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Positron-electron pairs produced in heavy-ion collisions
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The production of positron-electron pairs in collisions of 2*8U+?32Th at 5.95 MeV/nucleon, and of 238U
+ l8lTa at 5.95, 6.1, and 6.3 MeV/nucleon, has been studied with the APEX spectrometer at Argonne National
Laboratory. Several analyses have been performed to search for sharp structures in sum-energy spectra for
positron-electron pairs. Such features have been reported in previous experiments. No statistically convincing
evidence for such behavior is observed in the present data. [SQ556-2813(99)06311-6]
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L INTRODUCTION

There is an extensive experimental and theoretical back-
ground to the study of positron production in collisions of
very heavy ions, the essence of which is summarized in Refs.
[1,2]. Briefly, it is expected that, when the combined charge
of the target and projectile exceeds approximately 173, pos-
itron production associated with the ovefcritic&l binding of

"AT-shell vacancies will occur. It was believed that attempts to
isolate this so-called *'spontaneous" production of positrons
would be best carried out with the highest Z target and pro-
jectile combination^ at an energy just below the Coulomb
barrier, so that the competing background contribution of
positrons from the internal-pair decay of states excited by
nuclear processes would be minimized. \

Pioneering experiments of this type were carried out at ,
GSI-Darmstadt. The production of positrons in collisions of
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high-Z nuclei was indeed observed [3,4], with a continuous
spectrum of energies centered at approximately 400 keV and
a width of about I MeV. Analyses of these data showed that
the observed positrons originated mainly from two sources:
the internal-pair decay of excited states in the colliding nu-
clei, and from pairs produced by strong transient electromag?
netic fields present in the collisions. The sought-for "spon-
taneous'' positron production could not be isolated from the :

transient "dynamic" process. ^
Interest in these studies was heightened when unexpected

narrow structures were observed [5-11] in the meiasured
positron spectra. Similar structures were seen in a variety of
collision systems. The widths of these features corresponded
to the value expected from a monoenergetic source moving
with approximately the center-of mass velocity of the colli-
sion system. These observations led to a number of theoret-
ical speculations, one of which was that the origin of the
narrow positron lines was the two-body decay of a slowly
moving neutral bbjept into an positron-electron pair. The ex-
istence of such an object would require new physics, such as
a new? light neutral elementary particle, or a novel narrow
state of the positron-electron system! Such possibilities were,
however, severely constrained by other results [12-17].

The Suggestion of possible new physics prompted a new
generation of heavy-ion scattering experiments to detect pos-
itrons and electrons in coincidence. Very sharp surn-energy
peaks were found in the coincidence spectra, some of which
appeared to possess the kinematic characteristics expected
from the decay of a light, neutral object [18,19]. Subsequent
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TABLE I. Summary of experimental characteristics of previously reported e + -e~ coincidence lines.

System

238U+232Th
238U+232Th
238U+232Th
238y + . 8 l T a

238y+ !8lTa

238 u + 181 T a

238 u + 181 T a

sum energy
(keV)

608±8
760±20
809±8
625 ±8
748 ±8
805 ±8
-635

Line width
(keV)

25 ± 3
^80

40±4
20±3
33±5
27 ± 3
~30

Beam energy
(MeV/nucleon)

5>86-5.9Q
5.83 .

5.87-^5.90
6.24-6.38
5.93-6.13
6.24-6.38

6:30

Energy loss
in target

(MeV/nucleon)

0.07
0.07
0.07
0.10
0.10
0.10
0.24

Cross section
Ofb/sr)

(iso)a

2.7 ±0.6

3.1 ±0.7
3.2 ±0:8
5.7± L3

3J±0:8
o.5±o:i

(bb)b

1.1 ±0,3
— .

1.3±0.3
1.3 ±0.3
2.3±0.5
1.4±0.4

Original
reference

[20,21]
[18]

[20,21]
[20,21]
[20,21]
[20,21]

[22]

a C r o s s s e c t i o n d(TnJ^Hf calculated assuming isotropic angular correlation between positron and electron as
presented in [23], except for 238U+18ITa 635 keV. ,
bCross section daline/daHl calculated assuming back-to-back positron-electron angular correlation as pre-
sented in [23]. ,

experiments also revealed narrow sum-energy peaks, but
with different energies in different collision systems, and
without always fulfilling all the conditions for two-body de-
cay [20-22] . Some evidence was also reported [20,21] for
possible abrupt bombardingrenergy dependence of the cross
sections for peak production.

The lines in the positron spectra were observed at a level
of a few percent of the total positron yield [8], corresponding
to cross sections da/dQ,Hf^5-l0fjLb/sT depending upon the
range of heavy-ion detection angles. The positron-electron
sum-energy lines were initially reported [18,20] to have
yields consistent with those expected if the coincidence lines
were produced with the same probability as the singles lines,
but the most recent analyses of these data [23] gave values
which were somewhat smaller. The values of the cross sec-
tions from several previous experiments as derived by Ganz
et at:\ as well as results reported in Ref. [9], are summarized
in Table X:

At the time that the present Work started, the above results
represented an intriguing but puzzling body of observations
that clearly merited further study. To this end, new experi-
ments were carried out at GSI [23,24] ahd Argonne National
Laboratory [15] to study this phenomenon, none of which
have reported any evidence of sharp lines. This paper pre-
sents a report of the results from one of these new
experiments—APEX (the ATLAS positron experiment), \
some of which have been reported previously [25-2?]: In
particular, we include an expanded discussion of the details
of various analyses which were used to search for positron;
electron pair lines as described in Letter form in Ref. [25].
Details of the APEX experimentparticularlyimportant for
the data analysis are given in Sec. II. The general aspects of
the various analyses are presented in Sec. Ill, and the results
of specific analyses are presented in Sec. IV. Upper limits for
peak cross sections derived from the two-body decay hy-
pothesis and from the more empirically based analyses re-
ported in the earlier work are given. An analysis of APEX
data suggesting positive evidence for peaks has appeared
[29]; the significance of this result is discussed^ A discussion
of our results appears in Sec. V, in which issues such as

beam-energy ahd target-thickness dependence of the peak
cross sections are covered.
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FIG. 1. Schematic illustration of the lepton polar angle measure-
ment in APEX. In this example, a lepton with a kinetic energy of
400 ke V is emitted at an angle of 30° (solid curve) and 60° (dashed
curve) with respect to the solenoid axis, executing: three and five
cyclotron oscillations, respectively, in the magnetic field B before
being detected a distance z along the solenoid axis, away from the
target. The shaded bar indicates the extent of the silicon array.

itrons annihilating in one of the sulicon arrays is only about I
Hz. The, requirement of a prompt time coincidence between
the signals from the silicon and Nal(Tl) arrays* and the beam
pulse, together with reconstruction of the origin of the anni-
hilation radiation, results in positron spectra that contain
fewer than 5% of events arising from misidentified electrons.

