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1. INTRODUCTION

Recently G.F. Bertsch proposed a classical heavy ion collision
model which mimics the dynamics of time-dependent Hartree-Fock the-
ory (TDHF)/1/.

In this model, in addition to the relative coordinate r of the
centers of mass of the two nuclei, only one more geometric variable,
the radius rneck of & neck joining the nuclei, is congidered. The
acceleration of the relative coordinate is macroscopically given by
the sum of a Coulomb force, a bulk nuclear force, and a surface

tension:
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with A« being the reduced mass of the nuclei. These forces are ex-
eck® FPor the evolution of rneck
a simple model was get up, based on the resultis of reslistic TDHF
calculstions. Since the TDHF-neck dynamics is quite different, in
the approach and rebound phases not only the bulk nuclear force in
eq. (1) (nucleon flux across the neck) but also-;:urface
contribute to energy loas. Roughly half of the total kinetic energy
loss (TKEL) can be related to the energy cost of stretching out the
fused nuclei into an extended system with a long neck ! +« The later
stage of conversion of deformation energy into intrinsic motion of
the separated fragments is not considered in this model since it ob-
viously does not influence trajectories, TKEL, deflection functions
and other quantities which can be calculated in TDHF, The question
of whether the inclusion of residual nucleon-nucleon interactions
into TDHF prevents large dynamical deformations in the final stage
of the collision process by rapidly converting them into heat is,
therefore, out of discussion as long as one is not concerned with
particle emission which is very sensitive to the nature of the exci-
tation.

A first comparison of this model with some TDHP-results and
experimental data indicates that the main features of TDHF are well
reproduced

pressed solely in terms of r and fh
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In the present paper we aim to get a more detailed insight
into the dynamics of this model, and to test it against recent TDHF
results as well as other model predictions.

2. THE MODEL

In this section we briefly describe the model under conside-
ration, closely following ref.

We start with the specification of the three forces entering
eq. (1). '

The surface force is just the surface tension & multiplied
by the circumference of the neck:

E  .cn..2n6 L 2)

A value of § = 1.0 MeV/fm2 taken from the empirical surface energy
is used.
The bulk nuclear force is assumed to be described by the win-

dow formula /2/, i,e.,its tangential and longitudinal componehts are:
dn Y
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ig the one-gided flux of particles acrogs the surface, evaluated in
the Fermi gas model, §, = 0.16 fm'3 ig the nuclear matter density,
and VF.x 0.28 ¢ is the Permi velocity. The quantities VTN and VLN
are the relative tangential and longitudinal velocities of the Fermi
surfaces on the two sides of the neck. Taking into account internal
angular momentum fi of the nuclei (i=a,b) VTN is defined by
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Here Tq denotes the tangential component of the relative velocity
' 4 Ii and Ri e o Ai1/3 are the moment of inertia and the nucle-
ar density radius of nucleus i. Assuming that the torque on a nucle-
us is proportional to its radius, from angular momentum conservation
follows

8= (Cinsias =4 M )R/ (Ra+Ry) . )
The moments of inertia in eq. (5) are taken to be those of ellip-
soids with axes R; and rRi/(Ra+Rb).
In eq. (3) the relative longitudinal velocity of the two Fer-
mi spheres VLN is not simply taken to be equal to the longitudinal

component ;L of the center-of-mass motion (as it has been assumed
in 2/). Namely, the shape of the Fermi surface at the neck positi-
on ig determined by the velocities of the nuclear surfaces at some
earlier time, when the nucleons that have reached the neck region
were being reflected from distant surfaces /3/. This time delay is
approximately taken into account by determining VLN(t) from the re-
lation

1)
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with _ .

Vo=, (t-tp)cos (8F)+ K(t)sin(AT) ,

Af=arctan[r(t) to/r)] ,

=2R Ry

t"_—\zs J A—(Rq"'Rb)-
The second term in the r.h.s. of eq. (7) describes the slowing down
of the nucleons in traversing the nucleus due to the long range of
the Coulomb force. The time scale of the time delay tD is set by the
transit time to (a is taken to be the smaller nucleus). In ref./1/a
standard value of

t, - 15¢, (6)

has been chosen.

