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The dynamics of collisions between very heavy ions have been studied via their influence on the
positron and 8-electron spectra using the Tori spectrometer, a new magnetic transport system which
is able to measure positrons and electrons simultaneously. The spectra obtained in coincidence with
elastic scattering agree well at all measured energies with theory based on Rutherford trajectories,
while a steeper slope is observed in spectra measured in coincidence with dissipative collisions.
These spectra can only be described by calculations taking into account a nuclear contact time of up

to 2 10~ %' s in the collision process.

I. INTRODUCTION

In heavy ion collisions the two nuclei form, for a short
time, a quasiatom with rapidly changing Coulomb poten-
tial.! This induces the emission of electrons from all
levels—including those from the Dirac sea creating there-
by “atomic” positrons. The collision dynamics between
very heavy ions can be studied by the spectroscopy of
these particles as their spectral distributions reflect the
Fourier frequencies of the time evolution of the collision
process.? If the Rutherford trajectories are perturbed by
nuclear forces, the Fourier frequency spectrum and hence
the spectra of & electrons and positrons will be altered.
Experiments have been performed to study the dynamics
of elastic and dissipative heavy ion collisions by the spec-
troscopy of & electrons and positrons.

To get an understanding of the dynamically induced
positron and electron creation we outline here the main
aspects of this process within the framework of first order
perturbation theory.? For direct excitations of an
electron-positron pair the transition amplitude reads

a,-fz—f_wwdt(ﬂa/at}i)
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with E; and E; the total energy of initial and final state,
respectively. As the perturbation is caused by the time
evolution of the Coulomb potential, the amplitude can be
written as
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with p=p(0) the initial and final density of e* and e~ at
the origin, R the distance between the nuclei and
AE=E;—E; the mean transferred energy. Thereby rota-
tional coupling is neglected and only the monopole term
of the time-dependent Coulomb potential of the quasi-
atom is taken into account.

For elastic collisions the time between the extrema of

the R /R curve (Fig. 1, dashed line) can be defined as the
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collision time 27. Using the approximations introduced in
Ref. 2,

R/R=~t/(t?4+7?) 3)
with
27T~(2a /v)(e+1.64+0.5/€) 4)

(€ is the eccentricity, 2a the minimum distance of closest
approach, and v the projectile velocity), the energy-
differential production probability is obtained. For posi-
trons it reads
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FIG. 1. Time dependence of R (distance between the two nu-
clei) and R /R (R relative velocity).
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dP/dE_,~h(E_,,})/(E_, +2mqc?)?
><exp[—2?(Ee+ +2myc?)/H], (5)

where E_, is the kinetic energy of the positron and the
weak dependence of AE on the kinetic energy of the elec-
tron is neglected. The function h(Ee+,?) originates from
the square root term in Eq. (2) and is responsible for the
decrease of the positron intensity towards low energies
closely related to the Fermi function in the beta decay.
For electrons h(Eeﬁ,’t\) is nearly energy independent and

one obtains
dP/dEe_ ~(E__ +Ep )~ 2exp[ —2?(Ee_ +E,)/#] (6)

with E__ the kinetic energy of the electron and E, an ef-

fective binding energy. Hence the spectra of the emitted
electrons as well as the high-energetic tail of the positron
spectra are nearly exponential with 7 defining the slope
(Fig. 2, dashed line).

In contrast to elastic scattering, the motion of the nu-
clei in dissipative collisions is damped due to nuclear fric-
tion, i.e., the collision time is increased by t¢;,, (Fig. 1, full
line). This causes a phase shift Ap =AEt;,, /# between in-
going and outgoing production amplitudes (Fig. 3) which
for a fixed transferred energy leads to oscillations in the
production probability as a function of #;,,. Vice versa,
for a fixed nuclear contact time one obtains oscillations in
dP /dE where the period is given by h /t;, (Fig. 2: exam-
ples are the dashed-dotted and dotted lines). A distribu-
tion of interaction times smears out these structures and
yields a steeper decline of the spectrum in the energy
range around 1 MeV (Fig. 2: full line).

It should be stressed that this model describes direct ex-
citations with well defined electronic states. Dominantly,
multistep processes occur and the § electrons are emitted
from various quasiatomic levels. These effects are taken
into account by coupled-channels calculations.* Neverthe-
less, our simple model can be used to extract information
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FIG. 2. Calculated positron spectra for elastic and dissipative
collisions (see text).
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FIG. 3. The transition amplitude as a function of time for
elastic (dashed line) and dissipative (solid line) collisions showing
the phase shift Ag.

about the collision dynamics from the data as it repro-
duces very well the shape of the spectra. However, it does
not predict absolute intensities.

