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Angular and momentum distributions have been measured for electron-positron pairs created in peri-
pheral collisions of 6.4-TeV bare sulfur ions with thin targets of Al, Pd, and Au. Singly and doubly
differential cross sections are presented for 1-17MeV/c electrons and positrons detected independently
and in coincidence as pairs. Integrated yields for pair production are found to vary as the square of the
target nuclear charge. Relative angular and momentum differential cross sections are effectively target
independent. Various physical parameters are deduced from the coincident electron and positron data,
including probability distributions for the pair transverse momentum, the pair total energy, and the posi-
tron fraction of the pair energy. Where possible, results of these measurements are compared with

theory.

PACS number(s): 34.90.+q, 12.20.Fv, 34.50.Bw

I. INTRODUCTION

The study of direct electron-positron pair production
in Coulomb collisions of high-energy charged particles
has a long history, dating from early calculations of
Bhabha [1],Racah [2], and Landau and Lifshitz [3] in the
1930's and continuing with modern quantum electro-
dynamic (QED) calculations through the 1970's [4—8].
Extensive measurements of electron pairs produced by
beams of singly charged electron, pion, and proton pro-
jectiles, mainly in nuclear track emulsions, have also been
performed [9—17] with statistics limited results for pair
yields which vary significantly among the measurements.
At ultrarelativistic energies, peripheral collisions between
heavy, highly charged atoms produce extremely intense,
rapidly varying electromagnetic fields which give rise to
copious lepton-pair formation. Semiclassical approxima-
tions known as equivalent photon or %eizsacker-
Williams methods are often applied, based on Fourier
decomposition of the time-dependent Coulomb fields to
derive equivalent photon fields [18—20]. These collisions
are fundamentally di8'erent from those involving singly
charged projectiles because the strength of the coupling
constant Za, where Z is the charge and o. is the fine-
structure constant, can be large ( ~0.5). Lepton-pair
production in these systems is especially interesting be-
cause the collision strength can be varied continuously,
from regions of low charge and energy, where past appli-
cations of low-order perturbative theories are suitable, to
higher energy and charge regimes where first-order per-
turbative calculations are known to occasionally give un-
physical results [21,22].

Recent progress toward realization of very energetic
ion-ion colliders such as the relativistic heavy-ion collider

(RHIC) at Brookhaven National Laboratory and the
large hadron collider (LHC) at the European Organiza-
tion for Nuclear Research (CERN) has sparked renewed
interest in electromagnetic phenomena at very high ener-
gies. A number of theoretical treatments have recently
appeared concentrating on lepton-pair production in ul-
trarelativistic heavy-ion collisions [21—30]. Results of
these varied calculations differ substantially in quantita-
tive detail, but generally agree that electron-pair produc-
tion cross sections should be large, should steadily in-
crease with collision energy, and should lead to single-
and possibly multiple-pair formation at rates sufficient to
overwhelm contributions from all other processes. In
particular, direct Coulomb pair production may obviate
the suggested [23] use of lepton signals as a penetrating
probe for studying formation and decay of the quark-
gluon plasma in ultrarelativistic heavy-ion nuclear col-
lisions [32-34].

In a recent letter [35] we have reported preliminary re-
sults of magnetic analysis measurements of positrons
emitted in peripheral collisions of 6.4-TeV sulfur ions
with thin fixed targets. The only other measurements
available for heavy ions accelerated to ultrarelativistic en-
ergies are from limited statistics data for relatively high
energy pairs measured in emulsion exposures using 0.96-
and 3.2-TeV oxygen and 6.4-TeU sulfur ions [36]. Belka-
cem et al. [37,38] have reported pioneering measure-
ments at —1-GeV/nucleon energies for atomic capture of
pair-produced electrons and for total cross sections for
low-energy (0.1 —2.5 MeV) pair production by uranium
and lanthanum ions. Remarkably, nearly half of all pair
electrons produced were observed to occupy bound atom-
ic final states for -230-GeV uranium projectile ions in
collisions with a gold target. In this paper we present
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measurements and comparisons with theory of angular
and momentum distributions and correlations of 1 —17-
MeV/c electrons and positrons from electron pairs gen-
erated by 6.4-TeV sulfur ions in Coulomb collisions with
targets of Al, Pd, and Au.

