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Independent yields of 139 individual secondg@ppearing after neutron evaporatidragment pairs of five
different charge splits4, /Z,,=46/52, 44/54, 42/56, 40/58, and 38J6tave been experimentally measured by
detecting the coincidences between prompays emitted in the spontaneous fissior?®fCf. Nuclear charge
and mass distributions of fission fragments that follow from the measured yields of individual fragment pairs
are consistent with similar previously known more integral data. Another type of data extracted from the yields
of fragment pairs is the multiplicity distributions of prompt neutrons emitted in the five above charge divisions
of 252Cf. For the measured charge splits, about 70% of the fission events wi¥ereeutrons are evaporated
from the fission fragments occur for the Mo-Ba split BfCf. Mass and excitation energy distributions of
primary Ru-Xe, Mo-Ba, and Zr-Ce fragments were deduced from a least squares fit to the yield pattern of
secondary fragment pairs. For the Ru-Xe and Zr-Ce splits, the experimental data are well fitted by assuming
one fission mode with average total kinetic ene¢gKE) values close to the value ¢TKE) known for the
252Cf spontaneous fission. For the Mo-Ba split, a successful fit could be obtained only with the assumption
that, in addition to this “normal” fission mode, a second mode with a remarkably lower valie<d) of 153
MeV contributes to this charge split. This is 36 MeV lower than for the normal mode. These data indicate that
in mode two the barium nuclei are hyperdeforn{8d. axis ratig at scission. Mean angular momentum values
of Mo-Ba fission fragments observed in pairs together with various partners have been deduced from the
measured populations of different spin levels of the fragment nuclei. These angular momentum values are
discussed in terms of their dependence on the primary fragment excitation energy and presence of two fission
modes[S0556-28137)05303-X

PACS numbsgs): 25.85.Ca, 21.10.Gv, 27.66j, 27.90+b

[. INTRODUCTION tailed studies of fission fragment charge, mass, and energy
distributions for a large variety of fissile systems continue to

We present in this paper a detailed report of our developbe an important source of information about the mechanism
ment of an approach to the study of low-energy nuclear fisof this procesgsee Ref[6]). This is because the total kinetic
sion and of the results obtained in studies of the spontaneownergy(TKE) of fission fragments is mainly defined by the
fission of 2°2Cf as briefly reported recentljl,2]. The phe- Coulomb (plus nuclear potential as it appears just after
nomenon of low-energy nuclear fission has a long-term hisscission. Therefore, TKE values, together with fragment
tory. A number of approaches to the problem have been denass asymmetry, provide information on some essential
veloped, and their power has been demonstrated in a numbeharacteristics of scission configurations. Prompt fission neu-
of studies. First we present a review of previous studies, anttons andy rays carry information about the excitation en-
our motivation for a new approach, and finally the moreergy of the fission fragments and also are an important
detailed results from our studies. source of information about low-energy fissipf.

Since the time of the discovery of nuclear fission through The asymmetric mass distributions of fission fragments
the present, investigations of low-energy fission have rehave been well known for a long time, and considerable data
mained a dynamic field of nuclear physicsee,[3-5]). De-  about these distributions for different fissile nuclei have been

accumulatedsee Ref[8]). It is generally recognized as seen
in theoretical calculationgsee Refs[9-14)) that the mass
*Also at UNIRIB, ORISE, Oak Ridge, TN 37832, on leave from distributions are governed by shell effects in deformed nu-
Institute of Nuclear Physics, Cracow, Poland. clei. Theory also predictefll0] the coexistence of different
TCurrent address: INEL, Idaho Falls, ID 83415. asymmetry modes for the fission of the same nucleus. This
*Current address: Tsinghua University, Beijing, P.R. China. was observed later in experiments as the phenomenon of
SCurrent address: Lawrence Berkeley Lab., Berkeley, CA 94720bimodal fission in the vicinity of lead15] (see also Ref.
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[16]) and heavy fermium nucl¢il7] (see also Ref.18,19). ceived only a rough explanatidn.

Investigations of the full course of the potential energy sur- In this paper we present an approach to ascertaining sciss-
face in deformation space revealed pronounced fission patli@n configurations, i.e., to ultimately know what are the ex-
(valleys or channe)sas a characteristic inherent in fission Citation, deformation, and tip distance for fragments of a
processes of many heavy nucléR0-23. Later, the given mass and nuclear charge at scission. As is well known,
multimodal-random-neck-rupture model was introduced bythese parameters define the energy partition at fission written
Brosa and co-worker24]. This model allowed the authors s

to reproduce the mean values and variances of fragment

mass A) and total kinetic energy distributions known for Q(ALAw)=Egisst Eqer T Egeny + TKE=E] + Efy + TKE,
different nuclei prone to low-energy fission. For spontaneous

fission of 25%Cf [24], they extracted possible evidence for @

five integral channels from an analysis of a high precision ) .
two-dimensional yield distributiorY (A, TKE) obtained for whereQ(A ,Ay) is the full energy release at fission result-

this nucleug 25]. These included three rather similar stan-"g In two primary (.e., before neutron evaporatiofrag-
dard modes, a weak superasymmetric mode on the marr%ents of.mass numbers andAH(subscnptsL_ andH stand
' : A3t the light and heavy fragment, respectively, where the

e\T%lgment atomic numbers are assumed to be fixBgl is

he dissipation energy, i.e., the part of the energy released at
he descent from saddle to scission which is spent as heat,
Egen(ny are the deformation energies of the primary frag-
ments at scission, anll , are their excitation energy at

of fission channels were reported [B6—29. The basic re-
sult of these activities was the recognition of a number oti
fission modes distinguished by their particul@ometimes

partly overlapping ranges of the scission point mass asym-
metry and elongation. infinity.

The scission-point fission modg80], based on the as-  The previous techniques of measuring fragment mass,
sumption of equilibrium at scission, was in fact the first to charge, and TKEsee Ref[38]) have allowed one to find the
reproduce, to a large extent, the basic observables of lownasses and nuclear charges of both fragments only for the
energy fission. Later refinementsee Refs[28-31) pro-  case of “cold fragmentation’(or “cold compact fission’)
duced even more detailed results. However the answer to theee[39,4(). Sometimes, identification of cold deformed fis-
fundamental question of when in the process the mass asyrgion configurations turns out we{see[41,42). However,
metry is determined remains ambiguous. only qualitative conclusions could be drawn from the results

Evidently, the solution of the problem should be sought ingained by the observations of “cold deformed fission.” Fur-
fission dynamics, and in this direction theory might expectthermore, this fission mode, as well as the “cold compact
from low-energy fission experiments not only more specificfission,” make only a small part of the bulk of the low-
information about the nuclear deformation energy but alsenergy fission events.
the data on couplings between different degrees of freedom Access to new information, in addition to that usually
at the time of the descent from saddle to scission. Widths opbtained in previous experiments, could improve our ability
isobaric charge distributions were analyzed in terms of thd0 estimate the values entering into Hd). One possible
role of zero-point oscillations of a giant dipole resonanceSource of such information is spectroscopic studies of
[32] that undergoes a “freeze out” at a certain point dependprompt characteristiey rays emitted by fission fragments. It

ing on necking velocitf33]. Odd-even effects in the charge Was showr(43] and confirmed in our earlier worfd4] that

