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Elastoplasticity in dissipative heavy-ion collisions
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The spectral distributions of b electrons emitted in dissipative heavy-ion collisions represent
an established tool to study the time evolution of the collision process. Especially, the yield of
high-energy b electrons, which are measured for the first time up to an energy of 8 Mev, reBects
short time scales and ofFers a unique possibility to examine the short deceleration phase at the
beginning of the collision, which takes place within a few 10 s. The b-electron spectra measured
in dissipative collisions of Pb+Pb at an incident energy of 12 MeV/nucleon are compared with
theoretical predictions using a coupled-channels formalism. The nuclear trajectories needed as input
for the calculations are obtained from reaction models. Using nuclear trajectories calculated within
the one-body dissipation model give a far too low yield of high-energy 8 electrons indicating that
the deceleration predicted by this model is too slow. The new dissipative diabatic model, which
takes into account a non-Markovian dissipation at the beginning of the collision and which ascribes
elastoplastic properties to nuclear matter, is able to reproduce both the fast deceleration and the
long nuclear contact time deduced from the experimental data.

PACS number(s): 25.70.1 m

I. INTRODUCTION AND SUMMARY

Measurements of mass, charge, and momentum distri-
butions of the 6nal products, obtained in a heavy-ion
reaction, yield only indirect information on the time evo-
lution of the collision. It is very difn. cult to "see"—in the
sense of receiving signals &om a luminous source —the
dynamical development of the nuclear system, because
all signals emitted during the collision are blurred by the
subsequent "glowing" of the excited nuclei. For example,
in deeply inelastic collisions the promptly emitted neu-
trons may give information on nonequilibrium excitations
and, due to diffraction effects in the mean Geld, also to
a certain extent on the nuclear shape. The analysis is,
however, rather model dependent and it is difBcult to
separate these neutrons &om those emitted statistically
by the excited &agments.

Another kind of "light" emitted by the nuclear source
are p rays. The measured p spectrum constitutes a Hash

of photons created mainly by individual proton-neutron
collisions. An exception are the p quanta from the giant
dipole resonance of a hot compound nucleus which al-

lows an estimate of the deformation of the nuclear shape

[1]. This is "light" from an equilibrated system. The
information on the dynamical evolution during the ini-
tial phase of the collision is contained in photons created
coherently by the collective nuclear charge current. Esti-
mates [2] have shown that the cross section is much too
low to separate the coherent &om the statistical p rays.
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In this work we investigate "light" which comes &om
the atomic electron cloud around the colliding nuclei.
The time dependence of the charge distribution of the
nuclear system is felt most by the electrons in the inner-
most shells. In about 1 out of 1GO lead-on-lead collisions
a b electron is propelled from the K shell into the con-
tinuum. Its energy spectrum is solely determined by the
time dependence of the Coulomb potential. A great ad-
vantage of the b-electron spectroscopy is the fact that
the emission mechanism is theoretically well understood
[3] in terms of atomic coupled-channel calculations. Of
course there is also a nuclear contribution which is care-
fully corrected. As is shown in Sec. III B the background
of conversion electrons, which is deduced &om the simul-
taneously measured p spectrum, is about a factor of 5—50
lower than the b-electron yield depending on the collision
selected. This is another important advantage compared
to the type of p spectroscopy mentioned above.

The aim of this paper is to investigate the time evo-
lution of the nuclear shape degrees of freedom (the most
characteristic one is the internuclear distance, hence we
study trajectories) in 2osPb on 2osPb collisions by the
method of b-electron spectroscopy [3,4].

For electron energies up to 4 MeV the dependence of
the spectral distribution of electrons and positrons on
the nuclear trajectories is well documented in various
publications [5—9] and is thus only briefly reviewed here.
Throughout the paper, atomic coupled-channels calcula-
tions [10] are used, but the basic idea is best illustrated
by the scaling model [4]. In this approach the transition
amplitude a;f for the emission of a bound electron, is

given by the Fourier transform of the quantity R(t)/R(t)

1 R(t) ~E,f i
a;f oc dt, , exp i t
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0556-2813/94/49(1)/250(16)/$06. 00 49 250 1994 The American Physical Society



49 ELASTOPLASTICITY IN DISSIPATIVE HEAVY-ION COLLISIONS 251

where E;y is the diff'erence between the initial and fi-

nal energy of the electron. The quantity R(t) denotes
twice the time-dependent root-mean-square (rms) radius
of the charge distribution of the two nuclei and is equiv-
alent to the center-to-center distance for large R values

[11].Equation (1) shows that the information on the tra-

jectory is essentially summarized in the ratio R(t)/R(t).
The reason is that the K-shell electron, due to the broad
spatial distribution of its wave function, feels only the
angle average of the Coulomb potential. The spectral
shapes calculated within the scaling model are in good
agreement with the more elaborate coupled-channels cal-
culations [10] which are used in the following analysis.

For the theoretical description of heavy-ion collisions
several reaction models have been developed during the
past two decades which reproduce a large body of nu-

clear data. The history of these developments and the
knowledge reached is well reviewed in various textbooks
on nuclear physics [12—14] and they are not discussed
here.

The h-electron spectra are mainly determined by two
features of the trajectories. One is a time delay compared
to Coulomb trajectories which is caused by the inter-

play of conservative and frictional forces when the nuclei
are in contact. Typical contact times of t;„t= 10 s

lead to a depletion in the b-electron spectra at an energy
around 2—3 MeV. Due to statistical fluctuations in t;„t
for a given impact parameter [15] and the experimental
limitation in selecting narrow impact-parameter regimes
from the experimental data the minimum is washed out.
It remains, however, a steeper decrease of the spectra
for electron energies below 2 MeV [5—9]. By this obser-
vation, a model-independent evidence was found for the
connection of dissipative reactions with a time delay. In
the reaction models [15—17] that are able to describe the
observed prolonged contact times, the time delay is es-

sentially due to the development of a pronounced neck
during the outgoing part of the trajectory, as discussed,
e.g. , in Ref. [9].

The other feature of dissipative heavy-ion collisions is

the fast deceleration of the nuclei at the beginning of the
collision, which leads to a rapid change of R/R(t) and
thus to the emission of high-energy b electrons [18—20].
The deceleration takes place within a few 10 z s, a time
scale that can only be investigated by measuring the spec-
tral distribution of b electrons up to high energy. The
maximal energy measured in the present work is 8 MeV
which corresponds to a time resolution of 5 x 10 s.

As an example for the predicted time scale of the de-
celeration, Fig. 1 shows the two-center distance between
the nuclei as a function of time as predicted by three dif-

ferent reaction models for central collisions of Pb+Pb at
12 MeV/nucleon incident energy. Although the time evo-
lution is quite different, the finally dissipated energy is
about equal and does not reflect the dissimilarities in the
trajectories. In the framework of phenomenological reac-
tion models [15,16] the friction coefficients are adjusted
to experimental nuclear reaction data. As an example the
phenomenological trajectory model of Schmidt, Toneev,
and Wolschin [16], in which the nuclei are treated as
nonoverlapping ellipsoids, is used. Figure 1 shows that
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FIG. 1. Time evolution of the two-center distance for cen-

tral collisions of Pb+Pb at 12 MeV/nucleon incident energy
(solid line: dissipative diabatic model [19,20], dashed line:
one-body dissipation model [17], dashed-dotted line: phe-
nomenological model [16]}.

this model leads to a fast stopping when the nuclei touch
(dash-dotted line), much faster than the deceleration pre-
dicted by the one-body dissipation model [17] (dashed
line). Here the deceleration is mainly due to friction
forces which are calculated microscopically, based on the
ideas of the wall and window dissipation [21].