The Coulomb force in the approach phase (where the neck plays a
minor role) as well as in the first stage of the rebound phase (as
long a8 8 = r - Ha - Rb < 0) is taken to be that of two point char-
ges at distance r. In the final stage, for 8 » O, the system is tre-

ated as two spheres joined by a cylinder, whose radius is rneck and
length is S. Then, the Coulomb force is approximated by
F ~ ez (Zq-zu)(zb—z'.)+(2ﬂ-2n)2n+ 2 =Zn, + 2»2 (9)
(2p-Zn)Zn —
Laxt (n+n) (e+£)t (re+d) (3¢ Do)
Z
with
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r =&1(Rb,n+i)—ZnL .
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Finally, to accurately describe grazing collisions, the Bass
potential 4 is included in the model before the nuclei touch and
form a neck. There is aleo particle transfer at large distances due
to nucleon tunnelling under the potential barrier. For the correspon-
ding tunnelling rate dn/dt the static parametrization of ref. is
adopted essuming that this particle flux carries the same momentum
as in eq. (3).



Fig.1. Geometry of the Bertsch model.

The geometry of the model is that
of three touching circles representing
the two nuclei and a joining neck,
From Pig. 1 a simple geometrical rela-
tion can be deduced connecting P
with Ry, r(t) and ¢ (t):

neck

Feck =V(R.. +Ry+r +ZC)(Rd‘Rs‘f+ZC)(r+R-‘&)(R5+I‘-R.)' ~c. @0}
Zr

In the approach phase it is agsumed that the growth in c is a
highly overdamped process; so the rate at which it changes is pro-
portional to the force associated with that coordinate. Hence,

C= oti/C . (11)

The rebound phase has completely different dynamics.It is several ti-
mes as long as the approach phase, so hydrodynamical considerations
are more likely to be relevant in describing the overall shape. Again,
it is assumed that the motion is overdamped, and that the force res-
ponsible for the neck shrinkage is proportional to ;L

Fx- A (12)

The parameters & and B of eq. (11) and (12) are fitted to TDHF re-
sults of ref, / and used as standard values ( ¢ = 0,04 fm/c,

3 = 1/3). With these parameters the results of are convincingly
well reproduced by eq. (11) and (12),

In accordance with the TDHF results of /6/the onget of the
neck is assumed to occur with a small time delay of 9 fm/c after the
potential radii Ri (Ri = 1.25% A1/3) touch. This defines initial con=-
ditions for eqs (11),(12).

Scission is treated in the model as the neck becoming hydrody-
namically unstable if it is too narrow in relation to its length 7

It is assumed that scission occurs suddenly when rneck:s 1 fm.

Another mechanism for neck breakage is when the nuclei rebound
at high velocity. An instability develops with respect to density
fluctuations when the bulk density falls below about 2/3 Se « This
separation mechanism, called ’nec snapplng , is shown /18/to ocecur
in mean field theory for rL or VL exeeding a value of 0.06 c.

Fig.2. Time evolution By . By E,=8925MeV
of the shape of two col- e Sy L =300h
1iding 22U ions. The
mass center of one of
the ions is fixed, Dot—
ted line: pure Coulomb
trajectory., Dott-dashed
line: trajectory cal-
culated in the Bertsch
models

For a given energy end impact parameter the system is considered to
be fused if in the rebound phase the rebound velocity decreases to
zero and becomes negative leading - as in TDHF - to subsequent cycles
of oscillations in r(t).

We complete this section with an illustration of some main
qualitative features of the model dynamics.

Figure 2 shows the time evolution of the shape of two colliding
238y jong at B, = 892.5 MeV, L, = 300 fi. The time is scaled from
the instant whe;e. r = 16.6 fm (for larger r a pure Coulomb trajecto-
ry is used). At t % 80 fm/c the neck (9 fm/c after the potential
radii touch) opens immediately acquiring a finite radius. This is
connected with the choice of the initial value of cy &8 ¢4 =
= max {o 5e (r—R - By ) + 0,1 £m, 0.1 fm} used in the model. This so-
mewhat arbitrary ch01ce quarantees that the starting value of Theck
for any systems as it is defined from geometric relations eq. (10)
remains positive. Furthermore, it is sufficiently small to have no
significiant physical consequences as compared to a zero starting va-
lue for T, . The turning point of the collision is reached for abo-
ut t = 130 fm/c and is characterized by a quite short but thick neck.
In the long rebound phase the neck is substantially stretched and
scission in the above deascribed sense occurs at t x 360 fm/c.

