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1. INTRODUCTION
Since more than 10 years positron production has been the subject of extensive experimental
and theoretical work. The positrons are emitted from heavy-ion collisions like ¥%U + *1Ta at
projectile energies slightly above the Coulomb barrier. The surprising and unexpected dis-
covery are the sharp lines observed in the energy spectra of positrons. These peaks have
been observed in two distinct experiments, all carried out at the UNILAC accelerator of the
Gesellschaft far Schwerionenforschung (GSI) [Sch83,Cle84,Cow85,Tse85). The observed
width of the positron peaks is typically AE~ 80 keV corresponding to emitter velocity values
of v_,,~005 ¢, ie. in the order of the heavy-ion center-of-mass velocity. The narrowness of
the observed peaks indicates that the associated time scale is much longer than the average
collision time (~102sec) . The fact that similar peaks appear in a number of different
beam-target combinations suggests a fundamental process, independent of the structure of
target and projectile.
Subsequent experiments have shown the existence of similar peaks in the energy spectrum
of electrons measured in coincidence with peak positrons [Cow86,Koe89,Sai80] This corre-
lation between the positron and electron energies produces peaks in the sum-energy of the
two. The three most prominent coincidence peaks are observed at sum-energies of
E;~610, 750 and 815 keV. These mean sum-energies match nicely with the measured
positron singles line energies at essentially half the sum-line energies. The line widths, AE;
amount to values of <40 keV which are much narrower than those in the singles spectra.
This experimental result together with the nearly equal energies of positron and electron has
been taken as possible evidence for the two-body decay of an isolated, slowly-moving neutral
object as the origin of the peaks.
The situation became more complex since in various collision systems, investigated with
higher experimental sensitivity, several e*e- sum-energy lines were found, exhibiting a rather
complex pattern of angular and energy correlations. Fig. 1 displays the impact parameter de-
pendence of the production probability of the 748-keV line of ¥ 4 ®¥'Ta. The pair emission
probability is plotted as a function of the distance of closest approach D. Obviously, the line
production probability is strongly correlated with this kinematic parameter and is maximal for
values of D around 18 fm, i.e. close to the nuclear interaction radius for this system. An ex-
ponential increase with decreasing radial separation between the two heavy ions appears to
characterize the data. Such an exponential behaviour of the probability are also typical for
nuclear reactions in peripheral collision.
For the 748-keV sum-energy line an excitation function was also measured in the energy range
between 5.3 MeV/u and 6.8 MeV/u {fig.1). This line has been observed in five separate meas-
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urements with beam energies between 5.93-6.16 MeV/u. For beam energies below and above
this energy region no narrow e‘e- sum-energy line was found. The observed resonance or
threshold like energy dependence does not fit into any conventional nuclear transfer process.
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Fig. 1: Kinematic dependence of the 748 kdV sum-energy line of 3% + %'Ta . (Left): Depend-
ence of the production probability on the distance of closest approach. (Right): Observed yield
of line events per collision versus beam energy.

Since the initially suggested simple two-body scenario no longer offers a viable explanation
for the major part of these data, the origin of this phenomenon remains a puzzle.

In this paper the results of the electron-positron puzzie will be compared with measured
excitation functions and angular distributions for the one-neutron transfer reaction in the
nearly identical heavy-ion system U + "WAu . A short review of the elastic scattering is given
in the following chapter. The new correlation between elastic scattering and nucleon transfer
reaction will be presented in the third chapter. Finally, nucleon transfer reactions between
heavy ions will be discussed for which the positron lines have been discovered.

2. ELASTIC AND INELASTIC SCATTERING OF TWO HEAVY NUCLEI

The most straightforward way to the understanding of scattering of two heavy nuclei is ob-
tained in the semiclassical approach. For large values of the Sommerfeld parameter »n and
large values of the wave number k_ the motion of the centers of the colliding nuclei can be
described by classical orbits. In the following the resuits of the elastic scattering and one-
neutron transfer reaction will be presented in dependence of the distance of closest approach
D associated with classical orbits.
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D = nfk_(1 + 1/ sin ~;- 8m) )

In such a representation, effects due to the nuclear interaction become nearly independent
of dynamical quantities such as the bombarding energy. This can be understood because of
the short range of the nuclear force which is strongest at the distance of closest approach.

