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1. Introduction

Deeply inelastic collisions between heavy nuclei offer
a unique possiblity to study relaxation processes in a
small quantum system. Although the identity of projectile
and target 1i1s essentially preserved in these reactions,
a large amount of mass can be transferred, the relative
kinetic energy 1s dissipated and relative angular momentum
is transferred to internal angular momentum of the fragments
during the interaction time [1-3J. The correlations between
total kinetic energy and. proton number of the projectile-
like fragments shown in Fig. 1 for various systems [3]
exhibit the large and continuous energy damping down to and
below the Coulomb barrier for spherical fragments with an
1ncréas1ng amount of nucleon transfer. In addition, the
measurement of y-ray multiplicities from the deexciting
fragments or angular correlations of fragments from

fissioning reaction products [Q] have recently demonstrated

.the importance of the transfer of relative angular momentum

to intrinsic angular momentum of the fragments. An example
for the correlation of measured ymray multiplicities with
energy loss [3] is shown in Fig. 2. With increasing energy
relaxation also the internal angular momentum of the fragments

increases and saturates in the completely damped region.

For these heavy systems, the wave length in the relative
motion is small as compared to characteristic lengths of the
interaction potential. Consequently it is frequently possible
to consider collisions between heavy nuclei in the classical
1imit. According to the classical picture [5] of Figs.3,4,

deeply inelastic collisions occur for impact parameters b
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(or relative angular momenta £ ) sufficiently smaller than
the grazing value!%,ﬂg)and larger than the critical

value b,.(#,)below which the nuclei fuse to from a compound
nucleus. In a deeply inelastic collision,lthe two ions

form a rotating composite (dinuclear, binary, twoebody)
system for an interaction time of the order of 10-213.
Depending on the incident energy and the size of the -
system, the orbits may be pulled to negative scattering
angles by the attractive nuclear potential, but the

memory of the entrance channel is not lost completely as

in the formation of a compound nucleus. As indicated
schematically in Fig. 4, the deeply inelastic collision
process is the dominant part of the total reaction cross
section for sufficiently heavy systems at incident energies
Just above the Coulomb barrier up to about 10-20 MeV/A.
Beyond this energy, the beam momentum per nucleon becomes
larger than the Fermi momentum and consequently equilibration
processes between the nuclei become increasingly unimpor-
tant [ 6].

At present various theoretical approaches deal with
different aspects of the deeply inelastic collisions. Many
studies of the relative motion have been performed by
introducing dissipative terms (friction forceg) into the
classical equations of motion {7] . This allows to calculate
gross angular distributions in the classical approximation
as well as the mean energy and angular momentum loss. However,
no attention is paid to the mass transfer, and the neglect
of statistical and quantal fluctuations prevents a complete
description of the physical situation. It has been shown by
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N8renberg [8] that the ?el?xation processes encountered

in these reactions can be understood as transport pheno-

mena and described by master equations and Fokker-Planck
equations. These equations have also been used by Moretto

et al. [1,9] , Ngd et al. [10] and others to investigate

mass transfer and energy dissipation in deeply inelastic
collisions. This approach is complementary to the classical
dynamical calculations since the internal degrees of

freedom are considerec explicitly whereas the relative

motion 1is eliminated. Although very recently several statis-
tical treatments have been developez which explicitly

include the relative motion [11] » the success of the

simple statistical models in particular to describe the

mass transfer [3,3,12] Justifies a further pursuit of this
approach. We subsequently describe the basic equations and
the extension of a microscopic quantum-statistical model
[13,1“] for the calculation of mass and energy transport
coefficients to include the angular momentum dissipation [15].
Analytic expressions for mass, energy and angular momentum
drift and diffusion coefficients are given. In section 3,

we present a phenomenological model to treat the relative
motion that allows to determine € -dependent mean interaction
times from experimental data [12] . This is used to determine
experimental transpori coefficients which are compared with
the theoretical values to test the validity of the micros-
copic theory. Alternatively, we can calculate mass or element
distributions (section 4) and angular momentum distributions
(section 5). Both are compared in detail with recent

measurements.
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2. Microscopic Transport Theory

Because of the large level densities of the highly
excited fragments in deeply inelastic collisions, only
mean quantities averaged over many channels are observed.
In microscopic transport theories one attempts an accurate
treatment of these macroscopic observables which are
obtained as averages over internal states in a coarse-
graining procedure [16 ]. For the time evolutidn of the
macroscopic probability distribution ?[f, '.‘), f:"j f)
a generalized master equation [5] can be derived. Typical
examples for the relevant macroscopic variables 5?= (yp ~yb&)
are mass asymmetry Aq/A, internal angular momentum component
M and total excitation energy E* « Most of the microscopic
transport equations introduced so far [11] treét the relative
motion in the classical approximation, i.e. the probability
distributions are regarded as narrow distributions .in ?
gﬂQ}B centered around the mean values. Assuming that the
characteristic times in 'P(§,7.F;f) are large as compared
to the memory time [16] which limits the phase coherence in
the system, memory effects can be neglected. As discussed by
N8renberg in [5] , the generalized master equation then
transforms into two coupled equations (2.1) and (2.3). The

classical equation of motion for the mean values <7§{U) is

a_i’_<,5-(f)>-— -7V~ ?(%)(ﬁ‘ﬁ)), (2.1)

