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Earlier studies of spontaneous fission of heavy actinides found that the fission fragments mass
distribution suddenly changes from predominantly asymmetric to symmetric, when the mass number
of the fissioning nucleus becomes larger than A.=257. We have measured for the first time fission-
fragment mass and total-kinetic-energy (TKE) distributions of the excited compound nucleus 23Md*
(Z=101), populated in the reaction 4He+?*Es, using the rare radioactive target isotope 2**Es with
a short half-life, T} ,,=275.7d. The fission of 258Md* can be interpreted as involving 3 fission
modes: one mass-asymmetric and two mass-symmetric fission modes, the latter two are manifested
by different TKE values. In this assumption, symmetric and asymmetric fission modes have nearly
similar yields at the excitation energy of 15.0 MeV. The spectrum of 18.0 MeV can be explained as

due to the increase of asymmetric fission mode.

I. INTRODUCTION

Shortly after the discovery of nuclear fission in 1938
[1, 2], the fundamental concept to describe fission was
established by analogy with the behavior of a charged
liquid drop. Fission happens in a heavy nucleus when the
repulsive Coulomb energy between the constituent pro-
tons overwhelms the attractive surface energy [3]. Such
a classical treatment, however, cannot explain the mass
asymmetric fission producing two unequal fragments of
actinide nuclei, which was known already at the dawn of
fission research. To describe asymmetric fission, nuclear
shell effects have to be introduced [4-7]. By adding extra
binding energy originating from the shell structure [8, 9],
the classically predicted smooth potential energy surface
(PES) of a liquid-drop nucleus with a single symmetric
fission valley is largely changed to a more complex PES
with possibly, a number of different fission paths (modes),
see Fig.1 of [10]. The modes can be distinguished both by
their fission-fragment mass distributions (FFMDs) and
respective total kinetic energies (TKEs), resulting from
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different scission configurations [11]. It is important to
note that both PES and resulting FFMDs strongly de-
pend on the excitation energy, often leading to the tran-
sition from asymmetric FFMD at low excitation-energy
to broader symmetric distribution toward high energies
[12], due to washing out of the shell effects.

In spontaneous fission (SF) the mass-asymmetric
FFMDs for actinides are known to dramatically change to
symmetric fission when the mass of fissioning nucleus ex-
ceeds A.=257, see Fig. 1. Below A.=257, the FFMD and
TKE distributions are frequently interpreted as involv-
ing three fission modes [11], i.e., two mass-asymmetric,
called Standard1 (ST1) and Standard2 (ST2), and one
symmetric fission modes, Superlong (SL). The typically
weak ST1 is characterized by a heavy-fragment nuclear
charge of Zy~52, while the dominant ST2 mode is sta-
bilization at Zy=54—>56 over the wide range of fissioning
nuclei [14-17]. The origin of ST2 was recently interpreted
as due to the onset of octupole (pear-shaped) deforma-
tion of the nascent heavy fragment [18]. The SL is char-
acterized by low TKE values, typically ~150-160 MeV
[11], indicating strongly-deformed fragments (thus the
larger distance between their centers). In SF of A,>257
shown in Fig. 1, the so-called Supershort (SS) mode [11]
is found in 258:259Fm, 259:260M[d and 26?No [19-23], which
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FIG. 1. (Color online) Fission fragment mass distributions in
spontaneous fissions. The figure is based on [13]. The target
nucleus °*Es and the nuclides studied in the present exper-
iment (***Md* and ?°°Cf) are indicated. The regions with
Ac.<257 and A.>257, characterized by mass-asymmetric and
mass-symmetric FFMD), respectively, are shown in different
colors.

has large TKE of =233 MeV, due to the production of
two identical fragments close to the doubly-magic '32Sn.
Furthermore there is other symmetric fission path char-
acterized by its TKE of =200 MeV, evidently lower than
the SS mode but higher than the SL. mode. We call it
the Short (SH) mode in the discussion hereafter. While
the nuclides with A.>257 can be interpreted as having
co-existence of the symmetric SS and SH modes (or only
SH mode for 2°%:260Rf [20, 22]), no clear signature and
detailed properties for SL and asymmetric fission modes
have been argued in this region.

Furthermore, in the fission of A.>257, little is inves-
tigated about the fission from low excited states. By
changing the excitation energy of 2**Fm from 0MeV in
SF to 6.23 MeV in neutron-capture of 2°”Fm, the FFMD
changes to a broad symmetric shape by losing its pro-
nounced peak structure [24, 25]. The change of the
FFMD is very significant in contrast to fission in the
region of A.<257, where the change of FFMDs between
SF and neutron-induced fission is very small [12]. More
high-energy fission data in this region are available in
BTMA* (E* >37.5MeV) [26] and 2ONo* (E*=41MeV)
[27]. But, in such an energy, shell effects would be weak-
ened.