We studied time delay effects in the collision system
U + U at beam energies from the Coulomb barrier (5.9
MeV/nucleon) up to 10 MeV/nucleon. Comparing the
measured positron and electron spectra with theoretical
calculations, we test various reaction models (Sec. IV).
The nuclear contact time appears as an essential parame-
ter in this comparison.

A main difficulty in measuring positrons is caused by
their very low production probability. Additionally, they
are embedded in a background of electrons occuring about
10* times more frequently. Our new experimental setup,
the Tori spectrometer,” combines well a large efficiency
for positrons with a high suppression of electrons (Sec. II).
A crucial problem in studying positrons from atomic pro-
cesses is the contribution of positrons originating from
pair-converted transitions of excited nuclear levels. The
measured spectra have to be corrected for these positrons
before comparing with theory. The correction procedure
is described in Sec. III B.

In the discussion (Sec. IV) we first compare one mea-
sured spectrum with predictions based on three models
describing dissipative collisions. For simplicity, the elec-
tronic excitations are calculated using the perturbation
theory discussed above. Then one friction model is
chosen for the comparison with the data taken at the dif-
ferent incident energies. For this detailed analysis the
atomic processes are treated by the coupled-channels cal-
culations including also electron screening effects.* One
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part of this work is devoted to experiments with restricted
impact parameter regions. As one possibility, subgroups
of dissipative collisions are selected in the hope they
represent a small variation of nuclear interaction times
(Sec. IVB2).

II. EXPERIMENT

The systematic study of U + U collisions is the first ex-
perimental series carried out with a new type of magnetic
transport system, the so-called Tori spectrometer.’ It is
able to measure positrons and electrons simultaneously
without influencing each other. It consists essentially of
two quarter toroids forming an “S-shaped solenoid.” A
detailed description of the apparatus is given in Ref. 5.
Here we only explain the essential features of the instru-
ment.

The field of the Tori spectrometer has a 1/R depen-
dence with R the distance from the center of a toroid.
While in homogeneous magnetic fields charged particles
spiral around the field lines, the particles experience in the
Tori spectrometer different magnetic field strengths dur-
ing one turn which leads to a drift perpendicular to the
field lines and to the field gradient in opposite directions
according to the sign of their charges.

The main components of the apparatus are depicted in
Fig. 4. In the first quarter toroid, positrons and electrons
drift in opposite directions on their way to the middle
plane where they are spatially completely separated. Here
the electrons are absorbed by a semicircular diaphragm
above which a detector arrangement consisting of three
Si(Li) diodes is installed (see Ref. 5). Only a few of the
electrons scattered at the diaphragm or on the walls of the
tube can reach the second quarter toroid. Measurements
with beta and conversion electron sources show that the
suppression is nearly 10%1.

Positrons pass unhindered through the middle plane
and drift back to the central line in the second quarter
where they reach a Si(Li) diode with a diameter of 5 cm
and a depth of 5 mm. The advantage of this setup is a

middle plane
(diaphragm)

Nal-ring_crystal
e

7-detector

FIG. 4. The Tori spectrometer and its detection devices.

high transmission of 80% for particles with energies up to
650 keV and a slow decrease of transmission towards
higher energies.

In order to discriminate the positrons from scattered
electrons, their annihilation radiation is identified by a
four-sector Nal-ring crystal. Various conditions concern-
ing the numbers and the energies of the required Nal sig-
nals are used:’> The strongest one requires two photopeak
signals of 511 keV in opposite Nal segments, but then
only 5% of the emitted positrons are accepted. In the
weakest one a single ¢ ray within the energy range of the
Compton continuum or the photopeak in one of the Nal
segments is demanded (efficiency 40%). The analysis was
carried out under the condition of a coincidence between a
full-energy signal in one crystal and a Compton-
continuum or photopeak signal in the opposite one yield-
ing an efficiency of 15% in the maximum. It has been
verified that summing of the positron energy signal with
Compton-scattered annihilation radiation in the Si(Li)
diode can be neglected.’

The scattered heavy ions are detected by a pair
of position-sensitive parallel-plate avalanche counters
(PPAC) covering the angular range from 18 to 70 degrees.
The anode plane is divided into conic-sectioned copper
stripes corresponding to A@=2° which are connected by 2
ns delay lines. By reading out both ends of the delay-line
chain, double events in one counter can be detected and
the fission of one or both partners can thus be observed.
Additionally, scattered heavy ions can be distinguished
from fission fragments by the energy-loss signal. The an-
gular correlation allows separation of elastic scattering,
inelastic reactions and sequential fission as well.