>
The mean potential <V>t and the friction tensor a’ are de-

termined by the time-dependent occupation pfobabilities
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P(5,t) = [d 5 p PlhTpst)

(2.2)
which are solutions of the master equation
2 pz0)- [ty 4 s@TG-4)T5)
at gy (2.3)

with the level densities 9 and the transition probability w.
In dynamical calculations to describe the relative motion

[7 ] , (2.1) 1s solved usually with phenomenological friction
coefficients and poteﬁtials. Whereas the simultaneous
solution of (2.1) and (2.3) would provide a rather complete
description of deeply inelastic collisions, we focus on the
treatment of time-irreversible relaxation processes in the
macroscopic variables -y\ as de;cribed by the master equation
(2.3). Since matrix elements for one-particle transfer are
much larger than for two-particle transfer, the transition
probability w(g\.g"jf‘) has a width of two mass units only.

The width in energy can be estimated [5] as A4=x~ 2 MeV, in
angular momentum [15] as AJ =~ 2. Consequently, the transition
probability 1is essentially different from zero only for ?ki"
and we may expand 3(9"} and P[j:‘l) around 9\2‘4? in (2.3).
Retaining terms up to second order, the Fokker-Planck equation
[8] is obtained

" — 2
IPi,) ) 9[ ;p=] 3 [ .
et ) S oug) Pl )+ ) 5505 ()76 2.
By, / 93; Ly Y/ } ayl. D%. ) H) 41 (2.4)
&= ¢)=4
The probability distributions are determined in terms of the
drift vector &= (0., ;) and the diffusion tensor {1)‘(}.(
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.The components of the diffusion tensor are defined on

the microscopic level [13-16]

D"[ff)“ ""‘"(J) 3<[311[5J;VJJV)4 (2.5)

with the interaction V and the memory time {.&'E‘- 4)

Tt (y) [ﬂ 242% };J b._ €2.6)

Here the brackets <. )\7 denote the mean values over states
of the composite system with fixed y and y is the operator
corresponding to the variable y; - The components of the

drift vector

g
q.@}—‘-ng)z{ j l_?(g):)bj (J)] (2.7)

are determined by the diffusion coefficients and the level
density of the -composite system. These expressions allow
for a microscopic calculation of the transport coefficients.
The results of such a calculation may be compared with
experimental values of the drift and diffusion coefficients
deduced from a comparison between experimental data and the
solutions of (2.4) for simplified assumptions about ¥ and
[z)ij; [5,8,12,14] . In the following we briefly describde the
microscopic model of Ayik et al.ll}-]il for the evaluation
of (2.5) and (2.7) and give the analytical results.

The macroscopic variables treated explicitly are
9‘: (A4, M, EA). We evaluate the transport coefficients for

these variables in a single-particle model illustrated
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schematically in Fig. 5. The mean values in (2.5) and

(2.7) are replaced by mean values over simple shell model
states of the separated spherical fragments with constant
single-particle density. The initial or final state may
correspond to the same nucleus (excitation) or to different
nuclei (transfer and ex.citation). Thus, the Hamiltonian

can be written as
T
H<= Ho + 5 Uy Xy Gy, (2.8)
Ir'ﬁu

. +
with creation and destruction operators &, , Ql_, in single-

particle states V‘,/J , respectively. Here,

H, = 4, {A,,Z,H)=rf£,, a:a,.+ UM (4,) (2.9)
v

contains the ground state energy UeH [44) of the composite

systems with asymmetry Aq/A, relative angular momentum e

and internal angular momentum component M . It is referred

to as the driving potential since the mass drift coefficient

U, turns out to be proportional to al(e,_{ /9/44 . It 1s given by’

(e-1)® , _H4?
RIl 2741

U, (A,)= Ul4.) +

(2.10)

U4, )= t, (4,) b,y (A )~ 5(A)+ A, )eY (4,) 2o

with the liquid drop energie‘s ZILD (shell effects are neglected),
the Coulomb interaction [, , the nuclear attraction ¥, and

the relative .romentum of inertia .7#:‘6’ (units MeV-l). The
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intrinsic moment of inertia is given within the model as

Zit = é;u“' {31',/4 92/'; ) (2.12)
with the single-particle level densities 3k= /4,(/12 MeV-l.
We estimate the maximum single-particle angular momentum

of fragmenth from the observed shell structure as

— 712
~ (2.13)
T = 04 A, .