Next, in Fig. 3. for the %kr + 29%Bi reaction at E, =600 MeV,
L, = 180 n, the forces entering eq. (1) are displayed as functions
of r(t). The difference of F, ., in the approach and rebound phases
is just due to the use of eq. (9) in the latter for 3 > 0. A%
T =T iitch ¥ 12.5 fm the neck appears. Just at this point several
discontinuities in the forces arise. The first one is in the bulk for-
ce which is switched from the turmelling comtribution to the force



corresponding to the free flux, eq(4),
through the neck, starting from a small
non-zero value. The second one arises in
replacing the Bass force by Fsurface
which also starts at a small non-zero
value due to the choice of o and, cor-
respondingly, Trec Aaiton dig-
cussed above. The °Cattractive surface
force is clearly much stronger in the
rebound phase than in the approach phase
snd, hence, it contributes to the energy
losgs. The memory effects approximately
included in the radial friction force
eq. (3) via VLN(t) from eq.(7) can clear-
ly be seen in the figure: Fbulkchanges
Fig.3 its sign (from repulsive to attractive)
only about 0.15 fm after the turning po-~
int. In this region it helps to accele-
rate the rebounding ions, i.e.,has some
nondissipative part.

The discontinuities in the forces

IF1(MeV ! fm)
-]

X at r =1

The r - dependence
of the forces entering
eq,(1) for a Kr + Bi re-
action. Full lines: Cou-
lomb force., Dashed line:
Bags force., Dott-dashed obviously are unphysical. They result
linessurface force. Long- from different physical inputs for large
~dashed line: friction for- and small distances in the approach phase,
ce due to the tunnel flux. which are not sufficiently matched toget-
Three-dott-dashed line: her. Fortunately, the two discontinuities
friction force after ope- enter the total force(1) with different
ning of the neck. slign and, therefore, partiaslly cancel
each other,Moreover, one usually looks
for time-integrated quantities which are
only slightly influenced by the jump of the total force since for
r¥ Towitch the radial velocity (except for near-grazing collisions)
is yet rather large so that the system quickly goes through the dis-
continuity.

3. CONTINUATION OF THE BULK FORCE

An improvement of the model leading to forces continuously chan-
ging from large to small distances would require a geparate investi-
gation which is not the object of the present work. However, we have
found that some formal but not unphysical procedure of matching the
bulk force at r = Towitch "by hand" can give a considerable improve-

ment of the agreement with corresponding TDHF predictions. In this
procedure we simply choose r (and, correspondingly, co) in such
Haak entersg the bulk
force quadratically, only a small enlargement of Theck is needed to
yield the required effect(compare Fig.}). The surface force, being

linear in r

neck
a manner that Fbulk becomes continuous. Since T

neck’ is also somewhat increased so that it comes closer
to the Bass force. Due to the specific time dependence of ¢ (eq.(11))
the values of Fsurface and Fbulk at small distances near the turning
point are only slightly enlarged compared to the standard version by
about 5-10 %.

Fig., 4.

Wilczynski plot for

BLKr 4 2098; the Kr + Bi reacti-
Eop = 600MeV on at Elab= 600 MeV
3004 %%ruv Dashed line: origi-

400t “/:;> s 1 nal Bertsch model.
238 Full line:continuo-

Lm0 us bulk force (for

details see text).

. Dott-dashed lines:
oot 180¢”" TDHF prediction ta-
160w T 15& p

Eem(MeV)

3001

140

by

—teeneea. 0 ken from ref./9/.

o The numbers in the

30° L0° 50° 60° 70° 80° figure indicate the

8c.m. initial angular mo-
mentum in units of k.

