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Degrees of deformation at scission and correlated fission properties of atomic nuclei
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The degrees of the deformation of atomic nuclei at scission configurations of the mass-symmetric and
mass-asymmetric fission modes are studied. Blsbape elongation of the fissioning nucleus, associated with
the asymmetric fission is found to be constant Agre=213-260, while that associated with the symmetric
fission is larger but also constant for a wide range of fissioning nuéle 205—260) except for the low-
energy induced and spontaneous fission of heavy nuclei Aith245—262 where a change of the nucleon
number by one unit is found to cause a very rapid changg i 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 thes gives rise to new formulas of TKE,=0.1173<(Z#/A{®) +7.5MeV for symmetric fission,
and of TKEg,,=0.1217% (ZZ/A{"®) + 3.5 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 theg value; asB becomes larger, the width of the mass yield distribution becomes wider. Our
understanding of the spontaneous fission properties of heavy nuclides?tifheregion is presented. In this
region, two different scission configurations, one gividg-1.53 which is the characteristic value for the
asymmetric deformation and the other giviBg-1.33 which is for the symmetric deformation, are found.

PACS numbe(s): 24.75+i, 25.70.Jj, 25.85.Ca, 27.96b

[. INTRODUCTION scissioning nucleus in mass-symmetric and mass-asymmetric
processes have been investigated by a systematic analysis of
Fission study is of significant physical interest because ipbserved TKE values for 47 fissioning systems. As a result
represents a large scale rearrangement process of numera@fssuch a systematic study, invariance of the scission defor-
nucleons. The most fundamental observable fission propemation is found and presented in Sec. Il. The empirical for-
ties are the mass yield distribution and the total kinetic ensmulas for the total kinetic energy that will replace the TKE
ergy distribution of fission products. For the mass yield dis-systematics of Violeet al. [8] have been derived from the
tribution, a systematic change in the shape from theconstants-value (scission deformation which are given in
symmetric one in the lead-bismuth region to a triple-humpedsec. lll. Section IV presents the results for the correlation
shape in the actinium-radium region, and then to a doublebetween the3 and the FWHM(full width at the half maxi-
humped one in the thorium and heavier elements is knowmum) of the mass yield curve. These findings help under-
[1,2]. For the average total kinetic ener¢yKE), a simple  stand not only the formation mechanism of the fission mass-
dependence on the nuclear paramet@tAi”, is empirically ~ yield distribution but also the drastic changes in fission
known [3]. The formation mechanism of those observedproperties of very heavy element nuclides observed in nuclei
mass vield curves, and the physical origin of the simple lin-around®*®m[9-14], as discussed in Sec. V. Itis to be noted
ear TKE function in such a complicated process as fissiofhat some results in Sec. Il have been partly published in Ref.
still remain as unsolved puzzles today, more than 60 yearsL5]-
after the discovery of fission.
The experimental observations related with the entrance  1l. DEGREES OF DEFORMATION AT SCISSION
channels of fission such as fission isomgtsand interme-
diate structure in fission resonandé&g have been theoreti-
cally elucidated by the existence of a double humped poten- As a first order approximation, the distance between the
tial barrier[6]. The observed fission barrier heights were alsocharge centers of two touching nuclei;(A;) and Z,,A,)
theoretically understood by lowering of the saddle heightat scission can be estimated from the total kinetic energies,
with an inclusion of the reflection asymmetric degree of free-TKE(A,A,), released in a mass split produciAg and A,
dom in the potential energy calculatipi] which also helped fragments. The TKE4;,A,) value is considered to be the
understand the mass-asymmetric fission. Nevertheless, veeim of the Coulomb interaction energy between the two
are still far from a satisfactory understanding of the exit-separating fragments at scission, the nuclear attractive force
channel properties of fission which are closely related withpresent between the touching fragments, and the pre-scission
the observed mass yield and TKE distributions. kinetic energy arising from the collective motion from saddle
In the present work, the deformation properties of theto scission. It has been pointed out that the nuclear attractive
force and pre-scission kinetic energies are nearly canceled
near scissiof16], and, thus, the measurable value of the
*Electronic address: zhao-yuliang@c.metro-u.ac.jp TKE(A{,A,) is approximately equal to the Coulomb repul-

