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The mass distribution for spontaneous fission of '"Fm was determined for both pre- and post-neutron-

emission fragments. The post-neutron-emission (final) mass distribution was deduced from radiochemical

measurements of 24 mass yields. Starting with an assumed distribution of neutron yield versus fragment

mass, the pre-neutron-emission (initial) mass distribution and neutron-yield distribution were derived from the

kinetic-energy measurements of the fragments and the final-mass distribution by an iterative method. These

distributions together with distributions of fragment kinetic energy, total kinetic energy of both fragments,

and average kinetic energy and average total kinetic energy as functions of fragment mass are presented. The
results are discussed in terms of a scission-point model of fission.

NUCLEAR REACTIONS, FISSION +Fm{sf); measured radiochemical mass
yields, fragment E; deduced neutron yields, fragment mass and energy distri-

butions.

1. INTRODUCTION

Fragment-mass distributions derived from kine-
tic-energy measurements for '"Fm (Ref. 1),"'Fm
(Ref. 2), and '"Fm (Refs. 3 and 4) spontaneous fis-
sion (sf) and '"Fm (Ref. 5) and "'Fm (Ref. 4)
thermal-neutron- induced fission (n,f ) exhibit a
transition from double-peaked (asymmetric) fission
to single-peaked (symmetric) fission as the mass
of the fissioning fermium nucleus increases,
particularly if the excitation energy is enhanced
by the capture of a neutron. Although most of
these mass distributions have not been corrected
for the effect of neutron emission and are there-
fore provisiona/ mass distributions, the transition
from asymmetry to symmetry as the most prob-
able mode of fission is clearly demonstrated. This
transition is also verified by the shapes of post-
neutron-emission (final} mass distributions de-
termined by y-ray spectrometry and/or radio-
chemical methods for '"Fm (Ref. 8) and "'Fm
(sf) (Ref. 7) and "'Fm (Ref. 8) and "'Fm (n,f)
(Ref. 9).

In the present paper the results of both radio-
chemical and kinetic-energy measurements of the
fission fragments for "'Fm(sf) are reported. The
present radiochemical (RC} measurements examine
the final-mass yields in the region of symmetric
mass division (valley} more closely than do the
measurements of Harbour eI; a/. ' who measured
only one yield (that of '278b) in the valley. Kinetic
energy (KE) measurements of the fragments were
reported some time ago by Brandt et al. ' How-

ever, this group did not have the advantage of the
improved detector calibration method described
by Schmitt, Neiler, and Walter. " Therefore,

these measurements were repeated using the mass-
dependent energy calibration procedure. " The
neutron yield as a function of fragment mass and
the pre-neutron-emission (initial) mass distribu-
tion were derived with an iterative method in
which the final-mass distribution is compared with
successive approximations of the initial-mass
distribution deduced from the KE measurements.

II. EXPERIMENT

A. Fermium sources

"'Fm was separated from einsteinium sources
containing a few percent by mass of '"Es." Sepa-
rationwasmade on a Dowex-50 cation exchange
column using e-hydroxy-isobutyric acid as the
eluting agent. For RC measurements the purified
fermium fraction was deposited on platinum disks.
Tmo fermium sources mere thus prepared,
one with an initial '"Fm(sf} activity of
5.2&10' fissions/min and the other with
1.8 &&10 fissions/min. The isotopic composition
of the sources was determined by observ-
ing both the n and spontaneous fission decay
of small aliquots of the purified. fermium frac-
tions and by o. and fission analyses of the fermium
sources several weeks after their preparation. ,

About 2% of the initial o. activity of the sources
was attributable to "Fm. However, the half-
life for 2"Fm(sf) is much longer than that for
'"Fm(sf). Therefore, the contribution of "'Fm
to the fission activity was negligible. Likewise,
the contribution to sf activity by" Cf, the daughter
of '"'Fm, was insignificant except for one experi-
ment ""

For the KE measurements the purified fermium
was passed through an isotope separator and de-
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posited onto thin (90 pg/cm') nickeL To avoid
penetration of the fermium ions into the nickel
backing, a low collection potential (300 V) was
used. The shape of the fermium deposit was ellipt-
ical with major and minor axes of 6 and 3 mm.
The initial" Fm(sf) activity of this source was
2.8 x10' fissions/min.

