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Electron and positron emission spectra produced in heavy-ion collisions with beam energies in
the range E,,, =8-100 MeV/nucleon are calculated up to kinetic lepton energies of 50 MeV. Ear-
lier predictions concerning the observability of nuclear stopping times in the range 7=1-10 fm/c by
means of the slope of 5-electron spectra are confirmed. However, the effect of time delay is some-
what less pronounced than predicted in first-order perturbation theory.

I. INTRODUCTION

One of the central questions in heavy-ion collisions at
energies above the Coulomb barrier is the determination
of nuclear reaction times. The theoretical description of
experimentally measured quantities like fusion cross sec-
tions, distributions of fragment mass, charge, angular
momentum and kinetic energy may be performed within
the framework of several models. Among these, micro-
scopic models based on the two-center shell model® or on
the time-dependent Hartree-Fock prescription? and sta-
tistical models based on diffusion theory>* are in
widespread use. In both classes of models the physical
quantities listed above depend crucially on the nuclear
time delay AT. For a survey of different reaction models
we refer to Refs. 5 and 6.

Calculations based on classical trajectories with fric-
tion” ™ yield theoretical reaction times in the range of
AT=10"%"s up to 5X 102! s for collisions of very heavy
ions. These times are too short in order to expect a clear
signal for spontaneous positron emission’>~!” in super-
critical systems with a total charge Z > 174. Because of
the modified nuclear kinematics, however, consequences
are expected in the spectra of atomic § electrons and
atomic positrons as well as in K-hole formation: The re-
action time AT causes a phase shift between the ioniza-
tion amplitudes along the incoming and the outgoing
branch of the trajectory relative to elastic collisions. Vice
versa, conclusions can be drawn from modified §-electron
or positron spectra with respect to the underlying reac-
tion times.!#~22

These considerations lead to the concept of an atomic
clock,'®! where nuclear reaction times are reflected by
oscillations in §-electron spectra with a width AE, that is
inversely proportional to the delay time, AE =27#/AT.
For short reaction times, AT <107 2! s, the first minimum
is shifted to such high electron energies that the oscilla-
tions are usually not observable. However, the presence
of the minimum still causes a measurable change?~2% in
the nearly exponential slope of the spectrum at smaller
energies. In contrast to the minimum itself, the change
in the slope is rather insensitive to fluctuations of the nu-
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clear delay time AT which occur naturally due to averag-
ing over impact parameter b or other relevant quantities.
Hence, for deep-inelastic heavy-ion collisions at beam en-
ergies below 10 MeV/nucleon, the slope of the 5-electron
spectrum has become a very successful measure of the
nuclear reaction time.?* 28

From a practical point of view there are two reasons to
extend the calculations to higher lepton energies E >>1
MeV. First of all, measurements of the d-electron spectra
in deep-inelastic collisions are now being performed up to
kinetic energies of E, =8MeV. In this energy range os-

cillations are expected® 3! even for reaction times of
102! s or shorter. Comparisons with theoretical results
in this energy range could allow for a much more precise
determination of nuclear reaction parameters.

Secondly, 8-electron spectra emitted in heavy-ion col-
lisions at intermediate energies, E,,=10-100 MeV/
nucleon, reach into much larger lepton-energy domains
up to 50 MeV, as perturbative calculations have
shown.?3® Experiments in this region, which will be
soon feasible, can provide information on the dynamics of
nuclear reactions on a time scale of AT =10"2? s or even
less. This is the lower end of the range where collective
behavior dominates nuclear motion. For even shorter
times, electron-positron pair creation may still be a
promising probe of the reaction dynamics, but it could be
dominated by single-particle processes.

II. COUPLED-CHANNEL CALCULATIONS

A semiclassical method is used to describe the electron
dynamics during the collision. It is based on the time-
dependent two-center Dirac (TCD) equation (i=c =1):

-, [R(1)]= Hyep[R(OI®,[R(1)] 1)
where the Hamiltonian is given by

HTCD[R(I)]:aP+Bm+VTcl)(r,R) . (2)

Vrcp(r,R) denotes the Coulomb potential for the two
nuclear charge centers which includes the effects of finite
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nuclear size and electron screening.’! The electrons are

treated relativistically and the time dependence is
parametrized via the internuclear separation R(z). At
nonrelativistic bombarding energies it is appropriate to
expand the wave function ®; using the molecular eigen-
states @;[R(#)] of Hrep[R(2)]:

®,[R()]=3 a,,(t)g;[R()]exp{ix;(1)] , (3)
J

with
x;(0=[larE;') . ()

We sum over bound states and integrate over continuum
states of positive and negative energies, respectively. In-
serting (3) into (1) and projecting with ¢, , we obtain a set
of coupled differential equations for the complex occupa-
tion amplitudes a;;(¢):

at

i(x:—x)
a;(t)=—3 aik<¢’j (Pk)e T (5)

k#j
with the initial condition a;;(1= — « )=3$,;. Splitting the
time derivative 9/0¢ into a radial coupling R3/0R and a
rotational coupling i®J, the coupled equations (5) can be
solved numerically.3'~3* In most calculations the mono-
pole approximation®® was used, where Vycp is restricted
to its spherically symmetric part and the rotational cou-
pling is irrelevant. The differential probability dP /dE for
emitting a &-electron with energy E ultimately is given by
Refs. 31-34

dP

—==2 g 6
dE r§Flarpl ’ ( )

where F is the Fermi level of the atomic system before
the collision and p labels a particle state in the continuum
with energy E.

To describe collisions incorporating nuclear reactions
we previously employed two different friction model tra-
jectories, introduced by Birkelund et al.”~° and by
Schmidt et al.'® Without going into detail we note as
essential difference between these models the ratios be-
tween radial and tangential friction coefficients. Of im-
mediate interest to us, however, is the resulting reaction
time AT for U+ U collisions at bombarding energies of
about E,,, =10 MeV/nucleon. Striking are the different
reaction times AT in central collisions: According to
Ref. 10 the time delay AT is about a factor of 10 greater
than in the model proposed by Birkelund et al.

In Fig. 1(a) we display the calculated 8-electron spec-
trum for 10 MeV/nucleon U+U collisions employing the
trajectory of Ref. 10, where essentially only radial friction
occurs. The longest reaction times appear in central col-
lisions and reach a value of AT=2.3X10"2's. For the
impact parameters b =0 and 2 fm the spectra exhibit a
steep decay until E _=~700 keV. This point marks the

beginning of oscillations with an energy width of
AE ~1800 keV. With increasing impact parameter b the
starting point of oscillations is shifted towards higher ki-
netic electron energies, since larger values for b are corre-
lated with shorter reaction times AT in this model.

At first sight nothing fundamentally new can be
learned by studying positron emission in deep inelastic
heavy ion reactions. Considering collisions with a total
nuclear charge Z > 174, however, might be conducive in
finding an alternative approach to an experimental detec-
tion of spontaneous positron production.’®~!7 Figure
1(b) shows coupled-channel results for positron emission
in deep inelastic U+ U collisions at a bombarding energy
of E,;, =10 MeV/nucleon. Again, we have considered
trajectories including nuclear friction according to mod-
el,'° yielding an appropriate reaction time, as we learned
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FIG. 1. (a) Electron emission in deep inelastic U+ U col-
lisions at Ej,, =10 MeV/nucleon. The considered impact pa-
rameters are b =0, 2, 4, 6, 8, 10, and 15 fm. The dashed curve
shows a calculation for the case of elastic Rutherford scattering
in a central collision, i.e., b =0. Employing the trajectory mod-
el of Ref. 10, clear signatures for oscillations are visible for
small impact parameters b =0, 2, 4 fm. Delay times AT of up to
2.3X107% s are predicted in this model for central collisions.
(b) Coupled-channel calculations for positron emission in deep-
inelastic U+ U collisions for the same nuclear dynamics. The
dashed curve displays the result for a central elastic collision as-
suming pointlike nuclei.
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from the experimental data.?>”2® The total spectra

displayed in the figure are composed of s- and p;,,-
channel positron emission. For reasons of comparison we
also have shown the result for elastic Rutherford scatter-
ing in a central (b =0) collision, displayed by the dashed
curve. In case of p,,-positron emission the spectrum
consists solely of dynamically emitted positrons, due to
the time varying Coulomb field. Destructive interfer-
ences between the incoming and the outgoing branch of
the friction model trajectory cause the appearance of
spectra with emission probabilities notably below values
obtained in elastic scattering. The same argument holds
true for the s channel if spontaneous positron emission
would be omitted. Especially the curves for small impact
parameters b =0, 2, and 4 fm, where comparatively long
reaction times occur, contain a considerable fraction of
spontaneous positrons. Employing this argument the ra-
tio

b
! s+
[, ap:iv/dE, .bdb

i b”f dP’, /dE .bdb
—o € e

can be considered for sufficiently small impact parame-
ters. The differential emission probability dP:ir P/dE, .
contains also spontaneous positrons, whereas the same

quantity neglecting the vacuum decay is approximated by
2dP?, /dE .. Considering the system U+U at E,, =10

