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Degrees of deformation at scission and correlated fission properties of atomic nuclei
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~Received 28 January 2000; published 20 June 2000!

The degrees of the deformation of atomic nuclei at scission configurations of the mass-symmetric and
mass-asymmetric fission modes are studied. Theb shape elongation of the fissioning nucleus, associated with
the asymmetric fission is found to be constant forAf5213– 260, while that associated with the symmetric
fission is larger but also constant for a wide range of fissioning nuclei (Af5205– 260) except for the low-
energy induced and spontaneous fission of heavy nuclei withAf5245– 262 where a change of the nucleon
number by one unit is found to cause a very rapid change inb. A systematic correlation between the scission
deformation and the fission properties such as the mass-yield distribution and the TKE are found. The con-
stancy of theb gives rise to new formulas of TKEsym50.11733(Zf

2/Af
1/3)17.5 MeV for symmetric fission,

and of TKEasym50.12173(Zf
2/Af

1/3)13.5 MeV for asymmetric fission. The physical origin of the well-known
simple linear function for the TKE released in the fission process is found to be the invariance of the degrees
of the elongation of scissioning nuclei. The mass dispersion of fission products was found to have a direct
correlation with theb value; asb becomes larger, the width of the mass yield distribution becomes wider. Our
understanding of the spontaneous fission properties of heavy nuclides in the258Fm region is presented. In this
region, two different scission configurations, one givingb;1.53 which is the characteristic value for the
asymmetric deformation and the other givingb;1.33 which is for the symmetric deformation, are found.

PACS number~s!: 24.75.1i, 25.70.Jj, 25.85.Ca, 27.90.1b
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I. INTRODUCTION

Fission study is of significant physical interest becaus
represents a large scale rearrangement process of num
nucleons. The most fundamental observable fission pro
ties are the mass yield distribution and the total kinetic
ergy distribution of fission products. For the mass yield d
tribution, a systematic change in the shape from
symmetric one in the lead-bismuth region to a triple-hump
shape in the actinium-radium region, and then to a dou
humped one in the thorium and heavier elements is kno
@1,2#. For the average total kinetic energy~TKE!, a simple
dependence on the nuclear parameter,Zf

2/Af
1/3, is empirically

known @3#. The formation mechanism of those observ
mass yield curves, and the physical origin of the simple
ear TKE function in such a complicated process as fiss
still remain as unsolved puzzles today, more than 60 ye
after the discovery of fission.

The experimental observations related with the entra
channels of fission such as fission isomers@4# and interme-
diate structure in fission resonances@5# have been theoreti
cally elucidated by the existence of a double humped po
tial barrier@6#. The observed fission barrier heights were a
theoretically understood by lowering of the saddle hei
with an inclusion of the reflection asymmetric degree of fre
dom in the potential energy calculation@7# which also helped
understand the mass-asymmetric fission. Nevertheless
are still far from a satisfactory understanding of the ex
channel properties of fission which are closely related w
the observed mass yield and TKE distributions.

In the present work, the deformation properties of t
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scissioning nucleus in mass-symmetric and mass-asymm
processes have been investigated by a systematic analys
observed TKE values for 47 fissioning systems. As a re
of such a systematic study, invariance of the scission de
mation is found and presented in Sec. II. The empirical f
mulas for the total kinetic energy that will replace the TK
systematics of Violaet al. @8# have been derived from th
constantb-value ~scission deformation!, which are given in
Sec. III. Section IV presents the results for the correlat
between theb and the FWHM~full width at the half maxi-
mum! of the mass yield curve. These findings help und
stand not only the formation mechanism of the fission ma
yield distribution but also the drastic changes in fissi
properties of very heavy element nuclides observed in nu
around258Fm @9–14#, as discussed in Sec. V. It is to be note
that some results in Sec. II have been partly published in R
@15#.

