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reactions involving a range of targets and projectiles.
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ABSTRACT

i
£

Correlations of experimental observables with kinetic energy loss
and fragment mass for damped heavy ion reactions are emphasized in this
paper. Angular-momentum-~dependent interaction times are deduced giving
a time scale for the evaluation of nucleon diffusion coefficients. The
energy dissipated per nucleon exchange in Kr- and Xe-induced reactions
is shown to decrease with increasing kinetic energy loss. These

. results are compared with predictions of a one-body dissipation mechanism
-and microscopic tramnsport theory for heavy ion collisions. The relative

decrease of energy dissipation due to nucleon exchange with decreasing
bombarding energy is a new experimental feature that is unaccounted for

" by the above theories.

I. INTRODUCTION

There has been a 1afge number of experimental studies of damped
}  The charac-

teristic experimental features of heavy ion collisions which define this
nev reaction mechanism are: )

a. Binary Process —- The damped reaction mechanism produces two

" massive primary fragments in the exit channel. ‘However, light particles

may be emitted from the intermediate system or, after its breakup, from
the target-like or projectile-like.primary fragments.

" b. Energy Loss —— Damping of the imitial relative kinetic energy
of the target and projectile nuclei resulting in a range of kinetic

. energies down to the Coulomb energies for charge centers of highly de-
formed fragments. The broad energy distribution observed in experiments

is the most distinctive property of damped reactions. :

c. Nucleon Exchangé -~ Nucleon diffusion occurs during the short
time the two nuclei are in contact. For the heavier ion reactions, the
fragment mass distributions are peaked in the vicinity of the projectile
and target masses.

d. Angular Distributions —- The angular distributions for products.
with projectile-like masses have properties of a fast peripheral or

" direct reaction process. The heavy systems usually rotate less than 180

degrees. Substantial sideways-peaking is observed for a number of systems
while a forward rising angular distribution is a characteristic feature
of other systems. ‘
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e. Angular Momentum Transfer —— The primary fragments resulting
from a damped collision may have rather large intrinsic angular ‘
momenta. : .

f. Light Particles and y-rays —— As stated in (a) light particles
(e.g., p, n and o particles) may be emitted from the intermediate
system or, after its breakup, from the target-like or projectile-like
primary fragments. The emission of y-rays is mainly confined to the
final stages of the fragment de-excitation.

In spite of the large number of experimental studies! of heavy ion
reactions which report one or more of the characteristic features of
damped reactions summarized above, only a relatively small number of
studies have been performed where correlations of experimental observa-
bles, such as kinetic energy loss and fragment mass, are deduced. Hence,
these correlations will be emphasized here. Angular-momentum dependent
interaction times are deduced from experimental angular distributions.
The angular momentum % is related to the experimental kinetic-energy
loss assuming the energy loss to increase monotonically with decreasing
%, i.e., increasing overlap of the matter distributions of projectile
and target. The progressive increase in the variance of the charge ,
distribution as a function of increasing kinetic energy loss is a feature
- common to .all very heavy ion reactions studied so far. A quantitative
correlation between the measured variance of the charge distributions
and the amount of kinetic energy loss is employed to calculate the kinet-
ic energy loss associated with the exchange of a single nucleon. The -
energy dependence of this quantity is compared with different theoreti-
cal models. Assuming the above time scale, nucleon diffusion coeffi-
cients are deduced from experimental fragment charge distributions.

II. ANGULAR, ENERGY AND MASS DISTRIBUTIONS
FROM DAMPED REACTIOVS

For illustration of the propertles of damped colllslons, we choose
the 2°984 +136%Xe reaction which has been studied extensively. Some of .
- the relevant parameters are listed below.

Epp = 1130 MeV

Ec.tﬁ.,': 684 MeV = 1'6xECoﬁ1
X =0.019 fm;  2a = 9.4 fm
n ='zlzze2//ﬁv = a/X = 245

01/ = 54° (c.m.)
Ry, .= 15.2 fm
o =2.8D

Spax = 484H



‘The angular distribution of all lighter projectile-like fragments?
in the total kinetic energy window, 300 < TKE < 650 MeV, is shown in
Fig. 1. The angular distribution peaks at 50° (c.m.) and is relatively
" parrow in width. There is no orbiting for this reaction, a phenomenon
well known for selected lighter ion reactions. The charge distribution
of the lighter fragments2 for the above energy window and the angular
range 25<6. ., <75 is shown in Fig. 2. The drop of the charge distri-
bution beyond symmetry (Z =70) is due to experimental detection limits.
Some contributions to the cross section for the lightest Z fragments is
due to sequential fission of the heavy damped fragment. The continual
range of total kinetic energy damping for the very heavy ion reactions
is illustrated in Fig. 3 where the differential cross section in milli-
‘barns per MeV of total kinetic energy loss is plotted versus the total
kinetic energy loss. Hence, in speaking of damped heavy ion collisions
we refer to a wide .range.of events with energy losses from a few MeV to
hundreds of MeV. The kinetic energy loss indicated by each arrow in
Fig. 3 corresponds to a final kinetic energy equivalent to the Coulomb
energy at the strong absorption radius Rga. ‘ ' ‘
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"III. CORRELATION OF EXPERIMENTAL OBSERVABLES
‘ IN DAMPED REACTIONS -

