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Introduction

The investigation of the mass and energy distributions of fission
fragments in heavy-ion reactions s8till remains an interesting sub-
ject of many experimental and theoretical papers /1-5/. The situa-
tion in this field is characterized by the fact that most of the cal-
culations have been performed in the framework of statistical or dy-
namical approaches, but these models give values of the variances of
the mass distributions which are substantially smaller than the mea-
sured ones. This disagreement appears for both low and high excita-
tion fission. On the other hand, in the recent yehrs various attempts
have been made in order to reproduce the widths of the mass and chan-
ge distributions of final fragments from deep-inelastic heavy-ion
collisions. For example, Schmidt and 7Jolschin /6/, who used the sta-
tionary solution of a Fokker-Planck equation for the distribution
function of the collective variables characterizing the dinuclear sy-
stem for the calculation of the mass distributions, got a reasonable
agreement between the theoretical and the experimental results. Of
course, in these calculations the potential energy of the system was
abproximated by a simple oscillator-like expression which corresponds
to the Gaussian shape of the resulting distribution function. In ge-
neral, many interesting features of deep-inelastic heavy-ion reac-
tions have successfully been explained in terms of this 'so-called
fluctuation-dissipation dynamica /7/. Later this concept has also
been applied to the description of the mass and kinetic-energy di-
stributions of fission fragments /8~10/. Recently, in ref. /11/, a
calculation based on this formalism for the mass distributions of
figsion fragments originating from the decay of compound nuclei with
a fissility parameter lying in the range 30< 2°/A< 40 has been pub-
lished. In this paper the investigetions have been restricted to the
fission of highly excited nuclei where shell and pairing corrections
do not play a role. That means that the potential energy can be de-
scribed in a relatively simple manner end this simplifies conside-
rably the mathematical problems connected with the solution of the
corregponding differential equation. In addition, in these calcula-
tions the angular momentum of the fissioning nucleus has been taken
into account /12/ in calculating the total potential entering into
the Fokker-Planck equation. As a consequence, the potential energy
surface for the saddle-point configuration changes significantly and
the stiffness coefficients become angular-momentum dependent too. It
may be expected that the consideration of the rotation of the de-

Bubeanuetibll KHCTRTYY :
AR-pHAX HOr2zgonausl '
¥ BWIap T




formed system may lead to & more realistic description of the va-
riances of the fission-fragment mass and energy distributions.

The aim of the present paper is the reproduction of the widtha of
nmegs distributions for the fission of composite nuclear systems with
fisgility parameters 22/A'>4O. At the same time an attempt is being
made to reproduce the measured two-dimensional kinetic energy vs.
megs plots. The two-body nuclear viscosity coefficient de-
termining the intensity of the dissipation process along the trajec-
tory from the saddle to the scission point is the only free parameter
in the diffusion model employed.

The reactions *Ar (301 MeV) + 232rn ana 2%we (174 Mev) + 2%%t s2/
have been chosen as examples for the present theoretical investiga~
tion because in these cases the bombarding energies lie well above
the Coulomb and the fission barriers in the entrance channel. From
the symmetric shapes of the mass digtributions measured in the exit
channel of these reactions ore can suppogse that after the formation of
a deformed dinuclear system its further development leads into the
usual fission valley. That is why the dynamios involved in the oxit
channel of such fugion-fission like processes can be desoribod using
an adiabatic potential. In the casea under disocuagsion the exoitation
energies of the composite systems and, consequently, the nuoclear tem-
peratures at the saddle points are also so high that shell offoots
cen be neglected so that only the macrescopic liquid-drop torm has to

be considered.

The model

All the physical and mathematical details of the formalism used here
have been discussed in refs. /11,15/. In the present paper the poten-
tiael energy has been calculated as the adiabatic potential socording
to Myers and Swiatecki /16/ uging the parametrization {o, h,d& of
the nuclear shape /13/. The parameters ¢ and h describe the elonga-
tion and the necking of the system, while the value of o« characteri-
zeg the left-right asymmetry of the nuclear shape. In the computation
for mirror symmetric potentials the trajectories Jlie in the two-di-
mensional [c, h} -gpace although, in ref. /14/, it has been shown
that h = O gives the fisaion peth with a good approximation. The col-
lective variables, whose distribution function obeys the Fokker-
Planck equation, are the distance R between the future fragment mass
centres and the future mass asymmetry which is given by the expression