MeV /nucleon displayed in Fig. 1(b), this ratio increases
from 1.3 to 2.3 for kinetic positron energies in the range
E,=200-800 keV when using b,=4 fm and hence

yields an alternative tool to detect spontaneous positrons.

Obviously only reaction times AT <2X1072! s are
realized in the collisions considered so far, with the
consequence that oscillation patterns have a width of
more than 1000 keV. However, we may make a virtue of
necessity by extending our calculations to electron ener-
gies E,_>1 MeV. We defer the discussion of how this is

done technically to the corresponding section, where in-
termediate energy collisions are discussed. These extend-
ed calculations are not purely of theoretical interest but
are necessary to describe recent experiments in which 8-
electron emission has been measured for electron energies
up to E87=2500 keV, e.g., in 8.6 MeV/nucleon U+ Au

collisions.?® Furthermore experimentalists are planning
to extend the detections up to electron energies of
E_ =10 MeV and even beyond.

Untll now the extended coupled-channel code is avail-
able only for subcritical collision systems, i.e., where the
binding energy of the lso state remains located within
the particle-antiparticle gap, although, there is no funda-
mental difficulty to extend the code also for supercritical
collisions. For this reason we consider the heaviest sys-
tem, still remaining subcritical for central collisions at a
bombarding energy of E,,, =8.4 MeV/nucleon, when us-
ing the friction model trajectory according to Schmidt,
Wolschin et al.'®'* In Fig. 2 we display data obtained
from the extended coupled-channel code for the system
Th+Pb at E,,=8.4 MeV/nucleon. Differential emis-
sion probabilities of 6 electrons for kinetic electron ener-
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FIG. 2. Results of the extended coupled-channel code for 8-
electron emission from 8.4 MeV/nucleon Th+Pb collisions.
The calculations have been carried out for the impact parame-
ters b =0, 1 (upper part), 2, 3 (middle part), 4, 5, and 6 fm
(lower part) again employing the classical friction trajectories of
model.!° The total spectra are shown, which consist of the in-
coherent sum of s- and p, ,,-channel results. F=3s0,4p, ;0.

gies E, <10 MeV are displayed for impact parameters

b =0-6 fm. Only small oscillations having widths vary-
ing between AE =1.8 MeV and AE =6 MeV are predict-
ed by our calculations. These oscillations are more pro-
nounced for the p, , channel alone, being associated with
a stronger relative variation of the inner-shell molecular
P1,, states as function of the internuclear distance R.
For the displayed spectra we have listed the energy width
AE of the oscillations and the corresponding reaction
time AT in Table I as function of the impact parameter b.
Since the starting point of the oscillations varies in
dependence on the impact parameter between E,_~1
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TABLE I. Reaction times AT and widths AE for 8.4
MeV/nucleon deep-inelastic Pb+Th collisions. According to
AE=27#/AT the reaction time AT can be determined by
means of the energy width AE associated with the oscillations in
8-electron spectra.'®!® We have applied this procedure to Fig. 2
and obtain values AT for the reaction time being in agreement
with data extracted from the friction model trajectory'®!* of
Schmidt, Wolschin et al.

b (fm) AE (MeV) AT (1072 s)
0 1.76 2.34
1 1.83 2.25
2 2.20 1.87
3 2.64 1.56
4 3.08 1.34
5 4.41 0.94
6 5.90 0.70

MeV and Ee‘ ~2 MeV, and furthermore, since the wig-

gles exhibit different energy widths AE, they vanish when
performing an integration over impact parameters b.
The result of such an integration in the limits b =0 to 6
fm is displayed in Fig. 3. What remains is a bend in the
slope of the spectrum between 1 MeV=E _=<2 MeV.