A. Angular Distributions: Dependence on Mass Exchange and Energy
Damping

The angular distributions for damped heavy ion collisions depend
on mass (or charge) exchange and energy damping. In Fig. 4 is shown
: ' a contour plot of the
, double—d1fferent1a1 cross
e Toy Eo 10 Mev A_jk_ - zectlon d%0/dQd (TKE) as a
_ : &HWESMMJ - function of angle 6. . for
700+ ?umc S— L the 2998i+ !35%e reaction.?
o, . Diagrams of this type were
. first drawn by Wilczyhaski."
- For this reaction there is
a cross section ridge that
- moves down in energy at
an almost constant angle
leading to what is known
as strong angular focusing.
| Depending on the bombarding
a energy and parameters of
u the system, the cross sec-
I : tion ridge in an energy-
angle contour plot may
move forward, stay constant
_ or move backward in angle.
For scmie of the llghter systems, an additional ridge at low energies
"moving backward in angle is observed. This is commonly interpreted as
the reflection of the low—energy ridge at negative angles (orbiting).

TKE Me V)

§ ¢

®pn {deg)

Fig. 4)

The angular dlstributlons for fixed TKE bins (50 MeV wide) are
shown? in Fig. 5. Again one sees that the angular distributions are
sideways-peaked for small energy losses and rather flat for large energy

- losses, although the maximum stays essentially constant at 50° c.m..

The angular distributions for fixed Z bins (3 Z units wide) are dis-—
played in Fig. 6. For fragments near the projectile, the angular
distributions are sideways-peaked and become less peaked for fragments - '
far from the projectile. However, it is important:to note that the _
angular distributions for fragments near the projectile change marked-
ly with energy damping in much the same way as illustrated in Fig. 5
for all fragments. This is jllustrated in Fig. 7 for Z=53-55 and -
energy bins of 50 MeV width.? The observed dependence of the angular
distribution on the fragment Z is only an apparent correlation which
is due to the fact that the energy spectra corresponding to various
‘fragments are somewhat different, as will be discussed below. Hence,
the energy loss is a fundamental. observable specifying the properties
of the reaction. This is also shown in Fig. 8 where the full width

at half maximum (FWHM) in the charge distribution is plotted as a



function of éc,m, for different final total kinetic energie:&;.2

Al-

though the FWHM varies considerably for different TKE values, the

value of the FWHM for a particular TKE is independent of angle.
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- B. Mass Exchange: Dependence on Energy Damping

There is by now considerable experimental evidence for an inti- -
mate correlation between the kinetic energy loss and the angular-
momentum dependent interaction time. Hence, it is important to study
mass correlations as a function of kinetic energy loss. An alternate
" parameter to the kinetic-energy loss is the dissipated kinetic .energy.
The two quantities are related by Egiss = TKEloss + [Vc(£) —-Vc(i)] and
are approximately the same when the differences between the Coulomb -
energies of the final and initial fragments are small. '

The'dlfferentlal cross section dzo/dZd(TkE) is plotted as a
function of total kinetic energy (TKE) for different element bins in
.Fig. 9 for 2°°Bi +!3%Xe reaction. :

Corrections for the emission of
neutrons emitted during the de-
" excitation of the fragments have .
. also been applied to the data. 1. $42
For Z values near the projectile - £
the spectra contain sizable high- |
energy components and as Z de- : '
creases or increases, the spectra
become softer. Hence, the degree
of energy damping is a function

of the mass of the product. For

Z values near the projectile,

the spectra contain events of a
very wide range of kinetic ’
energies, whereas large net Z
transfers are correlated with
high degrees of damping. Exit
channel Coulomb energies for
spherical fragments are indicated
by the arrows. It is interesting
to notice that (net) stripping and
pickup both lead to roughly the - T
" same energy spectrum and cross

2094 . 138,
S B+ Xe

Enn = 1130 MeV

d’a/d 2l TKE] (ARBITRARY UNITS)

“section.- _ : o P 1.1 ; 1
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One of the most informative . JOTAL KINETIC ENERGY(MeV)

ways to examine the relationship Fig.9 . .. L

between the charge (or mass) dis-
- tribution and the final kinetic
energy is a plot of the differential cross section dzo/dZd(TKE) as a
function of Z for different final kinetic energy bins. Such a plot
is shown in Fig. 10 where the energy bins are 50 MeV wide. The curves
_ represent gaussian fits to the experimental data. It is readily seen
that the width in the charge distribution increases markedly as the
kinetic energy decreases. However, the centroid of the charge distri-
bution stays constant at Z=~55 for a wide range of energy damping.



