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The EPOS experiments at the UNILAC accelerator of GSI are re-
viewed as an example of the development of positron spectroscopy in
heavy-ion collisions. The phenomenon of anomalous lines observed in in-
clusive positron spectra and in electron-positron sum energy spectra as
well as the derivation of background of nuclear and atomic positrons is
discussed. The article closes with an outlook on a new generation of the
experiments currently started with considerably upgraded instruments.

PACS numbers: 31.50.4+w

1. Introduction

Heavy-ion (HI) collisions at Coulomb barrier energies offer a unique
opportunity to study electronic behaviour in quasi-atoms at closest inter-
nuclear separations of the order of nuclear dimensions. For a short period
during the collision of about 10~21 s the electric field reaches strengths of
> 10'° V/m with the consequence that for the innermost electronic orbits
the enormous Coulomb force leads to a dramatic increase of their binding
energies. In particular, for supercritical quasi-atomic systems with united
charges Z,, = Z1 + Z3 > Z. = 173, the binding energy of the 1so-electronic
state in the two-center potential of the colliding nuclei exceeds 2m.c? [1, 2]
thus forming a resonance in the negative-energy continuum. If the state is
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empty due to prior ionization it can be spontaneously filled by an electron
from the Dirac sea, there leaving a hole subsequently emitted as a positron
by Coulomb repulsion. This is a process of fundamental importance: the
physical electronic ground state becomes unstable in the presence of a super-
critical charge, with the consequence that the neutral vacuum spontaneously
decays into a locally charged vacuum. The search for the spontaneous vac-
uum decay has initially motivated the experiments on positron spectroscopy
in heavy ion collisions at the UNILAC accelerator of the Gesellschaft fiir
Schwerionenforschung (GSI), Darmstadt.

The field was introduced by pioneering theoretical works predicting
spontaneous positron emission [3, 4]. These were soon fully developed [2]
to the present quasi-atomic (QA) picture when experimental results be-
came accessible with the operation of the UNILAC accelerator in the 70’s.
A mile stone on the way to experimentally verify the exciting prediction
was reached. In fact, many experiments performed at GSI in 1978-85 fo-
cused its attention on this question. The predicted strong electronic bind-
ing has been explored by studying ionization processes of the innermost
atomic shells induced from the fast changing strong Coulomb potential
by K-hole production, emission of high energy é-electrons, quasi-molecular
X-ray (MO-X-ray) or characteristic X-ray emission. With sufficiently high
QA charge the electronic excitations induced from the fast changing strong
Coulomb potential may include the negative-energy continuum states with
the electrons then excited to vacant bound states or to positive-energy con-
tinuum states. The resulting dynamically induced or QA positron emission
provides an additional experimental probe to study the structure of super-
heavy QA’s. Although of basically different mechanism, the spontaneous
positron emission therein forms a principally undistinguishable component.
In Section 2 we discuss to some detail selected experimental results which
confirm the basic concept of the QA maodel.

The harsh nature of the HI collision environment, as well as the small
cross section, places stringent demands on an experimental apparatus to
safely measure atomic positron production in HI collisions. The spectrom-
eter needs a large detection efficiency for positrons as well as a high dis-
criminative power to cope with small production rates of the order of 10—
per collision for positrons and at the same time large background yields of
d-electrons, y-rays, X-rays produced with probabilities on the order of 1 per
collision. v-rays and conversion electrons have to be measured simultane-
ously with the positrons in order to evaluate the nuclear electron-positron
pair contribution in the et e~ spectra which stems from Internal Pair Con-
version (IPC) processes of nuclear transitions. In Section 3 we describe the
EPOS (Electron POsitron Solenoid) spectrometer [5-8] which comprises
the above mentioned requirements by combining a magnetic solenoidal field
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for the transport of the electrons and positrons from the target to high
resolution Si(Li)-detector systems placed at the focal areas. Another exper-
iment designed by the ORANGE collaboration [9] makes use of a dispersive,
large acceptance ORANGE f-spectrometer to reach the above demands.

The experiments performed by the EPOS group became exciting when
on top of the smooth continuous QA positron spectra measured in coinci-
dence with quasi-elastic HI collisions of heaviest elements, like U on Cm,
narrow line structures around 300 to 400 keV were identified [10, 11]. The
widths of the lines on the order of 80 keV were considerably less than what is
expected from Doppler broadening of the lines due to high emitter velocities.
Similar observations were made independently by the ORANGE collabora-
tion [12, 13]. These lines were tentatively associated with the process of
spontaneous positron emission. But this exciting interpretation implies the
simultaneous existence of a long-living di-nuclear molecules with life-times
of the order of 10~2% just to accomplish the uncertainty relation. Subse-
quent experiments revealed, that the energies of the positron lines, although
different for each individual projectile target combination, were essentially
independent from the collision system with the united charge number Z,
varied from 163 to 188. For the spontaneous positron decay, however, it
is predicted that the line position varies strongly with Z, in accordance
with the increase of the overcritical 1so binding energy with increasing Z.,.
Moreover, for Z, < 173 there is no overcritical binding and a spontaneous
positron emission should not exist at all. Section 4 is related to the system-
atic study of positron lines in inclusive positron spectra as well as to the
qualitative description of the continuous part of the spectra by nuclear and
QA positron production.

The near constancy of the positron peak energy as well as the appar-
ent inability of explaining the lines with conventional processes suggests an
unorthodox phenomenon. An obvious speculation [14, 11, 15, 16] for such a
source is the two-body decay into an electron positron pair of a previously
undetected neutral object X with a mass around 1.8 MeV/c?, as derived
from the positron lines energies assuming comparable kinetic electron and
positron energies and adding the rest energy. In order to test this hypoth-
esis the EPOS experiment was modified to search for coincident electrons
as partner of the positrons. These experiments revealed sharp lines in the
spectra of the sum Ej; of the electron and positron kinetic energies [17-20]
which were significantly narrower (AEy ~ 25 — 40keV) than what is ex-
pected from a convolution of individual Doppler broadening of the electron
and positron energies (AE,+ ~ AE,- ~ 80keV). This suggests a mutual
cancellation of the kinematic shifts (hereon called Doppler shifts, although
— if taken strictly — reserved for massless particles) introduced from the
high velocity of the emitting HI system around 5 to 10 % of light veloc-
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ity. In Section 5 we summarize the results on the electron positron line
phenomenon from EPOS together with some of the results obtained inde-
pendently in the ORANGE experiments [21, 9]. Till today, these lines could
not be explained by known processes if not very unconventional scenarios
are incorporated. In particular, IPC as a three body decay process does
not provide for the respective kinematic to result in narrow lines, nor have
singular nuclear transitions been found with sufficient cross sections to ex-
plain the line intensities with usual IPC conversion coefficients and usual
emission characteristics. .

Arrived at this point the hunt for X-objects was open triggering an
enormous number of experimental and theoretical studies. To date any ad-
ditional fundamental particle at this mass range — originally the lines were
associated with the illusive axion [22, 23] — is excluded [15, 24]. Composed
objects exclusively formed within the particular HI collision environment
with sizes exceeding the Compton wave length may still be a hypothetical
source of the line but complex scenarios combining known mechanism in an
unorthodox way have as well to be considered seriously. Theoretical advise
could not be given on a still poor basis of present experimental information
on the lines.