Thus there is almost no chance to detect the oscillations
experimentally, unless one might be able to select col-
lisions associated with a sufficiently narrow impact pa-
rameter range Ab. However, even in this unlikely case
there is still the fundamental dispersion of the reaction
time due to quantal and statistical fluctuations. These
also tend to smear our oscillations in the §-electron spec-
trum.

III. COUPLING MATRIX ELEMENTS
AT HIGH ENERGIES

Before we discuss the coupled-channel results for -
electron and positron emission in intermediate-energy
heavy-ion collisions, some preliminary remarks concern-
J
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FIG. 3. Differential cross section for §-electron emission in
Th+Pb collisions at a beam energy of E,, =8.4 MeV/nucleon.
The data are obtained by integrating the differential emission
probabilities shown in Fig. 2 over an impact parameter range of
b =0 to 6 fm. Oscillations being visible for the individual im-
pact parameters vanish, instead a bend in the range 1
MeV <E _ =2 MeV and a change in the slope remains.

ing the matrix elements

aVy,
OoR

(pj) NG

_ 1
(Pj>_ E,—E; <‘Pi

which enter into the coupled-channel equations (5), are
necessary. In previous numerical calculations for K-
vacancy formation, 8-electron and positron emission in
collisions at beam energies in the vicinity of the Coulomb
barrier only continuum states with energies up to 3 MeV
were taken into account. However, in 20-100
MeV/nucleon collisions the high energetic tail of §-
electron spectra is of special interest, since it promises to
exhibit a strong sensitivity on the stopping time 7. This
can be understood by considering the scaling law derived
in Ref. 30 within the framework of first-order time-
dependent perturbation theory

o 18
Mij—<4’i oR

dP _ 2721+ Lra?)? E|R, 3
d—Ei—:NZ(E’Zwt)l —2‘%/- exp —-AﬁE(Rm/vw-i-ﬂ'T/Z) +Wexp —-Aﬁ—— T-i-zﬂr
2m)*(1+Lma?) AE :
exp |——— 7T , (8)
fHa,B) #i

where a=AE7/2#%, B=R,,AE /(#iv,), y=2R, /(v ),
and f(a,B8)=(2B8)*+(aln2)®. R, indicates the position
of the maximum in the coupling matrix element, being in
the vicinity of the contact point Ry, of the two nuclei.
N(E,Z,,) is a normalization factor being only weakly
dependent on the involved continuum energy E, - and v,,
is the initial heavy-ion velocity. Short stopping times 7
correspond to high electron energies E, - ~1/7. For this
reason matrix elements including high energy continuum
states are required. The problem here is that numerical

calculations exhibit oscillations in the matrix elements as’

[

function of the two-center distance R, starting at R <50
fm for sufficiently high continuum energies. These oscil-
lations reflect the shape of continuum wave functions for
high electron or positron energies.

In order to explain this we make use of an approximate
analytic expression for the matrix elements { f[3/3R i),
which may be evaluated by replacing the wave functions
with solutions of free particles.>® This procedure appears
reasonable for continuum wave functions with sufficiently
high energy
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Jix 0
M= N1
WE=NE| s )
]TX“—K
w+1
where

=k for k>0, [=—k—1 for k<0,
and

T=k—1 for k>0, I=—k for k<O .

p=(W?—1)"/? and S, indicates the sign of k. N is a
normalization constant. In (9) j; signify spherical Bessel
functions and y“ denote spherical spinors.*® For the
derivative of the two-center potential in the monopole ap-
proximation, its value for the interior region is taken

¥V, 2Ze?
=22 O(R/2—7r). (10)
3R R O(R/2—r)

The energy W=E —V, in Eq. (9) can be replaced by
W ~E for |E| >>m, so that the evaluation of the matrix
elements reduces to

1 R/2_ | 2Ze? 3
EF, [ v (1n
The integral (11) can easily be solved analytically. For
example, in the limit of large two-center distances R and
high continuum energies E, the following expression is
obtained for the radial coupling matrix elements between
the continuum states ¢ and P,

av, .
P, ) ~sin
(12)

oR
The electron momentum p thus determines the width of
the oscillations in the matrix elements.
As an examplé for the applicability of Eq. (12) we con-
sider the matrix element for the transition of a 1so elec-
tron into the state E,- =40 m,c? in the Dirac continuum

