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Evidence for Elastoplasticity in Dissipative Heavy-Ion Collisions
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From the measured yield of 6 electrons with energies between 3 and 8 MeV, emitted in the heavy-ion
reaction Pb+Pb at 12 MeV/nucleon incident energy, a very fast deceleration of the nuclei in the ap-
proach phase is inferred which is much faster than predicted by the microscopic one-body dissipation
model. Since the deceleration time is smaller than or comparable to the thermal equilibration time, the
dissipation process is non-Markovian and therefore memory eAects have to be included. This is per-
formed on the basis of dissipative diabatic dynamics, which describes elastoplastic properties. The new
diabatic one-body dissipation model reproduces the fast deceleration and the long nuclear contact time.

PACS numbers: 25.70.Lm

In the past decade it has been demonstrated that 6-
electron spectroscopy serves as a method to determine the
time evolution of dissipative heavy-ion collisions. The
dependence of the lepton spectra on the nuclear trajec-
tories was discussed in Refs. [1,2] and is best illustrated
when using the scaling model [2]. In this model the tran-
sition amplitude a,f of a bound electron to be excited into
the continuum is given by the Fourier transform

where E;f is the diA'erence between the initial and final

energies of the electron. The quantity R(t) denotes twice
the time-dependent root-mean-square radius of the
charge distribution of the two nuclei [3]. The ratio
R(t)/R(t) contains the information about the trajectory.
The spectral shapes calculated within the scaling model
are in good agreement with the more elaborate coupled
channel calculations [4] which are used in the following

analysis.
The shape of the 6-electron spectra is mainly deter-

mined by two features of the trajectories. One is the in-

terplay of conservative and frictional forces during the
separation of the nuclei, which causes a time delay com-
pared to Coulomb trajectories and leads to a steeper de-
crease of the spectra for electron energies below 2 MeV.
This has been shown in several experiments [5-8]. The
other feature is the fast deceleration of the nuclei at the
beginning of the collision, which leads to a rapid change
of R/R and thus to the emission of high-energy 6 elec-
trons [9]. So far these electrons have only been measured

up to 3.5 MeV. To obtain sufficient yield in the high-
energy part of the 6'-electron spectra, large relative veloci-
ties of the nuclei are needed when the deceleration due to
nuclear forces sets in. Therefore, we performed an exper-
iment at 12.0 MeV/nucleon bombarding energy for the
collision system Pb+Pb and measured the electron ener-

gy spectra up to 8 MeV.
The experiment was carried out with the TORI spec-

trometer [10], installed at the UNILAC accelerator of

GSI Darmstadt. About 10 ions of Pb per second were

impinging on ' C-backed Pb targets of = 350 pg/cm
thickness. The TORI spectrometer is a magnetic trans-
port system designed to measure simultaneously electrons
and positrons io coincidence with the scattered heavy
ions. To extend the energy range of electrons up to 8

MeV, a new detector [11] is placed in the solenoidal field

of the TORI spectrometer. The energy of the electrons is

measured with a 5-cm-long plastic cylinder (NE102) of
7.5 cm diameter. The rather poor energy resolution of
hE/E = 10% for energies above 2.0 MeV is tolerated in

order to have the advantage of a good time resolution
(it t = 1 ns). To separate electrons from y rays and neu-

trons, a silicon surface barrier hE detector of 500 pm
thickness is placed in front of the plastic block. As a re-

sult of its very low detection efficiency for gamma rays
and neutrons this counter is used as a trigger for elec-
trons. Furthermore, we profit from the high electron
transport efficiency to the detector in the solenoidal field.

This yields a solid-angle ratio of 122 for electrons corn-

pared to y rays and neutrons. The additional suppression
obtained by the hE counter results in a detection-
efficiency ratio of s, -/s„=4500. A cylindrical aluminum

baNe 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. With an addi-

tional time-of-flight analysis a complete suppression of
neutron events is obtained. The response function is

determined by using high-energetic electrons delivered by
an electron accelerator [11]and by the P source ' Ru.