For short time scales, since the deceleration takes place
within a few 10 s, the Markov assumption applied
to these models is questionable since the memory time
is of the same order of magnitude. Therefore, a consis-
tent description of the deceleration phase has to be taken
into account memory effects. Essential memory effects in
the dissipation process have been treated within the dia-
batic approach to dissipative collective motion and shown
to cause an elastoplastic behavior in nuclear dynamics
[22]. In the analysis of the h-electron spectra we take
advantage of the close relationship of dissipa. tive diabatic
dynamics to the one-body dissipation approach. By re-
placing the Markovian friction force (local in time) in
the one-body dissipation model by an elastoplastic force
(nonlocal in time) according to Ref. [22], we define a dissi-
pative diabatic (elastoplastic) model as will be explained
in Sec. IV A. The trajectory obtained with the new dis-
sipative diabatic model is depicted as a solid line in Fig.
1. It exhibits a fast stopping followed by an oscillation.
The discussion in Sec. IVC will show that this elasto-
plastic behavior is responsible for the enhanced yield of
high-energetic b electrons.

In order to obtain sufBcient yield in the high-energy
part of the b-electron spectra we performed an experi-
ment using the collision system Pb+ Pb at an in-
cident energy of 12 MeV/nucleon which corresponds to
6.3 MeV/nucleon above the Coulomb barrier. The large
relative velocity of the nuclei is needed to get a substan-
tial deceleration when the nuclear forces set in. Electrons
were detected up to an energy of 8 MeV to obtain infor-
mation down to very short time scales.

In summary, in the study of Pb+ Pb collisions at
12 MeV/nucleon a very fast radial deceleration has been
deduced from the yield of the high-energetic part of the
b-electron spectra. The stopping in the radial motion
is much stronger than predicted by the one-body dissi-
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pation model [17]. The new dissipative diabatic model
not only allows to account in a consistent way for the
two aspects of the experimental data, the long contact
times and the fast stopping, but also for the correlations
between scattering angles and total kinetic-energy loss.
This model implies that the fast deceleration is followed

by a giant vibration of the combined A=416 system. The
successful description of the data strongly supports the
existence of an elastoplastic behavior of nuclear matter
in dissipative heavy-ion collisions.

II. EXPERIMENTAL SETUP

The experiment was carried out with the TORI spec-
trometer [23], installed at the UNILAC accelerator of
GSI, Darmstadt. About 10 ions of Pb per second
impinged on ~2C-backed o Pb targets of 350 pg/cm2
thickness. The TORI spectrometer is a magnetic trans-
port system designed to measure simultaneously elec-
trons and positrons in coincidence with the scattered
heavy ions. A schematic view of the apparatus is de-
picted in Fig. 2. On one side of the target the appara-
tus is considered as an S-shaped solenoid. Electrons and
positrons produced at the target position are transported
to different detector systems by spiraling along the field
lines. Due to Geld gradient in the S-shaped field, elec-
trons and positrons experience a drift in opposite direc-
tions and they are separated in space after having passed
the Grst quarter turn of the torus. Here electrons are de-
tected by an array of three alcohol-cooled Si(Li) counters.
Two detectors with an active area of 1.44 cm2 and 5 mm
depletion depth were positioned to detect preferentially
electrons with energies up to 2.5 MeV. The third detec-
tor with an area of 3 cm2 and 8 mm depletion depth was
placed to detect electrons with energies between 1 and
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3.5 MeV. In this way, a pileup of the more &equent low-

energy electrons is avoided. Electrons which do not hit a
detector are stopped by a Beryllium-plated, semicircular
diaphragm.

Positrons pass by the diaphragm and are detected by
a liquid-nitrogen-cooled Si(Li) detector with 5 cm diam
and 5 mm depletion depth mounted at the end of the
second quarter turn of the torus. Together with their
annihilation radiation detected in a surrounding fourfold
NaI-ring crystal they are identified as positrons.

As reported in Refs. [9,19] the energy calibration and
response function determination of the Si(Li) counters is
performed using electron conversion sources and contin-
uous spectra from P+ and P emitters. The P source

Ru gives an additional test of the response function

up to an energy of E,-=3.54 MeV.
To extend the measurable energy range of electrons up

to 8 MeV, a new detector [24] is placed in the solenoidal
field opposite to the S-shaped torus. To position the
detector as far away as possible &om the target the
solenoidal part of the spectrometer was extended by
adding eight more coils to the setup. Thus, a distance
of 53 cm away &om the target was obtained. The mag-
netic field along the spectrometer axis is shown in the
insert in Fig. 2. The components of the detector are
sketched in Fig. 3. The energy of the electrons is mea-
sured with a 5-cm-long plastic cylinder (NE102) of 7.5
cm diam, stopping electrons up to an energy of 10 MeV.
The rather poor energy resolution of AE/E =10'% for
energies above 2 MeV is tolerated in order to have the
advantage of a good time resolution (At = 1 ns). To sep-
arate electrons from p rays and neutrons, a silicon surface
barrier AE detector of 500 pm thickness and a diame-
ter of 7.5 cm is placed in &ont of the plastic block. The
energy loss of electrons in the detector was calculated
from [26] to be (b,E)=210 keV for electron energies in
the range from 1 to 10 MeV, taking into account the
various incident angles of the electrons. By cooling the
detector down to 10'C the signal-to-noise ratio was im-
proved significantly. The detection eKciency for p rays
was measured using radioactive sources. Including the
ratio 0,—/0~=122 of the solid angles for electrons trans-
ported to the detector and for p rays, an eKciency ratio
of e,-/s~ =4500 is reached. Together with a time-of-
flight analysis a complete suppression of neutron events
is obtained. Figure 4(a) shows the transmission to the
AE detector measured with 365 keV electrons from a
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FIG. 2. Schematic view of the TORI spectrometer and its
detector components. The insert shows the magnetic field

strength along the middle line. The symbols denote measured
points; the positions of the various detectors and the target
position are given, too.

coolinq

FIG. 3. Components of the plastic detector designed to
measure electrons in the energy range of 2 MeV up to 8 MeV.
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FIG. 4. Upper part: Measured (symbols) sud calculated
(dashed line) transmission of the plastic detector for elec-
trons. The dotted line denotes the probability to hit the bafBe,
mounted in front of the detector to cut the low-energy part of
the exponential b-electron spectrum. Lower part: Detection
efficiency for electrons as determined from the transmission
measurement. The symbols are from measurements using the
1.0 and 1.7 MeV conversion line from a Bi source. The data
point at higher energy is obtained by reducing the magnetic
strength.

Sn conversion source. The data points for higher en-

ergies are obtained by reducing the magnetic field, thus
simulating the corresponding trajectories. The measure-
ment is in good agreement with the transmission curve
obtained by Monte-Carlo simulations [dashed line in Fig.
4(a)]. A cylindrical aluminum baffie mounted in front
of the detector provides a good suppression of the very
high yield of low-energy electrons, which spiral close to
the magnetic axis. The dotted line in Fig. 4(a) exhibits
the rate of electrons hitting the baRe. In the experiment
a coincident signal in both, the AE counter and the plas-
tic block, is required, which reduces the efBciency mainly
at low electron energies as shown in Fig. 4(b). The sym-
bols are measurements using the conversion electron lines
of a Bi source.

The response function of the detector setup is deter-
mined by using electrons in the energy range of 1—10 MeV
delivered by the electron accelerator of the Institut fur
Strahlenforschung, University of Giessen, Germany. Dif-
ferent incident angles for the monochromatic electrons
(bp/p =0.5%) are measured in order to obtain the re-
sponse function for the TORI measurements [24]. Figure
5 shows the energy resolution and the peak/total values
obtained &om these measurements. They are used to
calculate the response function necessary for the unfold-
ing of the measured b-electron spectra. The measure-
ment of the continuous spectrum of the P source . Ru
(E =3.54 MeV) at the TORI spectrometer gives an
additional test of the response function.