II. DEGREES OF DEFORMATION AT SCISSION

A. Definition of shape elongation

As a first order approximation, the distance between
charge centers of two touching nuclei (Z1 ,A1) and (Z2 ,A2)
at scission can be estimated from the total kinetic energ
TKE(A1 ,A2), released in a mass split producingA1 andA2
fragments. The TKE(A1 ,A2) value is considered to be th
sum of the Coulomb interaction energy between the t
separating fragments at scission, the nuclear attractive f
present between the touching fragments, and the pre-scis
kinetic energy arising from the collective motion from sadd
to scission. It has been pointed out that the nuclear attrac
force and pre-scission kinetic energies are nearly canc
near scission@16#, and, thus, the measurable value of t
TKE(A1 ,A2) is approximately equal to the Coulomb repu
©2000 The American Physical Society12-1
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sion energy. Recently, a dynamical calculation using
two-dimensional Langevin equation under the assumptio
one-body dissipation, showed that the pre-scission kin
energy was about 7 MeV irrespective of the mass of
fissioning nuclide and excitation energy@17#. It amounts to
approximately 3–5 % of the total kinetic energy for fissio
ing systems studied in this work. Accordingly, the distan
between the two charge centers of two fragment nucle
scission can be estimated from the following equation:

D~A1 ,A2!5Z13Z23e2/TKE~A1 ,A2!, ~2.1!

whereD(A1 ,A2) is the distance between the two charge c
ters of the nascent fragments. In order to allow a compari
of the degree of scission deformation among various fiss
ing nuclei, a shape elongation,b, is defined as

b5D~A1 ,A2!/D0~A1 ,A2!, ~2.2!

whereD0(A1 ,A2) is the distance between the charge cent
of two touching spherical fragments for which the radius
given byR51.173Ai

1/3 ( i 51,2) fm. The quantityb, hence,
is a measure of the degree of deformation for the fission
nucleus at scission, namely, a parameter that shows
amount of deviation from the two spheres.

For evaluatingb from the experimentally observed TK
for the mass split producing fragmentsA1 andA2 , the aver-
age chargesZ1 andZ2 of the two fragments are needed. It
known from the past experience that the ECD~equal charge
displacement! model works well for estimating the mos
probable charge in low energy fission, but for higher ene
fission the UCD ~unchanged charge distribution! model
works better@2#. For low-energy, light-particles, such as ne
tron and proton induced fission, there are a number of
perimental data@18–21# and also some elaborate empiric
equations proposed@22# for the most probable charge. It ha
been indicated that the difference inb values derived by the
UCD and the experimentally measured charges is at the l
est ;1% of the absoluteb values @15#. In the following,
shape elongations for scissioning nuclei of 47 fission syst
with the excitation energy from 0 to more than 100 MeV a
hence evaluated using theZ values expected from the UCD
model.

B. Shape elongations as a function of the fragment mass

The b values for the low-energy~;15 MeV! proton in-
duced fission of the226Ra, 232Th, 238U, 244Pu, and248Cm as
a function of the primary fragment mass number have b
given in the previous paper@15#. The results indicated tha
the b values for scission configurations leading to the pro
ucts in the symmetric mass division region remain cons
with the mass split. Theb values for the asymmetric mas
division are slightly fragment mass dependent going fr
b51.55 at A5160 to the minimum of 1.52 atA5134.
Those observations are for nuclei fissioning both symme
cally and asymmetrically with comparable occurrence, a
producing a fragment mass-yield curve with a doub
humped shape. The results for nuclei fissioning symme
cally and producing a broad symmetric mass-yield cu
01461
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with a single peak centered atAf /2 are given in Fig. 1. These
b values obtained from the analysis of the experimen
TKE(A1 ,A2) data in literature@23–25,27,28# are for the
high-energyp, 3He, 4He, and heavy-ion induced fission
They are plotted as a function of the mass ratio~volume
ratio! of the pair fragments,A1 /A2 . The constancy of theb
value for the scission configuration leading to the symme
mass division mode is better seen. The values indeed
constant at 1.60 for a wide range ofA1 /A2 in the symmetric
fission of nuclei withZ,84. In the heavy-ion induced fissio
of heavier nuclei, it is 1.65 at symmetry and slightly d
creases to 1.60 atA1 /A2.1.5. The difference of 0.05
amounts to only 3% of theb value of 1.65.

