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1 • Introduction 
In this paper we discuss a consistent rrethod to treat �body breakup chan­
nels in fission, fusion and heavy ion scattering. 'l'rlD-body breakup channels 
can be described in the f�k of the fraguentation theory which is the 
main subject of this article. Ieview articles about the theory of fragmen­
tation are listed .as Refs. ·1-3 .

The basic idea of the theory of fragmentation . is the introduction of the 
oollective nass fragmentation coordinate 4 which · is defined by n = (A,-Ai) /

/ (A, 
+Ai) for sepazated nuclei with nucleon numbers A, � �. This coordi� 

nate has the range - 1 :S. n � 1 and describes the symretric fragnentatioo, 
i.e.  two equal nuclei, for n ::: O and the cx:rrpletely fused system for n= ±1 .
Whereas one is already accustate:1 . to  treat heavy-ion collisions with the
relative coordinate between ·the nuclei and coordinates for nuclear surface 
excitations, we suggest the idec!, to treat the fragmentation coordinate in
exactly the sane manner as other dynamic collective coordinates on which
the wave functions depend. Therefore, the fragrcentation degree of freedan 
allows us to describe the few-nucleon, mul.tinucl� and cluster transfer,
the a:inplete and incariplete fusion and the fission of the cx::aq;:,ound nucleus 
in an unifying rrethod. Beside the mass fragmentation coordinate also a
charge fragmentation coordinate has been suggested5 which is analogously 
defined as nz= <z1�z2) / (Z1

+z2> where z1 and z2 are the charge numbers of the
fragments. 

Let us consider the advantages of introducing the mass fragnentation as a 
coordinate 6 � After quantizing the fragmentation degree of freedan the wave 
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fmlction depends on the n-ooor:dlllate: ip (R, n ,t) . The square of the absolute 
value of the wave fmlction is proportional to the probability w(n) for find­
ing the mass fragnentation around n :  w (n ) "' l i1J l 2 • For the scattering of � 
equal nuclei, the ingoing wave function w:>uld be peaked .like a o-function 
around the initial n-coordinate ni =O (see Fig. 1 )  • After the interaction 
has taken place, a final mass distribution wil'l) .... l wf (t-- ) 1 2  energes, where 
'*'f denotes the final state wave function in the a.syrcptotic region. The cross 
sections for the transfer to mass fragmentations around n are directly pro­
portional. to the probabilities wf (n ) depicted schanatically in Fig. 1 .  The 
pmbabilities for transferring a few nucleons are given by wf (n )  at n va­
lues near n=O and the transfer probabilities of larger clusters are found 
at nfO• Therefore, the fragmentation theory represents a unifying meth::xi 
for calculating cross sections of all reactions in which � fra�ts 
appear after the CX>llision. 

In Sect. 2 wa discuss the m:xiel for fragmentation, the precise definition 
of the coordinates and their relation to the asyrmetric tw:> center shell 
nodel (MCSM) • In the frarrew:>rk of the ATC:iM, using the Strutinsky foma­
lism and the cranking ncdel, wa calcuJ.ate all conpanents of the Hamiltonian 
of the nodel. In Sect. 3 the theory is applied to explain the neasw:ed mass 
and charge yields in fission. The fragmentation theory can be used to pre­
dict the optimum <Xlnbination of the projectile and target nuclei in order 
to obtain maximum fusion cross sections. This subject is discussed in Sect. 
4. Finally the mass transfer in heavy ion scattering is investigated. In
sect. 5 ·wa present realistic scattering calculations for the u+U-system and 
interprete the neasured mass yields in the Kr+U reaction as caused by the 
fission of the catpOUnd nucleus.

2 .  r.tx:iel for Fragwentation 
Nucleus-nucleus CX>llisions are �licated many-body problems. Therefore, 
it is necessary to reduce the degrees of freedan to those which are inp:>r­
tant and neasurable. In this section, we introduce the m:xiel for fragmen­
tations 3 14 16

, which describes all �boiy channels into which a catp:>und 
system can decay or from which it can be fonned. The main degrees of free­
dan of the m:xiel are the relative notion and the mass transfer betl-.'een the 
fragnents. 

2 . 1 . Collective Ccx:,rdinates6 

The cross sections of nucleus-nucleus CX>llisions are detemdned by the asynp-



totic behaviour of the wave functions. The asynptotic wave functions should 
depend on the following oollective coordinates: 
a. ) The :relative coordinate R between the centers
b. ) The mass a5}'1'11retry coordinate for t\-.o-1:x:xiy channels defined by the ratio 

( 1 ) 

Aocm'ding to its definition the mass a.synmatry coordinate is a discrete 
2 4 

one for separated fragments and has the values n=O, ±x, ±t. . . .  with

A = A,+� (for A even) •

c. ) The charge asyrrmetry coordinates for two-body channels defined by the 
charge ratio nz= (Z

1
-z

2
) / (Z

1
+z

2
) .  If the charge asynmetry is taken as an

independent degree of freedan, the neutron asymnetry coordinate is not 
linearly independent because of the :relatioo. 

d. ) Qx)rdinates describing oollective excitations of the fragrcents. For 
example, surface coordinates for the rm.tl. tipole defoD'lations of the 
nuclear shape can be used in the connection with vibrator and rotator­
vibrator m::>dels7 1 8 • We abbreviate the sets of these coordinates by a <1 > 

and a (2) . 
e. ) Tenperatures 01 and 02 of the fragments, which rreasure the statisti-

cally distributed intrinsic energies.
In the definition of the mass asyrmetry coordinate a StOOth transition of 
the asynptotically defined coordinate into the interaction :region ·has to 
be

. 
required. Therefore, we introduce a plane through the neck of the am­

pound nucleus which divides the system into tw:> regions, as shown in Fig.2 .  
Then, the mass asyrmetry coordinate can be defined with the nuclear density 
as 

n = k <f pd, - f pd, ) (2) 
1 2 

Here, we use the nonnalization f pd, = A. The integrals are extended over 
region 1 or region 2 ,  respectively. The coordinate n can be expressed as 
the expectation value of the oorresponding operator n defined by: 

"" 1 n = ­A r <f o cr1�r> at - J o  cr1-r> d,>
i=1 2 

Taking the expectation value with the iptrinsic man�body wave function 
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' 

Region 1 

Region 2 

. z  

Fig. 1 1 Schenatic picture of the 
probability distribution in n-space 
for the scattering of b.u equal 
nuclei. In the entrance channel the 
probability w

i 
is ch·peaked around 

n=O. The transfer -cross sections 
are proportional to the final pro­
bability wf, spread over. the range 
-1�n.$1 . 

Fig. 2, Definition of the oollec­
ti ve coordinates.  The system is di­
vided into 'b.o regions, 1 and 2 ,  by 
a plane ·tru:ough the neck. 

Fiq. 3 .. The asymretric· b.o-center 
potential along the z-axis and the 
associated nuclear s�. The bar­
rier heights for the definition of 
the neck pararreter e:=E /E' are in-
dicated. 0 



:; (�1 . • •  rA) we obtain the relation 

n = <l/1 1 n i  lb> (3) 

Definition (3 ) is equivalent to definition (2) . Fran the definition (2)  it 

is evident that n is as:y1I1ptotically given by discrete values, whereas in 
the overlap region it is a continuous coordinate. This special behaviour 
of the n-coordinate , i .e .  discrete and continuous values depending· on R, 
introduces singulariti�s _ in the transfer rrasses at large separations R 

(see Refs. 3 and 6 ) . 