The other counters are similar to those used in previous
experiments [8]. Si(Li) counters detect electrons and

positrons in the energy range of 0.8 MeV ~ F„-~ 2.5

MeV. A pair of position-sensitive heavy-ion counters is

used to study kinematical coincidences by measuring the

angles of the outgoing fragments and to distinguish
sequential fission events from scattered heavy ions. These
parallel-plate avalanche detectors work with a delay-line

technique. The delay lines are read out on both sides in

order to recognize double-hit events. They originate from
cases where one reaction partner undergoes fission. The
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total kinetic-energy loss (TKEL) of the collisions is cal-
culated from the scattering angles of the heavy ions with

a resolution of about 50% due to angular resolution and
neutron evaporation.

For high TKEL values a significant amount of the
measured electrons originate from nuclear processes.
These contributions have to be subtracted because only
the atomic part of the spectra contains the information
about the nuclear trajectories. To determine the contri-
bution of leptons from nuclear origin, the y-ray spectra
are measured with a 10 cmx15 cm BaF2 crystal. The y
detector is mounted perpendicular to the beam axis,
leading to maximum Doppler broadening without a
significant mean Doppler shift. As for the plastic detec-
tor, the good time resolution of the BaF2 crystal is neces-
sary to separate y rays from neutron-induced background
events. For the conversion of the measured y spectra into
lepton spectra theoretical conversion coefficients have
been used [12,13]. The validity of the multipolarity
decomposition of the y spectra is controlled by the com-
parison of measured and converted positron spectra. This
procedure is very accurate for high TKEL values where
only a small fraction of positrons (5 10%) originate from
atomic processes. The conversion-electron background
amounts to less than 10% of the measured electron spec-
tra.

To compare the measured &electron spectra with

theoretical predictions, the impact parameter distribu-
tions have to be known. This is achieved with a Monte
Carlo simulation [8] using the deflection functions calcu-
lated with the trajectory models discussed below. Apply-
ing the same cuts in the simulated and measured TKEL
versus scattering-angle correlations we obtain the im-

pact-parameter distributions for the selected event class.
In Fig. 1 the &electron spectra which have been mea-

sured in coincidence with Pb+Pb collisions are shown.
With increasing TKEL the spectra exhibit a steeper des-
cent in the region up to 2.0 MeV and an increasing yield
of high-energy 8 electrons compared to calculations based
on Rutherford trajectories (dotted lines). The lines in

Fig. 1 are the results obtained with coupled-channel cal-
culations [14] where only R(t) enters for the trajectories.
All theoretical spectra are multiplied by a factor of 1.5 in

order to match the absolute height in the spectrum for
elastic collisions.

For the description of the nuclear trajectories we start
out from the microscopic semiclassical one-body dissipa-
tion model as explained in detail in Ref. [15]. Without
adjustable parameters this model describes a large body
of experimental data on nucleus-nucleus collisions [16].
Its friction coe%cients are calculated microscopically,
based on the ideas of the window and wall dissipation
[17]. In particular, for the system Pb+Pb at an incident
energy of 8.6 MeV/nucleon [8], the b-electron spectra up
to 2 MeV are well accounted for within the one-body dis-
sipation model ~ The observed long contact times are
caused by the formation of a pronounced neck in the out-
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going phase of the reaction.
In Fig. 1 the results from calculations with trajectories

obtained with the one-body dissipation model are shown

by the dashed lines. Statistical fluctuations of the nuclear
trajectories [8,18] can be neglected in our calculations as
rather broad TKEL windows are used. The underestima-
tion of the measured yield at high electron energies
within this model evidences that there is not sufficient de-
celeration in the approach phase of the reaction. One
could try to increase the stopping power by multiplying
the microscopically calculated friction tensor by some
factor. But this results in a shortening of the nuclear
contact times, and hence leads to unacceptable discrepan-
cies for the low-energy part of the &electron spectra. Of
course, there are other friction models [18,19] which by a
proper fit of the friction coefficients give faster decelera-
tion and may even be consistent with the large contact
times. However, already in the one-body dissipation
model the deceleration is so fast (although still too slow
compared to the experimental result of this paper) that
the Markov assumption implied in this and all other fric-
tion models is questionable [20]. Indeed, the radial de-
celeration time r dec i 2 && 10 s (cf. lower part
of Fig. 2) while the thermal equilibration time
= (2x10 sMeV)/e*, where c* denotes the excitation
energy per nucleon [21]. Thus, rd„,i(r, h, „during the
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FIG. 1. Spectra of electron emission probability per collision