B. Radiochemical procedures

The fermium sources were covered with 0.005-
cm thick aluminum fission fragment catcher foils
for periods of several hours. The catcher foils
mere then dissolved in the presence of carriers,
specific fission products were radiochemically
purified, and thick samples were mounted for P
counting in a calibrated, low-background (0.4
count/min), end-window counter with an anti-
coincidence shield. " The radioactive purity of
each sample was checked by following its decay,
generally for several half- lives. The observed
counting rate for each fission product was cor-
rected for chemical yield, counter efficiency, de-
cay, genetic relationships, and degree of satura-
tion to give the relative saturation activity A"
which is proportional to the fission yield. The re-
sulting values of A" mere plotted as a mass-yield
curve and normalized to 200/p total yield to give
absolute fission yields.

C. Kinetic. energy measurements

The experimental equipment, arrangement, and
electronics used in the present experiment were
similar to those described by Reisdorf eI; al."
Coincident fission fragments were detected with
two 4- cm' gold- surface-barrier silicon detectors.
The resultant pulse heights mere recorded event
by event onto magnetic tapes mhich were subse-
quently processed off line. Post- neutron- emission
kinetic energies of complementary fragments mere
calculated from the recorded pulse heights using
the mass-dependent energy calibration" based on
a '"Cf fission fragment energy spectrum. Post-
neutron-emission energies were transformed into
pre-neutron-emission energies by correcting for
the average effects of neutron emission from the
fragments. Since the number of neutrons emitted
as a function of fragment mass v(M) was not known
for '"Fm(sf), this function was derived with an
iterative method in which successive approxima-
tions of the initial. -mass distribution deduced from
the kinetic- energy measurements were compared
with the final-mass distribution. The initial-mass
distribution which is also a result of this iterative
method mas calculated from the pre-neutron-
emission energies through the conservation laws
of mass and linear momentum.

III. RESULTS AND DISCUSSION

A. Final-mass distribution

TABLE I. Fission product yields for Fm(sf) .

Fission product Fission yield (%)

Number of
de termina tions

91Sr
93@

95zr
87zr

'"H,u
106Ru

109Pd

111Ag

ii2I)d
«5gcd
"5 cd
«'tota
121gSn
"'tota
125gS

'"total
127Sb

"'sb
131I

"'Te
133I

f40B

14fce
143ce
'4'Ce
'"sm
157Eu

158Gd

1 chain

1 chain

chain

0.38
0.48
0.54
1.35
3 ~ 13
5.75
5.67
5.50
5.06
4.47
0 ~ 58
5.05
0.666
0 ~ 770
0.066
0 ~ 138
0.240
0.880
2.58
3.02
3.29
5.49
6.29
5.64
5.09
1.42
0.62
0.44

+ 0.04
+ 0.05
~0 08
+0 ~ 13
+ 0.31
+ 0.58
+ 0.57
+ 0.30
+ 0.51
+ 0.44
+ 0.06
+ 0.45
+ 0.067
+ 0.080 b

+ 0.007
+ 0.024 '
+ 0.03
+ 0.09
+ 0.26
+ 0.30
+ 0.33
+ 0.55
+0 ~ 50
+ 0.30
+ 0.50
+0 ~ 14
+ 0.06
+ 0.04

' Isomer yield.
b Total chain yield estimated by assuming isomer ratio

(m + g)/g of 1.16+0.11 (Ref. 16).
Total chain yield estimated by assuming isomer ratio

of 2.1+0.3 determined for 5 Cf(sf) (Ref. 17).

The fission yields determined for the 24 mass
chains are presented in Table I. The error for
each value mas estimated on the basis of the num-
ber of measurements, errors in the determina-
tion of A", and any uncertainties in the decay
scheme of the particular nuclide measured. The
fission yields are plotted as circles in Fig. 1. The
curve drawn through the circles represents the
final-mass distribution normalized to 200% total
yield. Triangles in the figure represent the data
of Harbour et a/. ' The agreement between the tmo
sets of data (circles and triangles) is good. Mean
masses (first moments) for the light and heavy
mass groups (X' and X„) are 108.8 and 141.3, re
spectively. The average number of neutrons
emitted per fission v~, derived from the equation