A feature of the APEX spectrometer is the ability to mea-
sure the emission angles of positions and electrons. This de-
termination is achieved through a combination of energy,
time^of-flight, and position measurements, as illustrated in
Fig. 1. A lepton emitted with energy E and polar angle #,
follows a unique helical trajectory in the magnetic field.
From the measured energy and flight time of the lepton, and
the distance between the target and the struck detector ele-
ment, the total momentum p and its component along the
solenoid axis (pz) may be determined/The polar emission
angle is then given by 0 = cos" x(pzJp)^ In[principle, if the
time resolution of the silicon detectors is smaller than the
cyclotron period, the number of turns executed by the lepton
along its trajectory may be uniquely determined, and the
flight time is then the product of the number of turns times
the cyclotron period, which depends only on E. In that case,
the polar emission angle is determined to a resolution limited
by the length of one element of the silicon detector array.
The emission angles thus obtained may then be used, e.g., to
perform kinematic corrections, or to calculate the invariant
mass of positron-electron pairs.

A. Spectrometer acceptance and performance

The acceptance and performance of the APEX spectrom-
eter for positrons and electrons have been evaluated with a
variety of radioactive sources, as well as detailed Monte
Carlo simulations of the apparatus using the code GEANT.
These measurements and simulations are described in detail
in Ref. [30]. APEX accepts positrons and electrons that are
emitted at angles between 20° and 70° with respect to the
solenoid axis. This range corresponds to emission angles be-

tween 2O°<0 b e a m <16p < \ where 0 ^ is the angle of emis-
sion with respect to the beam direction. This range has good
overlap with the acceptance of the previous experiments
[25,30]. /

The full-energy acceptance profile of APEX for both pos-
itrons and electrons is roughly bell shaped with a maximum
near E€+,£,- = 400 keY, and falling to zero below 115 keV
and above 1050 keV. In the ideal case, the maximum value
of the detection efficiency is approximately 25% for elec-
trons, and near 6% for positrons. This difference between
positrons and electrons reflects the efficiency of the Nal(Tl)
annihilation radiation detectors. Also included in this differ-
ence are the effects arising from choices made in the analysis
of the annihilation photon data as described below. These
choices were fixed in all analyses and, their effects taken into
account in the Monte Carlo simulations of the performance
of the apparatus, as described in Ref. [30]. ~

In practice, the prepise values of the positron and electron
efficiencies for a given measurement are affected by the
number of functioning detectors (see below). The experi-
mental values of the maximum positron arid electron effi-
ciencies at 400 key were 4,5% and 18%, respectively, for
the data set obtained for 2 3 8 U+ ^ T h scattering.

The average energy resolution of the silicon detectors was
12 keV full width at half maximum t(FWHM). Variations of
the system resolution during the measurements were moni-
tored on a regular basis using sources and pulsers. Only
those silicon detectors maintaining an, energy resolution bet-
ter than 20 keV (FWHM) were included in the subsequent
data analysis. Typically, this was the case for approximately
80% of the total number of detectors. This effect was also
included in the Monte Carlo simulations of the detection
efficiency for each measurement. The effect of nonworking ,
silicon detectors upon the spectrometer acceptance depends, ,
sensitively upon their location in the silicon arrays. For.the* .
typical case of 80% working silicon detectors, the overall,
positron detection efficiency was reduced by approximately
3 0 % ; - , _ ' " • ' , ' " \ ' , ' . ' . „ '

The APEX positron-electron pair coincidence detection
efficiency was studied using internal pair conversion (IPC)
pairs from the 1.761 MeV 0 + stats in *Zr populated through
the 0.0115% branch in the"fi~ decay of ^Y. The measured
full-energy efficiency for this IPC pair is 0.29±0.01%, in
good agreement with the calculated value of 0.28 ±0.02%,
where the uncertainties in each case are purely statistical
[30]. For the hypothetical situation of positron-electron pairs
resulting from the decay of a slow-moving neutral object
with a mass of 1.8 MeV/c 2 , with the positron produced iso-
tropically in the emitter frame, the full sum-energy peak ef-
ficiency is larger due to the equal^energy and back-to-back
angular correlations for the pair, and ranges between 0.55%
and 1.3% depending on the set of detectors used. If the
positron-electron pair: has an isotropic angular correlation^
the detection efficiency is reduced, and is between 0.37%
and 0.90%. These values are summarized in Table II.

B. Heavy-ion detection

Scattered heavy ions were detected in an array of eight
low-pressure multi-wire proportional counters (LPMWPC)
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TABLE II. APEX integrated luminosities and pair efficiencies for different data sets discussed in the text.

System

238U+232Th
.2381 r i ^^TTa

238r r i. 1 8 1 T «

Beam energy
rangeb

(MeV/nucleon)

5.78-5.95
5.79-5.95
5.94-6.10
6:13-6.30

Average
target thickness

(/j,g/cm2)

760
660
650
700

Integrated

luminosity

(Mb'1)

7000
5800

11000
8600

246000
59000
84000
70000

126000
17000
25000
16000

Pair

*(%)
particle

1.30
0.88
0.84
0.55

Efficiency*
€(%)

isotropic

0.90
0.61
0.55
0.37

^Efficiency calculated for a pair line with sum energy of 778 keV.
bBeam energy range includes energy loss in the target.

[32]. These counters subtend polar angles with respect to the
beam of 20° to 70°, and the entire 2TT azimuthal range. Each
detector is subdivided into three azimuthai sections, so the
azimuthal scattering angle <f>H! is determined to ± 7 . 5 ° . The
dead spaces between counters and between different seg-
ments of each counter amount to approximately 10% of the
solid angle. Each heavy-ion detector segment is position sen-
sitive in the polar coordinate, and a timing signal from the
LPMWPC anode is used to measure the flight time of the
ions.