M;=

P;—pi

R+85 r,

E—1E<
PE,
; ; E,

T T 1 7T T T T T T T
015} 1
Pb+ Pb,matrix element
<Ee=4019Vy/ 0R11s6>/AE
< 010
@
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Y
oS
= 005
a
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e
o
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of positive frequencies. In Fig. 4(b), a wavelength of
A=121 fm can be deduced, precisely agreeing with the
analytical result similar to Eq. (12). According to this
equation the oscillation frequency increases about linear-
ly with the continuum energy for sufficiently large values.
In this range expressions similar to Eq. (12) yield quanti-
tative correct values for the wavelength, whereas
discrepancies arise when continuum states with small en-
ergies are involved.

Due to the variation of the first zero with continuum
energy, a fixed grid point distribution is no longer ap-
propriate for the tabulation of the matrix elements as
function of R. For this reason each matrix element car-
ries an individual grid point distribution in our extended
coupled-channel code. At least 29 values are stored in a
logarithmic distribution on R for each matrix element
until the first zero. For larger values the numerically
achieved results are fitted according to Eq. (12), so that
the matrix elements can be expressed analytically for
large two-center separations R.

We note that a certain care is required when integrat-
ing the system of coupled-channel equations (5) for high
continuum energies. Due to the high Fourier frequencies
involved, sharp bends of the integrand may generate
artificial numerical oscillations in the calculated spectra
of electron or positron emission. We have found that a
cubic spline interpolation yields sufficiently smooth
curves between the interpolation points.

In order to check the quality of the new extended
coupled-channel code with respect to the modified inter-
polation and extrapolation routines, we performed a cal-
culation for 8-electron emission in the system Pb+Pb at
a bombarding energy of E,, =5.9 MeV/nucleon. The
dashed curve in Fig. 5 displays the result of the extended
code, which is in excellent agreement with previous re-
sults although considerably fewer grid points on the ener-
gy scale have been used.

For beam energies beyond 10 MeV/nucleon, nuclear
scattering is highly inelastic, especially for small impact
parameters b. For our purposes we describe the nuclear
trajectory in the framework of a classical friction model

(b) -

Pb+Pb, matrix element
<Ee=4010Vy/dRI1s6>/AE

103 matr. el. (1 keVme2)

.

| SN SR SN NN S U T N SR S R N

200 300 400 500 600 700 800 900 1000
two centre distance R(fm)

FIG. 4. Matrix element for the transition of a 1so electron into the continuum state Ee _ =40 m,c? as function of the two-center

distance R in the system Pb+Pb. The numerically evaluated matrix element exhibits oscillations with a wavelength A being inversely
proportional to the electron momentum p. From part (b) of the figure a value of A=121 fm can be deduced.
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FIG. 5. Emission of § electrons with angular momentum
quantum number k= —1 in central Pb+ Pb collisions at a beam
energy of E;,, =5.9 MeV/nucleon. The full curve shows the re-
sults of previous calculations including 15 grid points in the en-
ergy range up to E!g _=6m,c?. The dashed curve is obtained by
the new, extended code, using only four points in the same
range at the energies Ee _=1.02, 1.5,2, and 4 m,c?.

as outlined in Ref. 37. According to this model the fric-
tion force is proportional to the nuclear overlap region
and also to the relative nuclear velocity. The Stokes-type
friction coefficient is labeled by K. For the Coulomb part
of the interaction potential the authors of Ref. 38 applied
molecular harmonic oscillator (MHO) densities, whereas
the nuclear potential has been evaluated within the
energy-density formalism according to Ref. 39 by using
the sudden approximation. In calculations for photon
and pion radiation the classical friction model mentioned
above has yielded satisfactory results.*® Table II displays
typical values for the stopping times 7 in dependence on
beam energy and friction coefficient K. We have defined
the stopping time 7 as follows: for example, the velocities
displayed in Fig. 6(a) are approximated by

Yo

t'_to
T

TABLE II. Stopping times 7 for central collisions obtained
by the classical friction model as described in Ref. 37 for the
system Pb+Pb. The data are listed in dependence on bombard-
ing energy Ey,;, and friction coefficient K.

v(t)=

1+exp

E,,,(MeV/nucleon) K(MeV fm?) 7(fm/c)
20 2500 8.7
20 5000 7.1
20 10000 6.2
60 2500 4.5
60 5000 3.6
60 10000 3.1
100 2500 34
100 5000 2.8
100 10 000 2.3
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At t =t the velocity has reached half of its value of its
offset, thus the stopping time 7 is defined according to

Yo
4ity)

With increasing values of the friction coefficient K the de-
celeration for central collisions becomes more abrupt and
hence the distance of closest approach at nulear overlap
decreases. As a specific example we show in Fig. 6 the
velocity and the two-center distance R as functions of the
collision time for the system Pb+Pb at E;, =60
MeV /nucleon and K =5000 MeV fm? at different impact
parameters b.