In this article, we report on the fission study of 222Md*,
the nucleus located just above the A.=257 line, produced
in the ‘He+2%*Es reaction. Although fission measure-
ment was attempted in this reaction in the past [28], no
data on the FFMD and TKE distributions were reported.
Our measurements were done at excitation energies of
E*=15.0 and 18.0 MeV, where shell effects in fission are

FIG. 2. (Color online) Experimental setup for *He-induced
fission of *5*Es.
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FIG. 3. (Color online) Counting rate of spontaneous fission
of 2°°Cf, measured during the ’beam-off’ intervals. Solid line
is the calculated accumulation of 2*°Cf(SF) using decay prop-
erties starting from 2°*Es. Dashed curve is the 5% error.

expected to survive [29]. We observed the change of frag-
ment mass and TKE distribution between two excitation
energies. The data are interpreted assuming three fis-
sion modes; Asymmetric (AS), Short (SH) and Super-
long (SL). Use of the very rare material 2>*Es with short
half-life (77 /,=275.7d) [30], currently produced only at
the High Flux Isotope Reactor (HFIR) [31] and chemi-
cally separated at the adjacent Radio-Engineering Devel-
opment Center (REDC) of Oak Ridge National Labora-
tory (US), made this experiment possible.

II. EXPERIMENT
A. Experimental setup

We used a *He beam extracted from the ECR ion
source installed on the high-voltage terminal of the JAEA
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FIG. 4. (Color online) (a) Fission-fragment yield on the

mass—TKE (A—Fy) plane for ?*°Cf(SF). The scale is nor-
malized such that the total yield gives 200%. The darkest
cell corresponds to the highest yield in the obtained spec-
trum. The lightest plot is given when more than two events
appears in each cell (AA, AFx)=(3u, 5MeV) . The average
TKE for each mass Ex(A) (solid rectangle) is shown. The
data are compared with those from Hoffman et al. [33]. The
E\(A) from the mode analysis is shown by cross symbol, see
the discussion in Sec. III. The dash-dot-dot curve is the fission
Q-values. (b)(c) Projection of the events on A and FEx (solid
circles). The FFMD and TKE distributions for each fission
mode obtained in the analysis (asymmetric and superlong)
are shown as well as their sum, see Sec. III.

tandem accelerator. The experimental setup is shown in
Fig.2. Two beam energies of 22.6 and 25.7 MeV, corre-
sponding to E*=15.0 and 18.0 MeV, respectively, were
used. The typical beam current was ~9 pnA.

Masses and total kinetic energies of both fragments
in the fission of 2°®Md* were determined by the so-

called double-velocity method, where two fragment ve-
locities (V7 and V3) were independently obtained by a
time-of-flight technique. As the average fragment ve-
locity V2 does not change after prompt-neutron emis-
sion from the fragment, the method gives pre-neutron
emission fragment mass and TKE. The setup consists of
two sets of double-TOF array mounted in the directions
of (+45°,—135°) and (—45°,4135°), respectively. The
fission fragments are detected in coincidence by a pair
of multi-wire proportional counters  MWPC1 & MWPC4
and MWPC2 & MWPC3), used for the stop signal. The
start timing signal was obtained by detecting electrons
ejected when a fragment passes a thin foil (0.5 pm My-
lar film coated by 30 ug/cm? gold layer), where electrons
were guided by the electrostatic mirror to the microchan-
nel plate (MCP) detector to multiply electrons. The mass
and TKE resolution of the detector setup is oo =2.9 u and
orkeE=3.6 MeV, obtained in the elastic scattering in the
36 Ar+142Nd reaction [32].

B. 2“Es Target fabrication

The target was prepared by electrodeposition of the
10-ng 25*Es material (0.69 MBq) with a 2.0-mm diam-
eter (0.32 ug/cm?) on a 270 ug/cm? nickel foil. The
deposition-layer side was covered by the nickel foil with
the same thickness to prevent the deposited material re-
coiled out of the target layer by a-decay. Before the
electrodeposition, we made a chemical separation to ex-
tract einsteinium that contains other actinides and lan-
thanides. The fraction of 2°3Es (T /2=20.47d) [30],
the only einsteinium contamination, was determined to
be 2°3Es/?*Es = 2.0x107° at the time of the exper-
imental run, as it had almost decayed out after the
production in the HFIR. During the experiment the
nucleus 2°°Cf (13.08y) is produced as a granddaugh-
ter via 2*Es(a:100.00 %)— 2°°Bk(3.21h, 37:100%) —
250Cf(:99.92 %, SF:0.08 %) [30]. The SF of 2°0Cf was
recorded intermittently by stopping the beam, for the
calibration of the measuring system by referring to the
literature data [33].