The intrinsic polar-angle (0Hf) resolution of the counters
is better than 0.5 degrees (FWHM), and the time resolution
better than 0.5 ns (FWHM). The ,time-of-flight (TOF) and
scattering-angle are used to determine the masses of the de-
tected particles, assuming two-body scattering. The mass
resolution obtained from this procedure is approximately 15
units for A «* 200, and the Q-value resolution is approxi-
mately A Q ^ 2 5 MeV.

For particles incident upon the active face of the heavy-
ion counters, the detection efficiency for a single heavy ion is
approximately 90%, averaged over the angle range sub-
tended by the counter. The efficiency for detecting two co-
planar heavy ions in coincidence is approximately 80% of
that for a single ion in the ideal case when all counters in the
array were operational. In the actual experiment, two ion
detection also requires pairs of counters separated by 180
degrees in <f> to be working simultaneously, which was not
always the case. The heavy-ion pair-detection efficiency for
the 2 3 8U+2 3 2Th data set was 74%, and ranged from 61% to
74% for 2 3 8 U+ 181Ta. To be consistent with previous experi-
ments; only events in which two identified heavy ions were
present were retained in the analysis.

C. Beam and target monitoring and normalization

The experiments were carried out using ^ 8 U beams of
intensity between 2 and 4 pnA, with energies between 5.95
MeV/nucleon and 6.3 MeV/nucleon. The absolute beam en-
ergy was measured to a precision of approximately 0.025
MeV/nucleon using a time-of-flight system [33]. These
beams were incident on rolled metal foils of 232Th and l81Ta
of areal densities between 600 /xg/cm2 and 800 jAg/cm2.
The foils were mounted on a rotatable target wheel, so that
beam-induced damage could be; spread if necessary. The Th
target wheel was rotated at 300 rpm. The more robust Ta
foils were not rotated, except to change the beam spot loca-

tion every few hours. Information on the targets used arid the
integrated luminosity for the experiments discussed here are
provided in Table II, and in Refs. [34,35].

The incident beam flux, the time structure of the beam,
and the condition of the targets were monitored throughout
the experiment. Two ibnization chambers (ICs) were posi-
tioned in the vertical plane at 11 degrees relative to the beam
direction. One of these ICs had a parallel-plate avalanche
counter (PPAC) in front to measure the time structure of the
beam. The energy resolution of the IC without the PPAC was
approximately 0.5% for 6.1 MeV/nucleon 238U. The posi-
tion, shape, and integrated yield of the peak from the elasti-
cally scattered beam measured in this counter provided in-
formation on the target condition. If the rate of peak counts
relative to the incident beamrflux diminished or if the loca-
tion of the peak centroid moved to lower energies (indicating
thinning of the target) or broadened (indicating the onset of
nonuniformity), the,target was changed. In practice, targets
were changed if the IC count rate changed by more than
10%. The integrated peak yields from each IC, the integrated
beam current, and the IC solid angle were combined to de-
termine the luminosity for each data set [35], assuming Ru-
therford scattering cross sections. The target thicknesses
were obtained from measurements of the beam energy lossf
and from the measured elastic scattering yields.

Other monitor counters were also used. Two Csl detectors
at 11 degrees on either side of the beam in the horizontal
plane detected eiastically scattered beam particles. These de-
tectors provided additional checks, on the target condition
and beam intensity, and also ensured that the beam spot was
centered on the target. Finally, two high-purity Ge detectors
were used to detect photons emitted in the collisions. The
data from these Ge detectors, after kinematic reconstruction,
were used to determine the gamma-ray spectrum from the
excited targetlike or projectilelike ions.

III. ANALYSIS

A. Positron identification

As noted above, positrons constitute a fraction of the trig-
ger events. Most of the background is rejected during data
analysis by the requirement of a prompt time coincidence
between signals from the Nal(Tl) barrel and from the corre-
sponding Si array. The conditions used to select these coin-
cidences are shown in Fig. 2. The smaller peak in Fig. 2(b)
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FIG. 2. Coincidence timing spectra for events with hits in both
the Nal(Tl) and silicon detector arrays, (a) Timing of hits in the
Nal(Tl) array with respect to the beam RF. (b) For events in the
indicated region in (a), timing spectrum for hits in the silicon de-
tector array relative to accelerator RF. The dashed lines indicate the
limits of the windows for accepted events. ,, v ?I

arises from events from a neighboring beam burst, and the
separation of 82 ns between the two peaks in this spectrum
reflects the time structure "oftjhe ATLAS beam.

The identification of a valid positron also requires that at
least one of the two photon signals must lie in the photo
peak, and that jthere.be a gqod correlation between the origin
of the annihilation radiation, ZM,/, and the position of a hit
on the silicon detector array, z 5 / , where z is the distance
from the target along the solenoid axis. All of the analyses
presented here, inpluding those from which the detection ef-
ficiency is determined, represent events which, in addition to
containing photons which are detected in Nal crystals sepa-

rated by approximately 180°, satisfy |z5£"-z^a / |^5 cm, as
" shown in Fig. 3.

The energy distribution of positrons thus identified from
the 2 3 8U+2 3 2Th measurement is shown in Fig. 4. The con-

OVAJU

6000

4000

2000

- 0

1 1 ' 1 ' 1 ' 1

- ; h
r. i—r—

-30 -20 -10 . ' • , 0 ' ;

AZ (cm)
10 2 0 / 30

FIG. 3. Positron-identification spectrum showing the correlation
in position between the reconstructed annihilation position from
events in the Nal(Tl) barrel and hits in the corresponding silicon
array. The dashed lines indicate the limits of the window for ac-
cepted events.