A. Definition of shape elongation
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sion energy. Recently, a dynamical calculation using the 2———1———+——r— 2 T

—
two-dimensional Langevin equation under the assumption of '8 0s 1 18t O ]
one-body dissipation, showed that the pre-scission kinetic, C®eeeceseeee s o 1 _16[8ee%%%esees,q,,,
energy was about 7 MeV irrespective of the mass of the ™¢ = 1 e . 7
fissioning nuclide and excitation enerf7]. It amounts to 12| "0+ B E(MO)=tesMeV § 1.2 FTO+TAY, E(TO}=128 MeV 4
approximately 3—5 % of the total kinetic energy for fission- 2 e 2 P

1.8 'QBHg 3 18 Ac 4

ing systems studied in this work. Accordingly, the distance
between the two charge centers of two fragment nuclei atul'
scission can be estimated from the following equation: '
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whereD(A1,A,) is the distance between the two charge cen-.. :4 ] = F

ters of the nascent fragments. In order to allow a comparisor 1‘2 [ p+*""Pb, E =29.6 MeV E :: 3 Hes®2Th, ECHe)=60 MeV E
of the degree of scission deformation among various fission- ~ F E N3 E
ing nuclei, a shape elongatiop, is defined as
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whereDy(A1,A) is the distance between the charge centers  ,F ~ ° N

of two touching spherical fragments for which the radius is gt 20po (1) 3 18f ey

; 13 ; “F E | E
given byR=1.17< A" (i=1,2) fm. The guantlt)ﬁ, he_nc_e, _ 1.6¢0000000000¢ e o 3 ¥ *00000ce,
is a measure of the degree of deformation for the fissioning™ 14} E 14F E
nucleus at scission, namely, a parameter that shows thi 1o @Pb E=448Mev 3 45} °0+*%Th, E("°0)=128 MeV
amount of deviation from the two spheres. 2 b L) P I AT T

For evaluatingB from the experimentally observed TKE 18F 200y, 3 18L  BEg ]

for the mass split producing fragmemts andA,, the aver- 16 /sees0000e4e,,4, 1 _1egreeeeetescscecea,,,
age chargeg,; andZ, of the two fragments are needed. Itis 14F 3 Rl . E(Ne)=154 MoV
known from the past experience that the E@idual charge 12 C+¥Au, E(FO)=07Mev 12 ]
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displacement model works well for estimating the most T e 1 e VR TRr
probable charge in low energy fission, but for higher energy A /A, AJA,

fission the UCD (unchanged charge distributiprmodel
works bettef2]. For low-energy, light-particles, such as neu-  FIG. 1. The shape elongation of the scissioning nucleus leading
tron and proton induced fission, there are a number of exto each mass split is plotted as a function of the ratio of nuclear
perimental datd18—-21] and also some elaborate empirical volumes of pair fragmentsh, /A,. The results are for the high-
equations proposd@2] for the most probable charge. It has €Nergyp, ®He, *He and hequ-ion inc]uced fission of vgrious nuclei
been indicated that the difference fivalues derived by the producing broad symmetric mass-yield curves of a single peak.
UCD and the experimentally measured charges is at the larg-
est ~1% of the absolute3 values[15]. In the following, with a single peak centered At/2 are given in Fig. 1. These
shape elongations for scissioning nuclei of 47 fission systemg values obtained from the analysis of the experimental
with the excitation energy from O to more than 100 MeV areTKE(A;,A,) data in literature[23-25,27,28 are for the
hence evaluated using tiZevalues expected from the UCD high-energyp, *He, “He, and heavy-ion induced fissions.
model. They are plotted as a function of the mass rdtiolume
ratio) of the pair fragmentsi; /A,. The constancy of thg
B. Shape elongations as a function of the fragment mass value for the scission configuration leading to the symmetric
. mass division mode is better seen. The values indeed stay
The jg values forzthe Ig‘g’v'en%ggng’ MeV) proton In- constant at 1.60 for a wide range Af /A, in the symmetric
duced flssmn of thé. Ra, 2Th, ), 24Py, and***Cm as fission of nuclei withZ<84. In the heavy-ion induced fission
a function of the primary fragment mass number have beeps paavier nuclei. it is 1.65 at symmetry and slightly de-
given in the previous papétlS_]. The_ results !ndlcated that creases to 1.60 aA;/A,>1.5. The difference of 0.05
the B_values for scission conflggratlons I_eadlng to_ the pmd'amounts to only 3% of th@ value of 1.65.
ucts in the symmetric mass division region remain constant