Such symmetric fragment Z distributions are very suggestive of a dif-
fusive process evolving in time while kinetic energy is lost progres-—
sively.

A quantitative correlation between the measured variances of the
charge distribution and the amount of kinetic energy loss is shown
in Fig. 11 for four different heavy ion reactioms.?® Although the mass
distributions are in general angle-dependent, in the case of Xe-
induced reactions, the variance is independent of reaction angle for
events of the same kinetic energy loss (see Fig. 8). The variance of
the charge distribution increases smoothly with increasing total kinetic
energy loss. However, the slope of the energy dissipation as a. function
of variance is largest for small variances and decreases as the variance
increases. . '

209;4 50, Eiop"1130 MeV : ‘
el 25'.58(m175' i ; _ ' ) ) . ol
i 2 300 : 4ﬂ+—
0’ @ ° - -
! S % ‘
5 o
g w't @ 200} &
s Z . . :
~N [¥V]
§ 0 = éL 2095: 136
Nl b ° o Bi + " Xe
~L
o o} Z oot % o 'S55+P8ye
3 2 a 2B+ B9
N = s 165 84
N o'} = a ¢ “THo+TKr
(-] : .
0 . L 1 " ‘. ' s 1 L —
o 0 20 420 60 80
e m Oz ' e
Fig. 11
W I I N R U I SR B B AT R Y s - T
0 B 6 54 &2 70 78 86 ’
Fig. 10} .7 (ATOMIC NuMBER)
- . i - e - . . L

The observed correlation between energy loss and the variance of
the fragment Z distribution is of basic importance for understanding-
the damped reaction mechanism. Since many reaction channels are open;
such reactions are clearly subject to statistical considerations.
Regarding nucleon exchange in damped reactions as a random-walk pro-
cess, the variance of the mass.or Z distribution increases as a func-
tion of interaction time. Classical dynamical calculations®?® suggest
that the interaction time increases with decreasing 2. The mean rate
~ of nucleon exchange has also to increase with decreasing £ because

_the degree of matter overlap increases. Therefore, different £
waves corresponding to different interaction times will certainly lead
to different values o7 of the variance of the Z distribution. Hence,
the o% axis on Fig. 11 represents a macroscopic time or % scale for

the damped heavy-ion collisions under consideration. It is conceivable



that in a nucleon exchange process kinetic energy does not alwvays

have to be lost but may also be gained, e.g., by decreasing the
Coulomb energy. However, the important conclusion to be drawn from
the experimental correlation displayed in Fig. .11 is that on the
average kinetic energy is lost monotonically with decreasing % and
increasing interaction time, at least for a range of low and inter-—
mediate energy losses. This relation will be used in the following
section to actually deduce the macroscopic time scale of damped heavy-
ion reactions.

. IV. INTERACTION TIMES OF DAMPED COLLISIONS

Little information is available on the interaction time scale on
which heavy-ion collisions occur with various degrees of kinetic energy
damping. A - knowledge of these interaction times is essential for an
understanding of the mass, kinetic energy loss and angular distributions
of the reaction products from heavy-ion collisions. Strong focusing of
the angular distribution for very heavy-ion reactions (see Fig. 1)
suggests an angular-momentum dependence of the interaction time since
many impact parameters lead to the same reaction angle;

Experlmental ‘evidence on fragment Z distributions, such as present—
_ed in the preceding section, suggests that during the time the two
constituents of the intermediate double-nucleus system interact with
each other, a mass equilibration process proceeds which is accompanied
by a damping of the relative kinetic energy into other degrees-of-
freedom. Since the equilibration processes are not completed during .
the short interaction times encountered in collisions between the very
heavy ions under consideration, the amount of kinetic energy lost
.signifies the stage of evolution of the system and, hence, the total.
interaction time experienced. This view is supported by classical
dynamical calculations®’® which show that the energy loss is a mono-—
tonic function of .the initial angular momentum and the total inter-—
~action time. Associated with each.interaction time is a Z distribu-~.
tion which is characterized by a variance c%. '