200 400 600 800 1000
Ee. (keV)

FIG. 4. (a) Energy distribution of positrons produced in the
238U+^32Th reaction. No positroh-heavy-ion coincidence is re-
quired, (b) Same as (a) except that two heavy ions are required to be
detected in time coincidence with the positron.

tribution to this spectrum from misidentified electrons is less
than 5%, and is largely confined to energies below 200 keV,
as would be expected from the.shapeof the electron spec-
trum which is strongly peaked at low energies. The spectrum
shown in Fig.; 4(a) does not require a pqsitron-heavy-ion co-
incidence, while that appearing in Fig. 4(b) requires that two
heavy ions be detected in time coincidence with the posi-
trons. The shapes of these two spectra are similar, indicating
that most particles identified as positrons arise from valid
heavy-ion collisions, and not from backgrounds unrelated to
the beam. ;

B. Electron multiplicity

The rate of electrons which fall inside the acceptance of
APEX is 105 to 106 times greater than the positron rate.
Therefore, all hits on the silicon arrays, other than those cor-
responding to identified positrons, are assumed to be elec-
trons. Their energy distribution is consistent with that ex-
pected from the shape of previously measured spectra of
atomic electrons [36] folded with the APEX response; Ex-
amples of electron spectra measured in coincidence with pos-
itrons emitted during 2 3 8 U+ 2 3 2 Th collisions are shown in
Fig. 5. The fall-off below 200 keV is a consequence of the
APEX acceptance, but above 200 keV the shape largely re-
flects the actual shape of the electron spectrum. ,j

In 2 3 8U+2 3 2Xh collisions near the Coulomb barrier, with
heavy ions detected in the range 2Q°<i0Hl<10o

y the multi-
plicity of electrons of energy above 100 keV has been mea-
sured to be between 4 and 5 [36]. Therefore, frequently more
than one detected electron accompanies the detected positron
resulting in multiple hits, in the silicon arrays. Also, a lepton
may backscatter and possibly deposit energy in more than
one silicon wafer, but the probability of this occurring is at
most 15%. Furthermore, the energy possessed by the back-
scattered particle is generally small and the resulting signal
usually does not surpass the discriminator threshold and pro
duce a hit in the silicon array.

The response of APEX to such multiple electrons has
been studied using Monte-Carlo simulations. Figure 6(a)
shows the calculated distribution of /i-foid silicon detector
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FIG. 5. (a) Energy distribution of electrons detected in coinci-
dence with positrons for the 238U+232Th reaction. No electron-
heavy-ion coincidence is required, (b) Same as (a) except that two
heavy ions are required to be detected in time coincidence with the
lepton pair.

hits (the silicon "fold" distribution), obtained from Monte-
Carlo simulations of events with 1̂  5; and 10 electrons pro
duced per event, with an energy spectrum consistent with
that of delta electrons. The measured fold distribution for
2 3 8U+2 3 2Th was used with these calculated distributions to

1
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FIG. 6. (a) Calculated silicon fold distributions for events with
electron multiplicities of Ne- = 1, 5, and 10. (b) Silicon fold mea-
sured for 238U+232Th collisions (data points.) The solid line repre-
sents a simulation of the expected fold distribution for the distribu-
tion of multiplicity .shown in (c). (c) The electron multiplicity
distribution obtained by deconvolving the measured silicon fold
distribution using the results of Monte Carlo simulations.

40 80
Time-of-Rght (ns)

120

FIG. 7. Relative positron-electron timing spectrum. The gate
used to select prompt timing coincidences is shown.

estimate the experimental multiplicity as shown in Figs. 6(b)
and 6(c), and a deduced average electron multiplicity for
positron producing collisions of approximately 5 per colli-
sion was found, consistent with the results of the previous
measurements [36j

C. Positron-electron sum-energy distributions

True positron-electron pair events are selected by requir-
ing that at least one electron be detected in prompt time
coincidence with the positron. A spectrum of the relative
flight time is shown in Fig. 7. The majbrity of the detected
electrons are in prompt time coincidence with positrons; the
window used to select these prompt events is shown. Ran-
dom coincidences are also evident, arising from positrons
and electrons from adjacent beam bursts. These random co-
incidences were used to estimate the contribution 6f uncor-
related positron-electron pairs in the prompt spectra.

As more than one detected electron frequently accompa-
nies the detected positron, each positron-electron combina-
tion in a single event is treated as an independent pair, and
the sum-energy spectra are incremented accordingly. Ex-
amples of sum-energy spectra from 2 % + 2 3 2 T h collisions O
are shown in Fig. 8 for pairs both with and without a require-V

nient on the number of detected heavy ions. As was the case
for the individual positron and electron spectra, the shape of
the distribution does not depend strongly on the number of
detected heavy ions.

D. Lepton angle reconstruction

/. Polar angle

Two different methods are available for determining the
polar angle of emission 0 with respect to the solenoid axis.
As outlined in Sec. II A, both methods rely on a measure-
ment of the time-of-flight T from target to detector and differ
in the manner in which it is determined. The polar angle is
given by 0=cos l[(zE)/'(pTc2)]; where z is the distance of
the struck detector from the target, and E and p are the total
energy and momentum. In the APEX spectrometer, the lep-
ton orbits have an integral number of turns and therefore, T
= NTcyc, where Tcyc = (27rE)/(eBc2he is the charge, B is
the strength of the magnetic field, and / / the number of turns,
leading to 0=cos~ ![(z/ /?) X(eB)/(27rN)].
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6000 -

400 800 1200
Ee. (keV)

FIG. 8. (a) Sum-energy distribution of electrons and positrons
detected in prompt time coincidence for the 238U + 232Th reaction.
No lepton-heavy-ion coincidence is required, (b) Same as (a) except
that two heavy ions are required to be detected in time coincidence
with the lepton pair.

i , , . . • '
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If the time-of-flight resolution AT is less than Tcyc

(«*2 ns), the integer Nmay be determined from TandO to a
precision limited only by that of z and p(E). For larger val-
ues of AT this method can still be used, but the precision is
now limited by the number of events with miscounted turns
and is no better than using the time-of-flight directly. In prac-
tice, the angular resolution obtained is limited by multiple
scattering in the target arid,; as illustrated in Rg. 9; the par-
ticular choice of reconstruction method is of little conse-
quence to the resolution. •-• :

0

FIG. 9. Calculated resolution of the reconstructed polar emis-
sion angle as function of the emission angle for 400 keV electrons,
calculated assuming a time-of-flight resolution of 4 ns, with mul-
tiple scattering in a 1000 mg/cm2 Ta target, for continuous (sym-
bols) and discrete (dashed line) time-of-flight.
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FIG. 10. Measured polar angular distributions for positrons pro-
duced in the 238U+232Th reaction, obtained using the two angle
reconstruction techniques discussed in the text.