with the mass split. Thg8 values for the asymmetric mass
division are slightly fragment mass dependent going from
B=155 at A=160 to the minimum of 1.52 aA=134.
Those observations are for nuclei fissioning both symmetri- The B values for the scission configurations leading to the
cally and asymmetrically with comparable occurrence, andsymmetric mass division that produce the heavier fragment
producing a fragment mass-yield curve with a double-mass ofA, =140 are plotted in Fig. 2ersusthe mass num-
humped shape. The results for nuclei fissioning symmetriber of the fissioning nucleug; (hereafter referred to as
cally and producing a broad symmetric mass-yield curveB.sm. The reason for choosing this mass as the representa-

C. Elongations of scission shapes for asymmetric
and symmetric fission
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FIG. 2. Shape elongations of scissioning nuclei for the asymmetric mass split are plotted as a function of the fissioning Feds
data point is indicated by the name of the fissioning nucleus. Solid circles are results corresponding to the induced fission while open
triangles for spontaneous fission. Open circles are those corresponding to the low-TKE component observgichod#idissiomprocess
of heavy actinides.

tive one for the asymmetric fission is thél) Ay=140 is In Fig. 3, theB values evaluated for the symmetric fission
mostly at the peak of the heavier asymmetric mass yielgprocess in 47 fissioning nuclei frofi™Bi to 26Rf are plotted
distribution, (2) it is the mean mass of the heavier asymmet-as a function of the mass number of fissioning nuclidgs,
ric mass yield curve in most cases, a8dthe results in Ref.  (hereafter referred to ags,,). It was evaluated from the
[15] indicate that a choice of other mass numbers amongKg(A,,A,) of the pure symmetric mass split producing
asymmetric fission products does not essentially alter thﬁagments ofA; = A,=A/2. Solid points are for low-energy
Basymin Fig. 2. The data of filled points are for low-energy fission £, <30 MeV), open circles for high-energy fission
partlcle-_lnd_uced fission while open trla_mgles are for_ sponta E,>65MeV), open triangles for spontaneous fission and
neous fission. They were obtal.ned via the analysis of th pen squares are for the high-TKE component reported for
experimental TKEQ;,A;) data in Refs.[1,25,26,29-50 bimodal fissionThe following observations can be summa-
Open circles are those for the low-TKE components reporterized from the figure.(1) The By, value is constant and
for the bimodal fissionin the **¥m region[12]. As seen about 1.65 throughou.t the Wholzyrpegion of the fissioning nu
from the fi , th I isingly similar f . : g i
e figure, theBasm values are surprisingly similar for clei from A;= 205 to 245 beyond which it gradually becomes

both particle-induced and spontaneous fission of all fission ller in th . d th |
ing nuclei, indicating that the degree of deformation at scissSMaller in the spontaneous fission toward the value of 1.33

