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The fission of 2*>?*¢Es, 2°5~257Fm, and 2**Md has been studied in the excitation energy range from
threshold to 25 MeV. A target of >**Es was used in the direct reaction studies; (d,p/f), (t,pf),
(*He,df), (*He,p/), and in the compound induced fission reactions formed with p, d, t, and « particle
projectiles. Coincident fission fragment energies were recorded along with (in the direct reaction
studies) the outgoing light charged particle. The mass and kinetic energy distributions were studied
as a function of nuclear excitation energy. The observed bulk properties were consistent with estab-
lished systematics in that they exhibited an asymmetric mass distribution and a phenomenologically
consistent total kinetic energy. However, the systems demonstrated a fission decay mode which we
ascribe to high energy symmetric fission decay. This component, though somewhat arbitrary in its
definition, showed a general decrease in yield as a function of increasing nuclear excitation energy.
This observed rapid change in fission properties between “normal” and high energy symmetric fis-
sion probably points to the important observable consequences that can occur from small variations

in the potential energy surface.

INTRODUCTION

The fission properties of the heavy actinides have yield-
ed anomalous properties with regard to mass and kinetic
energy distributions. A dramatic shift toward highly
symmetric mass distributions accompanied with high ki-
netic energy release has been observed for the spontaneous
fission of *Fm (Ref. 1) and >*Pm.? These results differ
from the extrapolation of well-known systematics which
have been fitted to the lighter actinide systems.>* In con-
trast, the spontaneous fission of 2*°Md (Ref. 5) has ap-
peared to yield a mixture of fission decay properties. It
gives, as do the N > 158 Fm nuclei, a symmetric mass dis-
tribution, but it has a total kinetic energy release which is
substantially lower and more consistent with the
phenomenological systematics derived from lighter ac-
tinides. The only other N > 158 nucleus whose fission
properties have been determined is 2°°Cf,! and both the
mass and kinetic energy distributions of this nucleus are
more consistent with systematics observed for lighter ac-
tinides. The limited amount of data available on the fis-
sion decay properties of even higher Z (Refs. 6 and 7) nu-
clides (though for more neutron deficient cases) also show
no apparent anomalous behavior. We have, therefore, a
situation in which, for spontaneous fission, strong devia-
tions from systematic actinide properties occur in a limit-
ed region near Z=100 with N > 158. Unfortunately, this
region is experimentally very difficult to access unam-
biguously.

For the neutron-rich heavy actinides, the information
on fission in excited nuclei has been limited to (n,f) stud-
ies on 2Es,* °Fm,? and »'Fm.° For the fission of
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256Fm, an increase in excitation energy brought in by the
neutron capture results in the observed asymmetric spon-
taneous fission mass distribution progressing toward a
broad symmetric division.! For 2°®Fm the trend with ex-
citation energy is to go from a highly symmetric mass dis-
tribution for spontaneous fission' to a distribution which,
though still peaking at symmetry, shows shoulders which
indicate significant yield for asymmetric division. Thus,
in both 2°Fm and *®Fm the trend is to mix symmetric
and asymmetric fission with increasing excitation energy
from the more pure distribution observed in spontaneous
fission. To obtain more data in this interesting region and
overcome the excitation energy limitations imposed by
spontaneous and (n,f) studies, we have performed direct
and capture reaction studies on an 2>*Es target to expand
our knowledge of heavy actinide fission properties.

EXPERIMENTAL

Access into the heavy element region was obtained via
light ion reactions on an >>*Es target, which consisted of
~0.1 ug ¥*Es (t,,,=276 d) deposited on a | mm X3 mm
spot on a carbon foil backing. This target was prepared at
the Lawrence Livermore National Laboratory isotope
separator facility from enriched >**Es feed material. For
the direct reaction studies a beam of d, t, or *He was
delivered from the Los Alamos FN tandem Van de
Graaff. The experimental configuration is presented in
Fig. 1. The charged particle direct reactions used on the
254Es target were the following: (d,p)?*’Es*, (t,p)?°°Es*,
(*He,d)?**Fm*, and (*He,p)*>**Fm*. In each case the outgo-
ing light ion was detected and identified with a AE-E
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FIG. 1. Experimental configuration. Fission fragments were
measured in two sets of detectors: F1—F2 or F3—F4 located
at ~0° and ~90° with respect to the heavy element recoil axis.