In the measurements described in this paper, the energy-
dependent time-of flight resolution waslarger than the cyclo-
tron period and we calculate the polar emission angles using
the time of flight directly. Reconstructed polar angle distri-
butions for positrons produced from v3 8U+2 3 2Th collisions
with the two angle reconstruction techniques discussed
above are shown in Fig. 10.

2. Azimuthal angle

TTie azimuthal emission angle (<f>) is obtained from the
azimuthal position of the struck silicbn-deteetbr element.
The silicon arrays are divided into 18 segments in <f>; in order
to avoid anomalies that might be introduced in the analysis
by discrete values of <£ .separated by 20°; the <f> angles Were
smeared randomly by ± 1 0 ° over the range subtended by
each element. An alternative method would be to not ran-
domize <f>, but rather to assign the value corresponding to the
center of the silicon element. T îe consequences of the two
methods of angle reconstruction are discussed in more detail
below. Finally, a 0 dependent correction to <f> arising from
the finite radial size of the silicon array was also included.

3. Pair opening angle

For positron-electron pairs, the opening angle #+_ is cal-
culated from the measured angles for the positron (0+,</>+)
and electron (#_ ,<£_) , and is given by c o s 0 + _ =
sin 0+sin 0_cos( <£+-<£_) + c o s 0+cos 6L . The recon-
structed opening-angle distributions are significantly affected
by the choice of reconstruction procedure used. In particular,
the use of a discrete distribution in <f> introduces artificial
narrow structure in the opening angle correlations. This ef-
fect is illustrated in Fig. 11 which shows measured and simu-
lated opening^angle distributions obtained using different
methods of angle reconstruction. The source angular distri-
bution in the simulation was isotropic. The simulated open-
ing angle distribution for pairs accepted within the APEX
acceptance, without the effects of multiple scattering or
angle reconstruction is given by the solid line in Fig. I l(d).

E. Kinematic corrections and invariant mass distributions

Simulations show that the angular resolution in APEX is
sufficient to allow kinematic correction of the energies of
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Opening Angle (degrees)

120 160

FIG. 11. Reconstructed opening-angle distributions for positron-
electron pairs calculated with (a) discrete time of flight and <f>, and
(b) continuous time of flignt and <f>. (c),(ci) Simulated opening-angle
distributions for positron-electron pairs with E(e*) = E(e~)
=400 keV, isotiropic pbsitron emission, arid an isotropic opening-
angles distribution. The curve in (d) represents the Opening-angle
distribution of pairs emitted into the APEX acceptance without the
effects of multiple scattering. ' < • • • > • ' •

internal conversion electrons emitted from moving ions with
a resolution of 25 keV and of IPC pairs with a sum-energy
resolution of 35 keV,, when the velocity of the source is near
0.05c [27,37,38].

A demonstration of our ability to achieve these values is
illustrated in Fig. 12, which shows kinematically corrected
pair sum-energy spectra from IPC of a known 1.84 MeV El

0 200 400 600 800 1000 1200
(keV)

1*00

FIG. 12. Doppler corrected positron-electron sum-energy spec-
tra from 2O6Pb + 2O6Pb collisions, where the positron and electron
angles have been calculated using (a) discrete time of flight and <f>.
and (b) continuous time of flight and <£.
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FIG. 13. (a) Simulated invariant-mass spectrum for a hypotheti-
cal particle Xo with mass MXQ= 1722 keV/c2. (b) Corresponding
simulated positron-electron sum-energy spectrum.

transition in 206Pb, excited in ^ P b + ^ P b collisions at 5.90
MeV/nucleon [27]. In this analysis the angles were calcu-
lated using each of the methods described above. A selection
on pair opening angle; was imposed to enhance the signal
according to the smallropening-angle peaking of the El IPC
angular correlation. Within statistics, -the two spectra are
identical, and the peak due to the IPC transition is clearly
apparent in both. ^ : :

A similar situation is encountered in the calculation of the
invariant mass of a positron-electron pair. For the case of a
hypothetical neutral particle Xo which is moving slowly (/?
< 0.05c) in the laboratory frame, Monte-Carlo simulations
indicate that the expected experimental invariant mass r e s o - / \
lution would be approximately 40 keV/c2 . Figure 13 (a )^ :

shows a simulated invariant mass spectrum for a mass
1722 keV/c2 particle produced with a velocity of /?==0.06
in the laboratory. Also shown in Fig. 13(b) is the correspond-
ing positron-electron sum-energy spectrum.

IV. RESULTS

A. Data selection

The coincidence data were analyzed under a variety of
conditions chosen to select peaks corresponding to particular
physical scenarios. We have also performed analyses sug-
gested by the empirical results of previous investigations. In
this section we describe the selections and analysis proce-
dures.

/. Energy selection

One class of selection is based on the electron and posi-
tron energies. If previously observed sharp sum-energy lines
arise from the pair decay of a neutral object, in the rest frame
of the source the energies of the positrons and electrons are
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TABLE ID. " Wedge-cut V parameters used in the data analysis.
Wedge cuts are parametrized by W ^ X ^
X£ < + , as given in Refs. [18,20,22].

1000

800

600

.0

System

238 fJ+232Th

2 3 8U+ 2 3 2Th
238 f j x 232'Tr*i«

238 rT i 18I < TV«

238 r T * 181*Tpj|

Beam Energy
(MeV/nuclepn)

5.95
5.95
5.95
5.95
6.10
6.30

Wedge
cut

Wl
W2
W3
Wl
W2 ;

W3

0.67
0.75
0.68
0.57
0.14
0.34 1

1.50
1.25
1.25
1.64
1.50
L.64

>
o
CM

' . " • - •

C

8

400
200

6
600

400

200

0
800
600

equal. In the laboratory frame, the individual energies are
kinematically shifted but, for a slowly moving source, these
shifts approximately cancel in the laboratory and result in
pairs with a sharp sum energy, and a small energy difference
AE = E(e + ) — E(e~). Such events lie in an approximately
wedge-shaped region located symmetrically around the diag-
onal in the two-dimensional space of positron-electron ener-
gies. For Psourcc= Pc.m. (the center-of-mass velocity of the
collision system), this wedge is defined by 0 . 8 0 £ + < £ L
< l . 25£ + . In the analysis of previous experiments [18] this
selection, referred to as a "wedge cut," was slightly asym-
metric ( 0 . 7 5 £ + < £ - < 1 . 2 5 £ + ) .

