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Introduction

One and a half years ago the UNILAC accelerator started to deliver
heavy ion beams of 5.9 MeV/amu, which is a sufficient energy to over-
come the Coulomb barrier and so to study nuclear interactions. Today,
bombarding energies up to 8.5 MeV/amu are commonly available for a
viriety of beams including the very heavy projectiles 1ike uranium and

I
lead. This unique facility has opened up at GSI during the past year
& broad spectrum of activities including the search for superheavy
ruclei, for the spontaneous emission of positrons in the overcritical
eiectric field, for yrast traps, etc. :

Wnat we shall report here will be on the shadow side of these real
nighlights, but if one thinks of the moon, the back side is as
interesting as the enlighted one. The present talk will concentrate

on a survey study of deep inelastic collisions and will not at all
retlect the general spectrum of activities at GSI (GSI 76).The reactions
investigated are summarized with a number of characteristic quantities
in table. 1. It is a survey study performed for a wide span of targets
and projectiles so as to recognize the general features of the
coliision and their trends, while moving from the already known lighter
systems to the heaviest possible target projectile combination U on U.

Several symmetric ingoing charnels (Xe-Sn, Pb-Pb and U-U) were chosen
as well as a number of asymmetric systems (Kr-Sn, Kr-Er, Xe-Au, Xe-U,
U-Pb). The original 5.9 MeV/amu were not sufficient to reach the
Coulomb barrier for the heaviest combinations and it was only at the
end of 1976 that we were able to move on into the new region. Taking
advantage of what we Tearned from this general survey we have recently
started to investigate some more specific questions by observing the
y-multiplicity and the bombarding energy dependence of the deep in-
elastic process (Kr-Sn, Kr-Er).

Table 1 shows that the Coulomb barrier is typically exceeded by a
factor of 1.3; in the energy dependent study we scan a region between
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Table 1: List of the reactions investigated

: * I
Proj | Target ELab ECM E ECM/ 1max 7 )
o
(MeV/amu) | (MeV)|(MeV) /LCOU] (h)
86yl 1205, | 4.9 250 | 50 1.24 110 | 375
5.99 300 | 99 | 1.50 199 | 265
7.2 360 | 160 | 1.80 252 208
8.2 211 | 210 | 2.04 289 182
86, | 166
kel 166 | 4.9 283 25 | 1.10 112 | m
5.99 339 | 81| 1.32 203 | 397
7.2 207 | 150 | 1.58 276 | 293
W a64 | 206 | 1.80 323 249
132y ngSn 5.9 370 | 90| 1.32 227 516
Sothu | 7.55 596 | 184 | 1.47 202 | 571
Bpp | 7.55 610 | 190 | 1.46 412 533
U 7.55 641 | 118 | 1.40 423 | 831
208p, %ggpb 7.5 780 | 188 | 1.32 499 702
- U 7.5 832 | 183 | 1.29 521 798
U 238 7.5 892 | 180 | 1.26 546 | 956

1.1 and 2. The corresponding kinetic energy above the Coulomb
barrier, after the nuclei have already been slowed down in the
Coulomb field is typically between 100 and 200 MeV: this 1is roughly
the total kinetic energy available for the internal excitation of
the interacting nuclei. The maximum angular momentum 1in the relative
motion for grazing partial waves, is of the order of 200 to 500, and
even if only a certain fraction (v2/7) can be absorbed, a large
amount of angular momentum is also available to the internal degrees
of freedom of the nuclei.

The variety of kinetic energies and target projectile combinations
available make of these reactions a powerful tool to study many
average properties of nuclear matter, while the interacting nuclei
are strongly overlapping. From this point of view we are pursuing

to the heavier systems the interesting investigations of the deep
inelastic reaction and of the diffusion mechanism previously studied

at Orsay (Le76, Ga76, Ng77), Berkeley (Hu77, Mo76) and Dubna (Ar 73).

Typical to these reactions is, among other aspects, the increasing
classical behaviour reflected by the Sommerfeld parameter n' and the
vanishing fusion cross section, so that the whole total cross
section undergoes the deep inelastic process. Also characteristic

of the heavier systems is the presence of fission as a possible

]
+)”Zis evaluated using the relative velocity at the Coulomb barrier.




decay mode of the excited primary products after the collision: \
this is usually called the sequential fission. Mh

Summarizing, the general interest of this study lies in the reaction
mechanism and the mass diffusion process, without forgetting possible
nuclear structure effects. Expecially interesting is to investigate
the mass transfer process for the heaviest systems (U on U), into
.the transuranic region, to determine the primary population probabi-
1ity as well as the decay properties of these nuclei.

