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We have measured the mass and kinetic-energy distributions from the spontaneous fission of
2%Fm, **No, °Md, 2°Md, and >°[104]. All are observed to fission with a symmetrical division of
mass. The total-kinetic-energy distributions strongly deviated from the Gaussian shape character-
istically found in the fission of all other actinides. When the total-kinetic-energy distributions are
resolved into two Gaussians, the constituent peaks lie near 200 and 233 MeV. We conclude that
both low- and high-energy fission modes occur in four of the five nuclides studied. We call this
property “bimodal fission.” Even though both modes are possible in the same nuclide, one general-
ly predominates. We offer an explanation for each mode based on shell structures of the fissioning
nucleus and of its fragments. The appearance of both modes of fission in this region of the nuclide
chart seems to be a coincidence in that the opportunity to divide into near doubly magic Sn frag-
ments occurs in the same region where the second fission barrier is expected to drop in energy below
the ground state of the fissioning nucleus. Appropriate paths on the potential-energy surface of de-
formation have been found by theorists, but no physical grounds have been advanced that would al-
low the near equal populations we observe traveling each path. We suggest that this failure to find a
reason for somewhat equal branching may be a fundamental flaw of current fission models. Assum-
ing the proposed origins of these modes are correct, we conclude the low-energy, but also mass-
symmetrical mode is likely to extend to far heavier nuclei. The high-energy mode will be restricted
to a smaller region, a realm of nuclei defined by the proximity of the fragments to the strong neu-
tron and proton shells in '*2Sn. We present some concluding remarks on the present state of fission
theory and indicate a potential redirection that might be taken.
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I. INTRODUCTION

In an earlier Letter,! we presented evidence that four
of the five nuclides listed in the title undergo two distin-
guishable modes of spontaneous fission. One mode is
characterized by broad, symmetrical mass distributions
and fragment energies in accord with liquid-drop expec-
tations, whereas the other mode produces sharply
symmetrical mass distributions with total kinetic energies
(TKE) of the fragments approaching the Q values for the
fission reaction. Both modes are possible in the same nu-
clide, but one generally predominates. These modes lead
to distinctly different TKE distributions, the observed
TKE distribution being the sum of the contributions of
both modes. Thus, we found TKE distributions that de-
viated strongly from the Gaussian shapes normally
found in the fission of lighter actinides.

The purpose of this paper is to provide details of the
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experiments, the fission properties of the five nuclides,
and additional conclusions that can be derived from the
results. Our motivation for investigating the spontaneous
fission (SF) properties of these very heavy nuclides was to
further explore a particularly interesting region beyond
the heavy fermium isotopes, where we and others had
found a sudden onset of mass symmetry and high frag-
ment energies in neutron-induced fission and spontaneous
fission. Elsewhere on the nuclide chart, only the isotopes
of the elements Hg through Ac fission with symmetrical
mass distributions at low-excitation energies.> Asymme-
trical (two-humped) mass distributions are a common
feature in low-energy-induced and spontaneous fission of
the actinides until >>*Fm is reached. The very sharply
symmetrical mass distributions and average TKE’s near
240 MeV found for 2**Fm (Refs. 3 and 4) and **Fm (Ref.
5) are remarkable. To determine the range of this behav-
ior, to provide critical tests of theory, and to improve our
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predictions for heavier and more distant nuclei, it was
necessary to extend these fission studies to nuclides with
greater atomic and neutron numbers.

An opportunity to study the balance of forces between
the macroscopic and microscopic components that make
up the fission barrier was another factor that prompted
our investigation. A major portion of the fission barrier
for lighter nuclei is imparted by the liquid-drop (macro-
scopic) component, but its contribution diminishes rapid-
ly with increasing Z because of the squared expansion of
the Coulomb repulsive force. However, the total height
of the fission barrier is the sum of the macroscopic por-
tion and a microscopic part produced by shell effects
from spin-orbit interactions, pairing, etc. Upon reaching
element 100 (Fm), the contribution to the barrier by the
macroscopic part drops to less than a third of the total,
the remainder being due to shell stabilization of the de-
formed ground states. Nuclei with Z = 106, particularly
the predicted superheavy elements, owe their entire sta-
bility against SF to barriers derived from shell effects.
Hence, the nuclei we proposed to study between Z =100
and 104 were directly in the region where the effects on
fission properties induced by liquid-drop potential ener-
gies should largely fade and be replaced by those from
shell energies. Knowing the enormous impact of frag-
ment shells on the SF properties of 2**Fm and *°Fm, we
might now hope to assess the changes in fission wrought
by the intrinsic structure of the fissioning nucleus.

All of the nuclides we have studied were selected on
the basis of having neutron numbers =156 and atomic
numbers = 100. In addition to the reasons given above,
this region was chosen because both experimental SF
half-lives and theory’~° indicated the outer peak of the
“double-humped” fission barrier was dropping in energy
below the ground state for such nuclides. This was be-
lieved to be one factor in the sharp departure from the
fission behavior of the lighter actinides. Moreover, the
principal cause being advanced for the unusual fission
properties of 2Fm and 2*Fm was strong shell effects in
the emerging fission-product nuclei, which were driving
the reaction toward the doubly magic '*?Sn nucleus.!?-!?
Thus, the transition from asymmetrical mass division in
the light fermium isotopes to symmetrical in the heavier
ones, would be due to fragments approaching closed pro-
ton and neutron shells (Z =50, N=82).!* By studying
heavier nuclei, we could establish the range of Z and N
where fission properties were being influenced by closed-
shell fragments. This would be a further test of the pre-
dictions of the two-center shell model, because this model
predicted a return to an asymmetrical division of mass
when Z was increased beyond 100, while maintaining N
essentially constant.’

Because it is exceedingly difficult to produce more than
300 or 400 atoms of these isotopes, our measurements of
their fission properties have been restricted to determin-
ing the energies of coincident fragments. The sum of
these energies provides the TKE, while the masses of the
fragments are deduced from an inverse relationship be-
tween mass and fragment energies due to the conserva-
tion of momentum and an assumption that mass is con-
served. Since neutrons are emitted from the fragments in

flight, we can only record the postneutron kinetic ener-
gies of the fragments. Neither these energies nor the de-
rived masses have been corrected for the kinematics of
neutron emission because neutron-multiplicity measure-
ments as a function of mass or energy division are una-
vailable (and probably unattainable except for 26°Md).!*
In principle, we could attempt to correct our provisional
mass and TKE distributions by extrapolating the neutron
multiplicities obtained for 2*Cf or 2’Fm. However, be-
cause the fission properties of these two nuclides are so
radically different from the ones reported here, any extra-
polation would be no better than a guess.

In Sec. II, we describe the production methods and
fission measurements for each isotope in turn. Sec. III
provides the results, and the last Sec. IV includes a
comprehensive discussion of these results, their implica-
tions, and the significant conclusions drawn.