With the apparent need for more systematic and statistically improved
data to resolve the puzzling line production, a new round of experiments
has been started recently with upgraded EPOS and ORANGE spectrome-
ters and the newly constructed APEX setup at the ATLAS accelerator of
Argonne National Laboratory. The last section will shortly report on the
status of these experiments.

2. Quasiatomic picture of colliding ions

The expression for the total energy of the lowest bound 1s-state for a
hydrogen-like atom as given by the Dirac-Sommerfeld fine-structure formula

Ey, ~ mecz[l - (Zo:)z]l/2 ,

becomes imaginary for Za > 1. The electronic energy levels for a nucleus
with Z > 137 have first been calculated within the Dirac theory in 1945 [25].
The key for these calculations is the assumption of a finite size of the nucleus
to remove the singularity in the Coulomb potential at the origin. More exact
calculations (e.g. [26]) show, that the binding energy even exceeds 2m.c? =
1022 keV at a critical charge of Z. ~ 173. Such heavy species do not exist
statically in nature but are transiently accessible experimentally in heavy-
ion collisions at projectile energies sufficiently high to balance the repulsion
of the Coulomb potential but still below the onset of nuclear reactions. For a
short period of 1072! s when the two colliding nuclei approach internuclear
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distances R(t) of a few fm, they form an united charge center for the atomic
electrons. Such a situation is schematically shown in Fig. 1 as the example of
central uranium on uranium collisions (Z, = Z; + Z; = 184) at a projectile
energy of 5.9 MeV/u. The time evolution of R(t), shown in Fig. 1, is
calculated assuming classical ion trajectories according to a point charge
Coulomb potential. The actual formation of a superheavy “quasi-atom”
depends on the fulfillment of adiabacity conditions: the inner-shell electron
velocity ve has to be larger than the projectile velocity v, and the evolution
time of the electronic orbit has to be shorter than the time for passage, such
that electron motion adiabatically adjusts to the fast changing two-center
Coulomb potential. Indeed, as seen from given example with v, = 0.1c,
for the uranium K-shell electron, typical values v, ~ 0.6c and r;, ~ 800 fm
indicate that such condition can well be reached in very heavy ion collisions.

The evolution of QA electronic orbits can fully be calculated within the
framework of the time-dependent two-center Dirac equation (TCD) assum-
ing the ions moving along elastic trajectories. Fig. 1 (lower part) shows the
resulting binding energy of the three innermost electronic orbits as a func-
tion of R(t). The binding energies increase rapidly with decreasing R(t).
For the 1s-state the situation becomes overcritical when the binding energy
reaches —2mc?, thus providing sufficient energy to spontaneously form an
electron positron pair with the positron emitted while the electron remains
captured assuming the 1s shell was empty by prior ionization. Besides this
exciting static aspect the time evolution of the system leads to a dynamic
coupling between the QA levels and the positive and negative energy contin-
uum resulting into electronic excitations: electrons from the negative energy
continuum can be excited to vacant bound states and to the positive energy
continuum states; the latter process is known as §— electron emission. The
remaining holes in the negative energy continuum result in dynamically in-
duced QA positron emission. Induced positron emission is characterized by
continuous, bell-shaped energy distributions peaked around 500 keV reflect-
ing the intrinsic momentum distributions of the initial QA states as well as
the repulsion of the positron from the QA potential.

The time-dependent TCD equation is solved in the nucleus-nucleus
center-of-mass frame (CMS) for an explicitly time dependent internuclear
separation R(t):

ih%éi(t) = Hrcep (R(t))i(t)

with Hrcop(R(t)) the two-center Dirac Hamiltonian. The wave function
®;(t) can be expanded in a complete set of quasimolecular basis functions

®:(t) = z;agmk(R(t))e"""‘“) .
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Fig. 1. Time evolution of the internuclear distance R(t) (top) the logarithmic
time derivative of the internuclear distance R/R (middlepart) and electron binding
energies in U+U collisions (bottom). Various excitation processes are depicted:
dynamic and spontaneous positron production as well as §-electron emission.

Y indicates a summation over bound states and integration over positive
and negative energy continuum states. ¢;(R(t)) are solutions of the static

TCD equation to be evaluated for each value R(t). The labels %, k stand for
the quantum numbers of the total angular momentum j of the QA electronic
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state and its projection m; along the internuclear axis [27]. The phase factor
Xk(2) is a time-integrated expectation value of Hrep :

4

xt) =3 [ R | Bron(RE) | su(REN) = ; [ dEW).

— 00

Inserting the above expansion of #; into the time-dependent TCD equation
gives the following infinite set of coupled differential equations

gt-aik(t) Zau(t)<¢k + HTCD

¢J> x e~ Hxk=x;) ,

which in first order time-dependent perturbation theory can be integrated
formally assuming a singularly occupied initial state characterized by a; = 1
and a; = 0 for j # i to:

“+ 00

== [ (o2,

—o0

but otherwise has to be solved by numerical integration in a truncated set
of basis states. The time derivative operator, responsible for the dynamic
couplings can be expressed in the coordinates of the rotating internuclear
axis according

9 _p2 142
ot OR 06

The radial coupling term only couples states of same spin j and spin projec-

tion m;, while the rotational coupling term involves states whose total spin

projections differ by one unit. Rotational coupling decreases for small values

of R and totally vanishes for s-states. Due to the strong binding, the inner-

most electron wave functions are strongly localized near the origin of the

two-center potential with 4/< r?, . > =~ 100 fm [28], with the consequence

that rotational coupling can be neglected in superheavy systems. The ra-
dial coupling matrix element canbe calculated using the Hellmann-Feymann

operator equivalence
al . \_ 1 dHtpc|

<¢flaR ¢t>—Ei_Ef <¢f 8R ¢z )

with 7 # j.

Introducing in addition the monopole approximation for the two-center
Coulomb potential, the ionization amplitude can be analytically expressed
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[29-31]. A general form with initial and final states ¢ and f including
positron emission can be found in [32]:

a(Ef)_g%ﬁ/dt~exp{z(Ef E;)<- }

This first order formula identifies the logarithmic derivative R/R of the
internuclear distance as the driving force for QA transitions. d (Ei, Eg, Zua)
contains the radial part of the QA wave functions which can be expressed
by the electronic densities p (r, R) at their origin r=0:

1 2 [ Zye?\’
d(Ei, Ef, Zu) = 75 Zue? [1 - 1—5-( > ) ] [0 (0, R) R?p; (0, R) R]

The characteristic dispersion-like dependence of R/R on the collision
time shown in Fig. 1 suggests the existence of a critical time [31, 30] ex-
pressed by

‘roz—l— [b—acos“l( a )+7ra] = l [b—{-a(w—taxfl ﬁ)]
v1 R, —a vy a

with impact parameter b = av/e? — 1, the distance of closest approach

Z]dez Ay + 4y 217,
2a = = 1.44fm MeV
Ecm A1A; E /A4

and excentricity € = (R, — a)/a = 1/sin(fcm/2) . For forward collisions
with ¢ € 1, 79 can be reduced to

i 44
t'z——( +16+u)

!
f expresses the time distance between the two extrema of R/R.

RN Kt

with k=14 0.174/¢.

R~ 2442

Reducing 7o further leads to a characteristic propagation time

to ~ R::in with Rpin=a+ Va2 +b2=ale+1),
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the internuclear distance at the turning point of a trajectory with impact
parameter b. Using either of these expressions very useful scaling relations
have been derived for the different QA excitations [29, 30].

