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The present status of the observations made in experiments at the GSI, Darmstadt of narrow
positron lines and electron—positron pairs in the range of effective masses 1.6-1.8

MeV/c? in collisions of very heavy ions at energies below the Coulomb barrier is reviewed.
The results of experiments at low and high energies looking for a similar phenomenon

in other processes are presented. Theoretical attempts to explain the “Darmstadt effect” are

considered.

1. MOTIVATION OF INVESTIGATIONS INTO THE
PRODUCTION OF POSITRONS IN HEAVY-

ION COLLISIONS AT ENERGIES BELOW THE
COULOMB BARRIER

The solution of the Dirac equation for the bound states
of an electron in the field of a point Coulomb center be-
comes singular at Z=137.! The expression for the energy
of the lowest electron level 1S, is

Ei=mc*(1—x%)"2, (1)

where x=2Ze?/#fic=aZ. For nuclei of finite size, the first
estimate of the energies of the electron levels was made by
Pomeranchuk and Smorodinsky,2 who showed that for
Z=137 there is no singularity in the solution and that the
charge at which the energy of the 1S),, level reaches
E= —mec2 (the energy of the lower continuum), i.e., the
binding energy of an electron in the K shell reaches 2m c?,
is approximately equal to 200 (critical charge). Later,
more accurate solutions of the Dirac equation for nuclear
charges near the critical value made by Werner and
Wheeler,3 Gershtein and Zel’dovich,4 Popov,5 and also
Pieper and Greiner® and Miiller ef al.!! led to the value
Z.=173+1 for the critical charge. Gershtein and
Zel’dovich,*!° and also Pieper and Greiner® were the first
to suggest that for a bare nucleus with Z>Z,, or in the
presence of a vacancy in the K shell, there is spontaneous
capture of an electron from the negative continuum to the
K shell and production of a hole in the negative contin-
uum, this being observed as the production of a free posi-
tron. In a different terminology, the vacuum becomes neg-
atively charged, and simultaneously there appears a
positron; naturally, the total charge is conserved.

Thus, if in an encounter of two heavy nuclei*'®!! the
total charge exceeds the critical value, spontaneous pro-
duction of positrons can be expected. It is important that
this spontaneous process does not depend on the velocities
of the nuclei and is possible for an arbitrarily slow ap-
proach of the nuclei to each other. The analysis of Refs.
4-10 shows that because of the Coulomb barrier in the
effective potential of the two nuclei the produced positron
is initially localized near the nuclei, and then tunnels to
infinity.

It follows from the above that in a heavy-ion collision
one can investigate experimentally the spontaneous pro-
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duction of positrons and positron—electron pairs, demon-
strating in this way the fundamental role of the vacuum in
quantum electrodynamics.

In the middle of the seventies, a program was begun at
the GSI (Darmstadt, Germany) using the UNILAC ac-
celerator to look for the spontaneous production of posi-
trons in collisions of very heavy ions.

As an example, let us consider the picture of the pro-
cesses accompanying the collision of two 2**U nuclei at an
energy of the incident ions near the Coulomb barrier, ~5.9
MeV /nucleon.'? Depending on the relative orientation of
the two deformed nuclei, the collision may lead to partial
interpenetration of the nuclei and the formation of a com-
pound nucleus during a time 10~*-10~%! sec. Indepen-
dently of the formation of a compound nucleus, the total
charge is Z,=Z,+Z,. During this short collision time, a
superheavy atom with total charge Z,=184 of the “nu-
cleus” is formed. Since the velocity of the ions in the col-
lision, v~0.1c, is small compared with the velocity of the
orbital electrons, it can be assumed that the electron levels
go over adiabatically to the levels of the new two-center
potential, which varies with the changing distance between
the nuclei. For Z,>Z_ and a sufficiently small distance
between the nuclei, the 15, level is embedded in the neg-
ative continuum for a short time.

We list the main processes that occur in such a colli-
sion (in all that follows, we have in mind collisions of ions
with energy near and below the Coulomb barrier).

1. Further, deeper ionization of the incident ion and
target atom.

2. The formation of vacancies in the K shell with a
probability reaching a few percent; this has been investi-
gated theoretically’*'> and confirmed experimentally.1("18
At the same time, because of the strong localization of the
electron wave functions in the field of the two nuclei, there
is an appreciable probability for processes with large mo-
mentum transfer from the moving nuclei to the electrons—
the production of & electrons.

3. Excitation of the nuclei—both Coulomb excitation
and in the transfer of one or several nucleons. When the
phenomena described below were observed, the conditions
were such that the inelastic energy transfer did not exceed
1020 MeV, and the mass transfer did not exceed five
nucleons."

4. The deexcitation of the nuclei excited during scat-
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FIG. 1. Internuclear separation (a) and binding energy (b) for three
quasiatomic levels as a function of the time in the process of elastic
scattering of uranium ions with energy 5.9 MeV/nucleon. The main pro-
cesses are shown: production of § electrons, production of induced (qua-
siatomic) positrons, and production of positrons in the possible sponta-
neous process.*’

tering occurs through fission, radiation of photons and
conversion electrons, and internal pair conversion if the
excitation energy exceeds 2m,c’. The last process is one of
the components of the background of positrons and
positron—electron pairs present when one is looking for the
spontaneous production of positrons. These nuclear posi-
trons are emitted during the time 10~ °~10~* sec after the
collision of the ions.

5. The collision of the heavy ions gives rise to a very
deep Coulomb potential (well depth ~20 MeV) that var-
ies rather rapidly in time and space. This removes electrons
(as in Coulomb ionization) from the negative continuum
with transition either to vacant discrete quasimolecular
levels or directly to the positive continuum (Refs. 61, 60,
57, and 48). In both cases, the hole produced in the neg-
ative continuum is observed as positron production with a
broad (~1 MeV) bell-shaped spectrum that depends on
the collision dynamics. The emission time of such posi-
trons, which in different publications are called quasi-
atomic, induced, or dynamic positrons, is ~ 10~ 2! sec.

6. The most interesting process is the one already men-
tioned: spontaneous production of positrons. They must be
produced mainly at the time of closest approach of the
nuclei and have energy near

Ee+=_(me02+Elsa)y (2)

where E| 5, is the energy of the electron ground state in the
field of the colliding nuclei at the time of encounter. For
example, for a U+ U collision we must have E,+ ~ 300 keV
(Ref. 20). In Fig. 1, these phenomena are shown by ar-
rows. The time of spontaneous transition of an electron
from the negative continuum to a vacancy in the K shell of
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the “superheavy” nucleus must be ~ 107! sec (the corre-
sponding width is ~10 keV),?' and this is greater by two
orders of magnitude than the characteristic ion collision
time (~1072! sec). Even before the experiments in which
structure was observed in the positron spectrum it was
clear that this is the greatest difficulty in the attempt to
observe the spontaneous process, since the dynamic and
spontaneous processes must take place coherently,?? and
there is no prescription by means of which they could be
separated experimentally. This led to discussion?>?! of the
as yet unsettled question of the possible production during
the nuclear interaction, in a small (~10~3) fraction of
scattering events and below the Coulomb barrier, of quasi-
molecules with lifetime appreciably greater than the colli-
sion time. This process was subsequently discussed*>%° in
connection with attempts to explain the observed features
of the positron spectrum. If T is the lifetime of such a
supercritical molecule, then one can hope to observe in the
positron spectrum a peak with energy in accordance with
the expression (2) and with width AE(keV)
=2#%/T=1.32-10"13/T (sec) inversely proportional to
the time of fusion (sticking) of the nuclei into a quasimol-
ecule, and this would be an unambiguous indication of the
existence of two important phenomena—spontaneous pro-
duction of positrons and simultaneously the production of
a long-lived quasimolecule.

2. EXPERIMENTS ON POSITRON PRODUCTION IN
HEAVY-ION COLLISIONS

2.1. Experimental technique

Positron production in collisions of very heavy ions
was investigated at the GSI by three independent groups
by means of three magnetic spectrometers: EPOS,3!1%18
TORIL* and ORANGE.*** The first two groups used
solenoidal transport systems in which the positrons emit-
ted in the ion collisions moved along helical trajectories to
detectors (scintillation or silicon) at quite large distances
from the target (~1 m). The solid angle of positron de-
tection was ~20% of 4. The third spectrometer used a
principle®® of focusing charged particles by means of a to-
roidal 1/7 magnetic field for analysis by means of the mo-
mentum of the positrons or, for an opposite field, electrons
in a large solid angle. The toroidal magnetic field with axis
coinciding with the ion-beam axis is produced by means of
60 coils of a special shape placed at equal angles around the
spectrometer axis. The focal region, which has approxi-
mately the shape of a cylinder, is covered with a position-
sensitive detector. The solid angle of positron detection is
~25% of 4.

The main bulk of the experimental data on positron
production in heavy-ion collisions at energies below the
Coulomb barrier was obtained by means of the EPOS and
ORANGE spectrometers. During the investigations, both
spectrometers were improved—the energy and angle reso-
lutions were raised, and the background was decreased. To
investigate positron—electron coincidences, the spectrome-
ters EPOS**° and ORANGE® were subsequently modi-
fied by being joined to existing almost mirror-symmetric
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devices adjusted to electron spectrometry. For the investi-
gation of positron production, the triple differential cross
sections d°o/ (dE,+dQ,+d(},) were measured, and for the
investigation of positron—electron collisions the fivefold dif-
ferential cross sections d°0/(dE,+dQ +dE,-dQ,-dQ,);
here, E,+, Q.+, E.—, Q.- are the energies and solid angles
of the positrons and electrons, and {1, is the ion solid angle.
Both heavy ions were detected in coincidences with posi-
trons and electrons by means of position-sensitive plane-
parallel avalanche counters, which made it possible to de-
termine the polar and azimuthal angles of both ions with
angle resolution 0.5-1°. The resolution time of the ion co-
incidences was 0.5 nsec, and that of the positron—electron
coincidences was ~5 nsec. The energy resolution of the
positron—electron spectrometers was improved during the
investigations from a few tens of kilo-electron-volts to ~ 10
keV at energy ~350 keV.

Simultaneously with the measurement of the differen-
tial cross sections for production of positrons or positron—
electron pairs, measurements were made of the spectrum of
gamma rays in coincidences with heavy ions by means of
several detectors with NaI(T1) scintillators placed around
the target. The main source of the detected gamma rays
was nuclei excited after scattering, and these measurements
were used to take into account the contribution of the
nuclear positrons to the measured positron spectrum.

The intensity of the beam of very heavy ions was 1-2
nA. The projected beam monochromatization was ~0.01
MeV/nucleon, i.e., ~2- 1073 of the ion energy below the
Coulomb barrier; the actual monochromaticity in the beam
was maintained at the level ~0.02 MeV/nucleon. The tar-
get thicknesses were 300-600 pg/cm?, for which the spread
of the energy losses of the beam ions in the target reached
~0.1 MeV/nucleon. In the experiments, there were prob-
lems associated with destruction of the targets by the beam
during the measurements, and these led to an increase of
the target inhomogeneity; details can be found in Refs.
72-74.

Diagrams and detailed descriptions of the spectrome-
ters will not be given here; they can be found in Refs. 12,
18, and 3440. From the above list of possible processes of
positron production in heavy-ion collisions it is obvious
that the search for new mechanisms must be preceded by
the systematic investigation of the general properties of
production of nuclear and quasiatomic positrons for both
the above- and below-critical regions of total charges of the
colliding ions.

2.2. Nuclear positrons

Nuclear positrons arise in internal pair conversion in
excited nuclei in transitions with energy greater than
2mc?. There is no experimental way of separating nuclear
positrons from quasiatomic positrons, and therefore one
must use an indirect method based on gamma-ray spectra
measured simultaneously under the same kinematic condi-
tions of the ion collisions as for the positrons.*! From these
measurements, one can hope to obtain the positron spec-
trum from the internal pair conversion by using the rela-
tion
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FIG. 2. Differential probability of production of y rays with energy above
1 MeV in U+Pd, U+ U, U+4Th, and Pb+4Th collisions at 5.9 MeV/
nucleon. The y rays were measured in coincidences with ions scattered in
the indicated angles. The harder spectrum of y rays for the U+ Pd system
is due to the fact that the energy of the ions in this case is above the
Coulomb barrier, and the contribution from nuclear reactions is large.*

(dP,+/dE,+) f B (dPY)
et et Jnuc™ 2mec2 dEY

X [dB(E+ ,Z,MA)/dE+1dE,, (3)

where (dP,+/dE,+ )y, is the spectrum of the nuclear pos-
itrons, dP,/dE, is the spectrum of the measured gamma
rays, and dB(E,+,Z,MA)/dE,+ is the theoretical coeffi-
cient of internal pair conversion, which depends on the
multipolarity MA of the intranuclear transition and the
nuclear charge Z. The procedure (3) is quite reliable, since
the process of internal pair conversion can be excellently
described theoretically*>** if the electromagnetic proper-
ties of the nuclear transition are known. For nuclear tran-
sitions in the range of a few mega-electron-volts, the coef-
ficient of internal pair conversion depends weakly on Z and
is ~1074-1073, decreasing strongly for transitions with
multipolarity greater than E1 or M1. For EO transitions,
the internal pair conversion competes with electron con-
version and is ~ 1072 of it. Figure 2 shows typical gamma
spectra measured in coincidence with heavy ions scattered
into the corresponding angle intervals for four different
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FIG. 3. Spectrum of positrons from U+Pd collisions with energy 5.9
MeV/nucleon measured in coincidences with heavy ions scattered in the
indicated angles. The continuous curve A is the result of calculation of the
spectrum of nuclear positrons in accordance with Eq. (3), using the
measured y spectrum under the assumption of 90% FE1 and 10% E2
transitions.*

pairs of colliding ions. As can be seen from the figure, the
spectra are continuous exponential distributions with max-
imum energy around 4-5 MeV.

Figure 3 shows the measured positron spectrum for the
lightest of the investigated systems, U+Pd (Z,=138).
The experimental data are well described by the theortical
curve calculated in accordance with (3), using the exper-
imental spectrum (Fig. 2) and the theoretical conversion
coefficient for E1 transitions*? with a 5-10% admixture of
E2 transitions. Fixing this ratio £1/E2 and assuming that
it does not change appreciably in going to heavier nuclei,
one can use the same procedure to determine the nuclear
contribution to the positron spectrum by measuring the
gamma spectrum. Figure 4 shows the yield of positrons in
coincidences with scattered nuclei, normalized to the num-
ber of nuclear positrons calculated from the measured
gamma spectra for collisions of uranium nuclei with vari-
ous nuclei.*>*® In the calculations, E1 transitions with a
small (5-10%) E2 admixture were assumed. The main
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FIG. 4. Experimental positron yield, normalized to the positron yield
from the process of internal pair conversion calculated from the measured
spectrum in collisions of uranium ions with energy 5.9 MeV/nucleon and
5.2 MeV/nucleon with different nuclei.***
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conclusion from this illustration is that the yield of posi-
trons, normalized to the calculated nuclear contribution, is
close to unity for total nuclear charge Z,=Z,+Z, <160,
i.e., all positrons have nuclear origin irrespective of Z,,,
and there is a sharp increase when Z, > 160, indicating the
appearance of a new source of positrons—the quasiatom
mechanism. The yield of positrons can be extrapolated*t
into the region of large Z in accordance with the expression

Ne+=N,+(nuc.) + N+ (quasiatom.) = C,+ N+ Po+ N,.
(4)

Here, C,+ is the effective coefficient of internal pair con-
version for the colliding nuclei, which, as was shown, is
relatively independent of Z, and the details of the gamma-
ray emission process, NV, is the intensity of the gamma rays
with E, > 2m?, P, is the probability of quasiatomic pos-
itron production, and N » 18 the number of scattered nuclei.
This procedure makes it possible to separate the contribu-
tions of the nuclear and quasiatomic positrons to the mea-
sured spectrum. It should be mentioned that a different
relationship between the contributions of the E1 and E2
transitions was assumed to describe the spectrum of nu-
clear positrons*’ for systems with Z,<160, namely, there
was assumed to be a pure E1 transition for E,+ > 800 keV
and a pure E2 transition for E,~ < 600 keV with a smooth
transition between them. In this case too, good fitting of
the experimental positron spectrum to the spectrum calcu-
lated in accordance with Eq. (3) was achieved.

2.3. Quasiatomic positrons

Already in the first year of operation of the UNILAC
accelerator*#¢ experimental investigations revealed a new
strong source of positron production associated with qua-
siatomic processes in the rapidly varying Coulomb field of
the colliding nuclei. Quasiatomic positrons begin to make
an appreciable contribution when Z,> 160 and with in-
creasing Z, form the main component in the total positron
yield. Figure 5 shows the positron spectra measured by the
ORANGE group for 2°®Pb+2*’Th scattering with energy
5.9 MeV/nucleon at the indicated angles. This system
forms a total charge Z,=172, in the field of which the
1S/, level does not yet reach the negative continuum. The
shape of this broad continuous distribution must basically
reflect the frequency distribution of the time picture of the
ion collision.

The production of quasiatomic positrons obviously de-
pends on the extent to which the negative continuum is
perturbed by the total charge that is formed, and for given
energy of the incident ions and given total charge of the
nuclei it depends on the collision kinematics. It is interest-
ing to investigate this dependence. We introduce g, , the
minimum momentum transfer on scattering needed for the
production of a positron—electron pair with total energy E:

qmin=E/ﬁvv (5)

where v is the initial velocity of the incident ion.