The content of the report will be subdivided as following:

1. Experimental device.

2. A systematic study of the deflection function: a direct test of
nuclear forces.

3. The nuclear diffusion process between heavy nuclei.
4. Results of the y-multiplicity measurements.

1. The experimental device i

fig. 1. A position sensitive ionisation chamber (Sa 75) is centered
at the grazing angle of the reaction and is used as a trigger counter.
For each particle the chamber measures scattering angle (x, y-read-
out), total energy, energy loss and time of arrival. The distance

The kinematic coincidence apparatus is schematically illustrated on
from the target is 1 m, the substended solid angle 50 msr.
\

Fig. 1: Experimental apparatus. IC ionisation chamber
RC recoil counter, St start detector, Nal 3"x3"
‘'sodium idide crystal.




The start signal is delivered by the secondary electrons ejected from
a thin carbon foil placed 7 cm from the target: the electrons are
amplified in a channel plate after deflection in a magnetic field

(Re 77).

On the opposite side of the ionisation chamber a 250 msr detector

(St 77) observes the particles emitted in the direction of the recoi-
1ing nuclei: it consists of a multiwire proportional counter which
measures scattering angles (x-y-coordinates) and energy loss. It is
followed by parallel plate detectors which deliver a stop signal.

Up to 3 Nal crystals were used to determine the y-multiplicity in
coincidence with the trigger counter information.

The data obtained up to now were collected during a total running time ‘
of 7 days. Most of the information, extracted from the data was gainad i
from the jonisation chamber. The determination of scattering angle and
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Fig. 2: Fig. 3:
Two dimensional plots of energy loss versus Proton number identification.
total energy. In part a) are dispiayed 1ight Only the events inside the triangle o
elements below Z =40, while in part b) from are identified. On the outside, to the right,
the top to the bottom the elements Pb, Ho, Sn ~ are seen the particles which are not fully
Cu, Fe and Al can be recognized. stopped in the ionisation chamber.




,1||‘1:
total energy is quite straightforward, while the Z identification is WN
more elaborated; it follows in the usual way from the relation between

energy loss and total energy deposited in the counter. Fig. 2 shows

two energy loss vs energy plots. The single charges can be resolved

up to about 7Z=35 (fig. 2a), whigh is a good resolution considering

the large aperture of 40 x 6 cm® of the counter. For the heavier

systems, where the single charges are no more distinguishable, we

found very useful to take, as calibration lines, the recoiling

products emerging from thick wires of different elements hit by the

beam (fig. 2b). In figure 3a is shown how we first matched a grid to the

measured calibration Tine. The grid is calculated on the basis of a

semiempirical dE/dx formula and then used to interpolate the data and

extract the Z values for each event (fig. 3b). At present the shape of

the dE/dx curve for a given Z is well reproduced by the formula, how-

ever, the spacing between adjacent Z for Z > 75 is found to deviate

from the extrapolation based on the 1ight elements: additional

calibration work is in progress. The data of figure 3b are obtained

from the U-U collision. Such a Z identification is essential in order il
to determine small deviations from the proton number of the projectile, '
while investigating the nucleons diffusion process.
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Fig. 4: On-line results from the storage display.




The plots of fig. 4 will demonstrate the advantages of the experi-
mental device when applied to the deep inelastic reactions. The results
of the Kr on Sn reactions are shown as they appear, on the storage
display, during the data acquisition after 5 minutes of accumulation.
The same event is plotted twice: in an energy loss vs total energy

(fig. 4a) and in a total energy vs laboratory angle plot (fig. 4b).
Through the density of the accumulated points it is easy to recognize
the correlations between the 3 measured quantities. At small scattering
angles. emerges a strong elastic scattering: the enerqy decreases

toward  larger angles because of the kinematic dependence in the la-
boratory system for the elastic process. The empty spaces originate

from the window support of the gas counter. At the grazing angle, where
the nuclear interaction starts, the elastic scattering drops drastically
in intensity. Just before the grazing angle, the increasing attractive
nuclear forces constrain the scattered particles on a trajectory toward
smaller angles (fig. 5). At the same time, due to the nuclear inter-
action, the nuclei are excited.
This takes energy from the re-
lative motion, the observed ki-
netic energy drops continuously
as the excitation energy in-
creases. This is how the deep
inelastic process develops,
coming from the elastic, partly
damped going to the deep in-
elastic component. The events,
which have a laboratory energy
smaller than 300 MeV can be
attributed to the fully re-
laxed component. It is not
possible to tell directly

from these data what is the
deflection angle of the fully
relaxed or so called orbiting
component: if it has been
scattered from the same side
of the nucleus as the partly
damped component, if it

comes from a negative angle
trajectory, or if the com-
posite system has already made
many turns as in the fusion fission process. As we shall see later,
such a question cannot be answered in general for all systems and,
even for a given system different contributions may be present at
once.

Fig. 5: The different trajectories of a Wilczynski
diagram (Wi 73).

A complementary information on the mass diffusion is obtained from
the AE vs E diagram of figure 4b. For decreasing energy we observe a
spreading and a shift on the AE scale, which correspond to an in-
creased mass diffusion as the nuclei are excited, with a tendency

to populate a symmetric . fragmentation of two roughly equal nuclei.