For example, an useful expression to analytically describe the principle
spectral shape of §-electron emission can be extracted [31]:

dPe_ PoK, 2f
Tl ]

with Py and E, fit parameters where F} has the meaning of effective binding
energies, E,- is the kinetic electron energy. Using 7y similar approximation
was obtained [30] for the total -electron emission probability:

dPe- 2,2 mc? v 2T0(Ee" “Elaa(Rmin))
dE, - ~ ntdy (—E——: exp |- 5 .

(-4

The quantities dy and v are given in [29]. Integrating the é-electron
emission probability originating from the 1,,-state over the final continuum
states leads to the K-hole production probability:

27
Py (anin) = %D (Zu)exp [";‘{(‘)‘Elsa’(Rmin)J

with
D(Z,) = 1.2 + 0.054(Z — 158) — 0.000015(Z — 158)° (Z2136).
Similarly one obtains [32] the positron emission probability

dP,+
dE,+

Integration over positron kinetic energy E,+ leads to the total emission
probability.

2
= h(E.+,Zy)exp [—-g (Eo+ + 2mc2)] .

13

Exchanging £ by the equivalent ty gives an analogous scaling behaviour
as for §-electron emission:

_ 24
P+ =i(Z,)exp (M) :

Pe+ [ z.(Zu) €xXp ("2Qmianin) .

The scaling factors h (E,+, Z,) and (Z,) contain the electronic densi-
ties and the nuclear Fermi function to describe positron repulsion from the
Coulomb field. gpj, defines the minimal momentum transfer given by

|E; + Ey | N 2mec?

Up Up

thin =
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which is necessary to ionize the bound electron with energy E; to a final
state with the continuum energy Ey if the incident projectile velocity is
vp. Increasing gmin values (from larger binding energies) are responsible
for a reduction of é-electron emission and K-hole production probabilities
for Z, > 170 in spite of the ongoing increase of the electronic densities.
For positrons, however, gn;n, decreases with increase of the binding energy
of the innermost shells leading to a further enhancement of positron emis-
sion probabilities then mostly associated with a capture of the electron in
empty bound states instead of direct ionization into the positive continuum.
These formulae give insight into the QA transitions, but a quantitatively
correct description of the transition probabilities is beyond the first order
calculation and needs the full coupled channel approach.

The predicted exponential dependence of the excitation probabilities
on the momentum transfer is characteristic for a Coulomb ionization mech-
anism [33]. Several approaches can be used to experimentally investigate
QA’s created in heavy-ion collisions: §-electron emission, quasi-molecular X-
ray (MO-X-ray) or characteristic X-ray emission from the separated atoms
or emission of positrons. Here we mention a few selected examples.

a) K-hole production: A measurement of the K-hole production via the

yield of characteristic X-ray emission in 298Pb42%8Pb collisions fur-
nishes the first experimental prove for the formation of QA’s. The
elegant experiment used the X-ray Doppler shift to correlate the X-ray
yield with the R,;, value of the collision. The steep increase at closest
Rpin is found in excellent agreement with the above described predic-
tions. The 1so and 2po hole probabilities reach values of 20% and 80%,
respectively, for closest collisions [34].
The scaling behaviour of K-hole production is demonstrated by plotting
the reduced 1so excitation probability Pj,s/D (Z,) versus RminGmin
for a set of HI collision systems with Z, > 137 [35] (Fig. 2). The full
line, which represents the universal scaling law derived above, agrees
well with the data. These results fully confirm the validity of the mech-
anism of the QA picture of HI collisions over a wide range of Z,. How-
ever, first-order perturbation theory underestimates the measured data
by factors of two to three in the absolute scale. Full agreement be-
tween measurement and theory is obtained using the complete coupled-
channel calculations.

b) &-electron emission: Explicit measurements of the double-differential
d-electron cross section have been performed both in inclusive mea-
surements of electron spectra as well as for §-rays in coincidence with
subsequent K X-rays. The latter measurement in addition defines the
initial state of the ejected electron. For light and asymmetric systems
(Z4, < 137) electron production can be described in the framework
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Fig. 2. Generalized excitation probability P;,./ %D(Z ) as a function of Ryin * gmin
for different collision systems (Reproduced from [35]).

of the Born approximation, where only electron emission due to the
Coulomb field of the projectile is taken into account [36]. For heavier
systems the full application of the QA picture is necessary for a reason-
able description. Fig. 3 shows §-electron cross sections for the Pb +Sn
and Pb + Pb systems as function of the §-electron kinetic energy. The
actual presence of electrons with energies above 1 MeV is an exclusive
feature of the QA mechanism; such energies exceed by about a factor of
20 the K-shell binding energy of a Pb-atom and by more than a factor
of 100 the maximal energy that can be transferred to a free electron
by heavy projectiles. The momentum transfer q, needed to result in
such high energy electrons if formerly bound in a QA 1so state, by far
exceeds the final electron momenta k¢ on the order around 10 MeV /c2.
Therefore, in order to fulfill momentum conservation, ks = k; + g, the
initial momentum k; has to be comparable to the momentum transfer g, i.e.
on the order of 10 MeV/c? in this example. Such large intrinsic momenta
can only be found in the strongly localized innermost QA electronic states.
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Fig. 3. The é-ray spectra from Pb + Pb and Pb + Sn collision systems measured
at the same relative velocity v, /c = 0.1. Also indicated are the distances of closest
approach for a head-on collision 2a. Reproduced from [37].

The high-energy part of the §-electron spectrum thus provides a direct in-
formation about the high-momentum components of the QA electron wave
functions. The steeper fall-off of the Pb + Sn spectrum reflects the relative
lack of high-momentum components for the bound state wave functions of
this lighter system as compared to the Pb + Pb system with larger Z,.

¢) positron production: Atomic positron emission was first identified as
an extra source in addition to the well-known nuclear IPC positron
production in HI experiments at GSI in the late ’70-ies by two in-
dependent experiments [38, 39]. Fig. 4 shows the experimental ra-
tio of the excess of detected positrons over nuclear positron emission
(IPC) (with the positron yield integrated over a positron kinetic energy
range around 100 keV to 1 MeV) for different colliding systems with
increasing Z,. For constant Rp,;, and projectile velocity v, the excess
yield increases as Z20 in excellent agreement with theoretical QA pre-
dictions. The continuing increase of positron production at large Z,
other than §-electron emission proves the inclusion of strongly bound
QA orbits in the positron production mechanism in addition to di-
rect continuum-continuum transitions as mentioned above. Similar to
the ionization probability of the innermost electrons, the QA positron
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production probability was predicted to fall off rapidly (nearly expo-
nentially) with increasing Ry,in as outlined above. This behaviour is
presented in Fig. 5, where a comparison of the experimental and theo-
retical production probabilities are shown for three heavy collision sys-
tems as a function of Rpyjn/2a [39]. Essentially comparable slopes for
the three different collision systems clearly reflect the global validity of
a Coulomb jonization mechanism for this positron source [33].
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Fig. 4. The ratio of the positron production in HI collision to positrons from nuclear
IPC processes as a function of Z,. (Reproduced from [38]).