The kinematic dependence of the positron production
probability can be simply described by means of the
dc:pend(=.rlce48'50
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FIG. 5. Positron spectra from Pb+Th collisions at energy 5.9 MeV/
nucleon, measured in coincidences with heavy ions scattered in the indi-
cated angles. The background of nuclear positrons (/N has been sub-
tracted). Curves a give the calculation of the spectrum of induced
(quasiatomic) positrons.’*

Pe+(b) =P0 eXp(—QOinb)9 (6)

where b is the collision impact parameter.

Such a treatment was used earlier in Ref. 49 to describe
Coulomb ionization in collisions with light ions and sub-
sequently was extended to heavy-ion collisions and the de-
scription of the production of vacancies in inner shells and
pair production.

The expression (6) must be valid for 5> g, with a
constant m=2 for Z> 137 (Refs. 49 and 51), a value that
differs appreciably from the experimental value
m=2.73+0.20.4

For close collisions, i.e., small impact parameters, a
better approximation is achieved®*>!® by expressing the
probability of production of induced positrons in terms of
R_ ., the distance of closest approach of the nuclei during
scattering:

0
R in=a+ \[az+b2=a( 14 1/sin 5),

ZIZZe2 o 0 ;
—,U'(El/Al)’ ( )“"GCOtZ’ ( )
where 0 is the c.m.s. scattering angle, u=4,4,/(4,+4,)
is the reduced mass, E, is the energy of the incident ion,
and 2a is the minimum distance in a head-on collision. The
corresponding scaling has the form

P+ ~exp(—ARpin), (8)

where the parameter A for each total charge Z,, is found as
an adjustable parameter.

a
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FIG. 6. Probability for the production of quasiatomic positrons with
energy in the interval 424-530 keV as a function of R, , the distance of
closest approach of the ions in U+ U (points), U+Pb (open circles), and
Pb+Pb (triangles) scattering.***é The straight lines are the calculation of
the yield of quasiatomic positrons®’” for the corresponding systems, made
with different degrees of completeness.

Generally speaking, the experimental data agree fairly
well with this simple picture**® (see Fig. 6). The dynamic
nature of the production of the induced positrons can be
parametrized> by using a critical time T, defined as the
time interval between the two extrema of R(¢)/R(t), the
logarithmic derivative, with respect to the time, of the dis-
tance R(¢) (Fig. 1). This time interval determines the am-
plitude of the dynamic process. The corresponding scaling
law has the form

P, ~exp(—271/cA,), 9)
where 7 can be expressed in terms of measured quantities:

27=(2a/v)(e+1.16+40.45/¢), (10)

in which v=(2E;/4,)"/? is the velocity of the incident ion,
€ is the eccentricity, and A, is the electron Compton wave-
length.

From the expression (6) it is possible to obtain the
dependence of the probability of dynamic production of
positrons on the energy of the incident ion. For fixed nu-
clear charges and scattering angle, it follows from (7) that
b~E7', Ro.~Er!, and from that (5) gu.~Er %
Therefore, we may expect that

P, (E;) ~exp(—sE; %), (11)

i.e.,, growth of the production of dynamic positrons with
energy of the incident ion. The experiments with the OR-
ANGE spectrometer confirm this dependence (Fig. 7), but
the result of the calculations®® gives a probability system-
atically higher (by 30%) (see below). The listed models,
while giving a good description of the probability of pro-
duction of induced positrons as a function of the collision
parameters, nevertheless do not predict the absolute mag-
nitude of the probability, and they also deviate from the
experimental data in closer collisions (<10 fm).>*!> For a
more rigorous quantitative description, it would be neces-
sary to consider a two-center problem for a time-dependent
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FIG. 7. Probability of production of quasiatomic positrons as a function
of the energy of the colliding U+ U ions. The positron spectra are
summed in the indicated energy interval, and the range of scattering
angles of the ions is also given. The continuous curve is the result of the
theoretical calculation of Ref. 28, and the broken curve was obtained by
fitting in accordance with Eq. (11) of Ref. 44.

Dirac equation (Refs. 57, 22, 12, and 28) in which a de-
pendence of the electromagnetic potentials on the time
arises from the motion of the colliding nuclei. Because of
the relativistic contraction of the electron wave functions
in the strong quasiatomic Coulomb potential, there is lo-
calization of the induced transitions of the electrons from
the negative continuum at the turning point of the scatter-
ing trajectory. This simplifies the problem, making it pos-
sible to use the monopole approximation, i.e., to make a
restriction in the monopole expansion of the two-center
potential to the spherically symmetric part. Solutions of
the stationary two-center problem for the Dirac equation
have been studied for bound states>® and for continuum
states.*® It was found that the corrections to the monopole
approximation are small for S/, and P/, states. In Fig. 8
we compare the theoretically calculated spectra with the
experimental ones measured by the EPOS group. It can be
seen that there is good agreement of the experimental data
and the calculations as regards both the shape of the spec-
trum and the amplitude.

The dependence of the yield of dynamic positrons on
the total charge of the ions is illustrated in Fig. 9.* Anal-
ysis of the experimental points gives the dependence

do/dQ~Z"93*1, (12)

This result is consistent with the earlier measurements*® of
the ORANGE group and with the recent results of the
group working with the TORI spectrometer.®? A Z depen-
dence of this type, which was obtained experimentally in a
fairly wide range of charges of the colliding nuclei, was
predicted by the theoretical calculations®!> that we have
mentioned ( ~Z%).

A somewhat lower yield of dynamic positrons in ex-
periments as compared with calculations was already
noted in the early measurements of Ref. 34. Subsequent
experiments with more accurate allowance for the contri-
bution of the nuclear positrons and production resulting
from external pair conversion in the target (Refs. 35, 55,
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FIG. 8. Positron spectra measured for different pairs of colliding ions.
The curves correspond to calculated positron spectra: the broken curves
for quasiatomic positrons, the dotted curves for nuclear positrons, and the
continuous curves for the sum of the quasiatomic and nuclear positrons.*

56, and 20) confirmed the discrepancy. As was shown by a
careful analysis* recently made by the ORANGE group, it
can be described by a single coefficient f=0.76=0.04 for
several combinations of charges of the colliding ions from
Z,=164 (Pb+Pb) to Z,=184 (U+U). A similar general
discrepancy between the theory of dynamic positron pro-
duction and the experiments was found by the TORI
group® in an investigation of positron production in elastic
U+U collisions at energies near and slightly above the

(E/A) =5.9MeV/u
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FIG. 9. Differential cross section for production of quasiatomic positrons
as a function of the total charge of the colliding nuclei. The positron
spectra are summed in the indicated energy interval. The positrons were
detected in coincidences with ions scattered in the interval of angles 76—
104°. The points and open circles correspond to the results obtained for
different modifications of the ORANGE spectrometer.*
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Coulomb barrier. However, as was noted, the investiga-
tions of the EPOS group® (Fig. 8) indicate good (to
within 209 ) agreement of the experimental data and the
calculations. An even larger discrepancy between experi-
ment and theory was found by the TORI group in the
measurements of Ref. 62, in which for Pb+ Pb collisions at
energy 8.6 MeV/nucleon it was found, in contrast to the
data on collisions below the Coulomb barrier, that the ex-
perimental positron yield was about twice the theoretically
calculated yield. The discrepancy could be due to a number
of approximations and uncertainties in the solution of this
complicated problem (besides the ones already men-
tioned), namely, uncertainty about the electron structure
of the colliding ions (it was assumed in the calculations
that the Fermi level is n=3, i.e., all states above 35 and 4P
in the unified quasiatom are ionized), the extent to which
electron—electron interactions are taken into account,!” ne-
glect of possible strong asymmetry in the electron config-
uration of the colliding atoms and a broad initial distribu-
tion of the charge states during the collision time, etc.
However, considered in totality, the calculations (Refs. 60,
57, 55, 52, 28, 29, 22, and 21) of the quasiatom positron-
production processes describe well the general shape of the
spectra of the dynamic positrons and the dependence of the
positron yield on the collision parameters.

2.4. Positron peaks

As we have already noted, the main motive was to look
for evidence of a resonance spontaneous transition between
the negative continuum and the most bound quasiatomic
states when Z,> Z_. However, in elastic Rutherford scat-
tering, owing to the short collision time ( ~ 1072 sec), the
expected peak of spontaneously produced positrons must
be smeared in accordance with the Heisenberg uncertainty
principle to a width of several hundred kilo-electron-volts,
so that the process of spontaneous production would be-
come indistinguishable from the process of dynamic posi-
tron production. In above-critical collisions with a time
delay due to nuclear contact, one could expect enhance-
ment of the spontaneous process, leading to the appearance
of peaks in the positron spectrum.

Narrow positron lines with energy in the range 200
400 keV were indeed found on the background of the broad
spectrum of dynamic positrons in collisions of heavy ions
with above-critical total charge in experiments of the
EPOS group®! (Fig. 10) and the ORANGE group* (Fig.
11).) Analysis of the gamma spectra measured in colli-
sions with the scattered ions showed that the observed
peaks cannot be associated with pair conversion for tran-
sitions with multipolarity E1 and above in excited nuclei
after scattering. To eliminate EO transitions, an investiga-
tion was made of the spectrum of conversion electrons in a
search for a strong line that would indicate the presence of
a distinguished EOQ transition that, after internal pair con-
version, could give the observed peak in the positron spec-
trum. Another possible cause was the order-of-magnitude
weaker process of internal pair conversion in which an
emitted electron is captured by a vacancy in the electron
shell, so that the emitted positron is monochromatic. On
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FIG. 10. Spectra of positrons from U+Cm at energy 6.05 MeV/nucleon,
measured in coincidences with ions scattered in angles 100°<6,,,<130°
(a) and in angles 50°<6,,,,<80° (b). The continuous curves are the cal-
culated spectra of quasiatomic positrons under the assumption of elastic
scattering, added to nuclear positrons calculated from the measured y
spectrum.’!
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FIG. 11. Spectra of positrons from U+U and U+Th collisions with
energy 5.9 MeV/nucleon, measured in coincidence with heavy ions scat-
tered in the indicated angles. The background of nuclear positrons (N) is
subtracted. The curves a are the calculated spectra of quasiatomic posi-
trons with coefficient 0.80. The peak b is calculated for a § function in
accordance with the spectrometer resolution.3*3
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FIG. 12. Isolated positron peaks observed by the EPOS group in colli-
sions of very heavy ions at the indicated energies in the range of total
charges 163<Z,<188 of the nuclei of the colliding ions. The broken
curves are the calculated spectra of quasiatomic positrons, the dotted
curves are the calculated spectra of nuclear positrons, and the continuous
curves are the sum of the two calculated contributions.5’

the other hand, analysis of the width of the positron cur-
rent precludes pair conversion as the reason for its appear-
ance. The observed width of the peak (~80 keV in both
experiments), which is almost entirely due to instrumental
resolution, is nevertheless significantly less than would be
expected in the case of a process of pair conversion in a
nucleus moving in accordance with the known kinematics;
this width is 150 keV.

These first results on the spectra of the positrons from
U+Th (Z,=182), U+U (Z,=184), and U+Cm
(Z,=188) collisions already indicated that the energies of
the positron peaks appeared to be independent of Z,. This
immediately indicated a contradiction with the possible
mechanism of spontaneous positron production in the
above-critical Coulomb field,?! for which a strong depen-
dence ~ Z%° of the positron energy on the total charge was
expected. To verify the Z independence, the EPOS group®
made a systematic investigation of the positron spectra for
different combinations of colliding nuclei. Figure 12 shows
the positron spectra for five Z, (180-188). All the spectra
exhibit clearly defined peaks concentrated around E=320-
340 keV. In this connection, it is natural to ask whether a
similar positron line is emitted for Z,<Z_=172. An early
experiment with poor statistics** (Fig. 5) did not reveal in
the spectrum any features for the Pb+Th (Z,=172) sys-
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FIG. 13. Energies of positron lines as functions of the total charge Z, of
the colliding nuclei. The data from Ref. 55 are represented by open cir-
cles, from Ref. 36 by points, and from Ref. 67 by triangles. One can
assume that there are two common lines for the four systems with mean
energies 255+7 keV and 342+6 keV. The mean energies are shown by
the continuous lines; the broken lines are the statistical deviations.*

tem at the intensity level characteristic of the systems with
greater charge. Measurements with better resolution and
statistics were made by the ORANGE group*® for the sys-
tems Pb+Pb (Z,=164), U+Ta (Z,=165), and U+ Au
(Z,=171). As in the case of higher charges, the positron
spectra were found to contain a peak at energy 315+4 keV
with width 33 keV and an additional peak at energy
240+3 keV with width 28 keV. The same ORANGE
group, repeating the investigations with greater accuracy
and better resolution for above-critical nuclear systems,>
found for them too the additional peak.

In Fig. 13,% we give a compilation of the results of the
EPOS®” and ORANGE®*¢ groups that illustrates the po-
sitions of the positron peaks for different combinations of
colliding ions. One can see the two groups of positron
peaks with energies near 255 and 340 keV in all the inves-
tigated systems. However, the overall picture does not cre-
ate an impression of complete consistency. The third peak
at 395 keV is not manifested for the below-critical systems,
and the peaks at 310 and 360 keV found by the EPOS
group for U+ Th do not fit the general pattern.

Thus, the weak dependence (or its complete absence)
of the energies of the positron lines on Z, casts doubt on
the mechanism of spontaneous positron production in
above-critical systems. Analysis of the shape and width of
the peaks with allowance for the instrumental resolution
leads to a width of the positron lines less than 40 keV.
Therefore, during the collision there would have to be the
formation of a relatively long-lived quasiatom (quasimol-
ecule) with lifetime ~10~°-107% sec. Such a possibility
was discussed both purely schematically, by the formal
introduction of a certain delay time,n’”’28 and also more
comprehensively, with an attempt to justify a model of the
formation of such a molecule (Refs. 24, 25, 27, and 29).
The absence of a Z, dependence of the energies of the
positron peaks makes the situation very confusing, espe-
cially if it is borne in mind that spontaneous positron emis-
sion should not occur for Z,<Z,.

Figure 14 shows the cross section for production of
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FIG. 14. Cross section for production of two positron lines (a) at
E,+ ~ 258keV (points) and at E,+ ~ 340 keV (open circles) as a function
of the total charge of the nuclei. Fitting in accordance with the law o~ Z"
gives n=24=2 and n=20=2, respectively, for each of the peaks. Mean
cross section (b) for the two lines in (a) (triangles) together with the
cross section for the line E,+ ~ 280 keV (squares) obtained for U+Th
and U+ U scattering.>> Analysis of all the data gives n=22=2 (contin-
uous line).*

positron lines, integrated over the energy, for the two en-
ergies 255 and 340 keV (Ref. 36) as a function of Z,,.
Analysis of the dependence gives do,+/dQ;o, ~ Z2**? for
both lines. This is close to the dependence a~Z,2,° for the
cross section for positron production in the induced pro-
cess.

Thus, the width and constancy of the positron lines
indicate that they are independent of the details of the
nuclear and quasiatomic processes during the collisions of
the nuclei and indicate a common source. An obvious pos-
sibility is that the source is a two-particle decay of a pre-
viously unknown light particle into a positron—electron
pair.9>8-70 The lifetime of such a particle could already be
estimated®*® from analysis of the positron peaks, and was
found to be 5- 1072 <7< 107!° sec. The lower limit fol-
lows from consideration of the width of the positron peaks,
and the upper one from the circumstance that for motion
of the decaying system (at rest in the center-of-mass sys-
tem) in the laboratory system with the c.m.s. velocity (8=
0.05) for a time greater than 10~ '° sec the decay products
would escape from the region of effective detection. Com-
puter Monte Carlo modeling of the decay process of such a
particle under the experimental conditions of both facilities
and comparison of the calculations with the measured pos-
itron spectra led to the conclusion of a relatively low ve-
locity of the positron source in the center-of-mass system
(B<0.03). Thus, a remarkable picture was obtained—
decay into a positron—electron pair of an object at rest in
the system of the colliding ions during a time two orders of
magnitude greater than the collision time, when the ions
are already separated by = 107 fm.

9 Phys. Part. Nucl. 24 (1), January—February 1993
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FIG. 15. Spectra of sums and differences of positron and electron energies
for the indicated pairs of colliding ions for U+Th at 5.83-5.9 MeV/
nucleon and for U+ Ta at 5.93—-6.13 MeV/nucleon. The continuous curve
in the total spectrum and the broken curve in the difference spectrum are
the calculation of the total contribution from internal pair conversion
based on the measured y spectrum, quasiatomic positrons, and internal-
conversion electrons.*®’!