II. EXPERIMENT

A. 21-ms 26°[104]

Controversy has surrounded this nuclide since 1964
when the Joint Institute for Nuclear Research (JINR) at
Dubna assigned a 300-ms SF activity to this isotope of
element 104.!> Later experiments by the JINR group'®!’
reduced the half-life to 80 ms, but this decay period was
never found by a group from the National Laboratories
in the United States.!® Instead, a 23+2-ms SF decay
period was found in bombardments of Bk with ’N.
Eventually, these divergences in determining the half-life
were resolved by further experiments at the JINR, where
they obtained a 28+6-ms period,!® and at the Lawrence
Berkeley Laboratory, where Somerville reported 21+1
ms.”® We obtained a rough half-life of 26+7 ms in this
work (Fig. 1), which is consistent with these most recent
measurements.>!

This short-lived SF isotope has been produced in
the reactions **Bk(*N4n), *Cm(!°0,4n), and
29Cf(180,a3n) with cross section of 14, 6, and 9 nb, re-
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FIG. 1. Spontaneous-fission half-life of 2°°[104] obtained in

the SWAMI instrument from fission counts per detector station
vs rotation time.
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spectively.’ We chose the 2Bk + !°N reaction because
of the higher formation cross section for 2°[104]. The
energy of the projectile entering the target from the 88-in.
cyclotron at the Lawrence Berkeley Laboratory was 81.6
MeV, which is at the peak of the excitation function. We
averaged 4 X 10'? particles/s, an intensity that was about
half of the destruction limit set by overheating of the tar-
gets. Two targets were made, consisting of 0.22 and 0.30
mgcm ™2 of 2Bk sublimed as the trifluoride within a 6-
mm-diam circle onto 2.51 mgcm~? Be foils.?? We
mounted these and all target foils in a modular target sys-
tem that provides maximum cooling by jetting 0.7 1s~! of
N, against the rear surface of the target backing foil.?3

A new instrument, SWAMI (spinning-wheel analyzer
for millisecond isotopes), was designed and constructed
for the purpose of obtaining the fission properties of very
short-lived SF isotopes. Although it will be described
more fully elsewhere,?* a schematic diagram showing the
principle of its operation is given in Fig. 2. Products of
the nuclear reactions are ejected from the target by recoil
momentum and are partially stopped in a continuous
band of thin aluminum foils mounted on the outer edge
of a rotating disk. These foils then pass between four
pairs of trapezoidally shaped, surface-barrier detectors
that measure the energies of the coincident fission frag-
ments when the recoil product decays by SF. The disk,
with a diameter of 30 cm, can be rotated at preset speeds

Beam

-Collimator
Window /
Target C
@ Al foils
A{ in continuous
Degrader foils /

band

Back
detectors

@~

Rotating
wheel

Front
detectors
(4)

FIG. 2. Schematic diagram showing the essential features of
the SWAMI instrument. A portion of the recoil products em-
erging from the target is stopped in 100-ugcm ™2 Al foils that
are located in a band surrounding the continuously rotating
disk. These foils rotate between four pairs of surface-barrier
detectors that measure the energy deposited by correlated
fission fragments when the product nuclei decay by spontaneous
fission.

between 10 and 5000 rpm (revolutions per minute). We
used 260 rpm in these experiments in order to optimize
the fraction of the 21-ms activity decaying within the
detector segment.

The SWAMI instrument is especially suited for the
study of millisecond SF nuclides originating from
compound-nucleus reactions where the recoil energies of
the products are below 5 MeV and nearly monoenergetic.
The instrument was designed to discriminate against
products from transfer reactions on the basis of both
recoil energy and angular distribution. Placement of a
collimator and energy-degrader foils at the exit side of
the target allowed only nuclei recoiling within a 17° angle
from the beam axis to reach the 100-ug cm ™2 Al collector
foils, located on the outer rim of the rotating disk. the
degrader foils of 114-ugcm™2 Al served to reduce the
range of the desired recoil product in the collector foils to
the point where about half were calculated to be stopped.
Because products from transfer reactions have broad an-
gular distributions and recoil energies exceeding those
from compound-nucleus reactions, we were able to
reduce the SF contribution from such products
(?°*Md/?*°Fm) by about a factor of 6 over what it would
have been otherwise.

Cross sections for the formation of various nuclides
produced by transfer reactions were determined in
separate experiments. An Al foil with the same areal
density as the SWAMI collector foils, followed by two
Au foils, each of 2.28 mg cm 2, were placed behind the
249BK target to stop and collect all recoil products emerg-
ing from the target within a 31° cone. Irradiations of 66
min and 422 min were made on separate sets of foils; the
Au foils were than dissolved and the elements Es through
Md chemically separated. In the Au foils, yields for the
Es isotopes with masses 249-256, the Fm isotopes with
A =250-256, and »°Md were measured by analysis of
a-particle energies, SF decay, and half-lives. The Al col-
lector foils were not chemically processed, but the yields
of a number of isotopes of Es and Fm, and of 2°°Md, were
determined by direct alpha and fission counting. The
peak yield in the Es isotopes occurred between 4 =251
and 252 with a 176-ub cross section for the fraction
stopped in the Au foils. The Fm yields peaked at the
same mass numbers with total cross sections of 17
(*'Fm) and 15 (***Fm) nb. We obtained 19.7 nb (Al) and
83 nb (Au) for 2*Md. The ratio for the amounts stopped
in the Al foils versus the Au varied with the isotope and
ranged from 0.015 (**?Es) to 1.3 (***Fm).

Since the main SF contaminant was determined to be
2.6-h 2°Fm coming entirely from the electron-capture
(EC) decay of 77-m 2**Md, we further reduced its buildup
by a factor of 3 to 4 by replacing the collection foils in
SWAMI with fresh ones every 3 h. This prevented the
growth of 2**Md and ?*Fm to saturation values during
the course of the irradiations. Finally, our system was
sensitive to counting only a sixth of the ***Fm that de-
cayed because the segment spanned by our detectors
represents only that portion of the total circumference of
the disk. The rate of formation of 2*Md was determined
by two methods. One required only that we continue
fission counting for a day after ending a bombardment to
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measure the amount of longer-lived SF activity remaining
on the foils. The other method was to irradiate for
several hours and to collect all recoil atoms on a single
foil centered behind the target. After turning off the PN
beam, we rotated the disk to bring this foil between a
detector pair, where it was counted for a day. From a
number of such measurements, we established that the
effective production rate of 2°Md was 1.3 times that of
260[104]. This production rate was used to correct each
run on a set of foils for the number of fissions contributed
by 2°Fm. Overall, 2*Fm accounted for 12% of the total
fissions observed.

Before the resolution of the controversy concerning
whether the half-life of 26°[104] was 80 or 22 ms, it had
been suggested by Druin® that the 22-ms decay period
measured at the Lawrence Berkeley Laboratory might be
a composite of the 80 ms and a 14-ms period arising from
the known fission isomer 2**/Am, possibly coproduced by
a transfer reaction in bombardments of 2*’Bk. Even
though we could discount this possibility on other
grounds, such as reaction energetics and the wholly
different fission properties of the isomer,?® we performed
several experiments to detect the formation of 16-h
2422Am. We established an upper limit of 50 nb for the
formation of the ground state of 2Am. This implies 20
pb would be an upper limit for making 14-ms **Am
based on the maximum ratio for the production of the
fission isomer relative to the ground state of 4X10™*
(Ref. 27). It is certain from our cross-section limit that
242f Am was not the source of any fissions in this study.