In summing, the actual formation of a QA in very heavy ion colli-
sion systems is experimentally well approved by the correct observation of
the predicted ionization and emission processes characteristic for the tran-
sient formation of the QA. These findings formed the basis for an exciting
search for the fundamental process of resonant positron emission — known
as spontaneous positron production. It led to the detection of so far unex-
plained phenomena of monoenergetic positron emission and monoenergetic
electron—positron pair emission. This research has mainly been performed
by the EPOS and ORANGE collaborations at GSI. Important specific in-
formation to that field is elaborated by the TORI and the Z4 group in ad-
dition concentrating on the measurement of nuclear time delays by means
of é-electron and positron spectra [41, 42]. This article concentrates on dis-
cussion of the development of the EPOS experiments including the setup.
For more general reviews of the positron experiments we refer to [43] and
references therein.
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Fig. 5. Energy differential atomic positron production probabilities as a function
of the laboratory scattering angle ©,. The solid lines represent the results of
calculations [40]. The insert shows the total number of observed positrons per
scattered particle. (Reproduced from [39)).

3. Concept of the EPOS solenoid positron- and pair-spectrometer

The experimental situation for the detection of leptons in HI collisions is
obvious from Fig. 6, where typical yields of the competing positron, electron
and v-ray production processes for U + Th collisions at 5.85 MeV /u are
shown. The production rates for positrons are smaller by factors of 10*
to 10° than for §-electrons or y-rays [44]. In view of this, experiments for
positron detection after HI collisions have to provide for:

¢ high positron detection efficiency throughout the full energy range of
interest (~100 keV to ~1 MeV) in order to cope with the small cross
sections,

e reasonable energy resolution, in the order of 10 to 20 keV, significantly
below the widths due to kinematic broadening in the laboratory system
spectra, due to emission from fast moving systems,

e high selectivity for the detection of positrons to fully discriminate the
copious background,

» reasonable lepton angular resolution; this feature became important
throughout the later electron positron coincidence experiments,

e complete measurements of the HI collision parameters; this is to trig-
ger quasi-elastic collisions and to determine R,,;,-values defining the
strength of the QA Coulomb potential,
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e simultaneous 7-ray measurements at energies E., > 2m.c?; from these
spectra the IPC yield of the nuclear transitions are derived.
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Fig. 6. The production probability of y-rays, é-electrons QA and nuclear positrons
as indicated in coincidence with ions scattered into the angular region 25° < 8g; <
65° for the U + Th collisions at a beam energy of 5.85 MeV/u. The hatched area
stands for the single positron lines. Reproduced from [18].

The EPOS spectrometer was designed to fulfill these demands [5-8]. A
schematic view of the version of the setup being optimized for the coinci-
dent electron positron detection is shown in Fig. 7. We here give a brief
description of the principle operation and its features.

Using a magnetic field, positrons and electrons are simultaneously trans-
ported off from the highly radioactive target region in either of the two
arms of magnetic solenoid arranged perpendicular to the beam direction.
The setup is optimized for effective and selective positron detection making
use of principle features of solenoidal transport fields: any charged parti-
cle starting from the axis of the solenoid returns periodically to this axis.
Thus, a detector placed along the solenoid axis is the natural choice for an
effective detection geometry. A special Si(Li) solid state detector built as a
slim pencil-like cylinder of 1 cm diameter and 10 cm length is just located
on this axis in the right arm of the solenoid (at a distance of 83.2 cm from
the target) for positron detection. Its small radial dimension represents an
only small solid angle of about 1.2 x 104 sr for y-rays or neutrons produced
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Fig. 7. A perspective view of the EPOS spectrometer in its configuration from
1988.

in the target which renders the background rates of these sources negligi-
ble. The high intensity of low-energetic §-electrons is actively suppressed
by means of a spiral baffle utilizing the opposite spiral directions of electron
and positron trajectories in the magnetic field. Positrons are moreover iden-
tified by their characteristic 511 keV annihilation radiation being measured
in the array of 8 Nal(T1) crystals, which cylindrically surround the positron

detector. The positron peak detection efficiency amounts to ef:u = 14% of

47 with ' > ef,:;x /2 from 110 keV to 800 keV including the detection of
at least one annihilation y-ray in the Nal ring-detector. The Si(Li) detector
energy resolution amounts typically to AE =~ 10 keV.

For electron detection a pair of planar Si(Li) detectors is used. Again
its geometry utilizes special features of electron paths in magnetic solenoid
fields. The two detectors are mounted with their surfaces parallel to the
solenoid axis but radially removed from the axis by a distance of 17 mm.
This geometry avoids the detection of intense low-energy §-electrons with
E < 120 keV since these trajectories have too small radial sizes to reach
the detectors. Low-energy electrons are moreover suppressed by the action
of a small sheet baffle placed along the axis close to the target. The peak
efficiency for detection of electrons amounts to €pax = 17% of 47 with a
width of the efficiency distribution covering the whole range of interest of
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> 150 keV to ~ 1 MeV. Both electron and positron detectors are segmented
to allow for some determination of the lepton emission angles (with respect
to the beam axis) utilizing the correspondence between the emission direc-
tion and the detector hit position [19]. Moreover, the electron detectors
need segmentation to cope with the high electron multiplicity.

Positrons and electrons are principally detected in coincidence with the
scattered HI’s in two Parallel Plate Avalanche Counters(PPAC) [45]. The
measurement of HI scattering angles with respect to the beam axis ranges
from 20° < Oy < 70° and —65° < ¢yr < 65°, where # and ¢ are the
polar and azimuthal ion scattering angles, respectively. These detectors
fully determine the elastic HI kinematics with an ion angular resolution of
A# ~ 1.0°. Any inelasticity or mass transfer can be limited from the ion
angular measurement to £20 MeV or 15 amu, respectively.

The v-radiation is monitored with two Nal(T1) detectors placed at a di-
rection inclined by 45° to the beam axis in the forward and backward hemi-
spheres, respectively. The measured 7-ray energy distributions are trans-
formed during the analysis into positron energy distributions via known IPC
coefficients taking reasonable assumptions on the type and multipolarity of
the transitions. These calculated positron spectra determine the nuclear
IPC part of the measured positron yield (46, 44, 47].

We mention that the ORANGE and TORI groups have similar but in
several aspects complementary approaches to measure positrons. In all ex-
periments magnetic transport systems are used to detect positrons safely
at places of low radioactivity. However, the suppression techniques for the
intense flow of electrons are different. The ORANGE group uses two disper-
sive, large acceptance magnetic toroidal spectrometers (ORANGE-type 3
spectrometers) to detect separately positrons and electrons at extended spe-
cial detectors placed at the focal areas of two spectrometers. This technique
provides an extremely clean positron detection at highest luminosity but
limits positron detection for backward and electron detection for forward
emission according to the selected geometry and magnetic field settings.
The TORI collaboration utilizes an S-shaped solenoid separating electrons
and positrons magnetically by means of their opposite drift velocities in the
curved magnetic field directed perpendicular to the solenoid plane {41].

4. Inclusive positron spectra
4.1. The line phenomenon
In Section 2 we discussed characteristic QA mechanisms and their exper-

imental verification including induced QA positron emission. In addition to
the continuous energy spectra from this source and of the IPC background,
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the EPOS and the ORANGE collaboration identified peak-like structures
in inclusive positron single spectra after HI-collisions in independent exper-
iments [10, 12]. Studies performed by the EPOS group with collisions of
uranium ions on curium targets at energies near the Coulomb barrier re-
vealed a narrow peak at (316 +10 keV), exploiting a width of ~ 70 keV [10].