The 2°9Cf is accumulated in the target material nearly
linearly with time. Monitoring of the spontaneous fission
(SF) counting rate with the ’beam-off’ condition allows
to check the stability and the content of the 2°4Es target
material. In particular, the SF rate of 2°°Cf is important
as it has to be subtracted as background (BG) from the
spectra of the He-beam run to obtain pure fission data
of 2°8Md.

The SF activity from 2°°Cf is shown in Fig. 3 as a func-
tion of time during and after the beam measurement.
This was obtained by the number of coincidence events
of both fragments. Solid line is the calculated accumu-
lation of 2°Cf(SF) with time, starting from the purifica-
tion date of 20th June, 2018. The Time=0 of this figure
is the first measurement of 259Cf(SF) activity (1st July
2018). The line can well describe the trend of accumulat-



ing 2°0Cf by assuming that the initial 2°*Es material is
10.5ng at 20th June and 2°°Cf was fully removed in the
process of extracting the einsteinium. The data points
follow the curve within the uncertainty level of £5%,
shown by the dashed lines on both sides of the solid line.
The solid curve is used to estimate the amount of con-
taminated BG of 2°°Cf(SF) during the beam run. Un-
certainly in the fission-fragment mass and total kinetic
energy distributions originating from the 5% systematic
error in background subtraction is smaller than the sta-
tistical error, shown in Fig.7 and Fig. 8.

We also checked the amount of the 2°*Es material in
the target before and after the experiment by measuring
the ~-rays following the 8~ decay of 2°°Bk. After ac-
counting for the reduction of the 2°*Es material due to
the decay, the amount before and after the measurement
agreed within 6 %, comparable with the uncertainty from
the statistical error and ~y-ray detection-efficiency.

C. Experimental data
1. *°Cf(SF)

To benchmark the target, detection system and analy-
sis procedure, we show the results for 2°°Cf(SF) in Fig. 4.
The panel (a) provides the mass-TKE distribution. Pro-
jection of the events on the fragment mass and TKE
axis are shown in (b) and (c), respectively (solid cir-
cles). We note that 2D plots have a larger bin-size for
the mass and TKE to give a proper statistics for each
cell. The FFMD has a Gaussian-like heavy- and light-
fragment distributions at the average heavy-fragment
mass Ay=142.240.5, in good agreement with the data
of [33]. The average charge of heavy-fragments Zi=>55.6,
estimated from the assumption of unchanged-charge-
density (UCD), locates within Zy=52—56. The average
TKE, Ey = 180.2+1.0 MeV, agrees with 184.3+2.7 MeV
in [33], which was obtained by measuring kinetic energies
of both fragments. Dependence of the average TKE for
each fragment mass, E)(A), is shown in Fig.4(a). The
curve follows a quadratic shape, but has a local mini-
mum at the symmetric fission. The minimum indicates
the presence of the SLL mode, which is discussed below.
This benchmark of 2°°Cf(SF), which gives good agrement
between literature results and our data, establishes con-
fidence in our analysis of 2°8Md*.

2. Folding angle distribution of fission fragments

In the *He+2%*Es run which gives E*=18.0-MeV for
258Md*, about 17,500 fission-coincidence events were
accumulated, including a 9.1+0.5% contribution from
SF(?%°Cf), which was further subtracted in the analysis.
For the E*=15.0-MeV, about 10,900 events were accumu-
lated, containing 40.742.0% from 2°Cf(SF). The data
analysis process is as follows. First, by using the data

files of the beam-on run, which include fission events from
258\Md* and 2°0Cf(SF), we adopted the fissioning nucleus
mass A.=258 and its recoil energy in the *He+2>*Es re-
action. The 2°°Cf spectrum to be subtracted is created
with the same assumption, but using the files of beam-
off period. We measured that the fission rate of 228Md*
at the 18.0 MeV-run normalized to the beam dose is 6.8
times larger than the fission rate of the 15.0 MeV-run. We
also note that fission events associated with *He-+2%0Cf
are only 1.6% of those from *He+2°*Es on average during
the run, thus no correction for this effect was performed.