In order tc demonstrate the effect of this procedure, in Fig.4

the Wilczynski plot for the reaction 84Kr + 209Bi, Elab = 600 MeV

predicted by the model modified in the described manner is compared
with the standard version as well as with TDHF /9/. The improvement
of the sgreemunt is substantial. The success is mainly connected
with an effective enlargement of the neck radius at small distances.
Since in ref. 4 it was found that the parametrization (11) and (12)
somewhat underestimates the neck thickness at small distances, our
formal procedure aquires some physical sense. In ref. N nearly the
game effect (for the same reaction) resulted after using @& zero me-
mory time t, and reducing the Coulomb acceleration in eq.(7) by half.
Although the dependence of the model results on (standard) input pa-
rameters should really be tested (see next section ), this procedure
seeme to us to be much more artificial than the one described here.



The choice of Towitch at t = 9 fm/c after the potenti7% radii
touch was determined for a specific reaction considered in and
used as @ standard value in the model. Clearly, this is a further
point which needs to be refined since for certain systems(higher e-
nergies) the tunnel flux becomes negative before r = Towitch is re-
ached. Correspondingly, there would be a short time interval in the
approach phese with an accelerating bulk force. For example, this is
the case for the 160 + 93Nb, Elab = 204 MeV reaction for which we
have performed a model calculation and compared it with the TDHF re-
sults of ref.”1%/, Although the fusion region (30 h < €< 75 b ) and
the deep inelastic results for € 2 75 h are close to TDHF, the def=
lection function and energy losses below € = 30 & are in disagree-
ment with TDHF. So, for £ # 30we found final c.m. energies around
130 MeV while TDHF predicts values around 30 MeV lying even below the
Coulomb barrier in the entrance channel. We relate this to the acce-
leration effect of the bulk force mentioned above. Our procedure of
continuation does not apply here since the fluxes would be matched
at negative values. We applied a second version of continuation:
to be the point where the tunnel flux has its maxi-
ook at this point to get a continuous bulk
force. This, however, gives a very large neck and consequently a very
large friction. As a result, the fusion window vanishes completely,
and in the vicinity of the fusion region it has been obtained orbi-

redefine Towitch

mum and to determine r

ting.

As a third version the maximum value reached by the tunnel flux
is used until the flux calculated from the neck geometry exceeds
this value, In this case we could retain the agreement with TDHF for
€ 2 30 & and came down to values around 65 MeV for the final c.m.
energy in the region £ $ 30 h.

In Fig. 4 the discontinuity in going from € = 238 h to lower €
remaina to be discussed. For a qualitative explanation compare glso
Fig.B:ImaginelN to be the smallest 1 for which at each instant
r2or h* For this impact in both the approach and rebound pha-

awitc
ses the same Coulomb force, Bass potential, and friction force due to

switch®le®es
& neck appears and although the dynamics in the approach phase is

completely the same as for lN’ the rebound phase is essentially

tunnelling act. However, for 1 = lN - 1 one crosses r =T

different (surface force instead of Bass force, another Coulomb force
another bulk force). Thus, quasielastic and deep inelastic colligi~
ons are not uniquely treated in the model.

4. PARAMETER VARIATIONS

Since the bulk and surface forces are essentially determined by
the evolution of the neck connecting the colliding ions, the depen-

‘dence of model predictions with respect to variations of the parame-

ters o and /-” should be gtudied more in detail. In particular, the
question arises whether the values o = 0.04 fm/c and /3 = 1/3 re~
sulting from a £it to the TDHF results of /®/ for the 298pp4+208pp,
Ec.m. = 800 MeV reaction at zero impact can be used as standards over
a wide range of projectile-target combinations, incident energies

and impact parameters.