If the nuclear density is assUIIed as harogeneous, the coordinate n approa­

ches a coordinate r; which is defined by the nuclear volunes v1 and �2 an
both sides of the dividing plane: 

(4) 

As long as the nuclei overlap appreciably, both coordinates n and � are the 
same; n % E; . 

The asymptotically defined coordinates have to be continued into the inter­
action region, In principle this continuation is arbitrai:y because the 

cross sections are canpletely determined by the asynptotic wave :flmctions 

as stated above. Since we use the asymretric tw.:>-center shell rccdel (ATCSM} 
9' 10 in calculating the elenents of the collective Hamiltonian, we �tro-,
duce the sane coordinates as chosen for the nuclear shapes in the ATCSM. 
In Fig, 3 a typical nuclear shape used in the ATCSM is depicted. The nuc­

lear shapes are defined by the follC7tling set of cx:x:milnates9 :
a . ) The elongation ).= (a1+�+z2 ... z1 ) /2R0 neasures .the length 1 of the system

along the syrnretry axis in - units of the diameter of the spherical cx:m­
pound nucleus: t=2R0). ,

b. ) The average volmre asymretry paraneter, defined by !=(a1bf-�b�) /

/ (a1b�+a2b�) .  The paraneter ! agrees only approximately with the volute 
asymretry coordinate defined in Eq. ( 4 )  • However, both paraneters ! and

1
E, are equal for separated fragrrents.  

c.  ) The defamations of the fragrrents, which ar.a assuned to be rotationally 
symretric around the z-axis, are defined by a1 = a1/b1 and a2 = a2/b2 •

d. ) The neck paraneter e ,  defined by the ration e = E0/E' where E ' is the 
barrier height of the tw::>-center oscillator and E0 the actual height
(see Fig. 3 ) .  For e = o a broad neck is formed, whereas for · e = 1 the 
neck has squeezed in (see Fig. 4 ) , 
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e, ) The thermal excitation energy E0,. which is related t.o the 1:E!fiFerature
of the cxupound nucleus by Ea = A, El2/1o MeV, 

When the charge �try coordinate is investigated, different sets of the 
shape paraneter of the ATCSM have t.o be chosen for the prot.on and neutron 
potentials. Since the potentials and, therefore, the many-body wave func­
tions of the ATCSM depend on the volurre asyrmetry c:xx>rdinate t , we obtain 
the mass asymretry coordinate n by calculating the expectation value in (3) 
with the wave functions of the ATCSM. The result is shown in Fig. 5 .  In the 
overlap zone, characterized by R<R

crit' we find TI !li � as expected, whereas
in the asynptotic region (R>R

crit) the oormection between TI and t strongly 
depends on the prescription of hJw the shells of the ATCSM have been filled. 

2,2 . Hamiltonian 
The Hamiltonian depending on the .coordinates, which we have defined above,
can be derived fran the oollective energy of the system, If we restrict 
ourselves t.o the :relative notion and the mass transfer only, the energy of 
the system has the fcmn1 

H = -l B
RR

CR�n> :�2 + � (R, n)in + ! Bnn (R, n ) fi2 + V(R, n ) (5) 

Far sinplification only a scalar mass B
RR 

for the relative notion is taken 
int.o acoount. This is not sufficient in the overlap region where a mass for 
the radial relative notion and a m:xnent of inertia for the rotational no­
tion have t.o be �troduced. Both the masses and potentials are ftµ1ctions 
of R and TI .  The asynpt.otic mass B

RR 
(R-+=,  n) is the reduced mass (M=nuc-

leon mass) : 

The asynptotic potential V(R-+=,n )  approaches the differences in binding 
energies: 

Here, B (A,Z)  is the binding energy of a nucleus with A nucleons and z pro­
tons' and the last tenn is the Coulomb potential between the nuclei . In 
Eq. (6 ) we have assumed that the nuclei are in their gro\D'ld states. In Sect, 
5 we include the excitation energy in the potential in order t.o describe 
heavy ion scattering nore realistically. As exanple, we cxmsider the poten-



tial V (R-t<0, 11 ) for the systems 4oea and 3op in Fig, 6 , The curves represent 
the differences in the Q-values for the various tw:>-oody break-ups of the 
40ca and 3op system. One recognizes the a�structures in the case of 40ea,
especially the break-up into t\>.O 20Ne-nuclei at 11 = o.

The mass B is directly related to the velocity of the mass transfer. I.et 
. 1111 

us consider the nuclear system for a fixed relative distance, Then, the ener-

gy equation of the mass transfer becares 

l B n2 + V (11 ) = E 
� 1111 n

and the velocity 

n = i2 (E -V (11 ) )  / B ,n nn 

(7) 

(8) 

As discussed in Refs. 3 and 6 the transfer mass B is asymptotically sin-1111 
gular at the physical discrete values of n because of B = B,.. 1: • (dEJd11) 2nn c,.., 
and the singularities in d;/d:i , as shown in Fig, 5. Therefore, no transfer 
of nucleons asynptotically takes place between the nuclei . 

The quantization of the classical Hamiltonian is carried out according 
to the prescription of Pauli. The classical Hamiltonian is derived from 
the Lagrangian L--T-V, where T and V are given in Eq, (5 ) . Several foilllS of 
the quantized Hamiltonian are applied in the following chapters. 

2 . 3 .  Calculation of Potentials and Masses 
The potentials and mass pararceters are calculated with the many-oody wave 
functions of the ATCS� ' 10• For the potentials we have used the Strutinsky
nethod1 1  in wluch the shell oorrection energies o� are added to the liquid 
drop energy: 

(9) 

For the liquid drop rrodel a shape of the nuclear system is chosen that 
agrees with the shai;:e of the equipotential surface of the ATCSM at the nuc­
lear surface, To obtain the dependence of the potential on the mass asyrme­
try coordinate 11 , the expectation value n (E; ) given by Eq. (3) has to be cal• 
culated with the wave f\.mctioos of the MCSM, so that E; pan be resubstituted 
by n in the potential (9) , In first applications of the fragmentatia'l theory 
\..e treat only the R- and n-degrees of freec1cm, Assuming adiabaticity for 
the disregarded degrees of freedom, � minimize V w1 th respect to the de-
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Fig. 4 ,  Nuclear shapes 
in the ATCSM as func­
tions of the b.o-center 
distance and the neck 
paraneter, 

---- R 

a) 
-- r« Rait---- r�Rait ----- r >>Rcnt 

�1 f12 

(�t r»Rcnt 

b) 

� '!be functions E; (n }  
anq (dE;/dn} 2 for twcrcenter 
shell nridel wave ft.:r-.. ::-:.i":ns in 
which always the deep;:s.:. le­
vels are occupied by the nuc­
leons (schematically} .  
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·IO · 

-20 

a) 

Fig. 6 .  The potential V(R+o:>, n} for 
the fragrrentation of 4oca and 3op. 



formations· e 1 and e2 , the neck paraneter e: and the charge fragnentaticn 
coordinate l'lz , if necessacy

V(R, 11 )  = Min (lo) 

The influence of the neck paraneter € on the potential is illustrated in 
Fig. 7, which presents the liquid drop energy of the OCJip:)l.Dld nucleus 
���No, forned in the reaction 48ca + 208Pb, The liquid

.
drop energy is drawn 

as function of E: for various lengths of the carrpol.Dld nucleus, Between the 
inner minimum at E: = o, where no neck is fonred, and the outer min.inun at 
E: > 1 ,  where already a neck has been built up, a barrier exists up to a 
length of i = 24 fin. In a scattering experiment the nuclei nm along the 
indicated path and overccne the barrier at lengths i < 24 fin, where they 
gain about 4o MeV energy by filling out the neck, This is a sudden prooess. 
The fission of the a::irrp::,und system occurs along the mininrum valley at £=0 
without necking-in. Only at values i > 34 fin the fissicning system has a 
rapid transition to separated nuclear shapes, Therefore, b,Jo channels exist 
with £ � O and £ > 1 ,  which may be denoted as the fission channel and scat­
tering channel. 

