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ABSTRACT

We have measured the mass and kinetic-energ; Barti%%gning %2 the
ntaneous 56551°n of five heavy nuclides:

No g [104]. Elch was produced by heavy- ion renctions wi n
either Cm 495k or 27%gg targets. Energies of correla%eg frag-
ments from the isotopes with millisecond half 1lives, No and
26 [104), were measured on-line by a special rotating-wheel instru-
ment, while the others were determined off-line after mass separa-
tion. All fissioned with mass distributions that were symmetric.
Total-kinetic-energy distributions peaked near either 200 or 235 MeV.
Surprisingly, because only a single Gaussian energy distribution had
been observed previously in actinide fission, these energy distri-
butions werg Skewed upvard or downward from the peak in cach case,
except for [104], indicating a composite of two energy distribut-
ions. We were able to fit accurately two Gaussian curves to the
gross energy distributions from the four remaining nuclides, From
the multiple TKE distributions and the shapes of the mass distribu-
tions, we conclude that there is a low-energy fission component with
liquid-drop characteristice which is admixed with a much higher-
energy component due to closed fragment shells. We now have further
evidence for this conclusion from measgg nentl of the neutron multi-
plicity in the spontaneous fission of

INTRODUCTION

A central feature of low-energy and spontaneous fission of the
heavy elements is the division into fragments of unequal masg. Mass-
symmetric fission 1is a rarer mode, occurring only in two restricted
regions of the chart of the nuclides: the Tl to Ac region preceding
the actinides, and near the termination ¢f the actinide series of
elements. The causes advanced for mass symmetry and asymmetry differ
markedly for each region of nuclides. The liquid-drop model describes
the broadly symmetric mass distributions and moderate kinetic ener-
gies found for the low-energy induced fission of nuclei between Tl
and Ac.” In contrast, the highly symmetric mass division found in the
heaviest Fm isotopes has been ascribed to the strong shell effects
emgrging near sgission from fragments approaching the doubly-magic

Sn nucleus. Because these fission product nuclei are spherical
and stiff toward deformation, the compact configuration at scission
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results in a high Coulomb energy which is translated into unusually
large kinetic energies for the fragments. For these nuclides, frag-
ment energies closely approach and some are equal to the Q value for
the fission reaction. We have called this "fragment-shell directed"
symmetric fission. Previously, these two causes for mass symmetry
vwere thought to be mutually exclusive because they depended on the
very different balance between macroscopic forceas and single-particle
couplings in separate regions of nuclidea,

Ve have gathered evidence from fragment energy measurements in
the spontansous fission (sf) of the heaviest nuclides that strongly
suggests symmetric mass division in this region may arise as much
from the liquid-drop proceas as from the influence of emerging frag-
ment shells.% We found the total kinetic energy (TKE) distributions
of the fragments strongly deviated from the Gaussian distributions
which are observed in the fission of lighter actinides. In four of
five nuclides studied, the anomalous TKE distribution was skewed
sufficiently that it could be decomposed into two Gaussian distri-
butions. From the multiple TKEs and the shapes of the mass distri-
butions, we conclude that there is a lower energy fission component
with liquid-drop characteristics which is admixed with a much higher-
energy component due to fragment shells., These observations have
provided new insights into the fission process which hava 1inspired
significant theoretical advances.
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Fig. 1  Portion of the Nuclide Chart on-line method for producing
showing isotopes known to decay by sf. short-lived {isotopes and

measuring the energy of the
fragnents enitted in sf (Fig. 2). Recoil products emerging from the
target were stopped in a band of thin Al foils mounted on the rim of
a4 30-cm diam wheel that spins up to 5000 rpm. These foils were ro-
tated past opposing banks of trapezoidal-shaped surface-barrier



detectors, which measured the energies deposited by coincident frag-

ments. With event rates gvsraging only 5-8 coincident fissiggs per

hour, we obtained 382 584, sf events together with 59 Fm sf

event. 7 For 2 D[104], 300 events were regorded along with 41 events
from Fm produced by transfer reactions.
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Fig. 2. Schematic diagram of the SWAMI instrument used for
measuring coincident fragment energies arising from the sf of
millisecond nuclides, A portion of the recoll nuclej produced
in the nuclear reactions are atopped in 100 pg-cm™“ Al foils
surrounding the rotating wheel, where they are moved between
opposing pairs of surface-barrier detectors.