Similar lines were later on observed at comparable kinetic energies
around 300 to 400 keV in Th + Cm, U + U, Th + U, Th + Th and
Th + Ta (EPOS) (Fig. 8) as well as in U + U, U + Pb and Pb + Pb
(ORANGE). The lines were most clearly observed if particular broad but
sharply defined ion angular regions were selected. These selections differ
for the various lines and systems. The windows are essentially located well
within the binary collision quasi-elastic regime allowing for an energy and
mass transfer of less than 20 MeV and 5 amu, respectively, according the
ion angular resolution. However, a correspondence of these favourable an-
gular bins to other reaction channels cannot be excluded on the basis of
a measurement of scattering angles only. The observed scattering angles
are influenced from the ionic charge states which may considerably differ
from the velocity dependent equilibrium values. An actual interconnection
between non-equilibrium charge states and the production of the lines could
thus well improve the peak-to-background ratio of the lines but this possi-
bility has to be further investigated.

The widths of the positron lines are all similar and are essentially con-
sistent with the assumption of a kinematic broadening due to the emission
from the HI center-of-mass system. The cross sections of the lines can only
be estimated because of the poor knowledge of the actual scattering process,
assuming the lines are correlated with elastic scattering. The EPOS data
reveal an essentially constant cross section of the order of 10 ub/sr over a
range of 163 < Z, < 188, whereas the ORANGE data may not exclude a
steep increase with Z18.

The observation of narrow positron lines is an interesting phenomenon
in itself, since the positron, being a particle of antimatter in our world, only
appears transiently and, depending on the mechanism of its production,
usually not monoenergetic. The well-known IPC or the newly found QA
positron emission as well as nuclear 81 -decay typically all exploit continu-
ous energy distributions as a matter of phase space. Monoenergetic positron
emission implies a resonance phenomenon or a two-body elementary particle
decay; both mechanisms limiting the phasespace. The finding of the lines in
heaviest systems where the formation of QA’s exclusively takes place sug-
gested to try the process of spontaneous positron emission as an explanation.
In fact, the search for this resonant QA process was the original motivation
for these experiments. Trying such interpretation, however, implicitly in-
cludes that the QA lives for a long period on the order of ~ 10719 s as a
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Fig. 8. The single positron lines family observed with the indicated HI-collision sys-
tems by the EPOS collaboration. The dashed and dotted lines present the positron
contribution as expected from induced QA and nuclear processes, respectively. The
solid line is the sum of both contributions [17].

consequence of the uncertainty relation, being long as compared to typical
collision times of 102! s (see Fig. 1). It has been suggested that long-
living (~ 1071°® 5) heavy nuclear molecules may be formed transiently by
attractive nuclear interaction as derived in a liquid drop model approach
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[48]. The finding of an essential independence of the lines energies in the
wide range of collision systems and the presence of lines even in subcritical
(Z4 < 173) systems, where no spontaneous emission is expected, dismissed
this exciting explanation. Contrary to the experimental observation the
QA theory predicts a strong dependence of the spontaneous positron emis-
sion line-energies from Z, in agreement with the variation of the overcrit-
ical binding energies. In Fig. 9 the predicted energies are compared with
the experimentally observed energies for various assumptions for the di-
nuclear shapes and the ionic charge of the QA’s. The assumption of a com-
pletely spherical nuclear formation, with the aim to better match the data,
seems to be unrealistic. Moreover, the high resolution measurements of the
ORANGE collaboration showed, that more than one line can be observed
in the measured positron energy distributions of one collision system [9, 49].
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Fig. 9. Mean energies of the positron peaks as a function of Z,. The lines present
calculations for spontaneous positron emission assuming the formation of different
(long-living) di-nuclear systems:(a) a complex with internuclear separations fixed
at R ~ 17 {, (b) and (c) spherical configuration. Electron screening is included in
(2) and (b), but a fully stripped compound system is assumed in (c).

What could be the source of these lines? Before speculating about
possible exotic explanations, all conventional scenarios first have to be care-
fully investigated. The most obvious process leading to positron emission
is nuclear IPC of nuclear transitions emission although generally of contin-
uous positron energy distributions. An examination of the simultaneously
measured 7-ray spectra provides a direct test for this suspicion. Assuming
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E1 (or other higher multipolarities and type of transitions) the necessary
strength of the y-ray branch can be calculated from known IPC coefficients.
Higher multipolarities than E1 give less strength in the v-ray spectra. E0
transitions escape from this test and need the inspection of internal conver-
sion electron (IC) spectra. IPC proceeds through the emission of electron
positron pairs with the energy of the leptons distributed up to the maximally
available energy of Emax = Ey — 2m.c?. For heavy systems the Coulomb
potential desymmetrizes the lepton spectra significantly with a preference
for high-energy positrons and low-energy electrons. This effect reduces the
width of the positron energy distribution as compared to the low —Z case
and shifts the centroid nearer to Fmax. But even a favourable choice of
Emax results in widths of not less than ~ 150 keV which still considerably
exceeds the observed 80 keV of the lines. Neglecting this inconsistency, an
inspection of the measured v-ray spectrum is shown in Fig. 10 (a). The
comparison is made for an expected 7-ray line with a yield as expected
from the positron line intensity. It correctly includes Doppler broadening
according the HI kinematics and energy resolutions.

assumed:
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Fig. 10. Pair conversion calculated for y-rays. The ~-ray yield is ploted as a
function of the y-ray energy E, for U + Cm collision system at a bombarding
energy of 6.05 MeV/u. The y-ray structure (calculated by [18]) is shown which
would accompany the positron peak in the case of E1 or E2 nuclear transition
in uranium, assuming the positron peak is caused by IPC in part (a) or MIPC
in part (b).

A rare variant of IPC is monoenergetic IPC (MIPC). This occurs, if the
electron of the IPC pair is captured in an empty atomic shell, most probable
the K-shell, resulting in a reduction of the phase space and thus the emission
of a positron of fixed energy. This process is more adequate to the narrow
positron lines but sensitively depends on the K-shell hole probability. Even
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Fig. 11. Pair conversion calculated for electrons. The electron yield is plotted as
a function of the electron kinetic energy for the U + Cm collision system at a
bombarding energy of 6.05 MeV /u [18]. The electron structure associated with the
positron peak is shown for IPC and MIPC assuming the positron peak is caused
by EO nuclear transition in uranium.

assuming the very improbable case, that the lifetime of the 1s-hole is compa-
rable to the nuclear transition, the respective comparison with the measured
4-ray spectrum (Fig. 10 (b)) rules out also this scenario. An inspection of
conversion electron spectra is shown in Fig. 11 for both IPC and MIPC
now assuming an EQ multipolarity. To obtain this spectrum, electrons were
measured simultaneously in the EPOS set-up with their emission angles
restricted thus limiting kinematic broadening. Again no indication can be
found in these spectra for a singular nuclear transition of sufficient strength.
One yet very improbable scenario remains: MIPC occurring at an ion with
both K-shells totally empty such that no IC can be observed. This seems
to be very improbable in view of the usual 1071 s lifetimes for K-holes.
It is moreover difficult to further assume, that no IC takes place from any
other shell and, not to forget, MIPC has to be necessarily accompanied by
the stronger continuous IPC-branch, but no indication for IPC distribution
has been observed in the positron spectra at higher respective energies. In
this completeness these investigations have only been made for the U + Cm
system. But for all ion-atom combinations investigated the simultaneously
measured Nal-y-ray spectra have always been carefully inspected for strong
singular nuclear transitions but with negative results [10, 12, 18].
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4.2. Background determination

Quoting reliable values for the production probabilities of the positron
lines depends crucially on a quantitative evaluation of the trivial part of the
spectrum. This part originates from two main sources: IPC of closely lying
transitions in the highly excited nuclei and induced QA positron emission.
In principle, the cross sections of these two mechanisms are well accessible.
The IPC rate is determined from the yield of nuclear transitions with en-
ergies exceeding 2m.c? which — except E0-transitions — can be derived
from the v-ray spectra measured simultaneously in the experiment. The
yield of the QA production is taken from the theory. In practice, however,
the straight-forward computation of the IPC rate suffers from the insuffi-
cient knowledge of the electromagnetic character and multipolarity of the
nuclear transitions and for the QA cross section from uncertainties in the
primary degree of ionization of the ions. Therefore a consistent description
of the experimental yield of both contributions was developed [47] on the
basis of the total set of v-ray and positron spectra from all collision systems
measured (163 < Z,, < 188). IPC dominates the positron background of
the low-Z systems and the QA production the high-Z combinations.

