Sm reaction by Bjerrgaard et al.hl




Table 2. zp values of specific mass chains,
| Yiglda '_ K’ z
A z o %/fiss - Watson et al. Reisdorf et al.®
102 . Lo.72 + .06 0.631 + 0.06M. L 25 uo;6'¢'of3 Lo.7
106 h2.2h.i .31 d.6h6 1_0;015 6.20 - k.5t0.1 k2.3
: 112 44,91 % 0.11 0.829 * 0.253 3.65 454 £ 0.2 45.1
136 53.00 + 0.06  0.531 + 0.0kk 440 53,4
1o 5h.Bh+ 0.0k 0.L77 £0.028 6.3 Sk 0.2 Sk.T
AW 5627 ¢ 09 0.666 t 0.052 5.77 56.3 % 0.1 56.3
146 57.01 £ 0,03  0.609 * 0.039 5.15 57,2+ 0.1 571
154 60.66 + 0,06 'O,h73‘i 0.036 1.11 | 60.6
BRer. 26.
PRer. 8.
°Ref. 10.

_ZE_
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Table 3. Ap values derived from even-Z elements.

a

. Watson et al, Rei',éc;orbf. et al_.tf Viotal | ¥, otal
7 Points A o, 4/fission : A A, Yield. From A exps
38 2 o4k .60 % 0.2k (1.376) 1.97 + 0.27 35.5 2.9 0.1
ITe} 3 "iooﬁ? +0.12 1.376 * 0.100 7.38 £ 0.52 100.6 = 0.4 - 100.6 7.9 £.0.3
uzA . 3 105.00 * .16 1‘.387 * 0.106 15.36 : 1.13 104.8 = 0.3 105.2- 15.4 + 0.3.
N in 109,77 + 0,09 1.487 + 0,066 11.86 + 0.85 111.0 £ 0.k 109.6 13.6 + 0.2
b6 3 11&,16 £.0.21 1.81k * 0.250 6.83 + 0.73 nu.b +0.5 113.8 7.8t 0.3
48 2 118.89 : 43 (1.81k) 1.66 + 0.21 )
52 3 134,50 + 0.11 1.180 + 0.07h 4,96 % 0.32 _ : 133.9  7.8:0.3 3.50 + 0,24 4.2
51+. 3 138.45 £ 0.13 1.581 + 0.152 9._63 +'0,70 '139.% = 0.3 ' 138.5 13.6 ¢ 0.2. 3.78 = .'16 3.9
56 n 143.29 x . .08 1.610 + 0.068 16.23 + 1.08 143.2 + 0.1 143,3  15.% £ 0.3 3.71 £.0.17 . 3.5
58 N 147.95 ¢+ 0.1k 1."_(63 + 0,109 9.20 + 0,68 148.0°+ 0.1 1k7.9 7.9 ¢ 0.3 3.28 £ 0.17 3.5
6C 152.55 + 0.19 1.466 £ 0,175 2.40 £ 0.26 152.5 = 0.3 152.5  2.9*0.1 L8 :0.3 4.1_‘
62 3 158.59 + 2.92 - 2.783 + 1'.269. "1.08 £ 0.99  155.0 £-0.5 156.9  1.13 * 0.06 . ' '
®Ref, 8.
“Ref. 10..
“Ref. 27.

_gg_

g6402-T4oN



Tabie iy

Gaussian fitting of known indepesndent yields of rubidium and cesium
products in thermal-neutron fission of 235

Fit

Element Points A AA o Ao Y oY
. : P p A A .
Al]l known cases 11 9z2.525 i.0;0037v 1.290 = 0.0037 11.48 + 0,22_
- Rb Mass separated cases 9 92.279 + 0.017 1.457 + 0.015 11.96 £ 0.22
Isotopes 93,95,97 3 92.28 + 0,11 - 1.k5 £ 0.12 12.75 + 0.89
All known cases 10 140.99 * 0,031 1.364 + 0.007 11.26 + 0.38
Cs Mass separated cases 7 141.07 £ 0,04 - 1.417 £ 0.027 10.97 + 0.43
Isotopes 139,141,143 3 140.95 * 0.11 1.61 + 0.15 13.03 + 0.86

-WE-

g6702-TH0N
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Table 5. K x-ray yields in units of lO_u/fissioh.