Half-lives of 258mﬂd, 259Md, and 2604 are sufficiently long to
allow time for off-line mass separation for the preparation of iso-
topically pure sources. These Md %zotopes were produced by transfer
reactions in bombardments of an 2°%Eg target with beams of 105-MeV

80 and 126-Mev Ne from the 88-in cyclotron at the Lawrence
Berkeley Laboratory. Recoil products from the bombardments were
trapped in Ta folls which were then flown by helicopter from the
cyclotron to the Lawrgnce Livermore National Laboratory for mass sep-
aration. Because 2 Fm (157-min sf) is one of the most abundant
products of these sygtheg%sing reactions, mass separatlon was a key
technique in figeing 58-260Mg" from the massive interference caused
by the sf of 5Fm. e background cggsection due to this isotope
ranged from 8.6% for 25944 to zero for Md.

The desired mass fraction was collected on an Al foil (50 pg-cm'z)
which was subsequently placed between two surface-barrier detectors
for the measurement of the correlated fission-fragment energies. The
elapsed time between the end of bombardment and the start of counting
was 1 h. This short interval was an important factor which allowed
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us to study the sf of 25%4 and 370-ps 258§m, which is produced by
the electron-capture (E.C.) decay of 60-m TMd, Fragment _energies
were determined from calibrations of the detectors with Cf for
which we used 181.03 MeV for the average TRE, 1 Fragments that passed
through the Al supporting foll were corrected for energy losses
amounting to an average of 3.2 MeV. For all of our results, fragment
masses were calculated on the basis of the conservation of mass and
linear momentum in the fiss%gn process,

The sf properties of 8P (Ref. 9,11) had been roughly deter-
mined in an ea§§§er study.” Previous fission studias had also been
made on 95-min giig decays directly by sf. In comparison
with our g%ger work these re-measurements on mass-separated
samples of Fm and 5%4a resg%ged in more events, much lower con-
tributions from the sf of and better energy resolution.
Because of these improvements, skewing of the TKE distributions
became apparent for the first time.
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Fig. 3. Logarithmic time distributions for She last energy-
windowed photon detected before the sf of 2 The energy
window corresponds to the K x-ray region of Fm (112-145 keV).

The longest-lived nuclide, 260Md with a half-life of 32 d, had
been dis gvered in the A=260 mass fraction after off-line mass sep-
aration. Chemical methods. have identified a Md isotope as the
source of this activity; thus 8he Z and A are certaln. Although we
attribute the decay period to Md, this sf activity could, in prin-



S%Ble' result from the decay of its possible daughters, 260y, or
Fm. These nuclides are expected to have subsecond sf half-lives
and, therefore, could possibly be in secular qu% ibrium with the
parent 60Ma, We have eliminated B° decay to No as a possible
source of the observed fissions by measuring the time intervals be-
tween 0.04- to 1-MeV betas and subsequent fissions. We found that
this time distribution was random and the same as that between any
two successive beta particles. Measurements of the time correlation
between Fm K or L x-rays and fission events were performed using the
same methods and apparatus described in Ref. 9. As shown in Fig. 3
for the spectrum of time intervals between K x-rays and fiasions,
there are very few photons, except for the random background peak at
878 ms, 1in the Fm X x-ray energy range occurring before fission. L
x-ray time-spsc&ra were similar and demonstrated that branching by E.
G, decay to 50ry was at most 20%, providing the mean lifetime of
260py §5 100 ms or less. Therefore, we ascribe our sf results for
the A=260 fraction to the direct sf of Md.