In order to demonstrate the correctness of subtracting
background fissions originating from 2°°Cf(SF), we show
the folding-angle distribution between two fission frag-
ments in the laboratory frame (6 and ¢), as defined in
Fig.5. Fig.5(al) and (a2) show the folding angle spec-
tra for Epeam=22.6 MeV (E*=15.0MeV). Open red cir-
cles are the spectra obtained during the beam irradiation,
in which 2°°Cf(SF) BG is included. The estimated BG
component is shown by open black circles. The solid red
circles are the net spectrum for fission of 2°®Md, obtained
after subtracting the BG. Similarly, we obtained the spec-
tra for Epeam=25.7 MeV (E*=18.0MeV) in the panels of
(b1) and (b2). In Fig.5(cl) and (c2), we show the nor-
malized folding-angle distributions for 2 Md*, which are
compared to 259Cf(SF). The 6 distribution for 258Md*
has a peak around #=177° due to recoil of the fission-
ing nucleus, in contrast to 2°°Cf(SF) centered at 180°.
The 18.0-MeV distribution locates at slightly smaller an-
gle than 15.0-MeV data, due to larger recoil energy. The
normalized spectra of ¢ in (c2) for both 28Md* data al-
most agree with each other. This indicate the validity of
BG correction for 253Md* data.

3. Results for 8 Md fission

The 2D plots on the mass and TKE of fragments from
fission of 2°8Md* are shown in Fig.6. Compared to
250Cf(SF), the 2D spectrum reveals that fission of 2°®Md*
has larger yield in symmetric fission with TKE widely
distributed to the vicinity of fission Q-values. The sym-
metric component of E*=15.0 MeV data has the largest
yield around Eyx=210-220 MeV. The TKE value is not so
large as the Supershort mode having an dominant yield
closer to the Q-value. Thus we interpreted the symmetric
fission as the Short mode. Furthermore, the asymmetric
fission mode is evident, centered at (Ag, Fx) ~ (145,
200 MeV). On the other hand, the E*=18 MeV spectrum
shows relative enhancement of asymmetric fission yield
at the same mass-asymmetry but with lower TKE po-
sition, &(145u, 190 MeV). Increase of mass asymmetric
fission is noticed in the FFMD shown in Fig.7 that the
E*=18.0 MeV spectrum exhibits a trapezoid shape, con-
trasted to a Gaussian-like shape of the E* =15.0 MeV
spectrum. Projection of the events to the TKE are shown
in Fig.8. We found a change of average TKE-value from
Ey= 198.7+1.8 MeV (E*=18.0MeV) to 190.0£1.0 MeV
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TABLE I. Fraction of each fission mode for ***Cf(SF) and ***Md(E* =15.0, 18.0 MeV). Average heavy-fragment mass (An,;)
and average total kinetic energy (Ek ;) in each fission mode obtained in the analysis are shown inside the parenthesis.

Mass Asymmetric

Mass Symmetric

Nucleus (E™) Asymmetric (AS)

Short (SH) Superlong (SL)

IUCH(SF) ( 0MeV)|[97.042.0% (142.0u, 181.5 MeV)
ZEMA* (15 MeV)
Z8Md* (18 MeV)

52.043.5% (147.0u, 195.1 MeV) |45.043.5% (129.0u, 210.0 MeV)|3.0+£1.0% (129.0u, 148.8 MeV)
69.0-£1.0% (144.5u, 186.4 MeV) [26.0+1.0% (129.0u, 210.0 MeV)|5.041.0% (129.0u, 145.8 MeV)

- 3.0+£2.0% (125.0u, 153.1 MeV)

(E*=15.0MeV). The former TKE values agree with the
Viola formula which gives 197.8 MeV for 258Md [34], but
the latter value is =8 MeV smaller. The rapid change of
TKE in such a small excitation-energy change of 3 MeV
largely differs from actinide fissions of A.<257, which
show very small change with excitation energy. For
example, TKE decreases only 1.3MeV by gaining 3.0-
MeV excitation energy for fission of 24°Pu [35]. In the
fission-mode analysis shown below in ITI. DISCUSSION
the spectra can be interpreted as the enhancement of
the mass asymmetric fission mode at EF*=18.0 MeV.