- o + +
yields of fission fragments were used for extracting informa.tn€ total intensities of the lowest'2~0" ground-state band

tion about the amount of collective energy dissipated during{)ransitions observed in the de-excitation of even-even fission

e descont rom sade to s Diferen aurs TS e, 0 4100 ree o st e
[35—37] have shown that valuable information related to the P y pes. in .
report we showed45] that the values of relative yields of

fission dynamics follows from data on the fragment masspairs of fission fragments, as they appear after neutron

energy, an_d nuclear charge distribgtions. Nevertheles_s,_ aporation, can be extracted from the analysig-of and
number of |mp(_)rtant questions remain. Only an upper I'm'ty-y-y coincidences detected for prompt fissigrrays with

had been obtained for the fraction of the collective energyno. jarger detector arrays. This led to the first measurements
d|SS|pated during the descent towards the scission point. l¢ the independent yields of Zr-Ce and Mo-Ba pairs and the
remains unclear what part of the collective energy is transprompt neutron multiplicity distribution of the Mo-Ba split
formed into the quasiparticle excitations just at the neck disyf 252cf ([1,2)).

ruption. AlSO, it is not clear whether the ZerO'pOint oscilla- Some aspects of our work have been described br|ef|y
tions squeezed by neck formation are the only source of thearlier[1,44—46. Brief reports and our more detailed analy-
isobaric charge distribution or are there other mechanismssjs of the Mo-Ba charge split have been presented recently
such as stochastic single-nucleon exchange, responsible fi#r,47-5Q. Here we report more details of our experiment
this distribution. There is very little experimental informa- and of the analysis procedures and a more complete set of
tion about the amount of energy which goes into the excitadata on the independent yields of different charge splits for
tion of collective degrees of freedom orthogonal to the fis-

sion mode[3,14]. To these questions one can add that the

deviations obtained for the average nuclear charge of fission'See the definition of this term in Rd8] and discussions on this
fragments from the “unchanged-charge division” have re-topic in Ref.[36].
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secondary eveZ fission fragment pairgi.e., formed after searched foty-y coincidence peaks and estimated peak areas
neutron evaporatigrobtained for the spontaneous fission of by using the method suggested[Bb]. The search was per-
252Cf. Results were obtained for fragment pairs belonging tdormed automatically using the special code-2s created
Pd-Te, Ru-Xe, Mo-Ba, Zr-Ce, and Sr-Nd charge splits offor this purpose[56]. In our approach, the full two-
252Ct. Fragment pair independent yields and prompt neutromimensional matrix was divided into different small regions,
multiplicity distributions were extracted from the data. An and each region was fitted with a complex two-dimensional
unfolding procedure for extraction of primary fragment massfunction. This function is the sum of three term&) The
and excitation energy distributions from the obtained patsmooth background created by sughy coincidences when
terns of yields of secondary fragment pairs is described. Sucboth pulses originate from the incomplete absorption of the
distributions were extracted for the three charge sfiRs-  y-ray energy.(2) Two series of ridgegparallel to the axes
Xe, Mo-Ba, and Zr-Cgfor which the most extensive data E,, andE,,) originating from the coincidences of full ab-
exist. This analysis revealed a new second mode in thsorption pulses with the pulses from the incomplete energy
Mo/Ba split. From the new second mode which goes via veryabsorption of othery rays. (3) Real peaks originating from
low average total kinetic enerdfTKE), we extract evidence coincidences of pairs of full absorption pulses. Examples of
that in this second mode the barium nuclei are hyperdeeur two-dimensionaly-y coincidence spectra are shown in
formed with long to short axis ratio the order of 3:1 at sciss-Figs. 1(a)-(c) for three regions located around the coinci-
ion. dence peaks assocciated with*(20") y transitions for
Other information that one can extract from our experi-three selected pairs with 2, 8, and 10 neutron emission. The
ments include angular momenta of the fission fragments foselected pairs aré’®™o-'*Ba and ®Mo- **%8Ba [Fig. 1(a)],
specific fragment pairf#5]. Such data are desirable since the 1%Mo-1%Ba and 1°Mo-“Ba [Fig. 1(b)], and *Mo-
fragment angular momentum carry information about cou-'3Ba[Fig. 1(c)].
pling between different collective degrees of freedom at the The peak search and estimationkdh with an ALPHA
descent from saddle to scissi¢8,14,51-54 Results and computer for the whole 40964096 channel matrix. This
analysis of the relative intensities of transitions between procedure was repeated more than one time following shifts
the levels of the ground-state rotational bands of some Man the boundaries of the small regions to take care for the loss
and Ba fragments appearing together with different partneof peaks located near the region boundaries and to improve
fragments are discussed. Mean angular momentum values tife smoothness of the background and background ridges at
fission fragments obtained after neutron evaporation are dishe boundaries of the small regions being used for fitting the
cussed here in terms of a modéR,53 that assumes a sta- total matrix. This procedure allows one to subtract back-
tistical equilibrium between collective degrees of freedom afground contributions, including ridges in both theand Y
the scission point. In summarizing our results, we also prodirections. The table of data obtained in this way, including
pose prospects for future experiments. all the observedy-y coincidences, was used in the interpre-
tation of the results. The list of real coincidence peaks, their
assignments and areas are the final product of this procedure.
Along with the two-dimensional matrix, a number of one-
dimensional spectra were built by using the events with three
Il. EXPERIMENTAL PROCEDURES AND RESULTS and higher fold coincidences of rays. These linear spectra
were for y rays detected in coincidence with twp rays,
with one emitted by each fragment of the pairs of interest, to
We have extracted yields of secondary fission fragmentsonfirm and check intensities of some wegktransitions
from measurements of the multiplerays emitted by differ- obtained from they-y coincidence peaks.
ent pairs of fragments formed in the spontaneous fission of Tables |-V present the independent yields of fission frag-
252Cf. The experiment was carried out at the Holifield Heavyment pairs obtained for the five charge divisionseACf:
lon Research Facility with the Oak Ridge Compton Suppres-
sion Spectrometer System. The 20 Compton suppressed Ge
detectors were located at a source to detector distance of 14
cm. A hermetically sealed®’Cf source with 6 10* sponta-
neous fission events per second was placed in the center of
the detector array, and all the events of coincidgntays 42/56(Mo—Ba), 40/58Zr—Ce), 38/6Q Sr—Nd).
with multiplicity =2 were recorded. Durina 5 day run ap-
proximately 2<10° y-y coincidences were collected event
by event. For the pairs involving only even-even fragments, yields
A two-dimensional matrix ofy-y coincidences(4096 were determined from the areas of the peaks corresponding
X 4096 channejswas created from the initial data by select- to coincidences between™2-07 transitions in both frag-
ing the y-ray coincidences occurring within 200 ns. The ments. In the cases when oddfragments occurred in the
peaks seen in this two-dimensional spectrum arise from th&ragment pairs, all peaks involving transitions to their
coincidences betweef rays emitted(a) promptly by both  ground states were summed up to obtain the yields. For the
complementary fission fragments of different fragment pairsnuclei of interest, we used the data on the low lying energy
(b) promptly by one of the fragments in cascade, &ndfter levels from Refs[43,44,47,48,56—65
the B decay of fission fragments. Only the peaks listedan Relative yields of fragment pairs were obtained after cor-
carry information on the yields of fission fragment pairs. Werections for the known detection efficiencies and internal

