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With the construction of UNILAC by
Christoph Schmelzer and his team at
GSI Darmstadt, it became possible for
the first time to accelerate all ions up to
uranium to energies higher than the
Coulomb barrier for collisions with the
heaviest nuclei. This opened in atomic
physics a new field of research: the
study of atomic processes in strong
electromagnetic fields with coupling
constants (Z1 + Z2) α > 1 (α = 1/137
being the fine structure constant). The
strong fields are produced by the
charges Z1and Z2of two colliding heavy
nuclei at internuclear distances R which
may become as small as the sum of the
radii of both nuclei (R  20 fm). The
Coulomb field is strongly time depen
dent. Its rate of change (dVc/dt) is deter
mined by the relative velocities (v) of the
nuclei along the collision trajectories,
which may amount to about 10% of the
speed of light at bombarding energies
around the Coulomb barrier. The varying
Coulomb field Vc(Z1, Z2, R (t)) may adiabatically transfer energy and momen
tum to the atoms' electrons thus
increasing their binding energies and
broadening their momentum distribu
tions, and may simultaneously induce
transition processes like ionisation of in
ner electron shells and the production of
electron-positron pairs.
For a slow collision (v/c)  0.1, the
electron distribution shrinks and the
binding energy increases, following
adiabatically the decreasing internuclear distance R, to reverse again in
the exit phase of the collision. When the
internuclear distance becomes smaller
than the radii of their charge distribu
tions, so-called quasiatoms are formed
with a common K-orbit that for Zu =
Z1+Z2 = 180 has a radius of the order
of 150 fm (1.5 x 10-13 m). Because of
the relativistic increase of monopole
matrix elements for Zu around 180, the
binding energies Ebof the K-electrons of
quasiatoms increase vertiginously with
Z, approaching about Z20u. When the
binding energy becomes larger than 2
mec2 (twice the electron rest mass of