In the present analysis’ we assume, following the discussion of
Fig. 11 in the previous section, a monotonic increase in the total -

kinetic energy (TKE) loss with decreasing values of the impact parameter-

(see the first paragraph of IIIB). Tor simplicity we employ a sharp
cutoff model where the cross section for angular momenta up to 25 is .
given by o3 H%Z(QJ-PI) Using the experimental results on the heavy-
“dion reactlon Cross sectlon as a function of TKE loss, do/d(TKE loss),
the angular momentum is related to the TKE loss by

Y 22 3312 I W
2. = {(2.+1)~- -1 : 1
where Ao‘ij =05-03 is the cross section in a TKE wipdow Ei'iTKEiEj. '

—
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"is at a maximum for a particular

.damping and the variance in the Z .

The procedure for converting energy loss to £ is illustrated in
Fig. 12. Starting with fpax and zero TKE loss, a deflection function
is constructed from the experimental data, for a range of the higher g
values. Examples of such deflec-
tion functions are shown as solid
lines in Figs. 13 and 14 for the
165Ho-+8“kr(“Lab 714 MeV) and
20983 + 13832 (Epap =1130 MeV)
reactions, respectively. The
plotted angles represent the
angles where the cross section
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The angular-momentum—-dependent interaction time is calculated with

the expression

Q) = AG(iL) 3 () /82

where AB(L) is the difference between the Coulomb déflection angle

8c(2) and the actual reaction angle eexp(z) and . $(%) is the moment-of-
inertia of the double-nucleus system.

The Coulomb deflection angle




-1s estimated by
8,(2) = 180° - 0)-63 , N (3)
where the subscripts refer to the entrance and exit channels, respec—

tively, and
'K.+R.

6. = +arc cos = - ——J1 (for j=1 and 3) @)
i %5 555 ‘ I

In Equation 4 the parameters € and K are determined by-

2E8.%42

R I Py P
u(ZPZTeZ)Z - . ) ( )
242 ' ' I '

The above procedure for estimation of A8 (%) is illustrated in
Fig. 15. The evaluation of 1(2) requlres the adoptlon of a COlll—
sion model. Here we - o - . :
- present the results of
calculations with two
rather different models
which are.labelled as
"nonsticking" (NS) and
"sticking" (S) colli-
sions. A sticking
collision is defined by

g.

a8{))- 4, (1; 8

rigid rotation of the mpg)l4
double-nucleus system 8 = v+ (6541167 ¢4)
as a whole. By a NS o) =08{) Jilynl

.collision we specify
that the entrance and
exit channel orbital
angular momenta are
the same (¢ =24) and
the moment—of-lnertla Fig. 15

Ins = uR? where - ' s :
u=MM /(O +M) and R is the contact radlus of the double-nucleus
system (in the calculation the strong absorption radius Rgp is used).
In contrast to a nonsticking collision, the final orbital angular
momentum is inserted into Eq. 2 for a stlcklng collision, where.

25 = (Ons/Is)%i and Jg= 5N5?+(2/5)(M1R1 +MyRp%). The moment-of-
inertia to be substituted into Eq. 2 is again SNS’ In the calcula-
tions presented, any variation in 5 NS With angular momentum or time
is neglected. In Figs. 13 and 14, Coulomb deflection functions are
shown for the '"nonsticking"” (NS) model.

4«5 FR2
VA ﬂsn/s(MR»MzR?)
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‘range for the 299g3 + 136%e

“the interaction time is given

" Tg and o for the three reactions:

11

The above definition of the deflection during the reaction im-—
plies that no kinetic-energy loss due to dissipation or dynamical-
deformation effects occurs at separation distances larger than the
strong-absorption radius R A* The agreement of realistic deflection
function .calculations witﬁ experimental angular distributions for the
heavy systems considered here suggests that the deviation of the tra-
jectory with 2 =4 ., from a pure Coulomb trajectory is small. This
indicates that all trajectories are similar to Coulomb orbits up to

_the strong-absorption radius. Hence, for £<%p,y, the difference be-

tween Coulomb and observed deflection is used to evaluate the angle

.through which the 1ntermed1ate system rotates during the nuclear inter—

action.

It should, however, be realized that it is, in principle, impos-
sible to characterize the reaction between very heavy ions by a single
deflection function. For such systems there are many intrinsic degrees—
of-freedom coupled to the collective motion, and many different reaction
paths may lead to similar values of a given experimental observable.
Therefore, selecting a certain value of one experimental variable leads
to a distribution of values of another variable fluctuating around its
mean value.. In this sense, the deflection functions derived above
represent only average experlmental deflection functions.