Z,1Z,,=46/52Pd—Te), 44/54Ru—Xe),
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FIG. 1. Three examples of two-dimensionaly coincidence spectra from different regions are shown. The contour lines represent equal
count rates. Histograms in the upper and right panels show the projection spectra obtained after subtraction of the smooth background. Lines
show the decomposition of these one-dimensional projection spectra into indiyiduadks. Besides the real coincidence peaks, ridges
originating from the coincidences of full absorption pulses with the pulses associated with the incomplete energy releasegfahergy
are also seen. “False” peaks are also seen clearly at the intersections of some of the(adgegion of the peaks that are produced by
coincidences of the 2—0" transitions in1®™o and *Ba and in'®Mo and *®Ba (two-neutron channelsthis region also involves two
peaks originating from coincidences of the 11/29/2" transition in'**Ba with the 2" — 0" transitions in*®®o (one-neutron channeind
1040 (three-neutron channel(b) Region involving coincidence peaks of theé 20" transitions in %Mo and *%Ba (eight-neutron
channel. (c) Region involving coincidence peaks of thé 20" transitions in the'®Mo and *®a (ten-neutron channgl

conversion probabilities. For those peaks involvitifXe a
correction was made for the delay caused by the isomeric 2.9 TABLE I. Yields of correlated fragment pairs of Pd-Te in the
us 67 —4* transition. For peaks that involved some odd spontaneous fission oP<Cf. Yields are given in percent, i.e., in
mass fragments with high ground-state spins, correctionsumber of pairs per 100 fission events. In the last ling i the
were made to take into account direct feeding of the groundnean number of neutrons evaporated from the primary fragments.
states. Such corrections were important f&t'Xe and

13%e which have ground state spin 7/2. F&¥Mo and PTe PTe e
13884 coincidence peaks between the 192.1 keVD")  108pq 0.022)
transition in1%Mo and the 1435.8 keV (2—0") and 462.8  119pg 0.072)
keV (4" —2%) transitions in*®a were analyzed. The re- 11%pg 0.082) 0.284)
sults were corrected for the contributions from Belecays 114pq 0.032) 0.41(5) 0.183)
of the ground state®®*®Cs (T;,=32.2 min and isomeric  116pq 0.102) 0.11(2) 0.022)

state 138"Cs (T,,,=2.9 min), which also have a 192-462.8-
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TABLE II. Yields of correlated fragment pairs of Ru-Xe in the spontaneous fissiofi?of. Yields are
given in percent, i.e., in number of pairs per 100 fission events. In the lastiinis the mean number of
neutrons evaporated from the primary fragments.

134xe lSGxe 137Xe 138xe 139Xe l40xe 142Xe
106RY 0.022) 0.082) 0.132)
07RY 0.055) 0.075) 0.195) 0.064)
108y 0.021) 0.193) 0.232) 0.674) 0.123)
R 0.033) 0.094) 0.5911) 0.307) 0.4509) 0.055)
10Ru 0.1%4) 0.304) 1.036) 0.594) 0.394) 0.022)
Ry 0.185) 0.224) 0.498) 0.266) 0.084)
HRu 0.0713) 0.205) 0.175) 0.243) 0.022)
Y e 0.073) 0.5610) 0.7910) 2.5716) 1.4811) 1.86(14) 0.368)
v 6.02.6) 5.1(8) 4.4(6) 3.92) 3.52) 3.42) 2.32)

1453.8 keV coincidence cascade. For this correction we use@ee Refs. [8,43)). One can see that for!3814e,
data[66] on the level populations ot*®Ba following the 1421441435 and14614%e all the pairs with large yields are
decay of the isomeric and ground states-&Cs and branch- present in Tables 111V, e.g., all the Mo fragments connected
ing ratio of the isomeric state. Also, use was made of theo *Ba are present and so forth for other isotopes. Compar-
relevant data known for thé°2Cf spontaneous fission: the ing these yields to relative total independent yields of these
cumulative yield of 1*¥Cs (see Ref.[8]) and its isomeric fragments measured in Ref8,43], we obtained the normal-
ratio (see Ref.[67]). We estimated directly the count rate ization factors which were used for calculations of the inde-
from the 8 decay of ®¥Cs by using the measured yields of pendent yields for all other observed pairs of Ru-Xe, Mo-Ba,
v-v coincidence peaks of the pairs ¢ftransitions 1009.8 and Zr-Ce(Tables II-IV). For the normalization of the data
and 1435.8 keV, 547.0 and 1435.8 keV, 547.0 and 462.8or the Pd-Te and Sr-Nd pait$ables | and V, the weighted
keV, 871.8 and 1435.8 keV, 409.0 and 1435.8 keV, 409.0nean of the normalization factors obtained for other pairs
and 462.8, keV and of the 100% triple cascade of 191.96(Tables II-IV) was used. In Table VI we compare our values
462.8 and 1435.8 keV. All these transitions occur betweetfior the total yields of 13814Xe, 1421441485 and 146.14¢Ce
13884 levels populated in thg decay of *¥Cs. As a result  (the relative yields specified abgweith the known indepen-
of this correction, about one-half of the total yield of the dent yields[43]. In the third column normalization factors,
192.1-1435.8 keV coincidence pedthis total yield has i.e., the ratios R) of the numbers in the first and second
about 1500 counjshas been found to be related to tBe columns, are given. The maximum deviation of the indi-
decays of'®®Cs and!*¥Cs. The observed coincidence in- vidual values of R from the weighted mean
tensities of the 192.1 and 462.8 keylines were explained [(R)=(7.8+1.2)x 10°] is 23%. Taking into account the er-
as completely from thgg decays of*®Cs and3®"Cs. rors quoted in Table VI, we regard as satisfactory the con-
The independent yields presented in Tables |-V are th@ergence of the individual normalization factors.
result of normalization of the relative yields obtained in our The obtained convergence of the normalization factors
experiment to the data for independent yields known fromstrongly supports the conclusion that the possible effect of
the literature for some particular fission fragments?®iCf  the efficiency variation of they ray detector array with the

TABLE IlI. Yields of correlated fragment pairs of Mo-Ba in the spontaneous fissioft’alf. Yields are
given in percent, i.e., in number of pairs per 100 fission events. In the lastilines the mean number of
neutrons evaporated from the primary fragments.

138Ba 14OBa 141.Ba 14ZBa 143Ba 1448a 14SBa 146Ba 147Ba 14SBa

1020 0.022) 0.043) 0.096) 0.135 0.107) 0.064)
0310 0.053) 0.012) 0.022) 0.139) 0.6710) 0.8620) 0.468) 0.4030) 0.129)
0490 0.083) 0.184) 0.344) 0.364) 0.4810) 1.144) 0.7415 0.394) 0.2317) 0.043)
%o 0.022) 0.0745) 0.11(4) 0.6510) 1.0525 1.3011) 0.5917) 0.137) 0.2315

%80 0.041) 0.123) 0.443) 0.924) 0.8910) 0.654) 0.168) 0.095)

Mo 0.022) 0.124) 0.143) 0.3516) 0.148) 0.138) 0.157)

%0 0.021) 0.063) 0.103) 0.145) 0.1210) 0.065)

2Yg, 0.156) 0.609) 1.1710) 2.4420) 2.8229) 3.9919 2.5832) 1.21(14) 0.9637) 0.2210)
v 9.52.0 6.51.0 566) 434 375 342 294 233 145 115
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TABLE IV. Yields of correlated fragment pairs of Zr-Ce in the TABLE VI. Normalization factors.
spontaneous fission o®’Cf. Yields are given in percent, i.e., in
number of pairs per 100 fission events. In the last ling i§ the Relative Independent Normalization
mean number of neutrons evaporated from the primary fragmentsrission yields yield$53] factors R)
fragments x 108 (%) x 108
144Ce 14GCe 147(:e 148(:e 149Ce lSOCe
138xe 1927) 2.30(34) 83(13)
%zr 0.044) 0.134) 0.2614) 0.135) 1423, 17410) 2.9043) 60(10)
1007y 0.113) 0.298) 0.635) 0.2514) 0.295) 1445, 30612 3.60(54) 85(13)
1017r  0.043) 0.479) 0.6321) 0.6216) 0.1612 0.063) 1468, 948) 1.01(15) 92(16)
19%Zr 0.022) 0.415 0.5210) 0.445 0.055) 0.033) 1460 886) 1.0416) 84(14)

1047 0.073) 0.055)