ion for the asymmetric mass division is independent of thdhat corresponds to the abnormally high TKE release ob-
excitation energy of the fissioning nucleus. The standard de3€rved in the spontaneous fission of very heavy nuclides in
viation of all data points in Fig. 2 is 0.02 which is compa- the ***m region. Therefore, two extreme types of the shape
rable to the range of the variation Bk, values for differ- elongation exist in the mass-symmetric fission mode. The
ent mass splits from= 132 to 160 in Ref[15]. The average ©ne is for the low-energy fission in the region from preac-
Basym Value for the asymmetric mode can be hence summatinide up to the actinide untiA;~245 (shown by solid
rized as 1.530.02. It is also interesting to note that the circles and for high-energy fissiofshown by open circlgs
lower TKE component reported for theémodal fissiorgives  in a wide range of\;, where theBs, is nearly a constant of
the B value of about 1.53open circles This agreement of ~1.65. The other is for the spontaneous fission in the region
the B8 value strongly suggests that the ordinary asymmetriof A;~260, where theg,,,, again becomes nearly a constant
fission is competing with the strong shell-affected symmetricof a very smaller value of-1.33. The smaller elongation of
fission in the?>%m region, as suggested in the theoreticalthe fissioning nucleus in the very heaw; region (A;
work by Qwiok et al.[51]. Further discussion on this pointis ~260) is probably related to the effects of fragment shells of
given in Sec. V. N=82 and/orZ=50 on the mass-symmetric deformation
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FIG. 3. Shape elongations of scissioning nuclei that experienced mass-symmetric deformation are plotted as a function of the fissioning
massA; . Data points are labeled with the name of the fissioning nucleus. Solid circles are the results for the low energyEguclei (
<30MeV), open triangles are for spontaneous fission, open circles are those of the high excitation energ¥pu@giNleV). Open
squares show the results of the high-TKE component observed iirtialal fissiorof very heavy nuclei in thé>®m region.

motion. (2) In the region ofA;>245, theg,,, values(open ~ Wherep is the charge density of fission fragments given by
circles becomes~1.65 in the high energy fission observed the UCD assumptionp=Z¢/A;. The Dy, is the distance

in heavy-ion induced reactions, probably due to washing-oubetween the two charge centers of the nascent fragments at
of the shell structures in hot nucleB) In the sameA; re-  Scission configuratiorD sy ,= Bsym< Do. Then, one obtains
gion, at low energy, evident difference  values(shown

by solid circles, open triangles, and open squaesssts for
nuclides in the actinide and heavy actinide regions. This may
indicate that the nuclear properties of very heavy nuclei can With the value ofr o= 1.17 fm, andBe,,=1.65, and with

not be simply or directly extrapolated by the knowledge from ddit ¢ tant tertmto thi ton. the ab
light elements, as recently demonstrated by some related th8N addi |qnf<_) adconshan er Io dIS equa Ign'l"KEe aéove
oretical findings using dynamical calculations by the Polisheduation is fitted to the presently determine da6i
groups[52,53 for determining the value ob. The TKE formula for the

symmetric fission thus derived is

TKEgym= 62X (8X1oX (1/2) 3% Bgym) 1% (ZZIATP).
(3.2

IIl. NEW FORMULAS FOR PREDICTING TKE RELEASE
IN FISSION PROCESS

In the present systematic study, it is demonstrated that if A comparison of the present TKE formuliadicated by a
the shell-affected symmetric fission observed in the low-bold ling) with the available experimental datapen circles
energy fission of heavy nuclides witk>245 are excluded, is given in Fig. 4, where the present formula reproduces very
there are 0n|y two kinds OB values for tearing off a b|g well the eXperimental data. The TKE formula by Viaaal.
nucleus into two smaller portions: Onelﬂsz 1.65 for nu- [8] and the theoretical prediction for the Symmetl’iC fission by
clei in the symmetric fission mode, and the otherds the dynamical calculations based on the liquid drop model by
=1.53 for those in the asymmetric fission mode. Davies, Sierk, and Nix54,55 are also shown via a broken

As the total kinetic energy can be approximated by the2nd a dotted line, respectively. The results in Fig. 4 indicated
Coulomb repulsion between the nascent fragments at scis§iat the dynamical models taking into account the surface

ion, the TKE for the symmetric mass division is hence givenP!us window dissipation for the time dependence of the dis-
by the following equation: tribution function in phase space of collective coordinates

and momenta predicted the TKE values which were approxi-
mately in agreement with those given by E§.3) (in the