C. Elongations of scission shapes for asymmetric
and symmetric fission

Theb values for the scission configurations leading to t
asymmetric mass division that produce the heavier fragm
mass ofAH5140 are plotted in Fig. 2versusthe mass num-
ber of the fissioning nucleusAf ~hereafter referred to a
basym!. The reason for choosing this mass as the represe

FIG. 1. The shape elongation of the scissioning nucleus lead
to each mass split is plotted as a function of the ratio of nucl
volumes of pair fragments,A1 /A2 . The results are for the high
energyp, 3He, 4He and heavy-ion induced fission of various nuc
producing broad symmetric mass-yield curves of a single peak
2-2
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FIG. 2. Shape elongations of scissioning nuclei for the asymmetric mass split are plotted as a function of the fissioning massAf . Each
data point is indicated by the name of the fissioning nucleus. Solid circles are results corresponding to the induced fission w
triangles for spontaneous fission. Open circles are those corresponding to the low-TKE component observed in thebimodal fissionprocess
of heavy actinides.
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tive one for the asymmetric fission is that~1! AH5140 is
mostly at the peak of the heavier asymmetric mass y
distribution,~2! it is the mean mass of the heavier asymm
ric mass yield curve in most cases, and~3! the results in Ref.
@15# indicate that a choice of other mass numbers am
asymmetric fission products does not essentially alter
basym in Fig. 2. The data of filled points are for low-energ
particle-induced fission while open triangles are for spon
neous fission. They were obtained via the analysis of
experimental TKE(A1 ,A2) data in Refs.@1,25,26,29–50#.
Open circles are those for the low-TKE components repo
for the bimodal fissionin the 258Fm region @12#. As seen
from the figure, thebasym values are surprisingly similar fo
both particle-induced and spontaneous fission of all fiss
ing nuclei, indicating that the degree of deformation at sc
ion for the asymmetric mass division is independent of
excitation energy of the fissioning nucleus. The standard
viation of all data points in Fig. 2 is 0.02 which is comp
rable to the range of the variation ofbasym values for differ-
ent mass splits fromA5132 to 160 in Ref.@15#. The average
basym value for the asymmetric mode can be hence sum
rized as 1.5360.02. It is also interesting to note that th
lower TKE component reported for thebimodal fissiongives
the b value of about 1.53~open circles!. This agreement of
the b value strongly suggests that the ordinary asymme
fission is competing with the strong shell-affected symme
fission in the258Fm region, as suggested in the theoreti
work by Ćwiok et al. @51#. Further discussion on this point i
given in Sec. V.
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In Fig. 3, theb values evaluated for the symmetric fissio
process in 47 fissioning nuclei from205Bi to 262Rf are plotted
as a function of the mass number of fissioning nuclides,Af