solid state counter telescope system. The detected light
ion was used to determine the excitation energy of the
residual heavy isotope. The fission decay of this isotope
was then measured in coincidence with the light ion by
means of two sets of solid state fission detectors located at
~0° and 90° with respect to the kinematic recoil axis for
the fissioning system. An Al foil was placed over the tele-
scope to absorb the alpha particles from the radioactive
decay of the target. A pile-up circuit was utilized in con-
junction with the fission detectors to reject accidental a-
fission summing events. The experiment had two basic
objectives: (1) the measurement of the fission probabilities
to extract information on the fission barriers in the heavy
element region, and (2) measurement of the energetics of
the fragments to obtain data on the fission mass and
kinetic-energy distributions. The fission probability re-
sults have been published'® and this paper deals with the
fragment energies and masses. The total number of
triple coincidence events (outgoing charged particle and
two fission fragments) detected were the following:
(d,pf)**°Es*—7456, (t,pf)**°Es*—5960, (*He,df)*Fm*—
4585, (*He,p/)***Fm*—5088.

In addition to the direct reaction studies, a series of
compound fission decays were also measured using p, d, t
(11—17 MeV), and a (20—26 MeV) particles on the >**Es
target. Since the charged particle coincidence requirement
was removed, the fission counting rate was substantially

increased. In general, the measurements were performed
at each particle and bombarding energy to obtain on the
order of 50 000 events.

The counter telescope was calibrated via direct reac-
tions to known levels in Pb and Zr targets. The fission
detectors were calibrated according to the Schmitt, Kiker,
and Williams!! procedure using the pulse height spectrum
of fission fragments emitted from a 23>Cf source on a thin
backing. In some cases, measured provisional mass and
total kinetic energy (TKE) distributions were corrected to
yield estimates of preneutron quantities using the Terrell'?
systematics:

0.08(4 —82) 82<4<122
v(A)=1—0.264 +34.92 122 <4 <132 (1)
0.1(4 —125) 132<4 <170

with appropriate corrections for the varying E, and TKE.
The increase in the average number of neutrons emitted as
a result of increased excitation energy was estimated as:

VExz(Ex_ET)A/(ENMF) ’ (2)

where vp are the extra neutrons emitted at energy E,, Er
E, g

is the fission threshold (taken to be 5 MeV), A4 is the fis-
sion fragment mass, Ey is the average energy to emit a
neutron (taken to be 7.5 MeV), My is the mass of fission-
ing nucleus. The effect of kinetic energy on neutron emis-
sion was calculated from

vgg= —[TKE(4)—TKE(A4)]4 /(ExyMp) , (3)

where TKE(A) is the measured total kinetic energy for
fission of a given heavy fragment mass 4, and TKE(4) is
the average total kinetic energy for fission of a given
heavy fragment mass A4 [taken to be TKE(A4)
=—1.154 +356.5 from values extracted from Ref. 4].
The total number of neutrons emitted is the sum of Eqgs.
(1)—(3). From this analysis, preneutron emission mass
and kinetic-energy distributions were obtained.

RESULTS AND DISCUSSION

A first test of the data is to demonstrate that credible
results can be extracted from the current experimental
measurements. In Fig. 2 the fragment yield, total kinetic
energy, and the width of the total kinetic energy are
presented as a function of heavy fission fragment mass for
the excited state fission of 2**Es. This system has been
well characterized at the neutron binding energy (5.98
MeV) by Unik et al.* via the >**Es(n,f) reaction (Bf=5.4
MeV).!® With the **Es(d,pf) reaction we have produced
the same fissioning nucleus. In Fig. 2 we present our
current results for an inclusive excitation energy of 4—6
MeV along with the results of Unik et al. Very good
agreement is obtained for all mass divisions, thus giving
us confidence in our basic analysis procedure.