0.511 MeV) for quasiatoms with Zu bility, tunnelling transitions from the
greater than a critical value of  173, negative to the positive continuum,
the originally discrete K-state mixes with thereby creating e +-e_ pairs. Direct as
the negative energy continuum (Dirac well as two step transitions via interme
sea) and becomes a resonance, sprea diate inner shell vacancies have been
ding its strength over the continuum postulated. However, as the collision
time is short in comparison with the time
with a characteristic width  .
The binding energy of the K-electron for spontaneous positron emission (un
for a quasiatom with Zu = 184 ("double less it is prolonged by nuclear contact)
uranium") is expected to be 1.321 MeV there can be no line spectrum of the
with a spreading width  = 2 keV. It has positron emissions from this source.
been shown that if such an "overcritical" state is not completely occupied Quasiatomic Processes
with electrons, it becomes unstable and
The formation of heavy quasiatoms in
spontaneously decays by the creation of adiabatic heavy ion collisions was con
an electron-positron pair. The electron firmed by studies of the impact parame
remains bound in an unoccupied K-state ter dependence of K-hole production,
and the positron is emitted with a kinetic the spectroscopy of the 5-rays emitted,
energy corresponding to the "diving" and from the collision kinematics and Z
energy of the resonance in the Dirac sea. dependence of positron creation.
The decay time  of the overcritical state
The first of these came from X-rayis connected to the spreading width ( = particle coincidence measurements and
h/ and is 3 x 10-19 s for the U-U showed that K-hole production probabil
quasiatom.
ities for Pb + Cm collisions reach values
The non-adiabaticities of the collision of up to 15% for small impact parameter
caused by the rapidly changing Cou b, and then drop approximately exlomb field induce transitions during the
quasiatom formation and decay. Some
238U +
238U
5.9 MeV/u
b=Ofm
relevant atomic processes are illustrated
in Fig. 1 in which the time dependence
of the internuclear distance R(t) and the
total energies of three quasimolecular
states formed in central U-U collisions at
5.9 MeV/u bombarding energy are sket
ched in a semi-classical picture. At the
critical distance Rcr  11 fm, the 1 so
quasimolecular state dives into the Dirac
sea for a short time of about 2 x 10-21 s.
The transitions induced lead to ionisa
tion of the quasimolecular or quasiatomic states, which in turn results in
the emission of 5-rays (high energy elec
trons) and the formation of inner shell
vacancies. The latter may be filled again
by the emission of quasimolecular Xrays if the internuclear distance is still
small enough so that the electrons are
bound in quasimolecular states, or by
the emission of X-rays characteristic of Fig. 1— Internuclear distance and energies
the separated atoms.
of quasimolecular states as a function of
A strong rapidly changing Coulomb the collision time for a U-U-collision at 5.9
field may also induce, with small proba MeV/u and impact parameter b=0.
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possible to understand part of the featu were observed in heavy collision sys
res of the quasiatomic positron produc tems like U-U but also in subcritical ones
tion like the impact parameter (Zu < 173) like Pb-Pb (Zu = 164) in
dependence governed by the scaling re which spontaneous pair creation, an ori
lation (1) for K-hole production. Most im ginally suggested source of such lines
portant for the development of theories should not occur. The line energies seem
on positron production was the early ob to be independent of the system. As an
servation that the production cross- illustration of the data from subcritical
section was proportional to Zun, i.e. the systems, Fig. 4 shows high resolution
atomic number of the quasiatom Zu e+ spectra from U-Au and Pb-Pb colli
raised to a high power n, the exponent sions which were added together to im
reaching values as large as n = 19.5 ± prove the statistics. Superimposed on a
1, Fig. 2 (upper part). This dramatic de continuous spectrum, composed of the
pendence on Z made its observation nuclear background and the quasiato
possible for systems with Z > 160 mic positrons, lines appear at energies
despite the presence of an unavoidable of 260 keV and 340 keV with possible in
background originating from the internal dications at higher energies. Such lines
pair decay of nuclear states with ener were seen in a series of collision systems
gies larger than 2 mec2 populated by in which quasiatomic positrons could
Coulomb excitation or nuclear reactions. also be identified above the nuclear
Exponents as high as n  20 had been background with a relative strength in
predicted by theory assuming quasia dependent of Z. This means that the
e +-line production cross-section also
tom formation during the collision.
Using a semiclassical description of rises as Z un (n = 22±2), similar to the
the scattering process and summing all continuous part of quasiatomic origin in
transition amplitudes in a coupled chan the energy regime of 240 keV < Ee+ <
Fig. 2 — Positron continuum and line nel treatment along a classical trajec 430 keV, in which the lines appear.
production cross sections for high Zu tory, one can calculate, with quasimole- There is also evidence that the depen
cular wave functions as basis states, all dence of the e +-line production crossquasiatoms.
the observable quantities of inner shell
ionisation, 5-ray production and also
ponentially with b or with the distance e +-creation with the exception of a very
of closest approach Ro according to a puzzling feature of the e + spectra which
scaling relation:
will be discussed below. In order to illu
P(Ro)  exp(- 2qoRo)
(1) strate the degree of understanding of
where qo is the minimum momentum quasiatomic processes on the one hand
transfer for an energy transfer  E in a and the puzzling deviations on the other,
collision with relative velocity v given by Fig. 3 shows positron spectra from two
qo =  E/h v. The scaling law implies collision systems U-U and U-Th gained at
that the strongly bound electrons (large the same bombarding energy but diffe
 E) are most probably emitted at small rent scattering angles and thus different
intemuclear distances when the quasi- distances of closest approach. The
atomic states are formed, and that an background from nuclear excitation (N)
energy transfer of approximately 1 MeV is small and has already been subtrac
is required to produce a K-hole. This me ted. Curves (a) are theoretical predic
ans that the ionisation occurs preferen tions on the basis of the quasiatomic
tially in the quasiatom with Z = 178 for model with a normalization factor of 0.8
which a K-binding energy of about 2 for both systems. One notes that the e +
mec2 is expected. The large absolute spectra for both systems taken under
value of P(Ro) at small Ro reflects the quite different kinematic conditions are
large value of the monopole matrix ele reproduced quantitatively except the
ment due to the relativistic contraction puzzling broad line-like structures
of the electron-wave functions at the around 300 keV. Such line structures
origin of a high-Z atom. This feature has were subsequently discovered in a ser
been directly observed by measure ies of heavy collision systems as illustra
ments of the energy spectra of 5-rays ted by data from the EPOS collaboration
emitted in quasi atomic collisions. They (cover illustration).
reveal very high energy tails which
directly reflect the momentum compo
nents expected for a relativistically con Monoenergetic Positron Lines
High resolution data of positron spec
tracted electron shell with binding
3 — Positron spectra of U-U and U-Th
energies exceeding 2 mec2. It has been tra produced recently by the Orange col Fig.
collisions at 5.9 MeV/u bombarding energy
possible to extract from such measure laboration at GSI have made it possible in coincidence with heavy ions detected in
ments the form factors of the electron to resolve a series of e + lines with ener scattering angular ranges indicated with
gies between about 260 and 410 keV nuclear background subtracted. Curves (a)
distribution in high-Z quasiatoms.
On the basis of the so-called quasiato- which in earlier measurements appear are quasimolecular calculations with nor
mic collision model it has also become ed mainly as a broad structure. The lines malization factors 0.8.
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section on the distance of closest ap
proach Ro and relative velocity v follows
the scaling relation (1) as all the other
quasi atomic processes. Thus there
exist strong Indications that the source
of the e + lines is the strong rapidly
changing Coulomb fields acting In the
quasiatoms, not nuclear processes. Nu
clear origins are also excluded in a direct
way by the failure to detect other decay
channels ( -rays and conversion elec
trons) especially In Pb-Pb collisions
where the nuclear background is small
and very well understood. The narrow