~hereafter referred to asbsym!. It was evaluated from the
TKE(A1 ,A2) of the pure symmetric mass split producin
fragments ofA15A25Af /2. Solid points are for low-energy
fission (EX,30 MeV), open circles for high-energy fissio
(EX.65 MeV), open triangles for spontaneous fission a
open squares are for the high-TKE component reported
bimodal fission. The following observations can be summ
rized from the figure.~1! The bsym value is constant and
about 1.65 throughout the whole region of the fissioning n
clei from Af5205 to 245 beyond which it gradually becom
smaller in the spontaneous fission toward the value of 1
that corresponds to the abnormally high TKE release
served in the spontaneous fission of very heavy nuclide
the 258Fm region. Therefore, two extreme types of the sha
elongation exist in the mass-symmetric fission mode. T
one is for the low-energy fission in the region from prea
tinide up to the actinide untilAf;245 ~shown by solid
circles! and for high-energy fission~shown by open circles!
in a wide range ofAf , where thebsym is nearly a constant o
;1.65. The other is for the spontaneous fission in the reg
of Af;260, where thebsym again becomes nearly a consta
of a very smaller value of;1.33. The smaller elongation o
the fissioning nucleus in the very heavyAf region (Af
;260) is probably related to the effects of fragment shells
N582 and/orZ550 on the mass-symmetric deformatio
2-3
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FIG. 3. Shape elongations of scissioning nuclei that experienced mass-symmetric deformation are plotted as a function of the
massAf . Data points are labeled with the name of the fissioning nucleus. Solid circles are the results for the low energy nuEX

,30 MeV), open triangles are for spontaneous fission, open circles are those of the high excitation energy nuclei (EX.65 MeV). Open
squares show the results of the high-TKE component observed in thebimodal fissionof very heavy nuclei in the258Fm region.
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motion. ~2! In the region ofAf.245, thebsym values~open
circles! becomes;1.65 in the high energy fission observe
in heavy-ion induced reactions, probably due to washing-
of the shell structures in hot nuclei.~3! In the sameAf re-
gion, at low energy, evident difference inb values~shown
by solid circles, open triangles, and open squares! exists for
nuclides in the actinide and heavy actinide regions. This m
indicate that the nuclear properties of very heavy nuclei c
not be simply or directly extrapolated by the knowledge fro
light elements, as recently demonstrated by some related
oretical findings using dynamical calculations by the Pol
groups@52,53#.

III. NEW FORMULAS FOR PREDICTING TKE RELEASE
IN FISSION PROCESS

In the present systematic study, it is demonstrated tha
the shell-affected symmetric fission observed in the lo
energy fission of heavy nuclides withAf.245 are excluded
there are only two kinds ofb values for tearing off a big
nucleus into two smaller portions: one isb51.65 for nu-
clei in the symmetric fission mode, and the other isb
51.53 for those in the asymmetric fission mode.

As the total kinetic energy can be approximated by
Coulomb repulsion between the nascent fragments at s
ion, the TKE for the symmetric mass division is hence giv
by the following equation:

TKEsym5e23r23~Af /2!2/Dsym, ~3.1!
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wherer is the charge density of fission fragments given
the UCD assumption,r5Zf /Af . The Dsym is the distance
between the two charge centers of the nascent fragmen
scission configuration,Dsym5bsym3D0 . Then, one obtains

TKEsym5e23„83r 03~1/2!1/33bsym…
213~Zf

2/Af
1/3!.

~3.2!

With the value ofr 051.17 fm, andbsym51.65, and with
an addition of a constant termb to this equation, the above
equation is fitted to the presently determined TKE data@56#
for determining the value ofb. The TKE formula for the
symmetric fission thus derived is

TKEsym50.11733~Zf
2/Af

1/3!17.5~MeV!. ~3.3!

A comparison of the present TKE formula~indicated by a
bold line! with the available experimental data~open circles!
is given in Fig. 4, where the present formula reproduces v
well the experimental data. The TKE formula by Violaet al.
@8# and the theoretical prediction for the symmetric fission
the dynamical calculations based on the liquid drop mode
Davies, Sierk, and Nix@54,55# are also shown via a broke
and a dotted line, respectively. The results in Fig. 4 indica
that the dynamical models taking into account the surf
plus window dissipation for the time dependence of the d
tribution function in phase space of collective coordina
and momenta predicted the TKE values which were appro
mately in agreement with those given by Eq.~3.3! ~in the
2-4
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DEGREES OF DEFORMATION AT SCISSION AND . . . PHYSICAL REVIEW C62 014612
region ofZf
2/Af