, The. angular—momentum-dependent interaction t1mes calc¢ulated by the
above procedure (see Eq. 2) are dlsplayed in Flg. 16 for the nonstlck-

"ing model. Multiplication of

the angular momentum £ by the
factor [lOG(AT-fA )1/3/(2 +2Z )2]
(1/2max) produces straloht llnes on
a semilog plot of approximately

the same slope for the three
reactions.: The angular momentum

'NON -STICKING MODEL

reaction shown in Fig. 16 is
120 < 2 <430. For both the
sticking and nonsticking models

=

empirically by the relation
T(2) =19 exp (-02). Values of

Ty (% lOzz)sec

: o 20°g; 4 Bexe
shown in.Fig. 16 are listed in 1OF s gy

Table 1. s ' . ' '. . . ° -ssl—ioe“Kr )

0 %6 B0 20 360 4% 540
[10%1Ar+A0) /2 s + 2oV} £/8ma)

'Fig. 16)
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TABLE 1

Functional parameters of the interaction times as deduced from a fit
of the relation 1(2) = 1y exp(~-0l) to the data.

Reaction . E(lab) Model Tg (sec) o
209p4 4 136%e 1130 S 1.86x1072°  0.00974
NS - . 2.18x1072° 0.0118
209p3 4 84y - 712 S 5.16 x 10 2° . 0.0171
~ - . NS . 6.62x1072° . 0.0205
16540484y 714 s '1.65x10 2 - . 0.0224

NS = 1.62x1071® - 0.0244

V. NUCLEON DIFFUSION

The experimental charge distributions shown in Fig. 10 are sug-
gestive of a diffusion process and have been analyzed with a Fokker- -
Planck equation in terms of the variance oz. In its simplest form with
‘one observable x and constant drift and diffusion coefficients, v and
" D, respectively, the Fokker-Planck equation has Gaussian solutions®

P(x,t) = (4wDt)~1/2 exp{ (x—vt)2/4 Dt} D

The centroid x, =vt and the variance ¢? '—2Dt are llnear functions of
the interaction time. The drift coefficient vp 1is related to the dif-.
fusion coefficient through the E1nste1n relatlon,

1 9

vy (A1) = =FD, g U,Q,(Al) B - i o (8.)

where Uy denotes the groundéstate energy of the combined system with -
relative angular momentum £ and fragmentation A;. .The local tempera-
ture T is determined by the excitation energy. . i o

A relationship between experimental values of the total kinetic.
energy loss and the variance oé of the fragment charge distributions -
for very heavy damped collisions is shown in Fig. 11.. This relation-
ship in conjunction with the experimental cross sections as a function
of the total kinetic energy loss is used to calculate angular—momentum—
" dependent values of the vgrlance 05(2) In the above theory of nucleon
- diffusion, the value of oz(2) is related to the interaction time 1(2)

by : L . : )
| o;(z)=znzcz)r(z) | | @

The interpretation of the experimental fragment Z distributions
in terms of Eq. 9 is subject to similar observations as made above for
the construction of an experimental deflection function.  The experi-
mental variance 0% of the Z distribution is an average value determined
by the range of % waves contributing to a given TKE window. A factori-
zation of o7z according to Eq. 9 into mean values of Dz and 1 applies
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only if Dz(2) is a slowly varying function of both Z and £ because the
above analysis suggests that the total interaction time t(%) is a
rapidly varying function decreasing exponentially with increasing'l.
This requirement on Dz (%) seems, indeed, to be fulfilled as indicated
by model calculations and an experlmentally observed 'small drlft
coefficient vy.

The value (L) entering Eq. 9 is the mean value of the time dur-
ing which the nucleon diffusion mechanism operates. In this analysis
it. is assumed that T(R) is the total interaction time evaluated by the
procedure outlined above. However, it is conceivable that nucleon
diffusion occurs only during a part of this time, although there is
presently no experimental ev1dence for such a lelSlon of the total
interaction time.

Values of t(2) and og(l) determined for the !©%Ho + ®“Kr (ELab‘
714 MeV) and the 29°Bi+ 13%%e (ELab 1130 MeV) reactions are plotted

in Figs. 17 and 18, respectively.’? The two different sets of values

10
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8. - 17 1 Fig. 18 .
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Fig. 17)

‘of 1(2) for each reaction in this figure are based on the above NS and

S models. The values of the diffusion coefficients for three heavy ion
reactions determined by the slope of the line fitted to the cz(l) vs

" 1(L) data are given in Table 2 for each of the above two models. .The

proton number diffusion coefficient does not refer to proton diffusion
alone, ‘but to mass diffusion measured by the number of transferred
protons. Assuming a conservation of the equilibrium Z/A ratio, the
proton number (Dz) and mass number (DA) dlfqulOn coefficients are

_‘related by Dz = (Z/A)’Da.