vr--A~- (X'+X„)
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tron emission at masses 129-130. The mass
for which minimum neutron emission occurs
is characteristic of all three neutron functions
and is correlated with the low deformation,
closed-shell structure of fragments with this
mass. Maximum neutron emission occurs
from masses which are complementary or nearly
complementary to the mass from which minimum
neutron emission occurs. Such a result is expected
if the total deformation of both fission fragments
is nearly constant since neutron emission is cor-
related with fragment deformation. " The near
constancy of the total deformation of the frag-
ments is indicated in the scission-pain. model of
fission. " From the contour plot of the potential
energy surface in Fig. 4 of Ref. 23 it is clear that
fission fragments can deform more readily in the
direction of constant total deformation than in an
opposite direction in which both fragments become
either more spherical or more deformed. For
example, in the symmetric mass split of ' 'U for
one fragment to change from a P deformation of
0.62 to 1.0 and the other to change from 0.62 to
0.24 requires -4 MeV of energy. For both frag-
ments to change from P deformations of 0.62 to
1.0 requires -7 MeV and for both to change from
0.62 to 0.24 requires -10 MeV.

The average number of neutrons emitted per
light (L) or heavy (H) fragment, calculated from
the relationship

TABLE II. Final-mass distribution parameters for
several spontaneously fissioning systems.

Fissioning Vp Vp

nuclide &1. A H [Eq. (')] {Measured} &/&

733
3.89

252(.f a

254( f c

253Es &

254 F f

Fmg

142.0
141.5
142.4
141,3
141.0

106.0
108.6
105.9
108.8
111.9

—370
~ 145

326
~42

]2

4.0
3.9
4.7
3.9
3,1

3.98
g 73h

'Data from Ref, 17.
Preliminary recommended value added in proof from

Ref. 18.' Radiochemical data from Refs. 19 and 20.
d Value from Ref. 18.
'Data from Ref. 21.

Values from present vvork.
g Data from Ref. 7.
"Value from Ref. 22.

a decrease in P/ V by a factor of 9 or 10 compared
with" Cf, but the fact that ' Fm has two fewer
neutrons would cause the value of I'/'V to increase
by a factor of about 3, for an overall decrease in

P/V of roughly 3. This estimate is in agreement
with the experimental results.

In a recently developed scission-point model of
fission, %ilkins, Steinberg, and Chasman" have
shown that the stability of the heavy mass group
can be accounted for by a strong fragment shell
with -88 neutrons and a P deformation of 0.65
(Fig. 1 of Ref. 23). Furthermore, the value of P/
V can be correlated with the potential energy dif-
ference between the mass split (142+ complement)
and the symmetric mass split. For fissioning
nuclides that lie approximately along the valley of
P stability this potential energy difference ex-
hibits a maximum at Ac= 252 (corresponding to
a maximum P/V) and decreases a.s Ar increases
to mass 262, in general agreement with the trends
shown in Figs. 2 and 3 and outlined in Table II. De-
tailed calculations would be necessary to determine
from the fission model" which specific fissioning
isobar would exhibit the deepest valley yields.

~ Y(L,H)v(L, H)
L, H

Z y(L, H)
LyH

where Y represents the yield of the initial frag-
ment, is 2.32 for the light fragment and 1.66 for
the heavy fragment. Values derived from dif-
ferencesbetweenfirstmoments of the initial- and
final-mass groups (M~ „-A~ „) are 2.2 for the
light-mass and 1.7 for the heavy-mass groups.
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B. Neutron emission function

The neutron-emission function v(iVf) for 5@Fm(sf)

derived by the iterative method' is shown as the
solid curve in Fig. 4. The function determined ex-
perimentally by Bowman et a/. ' for ~52Cf(sf) and
the one deduced by the iterative method' for
'"Fm(sf) are shown for comparison as the dotted and
dashed curves, respectively. All three curves ex-
hibit; the characteristic saw- toothed shape.