A, - A
X = K%—;—Ii . Here, Al and A2 are the mess numbers of the two reac-

tion products. The values of R and X are connected with the parame-
ters ¢ and o by the transformation
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with z and § being the usual cylindrical coordinates,where the value
of § depends on z according to the formula

2
32 = ¢ R, ( Ag+olu + (B—AS) u2 -oLu3~ B u4). (3)
In eq. (3) R0 refers to the radius of the corresponding apherical
Z &03
nucleus (Z,A), u is given by u = THy * 5 » and A ig defined as
-3 B . -
Ag= ¢ -% withBa25b , 2n The integration limits are
oL(:3 okc;3

zg 5= ¢Ry (14 5%-),2p=cRy (1- —— ), and the neck coor-

dinate %y which is obtained on condition thet § (z) reaches it mini-
mumatz-zn.

Fig. 1. Contour plot of the deformation
energy (in MeV) of the nucleus
(Z = 108, A = 272) resulting
from the liquid-drop model, vs.
the distance R and the mass
agymmetry X for h = 0 and 1 = O,




Tig. 1 shows the potential landscape for the system (7 = 108, A =
272). It is seen that there is nearly no fission barrier. This is in
fact a consequence of the neglect of shell effects which play the
most important role for the calculation of the fission barrier in
such heavy systems /17/. Including shell corrections Cwiok et al.
obtained the value Vg = 7.97 MeV for the barrier of a hypothetical
nucleus with (2 = 108, A = 272).
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Fig. 2. Dependence of the poten- Tig. 3. Dependence of the poten-
tial, energy of the nucleus (2 « +tial energy of the nucleus (2 =
108, A & 272) for 1 = O on the 108, A = 272) for 1 = O on the
asymmetry parameter oL for diffe- mass asymmetry X for different va-
rent values of the elongation lues of the distance R (in fm).
parameter c,

Figs. 2 and 3 demonstrate cuts of the potential energy surface along
the coordinate o at fixed values of the parameter ¢ and along the
coordinate X at fixed values of R. From these two pictures one can
conclude that the potential energy U depends on the asymmetry pare-
ter at constant values of the elongation nearly quadratically. This
allows us'to approximate the potential energy by an oscillator poten~
tial in order to facilitate the numerical calculations. In the fol-
lowing, the stiffness coefficients for asymmetric variations of the
shape have been estimated from analytical approximations for the
curves in figs. 2 and 3. The results for co(_, Q‘U)/c and

32U ot
CX = 3T, (R va., the elongation parameters ¢ and R, respectively,

are represented in fig. 4. Their behaviour is characterized by a
sharp increase with approaching the scission point, this being in
agreement with the results of other investigations /11,18/.

B
Z2-108
A=272

Fig. 4. Dependence of the stiffness
coefficientas Cw and CX for
1 = O on the elongation para-
meters ¢ and R, respectively.

Cq(Mev1x 1073
S
L

z-108 ' {

b | A7
% J

2l
g ) |
| / . '
ol
Influence of the angular momentum R

Because there is a wide range of the initial angular momentum

oS 1 s ltrap at which fusion-fission processes can take place, the
dependence of the variances of the mass and energy distributions on
the 8pin of the composite system has to be considered. In principle,
the angular momentum influences the fisaion process in four ways: (i)
the actual excitation energy of the system is lower than the maxinuum
one according to E; - E;ax - vcent(lo)' where the rotational energy

is given by V (1) = & zg/ﬁ/with j being the Teduced mass of the

23

2}“ Rint
miclear system in the entrance channel, and Rint refers to the inter-
action radius. (ii) The saddle point shifts to the potential region
correaponding to the smaller values of the deformation parameters.
(iii) The fission barrier decreases. (iv) The stiffness coefficients
increase when the rotational energy is taken into account in the cal-
culation of the total potential energy. In the reactions considered
here the first and the second points are expected to be the most im-
portant ones because there is almost no fission barrier even for
1 = 0, In order to obtain an upper limit for the effecta mentioned
above, the maximum value 1max of the angular momentum which can be
transferred to the assumed compound nucleus has to be found. In heavy-



lon reactions the value of 1, is determined by one of two possible

criteria. On the one hand, the entrance channel potential gets a

"pocket'" for decreasing initial angular momentum so that the projec-

tile is finally trapped. This process leads to a.limitation for 1,

in the first stage of the reaction. Then, the sticking condition
J1 + J2

“max Ry4R,) + 3y + T, Ltrap “)
allows an estimation of the maximum angular momentum transferred to
the spin of the fragments. In eq. (4), J; and J, denote the rigid-
body moments of inertia of the projectile and target nuclei whose
radii are R1 and R2, reapectively. On the other hand, the condition
of stability against rotation /19/