TKEgym=0.1173< (Z}/ A +7.5(MeV). (3.3

TKEsym= €%X p?X (A/2)%/Dgym, (3.1
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0 500 1000 1500 2000 FIG. 5. The bold line shows the results of the TKE formula for
AN the asymmetric fission. Solid squares are the experimental TKE

data which are taken from Rdfl1] but modified to study the re-
FIG. 4. The solid line shows the results of the new TKE formulasults of the asymmetric fission process. Solid circles are results
for the symmetric fission mode. Circles are experimental TKE datafrom the low-energy proton-induced fission as indicated in the fig-
The broken line is from the systematics of Viataal. Theoretical  ure. The result of Violat al. is indicated by a thin line and that of
results of the dynamical calculation based on liquid drop model byunik et al. by a broken line.
taking into account the surface-plus-window dissipation by Nix,
Davies, and Sierk are indicated by the dotted line. experimental TKE data reported in literature and to those
recently determined using a double velocity TOF method
region onleAfl’3< 1800. In this theoretical calculation, the [56] and the following TKE function for the asymmetric fis-
pre-scission kinetic energy varies as a function onf'mfm sion mode is derived:
and amounts to about 10 MeV, e.g., in the region of b 13
Z2/AY3=1400, this is somewhat in contradiction to the TKEasyn=0.1217<(Z/A;™) +3.5(MeV). (3.6
present assumption of the pre-scission kinetic energy being . o
negligible. Nevertheless, this approximate agreement be- T_he gxperlmental data for the asymmetric fission are plot-
tween the solid and the dotted lines implies that the invarianted in Fig. 5 and compared with the new TKE formula. The
value of 3=1.65 is mainly a consequence of the quuid-drop-dat_a shown by solid circles are from our experimgse],
like property of the atomic nucleus. It is worthy, however, toWhile the data shown by solid square are taken from Ref.
note that as demonstrated in Fig. 3, the symmetric fissiohl1]- The dashed line is the one proposed by Uetikal.[48],
observed in the spontaneous fission of heavy actinides arfi€ thin line represents the TKE formula of Victa al. The
transactinides is strongly affected by the fragment shells, angeW TKE formula is indicated by a bold line which repro-

more experimental data are needed for further systematic ufluces the experimental data well.
derstanding. It was pointed out already in early 19603] that the

For the total kinetic energy released in the asymmetri@Verage total kinetic energies observed in various fission sys-
fission process, the TKE expression corresponding to Ed_ems approximately fall on a straight line if they were plotted

(3.2) becomes more complicated, as a function of ZZ/A!). The equation of the straight line
that fits best to the existing TKE data has been changed
TKE=(e?X 140X (A;— 140) X (Z¢ 1 A¢)?) several times as the dimension of nuclear fission studies de-

3 A veloped in the directions dk;, excitation energy and angu-
X (Basym< 10X [ 1403+ (Ar— 140 %)) "%, lar momentum. The most recent TKE formula presented by

(3.4 Violaetal [8]is

With two approximations of (140"3+ (A;—140)3) TKE=0.1189 (Z2/AY®) +7.3(MeV). (3.7
=1.587x A}”® and (140x (A — 140)/A%)=0.24 for the range _ _ .
of A;=225-260(error introduced by this approximation is From a comparison with the presently derived TKE for-

at most~4%), it becomes a Simp|e formula as mulas (3.3) and (3.6), one sees that the TKE function pro-
posed by Violeet al.is in between the present two formulas
TKEsyni=0.1861X Bgsly,rx(Z?/Afm)_ (3.5  for the symmetric and asymmetric fission, but closer to the

one for the symmetric. It is known that the TKE formula

With the asymmetric shape elongatighs,, of 1.53 the  proposed by Violeet al. works very well and has been used
coefficient becomes 0.1217 for this function. Then, with anby both theorists and experimentalists for several decades.

addition of a constant term the linear function is fitted to theBut it was obtained from a free fit to the experimental data,
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which led to some necessary modification of the formula Yol ML I DL L L AL R
when more experimental data became available. The differ- | @  spontaneous fission f ]
ence between the previously existing TKE formula and the !
present new TKE formulas is that, the latter are derived from
a certain physical quantitys), hence not modifiable unless