The matrix elements of the interaction (2.8) are parametrized
by a product of Gaussians in the differences of the single-
particle energies (é‘y— ,_‘/ , angular momenta /jy ‘J/-«}

and angular momentum projections [M,-m,u) for excitation,

or (mv oy, - dm) for transfer, respectively. Four uni-
versal parameters enter this expression, an interaction
strength factor (}7 , a width A given by the mean change

of excitation energy in a single step, a corresponding width
Aj given by the mean change in angular momentum, and the
mean recoil angular momentum Ans arising in particle trans-
fer. Using the method of spectral distributions [17] the mean
values in (2.5), (2.6) can be calculated. The components of
the diffusion tensor

®
DLJ (/44/ H é ) DHA DHH (o) (2.14)

are obtained as
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2
ij
AN A4
2, = 0243,4"[ o " (A, )/A] FC:"‘,ZJW (2.15)

f TR

= —@iﬁ—[ﬂ,m 0.002 A, A /(aj)

:'ONH {Aj)2+0‘03‘i‘q (2.16)
+0,:0033A/3%] + D /%q
4y 413
Der = €.053 ’“‘5"|_ (/uyfl] (A, A,) (2.17)
0.0330A4 Az}
= . o JLREIILITE S 2.18

'DAH Dﬂﬂ (dm} i) 2, 0.034A ( )
g = Dgy =0 (2.19)
with 2,4

4 4 [ 32 ng,(/l,) (2.20)

’ 2

~ (41)

Y y[(aﬂlfo.oss,q . (2.21)
The units of the diffusion coefficients are 10223-1 except
for DEE which 1s in 1022Mevzs-1. As indicated in Fig. 6,

the local excitation energy fe,,: (A;) 1s related to the

excitation energy EX for symmetric fragmentation with €=4=0
(which 1s an independent variable) via

EftA )= EM=td)+ Ula)?) - C‘f‘—*’; (2.22)
()

The diffusion coefficients depend only weakly on ¢ and M
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zecording to
{ry

) L
'Db',' (EH)] = [Eer«r (‘4’)] ; (2.23)

For large relative angular momenta €32 !’,m“ , however,
an additional form factor ﬁ/t-o) has to be taken into account
since the diffusion is not fully developed. We use a para-
metrization which is in good asreement with an analys.is

of experimental data [12]
4 , €<&

PO ) e 01 oere (2
9:‘F€//Jr_[/ 2 fé -@’ o
Here, ?, i1s taken as the angular momentum on a Coulomb

trajectory with the minimal distance equal to the close
AL, s,
contact radius R = 1.2 (4, *t A, ’y

The mixed coefficient ‘DAH describes the coupling'
between mass and angular momentum transfer due to the recoil.
It 1is generzlly small compared to ,DHH and :DM and va-
nishes completely for transfers between equal fragments

because here the recoil effect is averaged out.

For the drift coefficients (2.7) we obtain [15]

A Men) g (H o _ 2~H_}5
7(7H L'L}%A A, YOVEM Z

. Z .
Iin# Il

xS
I

J(z.zs)

I
M () |12-28)
Ohy

i ‘ .
(= == 4_ 7) _ﬂ_ - (_ﬁ.) +])"W.

77,, ki :'zll'll ‘?16(,

'«
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D,

G = FE (2.27)

4
pun
lent
with the temperature (in MeV)

v ENE
7, (4 )= Jue[EL()n]

(2.28)
In the "sticking limit"
At
—_ M, = T (2.29)
l{ st Fost 5Ee 6?

the angular momentum drift coefficient UW practically
vanishes since the second term is a small contribution.
This 1imit which is familiar from classical mechanlcs
appears in the microscopic calculaticn due to the spin
cut-off factor in the level densities. As long as it is
not reached, both terms in (2.25) contribute to the mass
drift, partially cancelling each other. Once sticking is
attained, the second term vanishes, and the mass drift
coefficient is proportional to 91/@,-,/911,, . The mass drift
coefficient has a rather strong dependence on the relative
angular momentum e « In the sticking limit, this reflects
the € -dependence of the driving potential. The dependence
of mass and energy transport coefficients on mass asymmetry
A1/A’ total mass A and relative angular momer:itum € nave
been investigated in detail in [ﬁﬂ ].

In phenomenological appllcations of the Pokker-Planck
equation (2.4) to a system with given A, usually constant
mass transport coefficients have been assumed L8,12,18].

Accerding to the theoreticul expressions, this assumption
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may be justified for mass fragmentations Al/A sufficiently
far from symmetry (A, =As= A/2) and relative angular
momenta € not too much different from a mean é.. In
general, however, the é’-dependence of (4 must be taken
into account when comparing solutions of the Fokker-Planck
equation and experimental mass distributions. For systems
with the projectile mass AP close to the symmetric value
(/%==As) , also the dependence of (%, on mass asymmetry
A1/A has to be considered. A linear approximation of Uy
close to symmetry 1is sufficiently accuraze, allowing for
an analytical solution of the Fokker-Planck equation. Note
that the mass drift vanishes for A;=4.