We wish to study the fission properties as a function of
excitation energy. In Fig. 3 an example is presented of the
heavy fragment mass distribution for a variety of excita-
tion energy bins for the fission of 2*Fm produced in the
254Es(*He,d) reaction. At all excitation energies the distri-
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FIG. 2. Fission decay properties of >Es* produced via the
(n,f) reaction (Ref. 4) (solid lines) and via the current (d,pf) re-
action (points) for the nuclear excitation of 4—6 MeV. The top
figure shows the square root of the variance of the preneutron
emission TKE, the middle figure is the preneutron emission
TKE, and the bottom is the yield as a function of heavy frag-
ment mass. The (d,pf) results were obtained after correction for
neutron emission as described in the text.

butions are seen to favor an asymmetric division, though
some symmetric yield is always clearly observed. In Fig.
4 a contour plot is presented for the fission of 2>Fm* over
all measured excitation energies (3—23 MeV) showing the
yield as a function of total kinetic energy and heavy frag-
ment mass. The peak yield is for an asymmetric division
having a total kinetic energy release of the order of 200
MeV. However, it is quite evident that there is substantial
yield of high total kinetic energy even at symmetric mass
division in the 2*>Fm fission. This high energy-symmetric
component is not observed in lighter actinide fission. The
occurrence of this component is presented in a more visi-
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FIG. 3. Heavy fragment mass yield (preneutron emission) for
various excitation energies of 2>>Fm* formed via the **Es(*He,d)
reaction. Neutron corrections as described in the text have been
applied.

ble manner in Fig. 5 where the fragment yield is plotted as
a function of total kinetic energy for 2>>Fm* summed over
all measured excitation energies. Significant yield occurs
even for the 240—260 MeV kinetic energy bin and it is
clearly evident that the highest kinetic energy is associated
with symmetric mass division. In contrast, the higher ki-
netic energy for lighter actinides tends to be associated
with an asymmetric division.

The other measured cases show the same general prop-
erties as the above 2>Fm* example. In no case do we ob-
serve an abrupt change from the dominant low energy
asymmetric mass division to a high energy symmetric
division as the nuclear excitation energy is increased. All
cases do, however, show a contribution of high energy
symmetric yield which seems to be a characteristic of fis-
sion in this heavy element region. In Fig. 6 the average
total kinetic energy release is presented as a function of
excitation energy for the measured cases. In order of sig-
nificance, the major points to be drawn from this figure
are the following: (1) the TKE values are reasonably con-
stant for all systems at all measured excitation energies
with only an ~5% variation between the extreme values,
(2) there is a general decrease of TKE with increasing ex-
citation energy with a slope d(TKE)/d(E,)~ —0.25
MeV/MeV, (3) with an increasing charge (and to a lesser
extent, increasing neutron number) of the fissioning sys-
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FIG. 4. Contour plot of heavy fragment yield versus preneu-
tron emission TKE for the reaction 2**Es(*He,d)>’Fm. The data
are summed over all excitation energies (3—23 MeV). Contours
are labeled by the number of observed counts. Neutron correc-
tions as described in the text have been applied.
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tem there is an increase in the TKE value for a given nu-
clear excitation energy. Figure 7 presents TKE vs
Z2A4 13 for our current data as well as that taken from
the literature for other heavy actinide fission. The
phenomenologically derived lines>* give a good represen-
tation of all known cases with the exception of **Fm and
Z%Fm spontaneous fission. Though these current mea-
surements do not show significant deviations in the aver-
age TKE, they do have, as was shown in Fig. 4, a substan-
tial yield of “high energy symmetric fission” (HESF). To
observe this distribution as a function of nuclear excita-
tion energy we have arbitrarily chosen the definition of
high energy symmetric fission to be the following:
TKE>210 MeV and |E,—E,| <20 MeV. With this
definition we show in Fig. 8 the yield of HESF as a func-
tion of excitation energy for the direct reaction cases. For
all cases studied the yield of this component is in the

produced via the 2*Es(*He,d) reaction. The data are summed
over all excitation energies (3—23 MeV) and are plotted for vari-
ous preneutron emission TKE regions. Neutron corrections as
described in the text have been applied.
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FIG. 6. Average preneutron emission TKE as a function of
nuclear excitation energy for various compound nuclei. The
filled symbols are for direct reaction formation and the open
symbols for compound reaction formation. Neutron corrections
as described in the text have been applied.
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FIG. 7. Average preneutron emission TKE for a variety of
heavy actinide nuclei. The systematics of Viola (Ref. 3) (solid
line) and Unik et al. (Ref. 4) (dashed line) are also presented.
The solid points are literature values (Refs. 1 and 19) and the
open circles are from the current measurements.