Other, empirically motivated wedge cuts, not symmetric
about,the E(e*) = E(e~) diagonal were also used in previ-
ous studies [21]vThese cuts were introduced mainly to elimi-
nate backgrounds in the sum-energy spectrum arising from
the numerous low-energy electrons. Such a selection might
also be appropriate in enhancing the sensitivity of the analy-
sis to scenarios such as IPC where, due to Coulomb repul-
sion, the positron receives on average more energy than the
electron. We have applied such selections to our data. The
parameters summarizing the wedge cuts used in our analysis
are given in Table III.

2. Angle selection , , .,

Another class of event selection is based on the angles of
emission of the positron and electron. To search for pairs
with kinematic behavior consistent with the decay of a
slowly moving neutral object, we first use only the angular
information taken from the azimuthal segmentation of the
silicon arrays. In this analysis, pairs with the electron (posi-
tron) detected in a silicon-array element 180° away in <f>
from the element in which the positron (electron) was iden-
tified (A ^ + _ « 180°), and with difference energies A £ con-
sistent with the expected shifts fpr a slowly moving (/?
<0.05) source, are selected. Further, only pairs in which the
positron and electron,are detected in opposite arms of the
spectrometer are included, enhancing the sensitivity to the
anguiar correlation expected fqr neutral particle decay. This
analysis was referred to as 44the particle analysis" in Ref.
[25]. This procedure does not use the polar angle information
in APEX, but is, nevertheless, sufficient to eliminate ^95%
of the pairs whose kinematic behavior is inconsistent with
particle decay [38]. To restrict further the events to those,

400 -

200 -

Ci<
200 400 600 800 1000 1200 1400

FIG. 14. Positron-electron sunV-energy spectra from 238U
+ 232Th collisions obtained for wedge cuts associated with previ-
ously reported sum-energy lines at (a) 608 keV (Wl), (b) 760 keV
(W2), and (c) 8jO9 keV (W3). The solid, lines represent the spectra
obtained from event mixing. The arrows indicate the positions of
previously observed sum-energy lines.

with kinematic behavior which most closely conforms to that
of particle decay, we have also selected events based on the
pair opening angle, using both the polar and azimuthal angle
information from APEX. > ; .

B. 23*tJ+232Th

Previous results for the 2 3 8U+ 232Th system have attracted
a great deal of attention. In Ref. [18]; a peak consistent with
the expectations for the decay of a light neutral particle was
observed at Ee+ + Ee- = 160 keV. Subsequent measure-
ments by the same group [21] also identified structures at
E(e+) + E(e-) = 60$ keV and 809 keV, but the:760 keV
peak was not observed (see Table I). We have used the
wedge cuts described in Table in to search for these peaks*
Pair peaks arising from neutral particle decay have been in-
vestigated using other cuts on the data as described above.
Finally, motivated by the suggestion [29] that significant ef-
fects may exist in our data at a level lower than that reported
in [18,21], we carried out several other similar analyses of
our data, and in particular have studied the effects of small
changes in the analysis procedure on the results.

/. Wedge cuts

The sum-energy spectra obtained from our data following
the wedge cuts described in Refs. [18,20-22] are shown in
Fig. I4(a)-(c). Here, to enhance the sensitivity to particlelike
decays, only positrons and electrons detected in opposite
spectrometer arms were included. Trie previously reported
line structures [18,20-22] are not apparent in these spectra.
Superimposed on the data, in each case, is the continuum
spectrum obtained from adding the energy of a positron from
one event to that of electrons from different events ("event
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TABLE IV. Summary of APEX experimental upper limits for
lines from e*—e~ coincidences.

200 400 600 800 1000 1200 1400

FIG. 15. Same as Fig. 14 except with electron positron pairs
from all combinations of spectrometer arms.

mixing")- This procedure provides a reference shape of the
sum-energy spectrum front uhcorrelated positron-electron
pairs. The normalization of this continuum to the data is
fixed and is given only by the number of mixed pairs used to
generate the uncorrelated sample. In every case, the data are
well described by the assumption that the positron and 'elec-
tron energies are completely uncorrelated, with values of the
reduced x\ °f 1-16, 1.48, and 1.35 for the results shown in
Figs. 14(a), (b), and (c), respectively. For the case in which
the positron and electron have no preferred angular correla-
tion, the results appear in Fig. 15, which shows the data
analyzed in the same f manner as in Fig. 14, except that
positron-electron pairs from all combinations of spectroin-
eter arms are included. The uncprrelated continuum is again
in reasonable agreement with the data, although the reduced
xl values of 1.89, 2.49, and 2.12 for (a), (b), and (c) are
slightly larger than those for the data in Fig. 14. In general,
the deviations from the event-mixed background are largely
at low sum energies, where contributions from correlated
pairs from IPC, and events containing misidentified posi-
trons, are concentrated.

The 90% (1.650*) confidence level upper limits for the
presence of lines in our data are summarized in Table FV. For
the ^UH-2 3 2!!! system, the limits for peaks at siim energies
of 608, 760, and 809 keV, derived from our data, are
dcr/dClHI<0.l4, 0.11, and 0.12 /-tb/sr, respectively, assum-
ing a back-to-back angular correlation between the positron
and electron. The quantity da/dflHI is the differential cross
section for line production per unit of heavy-ion solid angle.
For comparison, a signal with a strength of 0.50 jiblsv
would correspond to a peak with an intensity of approxi-
mately 400 counts in the spectrumof Fig. I4(a), distributed
over two channels. In the case of the lines at 608 and 809
keV, these limits are a factor of 5 to 10 smaller than: the
corresponding cross sections foe pairs with a back-to-back
geometry from Refs. [20,21], as analyzed by Ganz et ai.
[23]. For the line at 760 keV, no previous value is available,