Fig. 8 gives an i.npression of the defonration effects which happen during 
a collision of 238u on 238u in the syrmetric channel 1 2 • _The potenti� ener­
gy surface depends on the b,Jo center distance tlz and a paraneter h neasur .. 
ing the neck (no neck for h=O) . The dashed line represents a possible way 
for the approach of the nuclei and the dotted�ed line is the way along 

which the fission process runs. Fig. 9 shc:Ms the shapes of the UHJ,,.system 
going tvgether on the dashed line and getting cMa.Y on the ·dotted-dashed 
line. Fran these pictures it is evident that -the deformations and the neck 
paraneter have to be included as dynamical degrees of freedan in a "tl:leol:Y 
of fragrrentation. 

The masses in the kinetic energy of El:I, (5) can be consistently calculated 
by applying the cranking rrodel and the sane ATCSM:-states as used for deter­
mining the shell correctiO{lS ou to the liquid drop energy in El:;(, (9) . The 
cranking masses are given by the fo:mnll.a 

!_a_l 4> ><c:> ,_a_l t > 1 a s .  n n 1 ae . o 
1 ( 1 1 )  
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Fig. 7 .  The liquid drop potential 
for 48ca + 2o8pb + 256N.J Cn = o,63)  
as function of the neck paraneter e: 
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Fig. 8 .  The potential energy surface for 238u-238u. The distance between
the � centers is denoted by Az and the neck paraneter by h=E /V with 
the barrier height E

0 
and the potential V0 

at the nuclear �ce0 (fran 
(Ref. 12) . Lines along the gradient are drawn which represent the scatter­
ing and fission paths. 



The coordinates Bi are the collective coordinates introduced above, a:i which

the many,:-body wave functions 4' n of the NOCSM depend. The ground-state func-o
tion is denoted by �o and the wave functions of the excited states by tn.
In actual calculations pairing is taken into aca:,unt which leads to a 
slightly different formula in the BCS fonnalism. As discussed in Eefs. 13  
and 1 4  the essential assumption of the cranking rrodel, -the adiabaticity 
assumption, may be questioned for the relative notion in heavy ion colli� 
sions . Therefore, non-adiabatic cranking rrodels as developed in Eef. 13 
have to be applied. For the mass transfer the adiabaticity assunption seans 
to be correct, because the mass transfer is a slow process carpared with 
the relative notion in nucleus.-nucleus encounters . 

3. Mass and Charge Fragmentation in Fission
In ·the following we review the calculations of the mass and charge yields 

of fissioning nuclei 4 , 5 , 1 5 , using the fragmentation th�ry in the frame­
work of the ATCSM. 

3. 1 t  Fonnalism for Mass and Charge Fragrrentation 
Because the mass and charge fragrrentation is already fixed befoi;e the scis­
sion p:,int, one can use the volUiie asymretry coordinate E; instead of r, .  
Further we assurre the adiabatic approximation that both the ,- and �z-rrotions
are fast c::onpared to the relative notion. The reason is, that for tile si;:on­
taneous fission and for the fission under the barrier the relative notion 
described by A is slow after the system has tunnelled through the barrier 
and has first begun to run down the coulomb p:,tential to the scission p:,int. 
Furtherrrore, the potential V(A , .; )  remains nearly unchanged in its dependence 
on the asymretry coordinates f; and E;z at later stages of A (see Fig. 1 6 ) , so 

that the mass and charge distributions are already fixed at -"-values just 
after the P=lletration of the barrier. Assuming oomplete adiabaticity we can 
regard A as a tirre-ind�dent pararreter and obtain the stationary Schro­
dinger equation in E; by quantizing Fq. (5 ) , where R and 11 are replaced by >.  
and ; :  

( 
-'fl2 .L .L + VO, , .; ) - E (v )

) ;;, (v ) W = 0 ( 1 2) 
2 IB

.;E;
( A , .; ) at; t"B

E;E;
( >. , t; ) aE; >. >. 

The states 1/J1") are vibrational states in the potenti� V and classified
by the quantum mm1bers v = O, 1 , 2 ;. • • An analogeous equation can be for­
rrwated f9r the charge asyrmetry cxxmtinate E;z for fixed values of >. and E; .
In the calculation of the potential V(l , E; )  the Strutinsky fotmalism has 
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been applied by using the single particle energies of the ATCSM and the li­

quid drop node1 of Myers and Swiatecki1 6 • The p::,tential is minimized with 
respect to the neck pararceter e: and the deformation pararreters s 1 and s2 •
Then the pararceters e: ,  61 and 62 on which the single particle wave functions 
depend beexxte ftmctions of >. and E; . This >.- and E;-dependence has the oonse­
quenoe that in the calculation of the oollective mass pararreters B

E;E;
' BAE;

and Bu with the cranking fonmll.a ( 1 1 )  the derivatives of e: ,  6 1 and 62 with
respect to >.  and t have to be taken into acoo1.mt. 

In 5EX>ntaneous fission, starting fran the nuclear ground state, only the 
lowest vibrational state "=O of Eq. ( 1 2 )  may be occupied. H�ver, for fis­
sion fran excited states and because of the interaction between the >.- and 
E;-degrees of freedar., higher states tJ,!") becare excited. In rrost applica­
tions a nuclear temperature 0 is introduced and a Boltzmann-like occupation 
of the excited states is ass�.� 

( 1 3 ) 

· In a rrore cxxrplete treatment of the nuclear-temperature effects, one bas
to regard also the tatperature in the p::,tentials and cranking masses assum­
ing a Fenni-distribution for the occupation of the ATCSM-states (see Brack 
et �. 1 1 ) .  The probability of finding a certain mass (or charge) fragrrenta­
tion � (or �z > at a p::,sition >. on the fission path is proportional to l lj,

>.
1 2 • 

For mass distributions this probability is scaled to the mass yield at a
mass number A, of one fragrrent (dE; = 2/A, in percent) :

( 1 4 ) 

The analogous foillll.lla, where E; is . replaced by E;
z

, gives the fractional charge 
yields Y EZ1 ) at a charge number z 1 • Both these yields are directly c:x:inparable 
with experinents. 

