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From vy-ray coincidence studies following spontaneous fissioti’@f, direct measurements of yields
and neutron multiplicities were made for Sr-Nd, Zr-Ce, Mo-Ba, Ru-Xe, and Pd-Te correlated pairs.
A strong enhancement of the 7-10 neutron channels for Mo-Ba pairs is observed. A new fission
mode associated with the enhanced neutron yields is identified. These data can be interpreted in
terms of one or more of**!4>-1%6Ba being hyperdeformed at scission. Mean field calculations predict a
hyperdeformed third minimum i®"2>Cf and an extremely deforméé’Ba fragment at scission. [S0031-
9007(96)00408-5]

PACS numbers: 25.85.Ca, 21.10.Gv, 27.60.+j, 27.90.+b

Recently we reported the first direct measurements [1] oby using Gammasphere with 36 detectors at LBNL [10].
yields and neutron multiplicities connected with the yieldsThe y-y matrix is a two-dimensional surface that consists
of correlated fragment pairs of 2f®!'“8Ce and M¢gBa  mainly of three components: (1) smooth background (not
even-even nuclei and3Ba in the spontaneous fission (SF) full absorption of bothy), (2) two series of ridges parallel
of 22Cf. It was noted [1] that for Mo-Ba the 0 and 8- to the axesE,; and E,, (not full absorption of oney),

10 neutron multiplicities were considerably higher thanand (3) real peaks originating from coincidences of pairs
the gross (total) neutron multiplicities for all pairs [2]. of full absorption peaks. Because of the complexity of
The enhancement at high neutron multiplicity could bethe spectra, a new approach to the data analysis compared
an indication of a new fission mode not seen previouslyto Ref. [1] was developed where they matrix is divided
Indeed, two or more fission modes for the same nucleumto small30 X 30 channel subregions. Each subregion is
are now known for a number of heavy nuclei undergoindfitted separately with a complex two-dimensional function
SF and thermal neutron induced fission [3—8]. which includes the above components. The peaks found

Here new yields for NdSr, Xe/Ru, and T€Pd corre- in component 3 make the final result of fitting procedure.
lated pairs and improved and more complete yields folFor each subregion the procedure is repeated four times
the Mo/Ba and ZyCe pairs are presented. A comparisonby shifting the boundaries in order to treat correctly peaks
of our new yields for the five pairs establishes the uniquetocated near the initial subregion’s boundaries.
ness of the high neutron multiplicity for M®&a pairs. An The new yields are shown in Fig. 1 where a single
analysis of our new Mo-Ba data indicates a new fissiorGaussian curve is fitted to each data set. A compari-
mode in which the two fragments have much lower averson of the five sets clearly shows the enhancement of
age total kinetic energyTKE) than in the normal mode. the 7-1( yields for Mo/Ba. The new and more com-
The new mode includes the same Ba masses as the plete yields for MgBa (including better efficiency cor-
normal mode but thé*~146Ba fragments are hyperde- rections than in Refs. [1,10]) normalized to the known
formed at scission in contrast to earlier known bimodalindependent yields of**142144146Bg [11] are presented
fission [3—8]. A brief report of this work is found in a in Table I. The new Gammasphere data [10] with lower
recent review [9] with full details of the analysis to be error limits and new 10 channel confirm and extend
published later separately. the higher neutron multiplicity yields presented in Ta-

The experimental details for the ORNL experiment wereble I. Figure 2 shows two regions selected to enhance
described earlier [1]. A similar study withi*Cf was made the weakery rays of interest in double gateg spectra
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FIG. 1. Multiplicity distributions of prompt neutrons emitted
at different charge splits df>Cf with Gaussian fits.
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heavy fragments. Yields of the fission fragment pairs

. . (AL, A}, created after the neutron evaporation, are di-
either gate up or down to gate the_ side, on the backgroun ectly related to the yields of the primary fission fragment
all these cascade peaks either disappear or are greatly .

duced as illustrated in Fig. 2(b) [10]. These results con-&éirsr"(AL’A”)’ through the excitation energy distribution

clusively show the presence of thisr &hannel as an of each primary fission fragmerf(£”, 4), and with the

exam IZ Similar regults were obtained with less statisprObabi"tyP”(E*’A) of evaporation ofi = 4; — A; neu-

tics fori tHe 1@ and better statistics for them&hannels trons from the primary fragment. The Mo-Ba data were
The yields in Table | of correlated fragment pairs (Mo- unfolded to extract the distribution of primary fragments.