2.5. Positron-electron coincidences

The first measurements of spectra of positron—electron
coincidences were made by the EPOS group.?’ The facility
detected positrons and electrons emitted in opposite hemi-
spheres, and there was simultaneous measurement of the
time of flight of both particles along helical trajectories in
the solenoidal magnetic field from the target to the detec-
tors. Figure 15 (Refs. 38 and 71) shows the spectra of the
total energy of the coincident positrons and electrons and
the corresponding spectra of the differences of their ener-
gies for different flight times of the positrons and electrons,
corresponding to different angles of emission of the parti-
cles relative to the beam, for U4 Th and U+ Ta collisions.
It is noted in Ref. 71 that the observed peaks in the spec-
trum of the total energy for both investigated ion pairs
belong to a common group of three lines: ~610, ~750,
and ~ 810 keV. It was noted that the line intensities de-
pend on the choice of the beam energy of the incident ions.
There is no doubt about the connection between the posi-
tron lines observed in the previous investigations and the
positron—electron events. The cross section for production
of the positron—electron peaks is 5-20 ub/sr. The energies
of the positron—electron peaks in the spectrum of the total
energy correspond well to twice the energy of the isolated
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positron lines. The peaks in the spectra of the total energy
are much narrower than the individual lines of the posi-
trons and electrons and the width of the spectrum of the
energy differences of the two particles. Narrow total peaks
and broad difference peaks agree with the assumption of
decay, into a positron and an electron, of a free particle at
rest in the center-of-mass system. Indeed, the appreciable
Doppler broadening associated with the center-of-mass
motion must disappear in the first order for the total spec-
trum and be doubled in the difference spectrum. The en-
ergy of the total peak determines in this case the invariant
mass of the decaying particle. Analysis of the data in Ref.
67 leads to the conclusion of a ~3% contribution to the
total positron spectrum from the decay of particles with
mass 1.6-1.8 MeV/c®. In an investigation of U+U and
Pb+Pb collisions, the ORANGE group40 found in the to-
tal spectrum of the coincidence positrons and electrons a
peak of energy 815+5 keV at separation angle 180°+ 18°.
This result confirms the conclusions of the EPOS group,
but the cross section was found to be an order of magni-
tude less than in Ref. 65. There is also evidence for the
existence of a peak near ~600 keV for both systems, but
there are no indications of a line at 750 keV. However,
such an unambiguous conclusion about decay of a univer-
sal particle is undermined by some experimental observa-
tions. As was shown in Ref. 71, the use of more rigorous
criteria in the analysis of the two-dimensional (E,+,E,-)
and time (¢,+,t,—) distributions leads to the conclusion
that the decay of a free particle into a positron and an
electron emitted in opposite directions can be associated, at
the least, only with one of the observed peaks, the one at
819 keV, the other two exhibiting some features that cast
doubt on the hypothesis. In this connection, it must be
noted that reliable measurement of the angle correlations is
made difficult by the strong nuclear scattering of low-
energy leptons ( ~300 keV) in comparatively thick ( ~300
pg/cm?) targets. The line with energy ~ 610 keV exhibits
preferential emission of both leptons in the forward hemi-
sphere relative to the direction of the ion beam. The exper-
iments show that whereas for U+ Th collisions the energy
differences of the positrons and electrons are distributed on
the average around zero, the same distributions for U+Ta
collisions are much broader and shifted to higher energies
of the positrons and lower energies of the electrons. Such a
shift is qualitatively correlated in the given case with inter-
action in the final state with the Coulomb field of the ions.

The question of the dependence of the cross sections
for production of positron lines and positron—electron pairs
on the energy of the incident ions is unclear. Indications of
the existence of such a dependence were already found in
the investigation of the isolated positron lines.’""* Subse-
quently, it was more clearly noted’! that the cross section
for production of positron—electron pairs in U+ Ta colli-
sions changes appreciably with the beam energy (Fig. 16)
if, for example, one considers the positron—electron peak at
748 keV. It is necessary to mention in this connection the
rapid destruction of the targets by the beam during the
experiments,’>”’* which leads to an increase of the target
inhomogeneity and, therefore, to a spread of the energy of
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FIG. 16. Yield of positron—electron line with total energy 748 keV
(points) in U+Ta collisions as a function of the ion energy. The open
circles are the result of a Monte Carlo calculation of the background.”!

the ions in the target. Therefore, there is no prescription
for exactly relating the energy dependences of the cross
sections for different combinations of colliding nuclei. In
contrast to the earlier experimental results of the TORI
group, which at energy above the Coulomb barrier did not
observe features in the positron spectrum,76 the more re-
cent data of the ORANGE group have demonstrated for
the first time’’ a clear peak in the total spectrum of
positron—electron coincidences at 635 keV (confidence
level 6.50) in U4 Ta collisions. The measurements were
made at 6.3 MeV/nucleon under conditions of deep inelas-
tic collisions, this being verified by the fact of fission of
uranium nuclei, which served as a trigger. Compared with
the elastic scattering of the same ions, when this peak was
also observed, the cross section in the given case was larger
by a factor of 20. Analysis of the angle correlations of the
positrons and electrons for this peak also strongly contra-
dict the situation with 180° separation.

It is interesting to investigate the dependence of the
cross section for the production of positron peaks and
positron—electron lines on the momentum transfer for scat-
tering of heavy ions. As for quasiatomic positrons, one can
parametrize the dependence in various ways. If it is done in
a form analogous to (8),

P, - ~exp(—aRpin), (13)

then for U+ Ta scattering for the three lines of the total
energy of the positron—electron pair the following results
are obtained for the slope parameter a: for the line at 625
keV, @=0.42+0.08 fm~'; for the line at 748 keV, @=0.35
+0.07 fm~'; and for the line at 805 keV, a=0.21%0.07
fm~! (Ref. 39). Such exponential behavior of the proba-
bility of production of narrow positron—electron lines can
be compared with the corresponding dependence for the
production of quasiatomic positrons, @=0.13 fm~! (Refs.
48 and 39), or with the similar dependence of the proba-
bility of transfer during scattering of one neutron: a=1.08
fm~! for U4+ Au.”
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Narrow resonances in the total positron—electron spec-
trum were observed by the ORANGE group’’ for the
U+U and U+Ta systems—in the first case with peak
energy 555 keV, in the second with 635 keV, and in both
cases with angle correlation of the leptons contradicting
decay of a free particle. The small width of the resonances
provides a strong argument for a process in which a heavy
third particle participates in the decay of a particle; it could
be a target nucleus that takes up recoil momentum. How-
ever, the leptons were observed in coincidences with both
scattered ions, so that one can assume a two-step process in
which a particle produced during the time of collision of
the ions then decays into leptons near a third nucleus.
Figure 17 shows the dependence of the probability of the
positron—electron peaks on the momentum transfer to the
leptons. The mean momentum transfer is 800-1000 keV/
sec, which corresponds to a characteristic range of order of
the electron Compton wavelength and may be associated
with the scale of the decaying particle.

Concluding the review of the data on the production of
positrons and positron—electron pairs in collisions of very
heavy ions at energies below the Coulomb barrier, we can
state that the existence of the effect itself is not in doubt.
The regularity with which narrow lines are manifested in
independent experiments, in conjunction with their statis-
tical significance [(5-6) 0], makes their interpretation as a
statistical fluctuation impossible. However, as has been
noted, the hypothesis of two-particle decay into a positron
and an electron of a free elementary or composite particle
at rest in the center-of-mass system of the colliding ions
cannot be recognized as valid for the description of all the
considered phenomena. It appears that more complicated
scenarios, including additional assumptions about the ve-
locities of the positron sources, their lifetime, and the pres-
ence of an interaction in the final state, which could explain
some of the experimental data, can hardly give a self-
consistent general picture. As will be seen below, this
makes it necessary to put forward very exotic hypotheses
to explain the phenomena.

1 Phys. Part. Nucl. 24 (1), January-February 1993

3. SEARCH FOR LOW-ENERGY
POSITRON-ELECTRON RESONANCES

3.1. Search for neutral particles with mass 1.6-1.8
MeV/c? that decay into a positron—-electron
pair in nuclear transitions

Light neutral particles with mass m>2m, were also
sought in experiments before the discovery of the narrow
positron and positron-electron lines in heavy-ion colli-
sions. There were various initial assumptions behind such
searches.

First, in the early stage of the creation and develop-
ment of a unified model of the weak and electromagnetic
interactions the mass of the fundamental scalar of the the-
ory, the Higgs boson, was not a priori limited.”® Therefore,
it did not seem unjustified to look for light scalars. At the
same time, there were found to be discrepancies (subse-
quently shown to be incorrect) between the theoretical and
experimental energies of the x-ray lines in heavy u-mesic
atoms. These discrepancies could be attributed to the pos-
sible existence of a light scalar particle that interacted
weakly with muons and nucleons; the inclusion, in the
muon-nucleon interaction, of exchange of this scalar elim-
inated the discrepancy between the theory and
experiment.””® An experiment to look for emission of
light penetrating particles in 0t -0% transitions in '%0
(E=6.05 MeV) and “He (E=20.2 MeV) through their
decay into a positron—electron pair ruled out their exist-
ence for lifetimes longer than 1071 sec.

Second, the axion problem, which appeared at the end
of the seventies (and is still not yet solved), gave rise to
many unsuccessful experimental searches for it. In the
original “standard” version, the axion,®” a neutral
(J™=07) particle with mass not predicted by the theory,
was expected to be most probably light (m,<2m,) and to
decay into two photons. A review of laboratory searches
for the standard axion up to 1987 can be found, for exam-
ple, in Ref. 83. Interest in the search for axions, but with
the accent on an axion mass m,>2m, and with dominant
decay a—ete™, became more acute after the observation
of the narrow positron lines at the GSI. None of the pre-
vious experiments to look for the “standard” axion (in
nuclear transitions) with m,>2m, and short lifetime
7< 10710 sec was capable of detecting it. However, in de-
cays of the heavy vector mesons, J/¥—ya, T—ya, such a
particle must necessarily manifest itself.3> Therefore, after
the observation of the ‘“Darmstadt peaks” the “standard”
axion model was modified with respect to the constants of
its interaction with heavy quarks,**®>® and this made ex-
periments on the decay of heavy vector mesons insensitive
to the existence of such an axion. This attempt to “revive”
the axion (viable axion modelgs"gg) stimulated a new series
of experiments to look for the process A*¥* >4 +a,a—eTe”
with axion mass m,=1.5-2.0 MeV/c? and short lifetime
7,<107 1 sec in M1 nuclear transitions. The idea behind
these new experiments was to compare the total yield of
positrons and positron—electron pairs and their angle cor-
relations with a calculation in accordance with the theory
of internal pair conversion.**** An observed excess in the
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TABLE I. Experimental data on the search for pseudoscalar particles emitted in nuclear transitions with subsequent decay a—e*te™.

Nucleus | E.MeV LD - m,, MeV/c? T, S€C r/r, Upper limit on coupling
constants for Experiment
m,=1.7 MeV/c?
"8 3.59 (2*.0)~(3%,0) 1.7 <10 7,2:107 £ <1,4:107 89]
N 9,17 @*. 1)~@1*.0) 1,02—2,2 <107! 41074 £V <1,4-1072 (90}
c 3.68 | (3/27,1/2)=(1/27,1/2) | 1120 <107M 7-107 |i”+$¥|<34f’ (91)
‘L 3.56 ©*. 1)~ (1*,0) 17 <2-107" 91075 V<1210 1871
1% 3,59 (2*,0)~ (3%,0) 1,7 <2-107" 2,6-1073 £ <5110 (87
N 7,03 (2*,0)=(1*,0) L7 <2-107" 2,710 <4110 (871
2c 15,1 (1*, 1)~ (0*,0) 1,02—2,5 | 107%—107% | 1,5:107¢ fM<1,25-1072 (92]
N 9.17 @* . 1)=(0".0) 1.8 <107M 4107 £V <2-107 (93]
*Be 18,15 (1*.0) = (0*,0) 1.8 <107" 4107 2 <1,6:1072 (931
‘Be | 15,1 (1*,0)~(2*,0) 1.8 <107" 4107 £ <1,6:1072 193]
‘Be | 17,6 (1*. 1)~ (0*,0) 1.8 <107 11073 V<2107 (93]
Be 18,15 (1*,0)~ (0%, 0) 4—15 4-107¢ (94)
H 2,23 ©*. 1)~ (1*,0) 1,7 <107'° 3,4-107° £V <107? (97]

Note: E is the transition energy, (J7, T') are the quantum numbers of the levels, m” is the mass of the particle, 7, is the lifetime
of the particle, and I',/T", is the upper limit of the probability for emission of the particle in the given transition (90% confi-

dence level).

total yield or a deviation in the angle correlation would be
interpreted as the presence of an additional source of
positron—electron pairs. The old experiments®® aimed at
investigating internal pair conversion in nuclear transitions
of different multipolarities were reexamined from this point
of view.*’

The effective Lagrangian of the axion—-nucleon interac-
tion can be written in the form

1 _
Z anv=75 iys(g + gy, (14)
where 9 and a are the nucleon and axion operators, respec-
tively, and g© and g{! are the isoscalar and isovector
effective axion-nucleon coupling constants. A theoretical
analysis®® shows that the relative probability for emission
of an axion in nuclear transitions has the form

o 1 (k)3 /g DO\ 2
=3 () ()

(15)

Here, k, and k}, are the momenta of the axion and photon,
g are the isovector or isoscalar axion-nucleon cou-
pling constants, and efl”(o) are the corresponding isospin
magnetic moments of the nucleons.

Table I lists the main results of some searches for pseu-
doscalar particles. Generally, excited nuclear states were
produced by bombarding appropriate targets with charged
particles in electrostatic accelerators. An exception was the
studies of Refs. 95-97, in which the emission of positron—
electron pairs following capture of thermal reactor neu-
trons by protons was investigated.
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In none of the experiments were there found to be
deviations from the theory of internal pair conversion, and
this established upper limits on the probability of emission
of pseudoscalar particles in the corresponding nuclear
transitions, and also on the pseudoscalar-nucleon coupling
constants.

The given restrictions on the existence of the axion
(07), in support of which there are strong arguments in
the theory,?**% are also correct if the Darmstadt peaks
are due to the decay of a massive “magnetic photon” (axial
vector 171), since the selection rules in nuclear transitions
are the same for them.

We now consider experimental studies devoted to the
search for scalar particles (0%), which could also be the
reason for the observation of the positron—electron peaks at
the GSI. Light scalars appear in supersymmetric exten-
sions of the standard model.!7®!77

In nuclear transitions, scalars are best sought in
0" 0™ transitions, which mainly take place through in-
ternal pair conversion or electron conversion (in heavy
nuclei). Both of these processes are of order a?, whereas
scalar emission can take place as a first-order process; this
enhances the sensitivity of an experiment to look for sca-
lars. The Lagrangian of the interaction of the scalars with
the nucleons is

L o= VP, (16)

where @ and 9 are the operators of the scalar and the
nucleon, and g,y is the scalar-nucleon coupling constant.

Yu. N. Pokotilovskil 12



TABLE II. Experimental data on the search for massive scalar particles emitted in 0* - 0™ nuclear

transitions.
Nucleus | E.MeV | m,MeV/c? ¥, sec /T +,- | Experiment
'*0 6,05 1,03-5,84 | 7.10""°<1<10~*% 10°* 181,102]
‘He 20,2 1,03-18.2 | 7-10""<r<10”° 181,102]
'*o 6.05 1.8 <10™" 1072 (%01
o0 6,05 1,25-3,2 <10™" 5-107° (99
%0 6,05 1,5-3.5 <1o™" 2:107* (100]
‘He 20,2 314 >10~° 0,05* {1011

*For mass my~3 MeV/c?

Note: E is the transition energy, m

¢ is the mass of the particle, 7 is the lifetime of the

particle, and [',/T,+.- is the upper limit of the ratio of the widths for emission of a
particle and ete™ is the upper limit of the ratio of the widths for emission of a parti-
cle and ete™ conversion in the given transition (90% confidence level) for mass

m~1.7 MeV/c%

The relative probability of emission of a scalar particle in a
01 —07 transition was obtained in Ref. 80:

ot ()"

T/l =% ana? \! " F
where m,, is the mass of the scalar, and E is the transition
energy.

An experimental search for scalar particles in the in-
terval of masses of the Darmstadt peaks was made in Refs.
81, 93, and 99-102. The 0" 0" transitions are rather
rare, and therefore only two such transitions were investi-
gated: in '°0 (E=6.05 MeV) and in *He (E=20.2 MeV).
In the early studies (Refs. 81, 101, and 102), the experi-
ments made it possible to detect only a relatively long-lived
(7>107° sec) scalar particle, since the point of the pre-
sumed production of the particle was separated from its
decay into a positron—electron pair by a rather thick (> 10
cm) shield. In the later studies of Refs. 93, 99, and 100,
made in connection with the results obtained at Darm-
stadt, the measurements were made with emphasis on the
search for short-lived particles, and there was no shield
separating the point of production from the decay region.
However, because of the restricted volume of the decay
region effective for detection, such experiments lost sensi-
tivity for long lifetimes of the scalar particles.

Table II gives the main results of experiments to look
for scalar particles in 0* -»0™ nuclear transitions.

Significant bounds on the scalars can be obtained from
experiments on neutron-nucleus scattering by making
measurements of the angular distribution of the scattered
neutrons in the range of energies of the order of tens of
kilo-electron-volts'® and from precision measurements of
the energy dependence of the total cross sections.!® The
motivation for such experiments was quite different,
namely, to determine the fundamental properties of the
neutron: the polarizability, electromagnetic radius, and
strength of the neutron—electron coupling. However, inter-
nucleon exchange of a massive boson must make an addi-
tional and quite definite contribution to the angular
distribution'®'™ or to the dependence of the total cross
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section.!”” The scalar-nucleon interaction Lagrangian (16)
corresponds to an exchange interaction potential of
Yukawa type:

géNN e~ Me"

Vin=—4 4 r ’

(18)

where A is the number of nucleons in the nucleus. In the
Born approximation, the scattering amplitude

p  &on 2M,4
¢~ 47 4M,E(1—cos 0) +m;’

(19)

where M, and E are the mass and energy of the neutron,
makes it possible to separate the part in the total amplitude
containing the term obtained as a result of the interference
of f, with the nuclear scattering amplitude.