In order to detect ¥ rays originating from nuclear reac-
tions, a 7.5X 7.5 cm Nal crystal is mounted at an adjust-
able distance of 30 to 80 cm from the target. The count-
ing rate and the spectral distribution of the ¥ rays allow
an estimation of the contribution of positrons created by
internal pair conversion as described in Sec. III B.

The experiments were performed with the UNILAC ac-
celerator at GSI delivering 23U beams of about 60 nA
(charge state 40+ ) at energies of 5.9, 7.5, 8.4, and 10.0
MeV/nucleon. The diameter of the beam spot at the tar-
get, defined by a slit system, was 3 mm.

The targets consisted of 500 ug/cm? 28U sandwiched
between '2C foils of 15 and 35 ug/cm?® Natural Tm tar-
gets of 500 pug/cm? and '®Pd targets of 1 mg/cm? were
used.

The data were collected with a PDP11/45 linked to an
IBM 308X for recording up to 10° events/s. With the
beam current indicated above, about one to five positrons
per second were observed.

III. DATA ANALYSIS
A. Data analysis and correction for detector response

The energy spectra of positrons, electrons, and gamma
rays are classified according to the collision process they
are produced in. The classification into elastic scattering
at various angles or dissipative collisions followed by
sequential fission with three- and four-body exit channels



at various Q values is done by kinematical windows in the
6,-0, plane (0, and 6, are the polar angles of the scattered
particles), by the number of detected fragments and by the
AE signal in the PPAC distinguishing fission fragments
from scattered U-like nuclei. To obtain the production
probability for the different classes the spectra are divided
by the particle counting rate obtained under the same con-
dition. Prompt events are selected in the usual way. As
an example, Fig. 5(a) shows the time difference between
gamma-ray and particle signals. The prompt peak has a
full width at half maximum (FWHM) of 2.5 ns (corrected
for the time of flight of the reaction products). Chance
coincidences are obtained from the number of coin-
cidences in neighboring micropulses. Gamma rays in-
duced by neutrons are separated due to the flight time.
They appear to the right side of the prompt peak.

Figure 5(b) shows a time spectrum between one Nal
segment and the positron Si(Li) diode. The FWHM is 12
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FIG. 5. Time difference between particle and gamma signals
(a) and between one Nal segment and the positron-diode signal
(b). The zero point is chosen arbitrarily.
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ns and the background from chance coincidences is negli-
gible ( < 1%).

Figure 6 shows a typical raw spectrum of positrons
(full-line histogram). An iterative matrix-multiplication
algorithm® was used to unfold the raw spectra with the
response function of the detector as determined with cali-
bration sources (dotted curve in Fig. 6). The energy-
dependent efficiency of the detectors was corrected for as
well.

B. Positrons from nuclear pair conversion

The determination of the so-called nuclear positrons is
one of the main problems in positron spectroscopy. One
possibility is to calculate this contribution by converting
the measured gamma spectrum dN (E,)/dE, into a spec-
trum of “nuclear” positrons. Each ¥ transition has to be
converted into a positron spectrum according to

dN(E_,)=dN(E,)dB/dE . (E,E ., Z,MA), (7)