2Yce 0.116) 1.2913) 1.6127) 2.0619) 0.81(24) 0.6815)

T 5029 455 376 313 329 254 lated pairs are significant extensions of the known spontane-

ous fission characteristics. The older integral data correlate
well with our new detailed results as presented in the next

value of mass and charge asymmetry of fission fragments {ur subsections.
very small. In principle, one should anticipate some effi-
ciency variation caused by the dependenceyafly multi-
plicity on mass asymmetry. From the data of Réf], we

derived a value of 15% for the maximum possible variation , i o
of the efficiency within the range of mass and charge asym- Previously obtained data on mass and charge distributions

metry covered by our data. This estimation is consistent wittPf fission fragments correspond to more integral fission char-
the results shown in Table VI. Since two neighboring iso-acteristics in contrast to the new detailed results of our work.
topes at the peak of the yields have very similar multiplici- However, some of these integral characteristics can be de-
ties, this maximum 15% variation in efficiency applies only duced from our results. In the next to last lines of Tables
to the isotopes on the two wings of the distribution. In Tabled!-1V, the independent yields are given for some fission
I-V, the errors in the yields in the wings arise from datafragments. These are sums of the yields of the individual
statistics, evaluations of internal conversion probabilities andragment pairs presented in the corresponding columns. In-
correction factors specific to particular isotopes as discussedkependent yields for some fragment pairs not listed in Tables
above and are already much larger then 15%. Thus this ad-V (often because the decay schemes are not khowere
ditional efficiency correction can be neglected. estimated after two-dimension8! spline interpolatiorfs of

To obtain information about the mean angular momentshe data. Uncertainties introduced by these interpolations
(l,), many additionaly-y coincidence peaks involving tran- which depended on the results of these procedures are in-
sitions between different excited states of the fission fraggjuded in the errors given for the data and are discussed later.
ments were analyzed. Relative transition intensities and levetr integral independent yields are displayed in Fig. 2 and
populations were derived for individual fragments when theygre in general agreement with the data of HéB]. For a
appear together with different companions in the observe@ymper of fragments these include values which were not
fragment pairs. The selection of such data associated witRhown before. Total integral yields of fission fragments of
some Mo-Ba fragment pairs is presented in Table VII. Thegifferent nuclear charges, that emerge from our results, are
mean angular momentum values, as they follow from theyresented in the second column of Table VIII. Similar inte-

observed level populations, will be discussed in Sec. Il D ingra| data reported by other authors are presented in the fol-
terms of their correlation with the primary fragment excita- |owing three columns of this table.

tion energy.

A. Independent yields of fission fragments

I1l. DISCUSSION B. Neutron multiplicity distributions

The new individual yields(Tables I-V), neutron multi- The results presented in this paper are mostly the new
plicities (Fig. 1), and spin population€Table VII) for corre-  type of data which could not be obtained before with con-
ventional methods. All previous information on the prompt
TABLE V. Yields of correlated fragment pairs of Sr-Nd in the neutron multiplicity distributions at low-energy fission has
spontaneous fission GPCf. Yields are given in percent, i.e., in peen obtained from measurements involving neutron detec-
number of pairs per 100 fission events. In the last lin 6 the  tjon |n this standard approach, extraction of neutron multi-
mean numbers of neutrons evaporated from the primary fragmentfylicity distributions requires assumptions about the shape of
these distributions and the neutron detector response func-

15l 15 15.
Nd Nd Nd tion, and a complex unfolding of the experimental daee
%8sy 0.032) 0.26112) 0.2311)
%83y 0.052) 0.3216)

2See Ref[73] and Ref[74].
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TABLE VII. Relative intensities ofy transitions between the levels of the ground-state bands in some Mo and Ba fragments. Intensities
of the 2" — 0" transitions are assumed to be equal 1.0 for normalization. Also presented are the mean angular ghonuerised from
the obtained population of all excited states of the fragments and the mean numbers of negtevaporated from the primary fragments,
obtained from the unfolding procedure described in Sec. Il C.

Relative transition intensities

Fragment Partner 2% 6" —4% 8" —6" 10" —8"* (1) v
04m0 14Ba 0.9G19) 0.5419) 4.912 0.182)
04\m0 14883 0.694) 0.474) 0.156) 4.6(7) 0.842)
04m0 14%Ba 0.714) 0.41(2) 0.142) 0.06:30) 4.53) 1.304)
0410 144Ba 0.723) 0.41(3) 0.081) 4.43) 1.6605)
0410 143Ba 0.806) 0.325) 0.201) 4.56) 2.11(10)
0410 14283 0.437) 0.31(5) 0.175) 3.97) 2.46(15)
0410 14983 0.299) 0.21(12) 3.0(10) 3(1)
0410 13835 <0.2 2.24) 3(1)
14883 104\ 0.827) 0.41(4) 0.228) 0.229) 8.2(14) 1.11(2)
144Ba 10410 0.923) 0.644) 0.504) 0.071) 7.2(10) 2.305)
14Ba 10410 0.968) 0.353) 4.907) 3.54(15)
14%Ba 10410 0.999) 0.21(8) 4.43) 5(1)
13833 10410 <0.2 2.24) 7(1)
1448 108\vio 0.935) 0.825) 0.495) 7.8115) 1.005)
14483 1030 0.8009) 0.606) 0.41(2) 8.0(10) 2.1055)

Refs. [69-71], for example and of course, zero neutron
emission is not detected. Only the total neutron distributions

: Xe Ba (a) E have been obtained from these complex analyses. More so-

L Te % Ce ] phisticated measurementgsee, for example, Refs.

o “ﬁ /!% Nd [25,27,73) allowed one to deduce the variation of the mean
100 | /¥—F E é . neutron numbersy) of individual fragments and variances

\I /- ] (o,) with fission fragment mass.
\% Here we report the direct measurements of neutron mul-
tiplicities. Figure 3 shows the more complete prompt neutron
__ multiplicity distributions obtained from Tables 1-V for dif-
] ferent charge splits of°Cf. These results extend our earlier
[ § reported distribution$1,2,47-5Q. In Fig. 4 the sum of the
ol L L 1 neutron multiplicity distributions from Tables |-V for each
132 134 136 138 140 142 144 146 148 150 152 154 neutron evaporation number shown in Fig. 3 is compared
with the total neutron multiplicity distribution for?52Cf

10

Yields (%)
W\
TN

F Mo Ru (b) 1 known from literaturg 68]. We note that the eved—even-
- Zr =¥ z 1 Z charge divisions in our data points in Fig. 4 account for
L Pd - . .
I o ] more than 40% of the totaP°Cf spontaneous fissidsee the
. Sr K second column of Table VIil The oddZ—-oddZ nuclei cor-
2 100 _fi f/ LE respond to about 50% of the yields.
K F i E ] The lower values for our data in Fig. 4 for the multiplici-
© - { \ 1 ties ranging from two through six, as compared to the data of
> | Ref.[68], are related to the fact that in our data we observed
+ | only a part of the fission events. An excess of zero neutron
101 | - events in our data over the data of Ré8] shows that the
SIS RPN RO TR SO RN NP SRS NI R neutron detection method employed in RE#8] (and in
96 98 100 102 104 106 108 110 112 114 116 other similar papejsprobably underestimates yields of zero
Mass number neutron events. The agreeméwithin the error barsof our

data and the data of Ref68] for the multiplicities of =7
FIG. 2. Summary of fission fragment isotopic distributions de-Shows that the major part of these high multiplicity events
duced from the fragment pair independent yields given in Table$Omes only with a few charge divisions as shown in our data.
I-V (closed symbolsare presented. The vyields are presented in From our data we find that whea7 neutrons are evapo-
percents to the total number of fission events. For comparison theated from the fission fragments nearly all of these fission
data of Ref[43] are shown(open symbols events occur in the Mo-Ba split 0PCf. In the last lines of
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— T T T ian curves. However, the Mo-Ba distribution could not be