of Pb+Pb at 12.0 MeV/nucleon incident energy. The curves
are results of coupled-channel calculations based on the nuclear
trajectories predicted by various reaction models (dotted:
Rutherford trajectories; dashed: one-body dissipation model;
hatched area in between the solid lines: elastoplastic model
with a=6-12 and P=0.15).
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whole deceleration phase (0 (c* 1 MeV) with the
consequence that the dissipation process is essentially
non-Markovian. By measuring high-energy 6 electrons
one is sensitive to time scales of the order of 10 s and
hence memory eAects can be investigated. Such memory
eAects have been extensively studied within the diabatic
approach to dissipative collective nuclear motion [20,22].
This theory of dissipative diabatic dynamics (DDD) is

closely related to the microscopic one-body dissipation
model [20] which, therefore, is easily extended to include
the memory eA'ects as will be explained in the following.

In the one-body dissipation model the friction force for
the macroscopic degrees of freedom q~ is given by
F; ""'"=—P~yj(q)qj, where yj(q) denotes the friction
tensor. Guided by the importance of diabatic single-
particle motion in dissipative heavy-ion collisions we

have, for the shape degrees of freedom, replaced the Mar-
kovian friction force of the one-body dissipation model by
a retarded friction force F as introduced in Ref. [20]. Its
components are determined by the diA'erential equation

dF,
(2)

dt
F;(r) —gC;, (q)q, ,

ri«r & j

24 2 yx —x
9 z, p

(3)

where z;„&,(t) and Cj denote the intrinsic equilibration
time and the stiffness tensor, respectively. In the limit of
large r, pip such that the first term on the right-hand side
can be neglected, the force depends explicitly neither on

time nor on q, and hence is conservative. In this case, the
collective motion is elastic without any dissipation. In the
opposite limit of small r;«„, such that F(t), C;j, and qj do
not change considerably during time intervals of the or-
der r;«„dF/dt can be neglected in Eq. (2), and hence
the force becomes a pure friction force given by

gjC'jr ilqj. For intermediate values of r «p the sys-

tem behaves like a damped oscillator with a frequency-
dependent friction coefficient. The elastic response on

fast deformations and the dissipative response on slow de-

formations is typical for elastoplastic materials like glass,
glycerine, and "silly putty" (a plastic toy).

There is a close relationship between dissipative diabat-
ic dynamics and the one-body dissipation model. Both
approaches are based on the same microscopic picture
which determines the collective motion from the distor-
tion of the nucleonic Fermi distribution by the time-
dependent shapes of the nuclear system. This coupling
between intrinsic and shape degrees of freedom yields the
stiffness tensor C;~ in the diabatic approach and it pro-
vides the friction tensor y;~ in the one-body dissipation
model via the additional assumption that the distortions
in the nucleonic momentum distribution relax instantane-
ously. Indeed, for the quadrupole motion of a cube of
matter the stiAness parameter C is related to the friction
coefficient y in the one-body dissipation model (wall for-
mula) by [20]

where z, ~ denotes the time of flight of a nucleon with
Fermi velocity vF through the cube. We assume the gen-
eral validity of this relation in the form