Although we had made a strenuous effort to keep the
detection efficiency of SWAMI as high as possible, it was
no larger than 5-6 %. Major losses of 50% or more oc-
curred because of decay of 26°[104] before reaching the
first detector pair and after the fourth, a 30 % counting
geometry for coincident fragments, and the stopping of
only a fraction of the recoils in the collector foils. We ob-
tained five fission events from 2%°[104] per hour of bom-
bardment under the conditions noted above. In total, we
observed 341 coincident fission events of which 41 were
due to >*°Fm.

Because of the very low-event rate, we took a number
of steps to eliminate erroneous fission pulses in the detec-
tors and electronics caused by scattered ions from the
beam, by radio-frequency (rf) noise, and by electrical
discharges near the detectors from charge buildup. Aside
from the usual precaution of supplying separate ground-
ing for the electronics, we floated the detector bias volt-
ages to the negative side, placed permanent magnets near
each detector, encased the detectors with 3 mm of Pb
shielding, and placed a Pb shield, with an open slot for
the spinning disk, between the edge of the target and first
detector pair. Radio-frequency noise would occasionally
appear in bursts lasting from a few to 20 min, producing
a large number of pulses over our discriminator thresh-
olds of 20 MeV and rapidly filling our computer disk
storage with false events. We found that each detector
was acting as an antenna for rf emissions. We rejected
this source of noise by configuring a fast majority-logic
module to veto the digital output of our CAMAC
analog-to-digital converters, when simultaneous pulses

from the detectors did not correspond to a pattern of just
two pulses, with each coming from opposing detectors.

As a further precaution against accepting spurious
pulses, we digitized and stored the time interval between
the two pulses from each fission event. Using 2°>Cf as an
SF source, we determined that most coincident-fission
pulses were within 2 ns of each other, while for a few
events, this interval stretched to 40 ns as seen in Fig. 3.
To account for these tails in the time distributions, we de-
cided that fragments impinging near the edges of the
detectors gave slow charge-collection times,*® and there-
fore, longer time intervals between coincident pulses than
those hitting the middle of the detector. This conclusion
was reached after finding that the TKE distributions ob-
tained from events with slower pulses were up to 6.3
MeV lower in energy than those from the main timing
peak, implying that additional energy was lost by absorp-
tion in source and detector materials from fragments em-
itted at a low angle to the source plane. We accepted as
valid coincidences all events with pulses that occurred
within 40 ns of each other, but in addition, we applied a
1-2.9 % energy correction to the ones whose timing fell
outside the peak region in the time-interval distributions
measured for each detector pair with 2>2Cf.

Energy calibrations were made from specially con-
structed sources of 2°2Cf. The 2°2Cf was vacuum eva-
porated to produce a 9.5-mm-diam deposit on a 50-
ugcem~2 Al foil, which was supported by the usual
trapezoidal-shaped frame used in SWAMI. The Cf de-
posit was coated by evaporating an additional 57
ugcem 2 of Al metal over it to give a sandwich with a
thickness closely equivalent to our normal 100-ugcm ™2
Al collector foils. Calibrations were accomplished by re-
placing a frame on the disk holding the collection foils
with one containing a 2°>Cf source and by rotating the
disk to bring the source in front of each detector pair for
a fixed counting period. Calibrations were taken at the
beginning and end of each run and about every 12 h dur-
ing the runs to verify the electronic stability of the detec-
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FIG. 3. Typical spectrum of intervals between arrival times
of two correlated fission fragments using a 2>>Cf SF source in
SWAMI. The peak is slightly offset from zero due to small
differences between cable lengths and to input/output delays in
the two separate signal-processing channels.
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tors and amplifiers. Using sets of energy calibrations
nearest to the collection time of the 2%°[104] data, we cal-
culated fragment energies for each event from their pulse
heights by the formula of Schmitt, Kiker, and Williams?®
together with the latest parameters given by Weissen-
berger et al.’® Because the masses of the fragments are
required for determining pulse-height defects, and since
these are unknown initially, we used a successive itera-
tion procedure that starts with the very approximate
masses given by the inverse ratio of the pulse heights and
proceeds to convergence by recalculating new masses and
corrected pulse-height defects. It should be realized that
the average TKE newly adopted for 2°2Cf is 181 MeV,* a
value 1-2 % lower than the 183.1 and 184.1 MeV used
previously.?® Accordingly, our TKE’s are not quite on
the same energy scale as those measured earlier for other
nuclides.

B. 1.2-ms *®*No

Given the very short half-life, this was another nuclide
whose SF mass and energy division required the SWAMI
apparatus for their investigation. Prior information was
limited to a report noting its discovery as a 1.2-ms SF ac-
tivity.’! Alpha-particle decay was not found by these
researchers. This fission activity was observed in bom-
bardments of 2**Cm only with '°C ions and not with '2C
or ''B ions. Bombardments of a 2*Cm target with 1*C
ions also failed to produce this nuclide.

We have produced an activity with a half-life of
1.240.2 ms (Fig. 4) by bombarding a >**Cm metal target
with 67.6-MeV 13C ions from the 88-in cyclotron at the
Lawrence Berkeley Laboratory. Most of our data were
collected at beam intensities averaging 4.8X10'2
particles/s. Assuming a 5% efficiency for SWAMI, we
obtained a 17-18 nb cross section for the formation of
what we believe to be 2®No. The target, in a 6-mm-diam
deposit, was prepared by sublimation of 0.202 mgcm ™2
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FIG. 4. Half-life of >**No obtained from the four detector
pairs in the SWAMI instrument.

of **Cm metal onto a 2.64 mgcm™2 Be backing foil.*?
The Cm metal was then overcoated with 20 ugcm ™2 of
Pd to prevent ejection of molecular clusters of curium
during bombardment. Without this overlayer of Pd, we
had found as much as 0.01% of the target isotope was be-
ing transferred to surfaces behind the target over an ex-
tended time period. In the case of 2**Cm, any transfer to
the SWAMI collector foils would have created a back-
ground of long-lived SF activity.

A series of runs was made in which we varied the beam
energy, rotation velocity, and thickness of the degrader
foils used to reduce the energy of the recoils. The pur-
pose was to determine if the 1.2-ms fission activity was
the only short-lived one present and if its production and
recoil characteristics were consistent with a compound-
nucleus reaction. We found that the production rate of
the 1.2-ms activity decreased by more than half when the
beam energy was increased from 67.6 to 83.8 MeV. Upon
increasing the degrader-foil thickness from 75 to 150
ugcem 2 of Al, the yield of the 1.2-ms activity decreased
by over 60 %, and went to nil when the thickness was in-
creased to 223 ugem™ 2 No 2Fm was found with the
thickest degrader foil at either 13C ion energy. We had
calculated that the maximum range of recoiling atoms of
258No was 170 ugcm 2 of Al. Thus, all of these observa-
tions are generally in agreement with a compound-
nucleus reaction.

In the main, we set the rotation rate of the disk be-
tween 3606 and 3780 rpm, but four additional rates, each
progressively slower, were tested to check for other
fission activities with somewhat longer half-lives. These
were 1963.6, 971.7, 257.8, and 23.12 rpm, which corre-
spond to a point source passing by a detector pair in 1.49,
3.01, 11.3, and 126.3 ms, respectively. The number of
fissions/mC, after subtracting an average of 0.052 fissions
of 2Fm/mC, dropped with rotation rate from an initial
value of 0.361 to 0.28, 0.075, ~0.006, and ~0.0, respec-
tively. These data demonstrated that, aside from 2.63-h
255Fm, only a single, short-lived component was contrib-
uting to the observed fission activity.