: ;
. ! E m -
§ ok 23274 206Pp i
3} 18 w}
| Ew=298Mev i3 |
8 4
1 el
oo‘ Y L A, L A i Y i i 1 o N
" % L} 20 22 24 %
D (fm)

Fig. 2: Cross section for populating the 8+ level divided by a calculated cross section versus
the distance of closest approach D for the 222Th + 2%Pb at 1298 MeV (left). Right: Absolute
cross sections for the inelastic scattering as a function of D. The dashed line represents the
total reaction cross section.

Figure 2 shows the experimental cross section for the 8+ level divided by a theoretically cal-
culated cross section versus the distance of closest approach D for #2Th bombarded with
28ph projectiles at an incident energy of 1298 MeV [Boe86]. Particle-y coincidence techniques
were used to identify excited states of reaction products populated through inelastic scattering
and in nucleon transfer reactions. It should be noted, that the experimental cross section in-
cludes both the direct population through the reaction as well as the indirect population
through feeding from higher lying levels during the deexcitation process. Since the cross
section saturates for [ < 8 and a direct population of the lower lying states is only a negligible
portion of the total yield, the experimental (8+-6*) yield can be considered to be the total
probability for producing an elastic + inelastic collision. The theoretical cross sections are
based on semiclassical Coulomb excitation calculations using B(E2,0+—2*)=9.21 e®?
[Bem73] and the rigid rotor model for the other relevant E2 matrix elements within the ground
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band. For bombarding energies well below the Coulomb barrier (V. =648 MeV for the
MTh + 2Ph system) the cross section can be calculated by the Rutherford formula

dogun

= 22(D — a) o))

where a = n/k_, is half the distance of closest approach for head-on collisions.

For energies above the Coulomb barrier angular distributions of the elastic and inelastic
channels typically exhibit a Fresnel-type diffraction pattern with comparatively little structure
and a sharp drop in the ratio of elastic scattering to Rutherford scattering as soon as the two
nuclei penetrate to distances less than the nuclear interaction radius R,,,. The transition from
Coulomb scattering to nuclear absorption within a narrow and weli-defined region of distances
near R, {fig.2) leads to simple relationships for elastic scattering and reaction cross sections,
which are of an essentially geometrical nature and do not depend on details of nuclear
structure. A particularly simple parameterization of elastic scattering data is the semiclassical
method suggested by Broglia et al {[Bro72]. This_allows the use of the following formuta:

dog dogutn
k= [1 = Paps(D)] — @

for elastic scattering, where [1— P, (D)] is an attenuation factor’ of the Rutherford cross
section. The missing flux is going into different reaction channels and the reaction cross sec-

tion is therefore given by

dogeac dopuin
dbD = abs(D) dD (4)

The -attenuation factor’ [1 — P,,.(D)] used to fit the elastic scattering data can be written as

[1—Paps(D) = exp{ - —:— J-w W[f(l)]dl} ®)

where W is identified with the imaginary part of the optical model potential [Bas80]. For the
potential W one can use the proximity potential, which depends only on the distance
() — C, — C, between the surfaces of the nuclei.

®

WLr(H] =W, exp[ _M-6-C ]

aw
where a, denotes the diffuseness of the potential. Assuming an undisturbed Rutherford tra-
jectory, the integral can be given analytically since the absorption from the elastic channel
takes place in the vicinity of the turning point {r{l) =D].

D~-Ci—-C
e e 255 o
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where v is the initial beam velocity. For all heavy ion systems the nuclear radii C,, C, for

projectile and target nucleus can be calculated from an empirical formula [Wil80], while the
deo,,
doqum
a, is fitted to the elastic scattering which varies from the Ni+Ni system to the Th + Pb system

parameter W, is fixed by quarter-point condition

(Ri) = 1/4 . The only free parameter

only between 0.6-0.8 fm.
In fig. 2 (right) the experimental data for the 8+—6* transition of the ground band of #2Th are
compared to the classical calculations of eq.7. For comparison the Rutherford cross section

and the calculated reaction cross section (eq.4) are indicated by the dotted and dashed line,

respectively.

3. RELATIONSHIP BETWEEN ELASTIC SCATTERING AND NUCLEON TRANS-
FER REACTIONS

Nucleon transfer reactions with light and medium heavy ions have proven to be a selectlive
probe for the understanding of single particle and collective nuclear properties. in contrast to
light projectiles heavy ions offer the possibility to study new phenomena which originate in the
much larger Coulomb contribution to the total interaction. In particular, heavy deformed nuclei
will be Coulomb excited by the strong electromagnetic field to high spin states already at the
time when they start interacting through the nuclear forces. In order to explore these aspects
an estimate of the absolute transfer cross section is of great interest.