For the purpose of verifying our bimodal-fission interpretation
of the TKE distributions, we have recent%g measured the multiplicity
of prompt neutrons emitted in the sf of Oma (Ref. 14). Similar to
observations from fission in other actinides, weé expected an inverse
relation between the TKE and the number of neutrons emitted in each
event. Becsuse our TKE distribution appeared to be a composite of
two distributions, so should the neutron-multiplicity distributiom.
A small number of mneutrons (1 or less) might be expected from
fissions with TKEs approaching the Q value of the reaction, whereas
the lower-energy TKE peak near 200 MeV should provide a disgg%bution

comparable with Cf (an
average of 3.8 neutrons per
fission), Preliminary re-
sults from measurements on a
single sample are shown in
the histogram of Fig. 4. The
average neutron multiplicity
for this distribution is 2.4
neutrons/fission, which 1{is
considerably less than values
ranging from 3.5 to 4.15
measured for the heavier
actinides. Over _32% of the

0 2 n 6 8 fissions from Md emit 1l

e neutron or less; by contrast,

Neutron multiplicity (v) only about 2 83 of the

fissions from 25 Cf emit 1

neutron or less. We intend

Fig. 4. Neutron multipli%i&y dis- to repeat this experiment
tribution from the sf of 60Md show- with the added measurement of

ing a decomposition into two Gaussian fragment energies correlated
distributions. with the number of neutrons
emitted in each fission.



RESULTS AND DISCUSSION

Figure 5 shows the mass distributions we obtained for the five
nuclides. All agg symmetr%gobut some more sharply than others. The
narrowest, from Fm and Md, hsvs full-widths at half-maxizum of
7.5 u while the broadest, that for 6 (104], is 36 u. In a majority
of these nuclides, there are wings extending far outward in mass from
the central peak, a feature not so clearly obvious from eaiééer
'tUd%ES' The fraction of events in these wings is lowest in Fm
and Md and increases with 2. A finding common to all these five
and to other very heavy nuclides””:® i{s that events with masses re-
siding in these wings are associated with low TKEs while events with
TKEs 2220 MeV give an exceedingly sharp mass distribution around sym-
metry. When sf events with TKEs less than 200 MeV are chosen, the
resulting mass distributions are very broad and flat. Some might
even be characterized as asymmetric if our statistical samples were
larger. Thus, we find a low-energy form of fission with very broad
mass distributions and a high-energy form assoclated with sharply
symmetric mass division.

In four of the nuclides, the TKE distributions deviated sub-
stantially from Gaussian distributions, as seen in Fig, 6. This is a
phenomenon not previously observed in the sf of actinide nuclei; for
example, the TKE distribution for 240py ig glven in Fig. 7,1 Fig. 6

30 v —— makes it clear that asymmetric tail-
e X ing from the peak energy can occur
(B kin? ¢ 17086 Mev toward either higher or lower energ-
Fwwe - 0w | ies. Furthermore, we note that the

peak in each of the TKE curves falls
in one of two distinct positions,
either near 200 MeV or 235 MeV.

f-w Skewing of the TKE curves results in
i distributing an appreciable portion
b of the events into each of these tweo
]

o main energy locations. Least-mean-
x squares fitting of two Gaussian dis-
& tributions to the TKE curves (e. g.,

see Fig. ggsgave the following cen-

1 Eggids Fn 205 and 8232 MeV;

MG - 201 and 238 Hev; 258y, - 203

and 235 Mev; 4%0Md - 195 and 234

. MeV, These values were calculated

1% w» w0 E ™ by setting the width of the lower

Total kinetic energy (MeV) energy Gausiésn to the value
obtained for [104&,

Fig. 7. Gaussian distribgtson The sf of 20 {104], in which

fitted to TKE points for 40py  the low-energy mode dominates, pro-

(Ref. 17) A small deviation vides an exception to the largely

1s seen on the high-energy asymmetric TKE distributions noted

side of the distribution. above for the other nuclides. Be-

cause of the low average TKE and the

broad TKE and mass distributions obtained for this nuclide, we have

interpreted these properties as being characteristic of a liquid-drop
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Figure 5, Provisional mass dis-
tributions obtained from cor-
related fragment energies2 A
small contribution from <36Fm
has been subtracted from most.
The mass bins have been chosen
to be slightly different for
each nuclide.
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Fig. 8. Decomposition into twg components of the asymmetrical
TKE distribution measured for ¢°0Md. A low- and hizh-energy mode
was obtained by fitting with two Gaussian distributionms.

mode of fission.® The outer asymmetric fission barrier, which may be
responsible for asymmetric pass distributions in the fission of all
but the heaviest act%nadas,l 35 predicted to have disappeared below
the ground state in 6011047.1 Passage through the remaining inner
barrier, which contains 1liquid-drop end shell components, should
yield symmetric mass distribug&ons and average TKEs that conform to
the estimates of Viole et al. Mass symmetry 1s expected because
only reflection-symmetric shapes are allowed by the underlying
liquid-drop fission barrier.