1/3,1800!. In this theoretical calculation, th
pre-scission kinetic energy varies as a function of theZf

2/Af
1/3

and amounts to about 10 MeV, e.g., in the region
Zf

2/Af
1/351400, this is somewhat in contradiction to th

present assumption of the pre-scission kinetic energy b
negligible. Nevertheless, this approximate agreement
tween the solid and the dotted lines implies that the invar
value ofb51.65 is mainly a consequence of the liquid-dro
like property of the atomic nucleus. It is worthy, however,
note that as demonstrated in Fig. 3, the symmetric fiss
observed in the spontaneous fission of heavy actinides
transactinides is strongly affected by the fragment shells,
more experimental data are needed for further systematic
derstanding.

For the total kinetic energy released in the asymme
fission process, the TKE expression corresponding to
~3.2! becomes more complicated,

TKE5„e231403~Af2140!3~Zf /Af !
2
…

3„basym3r 03@1401/31~Af2140!1/3#…21.

~3.4!

With two approximations of „1401/31(Af2140)1/3
…

.1.5873Af
1/3 and„1403(Af2140)/Af

2
….0.24 for the range

of Af5225– 260~error introduced by this approximation
at most;4%!, it becomes a simple formula as

TKEasym50.18613basym
21 3~Zf

2/Af
1/3!. ~3.5!

With the asymmetric shape elongationbasym of 1.53 the
coefficient becomes 0.1217 for this function. Then, with
addition of a constant term the linear function is fitted to t

FIG. 4. The solid line shows the results of the new TKE formu
for the symmetric fission mode. Circles are experimental TKE d
The broken line is from the systematics of Violaet al. Theoretical
results of the dynamical calculation based on liquid drop mode
taking into account the surface-plus-window dissipation by N
Davies, and Sierk are indicated by the dotted line.
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experimental TKE data reported in literature and to tho
recently determined using a double velocity TOF meth
@56# and the following TKE function for the asymmetric fis
sion mode is derived:

TKEasym50.12173~Zf
2/Af

1/3!13.5~MeV!. ~3.6!

The experimental data for the asymmetric fission are p
ted in Fig. 5 and compared with the new TKE formula. T
data shown by solid circles are from our experiment@56#,
while the data shown by solid square are taken from R
@11#. The dashed line is the one proposed by Uniket al. @48#,
the thin line represents the TKE formula of Violaet al. The
new TKE formula is indicated by a bold line which repro
duces the experimental data well.

It was pointed out already in early 1960s@3# that the
average total kinetic energies observed in various fission
tems approximately fall on a straight line if they were plott
as a function of (Zf

2/Af
1/3). The equation of the straight line

that fits best to the existing TKE data has been chan
several times as the dimension of nuclear fission studies
veloped in the directions ofAf , excitation energy and angu
lar momentum. The most recent TKE formula presented
Viola et al. @8# is

TKE50.11893~Zf
2/Af

1/3!17.3~MeV!. ~3.7!

From a comparison with the presently derived TKE fo
mulas ~3.3! and ~3.6!, one sees that the TKE function pro
posed by Violaet al. is in between the present two formula
for the symmetric and asymmetric fission, but closer to
one for the symmetric. It is known that the TKE formu
proposed by Violaet al. works very well and has been use
by both theorists and experimentalists for several deca
But it was obtained from a free fit to the experimental da

a.

y
,

FIG. 5. The bold line shows the results of the TKE formula f
the asymmetric fission. Solid squares are the experimental T
data which are taken from Ref.@11# but modified to study the re-
sults of the asymmetric fission process. Solid circles are res
from the low-energy proton-induced fission as indicated in the
ure. The result of Violaet al. is indicated by a thin line and that o
Unik et al. by a broken line.
2-5
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which led to some necessary modification of the form
when more experimental data became available. The dif
ence between the previously existing TKE formula and
present new TKE formulas is that, the latter are derived fr
a certain physical quantity~b!, hence not modifiable unles
some new type of the scission deformation is observed.
nally, it is worth pointing out again that the simple line
expression of the average TKE as a function ofZf

2/Af
1/3 es-

sentially reflects the invariance of the shape elongation of
fissioning nuclei at scission.