2.1 4 3 lirit ng- (1-x?2 (5)
should be fulfilled for the composite system. In the last formula x
refers to the fissility parameter. The results of all these eatima-
tes are summarized in table 1. In ref. /20/ the critical value of

the spin of the compound nucleus which is assumed to be formed in the
first reaction has been obtained as 1,.;; ~ 58 h. This is in agree-
ment with the value resulting from the sticking condition. The devia-
tion from lcrit calculated here may be explained by the consideration
of higher terms in (1 - x) entering in eq. (5) in ref. /20/.

Table %: Characteristic reaction parameters

System a b c d e f g h
4000 4+ 2320 | 301 105 58 49 30 9.9 119.1 2.1
22N + 2% | 174 71 51 49 30 10.7 87.0 1.8

a) Kinetic energy, B, ., of the projectile (in MeV).

b) Limitation value, 1 in the entrance channel (in'h).

trap, } h
¢) Transferred angular momentum 1oex (in D).
d) 1opqt (in %)

e) Mean value of the angular momentum 1 (in4) of ‘the composite

system,

f) Rotational energy, vcent(l) (in MeV), for the value of 1 from
column e.

g) Excitation energy, E¥(I) (in MeV), for the value of 1 from column
e.

e
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h) Temperature of the composite syastem (Z = 108, A = 272) for the

value of 1 from column e.

From table 1 it is seen that in the reactions investigated here the
physical limitation for the initial angular momenta leading to fu-
sion-like trajectories is given by the second criterion.
At the end of this section the influence of the angular momentum on
the gtiffness coefficients is discussed. Taking into account the
spin of the composite systeg, the ;erg

Jh21%2 K% , )

Tt T2y 2 g AR .

is to be added to the deformation energy in order to get the total
potential energy. In ref. /13/ the adiabatic moments of inertia pa-
rallel and perpendicular to the axis of symmetry have been calcula-
ted for symmetric nuclear shapes. Extending this formalism to asym-
metric shapes (ot ¢ 0) one gets

5 =2a 8 [0-1 ~ 52 2 (e=1) + ggm o (e-1)% 4 T2 05:|(7a)

2
1 1AR 2 4 .5 1 2 8]
J.L- E J" + -5- 0 [C + '3-5' c (0—1) - g A" ¢ . (7b)

These relations lead to the following l-dependence of the stiffness
coefficients which is given by the term

2 2
3
PEot)| - <mcs(g-1) ()
Co,1 =(—’ao:'? )/c rot, Bph(J_L(c,ok-O) 5 7

Por 1 = 50 f the maximum value of C_ (for ¢ = 2) amounts to 80 MeV.
This means that in the extreme case of the largest spin of the de-
formed nuclear system the value of Cy has to be increased by only 4%.
Consequently, one can conclude .that the angular momentum dependence
of the stiffness coefficients is not important for the description
of the dynamics of the fission process. But from the change in the
potential energy surface and from the shift of the saddle point in
the direction of smaller elongetion parameters it follows that the
calculation along the fission trajectory starts at smaller values

of the stiffness coefficients as indicated also in fig. 4. This fact
has been discussed in detail in ref. /12/, where a significant in-
crease in the calculated widtha of the mass distributions has been
obtained for increasing angular momentum.

In principle, one has to take an average over all possible angular



momenta in the entrance channel contributing to fusion-fission like
processes in the reaction considered when calculating the variances
of the mass and energy distributions of the fission fragments. But
in ref. /12/ it has been shown that the calculation of these widths
for the mean value of the angular momenta from O up to 1,4 gives a
good approximation for the result of the averaging procedure mentio-
ned above.

Results and discussion

Using the paerameters from table 1 as input ones for the solution of
the Fokker-Planck equation one gets the following results represen-
ted in teble 2 and figs. 5 and 6.

Table 2: Calculated paremeters of the kinetic-energy and mass distri-
butions of the fission fragments and experimental values for

the widths of the mass distributions. The Ek values cor-
' respond to the fission systematics given by Viola /24/.