The decay of a scalar particle into a positron—electron
pair is described by a Lagrangian analogous to (16) with
replacement of g,y by &g, Which determines the rate of
decay of the scalar into a pair and some other effects ca-
pable of experimental testing. By virtue of g, there may
exist a contribution to the Lamb shift in hydrogen'® pro-
portional to the product gl yyghe.~gonn/T(@p—eTe™).
From the known agreement between theory and experi-
ment for the measurement of the anomalous magnetic mo-
ment of the electron it is also possible to obtain a bound on
g,pe,_,.m8 However, if there exist several particles with dif-
ferent types of coupling, then their contributions to the
anomalous magnetic moment may cancel each other, and
the corresponding bounds will be accordingly weakened.
Figure 18 gives the bounds on the constants of the coupling
of scalar (and, in part, pseudoscalar) particles with nucle-
ons and electrons obtained from various experiments. The
bounds are represented in terms of ay=g,yy/4m and the
particle lifetime 7:

1 T, 1 g,
T F 2™ (20)

where F is a function of the mass, spin, and parity of the
particle.'®
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FIG. 18. Bounds on the constants of the coupling of a hypothetical scalar
(or pseudoscalar) particle with mass m,=1.7 MeV/¢? to nucleons, 8oNNs
and electrons, gg,. The allowed region is hatched. The values of
ay= gﬁ,NN/41r and T are given in terms of g, by the expression (20). The
lines of the bounds are as follows: I corresponds to the hyperfine splitting
in positronium (only for a pseudoscalar) (Ref. 109); II corresponds to
the anomalous magnetic moment of the electron (Ref. 108); III corre-
sponds to heavy-ion collisions (GSI); IV corresponds to neutron-nucleus
scattering'® (only for a scalar); V corresponds to production in a
0% - 0% transition in '®0 (Ref. 100); VI corresponds to the Lamb shift in
hydrogen, and the absence of an anomaly in ne scattering gives the bound
on the product g..8on -

3.2. Search for resonances in elastic
positron-electron scattering at low energies

The most natural way of obtaining a neutral particle
that decays into a positron—electron pair is to use the in-
verse reaction and look for a resonance in low-energy
positron—electron scattering. The resonance must be ob-
served at energy E_,.=m 4,02 in the center-of-mass system,
or at positron Kkinetic energy Ekin:mi/ 2m,—2m,
=m,(p*—4)/2, p=my,/m, in the laboratory system. For
m,=1.7 MeV, E;,=1.8 MeV. In the first order, scattering
of positrons by electrons can be described by direct single-
photon exchange together with the annihilation diagram. If
there is additional exchange of a massive particle, then the
matrix element consists of many terms, including interfer-
ence between different diagrams. A detailed analysis!%110
shows that the annihilation diagram with participation of a
massive particle plays the main role in the formation of the
resonance in the scattering cross section. The ¢p—ete™
decay width is determined by the interaction Lagrangian

fi=gf(‘zri¢')¢” (21)

where 9 is the positron—electron field, ¢ is the neutral
particle with spin 0 or 1 responsible for the resonance in
the scattering, { denotes the type of coupling (S,P,V,4),
and g; is the corresponding coupling constant. The expres-
sions for the widths have different forms for different types
of coupling.!® 1% For example, for the case of a pseudos-
calar particle

Lot (07) =3am,(p*—4)', (22)

with interaction strength af,= (g%,)2/4m. In Refs. 109 and
110, general expressions were obtained for the differential
cross sections for resonance scattering of positrons by elec-

14 Phys. Part. Nucl. 24 (1), January-February 1993

trons for different types of coupling. Integrated over the
polarizations of the particles that participate in the scatter-
ing and over the scattering angles, the cross section has the
usual form

(pT'/2)?
T=00 E_E) T+ (pT/2)%’ (23)
where
4r [ # \*(T,\?
w0 5 () (F)
r 2
:(2.]+1)7T7\2p2(“"1§€) (24)

is the unitary cross section, in which J is the spin of the
resonance, I' is the total width (containing in addition to
the elastic channel other possible processes), and A is the
wavelength of the incident positron in the center-of-mass
system. For p~3.5, the unitary cross section is gy~2000 b
(for I',./T'=1). The angular distribution of the scattering
for spin-0 particles is isotropic in the center-of-mass sys-
tem.
The ordinary quantum-electrodynamic scattering

2
da/dﬂ:aZ( ﬁ ) £(6) (25)

mc
has an angular distribution that is strongly forward-peaked
and several orders of magnitude smaller than the resonance
cross section.

Bounds on the expected widths follow from compari-
son of the experimental and theoretical electron g
factor.'%1% For example, for the case of exchange of a
pseudoscalar  particle a”<107%, and accordingly
I'p<7-1073 ¢V, and the corresponding lifetime to decay is
7>10~" sec. Of course, the main problem in the experi-
ment is the very small expected width of the resonance. In
a real experiment, two factors come into play that by many
times broaden the resonance in the scattering cross section
and, accordingly, lower the amplitude. First, the electrons
in the target are not at rest, but have a momentum distri-
bution that depends on the strength of the coupling of the
electrons to the nucleus. For a hydrogen-like atom with
charge Z, the effective resonance width has the form'®

AE;~0.5p(p*—4)*Zam,, (26)
and for a resonance mass ~ 1.7 MeV this width is
AE;,=20 keV - Z. (27)

Obviously, to increase the sensitivity in the search for the
resonance it is best to use targets with small Z. The second
factor that broadens the resonance is the instrumental line
width in the experiment, which is also greater by several
orders of magnitude than the expected natural width of the
resonances. With allowance for these resonance-
broadening factors, the shape of the resonance in the cross
section takes the form

o (AE/2)?
T= 90 (E_ER)’+ (AE/2)?’

(28)
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where AFE is the width of the resonance determined by the
momentum distribution of the electrons in the target and
by the experimental resolution, and

pl’

ez (29)

&0=
Thus, for good experimental resolution (~ 10 keV) and a
beryllium target (Z=4) the amplitude of the resonance in
the positron—electron scattering under the assumption that
aq[,~10‘8 is lowered and, accordingly, its width is in-
creased by AE/T times, i.e., by approximately seven orders
of magnitude.

The experimental results on the search for resonances
in the scattering cross section can be represented in the
form of an integral over the width of the resonance,
JodE=G,AE, or in the form of the width T or its recip-
rocal, the particle lifetime. For the above limits obtained
from the g—2 experiments, we expect 0p)AE<15 b-eV.
The early experimental investigation''? was devoted to
measurement of the differential cross section for positron
scattering by electrons with the aim of verifying the
quantum-electrodynamic calculations (Bhabha’s
formula'!'). The measurements were made with low accu-
racy (~10%) in the range of positron energies 0.6-1.0
MeV. Soon after the observations of the Darmstadt
positron—electron peaks, several laboratories began to look
for corresponding resonances in the scattering.

The experiments to look for resonances in positron—
electron scattering can be divided into two groups—those
with low and high atomic numbers of the target element.
For targets with low atomic number, one can hope for a
relatively smaller broadening of the resonance due to the
momentum distribution of the electrons in the atom. Tar-
gets with high atomic number were used because the pro-
duction of positron—electron pairs at the GSI requires the
presence of the strong electromagnetic field produced by
the nucleus of a heavy atom. However, such experiments
definitely have a bad energy resolution because of the
broad momentum distribution of the inner electrons of a
heavy atom. In experiments on targets with small atomic
number, beryllium and polymer films were used, and the
heavy element was mainly thorium. We shall consider first
the experiments with targets having small atomic number.

In the first experiment,''® beryllium was used and the
limit 1000 b - eV was obtained for the integrated resonance
cross section. To accelerate the positrons, the Stuttgart
group (Refs. 114-116 and 125) used an electrostatic ac-
celerator with high monochromatization (~1 keV). In
their first study,''* they established an upper limit of ~65
b - eV on the resonance cross section. In the next study,115
the group found a resonance at the effective mass 1.83 MeV
with width ~8 keV, which agreed well with the width
predicted from the Compton profile of the bound electrons
in beryllium. The cross section in the resonance was 30
b eV at the 50 confidence level. In the following study of
Ref. 125, in which measurements were made with better
statistical accuracy, the result of Ref. 115 could not be
repeated. In later work of this group, an experimental de-
vice permitting a significant increase of the ratio of the
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— Unitarity limit
(320, Mg=1.832 MeV/c2)
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FIG. 19. Upper limit (confidence level 95%) on the integrated total cross
section for production in ete™ scattering of the hypothetical neutral par-
ticle with invariant mass 1.832 MeV/¢ as a function of the lifetime of the
particle. The points are from Ref. 123; the open circles are from Ref. 124.
The continuous line shows the model-independent total cross section for
a resonance with J=0 and mass 1.832 MeV/c? in the unitarity limit.2*
Region I is excluded by the earlier experiments on positron—electron
scattering,'?! and region II is excluded by data from observation of the
production of positron peaks in heavy-ion collisions.3

effect to the background from nonresonance scattering was
used. The target was a thin scintillator (0.38 mm), and
selection was based on the pulse height in this trigger. It
was assumed that if in the first layer of the target a neutral
particle was formed, then it would pass through the re-
maining thickness of the scintillator without energy release
and would not decay. Elastic scattering would be accom-
panied by a much greater energy release, and these events
were rejected. Thus, in the interval of resonance masses
1.78-1.92 MeV it was possible to establish a limit on the
width from 0.22 to 2.74 meV, corresponding to a lifetime
(0.24-3.0) - 10~ !2 sec. In one further study126 a positive
effect was found in the search for a positron—electron
resonance—at mass 1730 keV with width 30 keV, using a
polyethylene target. The result, 1400600 b - eV, was crit-
icized in Ref. 127. In Ref. 128, in contrast to other exper-
iments, the particles after scattering were analyzed in en-
ergy by two magnetic spectrometers in coincidence, and
the limit 20 b - eV was achieved with 1071210710 sec for
the lifetime. A large series of experiments''*-12* was carried
out by a joint GSI-ILL group, using the reactor at Greno-
ble (spectrometer BILL). The positrons were obtained
from the process of pair conversion after neutron capture
in a titanium target placed near the core of the reactor.
Simultaneously with positron—electron scattering, positron
scattering by nuclei (Mott scattering) was detected. In the
last experiments'?*!>* of this group the “active shadow”
method was used to suppress the nonresonance back-
ground, namely, a scintillator switched to anticoincidence
shut off possible trajectories of particles after scattering in
the target but made it possible to detect the decay products
of a long-lived resonance outside the target. Figure 19
shows the results of the last studies'?>'?* of the GSI-ILL
group in the form of bounds on the cross section at reso-
nance as a function of the lifetime of the hypothetical par-
ticle . It can be seen that these data rule out a resonance
with J=0 with lifetime less than 5- 10~!! sec. For a state
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TABLE III. Results of experiments to look for resonances in low-energy positron—electron scatter-
ing using targets containing elements with low atomic number; m,, is the range of energies in the

center-of-mass system.

m,, MeV Target [0 dE or Experiment
for m,=1.8 MeV
1,5-2,0 Be <1000 b-eV [113]
1,62-1,67 mylar <65b-eV [114]
1,80-1,87 Be 30b - eV(50) (18,
withdrawn in [125]
1,80-1,87 Be 1> 107" sec (125}
1,78-1,92 NE 102A t>3:107"2 sec {116]
1,62-1,89 Be <62 b-eV [117)
1,36-1,87 CH, .1400+600 b - eV 1126],
criticism in [127]
1,830 lucite <20 b-eV [128]
1,78-1,86 Be <126 b-eVv [118]
1,79-1,86 Be <6,3b-eV [119]
1,50-1,65 mylar <30 b-eV [121)
1,77-1,86 Be 1>7.510 " sec (123]
1,77-1,86 Be G I§I"é V=0 (124]
t>107'%c = 1)
1,9-2,5 Li 1>5-10"%ec(d = 0) 12771

with J=1, the bound is 1 107 !° sec. Thus, with allowance
for the results on the observation of positron peaks in
heavy-ion collisions, from which it followed that the life-
time of the source of the peaks is less than 10~ N sec,36 the
complete admissible interval of lifetimes of the hypotheti-
cal particle is ruled out. A summary of the results of the
experiments on light targets is given in Table III.

The majority of the experiments on targets with high
atomic number were carried out by a method different
from those with light targets. They used a continuous spec-
trum from radioactive sources irradiating a target situated
right next to the source and investigated the spectrum of
positrons and electrons in coincidences or the electron
spectrum. With such a formulation of the experiment, one
could only speak of the presence or absence of peaks in the
spectrum of charged particles emitted from such a target,
but one could not make a reliable estimate of the resonance
cross section. In the first experiment,'? with thorium and
tantalum targets, in which two magnetic spectrometers in
coincidence were used, a weak peak with mass 1360 keV
was found for the thorium target. In Ref. 130, this result
was not confirmed. It should be noted that in experiments
with heavy targets several positive results indicating the
presence of resonances were obtained, but there is no in-
terpretation of these results. In heavy targets, various back-
ground processes may play an important part. For exam-
ple, it was noted in Ref. 130, in a criticism of Ref. 129, that
the gamma background from positron annihilation in the
target could give rise to peaks in the electron spectrum
because of the Compton effect. One may also expect subtle
processes in a heavy atom leading to features in the spec-
trum of emitted electrons. The only study of positron scat-
tering on a heavy target made under stringent kinematic
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- theless, Sakai’s group

conditions'?! gave a bound on the existence of a resonance,
but it was weaker than the one that follows from the value
of the electron anomalous magnetic moment.'%®'® Never-
133,135,136 continues to insist on the
reliability of their experiments, in which they observed
very narrow (2.5 keV) electron peaks on the background
of a continuous spectrum in an experiment in which
thorium targets were irradiated by positrons from ®Ga
decay. The results of all these experiments are given in
Table IV.

3.3. Search for pairs of correlated gamma rays in
heavy-ion collisions and in other processes

The conjecture that in heavy-ion collisions there is pro-
duction of a neutral long-lived particle, possibly in several
excited states, naturally led to the conclusion!*”!3® that
such a system may decay into two or three photons, de-
pending on the spin and parity of the particle.

The first experimental search'*® for such pairs of
gamma rays in heavy-ion collisions was made at Berkeley
(LBL), using the SUPERHILAC accelerator. Uranium
and thorium ions were scattered at energy ~6 MeV/
nucleon. An upper limit on the production of pairs of
gamma rays in the range of effective masses 1.5-1.8 MeV
equal to 3 - 1070 per incident ion was established, and the
corresponding cross section did not exceed 30 ub.

The next experiment'>® of this group had a higher sen-
sitivity. It used 14 germanium detectors measuring 5X5
cm, surrounded by an anti-Compton BGO shield and con-
nected pairwise in coincidence. There was found to be a
narrow resonance in the spectrum of the total energy re-
lease for pairs of germanium detectors detecting pairs of
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TABLE IV. Results of experiments to look for resonances in low-energy positron—electron scattering

using targets containing heavy elements.

Target (I)(figsslz el?ee\r’ gy oor [odE, b-eV Experiment
Th E - =340 (129]
™ _ [130]
Th - [131)
Th E‘- = 330 1400+ 600 [132)
™ E - = 330,810 28+10 mb/sr [133), critism in [122],
- width 3,7£0,5 answer in[135]
U E'— =330,8+1,0 34413 mb/sr [133], crit.ism in(122],
width 3,7£0,5 answer in [135]
Th E'. = 320 1900600 b - eV [134])
Th —_ <120 b-eV [121]
Th E'- = 330,58+0,40 180(1+0,18+0,25) mb [136)
width 2,3+0,4
Th E’-'= 410,3+0,3 212(1£0,23+0,25) mb [136a]

gamma rays emitted in opposite directions from an object
moving with the center-of-mass velocity of the U+4Th
ions. The total energy of the gamma rays was 10621
keV, and the width was less than 2.5 keV. The cross section
for production of this peak was 50+25 ub. At higher en-
ergies of the gamma rays, the bound was 3 ub.

This observation stimulated enthusiasm among the in-
vestigators of the problem of the narrow positron—electron
resonances in heavy-ion collisions. Indeed, from the point
of view of the phase space a neutral system possessing
several excited states can readily decay into a positron—
electron pair when it is at a higher energy level, but near
the threshold this decay channel is strongly suppressed,
and therefore there is decay into a pair of gamma rays. The
resonance in the positron—-electron system at energy 1062
keV must influence the lifetime of parapositronium. We
mention in this connection the well-known experiment to
measure the lifetime of orthopositronium,'* in which there
was an appreciable (100) discrepancy between the exper-
iment and the calculation, which included radiative correc-
tions up to order a? In(1/a). Another interesting anomaly
bearing on the question is the strong discrepancy (50) in
the cross section for production of positron—electron pairs
by gamma rays with energy 1077 keV (experiment in Ref.
141, calculation in Ref. 155). Neither of these discrepan-
cies between experiment and theory has yet been explained,
and therefore it seems natural to include in the consider-
ation virtual quasistationary states in the positron—electron
system. For the case of the anomaly in the experimental
cross section for production of pairs near the threshold, the
inclusion of an additional source of decays into pairs could
explain the observed discrepancy. However, the calculated
contribution to the cross section for pair production result-
ing from a resonance in the positron—electron system in-
creases with the energy of the gamma rays'*® (admittedly,
more slowly than the ordinary process in the framework of
QED). At the same time, there is good agreement between
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the experiment and theory for the cross section for pair
production at gamma-ray energies above 1.2 MeV. To re-
solve this contradiction, it is necessary to assume that the
contribution to the cross section due to the resonance is in
some manner suppressed at relatively large momentum
transfers Ap>0.5 MeV/c to the particle. Such a suppres-
sion may arise for a larger resonance state (~ 10~ H_jp-10
cm). Such a model of an extended object has many argu-
ments in its favor and will be discussed further.

The experimental observation of pairs of gamma rays
in heavy-ion collisions'®® stimulated several experiments to
look for such pairs in other processes. The motivation for
these searches was in the first place intuitive and proceeded
from the assumption that a sudden change of the electro-
magnetic field near a heavy nucleus could be the reason for
the appearance of both positron—electron peaks and pairs
of gamma rays.