This is not only a quite efficient way to accumulate data, but it also
makes possible to follow continuously the evolution of the distributions
and, in a few minutes, to recognize the main features of the collision
process for a given target projectile combination at a given bombarding
energy. This type of representation underlines the continuity of the
whoTe process from the grazing collisions to the compound nucleus
formation: this is certainly a challenge for a general scattering
theory.

The three measured quantities o, E, Z are sufficient to transform the
two body kinematic quantities from the laboratory into the CM system.
The mass is deduced from Z over a 1 to 1 correspondence, which follows
the g-stability valley. The 1ight particles evaporation is neglected
in the transformation.

The results of the event by event transformation are shown on part d)
and c) of figure 4. The new calculated quantities are the total kinetic
energy TKE and the center of mass scattering angle opM. The so called
Wilczynski diagram (Wi 73) is obtained by plotting TKE vs ecy. From
such a representation it is easy to read out the energy of. the re-
laxed component, which corresponds roughly to the repulsion energy

of the Coulomb barrier. The TKE vs Z diagram illustrate again the
charge diffusion with a tendency toward symmetry. While considering
the data in the CM system, it should be remembered that the limited
range of observation in the laboratory introduces diffuse cuts on the
distributions. The recoiling nuclei are usually not detected because
their grazing angle in the laboratory system is out of the observation
range of the detector and even if they hit the detector their kinetic
energy is so low, that it is very hard to identify them.

In the following we shall study the evolution of the deflection function
from the elastic to the fully relaxed component for six different
systems. This will clarify the relative motion of the colliding heavy
particles. Afterwards we shall consider, for the same systems, the
evolution of the proton number as a function of the total kinetic

energy loss (TKEL) and this will illustrate the mass diffusion process
overimposed on the motion of the colliding objects.

2. A systematic study of the deflection function

Figure 6 shows three asymmetric Kr-Er, Xe-Au, U-Pb and three symmetric
systems Xe-Sn, Pb-Pb and U-U. They are ordered for increasing
strength of the Coulomb repulsion. The Coulomb barrier is exceeded

by a factor of 1.25 to 1.4 which is a lower value as the 1.5 of the

Kr on Sn system of figure 4. This explains the absence of an orbiting
component (MO 76).

With Kr on Er and Xe on Sn we compare an asymmetric (fig. 6b) with a
symmetric ingoing channel (fig. 6a) at the same total energy of the
composite nucleus. They both display a quite similar trend: the nuclear
attraction takes the upper hand against Coulomb repulsion; the
particles are constrained to smaller scattering angles, while the
overlap increases.
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Fig. 6: Hilczynski diagrams of 6 different reactions.

Moving on toward stronger Coulomb fields the Xe on Au scattering
(fig. 6¢c) shows a particular balance between repulsive and attractive
forces: the particles are scattered around a fix mean angle value.

This is usually called the focusing effect (Hu 76). In the next heavier
system Pb on Pb (fig. 6b) we observe a monotonic increase of the
scattering angle for increasing TKEL. Because of the identity of tge
ingoing particles, we observe two distributions symmetric about 90
(CM), which cross at 90°. The same behaviour is also present in the
U-Pb system (fig. 6d). From the left to the right we observe how the

Pb component develops; in the right upper corner we see the uranium




component which should, in principle, be mirror symmetric about 90° ‘“ﬂ
to the lead component. Because of the sequential fission, the highly [W
excited uranium-T1ike nuclei, which have Tow kinetic energies, are

missing in the diagram. Therefore, in the asymmetrich U-Pb system,

it is possible to distinguish the projectile-like from the recoil-

Tike-nuclei and the trends are more readily recognized.

In the U-U-scattering we observed, as it will be shown in same details
later, a dominance of the sequential fission: this can already be anti-
cipated form the Pb-U interaction. The Wilczynski plot is shown in

fig. 5e for selected ternary processes, by requiring a coincident
fission fragment in the recoil counter. In this way it is possible

to drastically reduce the elastic events, which otherwise would over-
whelm the plot. It seems that the general trend of the deflection
function towards larger scattering angles is still present in the
U-U-scattering, although very few events survive the sequential

fission at high excitation energies.

From the observation of figure 6 we deduce that a gradual trend

exist, where between the lighter systems (Kr-Sn) and the heavy systems '
(Pb-Pb) the deflection function, after the first rainbow but before i
the grazing-angle, possibly describes a second rainbow angle (De 75): i
this second rainbow angle moves toward larger angles for the heavier '
masses. In addition the relation between impact parameter and

scattering angle seems to be washed out in the fully relaxed com-

ponent.