3 . 2 .  c.ooparison with Experinents 
Ao:x>i::ding to the netb:xl described in Sect. 3 . 1 . ,  mass-yield distributions 
have been calculated4 for the fission of 226Ra, 236u and 258Fm, which are
typical examples of triple-, double- and single-hl..JITl?9d mass distributions. 

Asymretric fission:The fission of 236u produces an asymnetric mass distribu­
tion, as shown in Fig. 10. The calculations of the masses and potentials are 
done for the value of >.=1 . 8  and depicted in Fig. 10. Whereas the p::,tential 



is rather snooth with asymretric minima arol..ll1d A=1 4o and 96 oorresp::mding

to I � I �  o. 2 ,  the mass parameters exhibit rapid oscillations . Fig. 1 3  shc:MS 
the nuclear shape for >.=:1 . 8  at the p:>int of the minima of the p:>tential 

energy. The experinental data1 7  are measured in thennal neutron fission 
of 235u and, therefore, oorresp:,nd to an excitation energy of 236u of aoout

6 1-'i:V. The calculated distributions give a semi-quantitative agreenent with 

�ril'rent. The p:aks are somewhat too narrow and the valley is too low for 

the ground state (0=0) but the picture inproves as excitation is intrcx:luced 

into the system. 

Triple-hunped fission: For 226Ra the p::>tential has three minina which are

resp::>nsible for the triple-hll!Tip€d mass yield, In Fig . 1 1  we cx:>rrpare the 

calculated rrass yield with th� measi.l!'e(: ;;iass yield of 227 Ac obtained from
,�6 - �  

the fission of - L  Ra with 1 11'ieV proc�',i°is i .:-. •  Although the three potential 
.nu.nima are equal in depth for ).:::1 . 8 ,  t-J-ie mass distribution has a lower peak 

in the middle because of the ra�t: sm;ul rrass parameter a,c; in that region,

Symretric fission : The nucleus 256.Ft.a is an exanple for synmetric fission as

den-onstrated in Fig . 1 2 . The calculations are qualitatively similar to the

mass yield observed in thermal neutron fission of 257Frn1 9 •

Charge distributions are calculated5 for the mass fragmentations l c; l =o. 1 95

and o. 2o of 236u which refer approximately to the mass chains A1=1 4 1 ,

�=95 and A1=:142 , �=94 , Fig , 1 3  shcMs the set of the pararceters used �

the definition of the ATCSM-potentials for the protons and neutrons. Fig. 14

gives the calculated p::>tential energy and the mass parameters for E;= ±o. 1 95

and >.=1 . 8 . We obtain tl:� j nteresting result that the p::>tentials show single
deep mini.'l'a at �z =.:-<'. i 95 . Bemuse of t;. = E;

z 
= l:N at the minima the hypothe­

sis of an unchanged �ialg� iustribution is su-pp::>rted in this exarcpl'¥ • Fig.

1 5  conipares the cal1:uta:.�"tl an�· e:-..-perinental charge dispersion yields for 
both j c 1 = o . 1 95 and r�·. 2q. The e,�perimental data20 oorresp:>nd to the mass

chains with A1=1 4 1  and 1 .12 . 'lliP calculated charge dispersion curves have 
Gaussian functional fonn peaxed al.'0und Z=55 and 55. 2  and have widths of the
order of the exper:i.Jrez;,tal values , The calculations refer to the sp:,ntaneous 
fission without taking into acoount the evaporation of neutrons. Newer 
measurenents on charge distributions in light ness chains have revealed the 
role of �iring and odd-even effects2 1 

It should be kept in mind that in all the above calculations not a single 
paraneter is fitted to yield the exper:inental distributions, The calcula.-

571 



572 

0 
b} 

t C)

0 

- 8·0 --- 8 •O.SMeV·-·- 8 • 1.0MeV -···-· 8 • 7.0MaV 

98 . 118 138 
Mass No. 

Fig. 10. The mass yield for 236u­
fission at A =  1 . 8. 
a.·) mass paraneters in units of the

nucleon nass,
b. ) the potential energy,
c. ) CX>Iti)a.t'isan of the theoretical

mass yields for various tercpe .. 
ratures with the experinental 
data, taken £ran Ref. 17 .  

1 a} 
I a ·

6 

b) 

l:1'krl 
O 73 93 113 133 153 

Moss No. 

-1

-8 
-9 

·tl"--:�......_-:::
93
=-..,___,,�,3::--'--::13�3-�=-­

M:lss r.o. 

Fig, 1 1 ,  The mass parameters, 
the potential energy, the theo­
retical and �iJ'lental mass 
yields for 226Ra-fissidn at 
A = 1 • 8 .  The experinental data 
are taken fran Ref. 1 8 .  



· ·1

�11� · 1.B

I !  L 
2l 

c)

ot 
� ......... ,, I 

� -2�········· /-;�' 
- i ·" / r / I ! ·W-" I 

6 � / 
·m -s / 
II: 

·lO 89 109 129 149 169 
Mass tb. 

Fig. 1 2 ,. The nass pararreters , the 
p::>tential energy and rrass yields 
for 257Fm-fission at A =  1 . 8 .  
The tenper�tures are o,  o .5 , o .75 
and 1 , 25 M::!V. 

236u � = 0.195 , i\= rn 
6i· o/ t1i

b, 

---- 21 ------ Z2 -----
---- z; ---+-- Zi -----

\ 
\ '

Neutrons -" , 
( �

N
• 0.256) "- .._ _ _ _ -

frogmen! I ---------- 2 R0� 
i------------- 2R

0
A 

Fragment 2 

Fig, 1 3 .  The pararreters of the ATCSM used in the calculation of the charge 
dispersion. Different p::>tentials for the protons and neutrons are assumad. 

573 



574 

1 0.1 OJ D.4 
� Ooge Asymet-y �l � .. 

..... tJ.-5 -:n'""'.2..--.ts.J,.,..-.....,,"""l.4----..1i.to iJio stl.& $2 S§a &'4, 
. Ooge tu,w Z, 

34 Z2 

Fig. 1 4 .  M3ss pararreters 
and potential for the charge 
fragmentation for � = ±o. 1 95 
in the fission of 36u at 
the elongation A = 1 • 8 .  

Fig. 1 5 .  Calculated charge 
dispersion curves for the 
mass asynnetries l ; I  = o. 1 95 
(A,=1 4 1 )  and o.2o (A6=1 42)
in the fission of 23 u at 
the elongation A =  1 . 8 .  'lbe 
experirrental data a,re taken
from Ref, 2o. 



tions shc1tl that both the mass� and charg�ibutions are fixed mainly by 
the potential energy surfaces whereas the mass paraneters detemine the de.. 
tails, e.g. the peak-1:.o'!'.'"valley ratio. 