For the numerical evaluation of 8-electron spectra at
intermediate bombarding energies we use a classical
Rutherford trajectory down to a two-center distance of
R =30 fm. Subsequently we append the trajectory result-
ing from the friction model described above. Concerning
the exit channel of the collision no unique path can be
predicted since an undetermined number of fragments
will result for values of the impact parameter b <b,,,iy,, .
Fortunately, the explicit knowledge of the outgoing tra-
jectory is not required for the high energetic tail of 5-
electron or positron spectra. This part of the spectrum is

0.00 + Pb + Pb
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o -0.10 _J
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FIG. 6. (a) Velocity profile in 60 MeV/nucleon Pb+Pb col-
lisions versus collision time ¢ as function of different impact pa-
rameters b=0, 4, 6, 8, and 10 fm for a friction coefficient
K=5000 MeV fm® The stopping time increases with rising
values for b. Part (b) displays the corresponding two center dis-
tances as function of the collision time. With increasing impact
parameter b the value of R, rises, the time delay AT or reac-
tion time, respectively, however, decreases.
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determined entirely by the dynamics in the internuclear
collision zone. To be specific, we found that the leptonic
emission spectra for energies E +>10 MeV are invariant

when performing calculations with a full outgoing Ruth-
erford trajectory or, alternatively, using the amplitudes
obtained by artificially cutting off the collision. In con-
trast 8-electron or positron spectra for kinetic lepton en-
ergies E + <10 MeV depend on the explicit shape of the

exit channel and show oscillations which are a measure of
the reaction time. Omittance of the outgoing trajectory
yields exponentially decreasing spectra also for this re-
gion.

The invariance of the high energetic wing of §-electron
spectra with respect to the exit channel can also be recog-
nized from Fig. 7. The real part of the differentiated
transition amplitude d,;, z(¢) for an electron being ion-
ized from the lso state to continuum states with positive
energies E =24 MeV and E, =50 MeV, respectively,

is plotted versus the collision time. For the considered
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FIG. 7. (a) Real part of the differential transition amplitude
a5, g(1) for E _=24 MeV in a central E,,, =60 MeV/nucleon
Pb+Pb collision. Note that the maximum height of the ampli-
tude at >~ —0.15 A, /c coincides with maximum deceleration of
the internuclear velocity R. Part (b) shows the same for a con-
tinuum energy E,_=50 MeV. The ratio of |d . z(¢=—0.15
Ao /) /1@ sq,6(t =1.5—2A, /c)| increases with increasing con-
tinuum energy E _.

40

central 60 MeV/nucleon Pb+Pb collision the decelera-
tion occurs between ¢t = —0.5A,/c until £ =0. Roughly
speaking, the time integration of the coupled-channel
equations (9) obtains its main contribution for the ampli-
tudes a;, g(¢) before ¢t =0, when high continuum ener-
gies Eei are considered. Beyond this value, until t = + o

the integrand approximately averages to zero.

In our numerical calculations for the emission proba-
bilities of high energetic electrons and positrons at inter-
mediate bombarding energies we took into account eight
bound states for the s channel, six bound states for the p
channel, and for each partial wave, 50 states in the upper
and lower continuum, respectively. The grid points for
continuum energies have been distributed logarithmically
in the extended coupled-channel code. With increasing
energy E _ or E . thus an energy interval with a width

up to AE=3 MeV at E +=50 MeV is characterized by
one state.