The general interest of these deflection function studies can be
summarized in two main points:

1. Test of nuclear forces: Through the delicate balance between Coulomb,
centrifugal and nuclear forces of the rotating dinuclear molecular
system (fig. 7) it should be possible to deduce form the known W
Coulomb and centrifugal forces the nuclear attraction as a function |
of the strength of the overlap integral. The important degrees of il
freedom to be considered are besides the dependence from the impact
parameter, the time dependent changes of the overlap integral be- i
cause of deformations, and the change of the centrifugal forces
because of tangential frictional forces during the slowing down
process. This dynamical situation of the dinuclear molecular system
is also essential to understand the limits onto the compound
nucleus formation.

One interesting aspect of this inverse scattering problem for the
reconstruction of the interacting potential, is the fact that there
is no missing cross section over a large range of observation; so
there is no absorption, we are observing all elements of the
scattering matrix. In this sense we have a situation very different
from an elastic scattering study of the interaction potential where
only one single channel is investigated and where the absorption




prevents the analysis of the interior. The price to be paid comes
from the superposition of the wass diffusion process on top of the
relative motion process, so that both are intimately correlated
and cannot be easily unfolded. The mass diffusion will be treated
in same details in the next chapter.

Fig. 7: The rotating dinclear molecular system

2. Determination of the time scale of the interaction: The interaction
time can be obtained from the scattering angle thorugh an inte-
gration along the trajectory of the relation

1, =10
rel At

which describes the angular velocity of the dinuclear molecule

(Hu 77, N6 76). The moment of inertia I(t) depends on the shapes the

system assumes. The relative angular momentum 1ye](t) depends on the

internal spin absorbed by the fragments. The trajectories of the

U-U collision are illustrated in figure 8. Part a) considers a

grazing situation, while part b) shows a fully damped collision at

small impact parameters. The scattering angle is roughly the same

in both cases but the nuclei are mostly deflected in the Coulomb

field for a peripheral collision and in the overlapping nuclear

field for the central collision. e expect from this consideration
the U-U interaction time to be similar to tne one of the Xe-Bj
reaction analyzed_in some details by Huizenga (Hu 77), which is of
the order of 107¢2 to 10-21 sec. The knowledge of such a time

scale is important for the prediction, through the diffusion model,

of the strength of the mass transfer in the transuranic region.

The derivation of a time scale can be of considerable help not only
in understanding the diffusion process but also the relaxation
phenomena of the various degrees of freedom.
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Fig. 8: The trajectories in the U-U collisions.

3. The diffusion of nucleons between heavy nuclei.

Figure 9 illustrates the evolution of the nucleons diffusion as a

function of the loss on total kinetic energy. The same symmetric and

asymmetric systems of figure 6 are reconsidered. The Xe on Sn reaction

shows a nice symmetric. distribution, which monotonically widens as %
the kinetic energy decreases. The corresponding asymmetric. ingoing

channel shows a preferential population of the heavier masses: this is

usually called a driving force toward symmetry. The Xe on Au combination ‘
behaves very similarly to Kr on Er. A weak .component of the sequential ‘
fission of Au is seen at low kinetic energies. If the Pb-Pb distri-
butions are compared to the Xe on Sn case, one observes a shift to the ‘{
Tower proton numbers. The same trend is present on the U-U case, al-

though few events are observed at the high excitation energies. The
same is also true 1in the U-Pb scattering,which directly iliustrates
the drastic change taking place for the heavy masses above lead. From
potential energy surface we would expect that the primary masses
produced in the Pb-Pb, and U-U interaction would be similar to the
Xe-Sn interaction. The question to be discussed later will be if the
sequential fission can explain the missing part of the Z distribution
for the heavier elements. Before investigating these questions Tet us
understand better the lighter systems where the decay of the primary
excited masses is Timited to the neutron evaporation, so it doesn't
alter the Z distribution.

'ntil now we have been rather qualitative in the description of the
data, the following figures shall give a quantitative representation
of the results after normalization to the Rutherford cross section.
Instead of the usual do/d@ we have chosen a do/do representation, be-
cause the later is proportional to the total reaction cross section
wnen the whole angular range is observed. Figure 10 displays the

| TR



i 1

Kr~Er

TKE T ;
300 H
(MeV) |
200
100 4

o T 1

20 30

Xe -Au

TKE i

T

L 50
75 MeV/AMU
1

60 70 Z 80

75MeV/aMU
L L |

O+

T

60

T

T T
80 Z 100

Xe-5Sn

Il

1 s 1

TKE
{MeV) |

300+

200+

100+

GSI-P1-77-0117 -2

TKE +

20

40

Pb-Pb

1

T T

60  Z
75MeV/ M

i 1

(MeV) |
800+

600+
400+

2004

TKE

70 80 2
1 1

(MeV) |
800

600
400+

200+

Fig. 9: The nucleons diffusion as a function of the
TKEL. The distributions are measured for a
given setting of the position sensitive
icnisation chamber, wnich is centered around
the grazing angle of the reaction and ob-
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recoil-like fragments are observed partially
in the U-Pb reaction.
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Z-value of the projectile; we observe a shift and a broadening for the
angular distribution. These are the same general features considered
before on the two dimensional plots of the Wilczynski- and of the
diffusion-diagrams (fig. 6 resp. 9).