The dependences of the angular momeritum transport

coefficients on intrinsic angular momentum M/K,

A1/A and total mass A are shown in Fig. 7 for several values

mass asymmetry

of the initial relative angular momentim é’/f,. and’ fixed
total excitation energy E*?A = 1 MeV. Here, the grazing

angular momentum
. - Atz
6, = 022 [/4,,(/ (-1 (’?))J (2.30)

with A,”/=A4,Al/ﬂ is determined by the interaction radius
R = 0.5 + 1.36 (A;’3 + A;g ) and the center-of-mass energy E.
The drift coefficient depends almost linearly on intrinsic
angular momentum M and vanishes as the sticking limit
(f/[ﬂ&y = f‘) is reached, whereas the diffusion coefficient
remains nearly constant. This will allow us to calculate
analytically mean value and variance of the internal angular

momentum distributions, cf. section 5.
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In the explicit calculation of the transport co-
efficients, the values of the model parameters 4 ,Jﬁ <U
and A have to be fixed. We estimate Af*'l from the
uncertainty of the transferred momentum due to the size
of the window. The recoil angular momentum can be estimated
as di %F/(—?/’,.er() with typical values d4m£2 . Since
the influence of the mixed diffusion coefficient is
generally small, we neglect the Z-dependence and take
Auwe =4 . The product :y\-z'la = 2.2 MeV'u'(cf. (2.26), (2.21))
has been determined in a fit [12] to the experimental mass
diffusion coefficient in the reaction 8ui(r(?lll MeV) + 165Ho.
This 1is fulfilled for 4 = 2 MeV and y: 3 , corresponding
to reasonable values of the interaction strength parameter y
and the width 4 . The transport coefficients are usually
evaluated at the close contact radius R, = 1.2 (Azi* A;%).

With these choices, the values of the theoretical transport

.coefficients are determined and they may be used to calculate

cross sections, or compared to experimental values
(sections 4,5).
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3. Mean Interaction Time

On the basis of the Fokker-Planck equation (2.4),
experimental drirt and diffusion coefficients can be
determined from measured cross sections, or cross sections
may be calculated using the theoretical transport coefficients
provided the mean interaction time 7.,/ 1s known. Whereas
the nuclear contact time can be obtained in solutions E7]
of the classical equation of motion (2.1), it is often
preferred to determine it from experimental data [8,12,18,19,20].
Rough estimates of 7 # [8] turn out to be too crude and lead
to considerable errors in the deduced values of experimental
transport coefficients. We subsequently describe a method [12]
which seems appropriate to obtain the mean interaction time
rather accurately from experimental information. It relies
on the determination of a parametrized mean deflection
function ©(¢) from the measured angular distribution and

takes into account the mean energy and angular momentum loss.

The classical model underlying the determination of 7y
as function of € (or b) 1is outlined-in Pig. 8. The angle of

rotation of the composite system during nuclear contact is
40= w- - -6 (3.1)

The construction of the deflection function from the experi-
mental angular distribution will be described below. The
respective Coulomb angles LZ}&& in entrance and exit channel

depend on radius, energy and angular momentum
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= J(REL)
g (R.6.6)- (3.2)

They ‘can be written as

A
LR+ £ — Quesiu

= C?J"{J't:f —_——— .
e e Ve O

with & = 2,22&’/(66) and b= 9/7’3/'_5 . Note that

- ﬁ"— 2?{ is not equal to the Rutherford deflection
angle as has been assumed in [19] , the difference being
typically a factor 1.5-2. Neglecting déformations, we take
the scission radius to be # = &K . In the sticking limit,

the mean exit channel relative angular momentum is given by

£ = £, = ..._é‘...{;___ F (3.4)
£ JE 7 ? cf
'ﬂ/l‘- f:rf
o 2
with the relative moment of inertia ?M;z Iu/.?, and the
intrinsic moment of inertia which is assumed here to have
(4
. - Q 2
the classical value J;, =z w R ¢+ 2.,.R . Tr:? inter-
- &

action time becomes in this limit (g - J ,+ J.'.,/}

Ty = AV T, /€. (3.5)

The gradual dissipation of angular momentum is taken into

account according to the following parametrization

é o-p, ) e K5 (3.6)
8(¢)= b+ (0-8y)e :
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This expression is almost identical to a result derived

in the statistical theory (cf. (5.3)). The difference

is that the theoretical angular momentum relaxation
constant is weakly €-dependent whereas here we use a
constant /¢ and the time in the exponential is approximated
by 7%/ 1in order to be able to derive an analytical

expression for the mean interaction time. The resulting

equation
Z.,e (€)= "%"' 7/” & ({L) (3.7)

is solved by iteration taking €I=6f for the calculation

of A'U(" in the first step. We determine both ¢¢ and the
exit channel energy 1:? needed for the calculation of the
Coulomb angle L'-?( from the experimental energy loss. Under
the assumption that the radial energy is completely dissipated

during the interaction time, L‘; can be written as

2

[f:.i;{'_ci + _;ﬁdﬁ;{;i. (3.8)
/.l

As shown in Fig. 9, this allows to fit the mean experimental

energy loss for those values of the initial relative angular

momentum € (or the interaction time t‘;'{{(}) where defor-
mations are not important and determines simultaneously E,c
and f, . For the reaction 8l‘l(r' (714 Mev) + 165

obtained a value /12 = 1.5- 1072} g [12'] which 1is also used

Ho we have

to calculate the mean interaction times for the systems
investigated in sections U4,5. The form factor (22‘/) is
included in ,the calculation.
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For obtaining the mean deflection function éaffﬁ)
or GQ(AJ from the measured angular distribution (integrated

over all fragments and energies) we use the parametrization
Q)= E.6) + 6, (6). (3.9)