In Ref. 142 a limit was established on the emission at
angle 180° of pairs of gamma rays in the range of total
energies 1.4-2.0 MeV in spontaneous fission of 252Cf. The
probability was found to be less than 8- 10~7 (95%). In
Ref. 143, the limit ~3-107'2 on the same process was
established in alpha decay of **°Pu.

Soon afterwards,'* the authors of Ref. 139, having
repeated their experiment with better statistics and for dif-
ferent pairs of colliding nuclei, found an adequate interpre-
tation for the peak that they had found at 1062 keV. It was
found that this peak and a second peak found at total
energy 1043 keV of the gamma rays in collisions of ura-
nium and thorium nuclei at ~6 MeV/nucleon were due to
cascades from high-spin states of *U. The peak at 1062
keV is determined by a 321 —30% cascade in coincidence
with a 30" -28" cascade, and the peak at 1043 keV is
determined by coincidence of 32t —30" and 287 26"
transitions. The observed peaks are very narrow because of
the mutual compensation of the Doppler shifts of the en-
ergies of photons emitted in opposite directions from a

Yu. N. Pokotilovskil 17



TABLE V. Summary of results of experiments to look for two- and three-photon resonance anni-

hilation in low-energy positron—electron scattering; E is the c.m.s. energy.

E, keV Bound on cross section or width Experiment
1830 Jo,dE <167 b eV [146]
10621100 ipeaks not detected : [147)
1062 r,l,/T<0,11 MeV [148]
1830 r,[r,/T <10 MeV [152)
1500-2000 r,r, /T <20 Mev (149]
1600~2000 r,[T,/T<6.6Mev 1150
1830 r,r,/T<2,5MeV (116
1830 [, /T <5 Mev [152]
1500 Jo,dE<11,5b ¢V 52
Ty¥ s -/T,< 3.8 MeV e
s Jo,dE< 11,70 eV 153
1340 Tyl s /T, < 43MeV [152.a]
Jo,dE<167b eV 152
1640 Pyl + ~/T, < 1,5 MeV 152,01

moving nucleus. The same study established a new and
lower limit on the production of 180°-correlated pairs of
gamma rays with total energy in the range 1.2-2.0 MeV.
The cross section was found to be less than 0.6 ub, a value
approximately two orders of magnitude less than the cross
section for production of positron—electron peaks in the
GSI experiments (of the EPOS group) and an order of
magnitude less than the results of the ORANGE group.

3.4. Experiments to look for resonance two- and
three-photon annihilation in low-energy scattering of
positrons by electrons

The hypothetical resonance manifested in the form of
positron—electron pairs in heavy-ion collisions could, in
principle, decay into two or three photons, depending on
the spin and parity of the resonance. As was shown in the
previous section, in neither heavy-ion collisions nor in
other experiments were two-photon events detected, and
three-photon events were not sought.

If the reason for the phenomena observed in the GSI
experiments is a complex composite object with internal
excited states, then radiative transitions between them are
possible. If their contribution to the total decay width of
the excited states is appreciable, then the resonance may
not be noted in the elastic positron—electron channel. The
widths for decay of scalar and vector particles into two
and, respectively, three photons are given in Ref. 110:

S,P__1_SP, 3
ry, (30)

= 6(17 ms’}),
where a:ﬁ”P = (g“;'P Y2/41 for scalar and pseudoscalar parti-
cles, and

iy )t 3
=921607° "V (D
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With allowance for possible experimental broadening of
the observed resonance, it is possible, as in the case of
resonance scattering, to obtain a formula for the cross sec-
tion for resonance annihilation into two photons:

do # 2I‘.,,,,I“,,,+e— p 1

——|AE=|—

(dﬂ) (mec) I p’—47*(1—Bcos 6)’
(32)

where I is the total width, p=mg/m,, y=p/2, 6 is the
photon emission angle in the laboratory system, and
B=(p*—4)"%/p is the c.m.s. velocity.

This cross section must be compared with nonreso-
nance annihilation, which is ~a?(#/mc)2. Exact expres-
sions are given, for example, in Ref. 110. Bounds on the
widths I, were obtained from the value of the electron
anomalous magnetic moment,'”> and more stringent
bounds from the cross section for Delbriick scattering:!>*

£5,<0.04 GeV~!, g <05 GeV~..

If these limits are used, and also the previously given
bounds I',+,- < 7 meV from the g—2 experiments, one
can obtain the expected limiting ratio of the cross sections
for resonance and nonresonance  annihilation:
I o,,ﬁE/o"y;’,"’“<O.2 (0.1) for masses m=1.8 and 1.062
MeV.

The early study of Ref. 145, devoted to measurement
of the cross section for annihilation of positrons in flight,
confirmed the agreement of QED theory with experiment
to 5% accuracy at several energy points. Recent
experiments'*152 to look for resonances in annihilation,
like experiments to look for resonance scattering, were
made by different methods: both with and without mono-
chromatization of the incident positrons, the hope being to
see a peak in the total spectrum of the gamma rays. The
attention in these experiments was drawn to two ranges of
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the total energy of the gamma rays: 1.8 MeV, where the
GSI data most convincingly indicated a 180° correlation of
positron—electron pairs in heavy-ion collisions, and the
point 1062 keV, where the LBL group found the yy peak in
collisions of uranium and thorium nuclei.'*** Almost all
experiments sought two-photon resonance annihilation.

In the studies of Ref. 152 (Heidelberg—Darmstadt
Crystal Ball) and Ref. 152a, three-photon annihilation was
also sought.

The experimental data are summarized in Table V.
The joint analysis of the data on the positron—electron and
photon widths made in Ref. 116 leaves open practically the
entire region I',,, > I, up to widths I'~ 10 meV. It is true
that the result of the experimental search for a yy channel
in heavy-ion collisions (o <0.6 ub) 144 indicates I“W<l“ee if
one uses the data of the EPOS group, who obtained a cross
section for production of positron peaks of 5-10 ub/sr (the
results of the ORANGE group were approximately an or-
der of magnitude lower). If it is assumed that I'), <I,,,
then the best bound, I',,, <2.5 meV at mass 1.8 MeV, cor-
responding to coupling constant g,,<0.3 GeV ™!, is still
significantly weaker than the bound'®* that follows from
the experiments to investigate the Delbriick scattering.
From this it follows that we need more sensitive experi-
ments to look for resonance positron annihilation. In con-
clusion, we mention Ref. 151, in which an attempt was
made to obtain a bound on the coupling constant g,, and,
correspondingly, the width I'_ from analysis of the pro-
cess et fe” et e~ +<p—>er'y—+—e_ +e* +e~. The calcu-
lation showed that the cross section of the process is
o~ (2J+1 )I‘w/ m?p. From the Cross section
Oexp=1.61%£0.12 ub the authors obtained the bound
r,r./Ir<2ev (90%) and, if it is assumed that I",,, <.,
the bound is as yet rather weak.

3.5. Experiments to look for new light neutral
particles in decays of heavy vector mesons, kaons,
and pions

During the last 10-15 years, quite a large number of
experiments to look for light neutral particles have been
performed at high and intermediate energies. These
searches were mainly motivated by the predictions of var-
ious extensions of the standard model. The indication of
the possible existence of axions®? stimulated a number of
experimental investigations of processes in which produced
axions could decay into positron—electron pairs or two
gamma rays. The discovery of the Darmstadt peaks made
the problem more acute and stimulated modifications of
the axion models®*** and new experiments to look for the
positron—electron decay channel. A further important ar-
gument for seeking light neutral particles was the predic-
tion of possible light Higgs bosons in supersymmetric ex-
tensions of the standard model.!’%!"”

Searches for light neutral particles are made at high
energies in experiments of two types: in particle decays and
in beam-dump experiments. One of the possible ways of
testing the existence of a new neutral particle in the mass
range of the Darmstadt peaks is to look for decays V—y
+a, where V is a heavy vector meson (J/¢ or Y'), and a is
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the new particle, for example, an axion. Since the axion
model includes two Higgs doublets with different a priori
vacuum expectation values 6, and 6,, the axion coupling
can “rotate” between the upper and lower quark states,
depending on the ratio of these expectation values,
x=0,/0,, which is the fundamental parameter of axion
theory. Bounds that do not depend on this parameter can
be obtained by using the product of the experimental limits
on the probability of radiative decays of heavy vector me-
sons, the result being compared with the theoretical esti-
mate

P=BR(J/¢Y—ya)BR(Y->ya)=1.6-10"8

for the standard axion. In the first experiments to look for
axions in such decays, events with observation of one pho-
ton in the final state were sought, and the limit P< 10~°
was obtained.!”'* In accordance with the experimental
conditions, this was a real limit for axion lifetimes greater
than 10™° sec. However, if the lifetime is much less, then
the axion decays inside the detector, violating the condition
for detection of one photon. Subsequent experimental in-
vestigations of the decay of heavy quarkonium!'$16? closed
this possibility too for a standard axion with mass in the
interval 1.6-1.8 MeV with a margin of more than two
orders of magnitude.

Calculations of the decays of charged kaons with emis-
sion of new pseudoscalar particles, K™ —71a, depend very
strongly on the models, but in a number of experiments
rather low limits on the probability of such processes were
established. The early experiment of Ref. 163, in which a
limit on the decay Kt —»7tete™ was measured, was
weakly sensitive to small invariant masses for the system
(ete™). An estimate given in a later analysis'’' of this
experiment gave a limit on the emission of a neutral par-
ticle with mass corresponding to the Darmstadt peaks and
decaying rapidly into a positron—electron pair: ~107%
The experiments of a Japanese group'®>'® looking for the
processes K' -7t and KT -7ty, KT oawtyy,
Kt >atyyy were also sensitive to Kt —ma decays. The
first of these studies looked for missing mass in the kaon
decay; this corresponded to a long lifetime of the neutral
particle (7> 107! sec); the second study made it possible
to detect the decay products (1< 10~ sec). The analysis
of Ref. 171 showed that, depending on the lifetime, the
bound is ~10~7 (7>10"" sec) and ~107* (r<3-107"
sec) with an intermediate bound in the interval between
these limits. An early experiment at Berkeley!® was sensi-
tive to fast decays of the neutral particle and gave!’' a
bound ~10~* on K+ »7"a. The analysis of Ref. 168 of
the same experiment gave the limit 1.5 10> (see also the
analysis in Ref. 169). For the model of the standard axion,
the production probability must be 5.7 1073, The most
sensitive experiment to investigate the possible decay
K* —mta was performed at Brookhaven.!” Its result for
small masses is shown in Fig. 20.

The decays 7 —e™ va are also important in establish-
ing bounds on a short-lived axion, since this decay is en-
hanced in relation to the ordinary pion beta decay
7t > 7%Tv on account of the larger phase space at small
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FIG. 20. Limits on the probability of the process K™ -7+, p—ete™ for
m,=138 MeV/¢* as a function of the lifetime of the @ particle. Curve 1 is
from Ref. 170; curve 2 represents the data of the analysis in Ref. 171 of
the experiments of Ref. 166.

axion mass. A Dubna group'’? established a limit
~5-107° on the probability of the decay 7+ —eTeetv
(in the commentary on this experiment given in Ref. 173 it
is suggested that the limit is somewhat higher). The later
study of Ref. 174 established a limit of 107'° on such a
decay. This value should be compared with the calculation
of Ref. 173 for the probability of the process 7+ —e*va for
a short-lived axion in the model of Refs. 84, 85, and 88:
BR~3:107%(m,/m,)(m,/1.8 MeV). The result of the
experiment of Ref. 174 is shown in Fig. 21.

In Ref. 175, the decay 7 —ete~ was considered. The
experimental result, BR (7’ —ete™)/Br(m’—>yy)
=(1.8%0.7) - 1077 is in disagreement with the expected
value for a short-lived axion® %’ with mass 1.8 MeV, which
is approximately an order of magnitude greater.

3.6. Search for new neutral particles with mass in the
range 1.6-1.8 MeV/c? in beam-dump experiments

In experiments of this type, electrons or protons,
reaching a heavy target, cause a cascade of bremsstrahlung
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FIG. 21. Upper limit on the probability of the decay 7 —e™vp (90%)
as a function of the mass and lifetime of a neutral particle ¢ that decays
into a positron—electron pair: 1) 3-107% 2) 107% 3) 3:107'%; 4) 1019,
5)8-107'6) 5-107' 7) 3.5-107'; 8) 3- 10~ (Ref. 174).
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processes in which not only photons but also new neutral
particles must be emitted. These particles can also be pro-
duced by the photons through the Primakoff process.
Leaving the target, some of these particles decay in flight
into positron—electron pairs or a pair of gamma rays, and
these can be detected. Calculation of the intensity with
which the neutral particles are generated in the target on
the basis of the assumed coupling constants and calculation
of the decay rate on the basis of the same constants make
it possible, after comparison with an experiment, to obtain
bounds on these constants. If the coupling constant g, is
large, corresponding to a short lifetime of the particle, then
the fraction of these decays within the target or in a shield
placed after the target is increased, and this leads to a
two-sided bound on the coupling constants in beam-dump
experiments. Because of the large particle fluxes in the tar-
gets, these experiments have a very high sensitivity. De-
pending on the length of the target and shield, the experi-
ment can be adjusted to different lifetimes of the neutral
particles until decay and, accordingly, different coupling
constants. Small coupling constants and long lifetimes
were ruled out already in the early beam-dump
experiments!”® with low energy of the particles in the
beam. Measurements with short targets were made to look
for fast decays of the particles (75 10713 sec). Table VI
summarizes the results of the experimental searches for
penetrating neutral particles that decay into positron—
electron pairs in beam-dump experiments.

4. THEORETICAL MODELS FOR EXPLAINING THE
DARMSTADT EFFECT

The unusual features of the experimental observations
at the GSI stimulated a considerable number of theoretical
attempts to explain the phenomenon in its entirety or some
of its properties.

Several authors tried to stay within the framework of
the well known models and attempted to describe the ex-
perimental data by means of standard quantum electrody-
namics. In many other publications, the authors postulated
unusual bound states (in the standard model), localized
regions with modified QED, with an unusual Higgs or
QCD vacuum. In theoretical calculations, previously un-
known bound states in the positron—electron system were
found; in some studies, a completely new interaction was
postulated. Overall, the GSI peaks stimulated a consider-
able number of ideas, calculations, experiments, and con-
siderations having a more general nature and not merely
the utilitarian aim of explaining a specific experimental
fact. Chronologically, the suspicion that a new particle, the
axion, had been discovered at the GSI was the first pro-
posal made. We begin our consideration of the theoretical
approaches with this conjecture.

4.1. A new point particle

The main problem in postulating any new particle is to
explain why it was not observed earlier and also to avoid
contradictions with numerous experiments in atomic and
nuclear physics and in elementary-particle physics that are
in good agreement with the standard model. Here, there
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TABLE VI. Summary of results of beam-dump experiments to look for neutral pseudoscalar par-
ticles in the mega-electron-volt range of masses that decay into a positron—electron pair.

v

Beam, Target, Eliminated range of | Eliminated range of | Exper-
energy minimum range | particle lifetimes, sec | cOUPling strength  |: iment
a= g;e,_/41r
for m,=1.8 MeV/c?

Electrons, Ta, 11,8 /cm? >10°" 1008 <a<107? [178]
45 MeV

Electrons,. W+Fe, 2,4 m 5-10°3—1077 100%<a<4-1078 [180)
2.5 GeV

Electicns, | W, 10 cm 6-10""4—9g.10° " 10 "<a<10"? [182]
1.5 GeV

Electrons, W, 10-12 cm 10°%4—s.10°" 1002 <a<107? (181,
9 GeV 183]
Electrons, ~200 m <3-10°% a>31071¢ [184)
20 GeV for m,=1.8 MeV/c?

Electrons, H, bubble - 6-107'%—6-10"" 2:10°<a<2-107¢ | [185]
20 GeV chamber for mgy=1.8 MeV/c?

Protons, Cu,7,5m <0, a>10"% [186]
590 MeV

Protons, Cep <3.|0" > 3.10'“ [187])
400 GeV

Protons, Cy,$5,5m 1074—107" 107%<a<10”’ (188)
800 GeV .