We collected a total of 441 SF events during these ex-
periments, 59, or 13%, were due to 236Fm background for
a net of 382 events from 2*®No. We estimated from the
growth and decay curves obtained for 2>°Fm that nearly
all of it was directly produced in transfer reactions rather
than through the path of 2*Md EC decay. The amount
of 2°Fm counted in each run from a set of collector foils
was calculated from the measured production rate. Ex-
cept for the points just discussed, the experimental pa-
rameters, energy-calibration methods, and measurement
of the *°Fm contribution were much the same as de-
scribed above in our account of the 2°°[104] SWAMI ex-
periments. Because of the smaller recoil energy, we used
degrader foils of 75 ugcm™2 of Al for all production
runs.

C. 370-us *>*Fm

Since the discovery of this isotope in a rotating-drum
experiment,33 its mass and atomic numbers have been
confirmed and the original half-life of 380 us has been
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modified slightly.>* In the discovery experiments, this
isotope was produced by the »’Fm (d,p) reaction, but
subsequently it has been made in neutron irradiations’ of
"Fm and as the daughter of the 60-min isomer of
258Md.*3° Both the excited-state fission and SF proper-
ties had been investigated earlier in measurements dis-
turbed by poor energy resolution and, for the SF study,
subtraction of a large >Fm SF component amounting to
65 %.>* Largely because of the amenable half-life of its
Md parent and our capability of producing 2**”Md in ap-
preciable amounts from heavy-ion bombardments of
234Es, we have been able to explore the fission properties
of ®Fm with much greater precision than before.

We prepared 2*"Md for fission studies of its daughter
by bombarding 276-d ***%Es with 105-MeV 20 and 126-
MeV 2’Ne ions. Beam intensities over an illuminated
area 3 mm in diameter ranged from 1.2 to 1.7X10!?
particles/s™!. Cross sections for transfer reactions pro-
ducing the isomer from 30 and ?>Ne were 43 and 55 ub,
respectively, values that are approximately one-third of
those for making the nonfissioning, 53-d ground state of
2¥Md.3® The target was made by electroplating 3.34 ug
of 2*Es onto a 4.5 mg cm ™2 Mo backing foil. The Es de-
posit was 3 mm in diameter, which gave an initial areal
density of 47.2 ugcm™ 2. This deposit was overcoated
with 15 ug cm ™2 of Pd metal, but as a further precaution
against transfer of 2*Es, we mounted a 50-ugcm ™2 Al
foil 2 mm behind the target. Nuclei recoiling from the
target passed through this thin cover foil, and were
caught on a 3.6 mgcm ™2 Ta foil positioned about 8 mm
behind the target. This target and subsequent ones of
254Es were placed in the same vacuum chamber and tar-
get system used in the SWAMI experiments. However,
because of the greatly increased radiation hazards associ-
ated with 2>*Es, additional interlocks to the cyclotron and
vacuum systems were installed to prevent catastrophic
failure of the targets that might be caused either by our
own errors or by system malfunctions.

Following each bombardment, we isolated 258Md
/%8Fm from the other reaction products by off-line mass
separation. Mass separation was vital in reducing, to a
nearly negligible level, the potentially overwhelming SF
interference from 2*Fm and for ensuring that our fission
measurements were being made on a single nuclide.
From %?Ne reactions, 2°°Fm is produced with a 840-ub
cross section, but its persistence is supported by EC de-
cay of 76-min 2*Md and B~ decay of 7.6-h >>°Es that are
coproduced with two to six times larger cross sections.>¢
Immediately after the end of a bombardment, the Ta
catcher foil was removed from the SWAMI vacuum
chamber and flown ~60 km by helicopter from the
Lawrence Berkeley Laboratory to our laboratory, where
the mass separation took place. The foil retaining the
recoil products was inserted into a tungsten crucible used
in the surface-ionization source of our mass separator.
At the collector end of the mass separator, we attached a
partially masked, 13-mm-diam support ring covered with
50 ug cm 2 of Al to a 56-cm long, rectangular Al backing
foil. This backing foil was placed in the horizontal focal
plane of the separator with the ring centered at the anti-
cipated 4 =258 mass position. Masses adjacent to 258

were stopped in the backing foil. The horizontal separa-
tion between each mass unit was 13 mm, which allowed a
span of 10 mass units to be collected simultaneously on
the foils. After about 15 min of mass separation, the foils
were quickly recovered, and the locations of easily
identified mass markers, 2>*Fm and 2°°Fm, were verified
by scanning the backing foil with an a counter. Because
of time urgency, our first judgment concerning the mass
resolution and mass locations on the foils was based on
this initial a scan: afterwards, we autoradiographed the
larger Al foil to determine these factors accurately. We
later discarded fission data from one run with 'O ions
because the 258-mass fraction was not centered within
the designated ring. The ring supporting the 50-ug cm ™2
Al foil with the mass-258 deposit was detached from the
larger Al foil for insertion into a coincident-fission
counter. Our overall efficiency determined for the mass-
separation process varied from 20 to 30 %.

We measured the energies of correlated fission frag-
ments in a high-geometry counter comnsisting of two
surface-barrier detectors mounted face to face in a vacu-
um chamber with a 2-mm gap between them for insertion
of the sample. The average geometric efficiency was 61%
for coincident fragments. For the purpose of simultane-
ously detecting B~ decay in another experiment, the de-
pletion depth of these detectors was 1 mm. Their energy
resolution in terms of full width at half maximum
(FWHM) for 5.49-MeV « particles from an 2*! Am source
was 15.8 and 14.9 keV. The slower, analog fission pulses
were gated into CAMAC digitizers by a slightly delayed
logic pulse generated by constant-fraction discriminators
whose inputs came from the fast-pulse outputs of the
preamplifiers. A coincidence module was unnecessary
because both fragment pulses were accepted with a single
gate pulse of 1.2-us width. For each event, we stored the
energies recorded for two fragments and the clock time
derived from a 1-kHz pulse generator.

Calibrations of the detectors were made with SF
sources prepared by high-temperature vaporization of
252Cf onto Al foils that were masked to give a 9.5-mm-
diam deposit. The foil thickness was the same as the
source foils from the mass separator. To prevent self-
transfer of 2°2Cf fission activity to our detectors, we over-
coated the Cf surface with 50 ugcm ™2 of Al Later, it
was necessary to make an energy correction of 3.2 MeV
to the 2> Fm fission fragments entering the upper detector
because of the additional energy loss in the calibrations
due to 232Cf fragments passing through this extra layer of
Al. This calculated value for the loss was authenticated
by establishing that the average fragment energy for
2Fm was the same in each detector within 0.6 %. The
procedure for converting pulse height to energy was iden-
tical to the one described for 26°[104].

From two bombardments with 2’Ne ions, lasting 202
and 375 min, we obtained 1570 SF events. The elapsed
times from the end of the bombardments to the start of
counting for these two runs were 63 and 66 min. We
fission counted for over 1200 min in each experiment, but
events beyond 300 min in one and 350 min in the other,
were excluded from our final list to minimize the contri-
bution from longer-lived 2*Fm that was supported main-
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ly by its parent, 7.6-h **°Es. Of these 1570 events, we at-
tribute 108 to a mass-256 adulteration caused by scatter-
ing of ions in the mass separator. This number of 2**Fm
fissions was obtained from least-mean-squares analysis of
the fission-decay curves.