1 A low energy particles b
30 H induced %ssion -1

some new type of the scission deformation is observed. Fi- = 25 | 4} .
nally, it is worth pointing out again that the simple linear ‘E’ [ § Lﬁ; 4} ]
expression of the average TKE as a functiorZéfA7" es- £ 20} § 4} .
sentially reflects the invariance of the shape elongation of the T8 [ % % § ]
fissioni i S 3 % N\ ]
issioning nuclei at scission. 15 N N

Since the values of the deformation parameters fixed in
Egs. (3.6) and (3.3) were obtained in Sec. Il under the as- 10k % g

sumption of a negligible pre-scission kinetic energy, one ex- [ ]
pects a near zero value of the constant term from the fits. As VI PR BRI EPRUTITIS EPAPET B
shown in Figs. 2 and 3, the error of tigevalue is about 2%, 1.3 1.4 1.5 1.6 1.7
which can be a reason for the appearance of this constant B (scission deformation)
term. For the TKEs,m0f Eq. (3.6), the constant term of 3.5

MeV IS within the magnltUde of the. error. For Tgﬁ“ of Eq. the symmetric mass-yield distributions of fission fragments. Solid
(3.3), it becomes a bit larger. It is caused in part by the cias are for spontaneous fission and open triangles for the low-
following reasons. The value @s,,=1.65 was obtained for ~ energy proton-induced fission. The shaded bar indicates the varia-
the fission of atomic nuclei W_'th'the mass number heavietjon of the asymmetric shape elongations and corresponding asym-
than 205(see Fig. 3 For the fission of the nucleus lighter metric FWHMs the average value of the asymmetric FWHMs for
than 200(until A;~100), the averagg,,, value becomes a most of the asymmetric fission is indicated by a solid square in the
constant of 1.6Qthe reason for this slight decrease is notshaded bar.

cleap. Using theBs,,m=1.65 to fit all available fission TKE

data(including the lighterA; region of Fig. 4 hence leads to  becomes~10 u, but as the scissioning nucleus is more elon-
a larger additional term for Eq3.3). For this reason, the gated to3~1.65, the FWHM, is broadened t625 u. The
solid line in the heavieA; region of Fig. 4 becomes slightly two data points with FWHMs~35 u are for the fission of

FIG. 6. Correlation between they,, values and the FWHMs of

larger than the observed data points. 256Rf and 2°%Rf, whose mass-yield distributions are some-
what asymmetrically double humpd®&9], whereas others
IV. CORRELATION BETWEEN SCISSION are qbtalned from the apparently symmetric mass-yield dis-
DEFORMATION AND WIDTH OF MASS-YIELD tributions.
DISTRIBUTION

) ) , i o V. SCISSION SHAPE ELONGATION IN THE FISSION
It is conceivable that the width of the mass-yield distribu- OF HEAVY NUCLIDES