As in previous experiments [9], a pair of positron-
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FIG. 5. Energy resolution (upper part) sud peak-to-total
ratio (lower part) of the plastic detector as determined from
the measurement of monoenergetic electrons at the Giessen
Linac. Only at low electron energies the measured values vary
with increasing incident angle of the electrons.

sensitive heavy-ion counters is used to study kinemati-
cal coincidences by measuring the angles of the outgo-
ing &agments and to distinguish sequential fission events
from scattered heavy ions. These parallel-plate avalanche
detectors (PPAC) work with a delay-line technique. The
delay lines are read out on both sides in order to recog-
nize double-hit events. These originate from cases where
one reaction partner (three-body events) or both reac-
tion partners undergo fission (four-body events). Events
where one or two fission fragments do not hit the coun-
ters, are distinguishable &om true three- and four-body
events by the energy-loss signal of the counters as the
energy-loss signal &om a fission fragment is much lower
than the signal obtained from one heavy reaction part-
ner or two fission fragments hitting the counter simulta-
neously. The scattering angles are calculated from the
position information of the particle counters. Because
the PPAC are only 5.5 cm away from the target the total
kinetic-energy loss (TKEL) of the reaction cannot be ob-
tained from a time-of-Bight analysis. It is obtained from
the scattering angles calculated &om the hit position as
explained in Sec. III A.

To extend the detection range for scattered ions a pho-
todiode array [25] is placed between the PPAC. It allows
the detection of scattered particles in the scattering an-
gle range of 6 & 8 & 10 and to discriminate fission
fragments &om elastically scattered Pb ions.

For high TKEL values a significant amount of the mea-
sured electrons originate &om nuclear processes. These
contributions have to be subtracted because only the
atomic part of the spectra contains the information on
the nuclear trajectories. To determine the contribution
of leptons &om nuclear origin, the p-ray spectra are mea-
sured with a 10 cmx15 cm BaF2 crystal. The p detec-
tor is mounted perpendicular to the beam axis leading
to maximum Doppler broadening without a significant
mean Doppler shift. Like for the plastic detector, the
good time resolution of the BaF2 crystal is necessary



254 M. RHEIN et al 49

I

C3
X

103

&h

C
O 102
U

10'

I, I I

2 4

Energy
I

(MeV)

0 2 4. 6 8

=nergy ( ~ ev j

FIG. 6. Measured (symbols) and calculated (dashed line)
total detection efficiency of the BaF2 detector for monoener-
getic p rays. The insert shows the spectra obtained with an
AmBe source. The response function for 4.4 MeV p rays is
shown as well.

III. DATA ANALYSIS

A. TKEL and impact parameter determination

Dissipative collisions are characterized by a massive
mass transfer and dissipation of collective kinetic en-
ergy into intrinsic excitation energy. For the symmetric
Pb+Pb system the net mass transfer is zero and the total
kinetic-energy loss (TKEL) can then be calculated from
the deviation of the sum of the primary laboratory scat-
tering angles from 90 in the laboratory system. Monte
Carlo studies including mass transfer [28] and neutron
evaporation yield a TKEL resolution of o —100 MeV
for binary events. In the case one partner (three-body
events) or both scattering partners (four-body events)
undergo sequential 6ssion the primary scattering angles
are still well defined (rs„=10 s [29]), but due to neu-

to separate p rays from neutrino-induced background
events. In order to determine the nuclear background
up to energies of 8 MeV the p spectrum was measured
up to 9 MeV. The efficiency and the response function for
these high energies —the highest p transition suitable for
determining the response function is the 4.4 MeV line de-
livered by an AmBe source —was obtained from a Monte
Carlo simulation based on the GEANT III program pack-
age [27]. The efficiency of the BaF2 detector was shown
in Fig. 6. The data points are measurements obtained
with conventional p sources. The dashed line denotes
the result of the GEANT simulation, taking into account
the TORI geometry and the surrounding material. The
insert of Fig. 6 shows the spectrum obtained with the
AmBe source, exhibiting the 4.4 MeV line and the sin-
gle escape peak on a huge background of neutron events.
The analytical response function for 4.4 MeV p rays is
shown by the dashed curve. A PuC source is additionally
used to deliver a calibration point at 6.13 MeV.

tron evaporation and systematic errors in reconstruct-
ing the primary scattering angles for fission events the
TKEL resolution becomes cr =200 Me V. For the four-
body event class no cuts in TKEL can be applied any
more. In the case one partner undergoes fission it can
happen that one fission fragment does not hit the detec-
tor and, in spite of an additional check of the energy-loss
signal, will be erroneously identified as a two-body event.
For both the two- and three-body cases these events ap-
pear mainly at high TKEL values and can be separated
by setting windows in the (TKEL, 8) distribution. These
windows are chosen with the help of Monte Carlo studies.
The contribution of falsely identified three-body events
in the highest TKEL window applied to two-body events
amounts to less than 1%. For the class of three-body
events the situation appears to be more difBcult because
in the case that both partners undergo fission it is very
unlikely that all fragments are detected. Thus only these
events where the targetlike partner had fissioned —which
can clearly be distinguished in the (b,E, 8) matrix —are
accepted as true three-body events. For the windows se-
lected the contribution of wrongly identified four-body
events amounts also to less than 1%.

To compare the measured 8-electron spectra with the-
oretical predictions, the impact-parameter distributions
must be known. This is achieved using a Monte Carlo
simulation of the experiment as described in detail in
Ref. [9]. The deffection function predicted by the trajec-
tory models discussed below is used as an impact to simu-
late the acceptance of the particle counters. The calcula-
tion takes into account the influences of the target thick-
ness, charge states of the outgoing particles, deflection of
the particles in the magnetic field, mass transfer, the fis-
sion probability, and particle evaporation, as well as the
geometrical boundaries of the particle counters and their
position and energy-loss resolution. The data obtained
with the simulation undergo the same analysis as the ex-
perimental ones. By this procedure the same (TKE,8)
distributions as in the experiment are obtained. Figure 7
shows the measured and the simulated (TKE,6) distribu-
tion for binary and three-body events. For the simulated
data the impact parameters are stored in a third dimen-
sion. Applying cuts in the simulated (TKE,8) matrix
yields the impact-parameter distributions corresponding
to the selected events. These distributions are used to
calculate the b-electron spectra which are compared with
the measured ones obtained when applying the same cuts
in the experimental distribution. The influences of the
limited position, energy loss, and TKEL resolution and
the probability of wrong event-class assignment is ac-
counted for within this procedure. The windows applied
are depicted in Fig. 7.

As discussed in the introduction a prolonged interac-
tion time leads to pronounced minima in the spectral
distribution of b electrons. These minima are smeared
out due to the loss of kinetic energy during the colli-
sion and furthermore by statistical fluctuations of the
frictional force. They lead to a distribution of inter-
a«ion times even for a fixed impact parameter [9,15].
From this it becomes clear that even if the experimental
data, would allow the selection of small impact-parameter
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Experiment Simulation B. Determination of the nuclear contribution
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FIG. 7. Experimental (left part) and simulated (right
part) (TEE,8 ) distribution for the system Pb+Pb at 12
MeV/nucleon incident energy for two event classes. The
two-dimensional windows applied to these distributions are
depicted as well.

regimes (which is not the case due to the limited TKEL
resolution) the statistical fluctuations lead to a smear-
ing out of the oscillatory structures. When comparing
the measured 8-electron spectra with the theoretical pre-
dictions, both the limited TKEL resolution and the sta-
tistical fluctuations have to be taken into consideration.
The reaction-model calculations give a mean TKEL(b)
dependence resulting Rom the calculation of the mean
trajectory for a given impact parameter. The experi-
mental TKEL resolution is accounted for in the Monte
Carlo simulation and leads to a distribution of impact pa-
rameters even when selecting small TKEL regimes. As
shown in Ref. [9] the inHuence of the statistical fluctu-
ations on the spectral distribution of b electrons can be
accounted for by an additional broadening of the impact-
parameter distribution used to calculate the theoretical
b-electron spectra. The additional width is calculated
using the v(b) dependence predicted by reaction-model
calculations and using bv/v =1 as estimated Rom the
experimental data [9] and confirmed by the calculations
of Ref. [15]. For the comparison of the experimental and
theoretical b-electron spectra presented in this work the
inHuence of the statistical fluctuations on the spectral
shape can be neglected. Only when selecting events cor-
responding to TKEL values above 200 MeV is an in-
dication for a prolonged contact time found in the b-

electron spectra. These high TKEL values correspond
to events where one partner 6ssioned. The experimen-
tal TKEL resolution for these events is cr 200 MeV,
thus leads already to a broad impact-parameter distribu-
tion. Furthermore, applying a 300 MeV broad window
in TKEL the selected impact-parameter distribution be-
comes broad enough to mask the influence of the statis-
tical fluctuations.