The analysis [50] follows a decomposition of the positron production
probability per heavy-ion collision into an incoherent sum of the two obvious
contributions:

o0
dP dg;
dE _Z / (E.,,Z) (b Z,Ey)dE,
Y 2mgc?
QA
1 FOAZ,, 5, BN (2,8, Ey).
dE,+

The first part, representing the nuclear contribution, originates in the rest
frame of nucleus j, being either the target- or the projectile-like scattered
nucleus. It is a function of the nucleus j, the projectile energy E; and
the Coulomb strength proportional to Z = Z;Z;. The IPC coefficient 3;,
here expressed in its differential form, depends on the nuclear transition
energy E., the nuclear charge Z; and on the electromagnetic transition
type and multipolarity indicated by index i [51, 52]. For the present analysis
we consider only multipolarities E1 and E2 which are known to dominate
in this energy regime {53]. Throughout the fit procedure the nuclear ~-
ray spectrum dPy/dE(b, Z, E,) is analytically described by spectral shape
functions f;(E,b, E1) of E1 and E2 components. The El-transitions, with
their origin in the statistical regime of nuclear states, are characterized
by nearly exponentially declining shapes, in accordance with the statistical
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nature of the transitions. The E2-shape function is characterized by a bump
around E. ~ 1.2 MeV with the high-energetic slope declining exponentially
as well. The spectral functions f; are related to the energy-dependent E1/E2
mixing amplitudes

f i(E‘Y) b’ E 1)
Y fi(Ey, b, Bq)

The second part standing for the QA production is described by the dif-
ferential QA positron emission probability given in the HI CM rest frame.
The QA theory [40] is uncertain by a scaling factor f@4, considering the
degree of ionization in the incoming channel usually approximated by intro-
ducing a Fermi level above the d3;; QA states.

The result of the background calculations is presented in Fig. 8. The
calculated positron spectra are corrected for efficiency and line shape of the
positron detector and are transformed into the LS. Dashed and dotted lines
indicate the positron contributions from the QA and nuclear processes, re-
spectively. The solid lines is the sum of both contributions which, besides
the peak structures, excellently describe the measured data. The increase
of the QA positron contributions with Z, is obvious from the area under
the dashed lines, starting with a ~ 20% share for Z, = 163 to a ~ 80% for
Z, = 188. This description of the background is characterized by a global
energy-dependent E1/E2 multipolarity mixing and a global QA scaling fac-
tor of fQ4 = 1.00 + 0.08. It is obtained for the global spectra integrated
over the experimental range of impact parameters and for a close range of
beam energies around the Coulomb-barrier. Increasing the impact energy
or selecting closest collisions will enhance the E1 part over E2, thereby lead-
ing to larger IPC contributions in the positron spectra. The overshoot of
the remaining experimental positron yield after subtracting the IPC part
(Fig. 12) observed for increased beam energies in U+Ta is an indication
for this tendency. However, the present data have not sufficient statistical
quality to derive the impact parameter and beam energy dependances of
the peak quantitatively.

With these uncertainties in mind we estimate the accuracy of the present
background computation to within +20%. This bound of the continuous
background allows to determine reliably the intensity of the positron peaks.
Giving the yields in terms of production probabilities per collision or in cross
sections, however, needs a further comment. The quoted values assume elas-
tic scattering ignoring any mass or energy transfer. However, the obvious
dependence of the peak-to-background ratio on the selection of particular
ion angular ranges neighbouring the pure elastic domain could indicate that
inelastic reaction channels are involved. We estimate that the given cross
sections are uncertain by a factor of 2 in addition to the quoted purely sta-
tistical error. This can be more uncertain if the assumption of an isotropic

Fi(E'y’ b, El) =
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Fig. 12. Energy dependence of the positron production as a function of projectile
energy for different projectile-target systems (integrated in the region 0.1 MeV
< E.+ < 1.0 MeV and 20° < 6 < 70°).

positron emission both for the IPC and QA channel can not be made. The
anomalous lines found so far are observed with essentially constant cross-
sections around 10 ub/sr. For example, the 316 keV U+Cm line [10] exploits
a probability per elastically scattered HI event of P,+ = (2.5 % 0.5) x 10~°
corresponding to a cross-section of do,+/df2y; = 12.9 + 2.5 pb/sr.
pronounced systematic variation of the cross-section value over the large
experimental range of Z, from 163 to 188 was found. An experimental
limit on the decrease of o .+ over this range lies within a factor of 2 to 3 for
the EPOS data. In terms of a power law dependence of the cross-section
on Zy, 0.+ x Z7, the data places an upper limit of the exponent factor
at n < 8. Any production mechanism which implies a larger exponent
of the spontaneous positron emission process with around 20 thus appears
very unlikely to explain the total set of the lines (although for individual
lines like the 316 keV U+Cm line such origin cannot be dismissed from
these systematics). We mention, that the ORANGE group reports a Z1®
dependence from their data. Here, further investigations are needed also
to investigate the influence of a trivial dependence like an eventual beam
energy dependence on the line production cross section.
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5. Positron-electron coincidence measurements

The lines in the inclusive positron spectra [10] were found for various
heavy systems at essentially equal energies. Known conventional mecha-
nisms, including QA spontaneous positron emission failed to explain the
lines consistently. There the speculative possibility was raised, that the
source of the phenomenon could be the two-body decay of a previously un-
detected neutral system. Although the finding of even narrower lines in the
energy sum spectrum of coincidently emitted electrons and positrons, the
original idea of a fundamental particle like the axion [54, 22, 23] was soon
totally disproved. Nevertheless a composite system as the natural alterna-
tive if a point-like source is excluded, can still not be completely dismissed.
Thus it appears worthwhile to pass through the experimental facts found
for the phenomenon of narrow electron positron line emission within the
subsequent investigations with the EPOS spectrometer.

Within the above scenario the single positron lines energies imply an
invariant mass around 1.8 MeV/c?. The fiducial volume of the EPOS setup
limits the lifetime of the source to some 1071% s assuming that the object
decays at high velocities as given by the kinematic HI velocities. Since the
single positron lines widths were consistent with emission from the HI CM
system, it appears most suggestive, that the source for the related two-
body decay into an et e~ pair is at least approximately, at rest in the HI
CM system. The typical back-to-back emission characteristic with E 4+ ~
E,_ then leads to a mutual cancellation of the individual Doppler shifts
of the two leptons of the pair in the LS. This emission scenario offers the
characteristic signature of a narrow line in the et e~ energy sum spectrum
of the pairs at a position defined by the invariant mass of the decaying
object (after subtracting the rest mass of the leptons). In order to efficiently
observe this signature forward and backward lepton emission directions with
respect to the beam velocity have to be measured simultaneously with equal
efficiencies. This is ideally fulfilled in the EPOS setup with the solenoid
mounted perpendicular to the beam direction. To match the single line cross
sections it is sufficient, that the narrow sum line collects a small amount
of only some percent of the total electron positron yield produced in HI
collisions.