8—24 9% range per fission. There is a general decrease in
this yield with increasing excitation energy, but for a
given excitation energy an increase in nuclear charge and
neutron number results in an increased yield.

The heavy Fm region is of interest from theoretical
considerations. The outer fission barrier is decreasing in
magnitude and approaching a configuration which has a
minimum potential energy for a symmetric shape. Analy-
ses based on barrier properties!> have been able to repro-
duce the dramatic half-life change in the heavy Fm iso-
topes by predicting that the outer fission barrier has fallen
below the ground state energy. This causes an abrupt de-
crease in the tunneling requirement and a corresponding
decrease in the spontaneous fission half-life. These calcu-
lations predict the change should occur between 2*Fm
and 2°Fm while in the experimental data!* the abrupt
change occurs between 2Fm—2*Fm (a change in half-
life by a factor of 3 10~%). The fission mass distribution
properties may also be influenced by the rapidly decreas-
ing outer barrier and its trend toward a mass symmetric
shape. Analysis based on the mass distribution being
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determined by saddle point properties!> has been
moderately successful in predicting trends. However, the
more quantitatively successful models have been based on
an asymmetric two center shell model analysis'® and on a
scission point model'” based on the potential energy sur-
face near the scission configuration. These models have
demonstrated that the shell effects in the forming frag-
ments play an important role in determining fission ob-
servables. It is an interesting coincidence that analyses
based on either barrier properties or those on fragment
shells are indicating rapidly changing effects in the heavy
Fm region. Most of the predictions are for spontaneous
fission properties. The general trend is that the shell ef-
fect will become less important as excitation energy is
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FIG. 9. Contour plots of heavy fragment yield versus TKE
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FIG. 8. High energy symmetric fission yield (see the text) as
a function of excitation energy for the indicated systems.

for the fission of **Fm. The top figure is for the preneutron
emission masses and Kinetic energies for the spontaneous fission
decay and is taken from Ref. 18. The middle figure is for
25Fm(ngy, f) taken from Ref. 8 and is for provisional masses and
kinetic energies. The bottom figure is for the 2Es(*He,p) reac-
tion summed over all measured excitation energy (E,=17.5
MeV, aEx=2.7 MeV) for provisional masses and total kinetic

energy.
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added to the fissioning system. Our observations imply
that we have a mixture of fission modes in all the heavy
element cases studied.

In Fig. 9 we present contour diagrams of yield versus
TKE and heavy fragment mass for Fm at three dif-
ferent excitation energies. The spontaneous fission results
show an asymmetric system whose bulk properties are
well reproduced by fission phenomenology. However,
even for this case there is an indication of a large variance
in the TKE release near symmetric division. As the exci-
tation energy is increased to the (ny,f) region, an increase
in yield for symmetric division is observed. Also, there is
now significant yield in the high energy symmetric fission
region. As the excitation energy is increased further via
the %*Es(*He,p)**Fm reaction we observe a continued
evolution of the system. Now the mass yield has become
symmetric and broad. However, the TKE distribution,
though being broad, no longer seems to have a distinct
tendency toward a two component distribution. The high
energy symmetric fission yield is not readily discernable
under these conditions. For the *Fm nucleus the in-
creasing excitation energy first increases the HESF yield,
but then this effect is washed out at yet higher energies.
This change with excitation energy may be pointing to the
importance of shell effects in the potential energy surface
for determining fission properties. As presented by Mus-
tafa and Ferguson,'® the preference for asymmetry is very
slight in the °Fm system at the deformation they con-
sidered (the neck radius, D =4 fm). With the ~6 MeV of
excitation energy brought in through neutron capture the
system would be expected to sample the symmetric distri-
bution with some appreciable yield. However, population
in the symmetric component at this specific deformation
cannot ensure that there will be appreciable yield for final
symmetric division as the system evolves toward fission.
The dynamical effects associated with the movement to-
ward scission could provide substantial variation from the
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FIG. 10. Provisional mass distributions (no neutron correc-
tions) for 2*Fm(SF) (Ref. 1), *Fm(n,f) (Ref. 8), >*Fm(SF)
(Ref. 2), and ’Fm(n,f) (Ref. 9).