To compare the measured distributions of b elec-
trons with the theoretical predictions for the atomic b-

electron spectra the lepton spectra originating &om nu-
clear conversion processes must be subtracted. They are
determined by converting the unfolded and efficiency-
corrected p-ray spectra, measured under the same con-
ditions, into leptons using theoretical conversion coeffi-
cients. A contribution of electrons and positrons origi-
nating kom nuclear EO transitions cannot be determined
by this procedure. These transitions do not show up in
the p-ray spectra but will cause an excess of positrons
and electrons above the combined atomic and nuclear
contribution.

Before starting the conversion procedure, a multipolar-
ity decomposition of the p-ray spectra must be performed
as the conversion coefficients depend on the transition
type. As pointed out by Refs. [30,31], the p-ray spec-
trum following (HI, xnan) reactions is well understood as
a mixture of El/E2 transitions at p-ray energies above 1

MeV. This observation is con6rmed by the examinations
of collision systems where only positrons of nuclear ori-

gin are detected [6,9,32,33]. It has been shown that the
measured positron spectra are well explained assuming
that the high-energy part of the spectra contains pre-
dominantly E1 transitions whereas the low-energy part,
which can be described by an exponential distribution,
is caused by collective E2 transitions. This procedure
is an established tool used for the determination of the
atomic positron production probability in heavy-ion col-
lisions [34,35]. Taking into account an admixture of mag-
netic dipole transitions (Ml) does not alter the result of
the conversion procedure. For heavy nuclei in the Z &80
regime and transition energies above 1 MeV the pair con-
version coefficients are nearly the same for E2 and M1
transitions [36].

At the high-energy part a statistical E1 distribution of
the form

(2)

was fitted to the spectra [27]. The three parameters de-
termine the position of the maximum of the distribution
(Pi -1.2 MeV), the slope (usually considered as a tem-
perature; P2 -400—600 keV), and the height of the distri-
bution (Pq). To account for the limited statistics at high
p-ray energies a maximum-likelihood fit was applied.

As an example the p-ray spectra for two TKEL regimes
are shown in Fig. 8. The spectra are corrected for effi-
ciency and detector response. The statistical El and the
E2 distribution are shown by the dashed and the dashed-
dotted lines, respectively. For the conversion procedure
the theoretical conversion coefficients of Refs. [36,37] are
used. The Z dependence of the conversion coefficients
was taken into account by assuming nuclei with Z=82 in
the case of two-body collisions and a mixture of Z=41
(67'%%up) and Z=82 (33'%%up) for the case where one particle
undergoes fission (three-body events).

The validity of the multipolarity decomposition is con-
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FIG. 8. Determination of the nuclear part of the electron
spectra for Pb+Pb at 12 MeV/nucleon incident energy. (a)
p-ray spectra for two kinematical regimes together with the
assumed multipolarity decomposition (dashed curve: statisti-
cal El distribution; dash-dotted curve: remaining E2 part).
(b) Measured positron spectra with calculated nuclear (dotted
curve) and added atomic contribution (dashed curve). The
agreement at energies above 1 MeV confirms the multipolar-
ity assignment. (c) Measured electron spectra aud calculated
nuclear contribution (dotted curve). Different data symbols
are used to distinguish the data points from the Si(Li) array
(low-energy part) and the plastic detector (high-energy part).

trolled by converting the p spectra into positron spectra
using the double-differential pair conversion coeKcients
of Ref. [36]. The nuclear positron spectra are then com-
pared with the measured positron spectra. This proce-
dure is very accurate for high TEEL values where only a
small fraction of positrons ( 10%) originate from atomic
processes [9]. Figure 8(b) shows the positron spectra for
the same TKEL ranges as the p-ray spectra depicted in
Fig. 8(a). The nuclear contributions are depicted by the
dotted lines. The dashed lines show the sum of nuclear
and atomic contributions. The shape and the height of
the nuclear contribution is very sensitive to the multipo-
larity mixing. An overestimation of the E1 part leads to
an overestimation of the nuclear contribution, especially
in the energy range above 1 MeV where more than 95% of

the measured positrons are of nuclear origin. The under-
estimation of the measured positron yield visible below
750 keV in the spectrum for the lower TKEL window
is the subject of a separate publication dealing with an
observed excess of positrons already in elastic collisions
[381

Figure 8(c) shows the b-electron spectra together with
the nuclear contribution calculated from the p spectra
displayed in the upper part of Fig. 8. The uncertainty
in the determination of the high-energy lepton spectra is
mainly due to the limited statistics at the high-energy
end of the p spectra. It is estimated using the procedure
described in the following. The statistical El distribution
fitted in the energy range between 3 and 6 MeV decreases
faster towards higher energies than an exponential func-
tion Btted in the same energy range. The assumption of
an exponential decrease of the high-energy spectra gives
an upper estimate for the statistical E1 yield. While at
p energies of 5 MeV the exponential fit gives the same
yield as the statistical distribution it exceeds the latter
one by a factor of 1.5 at energies above 8 MeV. From
this an error of 50% in the determination of the nuclear
background at 8 MeV is concluded. DiBerent data sym-
bols are used for the 8 electrons measured with the Si(Li)
counters and the new plastic detector. They overlap in
the region of 2—3 MeV. Before comparing the b-electron
spectra with the theoretical predictions the nuclear con-
tribution is subtracted.

IV. ELASTOPLASTICITY
IN DISSIPATIVE COLLISIONS

A. The dissipative diabatic model

For the description of the nuclear trajectories we start
out from the microscopic semiclassical one-body dissi-
pation model as explained in detail in Ref. [17]. With-
out adjustable parameters this model describes a large
body of experimental data on nucleus-nucleus collisions
[12,39]. Its friction coeKcients are calculated microscop-
ically, based on the ideas of the window and wall dissi-
pation [21]. In particular, for the system Pb+Pb at an
incident energy of 8.6 and 12 MeV/nucleon [9,20], the
6-electron spectra up to 3 MeV are well accounted for
within the one-body dissipation model. The observed
long contact times are caused by the formation of a pro-
nounced neck in the outgoing phase of the reaction. In
the early stage of the collision the one-body dissipation
model predicts a very fast deceleration (although still too
slow compared to the experimental result of this paper)
which is in contradiction to the Markov assumption im-
plied in this and all other friction models. Indeed, the
radial deceleration time ~g„,~ is about 0.2 x 10 s (cf.
Fig. 1) while the thermal equilibration time rth„ is
about (0.2 x 10 MeVs)/e*, where e* denotes the exci-
tation energy per nucleon [40]. Since e* varies typically
between 0 and 1 MeV in these collisions, wg«e~ + Tt,h«~
during the whole deceleration phase which has the conse-
quence that during the deceleration the dissipation pro-
cess is essentially non-Markovian. By measuring high-
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energy b electrons up to 8 MeV one is sensitive to time
scales of the order of a few 10 s, and hence memory
effects can be investigated. Such memory effects have

been extensively studied within the diabatic approach to
dissipative collective nuclear motion [22]. This theory
of dissipative diabatic dynamics is closely related to the
microscopic one-body dissipation model. Therefore, it
is possible to obtain a dissipative diabatic model &om
the one-body dissipative model by introducing only the
memory time as an additional quantity.