Table 2

Proton number (Dz) and mass number (Dp) diffusion coefficients. in units
of 1022 sec™ for Kr- and Xe-induced reactions.’ The proton number
diffusion coefficient does not refer to proton diffusion alone, but to
mass diffusion measured by the number of transferred protons; hence,

Dz = (Z/A)?Dp for a constant Z/A ratio. The diffusion coefficients
listed in this table are calculated from the slopes of lines drawn

~ through plots of 0%(2) vs (%) over a range of £ values. In the case
-of the sticking model, for example, the points for the highest £ waves
do not lie on a line which passes through the origin .(see Figs. .17 and °
18). Individual values of Dz(2) for the sticking model are % dependent.
and increase initially as & decreases. The Kr- and Xe-projectile
energies (lab) are 714 and 1130 MeV, respectively. - The errors in the
diffusion coefficients are of the order of 30%. However, the values
scale with the contact radius (see Eqs. 2-and 9) which for the reported
- values is assumed to be the strong absorption radius, Rga-

Reaction ' r Sticking Model S Nonsticking Model
o Dz~ Da Dz -+ Da

20981 + 136xe . 3 0.75 4.8 . 1.1 7.0

209p3 + 84kr . - 0.62 3.7 . . 0.87 5.3

16540 + BYgr ©0.55 3.2 076 4.3

V.. MECHANISMS OF KINETIC ENERGY DISSIPATION

In previous sections evidence has been presented to show that
kinetic energy loss and mass exchange are strongly correlated. This
result is consistent with the view that nucleon diffusion evolves in
a continuous fashion as energy. is d1$31pated and supports a close
correspondence of the time scales governing energy dissipation and’
nucleon exchange. In this section we employ the microscopic time scale
provided by the nucleon exchange process to study the energy d13$1pa—

" tion mechanlsm.

At the heavy-ion bombarding energies discussed here and moderate
excitation energies, one expects that nucleon exchange and particle-
hole excitation without nucleon exchange are mediated by the one-body
interaction given by the single particle field. Such a mechanism gives
rise to classical frictiom® forces proportional to the relative velocity
v of the two 1ons,1° 12 , )

F = -kv. R B (10)
In general, k is an anisotropic tensor dependent on the separation
distance of the two ions, which is equivalent to an implicit time
dependence of k. The importance of one-body friction in nuclear
fission and heavy-ion reactions has been discussed also by other
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authors.?3"!'7 Two-body friction induced by inelastic scattering of

individual nucleons of target and projectile, which may also play a
role in energy dissipation, has in general a velocity dependence more
complicated18 than that implied by Eq. 10.

The energy loss rate associated with Eq. 10 is

—-dE/dt = 2(k/WE . . o | (11)

where p is the reduced mass. Integratlon of Eq. 11 w1th a constant
coefficient k gives :

2n(Eg/E) = 2(k/u)£ S a

where Eg =E. . -Ep , E=Eg-Ejogg and Ec . and Ep are the
incident c.m. kinetic and Coulomb energies, respectively. Employlng
the microscopic time scale provided by the nucleon exchange process,
namely’

do2/dt = gyt S C &)

and substituting thlS relation into Eq. 11 and 1ntegrat1ng leads to
a relatlon ~

C/E) = Dok sy

brovided‘that the ratio (k/Dz) is independent of ti%e. - Hence, a
linear relation is predicted between &n(Ep/E) and oz. Such a plot is

- shown in Fig. 19 where Eg is calculated at the strong absorption radius.

Good agreement, between experiment and this simple theory is obtained

for energy losses up to 200 MeV. If k/Dz is the same for Kr- and Xe-

induced reactions at a bombarding energy of 8.5 MeV/amu, the slopes of
Fig. 19 lead to . :

_k/pz = (0. 9+ 0. 3)><10"'*3 MeV sec? fm 2. (15)

. -| The result of a constant friction
23 R 3/' | coefficient rather than a strongly. -
s R CHEN 4 varying form factor as.suggested
a.209g; , 84K, oS- by classical dynamical calcula-
201 o 16544 8K, S, ' tionsll’lz’?s can be understood as

: : . _ being due to the fact that in the
o/ ’ analysis reference was made to a
15t ‘ ‘" 1 | nucleon diffusion mechanism in
a.” )t/ ° | oxrder to derive a microscopic time
‘0 . ‘ ' scale.® Although it is presently
1ok ’ "~ J | not quite clear to what extent the
"_{; Z ‘ one-body dissipation mechanism