Protons, Cu,8m < 0,05 a>2-107% [189]
590 GeV

Protons, repetition and an improvement of Ref. 188 [190)
800 GeV

are two possibilities—to assume that the coupling con-
stants of the new particle are sufficiently small to explain
why it was not observed in earlier experiments or to endow
the new particle with such special properties that it can be
produced only when very special conditions are satisfied,
for example, in the strong electromagnetic field in the GSI
experiments. Since the standard model is so successful, any
hypothesis that not merely postulates a new particle but
also leads to new physics at low energies that does not
agree with the standard model is doubly implausible. How-
ever, if the hypothetical particle fits naturally into the stan-
dard model or a “soft” extension of it, then such a particle
is more acceptable for consideration. Such a possibility was
in fact considered from the very beginning.®*"° We must
immediately make a distinction between a point particle
and a composite extended object. In the framework of the
standard model, an extended particle can be a composite
system consisting of electrons, quarks, photons, and glu-
ons, or some complicated excited state of the Higgs vac-
uum, etc. Such possibilities will be considered later. Point
particles that do not contradict the standard model can
have various natures. Vector or axial-vector particles are
barely possible, since they must be identified with a new
gauge field with a corresponding extension of the gauge
group and, therefore, a new interaction. On the other hand,
scalars and pseudoscalars can be introduced into the Higgs
sector, and, moreover, such a particle—the axion—was
very desirable independently of the GSI results and before
their appearance.’?*® A detailed justification of the axion
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hypothesis has been given in several publications®>** and is

not reproduced here. We merely mention that the main
argument was the need to solve the problem of CP viola-
tion in QCD: Why is it so small? The currently most gentle
and natural device is to extend the Higgs sector, namely, in
place of one doublet of Higgs fields (¢q,¢_ ) one assumes
in the hypothesis of Ref. 82 two independent doublets
(@o,p,) and (<p(’),<p’+) with different vacuum expectation
values. One doublet generates the mass of the upper
quarks, and the other gives the mass of the lower quarks.
Such a form of the theory enables one to make the CP
violation arbitrarily small, but the price that has to be paid
is the appearance of a new Goldstone boson—an axion
with undetermined mass but, for the first, “standard,”
form of the axion model, fixed constants of the coupling
with the quarks and leptons. Numerous experiments quite
quickly ruled out this standard version of the axion
model.®3 In connection with the GSI results, it was noted
that the standard axion model does not use the most gen-
eral form of coupling of the axion to the quarks and lep-
tons. New forms were proposed®**># in order to avoid the
experimental difficulties for masses in the range 1.6-1.8
MeV. These new models had the following properties: 1)
For an axion with mass 1.6-1.8 MeV there were no exper-
imental prohibitions existing for a light axion with mass
less than 2m,; 2) fast decay a—e*e™ with time 107"
sec made it possible to avoid the bounds given at that time
by the beam-dump experiments; 3) weak coupling to the
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heavy quarks made it possible to avoid bounds that fol-
lowed from decays of heavy vector mesons. Moreover, in-
dependently of the GSI experimental data, it was interest-
ing to elucidate the stability of the axion idea under the
pressure of experimental bounds. Models of new pseudos-
calar particles in which, in contrast to the standard axion,
universality of the coupling to the different quarks and
leptons is violated can never be definitely ruled out, since
one can assume that the axion is coupled only to heavy, as
yet undiscovered quarks.

If we return to the GSI results, then the axions in such
models must have appreciable coupling to the first quark
doublet (u,d). Let us consider, following, for example,
Refs. 68-70 and 191-193, the production of a scalar or
pseudoscalar particle in a collision of heavy ions under the
conditions of the GSI experiments and using the known
bounds on the coupling constants. From the very begin-
ning, the subject of the analysis was this question: From
what source can these new particles arise? From electron
transitions in a quasiatom or from interaction with nucle-
ons or with the electromagnetic field? If it is assumed that
the source of the particles is the electron shell of a quasi-
atom, then the probability of their emission can be deter-
mined by using the data of calculations of x-ray emission
associated with transitions between molecular orbits and of
electron bremsstrahlung.'”* In order of magnitude, the
cross section for production of the neutral particle @ as a
result of interaction with electrons in a collision of heavy
ions can be represented as the product of the cross section
for the production of x rays in such a process with E, > m,,
and the ratio of the coupling constants:

Oy

% -6 ~10
:;07(E>mq,)<1.4'10 400 ub=6-10"" b.
We have here used the bound on the coupling of the hy-
pothetical particles to electrons obtained from the g—2
experiments, @, < 10~® (in the original study,®® the stron-
ger bound a,<1.6- 10~°, which was subsequently revised,
was obtained), and the cross section for the emission of x
rays in Pb+Pb collisions at 5.8 MeV /nucleon.'®* As we
noted, the cross section for the production of positron lines
is greater by several orders of magnitude, so that the as-
sumption that the particle is produced as a result of inter-
action with the positron—electron field is ruled out. If it is
assumed that the particle is produced as a result of inter-
action with a nuclear current, then one must use the bound
obtained from measurements and calculations of electron
levels in atoms. In this case, the contribution to the inter-
action of the electrons with the nucleus due to the ex-
change of the new particle between the electrons and nu-
cleons of the nucleus would cause a shift of the levels of
atomic electrons compared with the calculation in the
framework of QED. The Lagrangian of the electron-
nucleon interaction includes constants for coupling of the
hypothetical particle both to electrons (21) and to nucle-
ons (quarks) (14). Bounds are then obtained on the prod-
uct of coupling constants g;eegz]NN, where i signifies the
type of coupling. In the nonrelativistic limit, a Yukawa
term with interaction range m, ! appears in the interaction

22 Phys. Part. Nucl. 24 (1), January-February 1993

potential of the nucleons with the electrons (this is analo-
gous to the case, considered above, of the additional inter-
action (18) of neutrons with nuclei as a result of exchange
of a massive scalar particle). In the case of S and V inter-
actions, the electrons react to the nuclear density; for 4
and T interactions, they react to the spin density; in the
case of a pseudoscalar (axion), the interaction disappears
in the nonrelativistic limit. The bound from the Lamb shift
in hydrogen gives g .8 vy <2" 1078, and precision mea-
surements of K, transitions in heavy nuclei (Fm) give
8pee8 NN < 10~°. The mechanism of production of @ parti-
cles as a result of interaction with nucleons can be regarded
as similar to nuclear bremsstrahlung. The cross section of
this process in heavy-ion collisions under the conditions of
the GSI experiments is known: o(E,>1.6 MeV) =500
ub.'® Since the cross section for the production of
positron—electron peaks in the GSI experiments is approx-
imately two orders of magnitude smaller, we may expect
AoNN=8pNN/4TR 10~ 2a~107%, 8onn=0.03. Allowance
for the fact that the GSI results give evidence against a too
long lifetime of the hypothetical particle (7< 1071 sec)
indicates that the coupling constant g, in (20) is not too
small. This gives g, 8 xn> 4" 1077, a value that exceeds
by more than an order of magnitude the bound from the
Lamb shift in hydrogen given above. We emphasize that
the bound on the production of a neutral particle due to a
nucleon current does not go through for a pseudoscalar
axion. The bounds from decays of vector mesons given
above established the upper limits g, <4- 1077 and
Copp<2° 107>, Thus, if it is assumed that the axion was
observed in the GSI experiments, then such an axion is
“nonstandard”—it has different coupling constants with
different quarks and must interact more strongly with the
u and d quarks than with the remaining quarks and lep-
tons. It was this that led to the creation of more “flexible”
axion models.

We consider the possibility of production of a hypo-
thetical particle as a result of interaction with the electro-
magnetic field.!®1193 The interaction Lagrangian depends
on the type of particle and has the form

L 5= PE = —ig°pF, F"” (33)
for a scalar particle and
& p=g'pEB=—ig"gF , F** (34)

for a pseudoscalar particle. The probability for emission of
a neutral particle in a collision of ions is given by

ok _ 5 K,w;) | 35
BZJM“( o) |5 (35)
where wk=(k2+m§))1/ 2 with Fourier transform of the
current

j(kkg) = f d*xe~*gSEX(x,1),

for example, for the case of a scalar particle. If, further, we
specify a model of the motion of the nuclei in the complex
in the scattering process—rectilinear,'**!%® rotation, !
or vibration, '°""!'%’—then calculation of the momentum dis-

(36)
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tribution of the produced neutral particles unavoidably
leads to a large width Ak ~m,, of the distribution. This also
follows from qualitative considerations:'* Since the strong
electromagnetic field of the nuclei is concentrated in a
small region with Ry~ 10 fm and varies rapidly in time,
there are no natural restrictions for the width of the mo-
mentum distribution of the produced particles all the way
to k~Ry . Such an argument is of a general nature and
independent of the particular mechanism of production of
the neutral object if the source is a rapidly varying strong
field concentrated in a small region. For example, the given
considerations can serve as an additional argument against
subsequently discussed new magnetic resonances in the
positron—electron system and nucleating centers of a new
special phase of the QED vacuum. In any such model, the
momentum distribution of the produced neutral objects in
the system of the colliding ions must be broad: Ak~m.
Returning to the direct production of particles by the elec-
tromagnetic field, we recall that the GSI experiments
yielded B~ 107>, from which it follows (Refs. 70, 191, 193,
and 197) that gSzO.Z MeV ! (gP:;O.B MeV~!), contra-
dicting both the bound from Delbriick scattering'** and the
arguments that follow from the data on the relative prob-
ability of decay of the hypothetical neutral objects into
positron—electron pairs or pairs of gamma rays. Indeed, for
g5F~0.2-0.3 MeV~! the lifetime of the particle until de-
cay into two gamma rays is ~10~°-10~!® sec according
to (30). It follows from the bounds obtained from the g—2
experiments for the electron that the lifetime until decay
into a positron—electron pair is greater than 10! sec.
Comparison of these quantities, and also the experimental
data on the relative probability for the production of pairs
of gamma rays and electron—positron pairs in heavy-ion
collisions decisively rules out production of the neutral
particles by interaction with the electromagnetic field.
We also mention here the exotic scenario of Ref. 70,
according to which collision of the ions results in the for-
mation of a rapidly rotating quasimolecule (v~ 850 keV)
for a time ~107' sec. The frequency spectrum of the
current (36) contains §-function peaks, and particles are
produced with a discrete set of energies. To obtain mono-
chromatic positrons, it was postulated in Ref. 70 that the
mass of the produced neutral particle is near 2m,, the
momentum in the system of the ions is p=1.35 MeV/c,
and g,,,~0.3 MeV™ !. This proposal was criticized in Ref.
197, where it was shown that even if one does not worry
about the never proven possibility of fusion of nuclei into a
quasimolecule for a time ~10~!° sec and the unattainably
large angular momentum of the molecule (~ 10%#%) the
proposed mechanism fails on account of the coupling con-
stant (g,,, <107> MeV~' from Delbriick scattering). One
might suggest that the large momentum spread of the pro-
duced particle in the center-of-mass system of the ions ob-
tained from the calculation could be avoided by assuming
that the produced object that emits the positron—electron
pair has a mass much greater than 2m,. This also agrees
with the angular distribution of the positron—electron
pairs, which does not always correspond to separation an-
gle 180°. Such an assumption is not supported by the ex-
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perimental facts. On the one hand, it was shown'®® that if
the strong Coulomb field of the colliding ions is responsible
for the particle production, then the angular distribution of
the ions after scattering depends strongly on the mass of
the produced particle. The corresponding experiment of
the ORANGE group”® showed that the measured angular
distribution of the heavy ions in events with the production
of narrow positron resonances agrees with the assumption
that the produced object has mass 2m, + E:Te_ , and the
energy distribution of the ions indicates a very small energy
loss of 1.5 MeV, admittedly with a 10-MeV uncertainty.
Finally, in such a scenario one must ask this question:
What kind of heavy particle remains after emission of the
positron—electron pair?

Despite the “danger” noted above of introducing new
vector particles, it was suggested”’! that the source of the
positron—electron resonances in the GSI experiments could
be a new pseudovector (17) particle with mass ~ 1.7 MeV
produced in the strong electromagnetic field of the collid-
ing ions as a result of interaction with three photons:

A

& =7 F . F"F),G", (37)
where F,,=0d4,/0x,—d4,/9x, is the electromagnetic field
tensor, and G;,=dG,/dx,—dG,/dx, is the tensor of the
new massive pseudovector field. In such an interaction,
particles can be produced at rest in the center-of-mass sys-
tem of the ions without appreciable dynamic suppression at
small momenta, as in the case of production as a result of
interaction with two photons (33)—(34).7%"!"1% From the
known cross section for the production of positron—
electron pairs at the GSI (~ 100 ub), the effective coupling
constant was found®®! to be A~3-10"3 MeV~* which
gives a lifetime until decay into three gamma rays of
7(G—3y) =10~"% sec; at the same time, one can achieve a
fit with 7(G—e*e™)=~3-10"" sec. This proposal was
criticized in Ref. 202 because the unavoidable mixing of G
bosons and photons in an external electric field in accor-
dance with

A .
&L =5 E’F,,G*""+2AF"E ;E;,G*

2 (38)

would lead to an enhanced yield of positron—electron pairs
in nuclear transitions (for example, an E3 transition
(37 —0") with energy 2.61 MeV in the 2®Pb nucleus) as
a result of emission of a G boson and its subsequent decay.
Comparison of a calculation in accordance with the theory
of internal pair conversion*? with experiment showed that
the discrepancy in the yield of positron—electron pairs in
208Pp does not exceed 10, giving a bound A <3-107°
MeV—*.

4.2. Explanations of the effect in the framework of
electrodynamics without invoking essentially
new hypotheses

A characteristic feature of these models (and, inciden-
tally, practically all the others) is the absence of a rigorous
systematic treatment of the production of narrow
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positron—electron resonances. The papers merely indicate
some circumstance that in principle is capable of generat-
ing structure in the spectrum of positrons or in the spec-
trum of positron—electron pairs. One can describe some
features of the phenomenon, but no attempt is made to
explain everything, this evidently being due to the great
difficulty of describing such a complicated process. Giving
almost no formulas, to say nothing of calculations, we shall
merely note the aspects on which the authors of the various
hypotheses concentrate, the assumptions used, and the as-
pects of the Darmstadt effect that can be described.

We mention first the attempts to explain the reso-
nances in the positron spectrum by the formation, in
heavy-ion collisions, of a quasimolecule with spontaneous
positron production. A possible way of explaining the fu-
sion of ions into a quasimolecule can be found if one as-
sumes that in the potential of the nucleus—nucleus interac-
tion there are one or several pockets (wells) that lead to
the existence of resonance states in scattering. The calcu-
lations of Ref. 203 agree with the possible existence of such
wells in U+ U and U+Cm interactions. Because of the
delay in scattering, there is enhanced spontaneous positron
production. In Ref. 29, the coupled-channel method was
used to calculate positron spectra, and resonances were
obtained. The parameters of the potential were not calcu-
lated in Ref. 29; rather, they were fitted to the experimental
results, using the positron peaks. There was also no at-
tempt to explain the Z dependence of the energies of the
positron peaks.

It was pointed out in Ref. 204 that rapid rearrange-
ment of the electron shells in the two-center potential in a
collision of ions may, under certain assumptions, give rise
to oscillations in the energy spectrum of the positrons and
electrons (the idea of rapid rearrangement of the electron
shell is introduced ad hoc). In Ref. 205, the same authors,
calculating the spectra of positrons and 6 electrons for the
below-critical colliding-ion systems Ta+Th and Au+U in
the framework of the quasimolecular theory, did not obtain
the required features. To ensure spontaneous emission of
positrons for below-critical systems, they considered”®® the
very hypothetical possibility of production of a long-lived
spherical nucleus with radius Ry~ (4;+4,)"3. For the
combination Au+ U, the condition of criticality is ensured,
and spontaneous positron emission must occur. However,
the Z dependence of the energy of the positron peaks in
this model does not agree with experiment.

In Ref. 206 calculations were made of the spectra of
quasiatomic positrons in heavy-ion collisions with allow-
ance for the dipole term in the two-center Coulomb poten-
tial of the colliding nuclei, in contrast to the earlier studies
of Refs. 57 and 22, in which only the monopole part was
taken into account in the expansion of the potential. In
accordance with the result of Ref. 206, allowance for the
magnetic dipole term can, because of interference with the
monopole term, significantly change the spectrum, while at
the same time having almost no influence on the total yield
of quasiatomic positrons. The study obtained a resonance
structure in the positron spectrum that agreed with the
experiments (for example, a peak at energy 380 keV), and
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the peak energy depended weakly on Z. In Ref. 207, the
result of taking into account the dipole term is the
opposite—in the positron spectrum, the calculation gives
no resonances, and the influence of the magnetic dipole
term on the spectrum is very small. In the important range
of internuclear separations the solutions of the two-center
problem with the best possible accuracy, including the
magnetic contribution,?®® do not give significant deviations
from the monopole approximation. It was suggested in
Ref. 209 that in heavy-ion collisions there is formed an
open resonator for a positron between two Coulomb cen-
ters if it moves along the internuclear axis. On separation
of the nuclei, the particle trapped in this expanding reso-
nator is cooled. Estimates were obtained semiclassically
and in the nonrelativistic approximation. The authors of
Ref. 209 themselves remark that both assumptions are
hardly sufficient to obtain correct results. From the ap-
proximate calculation, a peak in the positron spectrum was
obtained for such a model problem. The production of
monochromatic electrons correlated with positrons was
not calculated in Ref. 209; it was merely noted that qua-
sistationary states for electrons in the field of two separat-
ing Coulomb centers must also exist at nearly equal ener-
gies.

It was shown in Ref. 210 that vibrations of the nuclei
in a long-lived quasimolecule can (through higher-order
QED processes) give narrow positron—electron peaks with
a number of interesting features, namely, peaks are possible
in below-critical systems, there is a weak Z dependence,
and there can be several resonances in the spectra. The
intensity of the gamma transitions observed experimentally
can be made fairly small in the model of Ref. 210. In the
result of the calculations there is also no angular correla-
tion of the emitted positrons and electrons. However, the
model of Ref. 210 is based on the need for the production
of a quasimolecule for the long time 10~ sec; in addition,
this version does not ensure the equality of the positron
and electron energies observed in the GSI experiments. In
the brief note of Ref. 211, attention is drawn to the possible
production of positron—electron pairs in heavy-ion colli-
sions as a result of electron excitations. If vacancies are
formed in the K shell, the total excitation energy of the
electrons in the unified quasiatom reaches ~2 MeV (as
estimated in the Thomas—Fermi model). The electron den-
sity in each of the ions is significantly lower than in the
ground state of the quasiatomic system with charge
Z,=Z,+Z, of the nucleus. Then it can be assumed that in
the unified system there is a form of collective electron
discharge with a change of the density. The electromag-
netic field of such a transition has a monopole nature and
wavelength of the order of the system’s diameter. In accor-
dance with the proposed model, the pair production takes
place at large distances from the nucleus. The amplitude of
pair production in an electron transition has the form

e2

Uip= f¢g(r1)¢ls(r1) =] Y+ (1) Y, (ry)drdr,
(39)

and the large distances give a small momentum of the
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positron—electron pair in the center-of-mass system of the
quasiatom, i.e., the positron and electron move with high
probability in opposite directions. Narrow resonances in
the positron—electron spectrum can be obtained by virtue
of the fact that, obviously, there is a shell electron structure
in the quasiatom and, in addition, the interference of the
resonance and nonresonance transitions may give oscilla-
tions in the pair-production cross section. Unfortunately,
this interesting idea has hardly been developed at all in the
quantitative aspect, and there are no answers to a number
of questions, especially concerning the Z dependence of the
energy and the cross section for production of positron—
electron pairs in this model. In Ref. 212 it is noted that
there is an analogy between the processes that occur in
heavy-ion collisions and other phenomena observed in
strong external fields, and it is pointed out that the cross
section of various elementary processes oscillates in a
strong external field, for example, in the case of two-
photon production of positron—electron pairs. The oscillat-
ing part of the pair-production probability is represented in
Ref. 212 in the form of the product W=W,W W, W,_,
where W, is the probability of production in an ion colli-
sion of photons capable of producing a pair, W, is the
probability of production of a virtual pair, and W, W,_ is
the probability that the produced leptons leave the region
of the field; the oscillations are due to the last factors. It is
found that the energies of the peaks in the positron spectra
depend weakly on Z but strongly on the degree of ioniza-
tion of the colliding ions. Note that this last quantity must
have a statistical distribution with large spread, so that one
must expect the peaks to be smoothed.