1o% 3 approximated by any single Gaussian because of the excess
i Nd-Sr ] of 7—-10 and zero neutron events. Excluding these points, we
105 (10) 1 could also fit the Mo-Ba data with a single Gaussian. The

] single Gaussian fits are also shown in Fig. 3. In Table VI
il (columns 6 and J'the mean neutron multiplicitnypt) and

E their variances ¢y, derived from the experimental points
shown in Fig. 3, are displayed, together with the mean num-
bers of prompt neutrons given by Nifeneclatral. [7] (see

] the last columh Among the neutron multiplicity distribu-

e tions shown in Fig. 3, the distribution associated with the
1 Mo-Ba charge division is notable for enhancements of the
Iy i ] lower (0) and highe7—10 neutron multiplicities. Notewor-

E thy is the observation of th&’4Mo- 1*8Ba pair appearing as a
result of the?%2Cf spontaneous fission event associated with
the evaporation of 10 neutrorisee Table Ill. The split
] 104\10-1¥8Ba with 10 neutron emission is clearly seen in Fig.

- 1(c). This is an observation of 10 neutron emission in spon-
3 taneous fission. Our results with zero neutron emission are
consistent with the findings made for the “cold compact
(') : é : "1 : é s 1'0 : fragmentation” (see Refs[39,40,71) with respect to the
Neutron number fragment mass and charge asymmetry where zero neutron
pairs are obtained and from the point of view of yields of
FIG. 3. Multiplicity distributions of prompt neutrons deduced these pairs. The observed zero neutron pairs were discussed
from Tables 1-V for different charge splits are shown. TRg  in our earlier paper§75,7€ in terms of the phenomenon of
values (relative yieldsP,) multiplied by the factors given below Cluster radioactivity.
each correlated fragment charge pair gives the yield values in per-
cents to the total number of fission events. The curves show simple C. Mass and excitation energy distributions
Gaussian fits to the dataee text of primary fragments

The fragment pair experimental yields obtained in this
; 14 ork originate from deexcitation of primary fission frag-
ted when a particular fragmefe.g., *’Ba, etc) was formed. ments, and carry information about the mass and excitation
All neutron multiplicity distributions shown in Fig. 3 ex- gnergy distributions of the primary fission fragments of fixed
cept the Mo-Ba distribution could be well fitted with Gauss- charge splitsY(A_ ,EX ,Ay ,EX|Z, .Zy). Two possible ways
to use such data are the following. One is to test the ability of
pE * " T T T T T ] different theories to predict the primary fragment distribu-
nr ] tions which reproduce the experimental data after applying a
I g © ] statistical code for modeling the deexcitation of primary
fragments. A second way is to extract the primary fragment
distributions by unfolding the experimental data.
] The numbers given in Tables |-V are the experimental
o ] yields Y®P{A ,A4|Z, ,Zy,) of secondary fission fragment
pairs created after neutron evaporation. One can connect

1o _ e ./.\o [

100 F E these yields to the yields of primary fission fragment pairs
. f ] Y(AL,A4|Z, ,Z,) by the following equations:
5 Ny ]
101 L ~e | YAYALALZLZ=2 D Y(ALAGIZL.Zy)
E m (AL .Ay)
X Xy, (2
1 ) 1 " | L | 1 1 1
0 2 4 6 8 10 _ * * _ A
Neutron number IL—f F(E] , AL XPL(Ef AL X S(AL—A_ —n)dE,
(©)

FIG. 4. Summed neutron multiplicity distributidsolid circles,
where the summing is made over five investigated charge divisions % * ,
presented in Fig. 3. This distribution corresponds to only about IH:J F(EH An) X Po(Ef  An) X 8(Ay— Ay —n)dE,
41.8% of the total number of spontaneous fission event&@lf (4
(see Table VII). The total neutron multiplicity distribution from
Ref. [68] normalized to 100% is shown for comparisgapen  WhereF(E*,A) is the excitation energy distribution of each
circles. primary fission fragmentP,(E*,A) is the probability of
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TABLE VIII. Total integral yields for different charge splits and corresponding neutron multiplicitigs0d their variancess,) again.
Results from this work and from previous references are shown for compdsseralso text of Sec. I B

Charge Yield(%) Vot o, Vot

split This work [70] [8] [65] This work [7]

Pd-Te? 4.34) 7.803) 7.3 9.41.0 4.013) 1.43) 3.92)
Ru-Xe 9.73) 13.62) 13.5 16.55) 3.7712) 1.32) 3.91)
Mo-Ba 17.27) 15.33) 16.3 18.55) 3.7225) 1.8537) 3.6(1)
Zr-Ce 8.25) 7.93) 8.7 9.45) 3.6521) 1.4615) 3.51)
Sr-Nd? 2.44) 2.9015) 3.4 2.55) 2.99)° 1.505) 3.7(3)

% or Pd-Te and Sr-Nd pairs the yields of fragment pé&ee Tables |-Yas shown, include only a limited number of pairs, often because

the decay schemes are not known. The two-dimensBrslin interpolation is applied to include some missing pairs and to obtain the total
integral yields presented in this table. The additional inaccuracies introducBdspiine interpolation are included to the errors presented
here.

®This number presumably is low because only a few low neutron multiplicity fragment pairs were analyzed. The error was increased to
include this.

evaporation of n neutrons from a primary fragment sion mode. Also the following two additional assumptions

(n=A-A"). Equation(2) involves two summations: the first were made in order to reduce the total number of free model
one is done over all primary fragment pair&, (Ay) of a  parameters.

given charge split, and the second is introduced to take into (1) First we assumed that, for a particular charge split and
account possible contributions of more than one fissiorat a fixed fission mode, the mean value of the total kinetic

mode. energy(TKE) and its variancerrxg are the same for differ-
The unfolding procedure is based on the least squaresnt primary fragment pairs. These assumption and the fol-
method and implied minimization of the form lowing relations between the parameters of our model
1 Qfiss™ <TKE>+<EE>+<EE>' (6)

2
X =N —_~N
Nexpt_ Npar 2
EX

)

2 _ 2
UTKE—UEE+U *

YORAL AL ZL Z0) — YRS AL ALIZL Z0) |
O'expt(AI/_ ,A|,_||Z|_ Zn)

allowed us to reduce the number of free parameters. Here
(E’L‘(H)> and oEr,, &re the fragment mean excitation energy

© values and their variances. Equati@® follows from Eq.

where, separately for each charge split, the summation i€l), and both Eqgs(6) and(7) are valid in the framework of
done over all the fragment pairs of a fixed charge division fothe model underlying Eq(2) and an assumption of the
which the yields were obtained in the experiment. In theGaussian form for the primary fragment excitation energy
fitting proceduredEq. (5)] the following parameters were distribution.
varied. The mean value of the fragment total kinetic energy, (2) Second we impose the additional boundary conditions
(TKE), variance of the total kinetic energy; ke, the mean ) 5
mass value of heavy primary fragmentg\,), variance of 9er et
this massoa,,, and mean values of the excitation energy of @:@
heavy primary fragmentgE};). . -