System

23«U+232Th
238y+232T h

aiu+23*ra
23$JJ + 181Ta

2 3 8 U + !81T a

2 3 8 U + 18lTa

2 3 8 U + l81T a

238 U + 181 T a

2 3 8 U + 1 8 . T a

2 3 8 u + 1 8 1 T a

,238fj^_ ^l^pa

238TJ^_ îTTo

238 U + 18 i T a

238U+ lslTa
238 U + 181 T a

Beam energy
(MeV/nucleon)

5.78-5.95
; 5.78-5.95

5.78-5.95
5.78-5.95
5.94-6.10
6.13-6.30
5.78-5.95
5.94-6.10
6.13-6.30
5.78-5.95
5.94-6.10
6.13-6.30
5.78-5.95
5.94-6.10
6.13-6.30

Sum energy
(keV)

608
760
810
625
625
625
748
748
748
805
805
805
635
635
635

Upper, limit
(90% C.L.)

d<r/dnH,(fib/sr)
(iso)a (bb)b

0.26 0.14
a2L0.ll
0:23 0.12
0:20 0.14
0.19 0.12
0.34 0.23
0.25 0.18
0.24 0,16

: 0.42 0.29
0.20 0.14
0.19 0.12
0,34 0.23
0.13—
0.13 —
0.24 —

aUpper limit obtained assuming no e + -e angular correlation.
bUpper limit obtained assuming pair kinematics consistent with par-
ticle decay.

although Ref. [18] reports that the observed peak yield was
consistent with the cross section of the singles lines, i.e.,
between 5 -10 /tb/sr.

2. Wedge and angle cuts

Figure 16 shows the APEX 238U+232Th pair sum-energy
spectra for energy and angle cuts appropriate tp the particle
hypothesis. For comparison^ Fig. 14(b) shows the sum-
energy spectrum arising from a wedge cut corresponding to a
source velocity of ficnL. The events remaining after imposi-
tion of the A<£+_« 180° cut are shown in Fig. 16(a). Based
on Monte Carlo simulations, in *'signal" to background, an
improvement of approximately a factor of 10 is expected
[38]. The corresponding event-mixed spectrum shows good
overall agreement with the data, with a reduced x\ value "of
1.18 for the fit. The magnitude of the fluctuations observed
in Fig. 16(a) shows the sensitivity of this analysis to Weak
structures; and corresponds to production cross sections of
between 0.01 and 0.02 yLtb/sr.

Figure 16(b) shows the sum-energy spectrum obtained
with the particle wedge cut combined with a requirement that
the opening angle between the positron and electron; be
greater than 150°. This angular range reflects the expected
opening-angle resolution for near back-to-back events. The
event-mixed spectrum also reproduces the measured one
well, with xl= 1-19-. The upper limits (90% C.L., 1.65 a) on
the cross section for a peak at 760 keV obtained from these
two analyses, are considerably smaller than the limits ob-
tained from the simple wedge-cut analyses, and are
da/dClffi^O.02 and 0.03 /ib/sr, for the analysis of Figs.
16(a), and (b); respectively.

o

/ ' V
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FIG. 17. Positron-electron invariant mass spectrum for pairs de-
tected on opposite spectrometer arms, with no additional restriction
on the lepton energies or angles.
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FIG. 18. Positron-electron sum-energy spectra from 238U
+ I81Ya collisions at 5.95 MeV/nucleon (a),(d),(g), ;6.1 MeV/
nucleon (b),(e),(h), and 6.3 MeV/nucleon (c),(f),(O« obtained under
the "wedge cut" conditions described in the text: Wl (a),(b),(c),
W2 (d)r(e),(f), and W3 (g),(h),(i). The points are the measured data,
and the histograms are the uncorrejated background obtained from
event mixing. The arrows in (a), (e), and (i) indicate the energies of
previously reported sum-energy lines. The value of xl f°r t n e

agreement between the event-mixed background and the data is
given in each panel. ;

. " ' . " . ' ' , ,-.'". •. C . » U + I M T a . " . -. ' '. "'•';•. \ ' . -

For the 238U+ 18ITa system, the previously observed lines
[21,23] had suggested characteristics which were different
from those expected for a decaying particle. Also, the lines

-appeared at different bombarding energies, with different
sum energies, when different wedge cuts were applied to the
data; as listed in Tables I and, HI. AVe have applied these
same wedge cuts tp our 238JJ+l8lTa data at each beam en-
ergy. Since the lines did not appear to arise from; particle
decay and had no preferred ppsitron^electron angular correr
latipn, all angle;combinations were included in our analysis:
Figure 18 shows; positron-electron sum-energy spectra from
our data at three beam energies, analyzed with the three dif-
ferent wedge cuts. Shown with the data are eyent-mixed his-
tograms which well reproduce the experimentally measured
shapes. The values of xl for the spectra shown in Fig. 18 are
all less than 1.50. As before, the deviations from the uncor-
related background are concentrated at low sum energies. In
no case is there statistically significant evidence for the pre-
viously observed narrow structures.

Upper limits on the cross sections for such structure were
also calculated as discussed in Ref. [39]. In these calcula-
tions, we assume that the peak width is consistent with qur
experimental resolution (&Esum= 30 keV) and with no pre-
ferred-angular correlation of the positron-electron pair, and
isotropic positron emission. Our upper limits (90% s C.L.,
1.65 a) on the total production cross section for lines at the
relevant energies are all less than 0.5 yttb/sr, and are listed in
Table IV. For comparison, the corresponding cross sections
from previous experiments [20,21] as presented by Ganz
etaL-[23] are between 3 and 6 /xb/sr, depending on the
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FIG. 19. Positron-electron sum-energy spectra for pairs pro-
duced in 238U+232Th collisions analyzed with wedge plus opening
angle described in the text, and with (a) no restriction on the num-
ber of electrons in the event and (b) only events in which one
electron is detected. , ,

assumed positron-electron angular correlation.