In the one-body dissipation model the macroscopic
variables q; of the nuclear system consist of three shape
degrees of freedom and three rotational angles: qi ——s
distance between the centers of the two nuclei, q2 ——cr

neck and deformation, qs ——4 shape asymmetry (al-
ways =0 for symmetric collisions), q4, qs, qs

——8, ei, 82

angles of rotation. For a detailed definition see Ref. [17].
The equations of motion for these variables are governed

by an adiabatic potential V(qi, q2, qs) which includes the
nuclear and Coulomb interaction, a mass tensor M;~ (q),
and the &iction force FM o which is given by

6
FMst'kov ) (q)

In this expression p;z (q) denotes the one-body dissipation
friction tensor and q = (qi, . . . , qs).

Guided by the importance of diabatic single-particle
motion in dissipative heavy-ion collisions we have re-
placed the Markovian friction force in Eq. (3) for the
shape degrees of &eedom q1 ——s and q2

——0' by a re-
tarded friction force F; as introduced in Ref. [22]. Its
components are determined by the differential equations

In the opposite limit of large A;„t„suchthat F;(t),
C;~.[q(t)], and q~(t) do not change considerably during
time intervals of the order A,.„i„dF;/dtcan be neglected
in Eq. (4), and hence, in this Markovian limit, the force
can be written as

2

intr

i.e., a pure friction force.
For intermediate values of A;„t„the system behaves

like a damped oscillator with a frequency-dependent &ic-
tion coefficient. The elastic response on fast deformations
and the dissipative response on slow deformations is typ-
ical for elastoplastic materials like glass, glycerine, and
"Silly Putty" (a plastic toy).

There is a close relationship between dissipative di-
abatic dynamics and the one-body dissipation model.
Both approaches are based on the same microscopic pic-
ture which determines the collective motion for the dis-
tortion of the nucleonic Fermi distribution by the time-
dependent shapes of the nuclear system. This coupling
between intrinsic and shape degrees of &eedom yield the
stiffness tensor |,~ in the diabatic approach and it pro-
vides the friction tensor p;~ in the one-body dissipation
model via the additional assumption that the distortions
in the nucleonic momentum distribution relax instanta-
neously. Indeed, for the quadrupole motion of a cube of
matter the stiffness parameter C is related to the &ic-
tion coefficient p in the one-body dissipation model (wall
formula) by [22]

242
7

5 9-.,
where w, p denotes the time of flight of a nucleon with
Fermi velocity vF through the cube. In defining the dis-
sipative diabatic model, we assume the general validity
of this relation in the form

for i=1,2, (4)

where A;„t,(t) and C;z denote the intrinsic equilibration
rate (inverse memory time) and the stiffness tensor, re-

spectively. Since the rotational degrees of freedom do not
influence the shape of the nuclear system, which means
that the potential does not depend on the angles, one
does not expect a strong diabatic effect in these vari-
ables. Therefore, q4, q5, and q6 are treated within the
usual Markovian approximation (qs

——0 for the symmet-
ric system considered in this work).

In the limit of small A;„t„suchthat the first term on
the rhs of Eq. (4) can be neglected, one obtains the
elastic limit in which the force is given by the contour
integral

Q(~)
F ' "(t) = — ) C;~(q)de for i = 1,2. (5)

j=1

Since it neither depends explicitly on time nor on q;, it is
conservative. In this case the collective motion is elastic
without any dissipation.

C,, (q) = o. "
+SP

with 7;„=2Ro/uJ; and Ro ——1.2 fmx(Ai + A2) ~ be-
ing the radius of the compound nucleus. Here, a pa-
rameter o. is introduced to correct for shortcomings of
the simple cube model with respect to realistic shapes,
single-particle potentials and effective nucleon mass m, ff.
According to the microscopic expression [22,49], the stifF-

ness tensor C;~ is proportional to m, &~ and to the level
density which experimentally is twice as large as the
Fermi-gas value. Since in the simple cubic model p,~/r, z
in Eq. (7) is deduced from the Fermi-gas model with

m 8 ——m„„,~ „,we expect o. 2m & which yields
-5/2

n -5 for a realistic value of m ~ ——0.7m„„,~ „.Further-
more, compression is not allowed in the collective model,
and hence we expect even larger values (larger by roughly
a factor of 2 corresponding to o. -10) for the stiffness co-
efficient to be effective in the approach phase.

For the intrinsic equilibration rate A;„t,(t) we consider
three major contributions,
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A;„„(t)= A, (t) + A. + A. (t). (9)

(i) The first term results from two-body collisions and
is estiznated by Bertsch [40] as Az(t) = e*(t)/t* where
e'(t) = E;„t,(t)//l denotes the excitation energy per par-
ticle and the parameter t* = 0.2 x 10 ' MeV s. The
total conserved energy Et t of the system is composed
of the collective kinetic energy, the adiabatic potential
energy V(q) and the excitation energy E;„t,.

6

E...= —) j~(t)M~I [q(t)]jI(t) + V[q(t)] + E;.&, (t).
k, l=z

(10)

Thus, the excitation energy E;«, is given by

EIotr(t) =— Ct' ) F;(t')j, (t')

and includes all energy which is neither in the adiabatic
potential V(q) nor in the collective kinetic energy.

(ii) Since the mean-field couples the diabatic states
there is a certain probability that the particles do not
follow the diabatic states at the crossings but jump to
the other states which can be lower in energy (mainly in
the approach phase) or also energetically higher (mainly
during the rupture of the neck close to the scission line).
In any case these single-particle transitions lead to a de-
cay of the diabatic friction force F; in Eq. (4). The ac-
cording rate A is given in Ref. [41] as 2Ir~H'~z/M with
H' the mean coupling matrix element between the dia-
batic states and h the mean distance in energy between
crossings along a diabatic level. For realistic values b =2
MeV and H' =0.5 MeV we obtain A = 1.25 x 102' s

(iii) The time dependence of the diabatic wave func-
tions includes deformations which can be described by a
velocity field. Variations which are due to accelerations
in the mean-field Hamiltonian are not incorporated and
lead to additional couplings between diabatic states. The
last term A accounts for this efI'ect. From the golden rule
and the microscopic expression given in Ref. [42] for the
coupling Hamiltonian we obtain

6

F, = —) p,~(q)q~ for i = 4, 5, 6.
j—4

B. Illustration of the elastoplastic response

-dE, = '-dN. .. (14)

where p denotes the reduced mass of the system [43,44].
Assuming that for a small number of exchanged parti-
cles, N, is about proportional to the interaction time
t;„t(random walk diffusion) one sees that the same

TKEL = — dE~~ E~~

implies a much shorter interaction time for the beam en-

ergy of 12 MeV/nucleon than for 8.6 MeV/nucleon which
is only 3 MeV above the Coulomb barrier. This corre-
lation is seen in the result of the one-body dissipation

In the following the nuclear trajectories for central col-
lisions of Pb+Pb obtained with the new dissipative di-
abatic model will be discussed to illustrate the elasto-
plastic properties and to show the sensitivity of the tra-
jectories and of the b-electron spectra on the estimated
parameters which enter the stifl'ness tensor C,~ and the
intrinsic equilibration rate A;„&,. For this, mainly an en-
ergy of 8.6 MeV/nucleon will be considered since higher
incident energies would lead to larger excitation energies
already at the first stage of the collision so that the in-
trinsic equilibration rate [Eq. (9)] would be dominated
too much by the term Az ——e"/t*, losing the sensitivity
on the term A . This can be understood by the following
simple considerations on the correlations between beam
energy, energy loss, and interaction time.

In the one-body dissipation picture for peripheral col-
lisions the energy loss is proportional to the available
energy E at the Coulomb barrier V„E=TKE—V„
and the number of exchanged nucleons, N,„,according
to

Using a mean absolute value of 0.2Ro~ji~ for the single-
particle matrix element of the velocity potential the pa-
rameter P is estimated to be about 0.1.