D. 100-min >°Md

Decaying primarily by SF, this isotope was first found
as the product of EC decay by 59-min >*No (Ref. 37).
The branching ratio for EC by 2*No was found to be
25+49, the remainder being a decay to »**Fm. Taking
advantage of this appreciable branching ratio and a
unique divalent ionic state of No that allowed rapid
chemical separations from other reaction products made
in the bombardments, we first produced quantities of
chemically isolated ***No/**°Md sufficient to determine
the mass and fragment-energy distributions and the emis-
sion of light charged particles accompanying the SF of
259Md.>” The mass division was decidedly symmetrical,
whereas the average TKE was found to be 201 MeV,
about 35-40 MeV lower in energy than the average for
28Fm and 2*Fm. Based on Coulomb repulsion argu-
ments, these low-fragment energies seemed incompatible
with mass symmetry giving spherical Sn-like products.
At the time of publication of Ref. 37, we suggested the
charge centers of the emerging fragments must be further
apart and, therefore, that the 25%Md nucleus is more de-
formed at the scission configuration than **Fm and
2%Fm nuclei. Inconsistent as the picture was, we still
failed to perceive that these findings might indicate an en-
tirely new fission mode.

These results from our earlier fission studies have been
superseded by the measurements reported here on mass-
separated samples of 2>Md. Sources prepared by ion im-
plantation in the mass separator were thinner, and pro-
vided much superior energy resolution for fission frag-
ments when compared to the ones made earlier by eva-
porating aqueous solutions. Moreover, we could produce
many more atoms of >Md directly from transfer reac-
tion than indirectly through the production of ***No fol-
lowed by EC decay.

Our production, mass-separation, and fission-counting
methods were identical to those described for >>Fm. We
produced 2*°Md with 4.5-ub (126-MeV ??Ne) and 7.2-ub
(105-MeV '80) cross sections in bombardments of *>*Es.
Although four bombardments were made, we have not
included the data from two of them because poor mass-
separator resolution resulted in 2>Fm-?>Fm SF activities
contributing up to 31% of the total fissions. Counting of
fissions extended to 1 d or longer, but events occurring
after 420 min in one run and 500 min in the other were
excluded to keep the 2°Fm contribution small. From the
two best experiments, we obtained a total of 500 coin-
cidence events, of which we credit 50 to ?°Fm and ***Fm
as mass contaminants. The amount of 2°Fm was deter-
mined by resolving the components of the gross fission-
decay curve, whereas the 11 events we attribute to >>*Fm
were determined from the amount of 2¥"Md in the sam-
ples at the start of counting. By measuring the a-decay
rate of 53-d 2%%¥Md in the mass-259 samples and from

measuring the ratio of the isomer to ground state in the
mass-258 fractions, we established the quantity of 2°®”"Md
in the mass-259 samples coming from incomplete mass
separation.

E. 32-d 2°Md

We recently discovered this long-lived isotope of Md in
mass-separated samples during the course of investigating
the products of transfer reactions originating from
heavy-ion bombardments of 2**Es."3* The atomic num-
ber was verified by chemical methods, and the mass num-
ber was defined by electromagnetic isotope separation.
Initially, we considered the observed SF activity might
well come from either 2°°No or 2°Fm daughters because
of favorable estimates of Q values for 8~ or EC decay by
20Md. These daughters are expected to have subsecond
SF half-lives, allowing them to be in secular equilibrium
with the much longer-lived parent. We have since deter-
mined by the method described in Ref. 34 that branching
ratios for possible decay modes in 2°°Md (8™, K-electron
capture, and L-electron capture) are each no greater than
10 %, provided the daughter half-lives are 100 ms or
less.!'*® Thus, we are assured that most if not all of the
SF activity we observed in the mass-260 fraction
emanates directly from 2°°Md.

Our experimental procedures for measuring the fission
properties of °Md from one set of samples were the
same as those employed for *Fm and *Md. Namely,
we produced this isotope in 8- to 12-h bombardments of
254Es with either %0 or ??Ne ions. The formation cross
section was about 300 nb for either projectile. From two
bombardments followed by mass separation, we obtained
531 correlated SF events in the mass-260 fractions, with
none arising from isotopes other than 2°Md. By delaying
the start of fission counting for several days after a bom-
bardment, we eliminated the shorter-lived Fm and Md SF
emitters as contributors to our fragment-energy measure-
ments. Also, we confirmed that longer-lived SF activities
were not present by tracking SF decay in the samples for
up to 6 months in high-efficiency ionization counters.

In addition to these 531 events, we obtained another
903 events of *°®Md from a single source that was fission
counted during neutron-multiplicity measurements at
Philipps University, Marburg, Federal Republic of Ger-
many.'* This sample came from chemically isolating Md
from many recoil-collection foils containing reaction
products from a series of *Ne bombardments of 2>*Es.
The 2°Md was recovered as a by-product of other experi-
ments aimed at studying new isotopes of Lr.>* The chem-
ically purified Md was electroplated onto a 27-ugcm 2
film of polyimide that had been coated on one face with
50 pugcm ™2 of vacuum-evaporated Au. Electroplating
produced a thin deposit 4.0 mm in diameter. A *2Cf
calibration source was prepared identically at the same
time. At the start of fission counting, our final sample of
Md contained about 15 times as many atoms of 53-d
25¥Md as 2°Md because, unlike our previous samples, Md
had not been mass separated. Nevertheless, with a SF
half-life greater than 4700 yr (Ref. 40), 2°®Md constituted
a negligible source of fissions. The sample of 2°Md was
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mounted in a vacuum chamber between two 450-mm?
surface-barrier detectors located in the center of a
neutron-detection tank, and fission counted for 98 d. To
avoid contaminating the detectors with 252Cf, the energy
response of these detectors was calibrated with fission
fragments from our 232Cf course after we finished the
260Md counting. We calculated fragment energies by the
same procedure described earlier, and combined these
events with the previous ones.

III. RESULTS

A. Mass and energy distributions

We present in Figs. 5 and 6 the mass and TKE distri-
butions obtained for the five nuclides after subtracting
background distributions contributed by small and
known amounts of 2 Fm. This correction was made by
scaling downward the distributions we obtained from
250000 events collected from a mass-separated sample of
236Fm to equal the total number of 2**Fm events we found
in our sources. The 2*?Md distributions were also adjust-
ed for the 11 events coming from a 2**Fm impurity. As
noted in the previous section, no background corrections
were necessary for 2°°Md. Unlike most previous studies
where °°Fm was a major fission component, we found
that subtracting the contribution from >*Fm had only a
slight impact on any distribution.

For the reason that we recalculated our fragment ener-
gies from the more recent calibration parameters for
232Cf (Ref. 30), the histogram distributions shown in Figs.
5 and 6 do not quite correspond to those given in Ref. 1.
Another difference is that we have nearly tripled the
number of observed fission events from 2°°Md since the
publication of Ref. 1.