4 ‘ applies, the experimental results

- 05 s _ | are consistent with the view that .
o o : energy dissipation mediated by

’ o A nucleon exchange and the other

g possible dissipation mechanisms

(o) 5 0 5 proceed on a similar microscopic

‘ o A time scale and have a similar

T

Fig. 19:
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denendence on the separation distance of the two 1ons and the angular
momentum. In principle, a fast dissipation nmechanism? operatlng
only during a small initial part of the total interaction time cannot
be excluded. However, it has to lead to a friction-like relation
between the energy loss and the total interaction time whlch is
similar to Eq. 11 in order to fit the data.

_ An 1nterest1ng new experlmental observatlon21 22 js that k/Dz
increases as the bombarding energy decreases. For example, as the
bombarding energy is reduced from 1130 to 970 MeV for the 2093i+-136Xe
reaction, the value of k/Dz increases?!? by a factor of more than 2.

Kinetic energy is known to be lost in nucleon exchange between
target and projectile. 23 Ina simple version of a one-body nucleon
exchange process!?, where a nucleon of mass m is assumed to be loose—
1y bound and at rest with respeét to the donor nucleus, its relative
momentum Ap =mv is dissipated in the transfer. The resulting loss of
total kinetic energy per nucleon exchange 8Egx is: then proportlonal

. to the kinetic energy avallable prior to exchange

8§Eex = (m/u)(Ec m."EB Eloss) = (m/u)E T - (16)
where GEex = (—dEeX/dt)/(dN/dt) and dN is the number of exchanged

nucleons per unit time dt. Consequently, the energy loss rate for
nucleon exchange alone is :

This energy loss rate is equivalent to that due a friction force
Fex = —kexVv (see Eq. 10) with a frictional coefficient, .
kex = (@/2)(av/at) - - as)

where (dN/dt) = 2(A/Z)DZ. Theztotal number N of nucleon exchanges is

obtained from the number Nz =07 of protons exchanged by scaling Nz

2
according to the mass-to-charge ratio, N= = (A/Z)oz. This is justi-
fied by the experimental observation of a.fast equilibration! of
the mass~to-charge asymmetry degree-of-freedom in damped heavy-ion
reactions which indicates that neutron and proton exchange rates are
similar. Substitution of dN/dt into Eq. 18 gives

(kex/Dz) --m(A/Z) o ' . BT .- L ~(19)'

where.m is the nucleon mass. Converting the units of erg sec? em™?. -

to MeV sec2 fm 2
(kex/Dz) = 0. 1044x10 43 (a/2) MeV sec? fm™2 o)
For the 2°9Bi+!36Xe reaction at a bombarding energy of'1130 Mev, it

follows that kex/DZ is approximately 30% of k/Dz (see Eq. 15). Hence,
energy dissipation caused directly by the nucleon exchange process
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‘transformed into the center-of-mass

‘all fragments.
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represents only a fraction of the total energy dissipation. Further-
more, this fraction decreases as the bombarding energy is reduced.

If one denotes the friction force coefficient due to one-body
dissipation processes such as particle-hole excitation without nucleon
exchange by kpex, the resulting total energy dissipation rate (in
analogy to Eq. 11) is

—dE/dt = (2/) (knex *kex) E R €25

It may be expected that the rates of one-body processes without and
with nucleon exchange represented by the friction coefficients kpex
and koy, respectively, are somewhat different in magnitude. However,
since both processes are induced by the same time-dependent single-
particle potential, the two friction coefficients are expected to have
the same time dependence. This is equivalent to both friction forces
having the same spatial form factor. Under.this condition, the energy
loss rates due to particle-hole excitation and nucleon exchange are-

‘proportional to each other. The microscopic time scale corresponding

to the nucleon exchange mechanism may then be used to calculate the
total energy loss during the time necessary for one-nucleon exchange.
Consequently, this total energy loss associated with a single exchanged
nucleon, 8E, is given by . : : ‘ -

SE = —d(Enex+Eex)/dN = (@/w)[1+ (knex/kex.)]E‘ | . E ‘ (22)

Similar arguments apply to the case of two-body friction andAexchenge

which, in general, give rise to a more complicated energy d'ependence.l8

Exper1menta1 results for the’ energy loss per nucleon exchanged for
the reactions® ®°Ho 4—8“Kr, 16540 + 13%%e and 2°°Bi+ !3%Xe at a bombard-