Altogether the following equations of motion are solved
in the dissipative diabatic model:

M.d f . . I 1 . OM~g(q) .
'j qQj

OV q
Bg~

+ F;(t). (12)

The diabatic friction forces Fi(t) and Fz(t) are given by
the differential equation (4) (Fs ——0 for symmetric sys-
tems) while the Markovian friction forces for the rota-
tional degrees of freedom are taken from the one-body
dissipation model as
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FIG. 9. Relation between the nuclear interaction time and
the total kinetic-energy loss (TKEL) for collisions of Pb+Pb
at 8.6 and 12 MeV/nucleon as predicted by the one-body
dissipation model.
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= P(ijI) (10 s) fm

of the intrinsic equilibration rate leads to a rapid decay
of the diabatic potential and thus reduces the amount
of energy which is transferred back into collective mo-

model in Fig. 9 and in the measured b-electron spectra
displayed in Fig. 10. If one chooses the same TKEL
bin around 200 MeV [Fig. 9 (left part)] the slopes of
the spectra below 1.8 MeV differ and indicate a longer
interaction time for a beam energy of 8.6 MeV/nucleon
than for 12 MeV/nucleon. According to the prediction
shown in Fig. 9 an interaction time of t;„t——0.25 x 10
s corresponds to TKEL=50 and 190 MeV for the two
bombarding energies, respectively. The b-electron spec-
tra displayed in Fig. 10 (right part), which have been
measured in coincidence with these TKEL values, have
indeed a similar slope in contrast to Fig. 10 (left). This
confirms nicely the expected correlations between beam
energy, TKEL, and interaction time.

Figure 11 shows in the upper part for a head-on col-
lision the time evolution of the intrinsic energy which is
given by Eq. (11). In the case of the one-body dissi-
pation model which assumes instantaneous equilibration
(dashed line in Fig. 11) the excitation energy is of a ther-
mal nature and has to increase monotonically in time.
Compared to this, the dissipative diabatic model shows
a faster increase of the intrinsic energy, because a large
&action of the initial kinetic energy is stored into a dia-
batic potential, which, according to Eq. (4), is built up
at the beginning of the collision. This energy is partially
transformed back into collective motion as seen in the
upper part of Fig. 11 by the decrease of the intrinsic en-
ergy after the turning point which is at t = —0.2 x 10
s (cf. also Fig. 12). A larger feedback into collective ki-
netic energy is prevented by the relaxation of the diabatic
potential into thermal excitations.

The corresponding relaxation rates calculated &om Eq.
(9) are shown for two different cases in the center part
of Fig. 11. At the beginning of the collision where the
deceleration is largest, the acceleration component
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FIG. 11. Time evolution of the intrinsic excitation energy
predicted by the one-body dissipation model and the dissipa-
tive diabatic model for two difFerent values of the P parame-
ter (upper part). The middle part exhibits the corresponding
intrinsic equilibration rate. The lower part shows the time
evolution of the three contributions to the total equilibration
rate.

tion. In the lower part of Fig. 11 the total relaxation
rate is decomposed into its three contributions according
to Eq. (9) for the case of P=0.1 and t* = 0.2 x 10
Me V s. One sees that A which is due to accelerations
contributes most strongly in the first 0.3 x 10 ' s of the
collision. The decay rate A2 caused by two-body colli-
sions also grows rapidly during this short time period as
it is proportional to the excitation energy per particle
e* = E;„&,/A which includes the energy stored in the dia-
batic potential. After a short decrease, which reflects the
fact that part of the diabatically stored energy has been
fed back into relative motion, its further increase is only
minor because almost all kinetic energy has already been
transformed into thermal excitations and the system can
gain additional excitation energy only from shape defor-
mations which lower the Coulomb energy at the expense
of surface energy. The decay rate A, which comes about
by the coupling of the diabatic states at the crossings, is
the smallest contribution and is for simplicity assumed
to be independent on the macroscopic variables.

Figure 12 shows the time evolution of the nuclear dis-
tance in terms of twice the rms radius R(t) of the nuclear
charge distribution. In Fig. 12(a) the parameter P has
been varied to study the influence of the equilibration
rate A caused by collective accelerations. Neglecting
the term A (i.e. , P = 0) results in a fast reseparation
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FIG. 12. Time evolution of the nuclear distance in times of
twice the root-mean-square radius of the nuclear charge distri-
bution for central collisions of Pb+Pb at 8.6 MeV/nucleon in-
cident energy (dashed line: one-body dissipation model, bro-
ken and solid lines: dissipative diabatic model with n=10).
Part (a) shows trajectories obtained with t* = 0.2 x 10
MeVs and difFerent values of the parameter P. In (b) t' (in
units of 10 s) and P are varied to show the sensitivity on
the relaxation rates A2 and A . The spoke-wheel symbols de-
note the instants where the surfaces of the two nuclei touch
and where the neck ruptures. The time in between is regarded
as the nuclear interaction time t;„t,. For the one-body dissipa-
tion model and the dissipative diabatic picture with /=0. 2,
the neck rupture occurs at times later than 3 x 10 ' s.
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FIG. 13. Time evolution of the radial friction force (upper
part) and nuclear trajectories (lower part) in terms of twice
the root-mean-square radius of the nuclear charge distribution
(dashed line: one-body dissipation model; dotted and solid
lines: dissipative diabatic model with different values of the
parameter n. ) The spoke-wheel symbols denote the instants
of touching and rupture of the two surfaces.

of the nuclei. Although the diabatic force, which is built
up with increasing R [i.e. , R ) 0, cf. Eq. (4)], strongly
decelerates the separation, it is not large enough to push
the nuclei towards each other again. The additional de-

cay rate A with P =0.1 (theoretical estimate) during
the initial deceleration phase is necessary to obtain the
inward reHection (cf. the solid lines in Figs. 12 and
13). After the initial fast stopping the neck can develop
and the opening up of this degree of freedom brings the
nuclear system into the dissipative regime where the mo-
tion is slow compared to the relaxation rates. As can be
seen from the bottom part of Fig. 11, A has dropped
to zero at about t = 0.2 x 10 s and all subsequent re-
laxation is due to the two-body collisions and the decay
at the crossings. A typical time scale for the collective
variable during this slow motion part of the dynamical
evolution is 0.6 x 10 s and the inverse of the total
relaxation rate is A,:„~,—0.2 x 10 s, which means that
the Markov assumption is fulfilled. From the dissipative
limit of Eq. (4), which is given in Eq. (6), one sees that
in this regime the friction tensor C,~/A;„q, depends di-
rectly on the parameter t* which enters A2 = e*/t*. The
trajectories displayed in Fig. 12(b) show that the smaller
value t' = 0.1 x 10 MeVs leads to a shorter nuclear
contact time. The reason is that the &iction force is re-
duced by about 30% for t ) 2 x 10 2 s (cf. the bottom
part of Fig. 11). However, increasing P to 0.2 and thus
changing the initial conditions for the entrance into the
dissipative regime has the same efFect on the contact time
as can be seen in Fig. 12(b). Because of the neck degree
of freedom the situation is more intricate than, for exam-
ple, in Ref. [45] where using only one collective variable
a smaller t* led to longer contact times.

Figure 12 also shows that in comparison with the one-
body dissipation model the dissipative diabatic calcula-
tion exhibits a faster stopping of the nuclei followed by
damped oscillations of the nuclear trajectory. The in-

fluence on the b-electron spectra can be estimated eas-

ily without doing the coupled-channels calculation. Just
keeping in mind that according to the approximate re-
lation given in Eq. (1) the Fourier frequencies of R/R
represent the energies of the b electrons. From Fig.
12 one estimates a time period of the oscillation of
T 0.6 x 10 s which corresponds to an energy of
E „=2vrh/T 7 MeV. From these considerations it
is evident that the initial fast stopping together with the
subsequent damped oscillation is responsible for the high-

energy part of the b-electron spectrum (cf. the discussion
in Sec. IV C).