The most significant and unique feature of the TKE
distributions is their pronounced deviation from a single
Gaussian shape. In four of the five nuclides, decided
asymmetry is imparted by conspicuous tailing in either
energy direction from the central peak. This is the first
observation of this phenomenon, the TKE distributions
from other actinides being uniformly Gaussian with only
minor divergences. Detection of this feature was made
possible by reducing the interference from the SF of
2Fm and improving the fragment-energy resolution over
that of our earlier work. Closer inspection of these TKE
distributions reveals that the peak of each distribution is
not randomly located along the energy axis, but is posi-
tioned near either 200 or 233 MeV. The asymmetric tails
of the TKE curves result in distributing an appreciable
portion of the events into one or the other of these two
main energy regions.

Based on these observations, we considered that the
TKE curves for at least four of the nuclides were a com-
posite of two separate energy distributions, with each
most likely being Gaussian. The fifth, 26°[104], may well
have a residue of the high-TKE component, but we can-
not be sure because of the statistically few events in the
high-energy region. By taking the FWHM from the
TKE distribution for 2%°[104] as a fixed parameter and
model for the lower-energy Gaussian, we resolved each of
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the gross TKE distributions from 2®Fm, **®*No, 2®®Md,  Gaussians, together with the centroids of the TKE’s and
and *°Md into two Gaussian distributions by least- percentage abundances of the low- and high-energy
mean-squares fitting. The results are shown in Fig. 7. peaks, are given for the four nuclides in Table I. Because
Reduced-y? values resulting from the fitting of two the reduced chi-squared values are near unity, the fitting

of two Gaussian functions appears to be a good approxi-
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TABLE 1. Parameters obtained from least-mean-squares fitting of two Gaussians to the TKE curves.
Reduced y? is a measure of the quality of fit, where values from 0.5 to 1.5 indicate a reasonable proba-
bility of a good match.

Low-energy High-energy
peak Abundance peak Abundance Reduced

Nuclide (MeV) (%) (MeV) (%) X

28Fm 205 50 230 50 1.32
2¥No 204 95 232 5 0.52
»Md 202 88 234 12 0.81
260Md 200 42 234 58 1.10
260[104] 200 100 0.63

T T mation to the parent distribution. Probable errors range

T T T T T T T
% = (a) 7 r(b) 260"04] b from 1 to 2 MeV in the peak locations and an absolute
5 40| - + - 16 2-3 % in each of their abundances. Although the extrac-
E w0 L 1L 1 tion of two Gaussians by this analytical approach is high-
£ ly suggestive of such a composite, it should not be con-
E » - ar al strued as proof.
[ZITY 4k da Our mass distributions shown in Fig. 5 are all symme-
ol . L L L ot trical, with the FWHM ranging from 7.9 u for 2°Md to
: : — — 36 u for 2°°[104]. It is apparent that nuclides having the
-4 | (b) 288N narrowest mass distributions also have a preponderance
s e of high-TKE events. Conversely, the very broad mass
N N distribution found for 2°°[104] is associated with a single
£ 1T 1% TKE peak with a low energy. These obvious correlations
3 with TKE are further reinforced when we plot the mass
& 4 1% distributions from events sorted by their TKE’s. Arbi-
trarily choosing 220 MeV as the dividing line between the
' — e low- and high-TKE peaks, we show in Fig. 8 the mass
T I A T distributions obtained after sorting events into bins lying
5 B *°Md s above and below this energy. We find it remarkable that
2 100 . the high-energy mode of fission consistently produces
é’ I~ e such narrowly symmetrical mass distributions as found in
3 ol ] these nuclides. Given this singular behavior, it is difficult
% ~ il to escape the conclusion that, for this fission mode, the
process is guided toward these mass divisions by the
o 'L : : ,L : ‘i - : : Lo proximity of the fragments to the closed shells in !**Sn.
(@) s I”“N;d 1o While still symmetrical, the mass distributions for events
3 e L i with TKE’s less than 220 MeV are much broader, span-
E I~ -8 ning over twice the mass range of those from the high-
£ wf 4 F - 60 TKE mode. It is these lower-energy events that are re-
H L deo sponsible for the wings of the main peaks, extending far
6 2 — outward in mass, that we see in Fig. 5 for most of the nu-
i 1% clides. If we choose SF events with TKE’s less than 200
ot — : — L—t—Jo MeV, the mass distributions become even broader and
wfqy [ (b) L-”’Flm ] weo are nearly flat but remain symmetrical, with the excep-
5 20 | tion of 2*Fm and %°Md, which revert to asymmetrical
- = | 600 distributions. Thus, the gross differences seen in the mass
g™ . distributions from events binned by energy clearly add
$ o 4T T4 another distinctive trait that separates the low-energy
5 . 1 F 200 mode from the high-energy mode of fission.
(4] 1 I 1 1 1
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B. Isotopic assignments

Fragment mass (u) Briefly setting aside our discussion of the fission re-

sults, we wish to first appraise the soundness of the isoto-

FIG. 8. Mass distributions obtained by sorting fission events  Pi¢ assignr.nents for the five nuclides studied. As noted in
according to their total kinetic energies: (a) for events with the experimental section and the references provided
TKE’s <220 MeV and (b) for those with TKE’s > 220 MeV. therein, the atomic and mass numbers of **Fm, *?Md,
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and 2°Md have been firmly established. This is not the
case for ®No and 2(’0[104], since their Z and A4 values
have been inferred from the nuclear reactions, where they
have and have not been successfully produced, and the
energetics and kinematics of these reactions. The sum of
this evidence heavily favors these isotopic assignments
because it is consistent with compound-nucleus reactions,
and because the possibilities of alternative assignments
have nearly vanished after years of exploring this region
of nuclides. At first, the 17-nb cross section for produc-
ing 2°®No from the **Cm('*C,3n) reaction seemed excep-
tionally small to us when compared to an expected value
of 170 nb calculated by the JORPLE program.*! Neverthe-
less, our cross section appears reasonable when compared
with the 6-nb cross section found in the similar
29Cf(13C,3n)2°°[104] reaction.*? The JORPLE program in-
dicated 21 nb for this reaction. In addition to these argu-
ments, the mass and TKE distributions from the SF of
2¥No and 2%°[104] are unique to the SF of the neutron-
rich transeinsteinium isotopes, and are unlike even those
we report for nearby nuclides. Considering our
knowledge of how these nuclides are produced and decay,
we believe the sum of this information points to the
correctness of their isotopic assignments.

IV. DISCUSSION AND CONCLUSIONS

We have investigated enough nuclei in this region to
comment on trends in fission properties, on the underly-
ing causes of these uncommon modes of fission and,
above all, on direct observation of bimodal fission and its
relevance to advancing our fundamental understanding of
the fission process. Even though we can make several im-
portant qualitative connections to theory, we conclude
that theory has serious weaknesses in explaining other
features that we see. Based on one such connection, our
results imply that the low-energy mode of fission we ob-
serve will likely extend to far heavier nuclei, well beyond
the five studied so far. We can state that symmetrical
mass division and high TKE’s are no longer unique to
just Fm and *°Fm. Our results from these five nu-
clides show that all fission symmetrically and that four of
the five have a significant component with high TKE’s.
The concept of this being a small islet of symmetrical
fission emerging for a singular reason should now be re-
jected.