IV. RESULTS FOR INTERMEDIATE ENERGIES

We now present some results for the system Pb+Pb at
intermediate bombarding energies. Although the exit
channel is unknown for sufficiently small impact parame-
ters b, we have assumed two-body kinematics described
by a Rutherford trajectory. Hence oscillations show up
in the energy range E =10 MeV caused by interference

effects. The latter reflect reaction times on the scale
1—2%1072! s and generate oscillations with a width
AE ~2-3 MeV. According to our calculations the main
contribution to the emission of high energetic electrons
or positrons results from the so channel yielding about a
factor of 10 higher emission probabilities compared to
the p, 0 channel.

Figure 8 shows for central Pb+Pb collisions the
dependence of the 8-electron emission probabilities on
the bombarding energies of E;, =20, 60, and 100
MeV/nucleon. Increasing the beam energy from
E,,,=20 MeV/nucleon to E;,, =60 MeV/nucleon, the
emission probabilities for high energetic 8-electrons rise
by about 2 orders of magnitude, whereas almost no
growth is observed when considering the results for
E,,=100 MeV/nucleon. Hence the emission probabili-
ties for high energetic 8 electrons show a saturation effect
with increasing beam energy. The reason for this behav-
ior can be explained by means of the underlying stopping
times, resulting from the applied nuclear trajectory. For
a friction coefficient of K =5000 MeV fm? the stopping
time reduces from 7=7.1 fm/c to 7=3.6 fm/c and to
7=2.8 fm/c when increasing the beam energy according
to E;,, =20, 60, and 100 MeV/nucleon, respectively.
Thus the bombarding energy exercises an influence on the
high energetic wing of the electron spectrum only
through variation of the stopping time 7.

The dependence of the emission probabilities on the
nuclear friction coefficient K can also be extracted from
Fig. 8. With increasing friction, i.e., shorter stopping
times 7, the spectra fall off less steeply, i.e., more highly
energetic electrons are emitted. For E ;=60
MeV/nucleon collisions the emission probabilities at
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FIG. 8. Excitation probabilities of the emission of high ener-
getic electrons in central (b =0) Pb+Pb collisions at the bom-
barding energies of E,,=20, 60, and 100 MeV/nucleon.
F=3s0,4p,,,0. The emission probabilities are plotted versus
kinetic electron energy for different nuclear friction coefficients,
i.e.,, K=2500 (dotted lines), 5000 (dashed lines), and 10000
MeV fm? (solid lines).

different friction coefficients differ at most by a factor of
10. In 100 MeV/nucleon collisions the stopping times
vary only between 7=3.4 and 2.3 fm/c for the considered
friction coefficients and hence the difference between the
corresponding spectra is smaller. The result of an inter-
gration over different impact parameters from b =0 to
b =14 fm for the same collisions is shown in Fig. 9. The
oscillations visible in Fig. 8 for energies £, - =10 MeV,
which were caused by interference effects between the in-
coming and outgoing path of the Rutherford trajectory,
average to zero since their position depends on the im-
pact parameter b. The dependence of the spectral slope
on the stopping time 7, however, is retained. Cross sec-
tions up to 20 nb/MeV results for the emission of elec-
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FIG. 9. Cross sections for electron emission in Pb+Pb. col-
lisions at impact parameters in the range of b =0 to 14 fm for
beam energies E,;,=20, 60, and 100 MeV/nucleon.
F=3s0,4p, 0. The dependence of the spectra on the friction
coefficient K is retained. The results for K =2500 MeV fm? are
indicated by the dotted lines. Note the saturation of the cross
section for K =5000 (dashed lines) and 10000 MeV fm? (solid
lines) when increasing the beam energy from E,, =60 to 100
MeV /nucleon.

trons with a kinetic energy of Eef=50 MeV, so that an

experimental detection could be feasible.

Up to now we have considered only the emission of
electrons in intermediate energy collisions, with the cru-
cial result that the number of electrons with high kinetic
energy depends essentially on the underlying stopping

~time 7. In Fig. 10 we show emission probabilities of so-

positrons in central Pb+Pb collisions at E,, =60
MeV/nucleon for a nuclear friction constant K =35000
MeV fm?2 In analogy to the electron emission discussed
above, the excitation probabilities exhibit a larger decay
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FIG. 10. Theoretical results for positron emission in 60
MeV/nucleon Pb+Pb collisions obtained by the extended
coupled-channel code. The emission probabilities are displayed
versus Kinetic positron energies Ee .+ for different impact param-
eters b=0, 2, 4, 6, and 8 fm and a nuclear friction constant
K =5000 MeV fm>. In order to save computer time, the outgo-
ing Rutherford trajectory has been neglected and hence no os-
cillations are generated in the energy range E <10 MeV.
Only the so-channel contribution has been considered in these
runs. F=3,,. For positron energies Ee+ <2 MeV, the spectra

exhibit a kinematic maximum similar to Fig. 1(b).