What we want to learn now on a quantitative scale is how the width of
the distributions, the 022 value, changes as a function of the TKEL,

as suggested by Huizenga in his systematic work (Hu 76) for a
number of similar systems. We want to investigate if there is a
general relation followed by the mass diffusion process.

It is rather instructive to compare the symmetric Xe-Sn system to the
asymmetric Kr-Er system (figure 11). The Xe on Sn distributions remain
Gauss1aq in shape, fully symmetric independently from the TKEL: the
system is symmetric from the beginning and there is no driving force

-
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Fig.11: Comparison of the protons diffusion in a
symmetric and asymnetric system. For the
*Xe-Sn reaction the scaling factor is always
a multiple of yio

expected from a potential energy surface: the centrifugal

barrier tends to conserve the symmetry. There are good reasons to study !
symmetric, as well as asymmetric ingoing systems. The symmetric case
dispalys a number of simplifying features. Let us compare these |
experimental results to the most simple form of a diffusion theory.

. We assume a frozen geometry between two overlapping nuclei and we
apply the transport theory with the Fokker Planck equation as
suggested by Norenberg (No 76). It gives the proton number occupation
probability as a function of time

P(Z,t) = (4n-DZ.t)"1/2 exp[-{Z-2,v,-t)2 / 4.0,-t]

where V, 1is the charge drift coefficient and D, the diffusion co-
efficient. The measured variance o2 of the proton number distribution
is related to the drift coefficient by

022 = 2'Dl't
In this picture, for the Xe on Sn reaction, V, is approximately zero
and we test the diffusion coefficient D, alone. In the framework of
this model it seems difficult to explain why, in the Kr on Er

-14-
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for different reasons, an
interesting piece of in-
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feel a coherent driving Figh A fupter of nosg g Jo0E) 47 e dedy
force toward close on the right of each distributicn: the
shells: Xe toward Z=50 number in parenthesis is the scaiing i
factor. For large energy dumping the cai-
and Au toward Z=82. culated TKEL could be affected by the
These observations are  y-evaporation of the excited fragments.
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consistent with recent radiochemical measurements of Kratz et al.
(Kr 77) where both Tight and heavy fragment were observed., It can
nevertheless not be completely ruled out, at this point, that a
1ight charged particles evaporation also contributes to the observed
shift. However, these results are certainly of considerable interest
and should stimulate additional experimental and theoretical work
because the Xe on Au systems display optimum conditions for the ob-
servation of shell structure effects.

The next question to be considered is how the Xe-Sn, Kr-Er and Xe-Au
results do fit into the present general understanding of the mass
+diffusion as investigated by Huizenga (Hu 77) The next figure (14)
gives the relation between the variance 6% of the proton number dis-
stribution and the TKEL.

The results of the original
Berkeley measurements are i

summarized by the full line. It

should be pointed out that for THEL i

the Berkeley data the Coulomb 300 F =

barrier is exceeded by 200 to (MeV) &

270 MeV, while for Kr on Er & &

the total available kinetic ;

energy was 85 MeV, for Xe A

on Sn 95 MeV and for Xe 200+

on Au 190 MeV. The com-

parison shows that all

measurements roughly match

on the TKEL scale as long 100k ~ P PEr

as the energy dumping has et BzXe-POSn

not reached the fully re- , 0 -

laxed component. It is X -7 Au

also interesting to com-

nare these same results O e — ,

in terms of a simple 0 20 40 2 60 80

friction model (one body Oy

dissipation model) along , 7 A |
th? same 1ine followed by Fig.14: Ceneral relation between total kinetic n
Huizenga, where the rate energy loss and mass diffusion. The full ‘
of energy dissipation per e T |
unit of time is proporticral i S e B s ol

at each instant to the re-

maining available energy.

This leads to the diagram of figure 15 where 62 is plotted versus
ln(EO/E) The quantity E, is the tota] available energy and E the
‘available energy at each moment; 67 is assumed to be a measure of the
time scale. These results show that the slope depends on the total
available energy, this means that the friction force (the slope gives
the frictional coefficient) is not velocity dependent. At low bom-
barding energies the friction coefficient is larger as compared to
higher energies.
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An energy dependent study done for 25 X
different bombarding energies, as /
it has been performed for Kr on Sn /
and Kr on Er, should be of con- 55 L / 5
siderable help in order to clarify o &
the nature of the energy dissipation — /
mechanism. The accumulated data re /,4
not yet fully analyzed, but we have LN y
Tearned from the presented data that
the simple frictional model is not
valid, that the amount of energy 10 L
dissipated per exchange is too large f