where dfB/dE . is the pair conversion coefficient depend-
ing on the y energy E,, on the nuclear charge Z, and the
multipolarity of the transition MA. While in elastic
scattering the charge of the nuclei remains unchanged, in
dissipative collisions followed by sequential fission it is
sufficient to base the calculations on half of the uranium’s
charge, because the coefficients depend nearly linearly on
Z. The multipolarity of the transitions MA is unknown.
Figure 7 shows typical gamma spectra from elastic and
dissipative U + U collisions at different beam energies.
In order to investigate the multipolarity, experiments with
uranium beams on lighter target nuclei were carried out.
In earlier experiments’ with a broad variety of projectile-
target combinations, it turned out that the atomic posi-
tron production scales with Z!8~2° where Z,, is the united
charge of the collision system. Hence, below Z,~150
nearly all measured positrons stem from nuclear transi-
tions. In Fig. 8(a) examples of gamma spectra from these
so-called “background systems” with Z, =137 (U + Pd)
and Z, =161 (U 4+ Tm) are given. (For the U + Tm sys-
tem about 10% of the positrons originate from atomic
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FIG. 6. Example of a raw and unfolded positron spectrum of
the reaction U + U at 7.5 MeV/nucleon.
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processes and this contribution has been taken into ac-
count in the analysis.) The positron spectra measured
simultaneously and under the same kinematical conditions
are presented in Fig. 8(b) together with the ones calculated
from corresponding y-ray spectra. The pair conversion
coefficients dB/dE , of Schliiter et al.® have been used.
All positron spectra coincident to elastic scattering can
be reproduced assuming E 1 transitions in the energy re-
gion above 1 MeV. These transitions originate from
quasielastic processes which cannot be separated from
pure elastic scattering by our particle counters. As shown
in Fig. 8(b), the measured positron distribution meets the
calculated one. Assuming the transition to be either in
the projectile or in the recoil nucleus one obtains the two
calculated curves which differ at low positron energies.
As one expects, the experimental data lie in between.
Since an E 1 multipolarity is valid for a variety of col-
lision systems at different kinematical conditions, the
same multipolarity can be supposed for elastic collisions

R. KRIEG et al.

of U+ U.

Dissipative collisions lead to high nuclear excitations.
In analogy to (HI,xn) reactions, the y spectra have been
decomposed into a low-energy part with an exponential
slope (collective E2 transitions) and a part reflecting sta-
tistical transitions. Figure 9 shows the spectral distribu-
tions of ¥ rays and positrons from dissipative U + Pd col-
lisions at 8.4 MeV/nucleon. Assuming an E 1 multipolar-
ity for the high-energy transition the positron spectra
(lower part of Fig. 9) can be reproduced by converting the
measured y spectra according to the ratio of the two con-
tributions. Neither a single multipolarity (E 1 yields too
high and E2 too low calculated production probabilities),
nor a simple mixture can reproduce the measured shape.
The situation concerning the charge of the reaction prod-
ucts is simple because only the uranium fissions, yielding
two Pd-like nuclei. As the outgoing products are the
same in the dissipative U + U collisions, the same mul-
tipolarity can be supposed.
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FIG. 7. Some unfolded y-ray spectra above 1 MeV from U + U collisions.
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FIG. 8. (a) y-ray spectra from collisions between uranium and lighter nuclei. (b) Positron spectra from the same reactions as

shown in (a). The lines represent the spectra calculated with the noted charges and the multipolarities described in the text.

- ~.| v ] M 1 v L] A 1 T 1 .l‘ T M T M T M T v T :
I E2 ™ 8.4 MeV/nucleon E2 8.4 MeV/nucleon
3 10%F L, FISSION FISSION E
x F E
E [ Uu=+U ]
w - /”‘——_-; r" --------

R 107 E 7 ;7 E
s f/ / :
- ]
107 &/ . =
3 1 " 1 1 " A B 1 N Ly 1 . L3
0 500 1000 1500 2000 2500 30000 500 1000 1500 2000 2500 3000
energy (keV) energy (keV)
T T T T T T T T T T N T T T
e | ] P i ]
o 8.4 MeV/nucleon o & 8.4 MeV/nucleon
X FISSION X i Hiﬁ FISSION
> 2 B I 7 > 2 - H g -
o U+ Pd 2 t us+u
S b 1 S H % :
w ¥ ! Wor 2 gi&é -
Q Q
.c ..... .o
o L P T S S [ A S L ST S | i
0 500 1000 1500 2000 0 500 1000 1500 2000

energy (keV)

energy (keV)

FIG. 9. Upper part: Decomposition of gamma spectra in an exponential part and one reflecting statistical transitions. Lower part:
Corresponding contributions from E 1 (dashed line) and from E2 (dotted line) to the calculated positron spectra (full line) from inter-
nal pair conversion.



568 R. KRIEG et al. 34

T l 1 ' T
O® 5.9 MeV/nucleon
Om 6.1 MeV/nucleon
AA 7.5 MeV/nucleon
Oe 8.4 MeV/nucleon