Change of the intensities for the symmetric and asym-
metric fissions are identified by drawing FFMDs using
events above and below the arbitrarily chosen F) value
of 200MeV, see Fig.7. In the E* =15.0-MeV spec-
trum, the high-TKE events have a Gaussian shape, while
the low-TKE spectrum exhibits a nearly flat-top trape-
zoid distribution. By increasing the energy to 18.0 MeV,
the low-TKE spectrum create the asymmetric peaks at
A1 /An ~113/145 by gaining the yield.
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FIG. 6. (Color online) Fission-fragment yield on the

mass—TKE (A—Fy) plane for Md* for E*=15.0MeV (up-
per panel) and 18.0MeV (lower panel). The scale is normal-
ized such that the total yield gives 200%. The darkest cell
corresponds to the highest yield in each spectrum obtained.
The lightest plot is given when more than two events ap-
pears in each cell (AA, AEx)=(3u, 5 MeV). The spectra are
obtained after subtracting the *°°Cf(SF) background. The
average TKE for each mass Ex(A) (open rectangle) is shown.
The dash-dot-dot curves are the sum of the fission Q-values
and excitation energy of the compound nucleus.

4. Fission from other reaction

In this section we will discuss the possible influence
of fission contaminant from other reactions, particularly
multichance fission and the fission of nuclei produced in
transfer reactions.

We calculated the probability of 2nd chance fission;
i.e., fission of 2*"Md* after the neutron emission from
CN 258Md*, using the GEF-code [36]. The 2016-version
gives a small and similar probability of 5% and 6%
at £F*=15.0MeV and 18.0 MeV, respectively. Here, the
spins of the CN produced in *He-+2%4Es are taken into
account using the code [37]. Thus the difference of the
fission properties between E*=18.0 MeV and 15.0 MeV
cannot be explained by the 2°"Md* contamination. We
note that multichance fission probabilities from GEF-
2016 version can well explain experimental data of the
FFMDs for high-energy fissions of various actinide nu-
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FIG. 7. (Color online) Fission-fragment mass distributions
for 2°®Md* at excitation energy E*=15.0MeV (left panels)
and 18.0 MeV (right panels). Top figures are FFMDs from
all events. Middle and lower panels are the distributions
from events above and below the total kinetic energy of
FE=200MeV. Lines are the distributions from each fission
mode and their sum. Numerical expressions of the curves are
shown in APPENDIX.

clides when they are adopted in the Langevin calculation
[29, 38].

The possible contribution from transfer induced fis-
sion can be evaluated from the ¢-distribution shown in
Fig.5(c2). The spectra of 25¥Md* for both energies co-
incide with that for SF of 2°9Cf having the binary fis-
sion. The transfer/inelastic-induced fission should have
a component that spread widely over ¢ due to momen-
tum removed by outgoing ejectile nuclei [39]. Agreement
of present spectra with that of SF indicates the absence
for transfer-induced/inelastic-scattering fissions.

Absence of transfer-induced fission is also suggested
by the calculation based on momentum matching con-
dition [38, 40] to describe transfer/multinucleon-transfer
process. In this model, the most probable excitation en-
ergy of a compound nucleus in transfer reaction is calcu-
lated by the reaction ()-value and number of nucleons ex-
changed between projectile and target nuclei. Among the
4He+2%4Es reaction, population of 2°°Es* by ejecting >He
gives Qg value of —14.6 MeV. At the incident beam en-
ergy equal to the Coulomb barrier, the most probable ex-
citation energy of ?*’Es* is calculated to be —14.5 MeV,
thus transfer reaction cannot happen at the energies used
in the experiment. For the inelastic scattering, the most
probable excitation energy is E*=0 MeV for 2°‘Es* at
the beam energy of the Coulomb barrier, again fission
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their sum. Numerical expressions of the curves are shown in
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does not happen.

III. DISCUSSION

We decomposed the measured fission-fragment mass
and TKE distributions of 2°Md* into the AS, SH, and
SL modes as explained below. The analysis is done also
for 259Cf(SF) using AS and SL modes. For the procedure,
we also constructed the TKE distribution for each frag-
ment mass bin, y(Ey|A), as shown in Fig. 11 (**°Cf(SF)),
Fig. 12, and Fig. 13 (?*®*Md*) in the APPENDIX. Numer-
ical expressions of the fitted curves are also defined in the
APPENDIX. The y(Ex|A) are represented by the sum of
TKE distribution in each mode, y;(Ex|A) (i stands for
AS, SL, or SH), which is assumed to have a Gaussian
shape around the average value, Ey ;(A). Here, Fy ;(A)
is defined by a quadratic shape with the maximum value
in the symmetric fission.