3.3  Tine-Dependent Treatnent ·of the Elortgat:kn1 5

. In this section we take the i:elati ve notion of the nascent fragDents and 
its interaction with the mass asymnetry vibrations into accxrunt. For this
we start with the classical total energy of the systan 

( 1 5) 

It is assuned that the elongation can be described by the classical tine­
dependent coordinate >. (t) whe:reas the notion in the fragnentation coordinate 
E; is quantized. Therefore, a semi-classical fonnalism is set up in which the 
wave flmction !j, (E; ,t) is the solution· of the tine,,,,dependent _Schrodinger equa• 
tion with ). (t) • 

ill ..1. ip = {- h2 
L 1 L + V ( E; , >. ( t) ) } ip ( 16 )  

at 2 IB
E;E;

C E.: , >- Ct> > oE; IB
E; E;

CE; , >- Ct) ) aE; 

In Eq. ( 16) we have neglected the terms arising by the cxrupling mass B
>.E; 

in
(1 5) .  This is justified because of l a

,.E;
I «  I BH B

E;E; 
in all actual problems 

(see Figs. 1o-12) . The solutions of (1 6) are expanded in the staticmaey ei­
gen functions of Eq. ( 12)  1 

(17) 

The classical equation of notion for >. is obtained by calculating the aver­
age value of the energy ( 1 5) with the wave functioo ( 17) and neglecting 
again the cxrupling mass B

>-E;
'

E = 1 < B > >.2 + .� j a  j 2 E(v)
av 2 u t.. v ). v=o 

( 18) 

In order to estimate the possible effects of energy dissipation into single-
particle degrees of freedom a pa.ranetrized frictional force is included. 
Then the equation of notion for >. is given by

dE 
� = - f 12 , . dt 

( 19) 
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where f is the c:oefficient of friction, The classical eguation1of m:>tion for 
;),_(t) is sinull.taneously solved together with the �t Schrodinger 
equation { 1 6) • As mi tial c::or:ull tion we have chosen A = O for the A .. value 
after. the system has f:inished tunneling through the barrier, 

The calculations are done for the fission of 236u with the masses and poten•
tials shown in Fig, 1 6 ,  The system starts at A =  1 . 65 which is the exit J;Oint 
of the system after tunneling in spontaneous fission. Figs. 1 7  and 1 8  present 
the :results for the dynamical develoi;rrent of the wave nmction for several 
values of the triction coefficient f, which were chosen such that the tran­
sition from uni.npeded acceleration to very slCM m:>tion can be studied. The 
oollecti� excitation energy has been defined as E = · r I a 1 2 (E M •E (o )

) ex " " 
and the nean asymretry exx>rdinate as < E;> = r a* a <v 1 1  E; 1 1  µ> . For· no fric-v,  µ " µ 
tian the mass yield in Fig. 17  changes little and is ciose to the sudden 
case while for very strong friction and slow descent it adopts adiabatical­
ly. The intenrediate cases sho,., sane oscillations which are due to coherent 
excitation of higher E;.-states. 

We conclude that any detailed study of the peak-to-:-valley ratio and the 
structure of the mass yields will not be possible without studying dynamics. 
Fissioning nuclei which have inte.mediate velocities in the elongation would 
:reveal oscillations in the mass yield caused by the excitation of higher 
vibrational states in the asymretry exx>rdinate. such effects have not yet 
been observed in experi.nent. 

4 .  Production of New Elenents in F\lsiai Reactions 
The fragrrentation theory can be applied to select the proper target and p� 
jectile cc:rrbinations for produci."'lg superheavy elenents in fusion :reactions 
through heavy ion collisions , The production cross sections are shown to be 
very sensitive to the choice of the :reaction partners. The Berkeley group22

has l:arbarded spherical , light projectiles on deformed, heavy targets, where­
as the Dubna gmup23 has used spherical or .nearly spherical but :relatively 
heavier projectiles on defomed and spherical heavy targets. Different iso­
topes of heavy elements with z = 1o2-1o6 have been synthesized by these b«> 
groups. In the following we investigate the question of the optimJm choice 
of the :reaction partners, 

The idea of the rrethod suggested in Ref, 24 is to choose the reaction part­
ners such that the cx:mp::>und system is fonmd with a rninimllm of excitation 
energy. For a exx>ler cx:irrp.:>und nucleus: the nmber of neutrons emitted � 
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be smaller and consequently the cross section for the fonration of the nuc­
leus in the grmmd state w::>uld be large, The CXXl1?C)Uild system can be reached 
by various canbinations of the projectile and target nucleus, P.s we shall 
see, the potential energy V(R,n ,  nz> of the system already gives sufficient 
infomation for qualitative conclusions about the probability of fonning a 
cool carpound nucleus. 

Fig. 19  sha.-1s the potential V(R,n )  for the CXJlp)und nuclei 2581o4 and
260 1o6. In the overlap zone (R<Rc) we have carried out a full three di.nen-
sional minimization in c ,  a1 11 s2 and in the asynptotic region (R>Rc) we have 
used Eq. (6) minimizing V(R, n , nz> for each possible c:x>mbination of masses and 
charges. The binding energies in Eq. (6) are taken fran the atomic mass tab,­

les of seeger25 • we notice fran Fig, 1 9  that for each <XIIp)und nucleus deep 
minima in the potential energy occur at only a few n ... values. The interest­
ing point is that these deep m:in:una in V(R,n )  are not only stable in n ,  but 
also that no new minima appear after the tw::> nuclei overlap to fonn the 
<Xl[p)und system. Therefore, the potential V(R = Rc, n ' nz> , which is easily 
carputable through F.q. (6) , gives already the positions of the minima with 
respect to n and nz . Evidently, the potential min.ina in Fig.. 19  are related 
to shell effects, with at least one of the tw::> nuclei being a spherical nuc.­
l�us. This fact is derconstrated in Fig. 1 9  where the static defonrations s1
and s2 , taken fran Ref. 25 11 are plotted for R = Re'

The collective Hamiltonian couples the surface vibrations and t..'1e mass- and 
charg&-fragnentation degrees of freedom strongly. When the transfer of mass 
and charge occurs, ' the  shapes of the tw::> incoming nuclei change, which appa.,.. 
rently causes a large transfer of energy into the surface degrees of freedom. 
'lwo different cases of initial fragnentation can be distinguished which lead 
to a different am:>unt of excitation of the c:atp:,und system: 1 . �  � initial 
fragrrents lie outside the potential energy minima of Fig, 1 9  and are non­
spherical, 2 , )  the initial frag:nents lie on the energy minima · in which case 
either one or both nuclei are spherical, In case 1 , ) ,, a large mass and 
charge · transfer occurs in the direction to the minima of the potential V(n)  
because the driving forces, given by ..-av/an and �av/anz, act on the system.
While the system runs in the direction to the potential minima, a large 
anount of energy is transferred into the excitation of surface vibrations, 
On the other hand, in case 2.  ) ,. no mass and charge transfer occurs since 
the driving forces ... av/an and -av/anz vanish in the potential minima.
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We find, therefore, that the excitation of the c:x:mp:mnd nucleus "WOuld be 
mininUl1n if the target and projectile are chosen with respect to the minima
in the potential V{R, n , 11z> and further if the cacpound system is foil'lei in
a central collision. As a first test of this selection rule we cxmsider the 
minima of the potentials in Fig. 1 9  which are listed in tables by GJpta3 

. 24 i.nd and Sandulescu et al • •  It is interesting to f that the combinations
So_ 206 Sn_ . 2o8 54 206 2ri + 82Pb, 2ri + 82Pb and 24cr + 82Pb are used in Dubna.-expenments
for the synthesis of z = 1o4 . and 106 elements {for references see Glpta3 ) .