Fig. 2 (right) shows the calculated reaction cross section for the #2Th + 2Pp system at 6.3
MeV/u. For large internuclear distances (D > 18 fm) the reaction cross section is completely
exhausted by the transfer cross section. In order to separate the transfer reactions from more

violent collisions at smaller distances D we estimate the differential transfer cross section in
first order by

da, dG'R th
=5 = [~ Pans(D)] Paps(0) — 5 ®)

assuming the same ‘attenuation factor’ [1 — P_.(D)] as measured for the elastic channel. With
this new semiclassical relation one can calculate absolute cross sections for transfer re-
actions with positive Q-values from the measured elastic scattering data. For the ¥2Th + 2%Pp
at 6.3 MeV/u the absolute transfer cross sections are shown in fig.2 (dashed-dotted line) and
fig.3 which are in good agreement with experimental cross sections of the dominant transfer
channel. The angular distribution is peaked at a distance slightly larger than the nuclear

interaction radius R,,, = 16.3 fm .
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Fig. 3: 1n-transfer cross sections for the 22Th 4 @pPp at 6.3 MeV/u versus the distance of
closest approach D.
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Fig. 4: (Left): Ratio of the in-transfer cross section to the Rutherford cross section for the
niY 4 WAy system as a function of the distance of closest approach D. {Right): Excitation
function of the 1n-transfer reaction.
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As a second example, the angular distributions for one-neutron transfer in U + WAu nor-
malized to the Rutherford cross sections and measured at 15 different beam energies near
and below the Coulomb barrier are shown in fig. 4 [Wir81]. The solidJine is gaiculated from
the elastic scattering of a nearly identical heavy-ion system, *#Th + ®Pb . For these heavy-ion
systems at bombarding energies close to the Coulomb barrier the one-neutron transfer is the
main reaction channel. The transfer cross section seems to be independent of the bombarding
energy if the data are plotted as a function of the distance of closest approach D. One ob-
serves an exponential increase of the transfer probability with decreasing radial separation
between the two heavy nuclei which is very similar to the measured pair emission probability
for the 748 keV sum-energy line of the almost identical heavy-ion system 28U 4+ "'Ta {fig.1).
However, the excitation functions for both processes are quite different. While the transfer
cross section increases smoothly with the bombarding energy {fig.4), one finds a resonance-
like dependence of the electron-positron probability with the beam energy (fig.1).
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Fig. 5: Linear representation of the same data as shown in fig.1 for incident energies below
(left} and above (right) 6.03 MeV/u. The solid line is calculated from a semiclassical relation-
ship between elastic scattering and transfer reactions [eq.8].

However, a closer inspection of the data - as demonstrated by the linear plots in fig.5 - shows
a significant excess of cross section for distance of closest approaches D= 16-17 fm at low
bombarding energies (lefl) relative to the ones above 6.06 MeV/u {right). The experimental
uncertainties of the in-transfer cross sections are typically 5% for the close collisions. The
observed cross section excess amounts to about 20 mb measured at internuclear distances
which can only be reached in reactions with bombarding energies higher than 5.9 MeV/u. It
is interesting to note, that the energy window of 5.8-6.06 MeV/u for the detection of the addi-
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tional 1n-transfer cross section almost coincides with the one of the maximum electron-
positron pair emission probability of the 748 keV-line in the Z*U + "'Ta system {fig.1). Since the
excitation functions and the angular distributions are very similar, one may raise the question
if both observables, nucleon transfer and electron-positron coincidences, study the same
physical phenomena.

If the excitation of a nuclear state in the projectile or target nucleus is the physical origin, a
cross section of x40ub for internal pair conversion of a single nuclear transition can be cal-
culated from the additional transfer cross section. This cross section is of the same order of
magnitude as the one measured for e-e* coincidences although it is difficult to explain the
narrow width of the sum lines for a moving emitter. Conversion electron measurements are
planned for the #*U + *'Ta system in order to clarify this possibility. it might also be possible
that longer contact times (~10-2" sec) due.to the influence of the nuclear interaction on the
trajectory are responsible for the larger transfer cross sections.
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