Results of the fit to the fragment mass and TKE dis-
tributions of 259Cf(SF) are shown in Fig.4 (b) and (c),
respectively. Table I summarises the yield, average TKE,
and mass-asymmetry for each fission mode. In Fig.9,
distribution of each fission mode on the mass-TKE plane
are shown. Although the 29Cf(SF) is dominated by the
AS mode, the SL mode is necessary to explain the drop
of average TKE, F\(A) (Fig.4(a)) in the symmetric fis-
sion, as well as the enhanced yield in the low TKE region
of y(Ex|A) ( Fig. 11, APPENDIX). All the parameters to
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FIG. 9. (Color online) Distribution of fission mode (AS :
Asymmetric, SL : Superlong, SH : Short) for 2°Cf(SF) and
8Md* (E* =15.0 and 18.0MeV), overlapped with experi-
mental yield distribution, shown in Fig. 4(a) and Fig. 6. Con-
tour lines with different thickness correspond the probability
distributions to form the component with the total yield of 2,
20, 40, 60, and 80 %. Cross denotes the average TKE for each
fragment mass, £y (A), obtained from the mode analysis, and
is compared to the experimental data (open symbol).

describe the distribution of the fission mode are summa-
rized in Table II of APPENDIX. To describe fission of
Z50Cf(SF), totally 10 parameters are necessary.

Results of the fit to the FFMD and TKE distribution
of 28Md* are shown in Fig.7 and Fig.8, respectively.
The fit can reasonably explain the measured FFMDs; in-
cluding the flat top shape of the FFMD at E*=18.0 MeV.
Also, lowering of TKE by increasing the excitation energy
from 15.0 to 18.0 MeV is demonstrated. In the fitting pro-



cedure, the parameters to describe distributions for each
fission mode are changed between two excitation ener-
gies to better describe the measured data. For example,
average TKE for AS mode changes from 195.1 MeV to
186.4 MeV (see TableI). As shown in Fig.9, the fit well
explains the location of AS mode on the mass-TKE plane.
It indicates that the properties of asymmetric fission
mode changes with a small excitation-energy range. The
bo,; value for AS mode for 258Md is a factor two smaller
than 259Cf (see TABLE II), which means that TKE of
258Md decreases more moderately toward larger mass-
asymmetry than 2°°Cf. This would indicates that the
AS mode behaves differently across the A.=257 bound-
ary. Alternatively, introducing another mass-asymmetric
fission mode would be possible to reproduce data.

The symmetric fission mode around E.=210MeV
found in the mass-TKE plane of Fig.6 is apparently
smaller than the SS mode (233MeV) observed in SF
[11, 20, 21, 23]. Thus, we interpret it as the SH mode.
The average TKE of the SH mode of 2°Md* is about
10 MeV larger than 200 MeV for that of SF in A, >257.
The difference might come from the effects of excitation
energy on the potential energy surface.

Another symmetric fission mode with lower TKE than
the SH mode needs to be introduced for both excitation-
energy data to explain the enhanced yield of the low-TKE
component of the y(Fx|A) distribution at symmetric fis-
sion region, see Fig.12 and Fig. 13 of APPENDIX. The
obtained TKE for this mode are 148.8 and 145.8 MeV
for £*=15.0 and 18.0 MeV, respectively, which are sig-
nificantly smaller than the AS mode. Considering that
SL is the only mode which has lower TKE than the asym-
metric fission modes in 2°°Cf(SF) and lighter actinides of
A, <257 [11], we interpret it has a feature of the SL
mode.

At E*=15.0MeV, the AS and SH modes have a com-
parable yields of 52.043.5% and 45.0+3.5%, respectively.
Here, uncertainty includes statistical error and system-
atic error originating from the background estimation.
By the increase of 3MeV in excitation energy, the AS
mode dominates with fraction 69.0+1.0%. All the 15
parameters to describe the distribution of fission modes
for 258Md* are shown in Table II of APPENDIX.

We also tried to fit the 2°Md data by keeping the
fission-mode parameters for both excitation energies and
only by changing the fraction of each fission mode. For
some ranges of the fragment mass and TKE, the fit curves
deviate from the data points. Even in this condition, the
analysis showed that the yield of asymmetric fission mode
increases with excitation energy.

The mode analysis of average TKE for each fragment
mass, Ey (A), for fission of 2°°Md* is shown in Fig. 9. The
analysis explain the data for E* =15.0 MeV. For 18.0-
MeV data, the analysis underestimate the experimental
data at very asymmetric region. It might imply the ap-
pearance of other mode with large mass asymmetry. But
we did not additionally introduce the other mode as the
statistics is not enough.