At large impact parameters the scattering angle is given
by the Coulomb deflection function

2 2 (’2
- g = 57 .Z(O _é‘o_r__
G tb) = Qanctas —rg

(3.10)
The "nuclear part" é9h’ is taken of. the form
. bL/b,,.
9 b (Cﬁi TN A

0 (o) - =8 &7 3 (5 G

3lf
with the Coulomb deflection angle CZA on the grazing

trajectory and the grazing impact parameter usually being
determined from a quarter-point analysis of elastic scattering
data. The parameters f? and d are adjusted to fit the
angular distribution which is calculated in the classical

approximation
ols | b
— = Ir ; b —-, (3.12)
o/ “ | '
¢/6 e Ao b5,

An example for the determination of the deflection function
[12] is shown in Fig. 10 for the Kr + Ho reaction. Since we
are interested only in the mean interaction time we do not
consider the gquantal and statistical fluctuations which

smooth out the angular distributions, giving a better agreement

with the data. The decomposition of the experimental cross
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section into a positive and a negative angle part has

been described in [21]. Negative angle scattering is
encountered in reactions with values of % &7 e¥fo'¢ 200
for a modified Sommerfeld parameter 371 where

o' = [?//u (£~ 1 (‘/?))4] “2 is the relative velocity

at the interaction radids R. This phenomenological parameter
which has been introduced by Galin [1] seems to allow for

a classification of deeply inelastic heavy ion reactions

according to their angular distributions (22].

From the reactions investigated so far, it appears
that both parameters }? and Cf in the deflection function
are monotonic functions of 7' . Note that 7I reflects the
balance of Coulomb and friction forces at the interaction
radius. For low energies, or large values of gzl the
rotating system does not reach negative angles and
the deflection function has a nuclear rainbow
in the positive angle region. This can be seen

in FPig. 11 for the reactions 86Kr (515 MeV) + 16sEr

132Xe (779 MeV) + 12OSn. The deflection functions as

deduced in [ 23] from the data of Gobbi et al. [ 3] and the

and

calculated interaction times are shown. Apart from a form
factor close to F,, the times increase exponentially with
decreasing €. They are in rather gobd agreement with the

results of a recent dynamical calculation [2“ ].

For even heavier systems with very large values of ?
2380 (1766 Mev) + 2380 reaction the deflection
function deduced from the data of Hildenbrand et al. [ 25)]

such as the

becomes Coulomb-like and the corresponding angle of rotation

is rather small. On the other hand, the moment of inertia
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is very large, and consequently the interaction time (3.7)
for this system is larger than in the other reactions

for high 4 » but smaller in the low -¢ region. It should
be kept in mind, however, that the effect of deformations
on the mean interaction time has been neglected in (3.7),

causing ‘a possibly large uncertainty in the U+U reaction.



4, Mass Transport

The mean interaction times obtained in the previous
section can be used to calculate cross sections with
the theoretical transport coefficients of section 2.

As an example, we calculate element distributions which
are compared with the data for the reactions considered
In section 3. For simplicity we neglect the coupliht
between mass and angular momentum transport. The mass
diffusion coefficients are assumed to be constant, and
the theoretical values (2-/5) are calculated for the
initial fragmentation and a mean ér. Cémplete energy

st
the Kr + Ho and the Kr + Er reactions the initial fragmen-

relaxation and M = M is assumed to obtain EQE(Al)' For

tation is far from symmetry and we take also the mass drift

coefficients as constants. To obtain element rather than

533

mass distributions we convert to charge trhnsport'coefficients

- 2
\Dg:(f‘) Dya (4.1)

2
(¥‘(;)(M (4.2)

This implies equal charge densities, or the assumption of
a rapid equilibration of the charge densities which seems
rather well fulfilled in deeply inelastic collisions [f].
The Fokker-Planck equation (2.4) then describes the mass
transport measured by the proton number. The solution 1is a
Gaussian [8]

Z
-4 - 2o~

P(2,4)= (4w D) ’lf’*’P - '{2—'{;;3{—” (4.3)

' 2
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with mean value

L2,> = U, ¢ (1)
and variance

0;22; ({g_f-(g{))?) = 2D, (4.5)

increasing linearly in time. The observed element distri-

ey 2
butions correspond to the solution (4.3) for ¢ = ¢, /</~

27 4
Por weakly focussed reactions such as 8.5 MeV/A Kr+Ho or

Ar+Th [8] , time and angle are uniqueiy related, and (4.4),
(4.5) may directly be compared to the experimental element
distributions at different scatterinz ansles (’, and
experimental transport coefficients can be deduced [8,12].
In reactions which do not exhibit a monotonic relation
ZZL{{@V such as 5.99 MeV/A Kr+Er this 1s not possible, but
we can calculate the energy and angle integrated element

distribution
{{;rrr»r

25 27 ‘ - -
({/9 ) = a; ,;PLZ,,, 7 (E)dl, (.6
{ ' -
T Dic sk
. . )
The maximum angular momentum (.. 1is determined from the

requirement that the total cross section for deeply inelastic

/ ols
Spie = //(/;, ), (4.7)

¢

events

agrees with the experimental value. For the Xe + Sn and the
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U + U reaction, the initial fragmentation is close to,
or agrees with the symmetric mass split, and the linear

dependence ofté on 24 has to be taken into account

-

c}g: ¢} /’/" [)21/?) . (u.a)

The Fokker-Planck equation can still be solved analytically
with the result

rD, 2 ~2abt/2)- 12
(2,¢) <[ LR (f— e )]
—abt/? (4-9)
RN i)
X ng 2 (1 g —22642) .