System TLeV) 1(h) B V) BYMeV) 62 (ev?) 62(amn?)
. e
a0, 232, | 2.2 0 221.1 215.0 746 1134
2.1 30 219.0 749 1275
22, 249, | 1.9 0 2224 L., 659 1023
1.8 30 220.6 652 1121
System 6ﬁ‘ﬂp(amu2) :
40y, 4 232py | 4037 % 140
2240 4+ 2%9gp | 1452 % 158 :

Here alaso should be mentioned that the initial conditions for the
first and second moments of the distribution functions for the col-
lective variables and their conjugate momenta have been chosen acconr-
ding to the thermel equilibrium conditions.

Fig. 5 shows the contour plots of the kinetic ener ve. mags distri-
butions for the products from the reasction 4OAr + 2‘.I‘h, where the
calculations have been performed for two different nuclear tempera-
tures caused by different values of the angular momentum. It is seen
that the general features of these plotm are in good agreement with
those of the measured kinetic energy vs. megs distributions (figs. 7
and 9 in ref. /2/). In addition, fig. 5 demonstrates the increase in

———

Fig. 5. Kinetic

energy vsS. mass
digtributions for

the decey of the
nuleus (Z = 108,

A = 272). The points
in the centres of
these plots refer
200 i . to the maxima of
the distributions
which have been

280

260

160 normalized to 1.0.
— The difference bet~
> ween two contour
g lines is 0.117 of
- the maximum value.
ILI_:It 280 The dashed lines
show the calculated
dependences of the
240 mean kinetic ener-
gies.on the frag-
ment messes.
200
160!
] i 1 | - 1
56 136 216
M(amu)

the width of the fission-fragment mass distribution with increasing
angular momentum of the decaying system. But it should be pointed
out that the gross properties of such experimentally obtained two-
dimensional contour plots are very similar for the fission of a
compound nucleus as well as for quasi~fission (see, for example,
refs. /21,22/). That is why the character of these diagrams does
not allow an unambiguous conclusion about the mechanism of the de-
cay of the rotating system produced in the concrete reaction. In



order to clarify the nature of the reaction process one had to mea-
sure the angular distributions of the fission fragments, too.

The computed first and second moments of the energy~-mass di-
stributions may also be compared with the experimental findings.Pigl.5
Elso shows the calculated dependences of the mean kinetic energies

E, (M) on the fragment messes. This behaviour of Ey (M) can be described
in a firat approximation by the parabolic expression

BOn = B (A [1- g - 207 9

As was found ‘- in ref. /23/, the experimental dependence of Ek(M)

on the mass can be reproduced for the pre-actinides by the factor p<1.
For the reaction " Ar + Th, the corresponding values are p a 0,704
for 1 = 0 and P = 0.644 for 1 = 30 ©1, Besides, the mean values of the
kinetic energy distributions (see table 2) obtained for symmetric
fragmentation are in good agreement with those of the fission syste~
matics /24/ and with the experimental ones presented in figs. 7 and

9 of ref. /2/. Table 2 gives also the theoretical values of the va—
riances of the mass @55) and kinetic energy (6 % ) distributions
which follow from the two-dimensional plots by i%tegration over the
other variables. It is seen that the influence of the angular momen-

tum on the calculated characteristics of the distributions is not so
strong.A considerable increase in the widths with anguler momentum can

only be observed in the mass distributions.But also in this case the
difference between the results for 1=0 and 1=I amounts to only 15%.

[ 2Ne(t74Mev] - 29C ©Ar(0IMeV] B3TH
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Fig. 6. Experimental (histo-
gram) and theoretical (curve)

%0 mass distributions of

g | the fission fragments from the
o

émT reactions 40Ar + 2321‘11 and

2 2
i Ne + 490f at incident ener-
gies well above the Coulomb and
fisaion barriers.
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Fig. 6 shows a comparison between the calculated Gaussian mags distri-
butions and the measured yields vs. the mass of the reaction products.
For the firgt system considered, the theoretical and the experimental
values gi;SM are in satisfactory agreement, while for the reaction

Ne + Cf the discrepancy is substantial. Of course, on one hand,

10

it has already been found /11/ that the variances increage with the
growth of the fissility parameter ZZ/A. On the other hand, if the fu-
gion~figsion process is assumed to take place, it should be expected
that the variances increage with increasing excitation energy. If
the two systems under discussion are compared with respect to these
two parameters, one should suppose a dominance of the second effect
because there is‘a substantially higher excitation energy stored in
the system 40Ar + Th, while the difference between the fissility
parameters amounts to only = 0.4 %, This argument agrees with the ten-
dency of the theoretical predictions, but the behaviour of the expe-
rimental data is characterized by the opposite trend. Especially the
large width of the fission fragment mass distribution originating
from the reaction 22Ne + Cf cannot be understood by assuming the
usual fusion-fission process. In this case it is possible that ano~
ther reaction mechanism may manifest itselfs caused by the extremely
large mass asymmetry (X = 0.838) in the entrance channel.