adiabatic conditions implied by the potential energy sur-
face analysis. The observed high TKE associated with
some of the symmetric yield, points toward a more com-
pact scission configuration for these decays. Our observa-
tions would be more consistent with a distinct potential
energy minimum nearer the scission configuration. The
subsequent disappearance of the observed HESF at the en-
ergies reached with the (*He,p) reaction would also be
more consistent with a scission analysis where the increas-
ing intrinsic temperature results in a washing out of the
shell effects!” and an eventual broad symmetric fragment
mass distribution.

In Fig. 10 the spontaneous and (n,f) induced fission for
26Fm and 2°®Fm are presented. The spontaneous fission
distributions for the two nuclei are strikingly different.
The »*Fm is a fairly normal asymmetric division with
TKE consistent with the phenomenological systematics.
The 28Fm(SF) is (with relatively poor experimental statis-
tics?) completely associated with HESF. However, 2*Fm*
and *°Fm* at the excitation energy reached following
thermal neutron capture now show a much more similar
mass-yield distribution. Both have components of “nor-
mal” fission and the HESF. We feel these results point
toward the importance of small differences in the poten-
tial energy surface leading to major changes in the fission
observables. Clearly the heavy Fm region is a transition
area where competing fission modes can have substantial
yields. Though these observed properties are not predict-
ed in detail by the Wilkins, Steinberg, and Chasman!’
model they are in the general spirit of their analysis. The
region of the potential energy surface that decides the
yield of the fission observables apparently has shallow
minima separating asymmetric and symmetric divisions.
In the case of *Fm the asymmetric minimum must be
deeper and for 2°Fm the symmetric minimum should
dominate. With modest increase of energy (the neutron
binding energy) both systems sample the two valleys.
With yet higher energies (for the studied *Fm case) the
shallow minima are overcome by the intrinsic excitation
energy resulting in a damping of the shell effects and the
system reverts toward a broad symmetric fission distribu-
tion.

CONCLUSIONS

The neutron-rich region in the vicinity of Z=100
shows striking fission behavior. We have studied the ef-
fect of nuclear excitation energy on the fissioning nuclei
255,256gg, 255-257Fm, and **®Md using direct and com-
pound nuclear reactions. The overall mass distributions
were found to be predominately asymmetric and the TKE
release consistent with established phenomenological
models. There is a general decrease of TKE as a function
of increasing nuclear excitation energy. However, the
most significant observation is that for the studied cases
there is a fission component which we have assigned to
high energy symmetric fission. Though it is not possible
to define this component unambiguously, we have chosen,
as a working definition, the conditions |E;—E,| <20
MeV and TKE>210 MeV. With this definition the
HESF component varied between 8—24 % of the total
yield. There is a general decrease of this component with
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increasing nuclear excitation energy. Combining our data
with previous studies we observe that, at the neutron cap-
ture excitation energy, 2*Fm and **Fm both have broad-
ly symmetric mass divisions that are qualitatively similiar.
However, the spontaneous fission distributions of these
two isotopes are markedly different with the 2*°Fm(SF)
being “normally” asymmetric while the 2*Fm(SF) is
highly symmetric. These systematics may point toward
the importance of the influence of small shell stabilized
perturbations on the potential energy surface leading to-
ward fission. These observations are most consistent with
the gross properties of the scission point model of Wil-
kins, Steinberg, and Chasman.!” The possibility of thus
determining fission properties from a potential energy sur-

face analysis very near the scission configuration shows
the inherent adiabatic character of the process and limits
the intrinsic excitation that can be put into the system by
viscous dissipation of the flowing nuclear matter.
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