Here, b=2. Again the element distributions are calculated
according to (4.6). The results [23] for the reactions

Kr + Er, Xe + Sn and U + U are summarized in Fig. 12.. We

show several normalized solutions P(2,,t) of the Fokker-
Planck equation to illustrate mass drift and diffusion as
functions of time. The asymmetric Kr + Er system exhibits

a sizable drift towards symmetry. The theoretical calculation
of the element distribution as shown by the dashed curve is
in rather good agreement with the data [3]. Since the inter-
action time is determined by the procedure outlined in
section 3, and the parameters in the theoretical transport
coefficients (section 2) have been fixed f12] » there is
little room for an improvement of this calculation within

the framework used here. Taking the é’-dependence of the
transport coefficients (in particuiar, of the drift coefficient)
into account rather than using a mean (7 may further improve

the agreement, and in addition one has to consider that the
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" experimental data have not yet been corrected for the

emission of charged particles. The solid curve is obtained
by adjusting the drift coefficient to fit the data. The
corresponding experimental results for the transport
coefficients are shown in Table 1 together with the

theoretical values.

The Xe + Sn system 1s nearly symmetric and the
solution (4.9) of the Fokker-Planck equation is used to
calculate the element distribution. The attempt to improve
the result of the calculation (dashed curve) by adjusting
the transport coefficients (solid curve) is not very
successful. The reason seems to be that the data exhibit
a drift towards the closed proton shell Z,=5(’ superimposed
on the drift towards symmetry (2,z2;= .52) which is included
in the approach used here. The additional treatment of
shell effects i1s presently investigated by Schilrmann et al.[261

In the U + U reaction, most of the deeply inelastic
cross section undergoes sequential fission. The experimental
cross section [25] is given by the black squares in Fig. 12.
The result of an attempt to reconstruct the primary deeply
inelastic element distribution prior to fission is shown by
the open squares [25]. Corrections for charged particle
emission have not been made. The calculation (dashed curve)
fails to reproduce the reconstructed element distribution.
The diffusion coefficient extracted from a fit to this
distribution is larger than the theoretical value by more than
a factor of 2 (Table 1). Although the neglect of deformations
in the calculation of the mean interaction time may- have a
severe effect in the U + U case, it seems too early to draw

decisive conclusions from this disagreement.
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5. Angular Momentum Dissipation

The theoretical angular momentum drift and diffusion
coefficients of section 2 can be used to calculate mean
value {H)> and variance dkz'of the internal angular
momentum distribution of both fragments as functions of
time. Again we neglect the coupling between angular
momentum and mass transport. In section 2, the linear
dependence of the drift coefficient ¢, on the z-component
of the internal angular momentum, and the 4/ -independence
of the diffusion coefficient has been discussed (cf. Fig.7).
Using this information together with the Fokker-Planck

equation for the variable M , we have

26y |
b = 0 (H=0)+<MD —-”—l (5.1)
7 <H> H( ) OH HeO
and
0( 2 _ H=0 +-?O—2 _9£i|
&z_—dﬁ = 2, (#=0) HOOH o (5.2)

Integration of (5.1), (5.2) yields mean value and variance

of the angular momentum distribution

. -1, ¢
KHD>= Hy /4‘ e ) . (5.3)
-2, ¢
oy = Dunt [4- € “’) (5.4)

L, -

The relaxation constant is given by

le, = Duty  Fitt Fol . (5.5)
7; ,7[;‘_{ ' ‘;7‘((} . H=0©
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It is only weakly £ -dependent. For large times, the
mean value of the intrinsic angular momentum approaches
the sticking 1imit, whereas the variance reaches a

saturation value J,, /l.?e .

With the mean interaction time #= Z:h,[() as
determined in section 3, we can evaluate (5.3), (5.4) as
functions of T,,¢ or € . As an example, we show the
results for the Kr + Er reaction in Fig. 13. The mean value
reaches the sticking 1limit for €é.100, whereas the variance

saturates in the low-'¢ region.