To make the task feasible we assumed that the primarpetween the dispersions of the energies of the light and
fragment mass and excitation energy distributions can be déreavy fragments as defined above.
scribed by simple forms with a small number of parameters. For each charge split, the mean excitation ener¢fi&s
Separately for each charge split the minimum valueg®f were searched for nine heavy primary fragments centered
were searched by varying these free parameters. The outlineglound the mean mass fragment. Deexcitations of primary
procedure could be applied only if extensive data for thefission fragments were calculated by employing the statisti-
yields of secondary fission fragment pairs of the same charggal code GNASH77]. The reliability of the results obtained
split are known, and some hypotheses about the distributiongith the code was confirmed by test calculations @fxn)
searched are made. In the data presented here three chafgsion-evaporation reactions studied in different experiments
divisions Xe-Ru, Mo-Ba, and Zr-Ce(Tables II-IV) [78-81].
are notable for their extensive data. For each of these At first it appeared “natural” to carry out the outlined
charge splits, we unfolded the distributions of unfolding procedures by assuming that only a single fission
Y(ALLE AL ERIZL.Z4). mode contributes to each of the yield patterns given in

Best fits of the calculated yield¢*@(A| ,A},|Z, ,Z,;) to  Tables II-IV. In fact, taking only one fission modeeferred
the yield patterns given in Tables II-IV were obtained byto later as mode )l we successfully fitted the data for the
assuming Gaussian forms for the mass and excitation enerdyu-Xe and Zr-Ce fragment pairs given in Tables Il and IV as
distributions of the primary fission fragments of a fixed fis- seen in Fig. 3. However, no reasonable solution could be

®
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TABLE IX. Excitation energies of primary fragments in Total: 1,/1,=14.
mode 1.
In the above characteristics of fission modes and in Tables
Asa (Bl (MeV) oex | Awo  (Efo) (MeV)  oex IX and X the meaning of the used values folloWg},) and
148 16.511) 8.4 104 8.46) 43 (Eyo) are average excitati_on e_nergies for each_fragment
147 21.33) 93 105 4.31) 19 (Aga Amo) and oz, are their variances. Als()TKEﬁs the
146 11.87) 5.6 106 16.810) 7.7 average total kinetic energyrrye is its variance, Ay and
145 16.68) 8.0 | 107 10.65) 51 AL are average high and low fragment masses, apgd
144 9.16) 4.2 | 108 19.812) 8.4 o, are their variances.
143 13.79) 66 109 13.%) 6.7 In principle, one can ask whether the yield pattern of the

Mo-Ba fission fragments presented in Table Il could be fit-

obtained with any single fission mode for the pattern of thet€d With an assumption of an asymmetric TKE distribution.
Mo-Ba yields. This was to be expected because the Mo/B&OWEVer, in this case one would obtain, for the primary frag-
split has strongly enchanced high neutron multiplicity yieldsMents, TKE andey (E[) distributions which have consid-
(see Fig. 3that are not seen in the charge divisions of Ru/Xe€rable tails not seen in any other charge splits. We excluded
(44/54 and Zr/Ce(40/58 that occur to either side of Mo/Ba this possibility because it is natural to assume that the only
(42/58. In fact, the majority of the 7 and 8 neutrons and all fission mode(with Gaussian TKE andef; (Ef) distribu-

of the 9 to 10 neutron yields are in the Mo/Ba split. Thesetions) revealed in the Ru-Xe and Zr-Ce splits also dominates
high neutron multiplicity events must be going via a differentin the Mo-Ba split. In addition the Mo/Ba 6—10 neutron mul-
mode than(a) the standard mode described by a singletiplicity distribution data are not characteristic of a smoothly
Gaussian fit to the distributions to either side of Mo/Ba anddecreasing asymetric tail. A second mode with a Gaussian
(b) the standard mode which describes by a similar Sing|éjistributi0n is also in line with the geﬂera”y adopted pOSition
Gaussian fit the 1-5 neutron high intensity yields of the Mo/of “Gaussian-like” TKE and excitation energy distributions
Ba. Thus, the second mode is needed to fit the high neutro@f fission fragmentgRef. [24]).

multiplicity data. An excellent fit to the data of Table Ill was  As one can see in Table IX, mode 1 looks like the familiar
obtained by assuming thato distinct fission modegnode 1~ fission mode_of #*Cf, and its principal characteristics
and mode 2 contribute to the formation of the primary ((TKE),orke.An)) are very close to those that were
Mo-Ba fission fragments. Actually, this implies that their known before(Ref. [25]). Our value oforxg=9.43 MeV is
mass distribution is a superposition of two Gaussians, andomewhat lower compared to the value repof@d for the
their excitation energy distributions are also mixtures of twomass asymmetry 146/106, but this difference looks to be
Gaussians. Characteristics of these two fission modes faeasonable taking into account that fragments of various
Mo-Ba charge split extracted from the above calculations areharge splits contribute to the same mass split. Also, excita-
presented below and in Tables IX and X. tion energies of the primary fragments given for this mode in
Tables IX and X fit the mean neutron multiplicity for the

Mode 1: 252Cf fragments of these mass numbg2s]. The character-
(TKE)=189+1 MeV, istics of mode 1 obtained for the Mo-Ba split are compared
in Tables XI and Xl with those obtained for single fission
ome=9.43+0.11 MeV, modes fitting the yields of Ru-Xe and Zr-Ce fragment pairs.
Mode 1 results for these three charge splits are seen to be
A_H=145.7t0.1, A_L=106.3t0.1, very similar as expected. This also involves the reasonable
tendency obtained for th€TKE) variation with the charge
op =0a =2.02+0.13. asymmetry of the fission fragmen(isee Tables XI and Xl
H - Mode 2 obtained for the Mo-Ba split appears quite un-
Mode 2: usual because of its quite low value (0fKE) and very nar-
row mass distribution compared to modgske Tables IX
(TKE)=153+=4 MeV, and X). Actually, good fits to the data of Table Il were
oe=12.5+3.2 MeV. TABLE XI. Total characteristics of the fission mode 1 at sciss-
ion for three charge divisions: Ru-Xe, Mo-Ba, and Zr-Ce, derived
The intensity ratio of the two modes: from fits to the yields of fission fragment paif#y) and oy stand

for the mean mass of the heavy primary fragments and variances of
TABLE X. Excitation energies of the only three primary frag- the primary fragment mass distributions.

ments pairs in mode 2. One or all of them can contribute to the

second fission mode. Charge split Ru/Xe Mo/Ba Zr/Ce
2

Aea  (Egd MeV)  ogr | Awo  (Ejo) (MeV) o ?TKE) 1913;.02(73) 183.?1) 18:(3).-29{)2)

146 45.037) 129 | 106 16.614) 4.8 o2e 95(7) 89.54) 99(9)

145 39.726) 104 | 107 23.8L6) 6.2 (Ay) 139.13) 145.11) 150.12)

144 35.426) 8.0 108 33.249) 7.5 oA 2.6(1) 2.001) 1.91)
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TABLE XII. Total characteristics of the fission mode 1 for three seen in coincidence with any Ba isotope is six f4fBa.