LU
L1111

T
1

A Fission V'V 10.0 MeV/nucleon
= 1 =
> F 3
v ot &2 Elastic j
L U+U 8 e -

Rit=16.85 fm TBo
01 X . ! M
0.5 1.0 1.5

Rmin / Rin’c
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two different slopes.
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One should note the importance of measuring gamma
spectra with the same kinematical conditions as the posi-
tron spectra, since not only the contribution of different
multipolarities can change, but also the average gamma
multiplicity varies. The measured y-ray multiplicities
(M, ) for gamma energy above 1.2 MeV is shown in Fig.
10 as a function of the distance of closest approach R;,.
Two different slopes can be seen corresponding to elastic
scattering and dissipative collisions. This figure shows
the consistency of our analysis. It is not straightforward
to find a physical interpretation of these trends as (M, )
does not contain y rays below 1.2 MeV which essentially
carry the angular momentum information. While nuclear
excitations grow strongly with bombarding energy, it is
interesting to note that the production probability for
atomic positrons increases even faster. This is shown in
Fig. 11 where the measured positron spectra and the cal-
culated contributions from nuclear pair conversion are
presented. The fraction of “nuclear” positrons decreases
in relation to all positrons.
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IV. RESULTS AND DISCUSSION

The collision system U + U was studied from the
Coulomb barrier up to 10 MeV/nucleon incident energy.
First we discuss electron and positron spectra associated
with elastic scattering at various energies in order to test
whether the total yield and energy distribution can be
described in the framework of the above mentioned
theoretical approaches assuming Rutherford trajectories.
In Sec. IV B the same approach is applied to the positron
and electron spectra measured in dissipative collisions us-
ing trajectories from different reaction models.

A. Positrons and electrons from elastic U + U collisions

In this subsection positrons and electrons emitted in
elastic collisions from the Coulomb barrier up to 10
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MeV/nucleon are discussed. Figure 12 shows positron
spectra which mostly exhibit structureless shapes. These
are well described by coupled-channels calculations* using
Rutherford trajectories with normalization factors of
0.7—1.0. The analogous electron spectra (Fig. 13) are also
well described by the same theoretical framework; howev-
er, normalization factors of 1.35 and 1.6 are needed. Note
that the difference in production probability between posi-
trons and electrons amounts to 4 orders of magnitude.
Figures 12(a) and 12(b) show atomic positron spectra
from the U + U collision system at 5.9 MeV/nucleon in-
cident energy, where only elastic scattering is expected.
The spectral distribution of positrons from peripheral col-
lisions (a) agrees well with the theory of dynamically in-
duced (atomic) positrons normalized with a factor of 0.7.
The slope of the electron spectrum [Fig. 13(a)] obtained
under similar kinematical conditions also shows good
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FIG. 12. Positron spectra from elastic U + U collisions at various incident energies.
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electron spectra
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FIG. 13. Electron spectra from U + U collisions at 5.9 and
10.0 MeV/nucleon beam energy.

agreement with the coupled-channels calculations.*

The spectra in Figs. 12(b) and 13(b) represent the more
central collisions (6.5 fm <b < 11.5 fm). Compared with
theoretical calculations scaled with the same factors as
above, the positron spectrum shows an enhancement of
20% around 300 keV. This might be correlated with the
observation of peak structures reported elsewhere.” Line-
shape structures in positron spectra around 320 keV have
been observed in heavy collision systems at the Coulomb
barrier. These structures have attracted a lot of interest
but are unexplained up to now. In a different experiment
oriented to this point we observed peak-like structures
when requiring special kinematical conditions. They ap-
pear less pronounced than reported in Ref. 9. These re-
sults will be the subject of a forthcoming paper.

The experimental points for electrons around 1 MeV lie
above the theoretical line [Fig. 13(b)]. This enhancement
is not understood and could arise from nuclear transitions
via conversion processes in 23¥U. The corresponding y
spectra (see Fig. 7) show no significant enhancement,
therefore suggesting EO transitions.

At 7.5 MeV/nucleon the positron spectra are presented
for two impact parameter regimes defined by the labora-
tory scattering angles 25° <6 <37° and 37° <0 <45°. The
experimental points measured close to the grazing angle
deviate from a smooth distribution showing an unexpect-
ed bumplike structure. Quasielastic processes might be
the origin.

The positron spectra obtained at 8.4 MeV/nucleon and
10 MeV/nucleon shown in Figs. 12(e) and 12(f), respec-
tively, exhibit smooth curves which agree well with the
theory. The ¢y-electron spectrum measured at 10
MeV/nucleon under the same kinematical condition as
positrons is shown in Fig. 13(c). To describe the data the
theoretical values have to be multiplied by a factor 1.6.

In summary, positrons and electrons emitted in elastic
collisions are well described in shape by theory; the calcu-
lated intensities have to be decreased for positrons (~0.8)
and increased for electrons (~1.5). Some spectra ob-
tained under selected kinematical conditions show an
unexplained enhancement.