Maximum neutron emission in "'Fm(sf} occurs
at fragment masses 123-124 and minimum neu-

90 100 I I 0 l20 I 50 i%0 150 l60
INITIAL MASS, M

FIG. 4. Neutron yield as a function of initial mass for
the spontaneous fission of 5 Cf (dotted curve, Ref. 24),
2 4Fm {solid curve, present work), and 2 Fm (dashed
curve, Ref. 2).
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C. Mass distributions derived from kinetic-energy measurements

A prooi, siozal ma, ss distribution (one in which
no correction is made for neutron emission by the
fragments) was deduced from the kinetic-energy
measurements to compare the present results with
those of Brandt et al. ' Both distributions are
plotted in Fig. 5 as the solid and dashed curves,
respectively. The two distributions agree quite
well; ful}. w'idths at half maximum are 18 to 19
mass units for both; the peaks of the two curves
are only one mass unit apart. However, the dis-
tribution obtained in the present work indicates
some structure and has a somewhat lower value
at symmetry than is in, dicated by the data of Ref.
1.

The effect of. various corrections on the mass
distribution derived from KE measurements
is shown in Fig. 6. The provision. al mass distribu-
tion is represented by the iong-dashed curve. The
mass distribution. obtained by correcting the kine-
tic- energy measurements for the emission of neu-
trons from the fragments is giver. by the short- dashed
curve. The crosses represent the mass yields
obtained after a correction is made for the depen-
dence of the number of neutrons emitted on the
total kinetic energy released in the mass split,
Tzz(M}. This dependence was calculated dif-
ferently in four regions according to the difference

FRAGMENT MASS

FIG. 6. Effect of various corrections in the calcula-
tion of the ~~4Fm(sf) initial mass distribution. The long-
dashed curve represents the provisional mass distri-
bution. The short-dashed curve is the distribution ob-
tained after correcting the kinetic-energy measurements
for the mission of neutrons from the fragments.
Crosses represent the yields obtained by correcting the
short-dashed curve for the TKE dependence of neutron
emission with Eqs. (3)-(6). The solid curve represents
the initial-mass dist~ ibution and is obtained by correct-
ing for mass resolution the yields shown as crosses.

between T~(M) and the average total kinetic en-
ergy for the same mass split 7"~(M) lf ATzz.
= 7'zz(M) —Tzz(M), then for nT~ ~ 0 the relation-
ship used for the number of neutrons emitted is

v (M) &Tzz
v(M, Tzz =vM +

} +, , (3)
e

where v(M) is given by the solid curve in Fig. 4,
A~ is the mass of the fissioning nucleus, and Z„*,
taken to be 8.5 MeV, is the average sum of the
binding energy and center-of-mass kinetic energy
of the emitted neutron. Equation (3}with Z„* taken
to be V. O MeV is the Tzz(M}-dependence correction
used in Refs. 2 and 15 for all values of ~T«.

In the other three energy regions of ~T~, the
following relationships were used:

For 0 & ATKE & 20 Me&,
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v(M, T~) = v(M) +
M &TEE

P n

For 20~4T~ ~60 MeV,

la.tionshjps'

M, =(z, 0.5)(A,/z, )

M„=(Z„+0.5)(A~/Z ~) . (6)

v(M, T„,)=v(M) 0
"' +

60 —4TKE M ~TKE

+ - [v(M)+ v(A~ —M)] 1—M 60- 4TKE

For &T~ & 60 MeV,

(5)

v(M, T„,) = +," + P(M)+ v(A —M)
I

(6)

Equations (4}-(6)have the effect of making neu-
tron emission more proportional to the mass of
the fragment as &T« increases. For &T„E~ 60
MeV some saw-toothed structure remains in the
neutron yield function. Above 60 MeV, neutron
emission becomes proportional to the mass of the
fragment. In contrast, Eq. (3}alone magnifies the
saw-toothed structure as 4T« increases. The ap-
propriateness of Eqs. (3)-(6) vs Eq. (3) alone was
checked against values of &(M, T«) deduced from
the measured neutron-emission data'4 for -"'Cf(sf).
The use of Eqs. (3)-(6) gave considerably better
fits than did the use of Eq. (3) alone. However,
the effect of this correction on the mass distribu-
tion is very small.

The solid curve in Fig. 6 represents the dis-
tribution of initial-fragment-mass yields that is
obtained by correcting the mass yields represented
by crosses for mass resolution. The unfolding of
the experimental mass yields to obtain resolution
corrected yields was performed with an approx-
imate iterative procedure" assuming the folding
function to be a, normalized Gaussian with a stand-
ard deviation o~ = 1.68. The standard deviation
was calculated with the equations given in Ref. 15
for the influence of the angular distribution of
emitted neutrons on fragment recoil velocities, the
energy resolution of the fragment detectors, and
the energy loss of fragments in the target ma-
terial. The derived initial-fragment-mass dis-
tribution thus reflects the extent to which the var-
ious assumptions made in the derivation are ac-
curate.