charge divisions: Ru-Xe, Mo-Ba, and Zr-Ce. Excitation energies ofSince the starting points after fission are the zero neutron

heavy primary fragments. channels peaked around’Mo-1%Ba to *Mo-1%%Ba and,

F ¢ excitat oy after neutron evaporation the lowest mass ending points are
ragment excitation energiésteV) 102-104\10 and 138-149Ba, these data clearly indicate that
Mass number Xe Ba Ce most of the neutrons in the high neutron emission events
come out of the Ba fragments — not the Mo fragments. Thus
138 22.98) the Ba fragment in mode 2 must have larger excitation en-
139 51) ergy to evaporate 6—8 neutrons compared to 1-4 evaporated
140 191) from the Mo fragment. Our fits that give the Ba fragments
141 6.63) the larger excitation energy in mode 2 thus are in agreement
142 22.@7) 23(1) with the conclusion one extracts directly from the experi-
143 1711) 13.75) mental data. It is especially high for the heavy fragment
144 112) 9.7(5) 14883, whereas its partnet®®™Mo, bears a quite “normal”
145 113) 16.62) excitation. The situation looks similar for th’Mo-14Ba
146 11.86) pair. In the case of thé®®lo-14Ba pair, the excitation of
147 21.32) 17(2) 1%\0 approaches that for'*Ba, and both fragments,
148 16.58) 5.5(6) 144Ba and %Mo, have an excitation energy considerably
149 243) 17.34) higher than the excitation energy of these fragments in fis-
150 184) 21.95) sion mode 1.
151 19.91) Assuming that the barium fragments are cold at scission
152 171) apd have the form of symmetr_lcal spheroids anq using the
153 1G3) simple formula of Ref[24] derived from the liquid drop
model, we estimated the ratios of the long to short axes at

slg:i;sion to bea/b=3.2, 3.0, and 2.8 fort*Ba, *Ba, and
. . a, respectively. The distances between the fragment
found by searching for the cp_PmaI set gf t.he parameterscharge centers at the scission point that follow from these
(TKE), orce, An, oa,, andEy; for the fission mode 1, s ratios correspond well to the IofTKE) value of mode
when only one Mo-Ba primary fragment pair contributes to2 (153 MeV). This correspondence follows from the consid-
mode 2. So, only TKE),orxe, andE}; were searched for in erations made on the basis of the scission point m&f|
mode 2. Very reasonable fits were found when the singléf course, it is an upper limit to assume that the whole
primary fragment pair responsible for mode 2 i¥Mo-  excitation energy obtained at scission is stored in fragment
14883, 107Mo-14Ba, or %8io-1#Ba. For 16 varied param- deformation. To go further an upper limit of 10 MeV was
eters and 32 free pointg? values of 0.85, 0.89, and 0.92 estimated for the thermal excitation 6T°Cf at scissior] 35—
were obtained for these pairs, respectively. Each of thes&7]. Even with this conclusion, in the most likely charge split
fragment pairs had essentially the safiEKE)=153+3  in mode 2,'%Mo-1%Ba the *Ba has a 3:1 axes ratio and
MeV in mode 2. Parameters of mode 1 were independent dhe less favored cases have only somewhat smaller ratios of
the choice of the pair contributing to mode 2. TR¥Mo- 2.8 and 2.6. Thus, one or all three of these Ba isotopes are
14883 pair gives the best fit to the data of Table Il which hyperdeformed in mode 2 at scission. This is the first definite
relate, in particular, to the Mo-Ba pairs corresponding toevidence for hyperdeformed nuclear shapes briefly reported
emission of 7-10 neutronsee Fig. 7 shown laterHow-  earlier in Refs[2,47,48,50. It is possible that some reason-
ever, the data do not unambiguously determine which of th@ble modifications of the hypotheses underlying our unfold-
three primary fragment pairs or their combinations are reing procedure might change somewhat the numerical results
sponsible for the existence of mode 2. given in Tables X and XI. However, we believe that the data
The very low{ TKE) value for the fission mode 2 emerges will necessarily lead to the conclusion that two distinct
because this mode is responsible for the yields of the lighteshodes occur in the Mo-Ba fission of tif&°Cf nucleus. Our
Mo-Ba pairs which involve emission of the highest numbersconclusion made about the unusually high excitation energy
of neutrons(7—10. This large difference ifTKE) between of the Ba fragments in the case of the second mode comes
modes 1 and 2 is directly connected with the enormous exquite independent of the details of these hypotheses.
citation energy of the primary fragments in mode 2 where The excitation energy spectrum &f%Ba is shown in Fig.
neutron evaporation is much higher. Our fits show that théd (curve 1. This spectrum follows from the unfolding of the
excitation energy is unequally divided between two frag-data of Table 1ll whent*®Ba is assumed to be responsible for
ments for the primary fragment pairs ¢f®Mo-4%Ba and the fission mode 2. In this figure curve 2 shows the calcu-
107Mo-14Ba. This conclusion of an unequal split of energy lated mean number of evaporated neutrons as a function of
does not depend on the model but is driven by the experithe excitation energy of“®Ba and demonstrates that this
mental data as shown in Table Ill. As seen in Table Ill, andfragment should have an excitation energy of up to about 70
when compared to Tables Il and IV, only for the barium (60) MeV in order to produce the secondary fragment
fragments does one definitely see a mass variation of 11*®a (1*%Ba) through the evaporation of eigffsix) neu-
units as seen in coincidence wit?o (}*3Ba-*®Ba). For  trons. The complementary fragmet¥Mo gives the second-
its Mo partners the observable masses are distributed overy fragment'®Mo as a result of evaporation of two neu-
only seven mass units, and the maximum number definitelyrons. The excitation energy spectrum &fBa (Fig. 5
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FIG. 5. Excitation energy spectrucurve 1, solid, left scaje
and mean number of evaporated neutr@nsve 2 vs the excitation
energy of4®Ba fragment. It is assumed that two fission modes are 1o TR
present, and only the primary fragment p&ifMo-24Ba contrib- 138 130 140 141 142 143 144 145 146 147 148
utes to the second fission mode. The contributions of the first and Mass of Ba partner
second fission modes to the excitation energy spectrum are shown )
with dashed curvetsee also text in Sec. II1)C FIG. 6. (a) and (b) Results of the unfolding procedures for the

Mo and Ba fragment isotopic distributiorisolid curvg are com-

. . ared to our experimentériangles total fission fragment isotopic
demonstr_ates the distinct character of tWO. fission modes. Iﬁistributions(seg also Fig. @ Dgtted curves show tr?e contributiF())ns
order to fit th_e_ yield pattern of '_I'able Il this sp_ectrum mus_tof the first and second fission modes, assuming that'tfdo-
be a COlepOSItIO_ﬂ of two Gaus§|ans and nota S'n_gle Gauss,'a“%Ba primary fragment pair is responsible for the second fission
fO"?‘ed W'th a high-energy tail. These observations rémalfyode. The dashed and dash-dotted curves show, alternative contri-
valid also if **Mo-**Ba and/or **Mo-'*Ba are respon- pytions to the second fission mode by tH&Mo-1*Ba and
sible for mode 2. Figures 6 and 7 show the results of thewgyo_14485 primary fragment pairs, respectivelsee also text in
discussed unfolding procedure from the point of view of howsec. |11 .
it fits the experimental mag§ig. 6) and neutron muléipggcity
(Fig. 7) distributions obtained for the Mo-Ba split f. —

I%or the Mo-Ba split the intensity of mode 2 vr\J/as estimatedTable Vi the mean numbers of n_eutrons)_(e\_/aporated
in relation to the strength of mode 1 bg/l ;= 1/14. For the from the primary fragments at their deexcitatigsee last
Ru-Xe and Zr-Ce splits we estimated the upper limits of sucﬁ:ommn of Table VI). Errors assigned to the values ofor