A . D. Searches for weak structure

Although the present results are inconsistent with the
presence of peaks of the strength seen in the earlier experi-
ments? it is useful to search for weaker structure, in case
there could still be interesting phenomena in our data. A
particularly interesting result, based on an analysis of the
present data for ?38U+'232Th collisions [29], suggests that,
under particular conditions, significant structure may be
present in the positron^electron sum-energy spectra. We have
studied this possibility which, if substantiated, could yet rep-
resent a manifestation of the effects seen in the earlier ex-
periments; ' ';'

In the analysis of the present data presented in Ref. [29],
a number of cuts, not well justified by physical scenarios,
were applied to the data. For example, those events for
which the electron fold was greater than one were rejected,
to reduce the effects of backscattering in the measured spec-
tra. As discussed in SecMIIB, and as shown in Fig. 6, the
probability of a single electron resulting in two hits is at most
15%, but generally much, smaller,: and, the majority of
multiple-hit events result from the large (Me- = 4 - 5 ) elec-
tron multiplicity; Sum-energy spectra from the wedge-cut
plus opening^angle analysis for (a) all events and (b) events
in which there was a single electron hit are shown in Fig. 19.
The reduction of low-energy events in (b) expected if the
single-hit requirement was reducing backscattering and thus

150 -

100 -

O

0 200 400 600 800 1000 1200 1400
Ee+ + Ee- (keV)

FIG. 20. Positron-electron sum-energy spectra analyzed (a) as
suggested in Ref. [29], and (b) similarly analyzed with small modi-
fications of the analysis as described in the text.

enhancing Ml-energy deposition events is not evident.
Other features of the analysis of Ref. [29] have no clear

physical justification but do relate directly to the appearance
of structure. Specifically, these include the method used in
the opening-angle calculation. Figure 20 shows a repetition
by us of the analysis reported in Ref. [29] using the same
data set. As expected, this spectrum reproduces the one
shown in Ref. [29]. The "structure", is the apparent excess
of events in the energy range between 680 and 800 keV. This
spectrum was obtained using opening angles calculated from
discrete time-of-flight and discrete <f) measurements as dis-
cussed in Sec. Ill D. The same data analyzed in an identical
fashion except using opening angles calculated from continu-
ous time of flight and <f> are shown in Fig. 20(b). The struc-
ture visible in Fig. 20(a) is no longer apparent. Simulations
show that while the details of the opening-angle distributions
obtained from these two methods differ (see Fig. 11); sum-
energy spectra for real peaks, extracted by selecting opening
angles determined using the two methods, will not differ
significantly, as was demonstrated using the IPC data for
206Pb+ 206Pb shown in Fig. 12. It is therefore our conclusion
that the structure in Fig. 20(a) is unlikely to be physically
significant.

V. DISCUSSION

In the preceding section, we have presented results from a
variety of analyses of the APEX data based on different sce-
narios, both physical and empirical, for the origins of the
previously reported sum-energy lines. None of these analy-
ses provide positive evidence for lines at the previously re-
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ported energies^ or any statistically convincing evidence for
sharp sum-energy lines, anywhere. Our results provide upper
limits for the cross sections averaged over the bombarding
energy range corresponding to the energy loss of the incident
beam in our targets. Given our results, the question then is,
to what extent are these upper limits inconsistent with previ-
ous results. ; : ;! > ; :

An effect which could influence the comparison between
the experiments is an energy dependence of the line-
production cross sections over the energy range correspond-
ing to the target thickness. This variation could, result in a
target-thickness dependence of the yields and the derived
cross sections. Some evidence for such an energy depen-
dence is given in Ref. [21] which shows an excitation func-
tion for the 2 3 8 U+ -1 -Ta 748 keV line. This line is only evi-
dent at bombarding energies between 5,93 and 6.16 MeV/
nucleon, but not above or below this range. In these
measurements [20+21], the thickness of the target corre-
sponded to an energy loss of 0.10 MeV/nucleon. This result
can be interpreted as a resonancelike behavior of the line
cross section with a width of approximately 0.15 MeY/
n u c l e d h . v i - , / -, . ... , •. . ,-•• . - -.;> - , . • * ,

The situation is less clear for the other 2 3 8 U+ l 8 ITa and
the 2 3 8U+ 2 3 2Th sum-energy lines. It was reported that the
cross sections for these lines may vary .extremely rapidly
with energy-^—perhaps over a range smaller than the target
thickness used in the measurements.;No.quantitative infor-
mation is available, however, beyond the observation that the
lines were only observed over certain narrow ranges of bom-
barding energy. In any case, the experimentally deduced val-
ues must represent the cross section averagedover the target
thickness. - r .,

A comparison of the bombarding energy ranges, including
energy loss in the target, over which the lines were previ-
ously observed and the energy ranges covered by the APEX
measurements is shown in Fig. 21. The maximum possible
increase in our upper limits due to such possible target-
thickness effects is a factor of 2.4, the ratio of the target
thicknesses used in the different experiments. The APEX
limits are in disagreement with the previous cross-section
values even with such a factor This point was the subject of
a Comment [40] to Ref. [25], and our reply [26]. ,

Two other experiments have also reinvestigated these
questions. Both report negative results in searches for the
peak phenomenon. Measurements with an upgraded version
of the apparatus (EPOS) used in Refs. [18,20,21] were car-
ried out for the 2 3 8 U+ 181Ta and 2 3 8U+ 232Th systems, over a
range of bombarding energies and with target thicknesses
comparable to those used in the original experiments [23].
Although the original experimental conditions were repro-

| 2 3 8 g t 1 8 1 T a | APEX

2 3*U+2 3 2Th

EPOS 608

EPOS 760

88 EPOS 809

5.7 5.8 5.9 6.0 6.1 6.2 6.3 6.4
E/A (MeW nucleon)

•FIG. 2h- Energies covered by various experiments reporting
e*—e" coincidence lines in heavy-ion collisions.::

duced as precisely as possible with improved apparatus, no
evidence was found for sharp sumFenergy: lines. The upper
limits obtained are comparable to the APEX results, Simi-
larly, new measurements for the 2 3 8U+1 8 1Ta system using
the apparatus of Refs. [9,10] (ORANGE) also led to negative
results [24]. ; '•« ; ,,. f

In summary, the present experiments have $ provided no
evidence for the previously reported lines in ^positron-
electron sum-energy spectra measured for the 238lJ-f 232Th
and 238U4- I81Ta systems. The. upper limits for the line cross
sections obtained from our data are, in all cases, significantly
smaller than the values from the experiments reporting posi-
tive results, even when the effects of a possible energy de-
pendence of the cross section are considered. This snewi body
of evidence must call into question the significance/of the
earlier, positive, results.
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