The structure shown in the initial-mass dis-
tribution is peaked near masses 138-139 and
142-143. Structure found in other mass distribu-
tions (see, e.g. , Ref. 2) has been attributed to a
proton pairing effect and occurs at the average
masses associated with even nuclear charges of
/=52, 54, and 56 or their complements. These
masses are related to nuclear charge by the re-

For "'Fm(sf) the masses associated with Z = 52,
54, and 56 are 133.4, 138.4, and 143.5, respec-
tively. It therefore appears that the structural
peaks in the ""Fm(sf) initial-mass distribution
are associated with Z = 54 and 56 or their comple-
ments. The first moments of the light (M~) and
heavy (Ms) mass groups are 111.0 and 143.0, re-
spectively. The full width at half maximum for
both groups is 17.3 mass units.
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FIG. 7. The fragment-kinetic-energy distribution for
"4Frn{sf).

D. Kinetic-energy distributions

The kinetic-energy distributions for the light
and heavy fragments and the total-kinetic-energy
distr'bution for '"Fm(sf) are shown in Figs. 7 and
8, respectively. The first moments and standard
deviations also are given in the figures. The value
of 195.1 MeV for T« is considerably larger than
that determined by Brandt ct a/. ,

' 189+2 MeV.
These two values can be compared since a cor-
rection was applied in Ref. 1 for the average num-
ber of neutrons emitted. Values of T«obtained
at this laboratory' for '4'Cm(sf), '"Cf(sf),
'"Cf(sf), and "4Cf(sf) are also consistently larger
than the values in Ref. 1 (see Table III) and may be
attributed to differences in calibration procedures.
The present T«value for '"Fm(sf) is -3 Me& less
than the value of 197.9 MeV for '"Fm(sf}.'- This is
opposite to the general trend that T«values in-
crease with the Coulomb parameter Z'/A'~' (see
Table III} and has been discussed by Wilkins
et al." Their explanation for this phenomenon is
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TABLE III. Average total kinetic energy released in

spontaneous fission.

Fiss ioning
nuclide

TKE (MeV)
g 2/g1/3 ref

248(

246Cm

254Cf

252Cf

250Cf
253 Es
'"Fm
254 F

1466.9
1470.8
1516.5
1520.5
1524.5
1549.6
1574.9
1579.0

179+2 182.2 + 0.9
183.9 + 1

185+ 2 186.9 + 1
183+ 0.5 185.9 + 1
185+ 3 187,0 + 1
188+3

197.9 + 1
195.1~1'

' Present work.

that the yield of the mass-symmetric component
with fragment deformation nI.ar p values of 0.05 and
0.85 (points 6 and K in Fig. 1 of Ref. 23) increases
rapidly vrith neutron number for isotopes of ferm-
ium. This configuration has a smaller total de-
formation than the typical asymmetric mass split
and its contribution to T«&vill cause the value of

T« to increase with increasing neutron number.
The average kinetic energy E(M') and the stand-

ard deviation of the kinetic-energy distribution

o~«, &
for a particular mass are plotted as a func-

tion of mass in Fig. 9. In both this figure and Fig.
10 the data are for masses that have not been cor-
rected for mass resolution. The masses are there-
fore designated by M to distinguish them from in-
itial masses. In Fig. 9 one observes that E(M') for
the light masses does not vary much compared to
E(M') for the heavy masses. For masses &135,
E(M') decreases -1.2 MeV per mass unit. The
variation in T«with M shown in Fig. 10 is there-
fore attributable mainly to the variation of E(M'}
for the heavy fragment. Except for the value at
M' = 127, the Tzz(M'} values (shown as open circles
in Fig. 10) exhibit a slight decrease from M'= 133
toward symmetry. This is in contrast to the
T„z(M') values for "'Fm(sf) (Ref. 27) and '"Fm(sf)
(Ref. 3) for which Tzz(M') values increase from
mass 133 toward symmetry. The reason for the
latter effect is the same as that given for the in-
crease in T« for "'Fm(sf} relative to that for
'"Fm(sf). As the mass of the fissioning fermium
nucleus increases, the complement of the spher-
ical M-132 fragment approaches symmetry and
its shape is determined" largely by a neutron shell
vrith a p deformation of -0.85. This configuration
represents a smaller total deformation than is
found for symmetric mass splits in the more neu-
tron-deficient Fm isotopes and results in higher
values of T«(M'}. The values of T«(M'} and

przz&„, &
for provisional masses (crosses in Fig.