II. EXPERIMENTAL METHODS

Fully stripped 6.4-TeV (200 GeV/nucleon) sulfur ions
from the CERN Super Proton Synchrotron (SPS) ac-
celerator were passed through thin foil targets in a high-
vacuum chamber centered in the 14-cm gap of a 1-m-

long, CERN standard dipole bending magnet located
upstream of a large nuclear physics collaboration experi-
ment, WA93 [39]. Measurements of electrons and posi-
trons generated in the targets were performed parasitical-
ly with WA93. A schematic of the apparatus is given in
Fig. 1, with the magnetic field directed perpendicular to
the drawing. Targets were remotely positioned at the
center of the vacuum chamber which was isolated from
the beamline vacuum (-20 mTorr) by two thin (80
p,g/cm ) plastic film windows. Pressure from the
chamber was maintained at less than 5X10 Torr by
two turbomolecular pumps. To minimize backgrounds
from electrons scatering from the apparatus, as we11 as
from secondary electron emission from scattering of
high-energy collision fragments and conversion of y rays
and high-energy bremsstrahlung, all components of the
spectrometer were composed of light materials (alumi-
num and plastic). The sulfur-ion-beam diameter at the
target position was &6 mm, as determined by beam
profile measurements taken 3 m downstream. Electrons
and positrons generated by ions in the targets were
separated in the nearly uniform (+3%) vertical magnetic
field and transported 180' along circular arcs to one of
two identical arrays of discrete detectors mounted on ei-
ther side of the ion beam in the plane containing the
chosen target. A schematic of the pair spectrometer, in-

cluding views from the top and along the beam axis (z), is

shown in Fig. 2. Projections of typical calculated trajec-
tories are also shown there for 5-MeV/c electrons and
positrons emitted at 0' and 20' with respect to the beam
axis.

Each detector array was composed of 41 separate cir-
cular (2 cm diam) silicon surface barrier detectors with
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depletion depths of 300 pm. Thin active depths mini-
mized sensitivity to detection of y rays and permitted
positrons to pass through without annihilation, delivering
an average signal amplitude of —105 keV. Sensitivity to
electrons and noise characteristics of each detector were
studied prior to electron pair measurements using nor-
mally incident l-MeV P particles from a collimated Bi
source. Detectors were arranged in five horizontal rows
covering 52% of the available area, as shown in Fig. 2(a).
The arrangement extended horizontally from 3 to 25 cm
from the target center and, vertically, 5.3 cm above and
below the ion-beam axis.

For forward emitted electrons or positrons, horizontal
(x) displacement of the intercept point of a particle's tra-
jectory with the detector plane is closely proportional to
its momentum and is only weakly dependent on launch
angle, due to first-order focusing in the plane of disper-
sion. Particle motion in the vertical (y) direction is
una6'ected by the magnetic field. Hence, the displace-
ment of the detection position in the horizontal plane
from the beam axis corresponds to positron or electron
momentum, while vertical (y) displacement corresponds
to the vertical component of the transverse momentum
(or the vertical component of the polar launch angle for a
given total momentum). The apparatus thus constitutes a
180', homogeneous-Geld pair spectrometer.

For large polar angles, the dispersive plane focusing
e6'ect is weak. However, all electrons and positrons eject-
ed with polar angles ~ 20' would be focused to within the
momentum resolution set by the 1.3-cm staggered hor-
izontal spacing of the arrayed detectors. This fixed spac-
ing gave a momentum resolution (bp/p) varying from
33% at low momentum to 5.4% at high momentum for a
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FIG. 1. Schematic of experimental apparatus showing veto
detectors, magnetic pair spectrometer, and ion calorimeter
detector (ZDC).