tion is related with the total kinetic energy as pointed out by
Brosaet al. [57]. The lower total kinetic energy means a  As pointed out in Sec. IIC and depicted in Fig. 3, the
larger elongation of the nuclear shape at scission and thudegree of the scission shape elongatiy,, starts decreas-
allows the larger chance of fluctuation of mass between thag as the fissioning mass becomes larger than245 from
two separating fragments. the value of about 1.65 observed in the symmetric fission of
The results of the present work have demonstrated thahe lighter nuclides and in the fission of highly excited nu-
the shape elongation is an effective parameter for comparinglides. Such deviations are more systematically plotted in
the degrees of deformation at scission of various fissioningrig. 7 as a function of the neutron and proton number of the
nuclei. Thus, a further attempt was made to study the correfissioning nuclide. The figure shows that the deviations are
lation between the FWHME&ull width at half maximum of ~ observed even for Am nuclideZ & 95) and it becomes con-
the mass yield curves and tievalues of fissioning nuclei. spicuous forZ~99 andN~156. It is to be noted that such
The results are shown in Fig. 6 for the FWHM observed fordeviations are the same in the fission 8fFm and 2°%m
the symmetric mass distribution plotted as a function of theegardless of whether it is induced by neutron absorption or
Bsym Value. The solid circles are for spontaneous fissionspontaneous decay as learned from the results of the fission
reported for heavy nuclides in th&%m region and open of 2°%m[48,49 and 2% m[10,30.
triangles are for the low-energyE(~ 13 MeV) proton in- These systematic variations gf,, as a function oZ and
duced fission reported for the Ra-Ac nuclidé$é] and those N of the fissioning nuclide indicate that the extremely high
from the present work56,58. In the figure, the range of the TKE observed in the so-calldimodal fissione.g., of?*%Fm
FWHM for the asymmetric mass yield peaks observed in th¢12-14, and the sudden variation of the mass yield curve to
low-energy fission of light actinides is also indicated by athe symmetric narrow shape as summarized by Hoffman
shaded bar g8=1.53. The figure explicitly shows the pres- et al. and depicted in Fig. 8 are certainly related to the shell
ence of a strong correlation between the FWHMs and theffects of either the fragment spherical shells and/or the neu-
degree of the deformation of the scissioning nuclei. WBen tron and proton shell effects of the fissioning nuclide.
is ~1.33, the FWHM of the fragment mass-yield distribution ~ As pointed out in Sec. Il C, the lower average TKE ob-
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served in thebimodal fissionof nuclei around®>%m gives

the B value of 1.53 which is the value observed in all thetion parameters for the multipolarities »f= 3,5,6 were fixed
asymmetrically divided fission events. This agreement of théor the minimum potential energies, but recent calculations
B value strongly suggests the presence of the asymmetricy Moller and lwamotd 60] show the presence of a different
fission in the bimodal process. This inference is supported bgaddle for each deformation path to the reflection-symmetric
the theoretical study bywiok et al.[51]. According to their  and to the asymmetric fission valley with similar predictions
dynamical calculation of fission paths in multidimensionalfor elongation of the scission shapes. It is interesting to note
potential surface fof°%m, two main paths are present after that, according to their theoretical calculation, the relative
passing through a single barrigro second hump of the bar- height of the symmetric and the asymmetric barrier is re-
rier); one proceeds to a symmetric valley with a more com-versed if the neutron number is increased by two units:
pact shape of the scissioning nucleus and the other to a moreamely, the saddle leading to the asymmetric valley is lower
reflection-asymmetric valley with a more elongated shape an 2°Fm whereas it becomes higher than the one leading to
scission. Their calculation beautifully explains the observedhe symmetric valley irf°%m. Thus, their calculations also
data in the spontaneous fission33fFm in which two types qualitatively explain the mass yield diagram in Fig[8l].

of fission events are present with comparable yields: th&hese theoretical calculations are also in conformity with the
one taking the trajectory through the symmetric fission val-experimental results observed for neutron-induced fission of
ley and ending with a compact scission configuratian 2fm(n,f) [49] and 2Fm(n,f) [10]. In the former, a
small B5,), and the other going through the asymmetric fis-broad symmetric mass yield curve is observed while in the
sion valley and ending with a more elongated scission shaplatter, the contribution of the asymmetric mass yields be-
of Bsym=1.53. They performed similar calculation for the comes more conspicuous as shown by dotted lines in Fig. 8
fission of 24 m and also found two paths with different (the dotted lines for the neutron-induced fissions are inserted
thickness of the second barrier; the path leading to the symin the present work to the original figure reported in Ref.
metric fission valley has a thicker barrier to penetrate[11]).