B. Positrons and electrons associated
with dissipative collisions

Positron spectra from dissipative U + U collisions were
measured at 7.5, 8.4, and 10 MeV/nucleon and at the
latter energy S-electron distributions were also obtained.

Dissipative collisions in the U + U system are well dis-
tinguished from elastic and quasielastic processes since at
least one and usually both reaction products fission. This
property of the U + U system leads to a broad distribu-
tion of the outgoing fragments in the angular correlation
plane as shown in Fig. 14(a). By our counter positioning
we detect an unbiased ensemble from all impact parame-
ters as verified by Monte Carlo calculations.

In Sec. IVB2 selected subclasses of dissipative col-
lisions are discussed. The identified three- and four-body
events [Figs. 14(b) and 14(c)] reflect different impact-
parameter regimes.

In the theoretical calculations the trajectory of a binary
system is considered, which implies that fission does not
modify the electron emission in the observed energy
range. This assumption is justified by measurements'
showing that fission occurs when the two nuclei are
separated by at least 100 fm. However, at higher energies
this is not necessarily true and a fast breakup could hap-
pen. Such a process would yield very different positron
and electron spectra.*

1. Nuclear contact times and test of reaction models

The electron spectra obtained in coincidence with two
different reaction mechanisms are shown in Fig. 15. The
upper part again shows the data from elastic scattering
exhibiting good agreement with the calculation. Electrons
originating from dissipative collisions (lower part) exhibit
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700

200 0,
FIG. 14. 6,-6, correlation between the emitted fragments in
the collision U + U at 10.0 MeV/nucleon. (a) All events exhib-

iting two classes: elastic scattering with 6,+6,=90° and
sequential fission observed by their broad distribution. (b) Only
identified four-body events. (The given angles refer to the aver-
age of the measured angles.) (c) Only identified three-body
events. For (b) and (c) see text Sec. IVB2.

a steeper slope than expected for elastic processes. Their
shapes cannot be reproduced using Rutherford trajec-
tories. One has to adopt trajectories determined from a
reaction model which is adequate for deep inelastic pro-
cesses. Among many different models of deep inelastic
reactions three were chosen to calculate trajectories.

The two macroscopic friction models use classical equa-
tions of motion and a Coulomb and proximity potential.
In the one proposed by Birkelund et al.,!! the friction
coefficients, which are the essential quantity, are fitted
mainly to fusion reactions where heavy-on-heavy systems
are hardly considered. Schmidt et al.'? apply a dominant
radial friction factor which leads to a fast deceleration
when the two nuclei approach. This can be seen from
Fig. 16 which shows the interaction distance as a function
of time for the various models. Schmidt et al. only simu-
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FIG. 15. Electron spectra from elastic scattering and fission
reactions compared with scaling-model (Ref. 2) calculations
based on different reaction models.

late the neck formation to yield the Q values as measured
in damped collisions while Feldmeier'® treats the defor-
mation of the nuclei in detail. In Feldmeier’s model the
motion of the nuclear matter follows a Langevin equation
with collective degrees of freedom describing the shape of
the system. It should be mentioned that this model in-
cludes a fluctuation force, but for the calculations used in
this paper only the mean trajectories are taken.'* The
latter model leads to a smoother trajectory than the one of
Schmidt et al. In both models the trajectories strongly
deviate from Coulombic ones and significant nuclear in-
teraction times result. The definition of the quantity ¢;,,
can be seen from Fig. 1 and the values obtained by these
models are given in Fig. 17 as a function of the impact
parameter.

One should remember that the parametrization of R /R
implies an interaction time defined by the maxima of the
R /R curve. In the perturbation model? it is assumed that
the distance R does not vary during this time. In this
respect, the trajectories of Schmidt et al. are best suited
for the calculation. Our definition still yields well-defined
interaction times, e.g., for the realistic trajectories of Feld-
meier. It turns out that ¢;;,, indeed reflects the time of nu-
clear interactions, as the maxima of R /R in the outgoing
trajectory occur just at the instant when the trajectories
become Coulombic.

The results of these calculations are compared in Fig.
15 with the experimental data. The slope of the measured
production probability as a function of the electron energy
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FIG. 16. Time dependence of the internuclear distance ac-
cording to various reaction models.

is well reproduced by the two friction models of Schmidt
et al. and of Feldmeier. The interaction times are about
2% 10~%" s for the most central collisions (see Fig. 17).
Since there is no significant difference between the calcu-
lated results, the positron spectra are analyzed in the
framework of the Schmidt model only.