FIG. 2. Schematic of pair spectrometer: (a) End view along
beam axis showing target and detector arrays. (b) Top view

showing detectors in midplane row and sample trajectories for
5-MeV/c positrons and electrons emitted at 0' and 20 to indi-

cate eAects of dispersive plane focusing.
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given field setting. The limited vertical height of the ar-
ray permitted full azimuthal collection only for limited
ranges of polar angles which varied from 0' —25' for the
innermost (low momentum) detectors to 0' —8' for the
outermost (high momentum) detectors. Angular resolu-
tion, as determined by finite detector size and vertical
spacing, varied from approximately +8 at low momen-
tum to +2' at high momentum.

Two large scintillator veto detectors sensitive to
minimum ionizing particles, each with a 6-cm-diam cen-
tral hole, were mounted symmetrically about the beam
axis 2 m upstream and downstream of the spectrometer
(see Fig. 1). Signals from these detectors were used to
veto detector noise counts generated by any high energy
particles accompanying the primary ions, but lying in an
extended halo &3 cm beyond the main beam axis. A
second veto signal was generated for similar halo and
scattered high energy particles lying & 2 mm and &4 cm
from the beam axis, by a quartz Cerenkov active collima-
tor located 5 m downstream, in the WA93 experiment
(see Fig. 1).

Electron and positron counts were stored as functions
of detector position for two settings of magnetic field
(0.18 and 0.45 T) corresponding to detected momenta of
1.0—6.7 and 2.5 —17 MeV/c, respectively. Magnetic po-
larity was also reversed at 0.18 T for comparison of
detector response to positrons and electrons. Data were
collected for targets of 75-pg/cm polypropylene (CH2)„;
180-pg/cm Al; 4.9-mg/cm Pd; and 0.6-, 1.5-, and 4.7-
mg/cm Au. The very thin targets ( &10 radiation
length) were used to minimize backgrounds from direct
knock-on (KO) electrons and to avoid significant multiple
Coulomb scattering (MCS) of low-energy electrons and
positrons.

Less than 1 sulfur ion in 10000 underwent nuclear-
charge-changing collisions in these targets (electromag-
netic spallation being the most probable at 2 X 10 /ion in
the thickest Au target used) [40]. Signals from the WA93
zero-degree calorimeter [41] (ZDC) were used in our ex-
periment to identify, count, and provide timing for full
energy projectile sulfur ions. The ZDC separately mea-
sured electromagnetic and hadronic stopping components
in nine absorption lengths of uranium to obtain an energy
resolution of 0/E=2%, just sufficient to discriminate
against ions which have lost one nucleon in close col-
lisions. These signals were employed for normalization
and for coincidence measurements with positrons and/or
electrons detected in our pair spectrometer.

Signals from each positron and electron detector were
amplified by a separate charge-sensitive preamplifier and
converted to fast logic pulses (hits) in a timing discrimi-
nator. These pulses were counted in coincidence with
sulfur ions and in anticoincidence with the various veto
signals. Timing between electron and positron signals was
also recorded for coincidence event data. Data were tak-
en using a Macintosh II CX controlled acquisition system
in which nine parameters per event were stored in list
mode for ofF-hne histogram sorting.

Sulfur ions from the SPS were delivered in roughly uni-
form spills of 5.1 sec length with 10 to 10 ions per spi11.
For the 1.5-mg/cm Au target, typical counting rates for

1 —7-MeV/c positrons and electrons (primarily KO's)
detected in coincidence with projectile ions were
(1—10)/sec and (10—1000)/sec, respectively. Variations
in data-acquisition efficiencies as functions of counting
rates for the various modes of operation were studied by
comparing electron and/or positron yields per ion at
different ion spill rates and for a number of targets and
thicknesses. Positron and electron yields per ion were
found to vary linearly with Au target thickness from 0.6
to 4.7 mg/cm . No significant nonlinear variations in
yields were observed for rates varying over two orders of
magnitude.