Since the values of the deformation parameters fixed
Eqs. ~3.6! and ~3.3! were obtained in Sec. II under the a
sumption of a negligible pre-scission kinetic energy, one
pects a near zero value of the constant term from the fits
shown in Figs. 2 and 3, the error of theb value is about 2%,
which can be a reason for the appearance of this cons
term. For the TKEasym of Eq. ~3.6!, the constant term of 3.5
MeV is within the magnitude of the error. For TKEsym of Eq.
~3.3!, it becomes a bit larger. It is caused in part by t
following reasons. The value ofbsym51.65 was obtained for
the fission of atomic nuclei with the mass number heav
than 205~see Fig. 3!. For the fission of the nucleus lighte
than 200~until Af;100!, the averagebsym value becomes a
constant of 1.60~the reason for this slight decrease is n
clear!. Using thebsym51.65 to fit all available fission TKE
data~including the lighterAf region of Fig. 4! hence leads to
a larger additional term for Eq.~3.3!. For this reason, the
solid line in the heavierAf region of Fig. 4 becomes slightly
larger than the observed data points.

IV. CORRELATION BETWEEN SCISSION
DEFORMATION AND WIDTH OF MASS-YIELD

DISTRIBUTION

It is conceivable that the width of the mass-yield distrib
tion is related with the total kinetic energy as pointed out
Brosa et al. @57#. The lower total kinetic energy means
larger elongation of the nuclear shape at scission and
allows the larger chance of fluctuation of mass between
two separating fragments.

The results of the present work have demonstrated
the shape elongation is an effective parameter for compa
the degrees of deformation at scission of various fission
nuclei. Thus, a further attempt was made to study the co
lation between the FWHMs~full width at half maximum! of
the mass yield curves and theb values of fissioning nuclei
The results are shown in Fig. 6 for the FWHM observed
the symmetric mass distribution plotted as a function of
bsym value. The solid circles are for spontaneous fissio
reported for heavy nuclides in the258Fm region and open
triangles are for the low-energy (Ep;13 MeV) proton in-
duced fission reported for the Ra-Ac nuclides@26# and those
from the present work@56,58#. In the figure, the range of th
FWHM for the asymmetric mass yield peaks observed in
low-energy fission of light actinides is also indicated by
shaded bar atb51.53. The figure explicitly shows the pre
ence of a strong correlation between the FWHMs and
degree of the deformation of the scissioning nuclei. Wheb
is ;1.33, the FWHM of the fragment mass-yield distributio
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becomes;10 u, but as the scissioning nucleus is more elo
gated tob;1.65, the FWHM, is broadened to;25 u. The
two data points with FWHMs;35 u are for the fission of
256Rf and 258Rf, whose mass-yield distributions are som
what asymmetrically double humped@59#, whereas others
are obtained from the apparently symmetric mass-yield
tributions.

V. SCISSION SHAPE ELONGATION IN THE FISSION
OF HEAVY NUCLIDES

As pointed out in Sec. II C and depicted in Fig. 3, th
degree of the scission shape elongationbsym starts decreas
ing as the fissioning mass becomes larger thanAf5245 from
the value of about 1.65 observed in the symmetric fission
the lighter nuclides and in the fission of highly excited n
clides. Such deviations are more systematically plotted
Fig. 7 as a function of the neutron and proton number of
fissioning nuclide. The figure shows that the deviations
observed even for Am nuclides (Z595) and it becomes con
spicuous forZ;99 andN;156. It is to be noted that suc
deviations are the same in the fission of256Fm and 258Fm
regardless of whether it is induced by neutron absorption
spontaneous decay as learned from the results of the fis
of 256Fm @48,49# and 258Fm @10,30#.