Table 1: Final c.m. energy, maximum neck radius, distance of
clogest approach, distance at which scission occurs,
and interaction time for several combinations of o and
/% (eqs.(11),(12)) in the reaction 208Pb + 208py gt

Ecom. = 800 MeV, L = O

1 2 3 4 5
(standard)

ot (fm/c) | 0.04 0.02 0.08 0.04 0.04
) 1/3 1/3 1/3 0.4 0.25
final

E c.m,.(MeV)|520.6 550.4 483.0 575.3 418.0
Fucer (fn) | 492 4.32 4.74 4.52 4.52
Foin () | 12,18 12.1 12.29 12,18 12,18
Fai Gm) | 2207 21.9 23.4 21.0 26.2
(1o 's ) 1.48 1437 1.6 1.27 2,09

In table 1 several dynamical quantities for 5 sets of parame-
ters ol , /3 are quoted for the reaction 208Pb + 2oePb. L =0,
E c.m. = 800 MeV. By comparing the second and third column with the
first one(standard values) it is seen that for a fixed /5 even a
change of & by a factor of two has only a quite small consequence on
the evolution of the neck in the approach phase (maximum neck radius
T Max  closest distance of the ions rmin) while changes of 30-40

neck
MeV in the final c.m. energy result. Thus, even gmall uncertainties

9



Fig.5. Wilczynski plot a N — e sl s : S
for the same reaction as
in Pig.4. Bertsch model
predictions for JS = 1/3 |—smMv
(full line), B = 0.4 _“0f
(long-dashed line), f3=
= 0,25 (short-dashed
line), the remaining mo{
parameters taken to be

the corresponding stan-~

dard ones., The numbers g F

Ecml

200
near the curves denote 0

tie initial angular
momentum in units of h.

in the determination of the geometric neck characteristics in the

approach phase from TDHF can lead to substantial uncertainties in the

parameter of , which in turn have appreciable consequences for the
total energy loss during the whole reaction.

An even more drastic effect results from 25% variations of/S
(for fixed standard ol ). Fortunately, the distance rsci between
the ions when scission happens is sufficiently sensitive to /5 and
so its extraction from TDHF is less ambiguous. Nevertheless, TDHF
evolutions for different systems should yield somewhat different va-
lues for the parameter /3 . 3o, it is interesting to compare model
predictions for the paremeter values of columns 4 and 5. The corres-

ponding Wilczynski plots for the same reaction as in Fig. 4 are shown

in Pig. 5. There are quite large deviations for medium and low im~
pact parameters. In this context it would be interesting to derive
"best fit" parameters a and /3 from the TDHF celculations for va-
rious systems in order to get a feeling of whether there exists an

over-all get of values of , f} which can be used for any system or
not.

Various TDHF calculations (compare, e.g. /9/) indicate that in
the neck region the central density is somewhat smaller than §, and
the diffuseness of the surface is larger than in static nuclei. Cor-

respondingly, charge density in the neck g, and surface tension &
should effectively be somewhat overestimated in the Bertsch model.

10

This should most clearly be seen for very large systems (the Cou-
lomb force to be essential enough) which ( at least in TDHF) fuse in
some region of impact parameters. Then, the critical 1 for fusion
should strongly depend on effective changes in the surface force
(i.e. © ). We have performed model calculations for the reaction
2085y 74Ge, Elap (Pb) = 1600 MeV and plotted energy losses and
deflection angles as functions of orbital momentum in Pig.6.

Fig. 6.

Energy loss and deflection angle for
the 2%8pp + T4ge, B . (Pb) = 1600 MeV
reaction as functions of initial angu-
lar momentum in comparison with TDHF
(circles) and a model prediction of
ref./12/(dashed lines ). The present

200 Bertsch model calculations (full lines)
£ $0%, are shown for the standard value

<l 6 =1 MeV/fm2 ( 100%) as well as for
50, 60, 65% of it.

i % h % B0 2 W
Ln

/11/

predicts fusion (cap~

For this system a receq; TDHF calculation
i 262
ture, leading to “"“114") below 1.,y _ 110 4 while the Bertsch mo-

del yields fusion even for 1 < 205 fi. We relate this to an overesti-
metion of the (attractive) surface force and repeated the calculati-
on for smaller values of § and Zn in eqs. (2) snd (9). In Fig.6 we
included results for 65%, 60% and 50% of the standard values
(G =1 %—%‘é ). While the reduction of 2, was found to have a minor
effect the lowering of & drastically changed the picture. In the
last case no fusion occurs at all, and forward scattering turns out
to be possible only for grazing collisions. The first case, however,
comes close to TDHF predicting a value of 1 .., = 121 h. While with
decreasing surface tension the fusion region smoothly decreases, we
have obtained negative forward angles (onset of orbiting) only for