From y-multiplicity measurements [M] , the mean

2bsolute angular momentum I
>

angular momenta I

tot of becth fragments with

1? fé is obtained

1' 1/
Q 2 - 2
I, =<L'> + {I>T (5.6)

This 1s equal to, or larger than the .lean internal angular

momentum of the composite system fls]

. N IS == - I/Z . -
I = K(E+L)>7eT, 0 6D

Although we have considered so far only the z-component i

of the interral angular mcientum of the - composite system,
(I{}M!can b2 estimated. Since the recoil angular mcmentws i3
parallel to the z- direction, we expect that the mean valu: of

the internal angular womentum in the x- and y- direction i
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zero. The variances of the angular momentum components
perpendicular to the symmetry (y-) axis are likely to
be equal. Because of axial symmetry of the composité
system, creation of angular momentum along the symmetry
axis 1s expected to be small. Thus we obtain for the
internal angular momentum of both fragments
i -
<" cs? + <H>2J' ) (5.8)

M

with 2<c< 3. The results for ¢ = 3 are shown in Fig.13.

Ve have also plotted data points for I::E

obtained by
Gobbil et al. [27] from the analysis of a (Y- multiplicity
experiment [3] (cf. Fig. 2) . Since we are presently not
able to calculate(ﬁ ) from I p , the comparision is

for slightly difﬁerent physicalﬂquantities, cf. (5.7).

Although the equality in (5.7) is expected to be fuifilled
best for sufficiently large values of‘&[iS] , the calculation
reproduces the measured saturation in the iow-¢€ region
reasonably well. It is realized that treatments of the
angular momentum dissipation which_consider only the mean
values (such as classical dynamical calculations with friction
forces) will fail to describe the angular momentum transport

in the completely damped region.

Finally we have calculted the alignment of the composite
system along the z- direction (Fig. 13)

<
p =3 LH> 4
/éz =2 <1 7 (5.9)

The. calculated alignment is large for most of the partial
waves, but experimental data are not yet available i'or

comn Jsion.
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6. Summary

We have investigated relaxation processes in deeply
inelastic collisions between heavy nuclei. The main
goal has been to achieve a simple urnderstaniing of these
processes on the basis of a Fokker-Planck equation.
A microscopic model that allows to calculate drift and
diffusion coefficients for the macroscopic variavles mass
asymmetry, z-component of the internal angular momentum
and total excitation energy has been discussed, with
particular emphasis on the angular momentum transport.
The theoretical transport coefficients are functions of
total excitation energy, total mass, mass {ragmentation,

relative and internal angular momentunm.

Rather than treating the relative motion by solving
the equations of motion, we determine angular momentum
dependent mean interaction times from experimental data.
In particular, this involves the construction of mean
deflection functions from the measured angular distributions.
The parametrization of the deflection function used here
seems suitable to account for the change in angular distri-
butions encountered in deeply inelastic collisions depending

on the incident energy aiid the size of the system.

With the mean interaction times and the theoreticzl
mass transport coefficilents, we have calcuiated element
distributions for asymmetric (Kr + Er, Kr + Ho) as well as
for symmetric (Xe + Sa, U + U) systems. The comparison with

the expcrimental data clearly demenstrates tie applicability of
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our model to the mass transport phenomena. It should be
noted, however, that the accurate calculation of double
differential cross sections ¢ & f£42,}1s a much more
difficult prohlem than the calculation of the energy
integrated element distributions shown here. In the

Xe + Sn reaction, the comparison between calculation and
data seems to indicate the presence of shell effects
wnich have not.yet been included in the thecry. The °
experimental cross section in the U + U reaction which
has been reconstructed from the yields after sequential
fission is not reproduced by the calculation. A reason
for the disagreement may be an underestimate of the mean

interaction time due to the neglect of deformations.

With the theoretical angular momentum transport
coefficients we have calculated mean value and variance
of the angular momentum distribution. For small values of
the initial relative angular momentum 6 the mean value
reaches the sticking 1imit, whereas the variance saturates.
The mean internal angular momentum as function of € 1is
found to be in good agreement with a recent a/-multiplicity

experiment.

The energy transport has not been considered explicitly
here, although we have given .the corresponding theoretical
drift and diffusion coefficients. The analysis of the
experimental energy loss (Fig. 9) is consistent with the
view that the radizl energy is completely dissipated during
the interaction time. This would imply a rather short
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relaxation time ( £ 0.3-10-215) compared to the angular
momentum relaxation time of 1/ = 1.5-10—213 or the
characteristic time for the development of fragment
deformations (= 2-10-213, cf. Fig. 9). If this turned out
to be the correct interpretation of the data, experimental.
energy distributions would only allow for a test of a

lower 1imit for the energy drift coefficient. During the
initial stage of the collision, coherent excitations [éé]
may be responsible for a large fraction of the kinetic
energy loss, whereas, the irreversible statistical processes
we have been dealing with take over at a later stage of

the collision.

The collaboration with S. Ayik and W. Ndrenberg 1is
gratefully acknowledged, as well as discussions of the
experimental data with S. BjSrnholm, A. Gobbi and H.J. Specht.
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Reacsion E,ap/MeY 7 vkth vAexp DAn: DAex; Ref.
86y o 166;, 515 147 | o.u0| 0.26[ 1.89 | 1.89 [[]
D2y %%, I g9 160 |-0.06] -0.08| 1.98 | 1.60 (23]
Bl ¢ 165, 714 224 | o0.50 2.40 | 2.%0][12]
136y 4+ 29955 | 1130 327 { 0.501 0.35| 2.83| 4.0 {[41]
238, , 238, 1766 302 o |- o0 3.2 | 1.5 23]

L } S

Table 1. Experimental and theoretical mass transport
coefficients in units of 1022s~1, The theoretical
values are calculated for a mean angular momentum F

and the 1initial rragmenéacion.