These systematic variations ofbsym as a function ofZ and
N of the fissioning nuclide indicate that the extremely hi
TKE observed in the so-calledbimodal fission, e.g., of258Fm
@12–14#, and the sudden variation of the mass yield curve
the symmetric narrow shape as summarized by Hoffm
et al. and depicted in Fig. 8 are certainly related to the sh
effects of either the fragment spherical shells and/or the n
tron and proton shell effects of the fissioning nuclide.

As pointed out in Sec. II C, the lower average TKE o

FIG. 6. Correlation between thebsym values and the FWHMs of
the symmetric mass-yield distributions of fission fragments. So
circles are for spontaneous fission and open triangles for the
energy proton-induced fission. The shaded bar indicates the v
tion of the asymmetric shape elongations and corresponding as
metric FWHMs the average value of the asymmetric FWHMs
most of the asymmetric fission is indicated by a solid square in
shaded bar.
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served in thebimodal fissionof nuclei around258Fm gives
the b value of 1.53 which is the value observed in all t
asymmetrically divided fission events. This agreement of
b value strongly suggests the presence of the asymm
fission in the bimodal process. This inference is supported
the theoretical study by C´ wiok et al. @51#. According to their
dynamical calculation of fission paths in multidimension
potential surface for258Fm, two main paths are present aft
passing through a single barrier~no second hump of the bar
rier!; one proceeds to a symmetric valley with a more co
pact shape of the scissioning nucleus and the other to a m
reflection-asymmetric valley with a more elongated shap
scission. Their calculation beautifully explains the observ
data in the spontaneous fission of258Fm in which two types
of fission events are present with comparable yields:
one taking the trajectory through the symmetric fission v
ley and ending with a compact scission configuration~a
smallbsym!, and the other going through the asymmetric fi
sion valley and ending with a more elongated scission sh
of bsym51.53. They performed similar calculation for th
fission of 254Fm and also found two paths with differen
thickness of the second barrier; the path leading to the s
metric fission valley has a thicker barrier to penetr
through and reaches the scission with less compact s
compared to the one in258Fm, and the other leading to
reflection-asymmetric fission valley has a thinner barrier a
ends with an elongated scission shape. Their result for254Fm
is in conformity with the experimental observations whi
give a double-humped asymmetric mass yield curve for
spontaneous fission of254Fm. In their calculations, deforma

FIG. 7. The degrees of the scission deformation for symme
fission bsym of heavy nuclei (Z.95) plotted as a function of the
number of neutrons and protons of the fissioning system. The
ferent symbol is used for the different fissioning nucleus as sho
in the figure. The symmetric shape elongationbsym studied here are
for spontaneous fission except forZ595 and 96 which are for low-
energy proton induced fission. The lines connecting the data po
are drawn for guiding the eyes, while a solid line is drawn atb
51.53 which represents the scission deformation for the asymm
ric fission path.
01461
e
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pe
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e
pe

d

e

tion parameters for the multipolarities ofl53,5,6 were fixed
for the minimum potential energies, but recent calculatio
by Möller and Iwamoto@60# show the presence of a differen
saddle for each deformation path to the reflection-symme
and to the asymmetric fission valley with similar predictio
for elongation of the scission shapes. It is interesting to n
that, according to their theoretical calculation, the relat
height of the symmetric and the asymmetric barrier is
versed if the neutron number is increased by two un
namely, the saddle leading to the asymmetric valley is low
in 256Fm whereas it becomes higher than the one leadin
the symmetric valley in258Fm. Thus, their calculations als
qualitatively explain the mass yield diagram in Fig. 8@11#.
These theoretical calculations are also in conformity with
experimental results observed for neutron-induced fission
255Fm(n, f ) @49# and 257Fm(n, f ) @10#. In the former, a
broad symmetric mass yield curve is observed while in
latter, the contribution of the asymmetric mass yields b
comes more conspicuous as shown by dotted lines in Fi
~the dotted lines for the neutron-induced fissions are inse
in the present work to the original figure reported in R
@11#!.