& % 0.75 MeV/fm’. For 6 values of about 0.6 MeV/fm® the deflec-—
tion function shows a pronounced focussing behaviour as in a recent
model calculation of ref., /12/in the framework of an extended phe-~
nomenclogical surface friction mode1/13/, which allows for indepen-
dent dynamical deformations of the two ions, for fluctuations in re-

11



lative motion and deformation degrees of freedom as well as for
charge and mass transfer /14/. For b = 0.65 MeV/fm® ( € 65 %) the
energy loss predictions of TDHF are also reproduced quite well, ex-
cept near grazing collisions for which both classical models yield

a substantial underestimation. Bertsch/1/related this general disad~
vantage of the model to the neglect of deformation degrees of free-
dom before the nuclei touch, which are importantfor absorbing'energy
in grazing trajectories/15/. The present results indicate that TDHF
shows a tendency of decreasing surface tension in very diffuse large
necks with central density somewhat smaller than €, . On the other
hand, owing to the facts that superheavy elements have not yet been
found in experiments, and the inclusion of residual two-body inter-
actions would only increase the capture cross section, one can con-
clude that TDHF nevertheless slightly (10-15 %) overestimates surfa-
ce tension in such exotic systems. If so, the appearance of fusion
(capture) leading to superheavies in TDHF could be an artifact of
the theory resulting from effective nucleon-nucleon forces deduced
from bulk properties (e.q.,surface energy) of static nuclei.

Finally, we consider the memory time to which is not unambigu-
ously fixed in the model. In one-dimensional slab dynamics it turns
out to be twice to/8/. On the other hand it would be equal to to if
the far surfaces of the nuclei move with the velocities of their
centers of mass. However, there will also be some delay in the moti-
on of the far surfaces with respect to the mass centers. Therefore,
in/1/the value of eq. (8) was chosen as a standard one. In order to
egstimate the dependence of model predictions on variations of to we
have performed calculations for the reaction presented in Fig.2
with tD = 1.5 t, as well as with tD = 0.9 tg.

Fig.T.
Time evolution of neck radius rneck,
B0, 2By, £, e 8R25MeV, Lo 300N gseparation distance »F , orbital angu-~
€ | e S lar momentum L, and the total c.m. Ki-
313’7”==*ii§I:“‘~i\\ netic energy projected to infinite se-
£ % G paration Ee , for the reaction presen-
tkg‘\\———ﬂfﬂkﬁ"' ted in Fig.2. Full lines: t;=1.5 t_ .
§2$-\\~=__Eh_ _____ HR Dashed lines: tD=O.9 to. Dott-dashed 1li-
il i nes: TDHFB predictions, taken from
%ﬁg ‘\\?L;\ ref./18/, Bor clearness the TDHFB curve
900 20 e for E oo 1is shifted upwards by 30 MeV.

t{fmic)
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In Fig.7 corresponding results are shown in comparison with TDHFB
predictions of . While in the standard version the neck radius,
interaction time and the final energy loss Ec.m. (t=0) = E,, (t-2c0 )
are somewhat underestimated, the predictions for the smaller value
come closer to TDHFB. This is because a larger memory time implies
that the éystem bounces more elastically A . The final total angu-
lar momentum only slightly depends on the choice of tpe In both ca-
gses, as in TDHFB, a rapid approach to equilibrium occurs. While for
tD = 1.5 to the rigid clutching value is not quite reached, the equ-
ilibrium L value for t, = 0.9 to is even somewhat smaller. This is
connected with the use of moments of inertia for rigid ellipsoids in
eq. (5) instead of those of rigid spheres. Although we found that a
decrease of tD improves the agreement with mean- field predictions
it does not necessarily mean that a memory time smaller than the
standard value should be used in the model since there are some more

effects in the same direction as discussed above.
5. COMPARISON WITH OTHER MODELS AND EXPERIMENTAL DATA

Since the Bertsch model heavily relies on the nucleon fluxes
across the neck as well as on different deformations in the entrance
/ exit channels to be the basic mechanisms of relative-motion - ener-
gy loss, it is of interest to compare it with other classical models
which also use a soft (proximity) friction /2/ and include some si-
mulation of the neck evolution (i.e. deformations).