Conclusions

The description of the fisasion-fragment mass distributions in very
heavy rotating systems with a fissility perameter 22/A> 40 in the
fremework of the diffusion model shows that the influence of the an-
gular momentum on the variances of these distributions is not im-
portant. For the reaction 40Ar + 2Th the calculated value of the
width is in good agreement with the experimental one.

As & next step of these investigations it becomes necessary to per-
form dynamical cealculations for the evolution of the nuclear gystem
in the entrance channel. Thus, if one considers the evolution of the
gystem from the entrence channel to the final decay into two pieces,
one should get more realistic trajectories leading to the scission
point for each value of the angular momentum 1o contributing to the
fragment distributions measured in the exit channel,

The integration over all these contributions with an appropriate
weight factor is hoped to give results which are in reasonable
agreement with the experimental findings.
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OrnucaHie MacCcoBOro u JHEPreTHYecKOoro pacnpeneneHnsa
OCKOJIKOB J1eJ1IeHHA Ha OCHOBE anuaGaTuqecxoro rnoTeHuMana

MaCCOBbIe pacnpeneneHns OCKOJIKOB JleJleHUA Bpatlalioulixcsa AfdepHbIX CUCTeM C Ma-
paMeTpom Z2/A > 40 6binn paccudTaHml B pamkax audQy3IHOHHOI MOMENH, OCHOBaHHOM
Ha ypaBHenuy Qokkepa — [lnanka ans PpyHKuMM pacnpeiesieHHMsA KOJUIEKTHBHbBIX Mepe-
MeHHBiX. B 3TOoM noaxome emHHCTBeHHBIM ¢cBOOOAHBIM MapaMeTpoM ABnsAercA ko3ddu-
UMEHT ABYXTENbHOW AepHOW BA3KOCTH, XapaKTepH3YKUIMA MHTEHCHBHOCTb AMCCHNATHB-
HbIX CHI1. HOK&SZ}HO, YTO yueT yrjioBoro MOMeHTa Jenasiuerocs fAnpa sener K HeGOﬂmeMy
YBENYEHUI0 DPACCYUTAHHBLIX JAMCIIEPCHA MAacCOBBIX pacripefesieHdil, He3HaUWTeNnbHO- ynyy-
iasA coraacke ¢ 3IKCIepuMeHTanbHbIMHA NaHHbIMH, Kpome TOrO, ObLIH TaKXKe pacculTaHbt
pacnpepgenedna KHHeTH4eC KOr JHEpPru OCKOJIKOB HejieHHA A 3TUX XKe Ajep, KOTOphie
CPaBHUBAIOTCA C IKCIEPUMEHTAIbHLIMHU pacnpeieseHnaAMH.

Pa6ora BbinonHexa B Jlaboparopui Teopernueckoi puanku OUAN.

IMpenpunt O6BveRHHEHHOrO HHCTUTYTa ANepHbIX Hecneaopanui. ly6ua 1987

Saupe G. et al. E4.87-409

Description of the Mass and Kinetic-Energy Destributions
of Fission Fragments Using an Adiabatic Potential

The mass distributions of fission fragments from rotating composite nuclear systems
with fissility parameters Z2/A > 40 have been calculated in the framework of the diffu-
sion model based on the Fokker-Planck equation for the distribution function of the col-
lective variables. In this formalism the two-body nuclear viscosiry coefficient describing
the intensity of the dissipative force is the only free parameter. It has been found that the
consideration of the angular momenta of the fissioning nuclei leads to a small increase in
the calculated widths which slightly improves the agreement with the experimental data.
In addition, the fission fragment kinetic-energy distributions have been calculated and com-

pared with the measured ones.

The investigation has been performed at the Laboratory of Nuclear Physics, JINR.
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