The goal of the subsequent electron positron coincidence experiments
clearly was to test this exciting hypothesis. We shortly summarize how the
EPOS setup results on the characteristic signature [18, 20}:

o Two complementary projections of the E_+ E,- energy distribution
are most helpful. a) Projection onto the energy sum Ey = E .+ + E,-.
There the width of the narrow line is mainly determined by the detector
resolution of §Ey ~ 15 keV. b) Projection onto the difference energy
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Ep = E_+ — E_-. There a broad line centered around zero is expected
with a FWHM of §EA ~ 120 keV. The width §E 4 is proportional
to Eyx and reflects the full kinematic broadening. The width §E 4 is
considerable narrower than the with expected for a background process
like IPC covering the full phase space of a three-body decay. Hence the
structure in the difference projection provides a good selection criterion
for this scenario.

e A rough information on the angular correlation between the electron
and positron of the pair is contained in the time-of-flight correlation
(te+ vs t.-). Due to different et, e angular acceptance, the pattern is
different for a back-to-back or a less correlated angular correlations like
that of uncorrelated background pair emission. The differences in the
time-of-flight pattern are based on the dependence of the transport time
t on the lepton emission angles ¥, with respect to the solenoid axis with
t «x 1/ cosdy in uniform magnetic fields i.e. leptons emitted steeply to
the axis arrive later than those emitted in the direction of the axis. The
experimental time resolutions of the EPOS detectors are sufficient to
divide the lepton angular ranges into two major parts, corresponding to
steep (slow) and flat (fast) emission with respect to the solenoid axis.
A detailed MC-study of the transport reveals that events from back-to-
back emission processes are predominantly grouped in a fast-fast TOF
window whereas the uncorrelated background pair emission results in
an essentially uniform TOF distribution. The uncorrelated background
can thus be reduced by factors around six with no essential loss for the
back-to-back pair events.

Electron positron coincidence experiments have been performed in the
EPOS setup with 238U 4 232Th (5.80 — 5.90 MeV/u) and 238U + 181Ta
(5.8 — 6.7 MeV /u) collision systems [18-20]. Fig. 13 shows the resulting
electron positron sum-energy spectra together with the associated differ-
ence energy distributions. The difference energy spectra are restricted to
the events contained within a window closely around the respective sum en-
ergy line. The striking features of the data are the very narrow prominent
sum-energy lines. The lines widths are only slightly larger than what corre-
sponds to the instrumental resolution and, in particular, are much narrower
than the respective broad structures in the difference-energy distributions.
This pattern indicates a mutual cancellation of the original Doppler. For
comparison, broadened lines with widths ~ 140 keV are expected in the
sum energy spectrum for emission from either of the fast moving scattered
ions (v > 0.04c) or from the HI CM (v = 0.05¢) if the leptons of the pair
are totally uncorrelated.

Within statistical uncertainty the lines group around mean sum energies
of ~ 620 keV, ~ 750 keV and ~ 810 keV (see Table I). Taking the sum-lines
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Fig. 13. Sum-energy spectra measured with the EPOS spectrometer for U + Th and
U + Ta collisions. The spectra are gated by different e* time-of-flight windows,
but no conditions on the heavy-ion scattering (except the global restriction on
quasi-elastic scattering) have been imposed. Reproduced from [20].

as the signature for a two body decay from an object approximately at rest in
the HI CM system, this grouping implies the existence of different intrinsic
states or configurations of such objects. This experimental circumstance
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TABLE I
Summary of results from EPOS and ORANGE experiments. Results presented

at PANIC XII Conference (June 25-29, 1990) by P. Salabura and W. Koenig, and
published in [61].

System U4Ta U+Ta U+Pb U+Th U+U
Group EPOS ORANGE ORANGE EPOS ORANGE
Ebeam (MeV/u) 5.3-6.8 6.3 5.9 5.8-5.9 5.8-6.0
Prasget (1/gem®) 600 1000 850° 300" 400°
Line 1 ~ 560 keV
Ebeam 5.3-6.8 5.9 5.8
Es (keV) c 54746 c 554:£6
(Ea) (keV) ' ~0° ~ +15°
Pt o 180°+18° - (10°-150°)*
Line 2 ~ 620 keV
Eyeam 6.24-6.38 6.3 5.85-5.9 5.8
Eg (keV) 62518 63516 6088 63546
(Ea) (keV) +30 +90° ~0 +10
D 4 - (90°-180°)*  (90°-180°)" (70°-150°)8  (70°-150°)*
Line 3 ~ 755 keV
Eveam 5.93-6.76 6.3 5.9 5.83 5.8-6.0
Ez (keV) 74818 76020 (weak)
(Ea) (keV) ~ 150 ~0
"e*’e' (60°-120°) not measured
Line 4 ~ 805 keV
Eveam 6.24-6.38 6.3 5.9 5.87 5.9
Ez (keV) 80518 805::8 78747 80948 81548
(Ea) (keV) +220 not analyzed ~ +10 ~ +30 ~0
34 - 180°430°  (90°-180°)F 180°+18° 180°+40° ~ 180°

Sandwiched between 20/40ug/cm carbon

> ThF,

Reduced efficiency due to low energy cutoff
Predominantly in this angular range

Corrected for mean Doppler shift of (30-40) keV, assuming that mean emit-
ter velocity ~ c.m. velocity. In cases of U+Pb and U+U limited range of
observation, FWHM ~ 150 keV

preliminary
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is difficult to accomplish by a fundamental object, except one accepts the
existence of a whole family of unknown particles. But any fundamental
and/or point like objects have meanwhile completely been dismissed as the
source of the lines by independent measurements mainly resonant Bhabha
scattering (RESBHA) [55-58] or beam dump experiments [59]. Composed
objects with sizes of the order of the electron Compton wave length, which
quite naturally could explain the diversity of line energies, are still not
explicitly excluded.

Other observations connected with the lines however disagree with the
above two-body decay scenario. Only the 810 keV line group essentially
exhibit an electron positron TOF correlation as expected for back-to-back
emission in the EPOS system, the other line groups around 620 and 750
keV are in conflict with this pattern. From Table I and Fig. 13 it is also ap-
parent, that while the U + Th lines exhibit difference -energy distributions
essentially centered around Ep = 0 keV, the difference energies are wider
and systematically shifted to higher positron and lower electron energies for
the U + Ta collisions. These energy shifts have the correct sign for a final
state interaction of the leptons with the Coulomb field of the heavy ions.

A measurement of the electron positron opening angle distribution could
finally decide on the validity of the two-body decay scenario. However, this
is a major difficulty, because at the given low lepton energies angular strag-
gling by multiple scattering in the target partly destroys this information
(e.g. a ~ 300ugcm target causes, besides energy loss, an angular straggling
of ~ 10°). At the same time this precludes the application of tracking
techniques conventionally used for the invariant mass measurements in high
energy physics. The solenoid-specific time-of-flight technique applied here
as described above is an indirect method to derive the angular distribution
within these physical limits. The results also taking into account the still
poor statistics are given in Table 1.