10) indicate the same general trend with mass as
do the values for masses corrected for neutron
emission (plotted as circles}.

The occurrence of peaks in the o~„E«,,- distribu-
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tribution g&~ as a function of mass for +Fm(sf). The
distributions represented by circles are uncorrected
for experimental dispersion. The crosses represent
values of TKE and g&KE for provisional masses.

tion as a function of mass has been qualitatively
explained" as the result of comparable contribu-
tions to the formation of a given mass split from
configurations of different total deformation. Val-

ues of or«&„. &
(shown as circles in Fig. 10) tend

to level off at masses below M'= 134 and then to in-
crease from M'=131 to M'=128. Structure in the
o ~««, &

distribution near mass 130 has been ob-
served in other fissioning systems and is probably
the result of competing deformed-shell configura-
tions at this mass or its complement. "

For 25'Fm(n, f) it has been shown that the pro-
visional mass distribution determined as a func-
tion of T« is single-humped for T«values ~ 220
MeV, indicative of symmetric fission. It should
be noted that since the Q values for near-sym-
metric fission are greater than for other fission
events the probability for observing a high TEE
fission event near symmetry is greater than the
probability for observing such an event with another
mass split (see Fig. 10}. Therefore, by selecting
fission events with high T«one naturally selects
events closely related to symmetry. A less biased
selection is obtained by sorting events according
to the difference in energy between the total kinetic
energy of the event T««& and the average total
kinetic energy for all such events T«&». How-
ever, to compare present results with those in
Ref. 5 provisional mass distributions for '"Fm(sf)
were calculated as a function of T«. The results
are shown in Fig. 11(a}. The mass distributions
are double-humped, characteristic of asym-
metric fission, well-beyond the 220-MeV T«
for which the single-humped distribution was ob
served in '"Fm(n, f).' The distributions do ex-
hibit the shift of both light- and heavy-mass peaks
toward symmetry that is expected with this type of
selection. The mass distributions obtained by
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FIG. ll. Provisional mass distributions for (a) 2+Fm(sf) and (b) ~56Fm(sf) (Ref. 27) as a function of
total kinetic energy.
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sorting the '"Fm(sf) events according to T„E are
shown in Fig. ll(b)." The double-humped mass
dist;ribution is obtained for T«events of 220-225
MeV and is discernible even for events with T«
events of 220-225 MeV and is discernible even for
events with T«of 225-230 MeV although the
statistics are rather poor for this T«bin. " Ac-
cording to the fission model of %ilkins et al."
the mass distribution is determined near the scis-
sion point. At this point the excitation energy of
the fissioning nucleus is shared between the defor-
mation. energy E~„and intrinsic energy E„,of
the two fragments and is equal to the Q of the re-
action plus any excitation energy, E„, brought
into the fissioning system minus the energy even-
tually released as kinetic energy, T„E. That is,

def+Eint ~+EN KE '

The total kinetic energy is dependent on the de-
formation of the fragments. Therefore, if one
compares the "'Fm(sf) and '"Fm(n, f ) systems for
the same T«and hence for the same Ed„, on.e ob-
serves from Eq. (7) that E„,for '"Fm(n, f) is

greater by E„( 6 MeV)" than E„,for '"Fm(sf).
According to the scission-point fission model (Fig. 3
of Ref. 23) an increase in the intrinsic temperature
(or energy) will change the relative stability of
different shell structures. Apparently the shell
structures in "'Fm associated with the lowly-de-
formed symmetric mass split and the asymmetric
mass split are very close such that the added 6
MeV in '"Fm(n, f) is sufficient to change the rela-
tive stability of the two shell structures and to give
rise to the single-humped mass distribution as-
sociated with T« —220 MeV,
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