MeV/amu are. presented in Fig. 20. The

T 71 T LI W T
values of 8E were obtained by differ- = 12F .
entiating curves of Ej,45 vs N fitted T o wg e .
to the experlmental data points. The Y RO S i
estimated errors are, therefore, corre~ ' O Witio s Hgr

R L/
lated. The '27Au+ ®“Kr data were 4 Au s e

-
T

system assuming 84I\r—klnematlcs for

The most important observation to
be made from the data is that the
energy S8E dissipated during the time L
necessary for the exchange of a single
nucleon decreases with decreasing
available kinetic energy E (i.e. in- :&é +
creasing energy loss and total exci- .0 f

tation energy of the system). The - B 0 L 2 3
. . . : . . ) - ﬁlf {MeV/nucleon)

B Mt teteen)

L .
T
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data points follow a straight line intercepting the abscissa at

(m/p) E=0 as predicted by Eq. 22 over an unexpectedly wide range of
available energies. For small available energies the data points
deviate from these lines. This indicates that large energy losses
may lead to a highly deformed intermediate system. Hence, the Coulomb
energy may be much lower than the one in the entrance channel, which
is used to calculate the available energy.- On the other hand, the
one—body mechanism may also lose importance at high excitation ener-—
gies, where the Pauli pr1nc1ple is less 1nh1b1t1ve for two—body
nucleon collisions.

As is indicated by the dashed line in Fig. 20 corresponding to
Eq. 16 (or to Eq. 22 with kpex =0), energy dissipation by nucleon
exchange alone can account for ~307 of the total energy loss for the
8.5 MeV/amu data and for ~15% for those at 7.2 .MeV/amu. The good
description of the data by the linear relation predicted by the one-
body mechanism suggests that the ratio knex/kex is, indeed, constant
over a wide range of excitation energies and £ values. Although the
197pu + 8%Kkr data?® exhibit a linear dependence on’ the available energy,
they do not lie on the line determined by the 8.5 MeV/amu reaction
21,22 4f gimilar reactions at various bombarding ener-—
gies indicate that nucleon exchange accounts for a smaller fraction
of the total energy loss as the bombarding energy is reduced.

The diffusion model proposed by Norenmberg and collaborators?®~28

treats nucleon exchange and energy loss.on the same basis accounting
for the dependence of the transport coefficients on excitation energy
or energy loss. Noticing that the rates of energy loss and nucleon
_exchange are determined by the energy drift coefficient vy and the
mass diffusion coefficient Dp accordlng to dE/dt—-—vE and dN/dt-4
(ZZ/A)DA, one obtains?® .

T AvE o aA GvedYE s :
6E =7 2DA—'§ g Eent/? & ! R /% Eloés I (23

for the total energy dissipated during the exchange of one nucleon.
Here, A= 2.5 MeV is a mean value of the energy dissipated in one
nucleon exchange or particle-hole excitation process, and gk==Ak[12
are the single—particle level density parameters of the two ions.

Theoretlcal curves represented by Eq. 23 are compared in Flg. 21
with the experimental energy loss per nucleon as a function of energy
loss. The level density parameters were calculated for the projectile-
target combination of fragments. As can be seen in Fig. 21, the
diffusion model can account for the high energy loss observed per
nucleon exchange for low values of kinetic energy loss corresponding
to- small interaction times.? However, the predicted functional
- dependence (Eq. 23) is not supported by the data. It is interesting
to notice that on this plot also the 197pu + 85%Kr data follow the
experimental systematics for small values of Ej ..  If the,d;ffusion.‘
model is modified to-account for the reaction dynamics employing
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" ‘dissipation mechanism in
" " heavy-ion reactions. The ‘ “F
‘experimental energy loss . ' 2L
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velocity-proportional friction
forces, the result is quite -
similar to one-body dissipation. | ' .
. _ whofa - 0,1 2095415, A 1
. In conclusion, the observed i 0.2 Wt Dia - A
correlation between nucleon ' { ?ﬁxwﬁ:uﬁ

12 (pr— T T | S—

exchange and energy loss sug-
gests that the microscopic
time scale provided by the
exchange mechanism can be
used to study the energy

OF [HeV/mscteon)

associated with a single 5 S % |
nucleon exchange exhibits S , +é 5
a linear dependence on the - Y 100 - 20 ' X0
available kinetic energy, oy s V)

as predicted by a one-body - _f}g:ﬂ?}L.”:_

dissipation mechanism. The

diffusion model can account-for high amounts of energy dissipated -

v

" per nucleon, 8E, for low energy losses; however, it does not predict

correctly the decrease of SE with increasing energy loss. Neither
model accounts directly for the increase of knex/kex (or L/Dz) w1th
decreasing bombarding energy.
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