Ba) and neutron multiplicities Fig. 1 originate as a result of, The unfolding was done by aleast squares method. The

/ /
the deexcitation of primary fission fragments. They carryvalueSY(AL’AH ) were calculated from

information about the mass and excitation energy distri- Yi(A}, AL = ZYj(ALsAH)ILIH» (1)
butions of the primary fission fragments of fixed charge J

splitsY(Az,Ef,Au, Ef|Z;, Zy). Here,A, Z, andE* are Iy = [ F(E;, Ap)P(E;,Ap)8(Ar — A} — n)dE, (2)
the mass and atomic numbers and excitation energies of ' ' '

the nuclei, and subscripts and H denote the light and with f beingL or H.

TABLE |. Yields of correlated fragment pairs of Mo and Ba observed in the spontaneous fissiiCbf (Yields are given in
percents, i.e., in the number of pairs per 100 fission events.)

13SBa 14OBa 14ZBa 143Ba 144Ba 14SBa 14GBa 147Ba 14SBa
102\10 0.02(2) 0.04(3) 0.09(6) 0.13(5) 0.10(8) 0.06(4)
10310 0.05(3) 0.02(2) 0.13(10) 0.67(11)  0.86(24)  0.46(11)  0.40(31)  0.12(10)
oMo 0.08(3)  0.18(5) 0.36(5) 0.48(12) 1.14(17)  0.74(18)  0.39(5) 0.23(17)  0.04.(3)

Mo  0.02(2)  0.07(5) 0.65(11) 1.05(29) 1.30(22)  0.59(19)  0.13(7) 0.23(17)
9o  0.01(1)  0.12(3) 0.92(14) 0.88(15) 0.65(5) 0.16(8) 0.10(6)

WMo  0.02(2)  0.12(5) 0.35(17) 0.14(8) 0.13(8) 0.14(10)

9o  0.02(1)  0.06(3) 0.14(5) 0.12(10) 0.06(5)
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The best fit of the calculated yield¥ *(4},A)  multiplicities as seen in Fig. 3. The data do not unam-
to the yields Y;(4;,Ay) in Table | was searched by biguously determine which of the three fragment pairs
assuming Gaussian forms for the mass, excitation energgy their combinations give rise to Mode 2, however, the
and the distributions of primary fission fragments. Themanifestation of two distinct fission modes in the Mo-Ba
parameterJKE, ok, Aj, 04y, andE,, were varied in  split of 22Cf is established unambiguously. Mode 1
the unfolding procedure. The mean excitation energietooks like a familiar fission mode oP>Cf in the sense
Ey; were searched for nine heavy primary fragmentshat its principal characteristiceKE, orkg, Ax, Az, and
centered around the mean mass fragment. Deexcitatiopattern of the excitation energies of the primary fragments
of the primary fission fragments were calculated byare reasonable from what was known before [13]. What is
employing the statistical codavasH [12]. surprising and new about Mode 2 is that the Ba fragments