Because there are unmistakable high- and low-energy fission dis-
tributions occurring concurrently in the same nuclide, we conclude
these nuclides sustain two strikingly different modes of fission. We
have suggested that the liquid-drop and the "fragment shell" process-
es are separately responsible for the distinct portions of the TKE
distributions.® The high-TKE mode depends on the influence of frag-
ment shglll which are emerging betwveen the sadd}szand scission
point. <’ Fragment shells near the doubly-magic Sn lower the
potential-energy path and, thus, guide the mass division toward Sn
isotopes near the 82-neutron closed shell. Only the two fission
models noted can account for the large (=35 MeV) difference between



the low- and high-energy modes; the symmetric mass distributions,
with their disparate widths, are also consistent with these models.
These new observations indicate that symmetric mass div%géon and
hiéh TKEs are no longer unique to the heavy Fm 1sotopes, Fm and
259pm. It should be expected that symmetric mass division caused by
. 1iquid-drop contributions to the first barrier most likely will ex-
tend beyond element-104 toward the region of the "superheavy
elements”. Even ir. this unexplored arca, exceptionally large TKEs
may not be unusual since four of the five nuclides we studied have a
significant high-TKE comporasnt, In nuclides with neutron numbers
approaching 164, high TKEs will be a possibility because symmetric
fission leads to spherical fragments containing a closed 82-neutron
shell. But as N decreases below 158 neutrons, and Z of the fission-
ing species increases beyond 100, the opportunity to divide into twe
Sn fraguments diminishes. Within the ranges of Z and N reported here,
we observe a trend away from sf characterized by unusually high TKEs
and sharply symmstric mass splits and toward the liquid-drop mode
represented by 6 [104). 1Irrespective of this trend, one of the most
striking features 1is the extraordinarily sharp change in fission
properties with che addition of a singls Eucleon. For instance, add-
ing a proton to Fu or a meutron to %7°Md results in an abrupt in-
version in the population of the two fission modes. Such rapid
changes are beyond theoretical explanation because the underlying
physical parameters tend to vary only smoothly with nucleon numbers.
Earlier, 9 based on having seen a mass-asymmetric mode together
with a distinect high-energy, mags-symmetric component in the neutron
induced fission of ¢3Fm, we had argued strongly for the two-mode hy-
pothesis first proposed by Turkevich and Niday.2 However, this was
not accepted because theoretical calculations of potential-energy
surfaces failed to show a hint of two distinct fisszion paths along
such surfaces. Now that our experimental evidence is nearly conclus-
ive, we have suggested there, indeed, mugt be separate, competitive
vallg{s in the potentia%senergy surfaces.™ As a consgﬂuence. Brosa et
al. Mtller et at., Pashkevich and Sandulescu and Depta et
al.“” have each reported finding several separated paths in the reg-
ion of the scission Eoint from revised calculations of the potential-
energy surface of 258fm, One illustration of these newly calculated
surfaces 1s provided in Fig. 9 (Ref. 23), which shows two minimum-
energy paths after the first barrier, one leading to a very compact
configuration at scission and the other to an elongated, liquid-drop
shape. Our experimental TKEs require two different charge separation
distances and, therefore, these scission configurations, to reproduce
the desired Coulomb energies. Still, all is not well with this pic-
ture because there should be nearly equal probabilities of passing
through either valley in order to conform to our measurements of the
relative amounts of the low- and high-energy modes. The surfaces
derived from quasi-static deformations don’t provide useful guidance
on this point and we feel it will be necessary to introduce dynamical
aspects (ilnertisl mass, etc.) to resolve this guestion.
We thank the staff and operating crew of the 88-in cyclotron for
the irradiations. This work was supported by the U. S. Department of
Energy under contract No. W-7405-Eng-48,
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