A global but more direct measurement of the electron positron opening
angle characteristic can be performed in EPOS by the position sensitive
Si(Li) detectors. This method utilizes the correspondence between the lep-
ton azimuthal emission angle (around the solenoid axis) and the place of
incidence on the detector. It has first been applied for U + Ta collisions
[20]. For the ~ 620 keV and ~ 810 keV lines the result confirmed the an-
gular correlations deduced from the TOF. The line at ~ 748 keV observed
most prominent in this system was found to be preferentially associated
with pairs forming smaller opening angles. The calculation of the back-
ground yield in the sum energy spectra (dashed lines in Fig. 13) based on
the QA theory and the IPC yield similarly as it was derived for the inclusive
positron single spectra. An additional yield of IC electrons is taken into ac-
count by adjusting the experimentally measured electron multiplicity. This
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background calculation is assumed to be accurate within ~ 20%. The calcu-
lation is made by MC-techniques with the MC-events passing through the
identical analysis procedure as the original data. The good knowledge of
the smooth part allows to study the yield of the peak events. A first but
rough study of the yield of the 748 keV (U + Ta) peak events as a func-
tion of Ry, was limited by still poor statistics [47, 50]. An exponential
increase with decreasing R,,;, according exp(—2aRny;,) with the slope con-
stant 2a = (0.35+0.07) fm~? characterizes the data up to nuclear distances
close to the nuclear contact point. The other two sum-energy lines of this
system indicate a similar behaviour but with even less statistics. Such ex-
ponential behavior compares with the dependencies of one-neutron transfer
(2a = 1.08 fm~? [60]) and QA positron production (2a = 0.13 fm~!). For
the more symmetric U 4+ Th system Rp,;, cannot be resolved from the scat-
tering angle distribution, although, also there the line events were found in
quasielastic ion scattering regions. A first excitation function measurement
was performed for the 748 keV U + Ta line, revealing a resonance-like be-
haviour around 6 MeV/u. This is kinematically consistent with the above
described Rp,in-behaviour assuming Rutherford (Coulomb) scattering.

A numerical comparison of the results of the EPOS and ORANGE
experiments on the sum energy lines is given in Table I. The ORANGE group
reports on sum-energy lines around ~ 550 keV, ~ 630 keV and ~ 805 keV.
For the two lines around ~ 630 keV and ~ 805 keV, in the system U + Ta
measured by both groups the experiments reveal similar observations: the
~ 805 keV line seems to be consistent with a back-to-back scenario, whereas
the data from the ~ 630 keV structure reflect a more complicated angular
dependence. For the 748 keV line with a strongly asymmetric share of the
lepton energies, the ORANGE experiment needs a respectively asymmetric
setting of the spectrometers currents not persuade at that time. The 630
keV U 4 Ta line of the ORANGE experiments was moreover strongest
observed in coincidence with U-fission events. This reaction branch was not
accessed in the EPOS experiments.

6. Future experiments

The second generation of the positron experiments at GSI culminated
in the discovery of sharp electron-positron sum-energy lines as described in
the previous chapter. This line phenomenon appears to be well established
from the experiments by the two groups. The EPOS and ORANGE instru-
ments offer considerably different approaches which, in some aspects, are
complementary. Except from the cross sections, the two groups report sim-
ilar observations on the global line characteristics [43]. The cross sections
which were found to be of the order of 0.1 to 5 ub/sr, are difficult to deter-
mine. This is because of the poor knowledge on the lepton opening angle
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correlations, the excitation function and on the reaction path. The ~ 630
keV line has been found most prominent in deep inelastic collisions by the
ORANGE group whereas all other lines were associated with quasielastic
collisions.

A conceivable explanation for the source of the lines is totally missing
until now. In this situation more systematic investigations of the produc-
tion mechanism and the lepton emission characteristics at a level of bet-
ter statistical evidence and improved experimental resolution are urgently
needed. It is clear that a detailed study of the line properties involves many
parameters and requires many-dimensional cuts in the experimental data,
which drastically reduce the statistics. A new generation of experiments
thus needs much higher data accumulation rates, in particular for electron
positron-coincidence events. This involves raising the detection efficiencies
of the instruments, developing instrumental strategies to allow for higher
electron-counting rates and, last but not least, improving the ion-beam per-
formance towards better beam-on beam-off ratios (ideally aiming a 100%
duty cycle) to raise luminosities without increasing the random coincidence
rates.

The recently installed EPOS II spectrometer [62] addresses the present
experimental demands. The technique involved for measuring lepton angles
is more precise: the instrumental distinction between forward and backward
emission in the new setup is made energy independent and less sensitive to
off-axis emission and is less distorted by lepton-backscattering in the de-
tectors. Particular attention has been put to keep the whole transport
volume clear of any material (except the necessary target and the detec-
tors themselves), thus minimizing secondary processes like backscattering.
Bremsstrahlung, external pair conversion etc., which were partly suspected
to result in the production of lines. In particular, no baffles have been used
to mechanically block the electrons from reaching the positron-detectors
or to suppress the huge low-energy §-electron flux now achieved by other
techniques.

The new apparatus (see Fig. 14) has been optimized for a most effec-
tive electron-positron pair detection in coincidence with the scattered heavy
ions. Again this instrument is based on a magnetic solenoid for transport
which is arranged perpendicular on both sides of the beam. Electrons and
positrons are now simultaneously detected in both arms. Positron identifi-
cation is made in two steps, first by utilizing the opposite spiral sense of the
trajectories of positrons and electrons and second by detecting at least one
annihilation y-ray. This implies a newly designed concept of sandwich-like
back-to-back arranged planer Si(Li)-detector arrays. Always a pair of these
is mounted within the field parallel to the field lines on both ends of the
solenoid but with a certain distance from the solenoid axis. The radial offset
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beam monitor
detectors . -

@ e'e” SiLY
detector arrays

Nal(T1) ring detector

heavy-ion PPAC
detectors

Nal(T1) ring detector

Ge(i) detector

Fig. 14. A perspective view of the new EPOS spectrometer. The set-up shown is
immersed in an uniform magnetic field B, produced by 18 pancake coils (not shown
in the picture). The field is oriented along the solenoid axis and is penpendicular
to the beam.

from the axis is to cope with the flux of low-energy §-electrons limited to
cylinders of small spiral diameters around the solenoid axis. Left and right
handed spiral trajectories associated with positrons and electrons, respec-
tively, are identified by observing the signal in either of the two sides of the
sandwich. In order to account for the high electron rates the Si(Li) detec-
tor wavers are segmented into six segments each. A redesign of the HI gas
detectors improves the kinematic resolution and the accepted solid angle.
The total gain in the electron positron-detection efficiency thus reaches up
to a factor of 8 depending on the lepton opening angular distribution of the
pair.
Besides the EPOS spectrometer also the ORANGE setup has been con-
siderably upgraded for higher efficiencies and improved lepton angular res-
olution and moreover gains from a shorter micro-structure pulse distance
in the duty cycle of the accelerator. The latter improvement is due to
the installation of a new injector system based on an ECR-source, a RFQ
and a IH-structure section. The hunt for the positron lines has also been
started at a different laboratory. A new large solenoidal spectrometer APEX
(ATLAS Positron EXperiment) {63] has reached its final assembly phase
at the Argonne superconducting linear accelerator ATLAS. A combined ef-
fort of these three experiments will hopefully bring the answer to the “GSI
electron positron puzzle” within the coming years.
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