Ae an example, we compare with predictions of ref./17/ for the
136ge + 209p3, B _ = 1130 MeV and Pkr + 2%%Bi, B . = 600 MeV re-
actions.In that model the ions are allowed to have growing prolate

deformations in the exit channel.

Fig.5&.

Deflection angle as a function of initial
orbital angular momentum for the

136Xe + 209Bi and 84Kr + 209Bi reactions
at ELab = 1130 MeV and 600 MeV, respec-
lively. Full lines: present Bertsch mo-
del calculations.

Daghed lines: model predictions taken
from ref./17/. For details see text.

13



Pig. 9.

Final kinetic energy as a function of
initial orbital momentum for the same
reactions as in Fig.8. Full and dashed
lines have the same meaning as in Fig.8.
Dott-dashed line: model prediction of
1/ without deformation., Dotted
line and full circles: results of ex-
perimental analyses of refs./19 and
, respectively.

ref,

The use of the proximity potential /e/ and one-body dissipation le-

aves no room for free parsmeters. Particle transfer and thermal fluc-

tuations are also included opposite to the Bertasch model. They sho~
uld, however, have no substantial influence on the first moments of
deflection angles and final kinetic energies shown in Figs.8 and 9
as functions of initial orbital momentum. A good agreement between
both model predictions can be stated. There are, however, some devi-
ations in the 84Kr + 209Bi case where the Bertsch model yields more
forward angles and larger energy losses for intermediate impacts.
Seemingly, in this case the surface force in the Bertsch model, con-
nected with an energy loss, has a larger effect than that of diffe-
rent proximity potentials in the entrance (spheres) and exit(prolate
deformations) channels in ref./17/. Energy losses resulting from ex-
perimental analyses of refs./19’2o/ are also shown in Pig.9. Altho~
ugh, the experimental data seem to indicate too large damping for
intermediate L in both models, & comparison with the experimental
energy - angular correlationa/20/(see Fig.11) shows that the Bertsch
model gives good average agreement with the experimental cross sec-
tions. This discrepancy arises from the presence of large spreads in

the final energy and angular momentum of the fragments.

For further comparison, calculations of ni/ without deformati-
on are also included in Fig. 9. It is clearly seen that +trajectory
calculations completely fail in this case and cannot reproduce the
obgerved energy loss.

We now wish compare the Bertsch model with a classical model

which uses folding potential and steep friction form factors (surfa-
ce friction) in the spirit of ref. & and which also includes de-

14

formation. To this aims we choose the model of ref./14/(see also
discussion to Fig.6) which allows for independent quadrupole de=-
formations of both ions.

Fig.10.

Wilczynski plot for the

86Kr + 139La, ELab = 610 NeV
reaction. Experimental data
(thin lines) are taken from
ref./22/. Dashed lines: model
predictions of ref./14/ with(1)
and without (2) deformation.
Thick full line: present Bertsch
model predictions. Circles:TDHF
predictions of ref./23/.
Dott-daghed line: model predic-
tion of ref./ZS/( time-depen-
dent nuclear potential but no
deformation).For details see

text,

In Fig. 10 the corresponding results with and without deformation
are compared with the Bertsch model prediction and experimental
double~differnetial cross sections/22/. The influence of the defor-~
mation is qualitatively similar as in the case of Fig. 9. The re-
sults of ref./14 with deformation are quite close to the present
calculations. They are both closer to the averaged experimental va~
lues than TDHF predictions of ref./23/. Because of the phenomenoclo-
gical character of the Bertsch model it is hard to find a reasonab-
le explanation for the energy losses to be larger than in TDHF, all
the more since in other cases (compare, e.g., Fig.4,7) we got oppo~-
site tendencies. A similar good description of the reaction under
consideration has been reported in ref./24/ using another version
of the surface friction + deformation model.