In the studies of Ref. 216 it was shown, initially for one
dimension, and then for three dimensions with some im-
portant approximations, that in the two-center Coulomb
problem for the Dirac equation there is a periodicity effect,
namely, the positron transmission coefficient depends res-
onantly on the energy (resonance transparency). In accor-
dance with this, the authors proposed a qualitative scenario
according to which the positron—electron pairs are pro-
duced by “heating of the vacuum” already when the ions
have approached to a separation of ~ 300 fm, and the pairs
subsequently leave the region in which the nuclei collide in
accordance with the resonance transparency of the two-
center potential.

The authors of Ref. 213 considered a model of collid-
ing ions with an interaction potential containing shallow
(of depth 1 MeV) pockets, so that the compound nucleus
which is produced has resonances. As additional argu-
ments for the existence of such a potential, the authors
invoke data on below-barrier fission and the observation of
anomalons. The resonances in the nuclear system lead to a
structure in the spectrum of the produced positrons that in
accordance with the model reflects the details of the spec-
trum of the compound nucleus. Thus, in Ref. 213 two
model potentials are introduced—the potential of the in-
ternuclear interaction and the potential of the electric field
for the electron system in the quasiatom. Numerical cal-
culations were made for the U4 U system, and these ex-
hibited irregularities in the spectrum of the produced pos-
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itrons at near-resonance energies of the nuclear system.
Without claiming to explain the Darmstadt effect, the
authors of Ref. 214 point out the possibility of resonance
production of pairs of particles with spin 1/2 in a spatially
homogeneous electric field that varies rapidly in time:

A, 0Ky

4,=(00,43,0), A3(1)= 0, at the remaining time.

It is obvious that this observation has an intimate connec-
tion with the Klein paradox on account of the mathemat-
ical analogy between the Dirac equation with a time-
dependent electric field and scattering by a potential that is
constant in time but depends on the coordinate. One can
establish a connection between the transmission, 7', and
reflection, R, coefficients for the time-independent problem
and the amplitudes for the production of lepton pairs in the
time-dependent problem, namely, R can be related to the
pair-production amplitude. The phenomenon must occur
in fields greater than the critical field E.=m?*c*/Zée’. In ion
collisions, the electric field along the line joining the ions
has a behavior in time like that of the idealized examples
considered in Ref. 214. The result of the calculation shows
that the energy and width of the resonances varies with Z,
but not so strongly as predicted for spontaneous produc-
tion, ~Z2. In this model, there is no attempt to explain
why the positron and electron have equal energies and
opposite momenta. In Ref. 215, the idea was tested for a
spatially inhomogeneous field of the specific form
Au=(0,0,A3,0), A;=06(2)b(x;) with certain discontinui-
ties of the function b(x), which, as is assumed in Ref. 215,
are needed to obtain the effect of resonance pair produc-
tion.

4.3. Magnetic quasibound states of a positron and an
electron

It should be said immediately that here no attempt is
made in the problem to discuss the extremely complicated
relativistic two-body problem, which is far from solution.
Because of the impossibility of finding an exact solution to
the problem, various simplified approaches are often used.
Several studies have been made on the basis of an approach
first proposed by Kemmer, and also Fermi and Yang,?' in
accordance with which the Hamiltonian for several inter-
acting particles is written in the form

H= X ap+Bmi+ 2 Vi, (40)

i ij
i.e., as the sum of single-particle Dirac Hamiltonians for
free particles and terms that describe an interaction be-
tween them. Such an approach leads to satisfactory results
in calculations in atomic and nuclear physics and in
elementary-particle physics. In the general case, if the
spinor nature of the interacting particles in the case of two
interacting fermions is taken into account rigorously, the
potential must be a 16X 16 matrix in the spinor space. In a
simplified approach, the interaction potential is chosen
phenomenologically in accordance with the nature of the
problem, most often in the form of one-boson exchange.
The Coulomb interaction does not give quasibound states
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of the positron and electron in the range of masses ob-
served in the GSI experiments. For the energy scale of
atomic physics (distances ~10~% cm) magnetic interac-
tions are small. However, at short distances the interaction
due to the magnetic moment of the particles is large and
for some quantum states is attractive. A particle with mag-
netic moment u creates a vector potential A=pu Xr/ 7 that
acts on another particle. Predictions of possible quasi-
bound positron—electron states based on model introduc-
tion of a magnetic interaction have a certain history. We
mention the attempt of Ref. 218 to explain the J/y parti-
cles discovered at that time in the framework of an elec-
tromagnetic model that considered the Dirac equation for
an electron (e) with anomalous magnetic moment a in the
Coulomb field of the positron (e;) (or vice versa):

fie,
Y=—a5— ;z iBap,
(41)

cap— (E— )+Bmcz/2

where a=a/2m, a,=ar/r. After some approximations, a
radial effective potential for the electron was obtained in
the form

V(r)=—A/r+B/P—C/P+ D/, (42)

which has a very narrow and high barrier at positive en-
ergies and gives quasibound states with a mass of several
giga-electron-volts, scale ~ary (~ 10~ cm), and a long
lifetime. There subsequently appeared numerous studies
that developed this idea, making it much more compli-
cated, with the aim (in view of the impossibility of solving
the problem “head-on”) of finding an equation that de-
scribes the interaction of fermions at short distances (Refs.
218-220 and 222-224). Particularly great efforts in this
direction were made by Barut and collaborators; a list of
their publications is contained, for example, in Ref. 222. In
a number of cases, small quasibound states were obtained
in a mass range corresponding to the Darmstadt positron—
electron peaks—*‘‘superpositronium” in the terminology of
Refs. 218, 223, and 224 or “micropositronium” in the ter-
minology of Ref. 221. In Ref. 220 there was derived from
QED an exact, in the opinion of the authors, one-time
completely relativistic equation of the type (40) for the
description of the interaction of two leptons. The Lagrang-
ian was obtained from variation of an action that, from the
very beginning, contained, besides the minimal interaction
Z,e,-nz,-y“tp,-A#, a Pauli interaction term E,a,-:Z,aﬂvtp,-F‘” to
take into account phenomenologically an anomalous mag-
netic moment a;. The radial part of the interaction energy
contained all terms of the Coulomb, spin—orbit, and spin—
spin interactions:

ee; r
() =" (1 —age) —eras (B a3 | e (B

a3 ) —ieias(Ba), o+ iesa B

3(oyr) (oyry) (oq03,)
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In Ref. 219, it was proposed to describe a positron—
electron pair by a two-particle equation of Kemmer-
Fermi-Yang type:

[ai(p1—elA)) +ay(p,—eAy) +Bim+Bym+ V—E1(r)
=0, (44)

where V=ee,/r, r=|r;—r,| is the distance between the
particles, and the magnetic interaction was taken into ac-
count by introducing A;=p ;X (r,—r j)/r3, the vector po-
tential for interaction of a particle at the point r; with a
particle at the point r;; p=efio/2mc. Thus, the magnetic
interaction is manifested here as the static interaction of
two magnetic dipoles. Solution of this equation led to an
effective radial part of the potential for the *P, state with a
barrier of positive energy at distance 7~ 10 fm and a deep
well at <1 fm. In accordance with the calculation, the
energy of the magnetic resonance in such a potential was
found to be E=1.579 MeV, and the lifetime of the state
was estimated at ~4- 10~!° sec. The decay of such a res-
onance gives a positron and electron each with energy 279
keV in the center-of-mass system. Although relatively rig-
orous quantitative predictions are made in this study, the
authors themselves note that their treatment is too simpli-
fied.

In Ref. 227, the model proposed in Ref. 219 was in-
vestigated to find the behavior of quasistationary levels in
the external Coulomb field of two colliding nuclei. Because
of strong localization of the resonance (~5-10 fm), the
energy of the resonance depends weakly on the external
field, whereas the width increases when the field is included
by more than an order of magnitude.

In Ref. 221, the conclusions of Refs. 220 and 219 were
criticized. Using the same equations, (40) and (43), the
authors of Ref. 221 did not obtain quasibound states. Ac-
cording to Ref. 221, the magnetic part of the effective at-
tractive potential at small » becomes very large and con-
tains terms up to ~r>. If the anomalous magnetic
moment is assumed to be constant, i.e., independent of the
distance, then such a singular behavior of the potential
leads to a divergence of the wave function at the origin and
to non-normalizability. This must lead to fall to the
center—instability of the e™e™ system—Ilike the behavior
of an electron in an atom with Z> 137 and a point nucleus.
It is emphasized in Ref. 221 that the anomalous magnetic
moment is a dynamical property which arises from the
interaction of a charge with its own radiation field. Since
the radiative interaction of a charge with the self-field de-
pends on the momentum transfer, the anomalous magnetic
moment is not constant but varies with the distance from
the electron, approaching when r>#/mc the asymptotic
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value ud m=efi/2mcl[a/2m+0(a?)]. Accordingly, an in-
vestigation was made in Ref. 221 of the behavior of the
effective radial potentials and the solutions under the as-

sumption that the anomalous magnetic moment has a form
factor F(r):

Hanom=HoonF(r), F(r)=1—exp(—r/ry).  (45)

The cases of S and P states were investigated for several
values of 7, between 2 and 386 fm. The investigation
showed that the radial effective potential does not contain
barriers with U >0 that could give quasibound states and
gives a strong repulsion at short distances. The introduc-
tion of the form factor of the magnetic moment??® elimi-
nated the singular behavior of the magnetic terms in the
potential at short distances, so that the Coulomb repulsion
remained the main interaction. At large distances (~10~%
cm) there appears a characteristic shallow potential well
describing positronium. Another reason for the criticism in
Ref. 221 of the approach proposed in the studies of Ref.
220 was the failure of the positronium spectrum to match
the experimental data if the calculations were made to an
accuracy higher than the first order in perturbation theory.
The general conclusion of Ref. 221 is that the approach
based on (40) is semiclassical in the sense that the electro-
magnetic field produced by the particles is described as a
classical field of currents, the radiative corrections are
taken into account by the introduction of an anomalous
magnetic moment of the particles, and the particles them-
selves are described by single-particle wave functions of the
Dirac equation. In the opinion of the authors of Ref. 221,
such an approach leads to a number of unsatisfactory fea-
tures and unphysical terms in the Hamiltonian, so that the
equation of Ref. 220 is true only in the first order of per-
turbation theory, i.e., in the nonrelativistic limit of a static
interaction. The answer to this criticism in Ref. 222, which
contains no concrete calculations relating to the existence
of a quasistationary state, considers very general questions
of quantum electrodynamics at short distances and goes far
beyond the subject of this review. We merely mention that
a conclusion opposite to that of Ref. 221 is drawn concern-
ing the behavior of the anomalous magnetic moment of a
particle at short distances. It is asserted in Ref. 222 that,
because of the self-interaction, which is concentrated in a
region ~ry=e?/m,?, it is this region, and not r~#/mc,
that plays the decisive role. In the presence of localization
of an electron in a bound state, the self-interaction term
increases, and the value of the anomalous magnetic mo-
ment increases with decreasing distance, so that at r~7 a
value of order p, is reached, whereas the normal magnetic
moment is reduced by relativistic effects. With regard to
the production of quasibound states in the scattering of
very heavy ions, Barut assumes that the most important
thing is a phase transition which occurs because of the
presence of a self-interaction term in the two-body problem
(which, nevertheless, is absent in the Lagrangian of Ref.
220). The possible existence of magnetic quasibound states
in the positron—electron system is evidently still an open
question.
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In Ref. 223 there is an investigation of the problem of
bound states of a positron and an electron on the basis of a

“one-time Bethe-Salpeter equation”:?%

[E—(a;p+Bym) — (—ap+B,m)—T(p) ¥V (r)]¢(r)=0

(46)
with potential
& 1 (ray) (ra,)
V(l')=—7 (1-B); B=§ a0+
(47)
and
1 fap+Bim —ap+Bom
r == y 48

where r=r;—r,. The effective radial potential obtained
from (46)-(48) for the 1SO and 3P0 states contains, besides
the Coulomb term, some others that are associated with
the magnetic interaction and lead to a high maximum in
the potential near ry=e?/m?. The cross section for posi-
tron scattering by electrons calculated on the basis of this
potential exhibits many strong resonances in the range of
c.m.s. energies 100—~1000 keV. The width of the resonances
in the range of masses of the Darmstadt peaks reaches
hundreds of kilo-electron-volts. It is argued in Ref. 223
that calculations made there agree with the GSI experi-
mental data and predict a broader spectrum of resonances
than the one found in the Darmstadt experiments.

In their second study of Ref. 224, the same authors
take as their point of departure Barut’s equation’?’ and
arrive at the same results. We note here that experiments
on positron—electron scattering do not indicate the pres-
ence of resonances in the mass range of the Darmstadt
peaks and can serve as a good test of the various theoretical
approaches to the relativistic two-body problem alongside
the high-precision data on the energy levels of the hydro-
gen atom, positronium, and muonium. We also mention
the strong restrictions on the existence of resonances in the
positron—electron system that follow from the data on the
electron g factor.

4.4. Composite extended particle consisting of new
constituents

As the previous discussion has shown, it did not prove
possible in theory and experiment to find a point particle
whose production in heavy-ion collisions could explain the
Darmstadt effect. On the one hand, such a particle must be
produced in ion collisions with a large cross section, sev-
eral tens of microbarns, but on the other it is not mani-
fested in a host of other experiments, and its existence is
strongly restricted by comparison of high-precision exper-
iments and calculations in QED—for the electron g factor,
etc. Because of the difficulties with a point particle, con-
sideration was given to the possibility of constructing a
composite extended model satisfying the listed require-
ments. It is obvious that the beam-dump experiments lose
their restrictive power if the composite object is sufficiently
large, so that the range of the particle is small. A composite
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particle possesses an internal wave function with a form
factor. In the momentum space, this usually means that the
effective coupling constant is suppressed at large momen-
tum transfers. This helps to explain the low velocity in the
center-of-mass system for ete™ events in the GSI experi-
ments. However, to obtain momenta S0.1 MeV/c, the ob-
jects must be extremely large, ~ 10° fm. In addition, such
objects with internal structure must possess a complicated
excitation spectrum; this does not contradict the set of
peaks observed in the GSI experiments. It was found to be
impossible to construct a composite particle in the frame-
work of the standard model, but if one allows the existence
of new, relatively light fermions as composite parts of the
putative extended objects, then many restrictions can be
avoided. It is found that the previous searches with nega-
tive outcome had a loophole, namely, the possible existence
of particles on the scale 107 1'-1071% cm.??® A model of an
extended particle consisting of new fermions f* and f,
developed in detail, is described in Refs. 229 and 230. It
uses an analogy with the structure of mesons, and the
properties of (7 f7) states are investigated in the frame-
work of the model of the spherical MIT bag. The motion of
the fermions in the bag is described by the Dirac equation

(p—mp)=0, (49)

where R, is the bag radius, m, is the mass of the new
fermion, and there is a linear boundary condition:

—iypb=y, r=R,. (50)
Stability of the object is ensured by the boundary condition

B,(d)=B, at r=R,, (51)

r<Rx,

where B, is the unknown vacuum pressure. The solution
gives a spectrum of states. In such a model, there are three
free parameters: the bag radius R,, the vacuum pressure
B,, and the constituent mass m of the fermion. The ex-
perimental data give a state energy E,;=~1.8 MeV. It re-
mains to vary m in the range O<mf<Mx/2=9OO keV,
and it is found that in this range the vacuum pressure is
very small, B/* <240 keV, so that the mechanism of par-
ticle confinement in such a bag can hardly be associated
with any known mechanism. An energy spectrum that sat-
isfies the experimental requirement that the separation be-
tween the levels be ~60 keV requires a mass m ;~830
keV. The corresponding radius is R, 2 10°. Such a mass of
the fermions constitutes an appreciable fraction of the total
mass of the extended particle, and this makes it possible to
describe this state in terms of a nonrelativistic potential
model with a potential of the following form chosen in Ref.
230:

V(r)=a,r, r>rg

V(r =V, r<r. (52)