; ; the fragments of Mo and Ba appearing in the pairs of
aratio, as<1/90 and= 1/40, respectivelysee Tables IXand 7, 14 14 13 :
X). The limit for the Zr-Ce split was obtained from the ex- Mo with 1*Ba, *“Ba, and **Ba arise from the uncer-

cess of the experimental points for the emission of 7 and inty reIated_ to the contribL_Jtions of one of the thfee primary
neutrons over the results of the fit shown in Fig. 8. The ragment pairs to the fission mode (8ee the discussion

limiting ratio for the Ru-Xe split was estimated from the 2°0Ve-

upper limits of the yields of the fragment pairs corresponding O the succe;sﬁ)on of Lr)\réé“Ba fr?ogments, that come in
to emission of 8—10 neutrons. pairs together witht®Mo, 1°Mo, and %Mo, one observes a

very low variation of(1 ). Taking into account the growth of

v along this chain of*4Ba fragments and assuming that one
evaporated neutron reduces the fragment angular momentum
Average measured spifik,) of the populated excited lev- on average by one unit df, we find that a positive correla-
els for 1%Mo and different Ba isotopes entering together intotion shows up between the angular momentum of primary
a succession of fragment pairs are given in Table VII. Ondragments and their excitation energy. This result is in agree-
can also see in this table average spifls ) of 14%8a ap- ment with what was inferred from models which rely upon
pearing in pairs together with th&’ %Mo partners. We  the statistical equilibrium between collective degrees of free-

believe that such a differentiation will be a good step indom (see[52,53). The picture appears to be more compli-
obtaining new results compared to those inferred from earliecated in the case of the chain 8¥Mo fragments coming in
experiments[53]. Having the results of the analysis pre- pairs together with different Ba fragments. One observes a
sented in the previous section, one is able to know whiclweak variation of(1.) for the *®Mo fragments detected in
primary fragments and in which proportion contributed tothe series of fragment pairs formed after evaporation from 1
the formation of a detected fragment pair. From this we asto 6 neutrongsee Fig. 9. Again, after a correction for the
signed to the fragments that appear in the first column o€&ffect of neutron evaporation, one will see for this sequence

D. Angular momenta of fission fragments
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n [ ] 146 144 142 140 138
I 1 <|y>(h)- T T T T T T T T T T
° i ® Ba
8 i
100 [ \ O 104Mo
7F m
6 i
— \
101 | -
: .| o~NL e ]
3 \
1 1 1 I A | 1 1 1 1 F \
01 2 3 4 5 6 7 8 9 10 2| ]
Neutron number TR R R R TR RN NS SN WO

1 2 8 5 6 7 8 9 10

4
Neutron number

FIG. 7. Results of the unfolding procedures for our experimental

tota_l m_eutron multiplicity distr!bution of p_rompt fission neutrons FIG. 9. Average angular momentum valu@s) are shown for

(solid circles for t_he Mo-Ba spllt(see also Fig. B The curves show |4 els populated if®Mo (open circles and in complementary Ba

the results of different unfolding procedurésee comments t0  f3umentgclosed circlesin function of the total number of prompt

curves in Fig. 6 fission neutrons. These Mo and Ba isotopes are obtained in one
» ) “succession of fragment pairs ¢f“Mo-"Ba formed as a result of

a positive correlation between the angular momentum of prizmission of different numbers of prompt neutrons. The mass num-

mary fragments and excitation energy. However, two pointsers of the secondarypbtained after neutron evaporatjdda frag-

in Fig. 9 associated with the pairs involving'®Ba and  ments are given in an upper scale.

13833, the 8 and 10 neutron evaporation partners®flo,

completely drop out from this correlation. We consider thisone proceeds to other heavier Ba pairs of the sequence.

observation as an additional argument in support of the conFherefore one cannot exclude a supposition that the second

cept of two distinct fission modes discussed above. Indeedission mode results in lower angular moments 8fMo

in the framework of this concept, 100% of the yield of thesefragments. A reason for this might be a difference in the

two fragment pairgsee Table I} are from the second mode dynamic paths inherent to these two fission modes.

which contributes only 13% to the yield of th&4Mo- Angular momentum values of Ba fragments detected in

14233 pair. Mode 2’s contributions steeply decrease whempairs together with thé®Mo partner are also shown in Fig.

9. For these Ba fragments the mean number of evaporated

neutrons ¢) varies over a considerably wider range than in

Pl e T T T the case of thé®Mo fragments shown in Fig. 9. This wider
10 3 range appears mostly fronf*®Ba and '38Ba formed after
F ] neutron evaporation from highly excited primary Ba frag-
103k 4 ments which are related to mode 2. Adding the mean angular
; ] momentum values that these neutrons take from the nucleus,
102k ] one comes to a rather high mean angular momentum of the
3 primary Ba fragments #10). Perhaps, this does not look
i ] surprising because, according to the concept of a statistical
10'¢ 3 equilibrium between the collective degrees of freedom at
y scission, the huge deformation &fBa inferred for the sec-
100k . - ond fission mode is connected with higher angular momen-
: Xe-Ru tum of this fragment.
101g
10_2_ %I 1 1 1 1 1 1 [} 1 1 1

0 1 2 3 4 5 6 7 8 9 10

Neutron number IV. CONCLUSIONS

FIG. 8. Our experimental neutron multiplicity distributions for A method based on measurements of intensitieg toén-
Ru-Xe, Mo-Ba, and Zr-Ce charge splits are shown along with thesitions from correlated pairs of secondary fragments in a
results of the unfolding procedurégashed curvedescribed in the -9~y coincidence experiment was used for the first time to
end of Sec. Ill C. determine detailed characteristics of the spontaneous fission
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of 252Cf. By applying this method, we measured directly theof the heavy fragment in mode 2 as compared to its “nor-
yields of 139 particular pairs of fragments of five chargemal® elongation in the case of mode 1.
splits emerging in the spontaneous fissior?Cf. By sum- The new generation of large multi Ge detector systems
ming up these yields, we obtained the mass, charge, ari@ammasphere, EUROGAM, GA$Rrovide better condi-
neutron multiplicity distributions of fission fragments, data tions for these kinds of experiments. With these detector sys-
that for a long time have been obtained only by using earliefems, one can considerably increase the volume of data on
integral methods to study low-energy fission. The agreemerihe Yields of fission fragment pairs. More complete data sets,
of our data with those which were known previously provessimilar to those given in Tables |-V but including more pairs
the validity of the approach made in this work. In someand extended to more rare fragment pairs, will be realized.
aspectgindependent yields of fission fragments, mean neuThen one will be able to draw more unambiguous conclu-
tron multiplicity obtained for different charge spliteur re-  sions about the primary fission fragments. The progress in
sults complement considerably the previously known data. Iihe investigation of the levels scheme populated in fission
addition, an approach used in this work allowed us to obtairWill make possible the observation of similar results for the
yields and multiplicity distributions of prompt neutrons emit- 0dd-odd charge splits. Already preliminary results from the
ted at various charge splits, data unaccessible using previog@&rly implementation of Gammasphere with only 36 Ge de-
methods. The attractive feature of these new distributions itectors have confirme@Ref.[82]) the results reported here in
that they were obtained, practically, as a result of direct mealable Ill. More detailed studies are underway with data from
surements of the-y coincidence peaks. This makes a strongthe expanded Gammasphéi2 detectors
difference between these distributions and those which are A nhatural continuation of this study could be experiments
derived from the neutron detection experiments involvinginvolving the observation of-ray coincidences in combina-
sophisticated unfolding procedures applied to the raw datdion with measurements of the fission fragment TKE and
One particular important result of the approach is that itmass asymmetry. The measured TKE will be an important
demonstrated that the high multiplicity neutron eventspiece of information that will improve the conditions of the
known earlier for 7-9 neutron emission in the spontaneougrocedures intended to unfold the primary fragment excita-
fission of 5Cf are to a large extent associated only with thetion energy and mass distributions. This will considerably
Mo-Ba split. improve our ability to recognize the scission configurations
Data on yields of fragment pairs provide the most directand draw more precise conclusions about the final energy
information that allows one to investigate the excitation enJartition at fission. New possibilities will arise for learning
ergy of primary fragments and derive their mass and charg#he level population patterns of fission fragments and, there-
distributions. That this really can be done is shown in thisfore, new insights into the problem of the fragment angular
work for the cases of the Ru-Xe, Mo-Ba, and Zr-Ce charggnoment origin will come.
splits of 2°2Cf. We have established the observation of two
distinct fission modes for the Mo-Ba charge split. A result is ACKNOWLEDGMENTS
that mode 2 shows a very low value 6TKE) (very low
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