Fig. 2o presents ca.lculations26 of the potential energy at the relative dis­
tance R=R for the case that the target is a Pb,,,nucleus and the oonp::rund 

C 
nucleus is a heavy or superheavy element with 100 s Z � 1 14 protons. The 
success of the theory is again shown in the case of Z = 100, where 4oAr pro­
jectiles have already been used for the synthesis of Frn isotopes. The theory 
suggests 58F.e, 64Ni , 70zn and 76

Ge for the synthesis of the superheavy ele­
rrents 108 ,  1 10 ,  1 1 2 and 1 1 4  in the COllTfOund nucleus reactions with Pb-targets . 

The selection of the target and projectile combinations acoording to the 
minima of the p::>tential V{R, n , 11z> is a necessary ccndition to obtain large 
fusion cross sections. Further oonditions are large mass- and charge- asym­
netries, large interaction radii and small interaction barriers as p::>inted
out by G.lpta et al. 27 •

5. Mass Transfer in Heavy Ion Scattering 
The fragrrentation theory can be applied to the scattering of nuclei . Here 
we discuss the mass transfer in the oollision 2380 - 238u and the quasi­
fission process in the reaction of 84Kr ions with 2380.

5 . 1 .  Mass Transfer in the 2380 - 2380 COllision28

The fragrrentati� theory asS\lltes that the oollisions of t'WO nuclei can be
described by the ooordinate R of the relative notion and by the fragnenta-
tion ooordinate 11 defined in Ek}. ( 1 ) .  The energy of the system has the fol­
lowing fonn: 

(20) 

The first three teJ:ms denote the kinetic energy, V(R,11 ,0) is the potential 
and E (0} the energy transferred out of the R- and ri-notion into the degrees 
of freedcm which are not treated explicitely. In order to sinplify the cal-

. culations, the coupling term in (2o) is neglected because of I B
R1i 

I «IB
RR·Briri ·



The masses calculated by Zohni 29 have large fluctuations as function of n •
Since these fluctuations are strongly dependent on the underlying cranking 
and shell nodels, we have used masses averaged over the masses of Ref. 29. 
The averaged masses are plotted in Fig. 21 • 

a, ) The tenperatureLdependent potential: The potential V and the energy loss 
E in the R- and 11- rotion are as� to depend on the temperature 0 of the 
c::orcpound system. We use the ansatz 2 

_ � (0/0 ) 2 
V(R, 11 ,0 ) -

.
V

IDM
(R,n ) + e o 6V

shell 
(21 ) 

The potential V
LDM 

is the liquid drop energy as function of the cxx:,rdinates 
R and 11 .  The difference tiV

shell represents the shell effects in the adiaba­
tic potential . Fig. 22 shows the adiabatic fragrentation potentials of the 
238u + 238u-system by solid lines at several internuclear distances. The po­
tentials were calculated by Zohni29 within the Strutinsky foi:malism and the 
ATCSM. At. the potential miitimum at n = o. 1 18 one of the partners is a Pb-nuc­
leus and at the minimum at 11 = o.28 superheavy nuclei with Z ::  1 1 8 are fotll13d. 
The dashed curves in Fig, 22 give the liquid drop potentials v

100 
used in

F.q, (21 ) • 

The shell effects in the adiabatic potential are S1IOOthed out with the expo­
nential factor in F.q. (21 ) .  Acoording to Fef. 3o the shell effects vanish 
above an excitation energy of 60 �V in the Uranium region, corresponding to 
a temperature of about e

0
=1 . 5 M3V. The sarre transition tenperature is used

for the oompound nucleus A:::::476 which corresj;x:)nds to an excitation energy of 
about E0

=1oo MeV above which the shell effects vcl!lish.

b. ) The excitation energy: The energy E, which is lost in the R- and n-rrotion,
may be devided up into three parts : 1 . )  the statistically distributed thennal 
excitation energy E0 which is related to the temperature e of the carp:rund
system, 2 . ) the excitation energy Ee of the collective degrees of freedan,
which are not explicitly treated, like surface vibrations and 3 . ) the exi­
tation energy E

sp 
transferred into single particle degrees of· freedan via

d,irect reactions, e.g. into the pronpt emission of nucleons. 

E = E0 + E  + E  • C sp
(22) 

It is assUired that the excitation of collective vibrations and the direct 
emission or a few nucleons do not• SIIOOth out the shell effects in the adia-
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bc1.tic potential . In order to fix the thermal energy, � introouce the shar­

ing parrureter f which detennines the percentage of the thermal excitation 

energy in the total excitation energy 

E 0 = f E. (23) 

The sharing pararreter f is considered as a free paraneter since no alJ .initio 

calcnlatJ.cns of f presently exist . The statistically excited degrees of free­
clcm ar�? as$tilrcd · to re in ther.mx1ynamical equilibrium with 1:errf?E!rature e .  
'l'herefore, "� can use the relation ( 0  in f.BV) : 

E0 = 1\02 / 10 MaV (24 ) 

With F.q. (24 ) the temperature-dependence of the exponential factor in (21 ) 

may be replaced by its dependence on the excitation energy: 

�fE/Ev === v
l.fi\1 (R, 1'\ ) + e o t.Vshell ' (25) 

where E is given by E = Jll:J2 / lo MaV. 
0 0 0 

All the degrees of freedom which are not explicitly treated and which carry 

the total excitation energy E, are assum:!d to rouple ·to the relative notion 
and mass transfer via the friction. To sirrplify the further investiga1?-ons 

we tilkc only the radial friction into account and, therefore, write the 
excitation energy E at ti.Ire t as follows; 

E (t) = c1 f f1 (R, n )  R2 dt' (26) 

'l'he rd<llal fr:icllo1, c1 r1R ls taken from Pef. 31 and shown in Fig . 23 . AA

analysis28 of the cr�ing m:x:lel yields a relation between the cranking 
trass and friction function. Assuming an average de<;ay tine � /2 for the • 

decay of the excited 1 -particle-1 -hole-states of the cranking m::xlel into 

nore complex states \\-e obtain the energy dissipation as: 
t -

E (t) = f .  BRR R2 �t '

O 2 T/2 
(27) 

By corrparing Egs. (26) and (27) a sinple connection follows: Bru/t =c1 f1 (R) .
In Fig. 23 we have fitted the expression _Bru/tc1 to the friction function 

- - 19  · - -21 and find TC1 = 1 - 2 • 1o sec which yields realistic decay tines of T" 1o 

sec with c1 = So - 200 for the dissipation of energy.
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c. ) Results with the classical equations of notion: In order to study the
t:ine evolution of the fragrrentation w1e first detennine the classical tine
dependence of the relative notion and fragnentation cx:x,rdinate. For this we
solve the equations of notions which are derived from the Hamiltonian of the
system.

p2 
+ _n_i - + V(R,n , E) + E

2B nn
(28) 

Here , .L ·i7 the ·orbital angular rromentum, pR = B
RR

R the relative m:::m:ntum and 
p = B •: the r.nrentum of the fragrrentation degree of freedom. solving then nn 
coupled equations of notions following from F.q. (28) � obtain the tilre-de-
pendent functions R (t) , pR (t) , n (t) and p

11
(t) .