In the spontaneous fission of the region of A. >257
[20], the SH mode with F\,=200—205MeV is observed
in 260Md (fraction=42%), 2°Md (88%), ?**Fm (50%),
Z58No (95%), and 25°Rf (100%) [20]. These studies ar-
gued that this mode is likely to extend to more heavier
nuclei. In our measurement the SH mode is also identi-
fied in 2°8Md*. Measured 2D spectra of mass-TKE show
the appearance of asymmetric fission mode in 2°®Md*,
dominated in the fission of lighter region of A.<257 but
not clearly identified in the heavier region of A.>257.
In our fission mode analysis postulating one asymmet-
ric and two symmetric modes, the AS and SH modes
dominate and compete with each other, which would be
characteristic in the region of A. >257.

We calculated fission properties of 2°Md* by Langvein
equation described by Cassinian ovals nuclear-shape
parametrization. Here, the shape degree of freedom is
increased from four dimensions («, a1, asz, ay ) [41] to six
dimensions (a, ay, ag, as, ag, as ) [42]. The calculated
2D mass-TKE spectrum is shown in Fig. 10. The results
for both excitation energies can be interpreted to have
dominant two fission modes, SH and AS. Furthermore,
the yield of AS mode for E*=18.0MeV is larger than
the 15.0MeV spectrum. The calculation qualitatively
supports present interpretation of fission-mode evolution
that the yield of asymmetric fission mode increase with
excitation energy. More detailed interpretation of the
origin of fission modes and their competition will be dis-
cussed in detail [42]. The calculation also shows a com-
plicated structure in the mass-TKE distribution, which
would indicate the presence of different fission modes not
assumed in the present analysis, due to limited statistics
and difficulty to introduce larger number of fit parame-
ters. Accumulating larger number of events would unveil
the modes and their properties in more detail.

IV. CONCLUSION

We measured fission-fragment mass and TKE distri-
butions of 2°°Md* from two excited states, E* =15.0
and 18.0MeV, populated by the *He + 25*Es reaction.
The obtained spectra are decomposed into three fission
modes; one mass-asymmetric mode and two symmetric
modes with different total kinetic energy (TKE).

For the ASymmetric (AS) mode obtained in 258Md*,
the average heavy-fragment mass does not agree with
the Standard 2 (ST2) reported for fission of A.<257.
To make a better agreement with the measured spec-
trum, the TKE of AS mode need to be decreased with
the amount of ~9 MeV from E*=15.0 to 18.0 MeV in the
framework of the present fitting. Such a property would
indicate the complexity of evolution of asymmetric fis-
sion mode in A.>257. The higher-TKE symmetric mode
is interpreted as Short (SH) mode as its average of TKE,
210MeV, is not so high as the Supershort (SS) mode
(233 MeV) but closer to the SH mode (200 MeV), found
in literature. The other symmetric-mode with small in-
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FIG. 10. (Color online) Two dimensional plot on fragment
mass and TKE for fission of 2*®*Md* from excitation energy
of (a) E*=15.0MeV and (b) 18.0 MeV, obtained from six-
dimensional Lanvevin calculation. The yield is normalized
such that sum of the total yield becomes 200 %. The color of
the highest yield corresponds to the maximum value for each
spectrum.

tensity has a significantly lower TKE than the AS mode,
thus we interpret it has a feature of Superlong (SL).

Within the mode analysis postulated in this work, the
AS and SH modes have a comparative yield at the exci-
tation energy of E*=15.0 MeV. By increasing the energy
to E*=18.0 MeV, enhancement of AS mode is indicated.
Change of the yield between fission modes in such a small
excitation energy interval indicates a strong competition
between different fission modes in A.>257.

We attempted the 6-dimensional Langevin calculation
to describe fission of 2°Md*. The obtained mass-TKE
distribution indicates the increasing yield of AS fission
mode from 15.0 MeV to 18.0 MeV, supporting the mode
analysis given above.

It is interesting to take fission data for a wider range of
nuclei beyond the A.=257 boundary. Such experiment is
possible using the setup of multinucleon-transfer induced
fission [43, 44], developed and applied at JAEA.
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V. APPENDIXES

We define the normalized distribution of total kinetic
energy of fragments (Ey) for each fission mode (AS :
ASymmetric, SH : SHort, SL : SuperLong) in each fission-
fragment with mass A as

ZwAS(Ek‘A)AEk =1, (1)
Ex
> wsL(Ex A)AE = 1, (2)
> wsn(Ex|A)AE, = 1. (3)
by

AEy is the Ey-bin width adopted in the analysis. We do
not discuss Supershort (SS) mode as it was no evident
in our measurement of 2°Md*. For the asymmetric fis-
sion mode, we include only one mode, having a feature
of Standard 2 [11]. By replacing the subscript to rep-
resent fission mode to ”i”, the above expressions can be
represented as

> wi(Ex|A)AE, = 1. (4)
Ey
For each mode ”i”, the average TKE values for frag-
ment A is represented as