to be accounted for by a simple ‘ﬁ H 020K -5E -
frictional force. The microscopic B0

nature of the energy dissipation 0-5&5 A132xe_120 -

\
i
GSI- P1-77-0110-4

In (E./E

. : . Sn
remains quite an open question:

o . . . 132 197
is it dug to particle ho]e exci : o Ne="" Ay
ation with the promotion of ; y v
nucleons to higher shells (Wei 77), 0 g 0 2 15

due to collective excitation in- ] :32

e : . 1g.15: Rate of energy loss as a functicn of the
C]UC_“”Q the g-lant mode (W'l ,77) 4 number of proton exchanges. Thes quantity
or is it just based on Q—wmdow Ey is the total available energy above the

matching and phase space con- barrier, while £ is the availabie eneray
siderations? for each energy loss. The straight lins

corresponds to the observed behaviour af
the reaction Xe-Bi and Xe-Ho (Hu 76).

Additional information on the energy dissipation will be presented with
the results of the y-multiplicity measurements in the last chapter.
We shall now first move on to the question of the mass diffusion for
the heavier systoms with the Pb-Pb, Pb-U and U-U interaction.

Until now we were considering primary products in the mass region be-
tween 80 and 200 amu, which are known from compound nucleus studies

to decay predominantly by neutron emission: the measured Z-dis-
tributions were therefore fully representative of the primary Z-dis-
stributions. For nuclei with masses A >200 it is known both from
compound nucleus decay studies and from the 1iquid drop calculations
of Cohen, Plasil and Swiatecki (fiqg.16) that the excited fragments can
easily decay by sequential fission. The aim of the present investi-
gations is therefore on one side to delucidate if the heaviest
systems follow the general trend displayed in fig. 14, to determine
the primary goou1atwon as a function of excitation energy in the
transuranic region, and on the other side to investigate which new
phenomena will occur. It is for example unknown, whether during the
collision of very heavy nuclei fission will occur on a much faster time
scale comparable to the interaction time, or whether the strongly de-
formed nuclei might favor the emission of charged part1c]es during the
collision.

The results of the three reactions U-U, U-Pb and Pb-Pb are shown in
fig. 17 on a logarithmic scale for comparable observation angles and
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Fig.1¢: Liquid drop madel predictions (Lo /4) of S  — t ‘J“
the fission barrier for 0 = 0 (full line) 1 ] h il
and Q =~8 MeV. The dashed line shows 0 — 1 i
where the fission-startsto compete with 0 0 20 30 4L 50 60 70 8 90 100 . ‘
the neutron decay mode. rom S S S B i
bombarding energies. In each spectrum V== U-U =
we see after elimination of the 75 MV, i
elastically scattered events two peaks: + , JKEL>L0M i
one, close to the Z of the projectile, n~¥® — = ve H
is narrower and asymmetric and corres- £ E —— o % = et
. =5 c B —
ponds to the normal deep inelastic 3 P ; ||
scattering, whereas the second, ] fk_;f,n;_ |
broader, is roughly centered at half = == |
the proton number of the heavy frag- +— VA |
ments and can be associated with the ;

. . s . Q0 I Y X f o ' 7'- Y Y
sequential fission of the excited R 5olso 00900
primary products (Kr 74). Fig.17:
Comparing the three systems it is clear Overall results of the Pb-Pb, Po-U and i-y
X reactions. The broad oump is originated

that.the pa'r‘t of the reaction C}?‘OSS by the sequential fission but his shape
section which undergoes sequential ;2520§_fﬂw representative because the

N . . 2 . . i fragmen are n ompl I
fission increases with increasing mass. StODpeds?r]lognerégzeczzr.re not completely
The deep inelastic component has in all three cases a steep slope to-
wards heavier elements, and a much flatter one towards lighter ele-
ments, the latter falling off much slower for U-U than for the two
other reactions, The dashed 1ines in fig. 17 indicate the experimental

resolution determined from the elastic scattering.

For comparison the Z-distribution of deep inelastic collision of Xe on
Sn, where no sequential fission is observed, is shown in fig. 18.
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This distribution is fully symmetri

In fig. 19 the Z-distributions for
Xe-Sn and Pb-Pb are plotted for
different values of TKEL. With in-
creasing energy dissipation for
Pb-Pb the distributions become
more and more asymmetric, which
can be explained by the fission
barrier shifting to lighter nuclei.
The fission probability as a
tunction of Z can be determined
from the large area recoil de-
tector if the corresponding light
reaction fragments are seen in
the ionisation chamber. The re-
sults are shown in fig. 20. For
the reaction Pb-Pb the fission
probability rises steeply from

5 % for Z=83 to 7% % for Z=87.