The shape of positron spectra associated with deep in-
elastic collisions of U + U at all studied bombarding ener-
gies are in good agreement with theoretical results based
on the friction model of Schmidt et al. (Fig. 18). Multi-

l& T T T T T T T T T T !
U+ U 10 MeV/nucleon
3 4
.. Feldmeier
e -

Schmidt et al.
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FIG. 17. Nuclear interaction times vs impact parameter cal-
culated from the various reaction models.
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FIG. 18. Comparison of measured and calculated positron
spectra for dissipative collisions at 7.5, 8.4, and 10.0
MeV/nucleon.

plication factors of 0.8, 0.8, and 0.95 for the incident ener-
gies 7.5, 8.4, and 10 MeV/nucleon, respectively, are used
while the calculated electron spectra have to be normal-
ized with 1.6 to fit the data as it was found studying elas-
tic collisions. The predictions based on Rutherford trajec-
tories differ significantly as it was found for § electrons.
This model yields nuclear interaction times up to
1.2x 10725, 1.7 107 2! 5, and 2.1 1072! s for dissipa-
tive reactions at 7.5, 8.4, and 10 MeV/nucleon, respective-
ly.

The normalization factors between theory and the ex-
perimental result show the same trend as already found
for elastic scattering. At present it is not understood why
the theory slightly overestimates positron and underesti-
mates 8-electron production probability. To a small ex-
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tent the variation of the normalization factors could result
from errors in the efficiency determination (error +5%),
as there were two experimental series (one at 5.9 and 10.0
MeV/nucleon and the other at 7.5 and 8.4 MeV/
nucleon). Possible errors in determining the contributions
from nuclear transitions alone cannot explain the varia-
tion. Both for the positron and electron production a
clear trend can be seen showing normalization factors in-
creasing with bombarding energy.

A different method to study nuclear contact times in
U + U collisions at 7.5 MeV/nucleon incident energy was
used by Stoller et al.'® In their analysis they considered
only the very rare events with Q values up to —200 MeV
that still yielded two U-like stable nuclei. From the corre-
sponding K-shell ionization probability, nuclear reaction
times of about 1 10™2! s were extracted.

Nuclear contact times can also be extracted using sim-
ple classical assumptions to deduce the deflection function
from the experimental cross sections d’o/dE df. In Ref.
16 this method is applied to the results of the reaction
U+ U at 742 MeV/u (Ref. 17). This model-dependent
procedure has been studied in detail also in Ref. 18 and
yields nuclear contact times up to 5 102! s.

2. Positrons from subgroups of dissipative collisions

While in the previous chapter all dissipative collisions
are studied in total, we will now discuss subgroups of
identified three- and four-body events which may be as-
cribed to selected ranges of impact parameter. As men-
tioned in the intreduction, the selection of impact parame-
ter regimes allows a more detailed study of dissipative re-
actions via electron and positron spectroscopy.

Due to the double readout of the PPAC it is possible to
detect both fission fragments in a single counter. Figure
14(b) shows the subgroup of four-body events, where each
PPAC has detected two fragments. The average of the
two angles in one counter is presented which corresponds
roughly to the primary scattering angle of the fissioning
nucleus. The large opening of the fission cone leads to a
decreasing detection efficiency towards the edges of the
counters. Therefore mainly events with primary angles
around 45° are detected. In many cases one fragment
misses a counter and could be misinterpreted as a three-
body event. To distinguish these from true three-body
events a AE signal characterizing U-like nuclei is required
in the counter with one hit. The class of true three-body
events is shown in Fig. 14(c). Two distinct groups can be
seen: (i) collisions with high Q values and laboratory
scattering angles around 30°—50°, and (ii) collisions with
low energy loss and scattering angles close to the grazing
angle.

From the angular correlation Q values have been calcu-
lated neglecting mass transfer and geometrical effects (see
below) and are shown in Fig. 19. The distribution corre-
sponding to three-body events contrasts with the Gaussian
shape of four-body events. The mean energy loss of class
(i) is even higher than that of four-body fission. The two
classes of three-body events can be explained as there are
two possibilities for uraniumlike nuclei to survive: (i) A
large mass transfer yields one “light” fragment (Z < 82)
which hardly fissions. This process happens for high Q
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FIG. 19. Q-value distributions of three- and four-body events.

values. (ii) In peripheral collisions the nuclei are excited
much less.