through and reaches the scission with less compact shape From comparison between the two figures, Fig. 7 for the
compared to the one iR°%¥m, and the other leading to a Bsym and Fig. 8 for mass yield curves, the following remark
reflection-asymmetric fission valley has a thinner barrier andtan be made. As the barrier penetration phenomena in spon-
ends with an elongated scission shape. Their resuf®f®m  taneous fission are so sensitively dependent on the height and
is in conformity with the experimental observations which shape of the fission barriers, the effects of nuclear shells are
give a double-humped asymmetric mass yield curve for thelrastically demonstrated in the observed mass yield curves;
spontaneous fission 8#Fm. In their calculations, deforma- they are changed from the ordinary double humped one to a
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single narrow one by an addition of one neutron to the fis-They are TKE,m=0.1173¢ ZleA}’3+ 7.5MeV, for the sym-
sioning nucleus. On the other hand, the shell effects on thg,etric fission and TKEyn=0.1217 Z2IAYP+3.5MeV for
scission shape in the symmetric fission valley are gradually,,e asymmetric fission. The physical origin of the simple
manifested as a function &f andZ of the fissioning nucleus. jinear expression for the TKE release is found to be the in-
It is interesting to note, however, that such shell effects argariance of the shape elongation of fissioning nuclei at sciss-
not manifested in the fission events that have gone througly,
the deformation path in the asymmetric fission valley. Correlations between the degree of scission deformation
It is also worthy to point out that in the fission @  anq the mass widtiFWHM) of fission products were found;
~280, the two fission valleys, the symmetric and asymmetyne |arge shape elongation of the fissioning nucleus reflects
ric, may merge into one, due to the mass symmetry leadinge |arge variation in the shape of the mass yield curve for
to fragmentsA~140 which is affected by the deformed the symmetric fission. This will help us understand the mass
shells as observed in the ordinary asymmetric fis$t8i.  gjvision phenomena of the nucleus and the formation mecha-
Consequently, fission events resulting from the symmetrigism of the mass-yield distribution.
and asymmetric valleys may not allow to be disentangled, ggome knowledge that can help us understand the sudden
and the concept of the fission path in this region may need tgnanges in SF properties of heavy elements are learned from
be modified. the present work. The lower TKE component observed in SF
of heavy nuclei around Fm was found to exhibit the scission
VI. SUMMARY configuration of 3=1.53 which is the elongation observed
for the asymmetric deformation path. This may imply that a

Degrees of the deformation of the atomic nucleus at SCiSSﬁssion ath with a reflection-asymmetric fission valley exists
ion were estimated from the experimental total kinetic ener- p y y

gies in terms of shape elongatigh for a wide range of in the bimodal fissionof heavy nuclides. The shape elonga-
fissioning nuclides of\;=205— 262 withZ, = 83—104 tion of the symmetric scission configuration of heavy nu-
The results indicat(fa that thg value ié nearly cdnstant clides is dependent on ttiandN of the fissioning nuclide,

throughout the whole region of the fissioning nuclides withinand hlt gtr?dual_ly_ becom?s sméllleggbem@q;%%_rhand
each fission mode of the mass asymmetry and the mass syn’i‘ia—aC es the minimum value ¢§=1.33 a - 1hese

metry except for the low-energy symmetric fission in theggf‘]:r[\éit'ggigée supported by the recent theoretical calcula-
region of the nuclideg\;=245 where the symmetric fission ' '
process may be affected by the shell structures of the product
nuclei. We may define the asymmetric and symmetric fission
process as the fission deformation process that proceeds We are indebted to Professor D. C. Hoffman of Univer-
through the reflection-asymmetric and the reflection-sity of California(Berkeley for helpful and valuable discus-
symmetric fission valley, respectively. The values are sions on spontaneous fission properties of heavy nuclei.
1.53+0.02 for the asymmetric deformation and 128503  Many discussions with Dr. lkezoe of JAERTokai) are
for the ordinary symmetric deformation. But for the low- gratefully acknowledged. We would like to thank Professor
energy symmetric fission in heavy nuclides with=245,  Kubo of Physics DepartmeiTMU) for helpful discussions.
the B values are critically dependent on the nucleonic strucWe thank Dr. A. Iwamoto of JAER(Tokai) and Dr. P. Md-
tures of the fissioning system. ler of Los Alamos(USA) for their valuable discussions. This
Based on the constartt value, the new empirical equa- work was supported in part by a grant from the Japan Society
tions were derived for the TKE release in fission processfor the Promotion of Sciencéy.L.Z).
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