Here, ¥, describes a repulsive core, and a, is the tension
coefficient of the confinement potential, found here to be
ap=0.05-0.1 keV/fm. Such a model made it possible to
describe the bound states of an extended object in the field
of the colliding ions and to calculate the cross section for
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the production in ion collisions by analogy with the dy-
namical production of ete™ pairs. Because the mecha-
nisms of production of e*e™ pairs and (f f ) states are
the same, the production cross section behaves as o, ~ Z%,
as is observed experimentally (Fig. 14). The dynamical
behavior of the produced (f*f~) object during the colli-
sion process is not described in Ref. 230. Depending on the
quantum number of the state, the decay must take place
either through the channel (f*f~)—yy for 0~ 7 states or
through (f*f~)—ete™ for the state 1~ = (T,,=~10"*
eV) by analogy with charmonium decays. Because of the
large size, the scattering cross section in a medium, ~1rR,2‘,
is very large, so that the range is ~10~° cm. The presence
in this model of a hard core, which leads to repulsion of the
fermions at short distances within the extended particle,
saves this model from the restrictions that follow from the
electron g factor. Indeed, the contribution of the virtual
states to the anomalous magnetic moment of the electron
and muon could be made much smaller than the possible
difference between experiment and theory without allow-
ance for this contribution. This last requirement led to an
important restriction on the parameters of the potential
(52): Vp>1 GeV, ry<1 fm. An even more stringent re-
quirement arose from the need to match to experiment the
cross section for the production of the (f* f~) objects in
the GSI experiments: For m =850 keV, ¥,>100 GeV,
ro<1072 fm. It is suggested in Ref. 230 that an achieve-
ment of the model is the possibility of calculating a pro-
duction cross section in agreement with experiment and
also the possibility that the particle can have a significant
probability for remaining at rest in the center-of-mass sys-
tem or being captured by one of the ions.>! In the latter
case, there is a shift of the difference spectrum of the pos-
itrons and electrons to higher positron energies and a vio-
lation of the exact kinematics of 180° decay. The most
serious problem for such a model comes from the results of
the experiments on e*e™ scattering (see Fig. 19), in which
no indications of resonances with width I"' > 10 ueV were
found. A possible scenario for saving the idea of an ex-
tended (fTf) object is the following:?*! It can be as-
sumed that the ground state is stable with respect to decay
into an e*e™ pair, and for such decay one requires a strong
external field to induce the decay (f*f~)—eTe™. For
example, this is possible for the state 1**+(*P;). In an
external field, this decay is enhanced in proportion to the
Z? value of the heavy target. The excited (f* ™) objects
produced in the GSI experiments emit photons on descent
to the 3P, ground state. In the experiments on e*e™ scat-
tering, (£~ ) can be produced through the annihilation
diagram by one virtual photon, i.e., in the 17~ state with
the main decay mode being photon emission and transition
to a lower level. The 1t and 1~ states are separated in
energy, and in a target with small Z decay of the 17 state
to an eTe™ pair is not enhanced. Estimates of the degree of
enhancement of the decay to an ete™ pair in a heavy
target?>! do not as yet confirm this idea quantitatively.

In the studies of Ref. 232 the authors advanced a no
less far-reaching model of a composite particle based on a
theory of leptons as composite objects possessing color ex-
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citations. According to this model, the Darmstadt e*e™
pairs are a consequence of decays of “leptopions” confined
by color-like forces; the “leptopions” are formed from
color excitations of e™ and e~. The mass of the color lep-
ton in this model is 0.3 MeV.

4.5. New phase in quantum electrodynamics

In this subsection, we consider qualitatively, and very
briefly, the idea of Ref. 235, which is that the strong elec-
tromagnetic field produced by the heavy ions may give rise
to a phase transition in the QED vacuum. The coupling
constant in this phase is ~ 1, and the narrow ete™ states
observed in the GSI experiments can be regarded as the
analogs of positronium in ordinary QED. Such a scenario
has a number of attractive features, since it can explain, at
least qualitatively, many experimental data. First, in the
framework of this picture one can understand why a phe-
nomenon like the one observed at the GSI in collisions of
very heavy ions is absent in other experiments in which an
extremely strong and rapidly varying electromagnetic field
E~10'" V/cm (corresponding to a concentration of field
energy ~1 MeV in a region measuring 10>-10° fm) is not
created. After the heavy ions have separated and the strong
fields have disappeared, the new vacuum becomes unstable
and decays in time with emission of an e*e™ pair. If there
are no fields, the particles separate with different energies
in opposite directions. In such a bubble of the new phase,
several excited states can be realized, and this is confirmed
by experiment.

The Z, independence of the energies of the states is
also explained, since the spectrum of states is determined
by the properties of the new phase itself, and the ion charge
plays only the role of a trigger facilitating the formation of
a nucleating center of the new phase. An important success
of this approach can be seen in the possibility of calculating
the mass spectrum of the “electromesons” that arise in the
new phase; this spectrum agrees quite well with the GSI
experiments. The calculation is made in the framework of
several approaches: in the bag model,*® in a potential
model,?*® and by lattice calculations.?*®

What rigorous grounds are there for such a scenario?
One can here pose several questions to which there are as
yet no clear answers. First, what is the mechanism in ac-
cordance with which the field of the colliding ions can
facilitate the transition to the new phase? The existing
calculations®*® made to investigate QED in the presence of
an external static Coulomb field suggest that the opposite
effect is more probable. Second, it appears doubtful that
the new phase will be metastable, i.e., that it can in prin-
ciple exist in the absence of special external conditions, the
nature of which is also as yet unclear. Third, why must the
new phase, having been formed, decay into an ete™ pair
and, for example, not into many photons? Many
studies?**-2°2 have been devoted to various aspects of this
exceptionally complicated problem; references to earlier in-
vestigations of a possible new nonperturbative phase of
QCD, which have continued already for more than 25
years and are not associated with the Darmstadt peaks, can
be found, for example, in the review of Ref. 245. It has
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been argued purely qualitatively?*? that in principle a new

QED phase may also exist around static heavy nuclei. Scat-
tering of heavy ions, which creates a powerful electromag-
netic perturbation,?’ expels the previously formed nucle-
ating centers of the phase from the neighborhood of the
nuclei, after which they decay and are manifested in the
form of an ete™ pair. The experiments of Refs. 142 and
143, which were inspired by such considerations and had
the aim of seeking yy pairs from spontaneous fission and a
decay of heavy nuclei, did not give any positive signals.
Only in the experiments of Ref. 136 on positron scattering
by Th nuclei were, in the opinion of the authors of these
studies, very narrow electron peaks observed.

4.6. Relativistic Coulomb resonances in the
continuum

In a series of studies, Arbuzov et al.>>>25® drew atten-
tion to the possible existence of quasistationary states with
positive energy in a system of two charged particles with
equal masses.

Stationary states in nonrelativistic quantum mechanics
embedded in the continuum were found in an early study
of von Neumann and Wigner.?*® They found a special case
of a central potential with decrease at infinity as
U(r) ~sin(2r/r) in which a level with positive energy
E=1 has a norm, i.e., there is an isolated positive station-
ary level embedded in the continuum. In Ref. 260, this
phenomenon was considered from a more general point of
view, and a larger class of such nonrelativistic potentials
was investigated.

In the relativistic two-body problem, investigated in
Refs. 253-258 by the Logunov-Tavkhelidze quasipotential
method, the same phenomenon was found, first for scalar
particles exchanging scalar “photons” (Wick—Cutkosky
model),?5>2%¢ and then for fermions as well.257?

The quasipotential equation in the momentum space
used in this approach has the form

1 dp’
20(M~20)9(9) =3 f o Vo M),
(53)

where M is the mass of the state, w=(p>+m?)'?,

o' =(p’’+m?)"2, and the quasipotential is
(2me)?

V(p,p IM)=|q[(M——Q+i—o_)’

(54)

in which q=p’'—p, Q=0+0'+|q|.
In the nonrelativistic case |p|, |p’| €<m, the potential
has the form
(2me)?
la| (¢—|q| +i0)’

where e=M —2m is the binding energy, and in the coor-
dinate representation

Vipp'|M)= (55)

2a 1
V(r)= S {cos(er) [si(er) +7]

—sin(er)ci(er) +im(er)}. (56)
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As r— oo, the real part of the potential has the asymptotic
behavior

Re[V(r)] —— —2acos(er)/r,

r— o

(57)

which is similar to the von Neumann—-Wigner potential.

Stationary levels arise in such a potential because of
the coherent destructive interference at infinity of waves
reflected from the crests of the potential.

Numerical calculations by the method of splines gave a
spectrum of very often irregularly situated levels for the
(eTe™) and (e~e™) systems with separation between the
levels from a few kilo-electron-volts, beginning with a level
at ~1023 keV. Some of the levels coincided with the GSI
observations. The same approach, applied to a system of
two protons, also gave a rich spectrum of levels, some of
which agree well with experimental data?® in which nar-
row diproton resonances have been observed. In subse-
quent calculations,””’ in which a quasipotential equation
was derived and solved for two spinor particles interacting
with the electromagnetic field, it was found that the posi-
tion of the levels is not changed, i.e., the phenomenon is
completely determined by the Coulomb part of the inter-
action.

It was proposed further in Ref. 258 that Coulomb res-
onances in the continuum can also be realized in a system
of two colliding ions, this being confirmed, in the opinion
of the authors, by evidence for a resonance behavior of the
cross section for the production of the positron peaks as a
function of the energy of the incident ions. In the same
study, the idea of Coulomb resonances is extended to three
particles, for example, one of the heavy ions, a positron,
and an electron; in this case, the decay of the resonance
takes place under kinematic conditions for which the heavy
ion takes up the recoil momentum, so that the positron and
electron do not necessarily separate at 180°, and the spec-
trum of particles is shifted to higher positron energies—a
scenario analogous to the one proposed in Ref. 231.

This conclusion that there are resonances is in part
confirmed by calculations made in Ref. 261 without the use
of the quasipotential approach on the basis of various ini-
tial relativistic equations and approximations. In Ref. 261,
six resonances with zero width were obtained, some of
them coincident with the GSI resonances. In that study
too, numerical results were obtained by using the method
of cubic splines. There are some important differences in
the physical meaning of the resonances obtained in Refs.
253-258 and in Ref. 261. The former, obtained from an
oscillating Coulomb quasipotential, occupy a region in
space of the order of several oscillation periods of this
potential, ~5- 107 %¢cm, ie., they are very extended. The
latter, according to the estimate of Ref. 261, have a char-
acteristic scale (%/mc)a"? =30 fm, i.e., are fairly compact.
In the later study of Ref. 262 resonances were obtained in
the electron—proton system in the electron-volt range of
positive energies.

The authors of Ref. 263, as in Refs. 253-256, investi-
gating the same scalar QED model, nevertheless did not
find resonances with positive energy. In Ref. 263, this con-
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tradiction was explained by the details of the computa-
tional procedure. In Ref. 265, Zastavenko noted that the
analogy between the resonance levels obtained in Refs.
253-258 and 261 and the stationary states in the contin-
uum discovered by von Neumann and Wigner in nonrela-
tivistic quantum mechanics?>*?% can hardly be close. His
result is that the potentials of Refs. 259 and 260 give in the
first order of perturbation theory singular scattering am-
plitudes at the resonances, whereas the quasipotentials of
the relativistic Coulomb problem (Refs. 253-258 and 261)
do not possess this property.

4.7. Many-electron complexes

In a number of studies it has been suggested that there
may exist many-electron complexes, i.e., composite objects
consisting of three, four, or more electrons and positrons
that are produced in heavy-ion collisions and then decay
with emission of a monochromatic positron or
electron®®®?"! or with emission of a positron—electron pair
with definite energy.?6%27

The point of departure for Wong?®® was the identity of
the positron energy in annihilation of the weakly bound
complex in eTete™ —eTy, E,+ = 340keV, and the energy
of one of the GSI positron peaks (before the discovery of
e*e” pairs). In his scenario two ete™ pairs are produced
spontaneously when the ions collide; one of them is anni-
hilated near the positron (or electron) from the other pair
in accordance with the considered process. In contrast to
the long predicted and in part experimentally
investigated?®’ “atomic” complexes etete™ and ete e~
of large size (~1078 cm) and small binding energy (~0.3
eV), in the mechanism described in Ref. 266 the complex
is more compact, with scale 10~!'-10~1° cm on account of
the relativistic contraction of the Coulomb orbits of the
positron and electron near nuclei with Z> 150. Because of
the compactness, the process is also possible with strict
correlation of the positron and photon. For the “atomic”
complex, the main decay mode is (eTete™) —»yye™.

In Refs. 268 and 269 there was a discussion of the
possible existence of (ete™)", n=2,3,..., complexes. To
bind the particles into a complex, the authors of Refs. 269
introduced a nonlinear interaction:

FLS=25(PP)" or LV=Ap(Py, )"
269

(58)

In their subsequent study,””” these authors showed that
their Lagrangian leads to a contradiction with QED, re-
quiring an anomalously large coupling constant.

In a series of studies, Griffin?’® developed the hypoth-
esis of quarkonium e*te~eTe™, a fairly “strongly” bound
object with binding energy ~mc? (this value was not cal-
culated but assumed).

Because the binding energy is so large, the object can
certainly be produced in heavy-ion collisions when Z< Z,
(the production cross section was not calculated). After
separation of the ions, the e*e~e*e™ —ete™ decay process
agrees kinematically quite well with the GSI data.

In Ref. 271, Baldin suggested that there could be a
connection between results of experiments quite widely
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separated in time and, at the first glance, in the nature of
the processes that occur, namely, the GSI experiments on
the production of e*e™ pairs in the collision of heavy ions
and the old experiments of Skobel’tsyn,>">?"® who investi-
gated in a Wilson chamber the scattering of electrons with
energy 1-3 MeV from RaC(?"*Bi) decay. Investigating the
angular distribution of the scattered electrons and simul-
taneously measuring their energy before and after scatter-
ing using the curvature in a magnetic field, Skobel’'tsyn
observed anomalously large and inelastic scattering of the
electrons through large angles. In his later study of Ref.
274, devoted to analysis of the previous experiments, he
interpreted his observations, not as scattering, but as pro-
duction in the RaC decay with probability 7-12% and
decay in flight of a particle with mass ~3m, and lifetime
(2-5) - 10719 sec into an electron and a neutral particle (a
neutrino in accoradance with Skobel’tsyn’s hypothesis).

It must be said that these remarkable results have as
yet found neither unambiguous refutation nor confirma-
tion. According to the hypothesis of Ref. 271, Coulomb
resonances of the type of Refs. 253-258 can be formed not
only from two but also from three particles, in agreement
with Skobel’tsyn’s interpretation.™

This hypothesis was tested in two experimental
studies.?’>*® The first investigated the B decay of *°Y,
which emits an electron spectrum with limiting energy 2.29
MeV practically without emission of y rays. Under the
assumption that the hypothetical ete~e™ particle is
stopped before decay in the absorber and decays into an
electron and a monochromatic y ray, this made it possible
to establish a very strong limit ~ 10~ on the probability of
emission in *°Y decay of an ete”e™ particle with mass
~3m,. In the same study, an analysis was made of the y
spectra (in accordance with the literature) of the S~ de-
cays of 57 nuclei (including 214Bi) with the aim of identi-
fying in them a distinguished ¥ line that could be respon-
sible for the decay eTe~e™ —e~y after the stopping of the
decaying particle. A similar analysis was made for 87 de-
cays of 42 nuclei with the aim of finding the decay
(eteTe”)—e'y. This statistical analysis established a
0.5% limit on the probability of appearance of a three-
electron cluster in 8 decay of a nucleus.

In Ref. 276 the authors proposed a direct experiment
to investigate the possible production in Ra decay of
eTe"e™ particles in the range of masses 1.5-2.0 MeV/c?
and lifetimes 5- 107!'-3 - 10~° sec with subsequent decay
ete"e” ey in flight. The measurements gave a bound
on the probability of such a process at the level 10~ on
RacC decay.

CONCLUSIONS

Thus, the main features of the Darmstadt effect present
a serious problem for interpretation and have not been
explained. We list these features.

1. The energies of the e™ and eTe™ peaks, which are
concentrated in the range of masses 1.5-1.8 MeV, are prac-
tically independent of the total charge Z,=Z,+ Z, of the
colliding heavy nuclei, and some resonances coincide with
good accuracy for different Z,,.
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2. The cross section for the production of the reso-
nances in collisions of very heavy nuclei is, according to
different data, from fractions of to a few ub/sr and behave,
according to the data of the ORANGE group, as ~Zﬁ°.

3. The widths of the e™ peaks, ~40 keV, and of the
e*Te™ peaks, up to 10 keV, indicate a long (~10""° sec)
lifetime of the system whose decay could give the observed
phenomenon.

4. The data indicate that the center of mass of the
possible decaying e ™ e~ system moves in the center-of-mass
system of the colliding ions with low velocity not exceeding
(0.03-0.05)c.

5. The phenomenon also occurs when Z,<Z =173.

6. Some of the eTe™ peaks indicate 180° separation of
the particles, while others, having a very narrow width of
the peaks, do not correspond to 180° separation.

7. There is an indication that, as a function of the
energy of the incident ions, the cross section of the process
has a resonance nature.

8. The upper limit for the probability of production of
pairs of ¥ rays in this range of invariant masses is smaller
than the e e~ -pair production probability by 1-2 orders of
magnitude.

In numerous experiments in nuclear physics and
elementary-particle physics analogous phenomena have
not been found. Not one of the large number of attempts to
find a complete theoretical scenario for the phenomena
observed in the GSI experiments has as yet achieved suc-
cess.

It is a pleasant duty to note that the idea of writing this
review was insistently suggested by Professor V. A.
Khalkin. I am very grateful to Academician A. M. Baldin
for his stimulating interest in the problem and to L. L
Zastavenko for some comments.
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