V.From ground -state ' : Toﬁél elemental K x-ray yield
Isotope ‘bands of évén—evena o | Watsonbgg E&:P | Reisdorf et E};?
5657 : 0.18. | 33.9° 10.9
qur o 40 S 128 60.8
&éMo “ 82 S 278 , 152
@Ru T | 37T | 117
yete | 7 - 150 52
e B 0.6 - | 1
52Te S 92 L _' _ 33.4 18.7
gXe T o 153 7
56Ba o 80 : his 227
5808 ' 139 - ‘ - k6o 225
e o 56 v 283 - 255
.6é5m S 4 - ‘ Th.7

aDetection,time: 0 -3 useé.
- “Detection time: O - 100 nsec. Ref. 8,

“Detection ﬁime: O - 1 nsec. Ref. 10.
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Table 6. Relative yield of even ruthenium isotopes correlated
with different intervals of the fragment total kinetic energy in
the spontaneous fission of 2%¢ce, The total fragment yield in
the three kinetic energy intervals was normalized to unity.

Total Kihetic Energy Intervals in MeV

Isotope ‘150 - 179 - 180 -'190 191 - 210
108y, 0.221 | 0.427 7 0.352
110z, ' 0.091 -  0.309 0.600

Hego 0.015 - 0.230  0.755
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FIGURE CAPTIONS

Fig; 1. General schematic representation of the experimental detector configura-

252

tion. _bétéc£ors Fl (ﬁifh’eiectrodépdsited cf) énd F2 measured kinetic
energiéé;of the fragments. Detectors Yl and Y2 measured energies of y-rays
and/qr i—fays{ Four parameter coincidence studies (Fl, F2, Yy Y2) were

used to esféblish transitions assbgiated with ground state bands in even-even
nuciei.'inCe these transitions were esﬁabiished_they weré studied quahti-

'tativelyv(as reported in this paper) in a three parameter experiment (F1,

F2, Yé) which afforded a'higher.efficiency of detection. The sources and

detectors indicated in the bottom of the figure were used for external

Fig.

Fig.

Fig.

étabiiizétion of the photon detéctofs..

2. A schematic represenﬁatidn of the ground state band de-excitation of
a prombﬁ even-even fission product. The numberé ésSociatéd with each
transition are average relstive intemnsities observed in fission for the
decay from the indicated spin members»of the ground state band.

3. A plot of'the éalculated pefééﬁtage‘ofjdeéays of the prompt even-even
fissidﬁ pfoducté which do not éascade through tl.le-2+ + O+ ground state
tfénsition‘as a fuhétion of'a'paramefer>B [v rms (J+1/2)] which is relatéd
to the average primary angular momentum of the fission.fragment.'

4. A plot of AZ vs. the charge of the fission product.: The relatibnéhip
for AZ is given‘on the ordinate where 2 repfesents the element number of'.

2520¢ (98/252),

the fission'product formed, pF is the charge to mass ratio of
and Ap is the preneutron emission centroid for the mass distribution of

the element. The differences between the AZ values of complimentary light

and'heévy.fragment are indicative of the uncertainties in the presented

.reéults:(éee text). Thé.solid line represents the results of Watson, SE-Ei’
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Fig. 5. The dependence of the yield of pairs of complimentary fission products

as a function of the total kinetic energy release. The pairs are ltha - 10

(represented by dots) and ltha - 106Mo (represented by open circles). The

pairs were measured by observing coincidences of the specific gamma rays.

‘Mo

g
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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.




o

Iy <

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
"UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

iftl)