We suggest that two different fission modes are sepa-
rately responsible for distinctive regions of the TKE dis-
tributions displayed in Fig. 6. In four of the five nuclides
reported here, we find anomalous TKE distributions,
skewed in energy sufficiently to be easily describable by
two Gaussian distributions. Asymmetrical tailing from
the peak energy occurs toward either higher or lower en-
ergies. Furthermore, we find that the peak in each of the
gross TKE curves falls in one of two distinct positions, ei-
ther near 200 or near 233 MeV. When resolved into two
Gaussian distributions, the constituent peaks also lie very
close to these same two energies, as shown in Fig. 7. We
find the division of mass to be symmetrical for every nu-
clide studied; however, very sharply symmetrical mass
distributions are correlated with events belonging to the

high-energy mode of SF. The low-energy mode is
marked by broadly symmetrical mass distributions, as
portrayed in the SF of 2°[104]. From these distinguish-
ing features, we conclude there are two distinct modes, or
bimodel fission.

Because our TKE distributions are wholly unlike those
for lighter nuclei, we believe it is necessary to offer an ex-
planation. Our analysis of the TKE distributions tells us
they are composed of two distributions with very
different Coulomb repulsion energies. By necessity, the
high-energy mode is compact and spherical at the scis-
sion point, whereas the low-energy mode must be highly
deformed and elongated when the fragments separate.
We can account for the high-energy mode on the basis of
fragment shells that are emerging between the saddle and
scission point.’* As noted in the Introduction, fragment
shells near the doubly magic '*?Sn lower the potential-
energy path and, thereby, favor the mass division into
spherical Sn isotopes near the 82-neutron closed shell.
As N decreases below 158 neutrons and Z of the fission-
ing species increases beyond 100, the opportunity to
divide into two fragments near these magic proton and
neutron numbers diminishes. Thus, we observe a trend
away from the spontaneous-fission mode, characterized
by unusually high TKE’s and toward the low-energy
mode represented by 2°[104].

An equally satisfying explanation for the low-energy
mode is less apparent. Lacking a credible alternative, we
are persuaded to believe its appearance is associated with
the dropping of the second fission barrier below the
ground state. This event is predicted to commence in the
same Z and N space as for fragmentation into near magic
nuclei. Theorists have determined that the second or
outer fission barrier is lowered by 0.5-2 MeV when
shapes from asymmetric deformations are included in
their calculations of potential-energy surfaces (PES).*3
This lower energy path on the PES may be responsible
for the asymmetrical mass distributions found in all but
the heaviest actinides.*> On the other hand, the inner
barrier favors reflection-symmetric shapes, being stiff to-
ward any asymmetrical deformations. Upon the disap-
pearance of the second barrier below the ground state,
passage through the remaining inner barrier should quali-
tatively yield symmetrical mass distributions and TKE
values that conform to those expected of liquid-drop
fission. For the low-energy mode, our average TKE of
200 MeV and the broadly symmetrical mass and TKE
distributions are entirely consistent with those expected
from liquid-drop fission. Our TKE’s for the low-energy
mode are compared in Fig. 9 with the TKE systematics
for liquid-drop fission. The lines, from Viola et al.** and
Unik et al.,* define the best fits to experimental liquid-
drop TKE’s for a much broader range of nuclei.

It would not be too surprising to find this mode of
fission if the barrier were due solely to liquid-drop poten-
tial energies. It is a well-known property of the liquid-
drop model to produce a single barrier with a strong
preference for reflection-symmetric shapes. However, the
barriers for our nuclides are largely built from single-
particle couplings rather than from liquid-drop energies.®
Even so, mass-symmetric shapes before the second saddle
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FIG. 9. Comparison of expected liquid-drop TKE’s (lines)
with the TKE’s obtained for our low-energy mode of spontane-
ous fission. The lines are defined by the best fit of experimental
TKE’s to a linear dependency on the Coulomb parameter,
Z%/A' in the liquid-drop model of fission. The solid line is
given by Viola et al. in Ref. 44. Dashed line is from Unik et al.
in Ref. 45.

are clearly preferred throughout this region of heavy nu-
clei.’ Therefore, no matter how the first barrier is consti-
tuted, we would expect the resultant fission behavior to
be roughly the same. Essentially, our observation of
liquid-drop fission properties for 2°°[104], in which the
liquid-drop portion of the barrier is only about 15 %,° in-
dicates experimental verification of this hypothesis. To
produce the broad spread observed in these mass distri-
butions, we presume that in the descent from the first
saddle to scission, factors associated with collective
motions will cause a sizable redistribution of mass be-
tween the two emerging fragments.

The explanations we offer for each mode of bimodal
fission are based upon very general features previously es-
tablished by PES calculations for static deformations.
Each mode is derived from the effects of shell structure;
one in the parent fissioning nucleus and the other from
single-particle couplings in the fragments. How each can
coexist and occur with near equal probability in the same
nucleus presents a challenging problem that, so far,
remains unsolved. Originally, we had mentioned that the
mapping of two distinct paths on the PES, separated by a
ridge at the later stages to prevent reequilibration during
the descent to scission, was necessary to accommodate
our results.! Theorists responded broadly and generously
to this suggestion and have, indeed, found appropriate
paths on the PES.**%7 We refer the reader to the cited
references for views of these new valleys in the PES
landscape. Still, all is not well with the current picture
because there has been no physical grounds advanced
that would allow near-equal populations to traverse each
path. We would liken the requirement to having a traffic
policeman standing at the juncture of the two routes after
the second saddle and directing about equal numbers
along each. In one attempt, Mdller et al. has estimated

that the inertial masses for compact shapes are consider-
ably less than those in the trajectory taken by the
elongated mode.*’” The consequence is a much higher
rate towards scission for nuclei traveling the less-
deformed route; hence, the probability for taking this
path is enormously increased. Of course, this clearly
violates our measured ratios for the relative populations.
We strongly suspect that dynamical aspects govern the
choice of routes, but the capability to solve the dynamics
when combined with microscopic features does not yet
exist.

The concept of two fission modes, characterized by
their mass distributions, appeared many years ago when
Turkevich and Niday suggested that there are two funda-
mentally different modes by which fission may proceed.*®
One mode supposedly predominates at low-excitation en-
ergies and the other at high-excitation energies, with the
relative proportions changing with excitation energy. In
their purest form, the two modes led to either a symme-
trical or an asymmetrical mass distribution. Over the in-
tervening years this suggestion has resurfaced,*>* only to
be discounted because of the lack of sufficiently clear evi-
dence. However, the two modes we report are unrelated
to the ones proposed by Turkevich and Niday. Ours are
likely due to a coincidence in which favorable shell struc-
tures in the fragments and the fissioning nucleus occurs
within the same select group of nuclei. Excitation energy
is a curse to the modes we suggest since shell structure is
destroyed as internal excitation increases.