In Fig. 13 we illustrate the sensitivity of the trajecto-
ries on the parameter o. which has been estimated to be
around 5. In the upper part the time dependence of the
Markovian and the retarded friction forces acting on the
relative motion is shown. Due to the retardation of the
friction force, a large repulsive potential (proportional to
n) is built up in the approach phase which leads to a
much faster deceleration than predicted by the one-body
dissipation model. As can be seen in Fig. 13 from two
calculations with difFerent values of the parameter n (i.e. ,

difFerent strengths of the stiffness tensor C,~ ) the retarded
friction force does not scale linearly with this parameter.
Higher values of the parameter o. result in a faster decel-
eration, and as a consequence the equilibration rate A;„&,
is increased due to the term A in Eq. (9) which leads to a
faster decay of the diabatic potential [see Eq. (4)]. Thus,
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the dynamical dependence among the various quantities
renders a complex system where doubling of C,.~ does not
imply a twice stronger friction force F; as would be the
case in a Markovian description. However, in the lower
part of Fig. 13 the corresponding nuclear trajectories
show clearly that with larger values of the parameter o.

(and hence of t;~) the frequency of the oscillation in the
rms radius is increased as ur = (C„/M„)~~with M the
irrotational mass and C the stiffness coefFicient. As in
Fig. 1, which is for a beam energy of 12 MeV/nucleon,
the elastoplastic response of the nuclei manifests itself
in a fast stopping followed by a damped giant vibration.
For more peripheral collisions the effect is not as pro-
nounced but still present and essential for explaining the
enhanced yield in the high-energy part of the b-electron
spectrum (cf. Fig. 17). The instants of touching and
separating shapes, which are marked by the spoke-wheel
symbols, indicate that in the dissipative diabatic calcu-
lation the nuclear contact time depends only weakly on
the parameter o..

At the later stage of the collision processes the retarded
friction force becomes similar to the one-body friction
force. This is not accidental, because the motion becomes
slow and overdamped with f, = I9V/I9q, independent of
the model for the dissipation process.

The atomic time t t is defined as the time difference
between the points of closest approach of two different
Rutherford trajectories, of which the first is matched with
the incoming trajectory and the second coincides for large
separations with the outgoing nuclear trajectory. This
definition is similar to the definition of a sticking time
given in the "atomic clock model" [46].

In the b-electron spectra the atomic time is reflected by
the first minimum which comes about by a destructive
interference between the contributions of the incoming
and the delayed outgoing part of the trajectory to the
amplitude a,f [cf. Eq. (1)]. Figure 14 shows for a single
trajectory with impact parameter b=5 fm the b-electron
spectra for collisions of Pb+Pb at 8.6 MeV/nucleon in-
cident energy obtained with different choices of the pa-
rameters n and P.

100

10 '

The dissipative diabatic case with P=O on the left-hand
side has no minimum since it corresponds to a trajectory
where the two nuclei bounce off the diabatic potential
without forming a stretched neck. As mentioned before,
the reason is that with the choice P=O the relaxation rate
A;„t,is somewhat too small in the early stage of the re-
action. With increasing P the minimum moves towards
smaller energies and becomes more pronounced. This
nicely demonstrates the influence of P on the contact
time. In the measured spectra the minimum is smeared
out due to fluctuations and is not as clearly visible as in
Fig. 14, which is obtained &om a single trajectory with
the impact parameter b=5 fm. The steeper decrease of
the spectrum below 2 MeV, however, is preserved and
gives a measure of the atomic time t t . It is mainly the
low-energy part of the spectrum and hence the atomic
time which is sensitive to the parameter P as can be
seen on the left-hand side of Fig. 14. The right-hand
side shows that the new dissipative diabatic model in-
creases the high-energy yield by an order of magnitude as
compared to the Markovian one-body dissipation model
which is a clear evidence for fast stopping in the approach
phase.

The influence of the parameters a, P, and t" on the
atomic contact time is summarized in Fig. 15. Although
the atomic contact time does not allow to determine
uniquely the different parameters which influence the re-
laxation rate, Fig. 15 shows that the values for a, P, and
t*, which have been estimated from microscopic consider-
ations in the previous section, are within the acceptable
range for reproducing the correct atomic contact time.

C. Comparison with experimental data

In Fig. 16 the measured b-electron spectra obtained
&om Pb+Pb collisions at 12 MeV/nucleon, shown for
four different TKEL bins, are compared with coupled-
channels calculations [47]. All calculations are multi-
plied by the same overall factor of 1.5 to match the
measured spectra at low energies. In the upper part
the displayed 8'-electron spectrum is measured in coin-
cidence with elastic collisions. The spectrum calculated
with the Rutherford trajectories coincides with the mea-
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FIG. 14. b-electron spectra for collisions of Pb+Pb at
8.6 MeV/nucleon incident energy and an impact parame-
ter of 6=5 fm. The spectra result from coupled-channels
calculations using the Rutherford trajectory (thin solid
lines), the trajectory predicted by the one-body dissipa-
tion model (dashed line) and the dissipative diabatic model
(dashed-dotted and thick solid lines) for difFerent values of the
parameters o. and P (left part: n=l0; right part: @=0.1).
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FIG. 15. Infiuence of the parameter cI, p, and t' (in units
of 10 s) on the atomic contact time for central collisions of
Pb+Pb at 8.6 MeV/nucleon incident energy (for the definition
of t & see text). The horizontal dotted line denotes the atomic
time obtained with the one-body dissipation model.
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sured one. The impact-parameter distributions of all tra-
jectories are chosen appropriate to the measured TKEL
bin (Sec. III A). With increasing TKEL of the reaction
the spectra become steeper than the ones calculated from
Rutherford trajectories (dotted lines). This effect is due
to the time delay caused by the nuclear interaction be-
tween the heavy ions. The increase in the time delay
between ingoing and outgoing trajectories is reproduced
by both the one-body dissipation model and the dissipa-
tive diabatic model (dashed and full lines, respectively).

But compared to previous investigations [7,9], in the
present work the electron spectra are measured up to 8
MeV which improves the time resolution by a factor of
2 so that more details (not only the overall interaction
time) of the dynamical evolution become visible. Re-
membering that according to Eq. (1) the 8-electron en-

ergies correspond to the Fourier frequencies contained in
the time evolution of the rms charge radius one sees in
Fig. 16 that for the highest TKEL bin (or an average im-
pact parameter of b=9 fm) there must be rapid changes

in the rms radius since the yield of b electrons in the en-

ergy range between 6 and 8 MeV is more than a factor
of 10 higher than in the lower TKEL bins. As discussed
in the previous section this eKect is absent in the Marko-
vian one-body dissipation model but is explained well

in the dissipative diabatic picture by the elastoplasticity
of the nuclei. During the initial phase of the collision
the nuclei are stopped rapidly by the diabatic potential
which is built up during a short time. The diabatically
stored energy is then dissipated during a damped giant
vibration which in the model is mainly of quadrupole
type. The energy of 7 MeV around which the b-electron
yield is enhanced corresponds to a rather low excitation
energy for a giant quadrupole vibration and hence to a
large mass number. If one extrapolates simply the phe-
nomenological relation E „-63MeV A /' for the en-

ergy of the giant quadrupole resonance of stable nuclei

[48], one gets E„,= 8.4 MeV for A=416 and E„,=10.6
MeV for A=208. Taking into account that the combined
system with A=416 is rather elongated, which, compared
to a spherical shape, decreases the frequency further [49],
one may conjecture that one sees for the first time the
giant vibration of a nuclear system with mass number
A=416.