A good fit to the data of Fig. 1 is obtained only when oneare left in an unusually highly excited state from which
assumes thaivo distinct fission modesontribute to the 5-8 neutrons are evaporated, and the fragments have
formation of the primary Mo-Ba fission fragments, whereunusually lowTKE which imply unusually low Coulomb
the Mo-Ba mass and excitation energy distributions are sienergy at scission which, in turn, means enormously
perpositions of two Gaussians. Good fits to the data ofarge elongation of thé>Cf nuclei at its scission. Both
Table | were obtained (Fig. 3) by searching for the op-features are consistent with very large deformations in the
timal set of parameter$KE, o1k, AH,O'AH, and EH Ba fragment or fragments.
for the fission Mode 1, when only one Mo-Ba primary From their large excitation energies, the barium frag-
fragment pair contributes to Mode 2. Very reasonable fitsnents are those that are highly deformed in Mode 2.
were found when the single primary fragment pair responfrom the high excitation energies, we estimate the ratios
sible for the Mode 2 is eithel’®Mo-14Ba, 1“”Mo-1¥Ba, of the axes at scissioma;/b ~ 2.8, 3.0, and 3.2, fot**Ba,
or '%Mo-146Ba. With 16 varied parameters and 32 free!*Ba, and!*°Ba, respectively. Thus one or more of them
points,y? values of 0.92, 0.89, and 0.85, respectively, wereare hyperdeformed (HD) at scission. When tH&Mo-
obtained for the pairs. Each of these primary fragment*Ba emerges in Mode 2%Mo has about the same ex-
pairs have essentially the samKE = 153 = 3 MeV in  citation and “normal” deformation as in Mode 1.

Mode 2. The parameters of Mode 1 are independent of Potential energy surfaces of the even-even Rn, Ra, Th,

the choice of the pair contributing to Mode 2. and U nuclei calculated [14] by using the shell-correction
The characteristics extracted for the two fissionapproach with the axially deformed average Woods Saxon
modes are: Mode 1,TKE = 189 = 1 MeV, Ay =  potential and the finite-range liquid drop macroscopic mass

145.7(1) and A; = 106.3(1), F’ga = 15MeV and formula revealed third minima in the PES, large elon-
Eyo = 12 MeV. Mode 2, TKE = 153 = 3 MeV and gations, 8, ~ 0.9, and significant reflection asymmetry,
Eg./Eno = 45.0/16.9; 39.723.8; 35.433.2MeV 035 = B3 = 0.65, in addition to those of the ground
for 146/106, 145107, 144108, respectively. The states, ~ 0.25) and fissionisomergd, ~ 0.6). Cwiok
Mode 1/Mode 2 intensity ratio for MgBa is 14. The et al.[14] suggested that the mass distribution of fission
106Mo-14Ba pair gives the best fit to the 7—10 neutronfragments should be greatly influenced by the structure of
the HD minimum and the third saddle point.
Calculations were made f@P>Cf similar to Ref. [14]
, where only a reduction of the range of Yukawa function
O was used to calculate the surface energy = 0.56 fm.
The calculated PES fot>2Cf for large 8, is shown in
Fig. 4(a). Three static paths to scission are shown: the
symmetric path 8; = 0) associated with the symmetric
\ mass split 126126, the intermediate path (l) associated
| B with the asymmetric mass split-134/118, and the
i very asymmetric path (Il) associated with the mass split
] ‘ "-.‘. | ~146/106. The paths (1) and (Il) go through the local HD
: minimum, HD;, at 8, ~ 1.0 and B3 ~ 0.4 and bypass
a well-developed reflection-asymmetric third minimum,
HDy, at B, ~ 0.9 andB; ~ 0.65. The potential energy
curve corresponding to path (Il) is shown in Fig. 4(b).
The open dots in Fig. 4(a) and the dashed line in Fig. 4(b)
P . indicate the static fission path from the minimum HD
SRS HERERY SRR /S0 SRR VA BRSPS £ The density distribution in the HD minimum resembles a
0 2 4 6 8 10 dinucleus. In the nuclear shape seen beyond [jiret

FIG. 3. The fits for Mode 2 are for 14606 (left), 145107 B2 = 1.4, in Fig. 4(b), the very elongated fragmeRtis
(center), and 144108 (right). predicted to bé*6Ba, in agreement with our experimental
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which are remarkable for their very different deformations
at the scission, while their partner$)-1%Mo, have
approximately the same deformation in Modes 1 and 2
and '®Mo a deformation near that df*Ba in Mode 2.
The normal fission Mode 1 has features typical of the bulk
of fission events of32Cf, while the abnormal Mode 2
reported here for the first time provides evidence for a
HD shape for one or more ¢f+143-146Ba at scission.
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