In Fig. 24 we study the U-U collision wit.l'x::>ut friction in the adiabatic po­
tential V

ad 
(R, n )  = V(R, n , 0  = O) . We present the distance of closest approach,

the reaction tine and the classical final fragmentation, obtained as solu­
tions of the classical coupled equations. The classical mass fragrrentation 
corresponds to the expectation value of the fragrrentation distribution. It 
is hindered by the existence of the small barrier at n = 0 . 02 in the poten­
tial of Fig. 22 . As the incident energy increases, the distance of closest 
approach decreases. When the distance of closest approach becxJrres smaller 
than lo. 2 frn, the small barrier disappears and therefore, the classical no­
tion of the mass fragrrentation rapidly increases up to n-values where super­
heavy nuclei are famed. 

In Fig. 25 the classical equations are solved with friction in the adiabatic 
potential (f = 0) . The friction force causes a sl.CMing c:b,.m of the relative 
notion. This can be recognized by corrparing the results of Figs. 24 and 25.  
For the sarre incident energy the reaction tine is diminished, and oonsequent­
ly a smaller mass transfer n (T) results. If tent:erature effects are not 1in­
cluded in the fragrrentation potential (f :::: O) , the effect of friction is 
approximately compensated by a higher tanbarding energy. 

2!l Qian tum rrechanical treatment of n-notion: The n-notion in F.q. (28 ) is quan­
tized according to the Pauli prescription. Then the wave function for the 
mass fragrrentation is the solution of the tine-dependent Schrcxiinger equation 
in which the relative coordinate R(t) and its oonjugate m::mentum pR(t ) ,  ob­
tained fmn the classical calcµlation, are inserted. 

(29) 
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Eq. (29) is n�ically solved with the initial condition for R (t=O)=Rc:

[ 1 n-ni J ,,, C n ,  t.:o) . "' exp - 2 <-r-> j (3o) 

The coordinate n ,  of the initial mass fragnentation characterizes projectile 
l. . . 

and target, and the width r the few nucleon trans�er, _which takes place be-
fore the critical dista.>1<X! R is reached. The critical. distance R = 1 4 . 5  fm 

. C C 
is assuned to be equal to the touching distance of the a,,o nuclei. The width 
is chosen as r = 0.01 26 which corresponds to a spread in the mass number of 
t:;A = 3 .  

Fig. 2 6  shows the tine evolution of the mass distribution for the case of 
the adiabatic J:)Otential (f = O) and without friction. The mass transfer is 
sensitively influenced by the initial choice n� of the target and projectile 
oombination. By oonq;:,arison of Figs. 26a and b it can be seen, that for an 
incident energy of E

01 
= 820 rte.V the small peak at n = 0.02 plays a decisive 

:role at the first stage of the fragnentation. If the incident fragnentation 
lies in the minimum of the p::>tential at n1 :::: o. 1 1 8  where one of the nuclei 
is a Pb-nucleus, the center of the mass distribution stays az:ound the mini­
mum during the whole coll::..sion as shatm in Fig. 26c. 

In Fig. 27 we show the energy transferred from the radial notion to the other 
degrees of freedom for various choices of the sharing pararreter f. The ther­
mal excitation energy E0 above which the shell effects vani:11 is coosen as
E0 = 95 MaV. One notes that the internal excitation energy E (t) increases 
rapidly in the first s�ge of the reaction and keeps a nearly oonstant value 
E in the interaction region, Fig. 28 presents the tine evolution of the 
quantum mechanical fragrrentation distribution in. the 2380 - 2380 collision.
The final fragnentation depends strongly on the energy ratio fE/E0_. we find
that for an appreciable mass transfer the energy �0 = fE, transferred into
the thennal excitation, has to be less than E0 :,( 100 MaV since above this
energy the shell effects in the fragnentation potential beCClle SlDOthed out. 

The curves in Fig. 28 for f = 1 resemble the results of the diffusion theo­
ries in which the Fbkker-Planck equation is solvea32 • The diffusion theories 
ass1.I1re a completely statistical standpoint for solving the tine-dependence 
of the mass transfer. In contrast, our theory treats � mass transfer as a 
coherent collective notion, describable by quantum mechanics. When the fric­
tion in the mass transfer, which is not yet included in the theol:y, beCClles 
imp:>rtant, the time-dependent Schrodinger equation (29) has to be replaced 
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by a non-linear fonn as suggested in P.ef. 33 . 

e. )  Prcduction of su�rheavy elerrents: The calculated probability for pro­
ducing superheavy elerrents (n > o. 2o, A1 > 286) in 238u - 238u oollisions 
depends sensitively on the remaining shell structures in the p:>tential as 
denonstrated in Fig. 28 .  The crucial question , narrely, to w.-:at extent the 
shell structures are preserved during the reaction, is not yet solved. The 
solution depends on how fast the excitation energy is transferred into the 
thennal. excitation of the conp:>und system. Possibly a tirre-delay (retarda­
tion) between the loss of energy from the relative rrotion and its final ap­
pearance as tertp;!rature has to be taken into acoount. Such a tirre-delay 
l/.Ould hinder the destruction of the shell structures . 

As shown in Figs . 24 and 25 the reaction tirre grows with increasing oombard­
ing energy. Increasing reaction tirres lead to a larger mass tra'1sfer which 
can be recognized in the �evolution of the mass distribution in Fig .28 .  
The effect is  rrore or less independent of the sharing pararreter f.  There­
fore, we conclude that the bombarding energy in heaV'/ ion reactions has to 
be increased to obtain an appreciable mass transfer. At higher tombarding 
energies the U-nuclei overlap nore . At larger overlaps , i . e .  at sr..aller re­
lative distances R,  the fragrrentation potential 1:eccrres flatter in l"l since 
the cx:mpound nucleus has been fo� and the neck has va11isr.cd (see Fig . 22) . 
In that case the wave famction for the fragm:mtatiorf can extend to the re­
gion of 11 > o. 2 without l:eing hindered by a potential barrier provided t.�t 
the reaction tirre is sufficiently long . B1.lt as disc,Js&:..'">d above , the oondi­
tion of a sufficiently long reaction tirrc is fulfilled at higher l:an:2rding 
energies , Therefore, all the argurrents indicate that a larger mass transfer 
can only be expected at higher r.or:-barding energies . The presE..�� data34 for 
U-U scattering obtained at GSI at energies of al::out 7 r.'eV /nucleon sho,1 no 
praninent mass transfer to masses with A >  260 . 