The Q values in Fig. 19 are determined under the as-
sumption that the average between the two polar angles
yields the primary scattering angle as mentioned. In order
to estimate systematic errors and the precision of this pro-
cedure a Monte Carlo program was developed to simulate
sequential fission. For the primary reaction, impact-
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FIG. 20. Impact parameter distributions of various dissipa-
tive processes (dashed and dotted lines) and the fraction detected
by the particle counters (histograms).
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FIG. 21. Comparison of positron spectra associated with different impact parameter regimes.

parameter-dependent Q values'? and a deflection function
proposed by Schmidt et al.'? and a fixed mass distribu-
tion extrapolated from Ref. 17 were used. The sequential
fission is calculated using total kinetic energy (TKE)
values from the Viola systematics'® and fission fragment
mass distributions suggested by Ref. 20. The width of the
mass distribution affects the results very little. Using
these Monte Carlo simulations the Q values presented in
Fig. 19 have been corrected and a mean Q value of four-
body events of —395 MeV with an error of +70 MeV is
obtained. The two classes of three-body reactions corre-
spond to Q values of —50 and —450 MeV, respectively,
with an error of +70 MeV.

In a second step we study the repartition into three- and
four-body events. Using a deflection function'? in these
calculations, impact parameter regimes leading to the
various processes are obtained. The dotted and dashed
lines in Fig. 20 represent the distributions of three- and
four-body reactions. Their shapes are adjusted to fit the
measured 6,-0, distribution shown in Fig. 14. The histo-
grams in Fig. 20 represent the fraction of events detected
by the counters. Again, the two classes of three-body
events are seen: peripheral (ii) and central (i) collisions.

In Fig. 21 the measured positron spectra corresponding
to all dissipative collisions, to identified four-body and to
class (i) three-body events, are compared with coupled-
channels calculations which are based on the impact pa-
rameter selection given in Fig. 20. The calculated slopes
become only slightly steeper when choosing more and
more central collisions. Within the limited statistics the
data agree with the theory. Very clearly the absolute yield
increases by 10% from all reactions to the four-body
events and again by 20% from four-body to three-body
central-collision events. This agrees with the theory and
proves that more and more central collisions are selected.

As mentioned in the introduction oscillations in the
spectra are observable if the range of interaction time is
sufficiently narrow. As impact parameters and interac-
tion time are correlated (see Fig. 17) the presented selec-
tion is a promising step towards the observation of fluc-

tuations. The limited statistics do not allow for a finer
analysis, e.g., further restriction of the impact parameter
range via additional Q-value cuts. This possibility will be
investigated extensively in future experiments.

V. CONCLUSIONS

Elastic scattering and dissipative collisions of U + U
were studied at various incident energies from the
Coulomb barrier (5.9 MeV/nucleon) up to 10 MeV/
nucleon. Both the positron and the electron spectra asso-
ciated with the two mechanisms show significant differ-
ences. The spectra are compared with theory using Ruth-
erford trajectories and trajectories from models for deep
inelastic collisions. The main results are as follows:

(i) Measured positron and 8-electron spectra associated
with elastic collisions of the U + U system up to 10
MeV /nucleon are well reproduced by the theory assuming
pure Rutherford trajectories. Positrons emitted under
selected kinematical conditions at bombarding energies
5.9 and 7.5 MeV/nucleon exhibit an approximately 20%
enhancement for positrons and electrons of certain ener-
gies. This observation might be correlated with the mea-
sured line structures reported elsewhere.’

(ii) The positron and &-electron spectra obtained in
coincidence with dissipative collisions exhibit much
steeper slopes in the measured energy range than expected
from calculations based on Rutherford trajectories. This
effect can be explained assuming contact times up to
2Xx 10~ 5. Positron and 8-electron spectra give a new
possibility to test reaction models. This is demonstrated
by one measured &-electron spectrum which is compared
to calculations using trajectories from three different fric-
tion models. The shape is reproduced best by the models
of Schmidt et al.'? and of Feldmeier.'?

Subgroups of the dissipative collisions had been
separated via the division into three- and four-body
events. The associated positron spectra show that dif-
ferent ranges of impact parameters are selected. The tech-
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nique of impact parameter selection gives hope to observe
in future experiments the oscillations which allow a
model-independent determination of nuclear contact
times.

(iii) The shape of the positron and electron data both
for elastic and dissipative collisions are well described by
coupled-channels calculations. Their absolute yields have
to be normalized by factors ranging from 0.7 to 1.0 for
positrons while the electron emission is underestimated re-
quiring normalization factors of 1.35—1.6.
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