From comparison between the two figures, Fig. 7 for
bsym and Fig. 8 for mass yield curves, the following rema
can be made. As the barrier penetration phenomena in s
taneous fission are so sensitively dependent on the heigh
shape of the fission barriers, the effects of nuclear shells
drastically demonstrated in the observed mass yield cur
they are changed from the ordinary double humped one

ic

if-
n

ts

t-

FIG. 8. Schematic representation of all known mass-yield d
tributions for spontaneous fission of trans-Bk isotopes. It is fr
Ref. @11# except for the dashed curves added in this work
neutron-induced fission.
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single narrow one by an addition of one neutron to the
sioning nucleus. On the other hand, the shell effects on
scission shape in the symmetric fission valley are gradu
manifested as a function ofN andZ of the fissioning nucleus
It is interesting to note, however, that such shell effects
not manifested in the fission events that have gone thro
the deformation path in the asymmetric fission valley.

It is also worthy to point out that in the fission ofAf
;280, the two fission valleys, the symmetric and asymm
ric, may merge into one, due to the mass symmetry lead
to fragmentsA;140 which is affected by the deforme
shells as observed in the ordinary asymmetric fission@16#.
Consequently, fission events resulting from the symme
and asymmetric valleys may not allow to be disentangl
and the concept of the fission path in this region may nee
be modified.

VI. SUMMARY

Degrees of the deformation of the atomic nucleus at sc
ion were estimated from the experimental total kinetic en
gies in terms of shape elongationb for a wide range of
fissioning nuclides ofAf5205– 262 withZf583– 104.

The results indicate that theb value is nearly constan
throughout the whole region of the fissioning nuclides with
each fission mode of the mass asymmetry and the mass
metry except for the low-energy symmetric fission in t
region of the nuclidesAf>245 where the symmetric fissio
process may be affected by the shell structures of the pro
nuclei. We may define the asymmetric and symmetric fiss
process as the fission deformation process that proc
through the reflection-asymmetric and the reflectio
symmetric fission valley, respectively. Theb values are
1.5360.02 for the asymmetric deformation and 1.6560.03
for the ordinary symmetric deformation. But for the low
energy symmetric fission in heavy nuclides withAf>245,
the b values are critically dependent on the nucleonic str
tures of the fissioning system.

Based on the constantb value, the new empirical equa
tions were derived for the TKE release in fission proce
ts

.

ht
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They are TKEsym50.11733Zf
2/Af

1/317.5 MeV, for the sym-
metric fission and TKEasym50.12173Zf

2/Af
1/313.5 MeV for

the asymmetric fission. The physical origin of the simp
linear expression for the TKE release is found to be the
variance of the shape elongation of fissioning nuclei at sc
ion.

Correlations between the degree of scission deforma
and the mass width~FWHM! of fission products were found
the large shape elongation of the fissioning nucleus refl
the large variation in the shape of the mass yield curve
the symmetric fission. This will help us understand the m
division phenomena of the nucleus and the formation mec
nism of the mass-yield distribution.

Some knowledge that can help us understand the sud
changes in SF properties of heavy elements are learned
the present work. The lower TKE component observed in
of heavy nuclei around Fm was found to exhibit the sciss
configuration ofb51.53 which is the elongation observe
for the asymmetric deformation path. This may imply tha
fission path with a reflection-asymmetric fission valley exi
in the bimodal fissionof heavy nuclides. The shape elong
tion of the symmetric scission configuration of heavy n
clides is dependent on theZ andN of the fissioning nuclide,
and it gradually becomes smaller beyondAf;245 and
reaches the minimum value ofb51.33 at N;160. These
observations are supported by the recent theoretical calc
tions @51,60–62#.
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