Fig. 5 —Plot of half of the ener
gies (c.m.) of the sum lines from
this work (*) together with the
energies of the single e+lines found previously (O) ver
sus Zu. For all systems studied,
the data suggests at least four
common lines with mean ener
gies of: (259±10) keV, (321±6)
keV, (346±5) keV and (405 ± 5)
keV. There is also an indication
for a fifth line around 450 keV.
These average energies to
gether with their corresponding
statistical uncertainties are il
lustrated by the full and dashed
lines, respectively.
independent e +-lines centred around
(259 ± 10) keV, (321 ± 5) keV, (346 ± 5)
keV, (405 ± 5) keV and (450 ± 10) keV are
indicated although not all of them have
been clearly observed in all systems in
vestigated. For spontaneous e +-produc
tion in high Z quasiatoms one would
expect a single line with a Zu20 energy
dependence and no lines for quasiatoms
with Zu < 173. Thus it is not possible to
assign at this point any of the observed
lines to spontaneous positron pro
duction.

Fig. 4 —Positron spectra from summing the
U-Au andPb-Pb results (a) and after subtrac
tion of the sum of the smooth contributions
from nuclear and quasi molecular transi
tions lb).

Monoenergetic e +e- Pairs
In the first e +-e- coincidence measu
rements performed by the EPOS col
laboration, energy correlated e+ and
e - -lines were observed with kinematic
characteristics expected for a two body
decay of neutral particles produced with
a small kinetic energy distribution in the
centre of mass (c.m.) of the quasiatomic
collision system. As shown in Fig. 6, the
e +-e- coincidence spectra show nar
row lines in the sum-energy spectra
(Ee+ + Ee- ) and broader lines in the

line width < 30 keV Indicates that the
source of the e + lines lives longer ( >
5 x 10-20 s) than the quasiatom In
which It is formed and that its velocity
distribution in the centre-of-mass sys
tem Is narrow ( (v/c)  0.03).
A summary of the energies of the e +
lines as observed by high resolution e +
single and e +e - -coincidence measure
ments, which will be discussed below, is
given in Fig. 5 for quasiatomic systems
with atomic numbers ranging from 164
to 184. The lines seem to appear in
several groups with energies indepen
dent of Zu. There is no complete con
sistency between the three independent
data sets shown in Fig. 5 but this might
be due to insufficient statistics in all
parts of the spectra available up to now.
Nevertheless about five groups of Zu

Fig. 6 — The sum energy from
e +-e- coincidence measure
ments in U-Th collisions at beam
energies around 5.87 MeV/u
(left part) is significantly nar
rower than the corresponding
energy difference peaks (right
part).

difference energy spectra (Ee+ - Ee-)
although the positrons and electrons
were detected over a wide angular range
perpendicular to the beam. In a scenario
in which a neutral particle is produced
with only a modest range of velocities in
the c.m. system of the collision (moving
with v/c  0.05 in the direction of the
beam) and decays into an e +-e- pair, af
ter the quasiatom has already disap
peared, one would indeed expect a
narrow sum line and a broad difference
line. In the sum the Doppler shifts of
positrons and electrons emitted from
the neutral particle moving along the
beam direction with c.m. velocity would
cancel to a first order whereas in the dif
ference spectrum they would add up.
In order to put this puzzling particle
hypothesis to a test, the Orange collabo
ration measured the momentum correla
tions of the e +e- pairs produced in
quasiatomic collisions using a double
orange spectrometer. This allowed them
to determine the momentum vectors of
the positrons and electrons from which
invariant mass spectra can be deduced.
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Fig. 7 — The combined (e+e- ) sum-energy
(Ee++Ee-) spectra obtained for U+U and
U+Pb collisions at 5.9 MeV/u, integrated
over negative energy differences -150 keV
 (Ee++Ee-)  0 keV. The full lines cor
respond to the opening-angle bin of
(180±20)°, while the dashed lines display
the remaining opening-angle range of obser
vation (40°   e+e-  170°). The latter
spectra were normalized to the solid angle of
the 180° bin and corrected with respect to
the expected anisotropy of (e+e-)-uncorrelated emission.