At small impact parameters (i.e., &K„ the electron
Cornpton wavelength), much heavier ions are expected to
produce multiple electron-positron pairs even in single
collisions [22,24,25,30]. However, for sulfur ions at 6.4
TeV, production of single pairs is expected to be the only
significant mode. The only statistically significant indica-
tion of multiple-pair formation observed in the current
measurements was identified as arising from electronic
pickup of noise signals from other experiment equipment
at the SPS accelerator. Such noise-induced bursts gen-
erally produced simultaneous signals in most or all of the
82 detector circuits. These multiple-hit background data
were rejected by sorting according to a selected detector
multiplicity defining a valid event. For data presented
here, electron and/or positron detector multiplicities for
a valid event were set to unity.

Light targets of polypropylene and aluminum were
used to investigate the KO electrons and their effects as
backgrounds and to study efficiencies for detection and
acquisition under beam-on conditions at electron energies
characteristic of both field settings. Efficiencies were
determined for each detector in an array by comparison
of the measured KO yields with results of Monte Carlo
simulations based on relativistic first Born calculations
for differential KO cross sections [42]. The average
detection efficiency for 1 —17-MeV/c electrons found in
this way was 46%. We assume here that the efficiency
for positron detection by these thin silicon detectors was
the same as for electrons of the same energy [41]. Detec-
tor efficiencies were also determined during the experi-
ment, at somewhat lower electron energies corresponding
to field settings of 0.09 and 0.18 T, through measure-
ments of the P spectrum of a calibrated ' Ru source
(end-point energy 3.54 MeV) placed at the target position
of the pair spectrometer. Comparison of these results
gives an absolute detection efficiency averaged over detec-
tors in an array of (46+9)% for 1 —4-MeV/c electrons.

III. RESULTS AND DISCUSSION

A. Singles measurements

We first present results of measurements of electrons
and positrons detected independently, but in coincidence
with unscattered projectile ions. These "singles" results
are used to directly extract singly difFerential and total
cross sections, to quantitatively investigate backgrounds,
and to bolster confidence in our interpretations of
positron-electron coincidence measurements which will
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follow.
As noted previously, the variation in observed count-

ing intensity with vertical (y) displacement is related to
the angular distribution of ejected positrons or electrons.
The measured distributions represent projections of the
source angular differential cross sections on the limited
vertical aperture determined by the height of the detector
arrays. Electrons and positrons from pairs formed in
these peripheral collisions are em. itted primarily in the
forward direction. Instead of attempting to deconvolute
measured distributions, we have mapped selected angular
differential cross sections through the magnetic analyzing
field to the detector plane and compared the resulting cal-
culated distributions with the data. Using a computer
simulation which incorporates effects of multiple
Coulomb scattering, and assuming a simple exponential
form for the angular cross section [do /d f1+
-exp( —8/w), where 8 is the polar angle measured from
the beam axis], we have determined 1/e angular widths
(w) which most closely reproduce the data, as a function
of horizontal position (i.e., positron momentum). The ex-
ponential form for do /d 0+ was chosen after reviewing
several theoretical predictions [21,23] for expected angu-
lar distributions. Results of these simulation fits to the
data are displayed in Fig. 3 for positrons from a 1.5-
mg/cm Au target. All other targets give similar results.
Figure 3 also shows results for similar angular widths cal-
culated in an exact Monte Carlo evaluation of the two-
photon terms in lowest-order QED calculations for struc-
tureless nuclei which are described in Ref. [18],and here-
after referred to as MCQED. Widths from simulation fits
to the data differ from the theoretical results by only
-1-2', well within the experimental median angular
resolution of 3' (excluding MCS angular smearing).