— 132 120 ==
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59MeV, ;

U= =10
= o

do?/dE dZ (mb/MeV 7 urit)
do*/dE -d Z {mb/MeV-Z unit)

Fig.19: Proton number distributions

c

Fig.18: Same data as in figure 1lla, but integrated
" over all non elastic events.
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as determined by the grazing angle (quarter-point procedure).




In figure 21 a) the Z-distributions of the deep inelastic fragments are
compared more closely for U-u and Pb-Pb. From studies performed with
lighter systems, from potential energy surface arguments and especially
from the fact that the two systems are symmetric, there is no reason

to believe that the primary Z-distributions should not be symmetric
(fig. 21). Ye therefore would expect similar if not identical primary
yields for element Z = 87, which is in the middle between Pb and U.
This intensity ratio should also not be changed by sequential fission
as long as. the general relation between nuclear excitation and width of
the Z-distribution (fig.14)is the same in both reactions. From fig. 21
it can however be seen that the yield of element Z = 87 is about 40
times larger in U-U than in Pb-Pb. One possible -explanation would be
the emission of light charged particles during or after the primary
fragmentation. An alternative explanation would be that in the reaction
U-U the mass transfer already occurs at lower excitation energies than
in Pb-Pb. This would be of considerable importance for the production
of transuranic elements and might be due to nuclear structure: Pb being
doubly magic and U being deformed. Additional experiments will be per-
formed to clarify these questions.

100

% . I
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&
&
X %
10 i
-r ®
— [}
3 ®
Z }
@ {
£ [ 11
.
J
0.1 T T T T ] T
40 60 80 Qecm
I L) i § i 1] T 7[‘ "
24 22 20 18 17 16 min

(fm)

Fig.22:- Coulomb fission measurement. The distance
s of closest approach rpax is evaluated for
pure classical Coulomb trajectories.
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The strongest possible Coulomb forces exist between two Uranium nuclei,
so that this reaction is best suited for the investigation of Coulomb
fission. The present measurement has been performed at a bombarding
energy well above the Coulomb barrier (Ecm =1.26 E oul)s however by
selecting "elastic" scattered events at sufficient y small scattering
angles (fig. 6f) it is possible to select collisions with Targe impact
parameters for which the overlap of nuclear matter is vanishing.

The energy and angle of these "quasielastic" events have been deter- w
mined with the ionisation chamber and the recoil detector (RC in
fig. 1) was used to determine the fission probability of the recoiling
nuclei. The measured fission probability is displayed in fig. 22.

We observe an important fission cross section even at large impact , i|
parameters. It is not possible, at present, to exclude experimentally Ll
a contribution, to the measured cross section of the subcoulomb “

neutron transfer induced fission. However, in our case, the contri- ‘
bution of such a transfer is less important on a relative scale, than : y

the one observed in recent subcoulomb fission measurements with lighter

projectiles (Co 76, Sp 77, Kr 77). Theoretical calculations (Gr 73,

Wi 75, 0b 77) should be extended to this heavy system.

4. Results of the y=-multiplicity measurements

The y-multiplicity can be considered as a measure of the total spin

of the fragments after the collision, although the reconstruction of
the absolute spin values from a y-multiplicity is rather complex

(Ha 75, Al 75, Ba 76, Gl 77, Pe 77, Is 76). The total spin depends

on the initial angular momentum, on the slow down process and on the
time scale of the interaction, which are important hidden quantities,
not directly measurable: So it could turn out that the y-multiplicty
studies bring new insight into these processes and allow to distinguish
between models.

We present here the results for the Kr-Sn and Kr-Er systems: they are
summarized on figure 23, 24. The dependence of <My> on angle 1is shown
(23c) for the three branches of figure 23a: the elastic, the partly
dumped and the fully relaxed. Due to tangential friction, there is a
steep increase along the partly dumped component. Sticking, if any,
is only achieved in the completely relaxed component. This can also
be seen on figure 23d, where <Mvy> is plotted as a function of the
TKEL. The differences in <My» at low TKEL between Kr on Er and Kr on
Sn, which have nearly equal T,y values indicate the presence of
nuclear structure effects: the deformed Er nucleus can be easily ex-
cited in the Coulomb field, while the spherical Sn nucleus remains
ungxcited at large impact parameters (fig. 23c ). The relation between
oz and the TKEL of figure 14 is again displayed on figure 23b. This
shows how the energy and the angular momentum are simultaneously in-
troduced into the internal degrees of freedom of the system. The fact
that for small energy loss the dissipated energy per exchange is in-
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Fig.23: Results of the y-multiplicity measurement. Part c) of the fjgure
shows how the average y-multiplicity of the reaction Kr-Sn in-
creases as a function of the laboratory scattering angle for
the three branches illustrated in part a): the eiastic, the
partly damped and the fully relaxed component. The elastic
component for the reaction Kr-£r is also shown in part c)
of the figure.

dependent from the bombarding energy indicates that not only velocity
dependent friction forces have to be considered. This shows already
a limitation of the simple classical model. i

The same vy-multiplicity data of the Kr on Er reaction can also be
analyzed as a function of the proton transfer. This is displayed in
Tigure 24 for different bins of the TKEL. A dependence on the number
of transferred protons is only present in the partly damped component
where the system is not equilibrated. In the fully relaxed component
the value of <My> is independent from Z over the observed range: this
1s not expected in a simple sticking model picture, which predicts
an increase toward asymmetric fragmentation (Bo 76).