In contrast to the lighter actinides, where the
differences in fission properties from one isotope to the
next are subtle and nearly imperceptible, we find the ad-
dition of a single nucleon results in abrupt and striking
changes in the TKE and mass distributions. Adding a
proton to 2*Fm causes the high-TKE mode to recede
sharply in #°Md, and the addition of a neutron to the
latter nuclide brings about a sudden return of this mode
in 2°Md. On the other hand, there seems to be little
change in the extent of the high-energy mode in the tran-
sition from ?*°Fm to 2°Md. Within this group of four
nuclides having values of N =158, the SF properties of
259Md appear to be at odds with those of its three neigh-

_ bors for reasons that we assume can be delegated to its

Nilsson structure. The alternative of assigning a predom-
inant role to fragment properties in the case of **Md is
difficult because there should be little difference in the
fragments from this nuclide compared to those from the
SF of its neighboring nuclei, 2>*Fm, >*°Fm, and 2°Md. A
further example of the erratic behavior of fission proper-
ties for nuclei in this region is the nonsystematic varia-
tion of SF half-live with Z and N. It is recognized that
SF half-lives reflect shifts in ground-state shell correc-
tions when Z and N of the initial nucleus are varied.
Also, a thinning of the fission barrier, which can suddenly
shrink with increasing Z or N due to the disappearance of
the second or outer hump of the two-humped barrier, can
be responsible for precipitous half-life reductions.” Such
sudden changes in the end results of the fission process
appear to reflect a strong coupling of the collective
motions with the intrinsic internal structure of the nu-
cleus during deformation. Furthermore, dynamical as-
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pects of fission, e.g., inertial mass, can be strongly
affected by bunching and debunching of the Nilsson lev-
els as the nucleus deforms. These notions require the
fission process to be adiabatic.’!

Because macroscopic forces are expected to vary
smoothly with Z and N, we are compelled to conclude
that the sharp changes in fission properties from nuclide
to nuclide are due to shell effects. Clearly, single-particle
couplings in the fissioning nucleus and its fragments play
an even larger role in the fission process than we previ-
ously expected. However, all static models of fission
based on the Strutinsky method tend to average contribu-
tion from the single-particle levels because of the Nilsson
Hamiltonian and are, therefore, incapable of reproducing
the abrupt changes in half-lives and fission properties
that we observe experimentally. In any theoretical
description of fission, we believe it is essential to include
explicitly these parameters, which depend so strongly on

"Z, N, and deformation, rather than allowing them to
average the level structure.

The north and east boundaries marking the Z and N
region for which the high-energy mode of fission exists
have not been determined experimentally. Exploration of
the very neutron-rich region at the eastern limit may nev-
er be possible because the combination of targets and pro-
jectiles necessary to reach this area is unavailable. With
respect to the southern and western borders, our current
knowledge indicates that Fig. 1 in Ref. 9 provides a
reasonable estimate of their location, provided a
preponderance of the high-energy mode is required for
their definition. Farther to the west, we observe a trend
signaled by fading of the high-TKE mode together with
broadening mass distributions when Z =102 and
N =156. This conforms to our expectations in that there
is a diminishing opportunity for division into two Sn
fragments when Z of the fissioning species increases
beyond 100. For example, the mass distribution for
260[104] is not nearly as sharply focused around mass 130
as it is for nuclides closer to Fm. However, if N in-
creases, as in the Md isotopes, and approaches 164, the
influence of the 82-neutron closed shell in the fragments
again tends to enhance the high-energy mode of fission.
The upward extent of Z in which the proximity to 164
neutrons influences fission properties is not yet defined,
but we have evidence from fission studies of 2°’No that it
persists into the heaviest No isotopes to nearly the same
degree that we found for the neutron-rich Md and Fm
isotopes.*? This finding is consistent with the forecast cit-
ed above in Ref. 9. We hesitate to speculate about the
northern and eastern limits to this mode of fission, but
would suggest that it will disappear as suddenly as it ap-
peared, which is when strong fragment shells are no
longer available. However, we believe it safe to venture
that the combination of magic neutron and proton num-
bers in the fragments from the fission of 2*Fm could lead
to totally ““cold fission” with exceedingly sharp TKE and
mass distributions. By ‘“cold fission,” we mean that vir-
tually all of the energy available for the fission reaction
(Q value) is removed by the kinetic energy of the frag-
ments, leaving almost nothing for their internal excita-
tion.

We presume that symmetrical mass division will be
typical of SF throughout a region of the most massive nu-
clei that borders and includes those still undiscovered.
We make this projection on the grounds that all PES cal-
culations show the second barrier not only dropping
below the first barrier but also completely vanishing for
all nuclei with Z =106, thereby providing what we be-
lieve to be the necessary basis for low-energy symmetrical
fission to prevail. Mass asymmetry reported as probable
for the SF of 22[105] seemingly challenges our prophe-
cy.>® However, the evidence for mass asymmetry from
the fission of this nuclide is not strong when one consid-
ers that only 18151 fission events out of a total of 950
were due to 26?[105], the ‘rest coming from the SF of
2%Fm. It seems somewhat questionable to us as to
whether or not a meaningful mass distribution can be iso-
lated from an overbearing asymmetrical one arising from
26Fm. In support of our expectation of a low-energy
fission mode for this nuclide, the authors did not find any
high-TKE events near 250 MeV, which would have been
the signature of our high-energy mode.

This new region of low-energy, mass-symmetric fission
reverses a trend that began in the preactinides where two
modes of fission are also observed.? In the preactinides,
one mode leads to mass-symmetrical division, with prop-
erties similar to our low-energy mode, whenever passage
to scission is through or over a primarily liquid-drop bar-
rier. However, the strengthening of shell effects as the
actinides are approached causes the growth of a second
or mass-asymmetrical barrier,>* thereby producing an in-
creasingly significant mass-asymmetrical component as a
second fission mode. The ascendancy of the mass-
asymmetrical barrier reaches its maximum in the early
members of the actinide series and begins to fade thereaf-
ter. For neutron-rich nuclei near the end of the actinides,
similar calculations of the PES suggest that the second,
mass-asymmetrical barrier is rapidly shrinking with in-
creasing Z and 4,”° a trend that presages the low-energy
and mass-symmetrical mode of fission we observe.

In conclusion, we wish to note that fission theory ap-
pears to be lagging well behind experimental findings,
whereas we would greatly prefer the reverse to be true.
Rather than illuminating the way, theorists are attempt-
ing to reconcile their models with observations, a cir-
cumstance truly indicating we are, even after 50 yr, still
at a rather early stage in our attempts to understand the
fission process. As examples, most of the results and con-
clusions we report were unanticipated, even though much
of the theoretical framework necessary for their predic-
tion was in place. Half-life estimates for SF, with their
5-9 orders-of-magnitude uncertainty, offer almost no
guidance to the landscape ahead in the search for new
and heavier nuclides. Our foremost concern is this ina-
bility of the current static models to provide detailed pre-
dictions of fission properties. Perhaps we are expecting
too much at this stage of development, but the ultimate
value of theory lies in its ability to accurately forecast
phenomena well ahead of their observation. After much
discussion with theorists concerning the limitations of
fission models based on the Strutinsky-Nilsson formula-
tion, we have arrived at the not-so-unpopular conclusion
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that these models well might be set aside in favor of a
promising new approach. The reason we reached this
view is the near exhaustion of the possibilities of intro-
ducing the necessary physical parameters that are needed
in these models to reveal detailed fission properties. Now
that the necessary computational power is available, we
have been persuaded that the time has arrived to apply
the constrained Hartree-Fock and, eventually, the time-
dependent Hartree-Fock method to the fission process.
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