> Bewi(Ex|A)AE
Ex

- Z wi(Ek|A)AEk

Ex

Eyi(4) ()

In the analysis, the average TKE in Eq.(5) is represented
by the following expression using fitting parameters of
ao,; and by ;, for each mode ”i”,

Ek,i(A) = ag,i — bo,i(A - Ac/2)27 (6)

where A, is the mass of fissioning nucleus.
TKE distribution for each fragment A is represented
by the weighted sum of w; over fission modes

y(Ex|A) = Zpi(A)wi(Ek|A)~ (7)
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Here, p;(A) is the fraction of each fission mode ”i” to
form the yield of fission-fragment A, Y(A), as

A) = mi(A). 8)
pi(A) is represented by
_ fi —(A - ZH,i)2
i) = Varoa; { 207 ; " 9
fi . {—(A—(AC AHI))Z} )
\/ﬁUA1 P 202, ’

3 7’

where f;, AH1 and 04 are the fraction of the mode
average-heavy fragment mass, and standard dev1at10n
respectively, and are determined in the fitting procedure.
Here,

> £ =100 (%) (10)

holds. Distribution of Y(A) and p;(A) are shown in
Fig.4(b) and Fig. 7(upper panel), for 2°°Cf(SF) and
258\ d*, respectively.

Then, w;(Fx|A) is represented by
—(Bx — Exi(A))?

3

wi(Ex]A) = yoo (1)

! xp{
exp
V2mo gy

Here, E);(A) is defined by Eq.(6). We assume that the
standard deviation ogk i, determined by the fitting pro-
cedure, for a specific fission mode ”i” is kept constant
over all the fragment mass (A) range.

For comparison of the measured TKE-distribution in
each fragment A, we define the normalized distribution
of Eq.(7) using

2
2C’Ek,i

Zpl wl Ek‘A)
9(Ex|A) = (12)
Zzpl wl Ek‘A)AEk
The distributions of Eq.(12) for 25°Cf(SF), 2°®Md*

(E*=15MeV), and 2°*Md* (E*=18 MeV), obtained after

10

fitting, are shown in Fig. 11, Fig. 12, and Fig. 13, respec-
tively, in comparison with experimental data.

Average kinetic energy of fragment mass A is calcu-
lated by

Z Eyy(Ex|A)AE
_ _ &
Bl > y(BA)AE
Ey

(13)

The curves for 2°Cf(SF) and ?*®*Md* (E*=15.0 and
18.0 MeV) are shown in Fig. 4(a) and Fig. 9, respectively.

Projection of mass-TKE distribution on the TKE axis
is represented by

= 2 S u(El4)AA, (14)
A

where the factor % is applied to give

> Y (Ex)AEx =100 (%). (15)

Ey

The TKE distribution for each mode ”i” is defined by

Zpl

Y (Eyx) and Yi(Ex) are shown in Fig.4(c) and Fig.8 for
Z50C(SF) and 2°®Md*, respectively.

Finally FFMDs constructed using the TKE values
lower and higher than 200 MeV can be represented by

wl EklA) (16)

Yosoomev(A) = Y y(EA)AE, (17)
Bi:>200MeV

Y§200McV(A) = Z y(Ek|A)AEk~ (18)
Ey <200MeV

The curves are shown in Fig.7 in the main text.
Parameters obtained in the analysis are summarized
in TableIl. To describe fission of 2YCf(SF), totally 10
parameters are necessary to include two fission modes
(AS and SL). For the fission of 28Md*, 15 parameters
needs to be determined to include three fission modes.
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FIG. 11. (Color online) Total kinetic energy (TKE) distri-
bution for each bin of fragment mass A, §(FEx|A), obtained
in spontaneous fission of 2°Cf (solid circles). The spectrum
is normalized such that the sum of the yield over TKE be-
comes 100%. Contribution from Asymmetric (dashed curve)
and Superlong mode (dotted curve) obtained in the analysis
are shown as well as their sum (solid curve).
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FIG. 12. (Color online) Same as FIG.11, but for fission of
Z58Md* obtained at E*=15.0MeV (solid circles). Yields for
Asymmetric (dashed curve), Short (dash-dotted curve), and
Superlong mode (dotted curve) are shown as well as their sum
(solid curve).
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FIG. 13. (Color online) Same as FIG.11, but for fission of
Z58Md* obtained at E*=18.0MeV (solid circles). Yields for
Asymmetric (dashed curve), Short (dash-dotted curve), and
Superlong mode (dotted curve) are shown as well as their sum
(solid curve).