C;, (q) =ay) (q)/r, p, (4)

with r, „=2Ro/vF and R0=1.2(A~+Aq) ' ' fm the ra
dius of the compound nucleus. Here, a parameter a is in-
troduced to correct for shortcomings of the simple cube
model with respect to realistic shapes, single-particle po-
tentials, and eA'ective nucleon masses m, g. According to
the microscopic expression [20,23], the stiflness tensor C j
is proportional to m, p and to the level density which
experimentally is twice its Fermi-gas value. Since
y;~/r, r is reduced from the Fermi-gas model with m, g—5/2m fIUg]epII we expect a = 2m, &, which yields a = 5 for
a realistic value of m, p =0.7m „„,1„„. Furthermore,
compression is not allowed in the collective model, and
hence we expect even larger values (larger by roughly a
factor of 2 corresponding to a= 10) for the stiffness
coeScient to be eA ective in the approach phase.

For the intrinsic equilibration rate z;„&, we consider
three major contributions,

—
1

—] —] —
1

zIn[r =z2 + zx + za

The first term results from two-body collisions and is es-
timated by Bertsch [21] as r2 ' =a*/t* with c* denoting
the excitation energy per particle and t* =2 x 10
Me V s. The rate z is associated with the decay of dia-
batic states due to quasicrossings. This rate is given in

Ref. [24] as 2jr~H'~ /AB with H' the mean coupling ma-
trix element between the diabatic states and 6„ the mean
distance in energy between quasicrossings along a diabat-
ic level. For realistic values 6„=2 MeV and H'=0. 5

MeV we obtain z„=0.8x10 ' s. The last term ac-
counts for the decay of diabatic states due to couplings
proportional to the acceleration q. From the "golden
rule" and the microscopic expression [25] for the cou-

pling Hamiltonian we write r, '=Pq (10 ' s) fm
with P estimated to 0. 1 using a mean absolute value of
0.2Ro~q ~

for the single-particle matrix element of the ve-

locity potential.
In the new diabatic one-body dissipation model the pa-

rameters a and P, estimated above, influence the stopping
power and the nuclear interaction times almost indepen-
dently. As a result of the retardation of the frictional
force, a large repulsive potential (proportional to a) is

built up in the approach phase which leads to a fast de-
celeration. As a result of this fast deceleration, the decay
rate of the diabatic potential is mainly determined by
r, ', and hence is sensitive to the parameter P. A fast
enough decay is decisive for a long contact time, because
it prevents the nuclei from bouncing back elastically.
The hatched areas in between the solid lines in Fig. 1 are
the theoretical predictions obtained with the elastoplastic
model using P =0.15 and a values between 6 and 12.
Values of a larger than 12 do not change the result
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FIG. 2. Nuclear trajectories in terms of twice the root-
mean-square radius, R(t), and R/R(t) as a function of time for
the highest TKEL window. The spoke-wheel symbols denote
the instants of touching and separating shapes [15].

significantly. At high TKEL values the intrinsic equili-
bration rate is mainly determined by two-body collisions,
leading to a weak sensitivity on the parameter P. Details
of the calculations are the subject of a forthcoming paper
(see also Ref. [26]). There it will be shown that the dia-
batic extension also describes the experimental correla-
tion between scattering angles and TKEL values better
than the original one-body dissipation model.

Figure 2 illustrates the nuclear trajectories for the
highest TKEL window. They have been calculated using
the mean impact parameter deduced from the impact pa-
rameter distribution shown in the inset. In contradistinc-
tion to the smooth R/R(t) curves of the Rutherford and
the one-body dissipation trajectories the elastoplastic tra-
jectory shows a faster deceleration connected with addi-
tional weak oscillations, leading to the increased yield of
high-energy 6 electrons seen in Fig. 1.

In summary, studying the Pb+Pb collisions at 12.0
MeV/nucleon a very fast radial deceleration is deduced
from the yield of the high-energy part of the 8-electron
spectra. It is much stronger than predicted by the one-
body dissipation model [15]. The extension of this model

by including diabatic effects according to Ref. [20] allows
us to account for the two aspects of the experimental
data, the fast stopping and the long contact times. This
strongly supports the existence of an elastoplastic behav-
ior of nuclear matter in dissipative heavy-ion collisions.
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