constant with increasing impact parameters b, since asso-
ciated with larger stopping times 7. The systematics of
the slope concerning different nuclear friction coefficients
K =2500, 5000, and 10000 MeV fm? is in close analogy
to 8-electron emission. The exponential decay constant
over the whole range of kinetic positron energies is not-
ably smaller as in the comparable electron spectra. This
is a consequence of the fact that for smaller kinetic ener-
gies E, + =5 MeV the emission probabilities for & elec-

trons exceeds the corresponding values for positrons by
up to 5 orders of magnitude. For high kinetic particle en-
ergies, however, the emission probabilities for § electrons
and positrons take on the same order of magnitude. The
slight deflection between E, =30 and 35 MeV in Fig. 10

hints at the circumstance that both, slope of the spectra
and also values for the emission probabilities, are approx-
imately of the same magnitude in 8-electron and positron
spectra for sufficiently high kinetic electron or positron
energies.

In principle, both the electron and positron emission
processes are suited to determine the nuclear stopping
time in intermediate-energy collisions. The experimental
detection, however, is complicated by the small values be-
ing predicted for the emission probabilities dP, . /dE
and dP, /dE _ at high kinetic particle energies. Furth-

ermore the discrimination against nonatomic direct pair
creation, resulting, e.g., from neutral pion decay*’~**

7®—y+e'+e” might be difficult. Considering these
difficulties it seems favorable to study the ratio
(dP,_/dE,_)/(dP, . /dE .) which should decay mono-

tonically with increasing E,+ energy and thus offers a cri-

terion to distinguish atomic processes from particle de-
cays with e * e emission.

V. CONCLUSIONS

In deep-inelastic heavy-ion reactions considered so far,
6-electron and positron emission have proved to be a use-
ful tool to measure the nuclear reaction dynamics, in par-
ticular reaction times AT (cf. also Refs. 45-47). The
latter can be defined as dwelling time in the region of nu-
clear overlap subtracted by the Rutherford collision time
for point-like nuclei. Therefore an extended coupled-
channel code has been developed, suited to evaluate emis-
sion probabilities for kinetic electron or positron energies
Eei up to 50 MeV instead of the formerly accessible limit

of 2 MeV. Furthermore beam energies up to E,, =100
MeV/nucleon can be considered now. In the present pa-
per we have investigated two collision systems with the
extended coupled-channel code. The system Th-+Pb
(Z=172) was examined with respect to 8-electron emis-
sion for kinetic energies E, - up to 10 MeV at a beam en-

ergy of E,,, =8.4 MeV/nucleon. For sufficiently narrow
impact parameter windows, oscillation patterns result
from coupled-channel calculations. Delay times between
AT=7X10"2?and 2.3X 102! s occur for impact param-
eters b, varying between b =0 and b =6 fm. These values
are in agreement with nuclear interaction or reaction
times resulting from friction model trajectories'®!* being
defined by the time interval between the minimum and
maximum of R /R subtracted by the elastic collision
time. We are now in the state to describe measurements
of §-electron and positron emission in deep inelastic reac-
tions for kinetic e “-energies up to 10 MeV.

In the study of intermediate energy collisions the main
goal is to determine the nuclear stopping time 7. As an
example we have applied the extended coupled-channel
code to the system Pb+Pb at 20, 60, and 100

MeV/nucleon. The nuclear trajectory was taken from a

classical model with an adjustable friction coefficient.
Figures 8—10 demonstrate the dependence of the high en-
ergetic wing of &-electron and positron emission spectra
on nuclear stopping time. Although the effect of different
stopping times on the slope of emission probabilities
versus kinetic particle energy is not so pronounced as
predicted in first-order perturbation theory,?>* the effect
still should be measurable. For Pb+Pb collisions at a
bombarding energy of E,, =60 MeV/nucleon we predict
the emission of electrons with a kinetic energy of 50 MeV
with a cross section of 20 nb/MeV.

We are grateful to T. Stahl for providing us with nu-
clear trajectories at intermediate energies.
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