It is interesting to note that seemingly part of the additio~
nal energy loss due to deformation can already be gimulated by
using different nuclear potentials in the approach and rebound phase
for spherical nuclei, This can be seen from a comparigon with a

model calculation of ref./25/(Fig.1O) which uses a surface friction
force and a time-dependent nucleer potential, smoothly switching
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over from a diabatic (proximity) to an adiabatic (Woods-Saxon-type )
potential in a characteristic time of about 107213, In both the
Bertsch model and that of ref./14/different deformations in the
entrance and exit channel course a correponding assymmetry not only
in the nuclear force but also in the friction force. Thus, the ener-
gy losses are still larger.

Pig.11.

Wilczynski plot for the 136Xe + 209Bi,
ELab = 1130 MeV reaction. ExperimentalQo
data (thin lines) are taken from ref.
Dashed and dott-dashed lines: model pre-
dictions of ref./'*/ with and without
deformation, respectively.

Circles: TDHF predictions of rer./26/,
Full line: present Bertsch model calcu-~
lation with continous bulk force.

While the Kr + La reaction considered above is typical for or-
biting reactions, it is of interest to look for a reaction with
completely different angular behaviour, e.g.;a focusing reaction
like 136Xe + 209Bi, E1ab = 1130 MeV,. Fig.11 shows a comparison bet-
ween predictions of ref./14/ with and without quadrupole deformati-
ons (see discussion to Fig.10), Bertsch model predictions, TDHF re-
sults of ref, /2 , and experimental energy-angular correlations
(Wilezynski plots)/zo/. Since in Figs. 8, 9 the results for the same
reaction using the standard version are already shown, we plot here
the modified version described in sect. 3. Concerning the results
of/14/ we state that because deformation absorbs energy out of both
radial and tangential relative motion it again leads to higher e-
nergy losses as well as to larger deflection angles (for comparable
interaction times). Our results quite well agree whith those of/14/
at large and intermediate impacts. However, for violent collisions
we got a smooth increase of the deflection angle while a quadrupole
deformation yields a decrease of the deflection angle for smallest
L, i.e.,a tendency to orbiting. It is hard to interprete this dis-
crepancy between two quite different phenomenological models. Howe-
ver, one cannot exclude that this different angle behaviour gives us
a hint that at small impact paremeters besides quadrupole deformati-
on higher mutipolarities come into play. To some extent they are

16

included in the Bertsch model since a multipole expansion of the

neck would give nonzero contibutions for higher order deformations,
the dynamics of which is, however, not explicitly described and so-
mewhat artificially constraint by the geometry chosen in the model.

6. CONCLUSIONS

We have performed a detailed investigation of Bertsch's classi-
cal model for heavy ion collisions based on the known bulk dynamics
of mean- field theory. The main qualitative feature of this model is
that the bulk force connected with particle transfer has some non-
dissipative character due to memory effects while the potential in-
teraction includes a surface force which gives a contribution to the
energy loss originating from different shapes in the approach and re-
bound phases. :

The qualitative agreement with TDHF and more or less involved
phenomenological models (each including deformations) as well as with
experimental data is encouraging. Some quantitative deviations from
experimental data and/or TDHF predictions can be removed to a large
extent if the parameters of the model, which in the standard version
are obvioualy chosen suitably, are considered as adjustable ones
without laving physically motivated regions of variation.

Further theoretical work should be done in the direction of mo-
tivating different parameter choices (or even calculating them in a
more involved framework) as well as of including mass transfer and
statistical spreadings of observable quantities in order to get do~
uble-differential cross sections directly comparable with experiments.

Starting from a reasonable description of the trajectories, neck
development and particle fluxes between the ions, it is also possible
to set up a sufficiently simple but physically well motivated model
for particle emission at low and intermediate ( X 20 MeV/A) incident
energies
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TDHF-Motivated Macroscopic Model for Heavy Ion

Collisions: A Comparative Study

A detailed investigation of Bertsch”s classical TDHF-
motivated model for the description of heavy ion collisions
is performed. The model agrees well with TDHF and phenomenolo-
gical models which include deformation degreeg of fr?edem as
well as with experimental data.Some quantitative deviations :
from experiment and/or TDHF can be removed to a large extent if
the standard model parameters are considered as adjustable
parameters in physically reasonable regions of variation.

The investigation has been performed at the Laboratory
of Theoretical Physics, JINR. 3
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