In order to show the strength of the oscillations, the nu-

clear trajectories are displayed in Fig. 17 for an impact
parameter of 6=9 fm which corresponds to the highest
TKEL window. In the upper part the rms charge radius
obtained in the dissipative diabatic model shows a faster
stopping and a shorter interaction time than the one-
body dissipation model. But the damped oscillation is
much less pronounced for this impact parameter than in
the head-on collisions (cf. Fig. 1 for the 12 MeV/nucleon
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FIG. 16. Spectra of electron emission probability per col-
lision of Pb+Pb at 12 MeV/nucleon incident energy. The
curves are results of coupled-channels calculations based on
the nuclear trajectories predicted by various reaction models
(dotted: Rutherford trajectories; dashed: one-body dissipa-
tion model; hatched area in between the solid lines: dissipa-
', ive diabatic model with o.=6—12 and /=0. 15).
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FIG. 17. Nuclear trajectories in terms of twice the
root-mean-square radius R(t) and A/R(t) as a function of
time for b=9 fm corresponding to the highest TKEL window.
The spoke-wheel symbols denote the instants of touching and
separating shapes as defined in Ref. [17].
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or Figs. 12 and 13 for the 8.6 MeV/nucleon case). The
quantity R/R(t), to which the b-electron yield is sen-

sitive, is depicted in the lower part of Fig. 17. Here
the elastoplastic eEects which are responsible for the en-
hancement around 7 MeV, are seen more clearly than in
R(t) itself. The hatched area in between the solid lines in

Fig. 16 are the theoretical predictions obtained with the
elastoplastic model using P=0.15 and a values between
6 and 12. Values of o. larger than 12 do not change the
result significantly. At high TKEL values the intrinsic
equilibration rate is mainly determined by two-body col-
lisions, leading to a weak sensitivity on the parameter
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Altogether one can conclude that the faster stopping
predicted by the dissipative diabatic model leads to the
increased yield of high-energy b electrons, thus resulting
in a much better description of the measured spectra.

It might be of interest to mention the unexpected high
yield of b' electrons (up to 2.5 MeV) emitted in quasielas-
tic heavy-ion collisions where the influence of fast changes
of R/R(t) on the spectral distribution of b electrons is dis-
cussed by assuming phenomenological trajectories [50].
Guided by these experimental results the influence of gi-
ant resonances of the two individual nuclei on the pro-
duction of b electrons in heavy-ion collisions is investi-
gated in Ref. [51]. There it is shown that reasonable
parameters for the amplitude and the frequency of the
giant resonance of the individual nuclei lead to almost
negligible modifications of the b-electron spectra in the
measured range up to 2.5 MeV and cannot explain the
enhancement in the measured spectra.

Next it will be demonstrated that not only the b-

electron spectra, are explained but also the measured
kinematical correlations of the heavy ions are reproduced
better with the new dissipative diabatic model. On the
left-hand side of Fig. 18 the experimental correlations of
the scattering angle 8, (ejectile) and 8„(projectile) are
shown for collisions of Pb+Pb at 8.6 and 12 MeV/nucleon
incident energy, while the right-hand side displays the
(TKE,8,) distributions. The data correspond to deep
inelastic collisions where both reaction partners survive
without undergoing sequential fission. The comparison
with the theoretical predictions for the position of the
ridge in the double-difFerential cross section shows, that
for both, the 8.6 and the 12 MeV/nucleon data, the
dissipative diabatic model (full lines) is in better agree-
ment with the measured distributions. The total kinetic-
energy loss predicted by the one-body dissipation calcula-
tion (dashed lines) is too high which leads to the stronger
focussing of the trajectories. This behavior is obviously
not confirmed by the experimental data. The difFerences
between the one-body dissipation and the dissipative di-
abatic model are smaller for the 12 MeV/nucleon data.
The reason is that these collisions lead to a higher amount
of intrinsic energy already in the beginning of the reaction
and thus due to the shorter relaxation time the system
reaches the dissipative limit sooner. Since the measure-
ments represent always a time integral over the whole
dynamical evolution the signatures of the shortened di-
abatic phase are weakened. This decreasing sensitivity
is in contrast to the b-electron spectra which give infor-
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FIG. 18. Measured kinematical correlations (scsttering an-

gle of ejectile versus angle of recoil, left-hand part) snd
(TKE,8,) distributions (rhs) for the system Pb+Pb at 8.6
MeV/nucleon (upper part) snd 12 MeV/nucleon (lower part)
incident energy. The data are compared with theoretical
predictions obtained with the one-body dissipation model
(dsshed lines) snd the dissipative disbstic model with n=10
snd P=0.15 (solid line). The dotted lines denote the correla-
tions for elastic scattering.

mation about details of the time evolution and therefore
higher beam energies are more suited to bring out the
diabatic eH'ects caused by an intrinsic relaxation which
is slower than the rapid changes in the macroscopic vari-
ables.

In Fig. 19 the b-electron spectrum measured in dissi-
pative Pb+Pb collisions at 8.6 MeV/nucleon incident en-

ergy [9] is compared with the dissipative diabatic model
calculation using the parameters t' = 2 x 10 s, n=10,
and P=0.2, which give a perfect fit. As shown in Fig.
15 in the preceding section the value of P=0.2 leads to
longer atomic contact times than predicted by the one-
body dissipation model. The steep decrease of the exper-
imental data seems to indicate that in this case collisions

V/nucleon

0 MeV

LZ 10

CL~ 10'—..--- Rutherford
one-body diss.
diss. diabatic

2 3

Energy (MeV)

FIG. 19. b-electron spectrum from dissipative collisions of
Pb+Pb at 8.6 MeV/nucleon [9j (dotted line: Rutherford tra-
jectory; dashed line: one-body dissipation model; solid line:
dissipative disbstic model using m=10 sud @=0.2).
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with somewhat longer contact times contribute to the
selected TKEL window. However, here the electron en-

ergies have only been measured up to 4 MeV and, hence,
only the onset of the high-energy enhancement due to
diabatic effects is seen.

V. DISCUSSION AND CONCLUSION

The dissipative diabatic model presented in this work
allows for a consistent description of dissipative heavy-
ion collisions. The good agreement of the 8-electron
spectra measured in coincidence to dissipative heavy-ion
collisions and the theoretical predictions obtained with
the dissipative diabatic model strongly supports the ex-
istence of an elastoplastic behavior of nuclear matter in
dissipative heavy-ion collisions. Especially the impor-
tant requirement that both the fast deceleration and the
prolonged nuclear contact time, which are reflected by
the measured b-electron spectra, should be described by
the theoretical approach is met well by the new model.
Within the Markovian one-body dissipation model of Ref.
[17] this requirement could not be fulfilled.

The modification of the existing one-body dissipation
model by replacing the Markovian friction forces with
an elastoplastic force [22] should be regarded as a first
attempt to describe heavy-ion collisions over the whole

impact parameter regime leading to dissipative collisions
without using the most questionable Markov assumption
applied in all other friction models. Experimental ob-
servables expected from an elastoplastic behavior of nu-

clear matter have been extensively studied within this
model [22]. Besides the good agreement obtained for
the description of fusion-barrier heights and fluctuations

[52] the results presented in this work serves as an ad-
ditional support for an elastoplastic behavior of nuclear
matter. The dissipative diabatic model serves as a link
between time-dependent Hartree-Fock calculations and
the stochastic reaction models with time-local friction
forces.

However, unsatisfactory in this approach is the approx-
imate evaluation of the stiffness tensor from Eq. (8). A

consistent microscopic model could be based on the fluid-

dynamical formulation of dissipative diabatic dynamics
[53,54] where the stiffness tensor is directly related to

the microscopic velocity field. Since this velocity field is
already calculated in the one-body dissipation model [17]
we are developing an improved version of the dissipative
diabatic model.

Within the dissipative diabatic model a crucial param-
eter is the intrinsic equilibration rate which shows a great
sensitivity on the theoretical predictions. In addition
to the relaxation via residual two-body collisions, two
additional contributions are important: the static and
the acceleration coupling between diabatic single-particle
states. These have been estimated theoretically. The sys-
tems examined experimentally in this paper do not allow
for a unique determination of the individual strength of
the several contributions to the relaxation processes.

In addition to the good agreement of the theoretical
and the experimental b-electron spectra for Pb+Pb col-
lisions at 8.6 and 12 MeV/nucleon the comparison of the
(TKE,6) distributions further supports the dissipative
diabatic approach. The tendency of the trajectories to
focus for energy losses around 250 MeV, as predicted by
the one-body-dissipation model, is not confirmed by the
experimental distributions. A much better description is
obtained with the dissipative diabatic model.

The careful analysis of the b-electron spectra and the
(TKE,6) distributions of the Pb+Pb reactions at 8.6 and
12 MeV/nucleon indicates that nuclear matter is elasto-
plastic as predicted by the diabatic approach to dissipa-
tive collective motion [22].
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