[t is of particular importance for a vy-multiplicity measurement to
investigate the dependence from the impact parameter (ingoing angular
momentum). Although it is difficult to associate the observed.events
to the ingoing angular momentum (1in)s a possible approach consists
to integrate the observed total cross section, as a function of the
TKEL, after normalization to the Rutherford scattering (Hu 77). The
results of such a derivation are drawn as a full line on fiqure 26a.
This shows that the partly damped events cover a main fraction of

the total reaction cross section. If a sharp correspondence exists
between 1;, and TKEL, then the fully relaxed component has to be
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associated to angular momenta W

smaller than 95, with :
an average value of 60. o !

The corr$sponding internal 6] T T T w
spin would be, in the stickin -5-2-o- S 3
mgde1,of about 22. This is ’ <MY>2~/TKEL=1O 59 MeV/gmuls |

a value much too small to i & ”
explain the observed multip- 12 \ / i L

licity value of 20. It leads. i 0 % A & |

to two possible consequences: A . 2l |

the nuclei are able to ac- ’ R Y

comodate in the internal degree o 50 o 34

of freedom more angular mo- 124 \é\go/

mentum than the sticking model T

predicts or the correspondence 20 | . 1.

between 1;, and TKEL is quite 18- [ I S

broad and Targe)impact para- 62 i

meters can lead to fully re- %%j: S0 bé\o .

laxed events. This last ex- . '\<k§w§~”§°

planation seems to be more %% 10 ‘~B\?%NQ§_9__O_@§EK

1ikely, however, the limi- §

tations of the simple classical 224130070 o7 o1 o k-

model are disclosed here again. 20 ¢ % Bt e A .

A number of explanations for 55 % % . %

the observed behaviour can 20 150%&0v~-£—--o—— —ed-

be found 11nthe framework of % %

the fluctuation theory (Ngo 77) I e I L e o s e o

or in a microscopic quantum 30 35 L0 L5 7

mechanical treatment (Wei 77,

NO 77) , Fig.24: Dependence of the average y-multiplicity on

the total number of transferred protons.
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Fin,26: Compariscn of the sticking model to the
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The dots of part a) were calculated from
the measured f-multiplicity by the relation

<l5p> =4 + 2 LIy, The ingoing angular
momentum value 1;, was obtained from the \
integration of the cross section in bins
of the TKEL.

Another interesting information, which can be derived from the data
consists in associating the observed low kinetic energies to the
deformation at thescission point. In figure 25a are indicated t?e
barrier heights for two touching spheres (R = 1.50 {A11/3 # A21 3})
in a non sticking (NS) and in a sticking configuration (S). The ob-
served TKE is small, which suggests that deformation effects can be
of importance, not only in the fully relaxed component but even at
an earlier stage in the partially domped component. This can be
interpreted in terms of cojlective excitation modes (Wi 77) or in
terms of a neck formation between elongated fragments (Bo 77). -
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: il
Conclusions §w

A systematic survey of deep inelastic reactions was performed for
colliding nuclei of masses between 80 and 240 amu.

The application of large surface detectors and, particularly, of a
position sensitive ionisation chamber, has proved to be very effective
and appropriate for this type of investigations.

The Wilczynski diagrams describing the relative motion between the
colliding objects shows a gradual trend as a function of growing masses
of target and projectile where the trajectories lead the particles not
toward negative scattering angles but increasingly into the direction
around and above the grazing angle. We attribute this behaviour to a
delicate balance between Coulomb and nuclear forces.

The energy dumping as a function of the mass transfer strength matches

a general law between total kinetic energy loss and the variance of

the proton number distribution. For the partly damped component this ‘

relation seems to hold independently from the choice of ingoing chanrel “ﬂ
and bombarding energy. The dissipation of the kinetic energy does not “

depend only on the relative velocity of the 1mpINging nuclei, and the \

simple friction model is not appropriate to describe these processes.

The y-multiplicity measurement displays a rapid increase as a function
of scattering angle and total kinetic energy loss, which give new
insights to the process and indicate the necessity of microscopic
quantum mechanical calculations of the interaction.

In the U-U:collision large mass transfers are present which nossibly ’“
populate with relatively large cross sections the transuranic elements. il
In the Pb-Pb reaction the mass transfer is more restricted. The decay |
probability by fission of the primary masses increases strongly for il
growing masses and excitation energies. The presented investigations il
are by no means completed and hold promise of additional surprises
and excitements.
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