5 . 2 .  Quasi-Fission Reactions35

In the following we discuss the b-.u step process of fission after a few nuc­
leon transfer in the reaction of 605 f'.�V 84Kr ions with 238u.  For this reac­
tion the yield of 156 nuclides are neasured radiochemically36 • The analysis
of the mass-yields, shown in Fig. 29 , gives rise to five conµ>nents : 
1 . ) transfer products' centered on the target and projectile masses ("rabbit 

ears") , quasi-Kr products at A .. 85 , 
2 . )  products oontered slightly below A = 1 1 9 fran the syrmetric fission of 

the quasi-U conponent, 



100 

� 
I 

8'Kr•� 

Exp! Eia,s60'.i MeV 

Cale. R • 12.0 fm 

;:e r r! 
!... I � ,or 
> ; 

mr-m - ,20 

8'Kr . 239u �21281
� Adiotlctic Potenliois · 

·2015 11
·2020[�
·2G25L � /'-..._ �V ,r1 , " � . ,..,-
-2r-3e�. 1, �·:1.?.:."·V � w. � \ ' ::\. d l 

( ·2035� · . ..,, �  ; \ � 1 1 �-•� ,.; . . m f-'1 I 
� V j (),, :4j j j ·2160 1•

">. ·2170 
E" 
..S 2210 
:g ·221B 
� ·2360

1

' 
·2380 

� 
-o:r-o 0.2 o.c 0. �ss Asymmetry � 

�st ..... ··-·95-'-�IBr·,--m·· ..... ·225_.._250� 
�.ass Numl:)e; A, 

240 

Fig. 29.  The experi­
nental.36 and calcula­
tea.35 mass yields 
84K + 238u. 
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31 ) the heavy-nass branch at A " 1 40 of the low energy fission products of 
Z = 92 n�clides , 

4 . ) products from cx:mplete fusion-fission, the broad continuous distribution 

at A ::: 16o - 1 8o  
5 . ) an ·excess yield at A =  195 which is usually called "gold finger" .  
These corrp:,nents have been explained by Gupta35 in the frarre-...ork of ·the 
fragnentation theory. 

The experinentally observed characteristic kinetic energy of products sug­
gests . that the initial kinetic energy is alnost oornpletely daillfE!d during 
the oollision. Therefore, a cx:,mposite, very defonred system with A =  322 
and Z = 1 28 is fonred which fissions as a nonnal nucleus. This allows us to 
calculate the mass and charge yield distributions for 322128 by exactly
the sane nethod as "We have used it for fissioning nuclei in Sect. 3 . 1 .  

Fig. 3o shows the calculated :;:otential V (R, 11 )  for the coiq:ound nucleus 
322128 .  The initial _ system 84Kr + 238u lies at Ii =  o. 478 .  Since the initial
system approaches_ outside the potential minima, we expec·t that mass and 
charge transfers occur already near the critical radius R • The transfer 

. C 
products are centered close to the projectile and tar�et masses. Using the 
p:>tential shc:Mn in Fig. 3o, Gupta has calculated the mass-yields for the 
fission of 322128 at R ::::  1 2  fin. 'I'he yields are drawn in Fig. 29 for the 
fission of the ground state (dashed lines) and of a state with 100 MaV 
excitation (full lines) . In agreeirent with the exper.irrental data, the cal­
culated mass yield distribution does not shaw any naximum at the half-mass 
A =  161 of the corrp:,site system. The heavy-mass component appearing in the 
calculation around A =  1 8o - 1 90 can fission sequentially. As an illustra­
tion of thi:s process, the sequential fission of the comp::>nent A .. 184 (shown 
shaded in Fig. 29) has been calculated. As sha,m in Fig. 29 by· the curves 
marked SF, the products are CP.ntP.red around A .. 8o and 1o4 . The products 
lie in the sane mass region as the quasi-Kr products and the light-mass 
branch of the low energy fission of Z = 92 nuclides. 

In cx:,nclusion the fragrrentation theory gives at least a quali.tative des­
cription of the mass-yield distributions in the quasi-fission reaction of 
84Kr + 238u. Sore of the experirrental corrp::>nents appear as primary fission
products in the calculation. A nore quantitative cx::irrparison between theory 
and experirrent may not be expected at this stage, since the experirrentally 
observed yields represent only a fraction of the total mass yields36 •



6 .  Conclusions 
In this article t.-.ie have reviewed the fragmentation theory which treats the 

whok set of e .. 10-fragment channels of a nuclear system on a camon basis. 

The principle idea is to describe the rrass and charge fragnentation by dy­
namical collective coordinates n and !"lz which are oontinuous in the reaction 
zone and dis<?rete for separate:i nuclei. The rrethod has the advantage that 
all eletrents of the rrodel Hamiltonian, such as potentials and masses can be 

corn;iste.'1tly calculated. The application of the theory is very wide: Mass­

and charge-yield distributions are ·shown to be in quantitative agreerrent 
with experirrent. For the production of new elerrents the theory predicts an 

optimum choice of the target and projectile nuclei . 'Ille theory of the .mass 

tr�sfer in heavy ion scattering is developed ·as far as experinental data 
can be c:ornpared with calculations . 

Future prospects and extensions of the fragmentation theory are the follow­

ing: In the calculations of the potentials and masses we have to include the 
effects of nuclear temperature and nuclear rotation. The ATCSM needs asymp­
totic corrections in order t..'r1at the Fermi-levels of the separated fragrrents 

lie at the exact relative p:,sitions37
• In t.i-\e scattering calculations also

the neck-degree of freedom and the defonnations have to be treated as dyna­

mical degrees of freedom. Only the dynamical treatnent of the shape parane­
ters leads to a ronsistent rrethod to distinguish between the scattering and 

fission channels38 • The validity of the quantmn-nechanical treatJrent of the 
fragrrentation coordinate has to be investigated for the case that the nuclear 
corrp:lUnd system has been thennalized. 

A generalization of the fragmentation theory to three- and nore-fragrnent 
channels has recently been carried out by H.J. Fink39 • Fink has introduced 

collective fragrrentation coordinates for the three-body channels and solved 
the principal questions of their dynamics. The masses and potentials for the 

three-body channels have t.o be calculated with the general asyrmetric three­

center shell m:xlel. The developrent of these generalized shell rrodels is in 
4oprogress 
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Discussion 
N. Cindro1 You have shCMil the mass dependence of the fusion cross section 
for tw:> heavy ions. Have you any results on the energy dependence?

W. Scheid: Up to now � have calculated mass yields for selected energies
and inpact parameters. In next future � will calculate differential cross
sections as function of energy.

M. S.  Weiss : While, in this them:y, mass asynrretJ:y is enhanced by high energy,
will this extra energy not lead to such fast fragrrentation of the heavy 
fragnent that vitiates the super-heavy production? 

w. Scheid: That is oorrect. OUr calculations are restricted to tw:>-l:x:xiy 
break-up channels. The fission of the heavier fragment leads to three
clusters in the exit channels . This reaction can be approximately treated 
in the following manner: In the first step one calculates the primary dis­
tribution assuming b.u-body break-up channels only. In the next step the 
fission of the heavier fragm:?nt is taken into account according to the 
nethods outlined in this talk. When the fission of the heavier fragrrent 
occurs already during the interaction df the o.o-heavy ions , the tv.u- and three-

. body channels have to be treated u.t=,0n the sane footing (see Refs . 39 and 40) .

R.W. Hasse: In deep-inelastic heavyo-ion reactions with very asyrraretric sys­
tems the charge-asymretJ:y degree of freedom equilibrates much faster than 
the mass asymretry degree of freedom. The forner one, hence, cannot be 
described: by use of adiabatic cranking masses , whereas the latter probably 
can. Both, however, are connected by A =  N + z .  Are you therefore shure 
that your cranking mass B is adequate in your dynamical m:xiel? 

1111 

� Scheid: The calculation of the masses according to the nethod of Inglis 
is based on the assunption that the collective notion is adiabaticly slCM. 
The considered oollective notions may not be adiabaticly slow. Qtly for 
reasons of sircplicity � have used the cranking masses. lvbre theoretical 
"-Drk is needed in order to solve the problem of collective masses in non­
adiabatic notions (see Refs. 1 3  and 1 4 ) . 