S48

Kr-Er S.99MeViamMu

Xe-Sn . ngeV/AMU )
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Pig. 1 Measured correlations between total kinetic
energy (TKE) and proton number of projectile-like
fragments in collisions between heavy nuclel.
(Prom [3] ).

or foceee "t o Kr-Er | 514 mev
My }°o°o°° olo .’. ° KI‘-Sn} ¢
- %o
o% .
10§ o ¢
D° .
R + .
L 1 oA
200 100 0 MeV
TKE- Loss

Pig. 2 Measured correlations between 3-mu1c1p11c1t1es
from deexciting fragments and total kinetic
energy loss (Prom [3] ).
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elastic scattering
direct reactions

A10-78 WP H

. compound-nucleus
formation

deeply inelastic collision

distent collision

elastic (Rutherford) scattering
Coulomb excitation

Fig. 3 Classical picture [S] of distant, grazing
(quasi-elastic) and close (deeply inelastic,

fusion) collisions between heavy nuclei.

§ do s

4109-78 MPI H

Fig. 4 Decomposition of the total reaction cross section
in the cross sections for compound-nucleus formation
(S.y) > deeply inmelastic collisions (6,;, ) and
direct reactions (¢,) . (From [5] ).
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F1g. 5 Schematic 1llustration of the single-garticle model

used to evaluate the transport coefficients. The
quantities A€ represent the ranges of single-particle
states around‘the Fermi surface &, which are taken
into account (Prom [1‘0] ).

1
Ef(Aq A) E*(A) :
£i0 |
EN AL A) |

£-=0

1 -
0 0.5 1.0
Aq/A

Fig. 6 Illustration of the driving potential U/, (A,),
the local excitation energy L’,: (44) and the
independent variable E” for fixed total mass A
of the system. (From [lh] ).
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FPig. 9 Energy and angular momentum dissipation as functions
of mean interaction time Tye » O initial relative
angular momentum € 1in the Kr ¢ Ho reaction. The
experimental points are obtained from the measured
energy loss as function of the variance o’,z of the
element distribution. The solid curve has been fitted

to reproduce the measured energy loss (From [12] ).
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Pig. 10 Determination of the mean deflactlon function @(¢)
from the experimental angular distribution [21 ]
in the Kr + Ho reaction. For the low ¢-values Ff<100
complete fusion occurs (From [‘71-])-
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Fig. 11 Mean deflection functions as deduced from the

experimental angular discribucions for the
reactions U + U, Xe + Sn, Kr + Er and Kr + Ho
and calculated interaction times as functions -
of /¢, . The grazing angular momenta ?.- as
obtained from quarter-point analyses of elastic
scattering data [),25 ] and the modified
Sommerfeld parameter ?' are indicated. fhe
corresponding parameters of the deflection
functions are 8 = 3, 17.5, 22, 80 and

¢/ =0.10, 0.11, 0.12, 0.18 (Prom [23]).
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FPig. 12 Element distributions for deeply inelastic .
collisions. Several solutions P(?,,!) of the
Fokker-Planck equation are shown. The dashed
curves are calculated using the theoretical
values for drift and d'iffusion coefficients,
whereas the experimental values of the transport
coefficients are deduced from the solid curves.
Experimental data are from Gobbi et al. [3] for
Kr + Er, Xe + Sn and from Hildenbrand gg_gl;[JSJPmr U+ u.
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DISCUSSION

K. Dietrich: There are experimental indications (experiments
on circular polarization of the emitted ¢-rays and on the
angular distribution of the fragments from sequential fission
of quasi-uranium) that the alignment of the intrinsic spins of
the reaction prodﬁcts in the direction perpendicular to the re-
action plane fades away as the energy loss incieases. Does
your theory predict this effect?

G. Wolschin: Yes. According to our calculation, the alignment
of the internal angular momentum of the composite system along
the direction perpendicular to the reaction plane is rather
large for most of the partial waves, but decreases towards ze-
ro as the initial relative angular momentum approaches zero
(i.e., as the -energy loss increases). This can be seen in the
last figure of my talk.

H. Hofmann: 1) In computing the reaction time you assume the
system to rotate at r = Bo which is smaller than R for the
interaction barrier (scisson configuration) by about 2 fm.
So you neglect the time the system needs to move from Ro to R
in the outgoing channel. But in this stage a considerable
mass exchange might still take place.

2) To my feelihg a realistic description of the excitation of
intrinsic angular momentum M is possible only by describing
consistently the loss of relative angular momentum 1. The
parametrization of the deflection function you are using cor-
responds to a tangential liicuvion force given by a sum of 12
and l-terms (this is easily derived from the relations of A
and 1, as well as T . ). The differential equation for the
mean value <M>E , on the other hand, is at most linear in
<M>t- , as you have shown.