decays. Their characteristics fulfil all
criteria for a two body decay of a series
of neutral resonances with invariant
masses of 1.56, 1.66, 1.74 and 1.92
MeV/c2. Most of these lines have corres
ponding e + single lines observed inde
pendently also in other collision
systems.
In view of the limited statistical signi
ficance (3-4 standard deviations) the
results need confirmation, but if they are
confirmed, they point to the existence of
narrow resonances in the e +e - continu
um, which could be excited states of an
extended neutral particle.
Search for Resonances in BhabhaScattering
Various searches for resonances in
the e +e - continuum have been per
formed recently by scattering monoenergetic positrons from weakly bound
electrons, notably at the high flux reac
tor of ILL in Grenoble. Resonant Bhabha
scattering is a very interesting way of
producing them because the sensitivity
is independent of details of form factor
and structure and is determined by the
resonance strength and the energy reso
lution only. From the integrated crosssection measured at a resonance energy
of 1.83 MeV and scattering angles
around 90° we obtained a limit for the
resonance width of  < 1.9 meV assum
ing a resonance with zero spin. This cor
responds to a life time limit  > 3.5 x
10-13 s which is a factor of two lower
than the most stringent bounds derived
for the contribution of a hypothetical
point-like scalar particle of about 1.8
MeV/c2 mass to the precisely measured
(g-2) factor of the electron. Neverthe
less one should note that there is still a
large life time range for these resonan
ces of 10-10 s <  < 3.5 x 10-13 s not
yet covered by Bhabha-scattering expe
riments. Thus further more sensitive
searches are needed.

Fig. 7 shows the e +e - sum-energy
spectra for U-U and U-Pb collisions,
which were added together, because
both collision systems showed indica
tions of lines at similar energies. For the
histogram with solid lines a constraint
was set on the e +e - opening angle,
 e+e- = (180±20)° thereby selecting
events in which the positrons and elec
trons were emitted back to back. By set
ting a window in the energy difference
of the Doppler shifted e+ and e- spectra
only those decays from a source which
moved approximately with the centre of
mass velocity could be picked out. The
dashed line histogram is obtained from
the sum-energy spectra of e +e - pairs
with 40° <  e+e- < 150° after proper
normalisation of the solid angles and a
small correction for the known emission
anisotropy of quasi atomic and nuclear
pairs.
In the sum-energy spectrum of e +e - Summary and Theoretical Aspects
decays centred around 0 e+e_ = 180°,
In summary, one notes that the study
which is approximately equivalent to an of high field processes in adiabatic
invariant mass spectrum, several lines heavy ion collisions has shown that high
superimposed on a smooth background Zuquasiatoms are formed and that strik
are indicated. Yet the e +e - sum-energy ing properties of their binding energies,
spectrum for 40° <  e+e- < 150° form factors and monopole matrix ele
taken with better statistics shows a ments could be extracted from K-hole
completely flat distribution and can be ionisation probabilities, 5-ray and posi
reproduced by a Monte Carlo simulation tron spectra. In particular the characte
for uncorrelated pair production. Also ristics of the continuous part of the
180° sum-energy spectra taken at ener positron spectra (atomic contribution) is
gy differences, for which one expects quantitatively explained by the theory of
internal pair conversion as the main con quasiatom formation and strong tran
tribution show no lines. Thus we con sient fields.
clude that lines in the invariant mass
On the other hand there is not yet a
spectrum do not originate from nuclear theory for the origin of the narrow posi
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tron lines. Most likely the observed lines
originate from the two-body decay of
neutral particles which are produced by
the time changing Coulomb field. Va
rious models for new particles have been
suggested. Those which assume point
like elementary particles could be discar
ded by a series of experiments tailored to
look for them. Models based on compo
site, extended particles with certain
modes of excitation can reproduce the
observed mass spectrum. They assume
that a linear potential V(r) =  r acts be
tween charged constituents as in string
models of hadrons. It is possible to
reproduce with one value of the string
tension A all five lines indicated in the
mass spectrum surprisingly well. The
mean square radii of these resonances
should range between 1000 and 2000
fm, which would also explain why they
have not been observed in high energy
collision processes.
In some of the models it is conjectured
that the new particles are formed in a
new QED confining phase which may be
generated by the high Coulomb field.
Unfortunately there are controversial
theoretical arguments about the exis
tence and the formation of such a phase.
In this situation more theoretical insight
into the relativistic interaction problem
is needed and even more important, ex
perimental verification of the suggested
mass spectrum. If its existence should
be confirmed, a more detailed study of
the production process, the decay of
these states and their interaction with
matter must be undertaken.
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