Since the angular distribution for positron emission is
peaked so narrowly in the forward direction, the horizon-
tal (x) intensity distribution on the detector array direct-
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ly represents the momentum distribution. We have
summed counts in sets of detectors grouped according to
horizontal position and plot overlapping histograms of
the resulting momentum distributions in Fig. 4, at the
two field settings. The yields have been converted to cross
sections and corrected for the fractions of positrons lying
outside the vertical acceptance of each detector group.
These corrections were made assuming theoretical angu-
lar distributions with widths as presented in Fig. 3.
Theoretical do. /dp+ cross sections are displayed in Fig.
4 as smooth curves. Results of first Born approximation
calculations which employ Sommerfeld-Maue wave func-
tions for the free electron and positron are displayed by
the dashed line. To construct this curve, cross sections
for 200-GeV protons and uranium targets have been in-
terpolated from Fig. 4 of Ref. 19 and scaled according to
Zz and Zz, where Zz and Z& are the projectile and tar-
get nucler charges, as directed in Ref. [19]. We note that
the first Born results underestimate the cross sections
below -3 MeV/c and overestimate them slightly above
-8 MeV/c. Results of MCQED calculations are indicat-
ed by the solid curve. Agreement is remarkably good up
to -4 MeV/c. At higher momenta MCQED gives cross
sections as much as 75% higher than the measurements.
Linear extrapolation of the first Born cross sections gives
a cross section of about 83 b integrated over 1 —1'7

MeV/c. The corresponding MCQED result is 98 b. The
measured cross section is 85+22 b, where the error in-
cludes statistical and background correction errors and
estimated uncertainties in detection and acquisition
eSciencies. It does not include any estimate of errors due
to uncertainties in corrections made as noted above for
incomplete angular acceptance of the pair spectrometer.

Figure 5 shows a comparison of measured
momentum-binned yields per sulfur ion for singles elec-

20 I I I I I I I I EXPERIMENT

o 16
TI
x, 12I-

MCQED THEORY

o FIT TO DATA

8

e 4
X

L
I ~ fL JI1

'I 0 ~ ~ '0 / I

I I I I I I I I

4 8 12 16
POSITRON MOMENTUM {MeV/c)

FIG. 3. Angular 1/e widths for do. /dQ+ plotted as a func-

tion of positron momentum for 6.4-TeV 8+Au. The data
points (0) are results of simulation fits to measured vertical in-

tensity distributions as described in the text. The error bars in-

dicate the observed fitting uncertainty dominated by experimen-
tal angular resolution set by detector size. Theor. tical results

( ) are from MCQED calculations.

" 12

+o 10

E 8
0$

6
~+
U

U

— —— FIRST BORN

MCQED

I

I

I

I I I I I I I I I I

4 8 12 16 20
POSITRON MOMENTUM (MeV/c)

FIG. 4. Measured positron singles cross sections do. /dp+
compared with theoretical results. The overlapping solid line

histograms are measured cross sections for field settings of 0.18

and 0.45 T, corrected for incomplete detection of the full angu-

lar emission distributions as described in the text. The smooth
curves represent results of MCQED calculations ( ) and,
dashed curve represents interpolations of scaled first Born cal-
culation results (

———
) given in Ref. [23].



50 ELECTRON-POSITRON PAIR PRODUCTION IN COULOMB. . . 2317

trons and positrons from a gold target. No corrections
for angular acceptance by the detectors have been made
for these data. Assuming pair-produced electrons and
positrons have similar momentum distributions, only 2%
of the observed singles electrons come from pair produc-
tion. The other 98% arise from primary KO production
and from secondary scattering processes. By using thin,
light (polypropylene and aluminum) targets in which pair
production is relatively improbable, we have experimen-
tally isolated the KO electron contribution. Yields for
KO electrons integrated over all detectors at each field
setting vary linearly with electron thickness, given by Zz
number of target atoms/cm, independent of Zr for all
targets. We have compared these measured absolute KO
yields with results of trajectory calculations based on rel-
ativistic Born approximation differential cross sections
for binary ion-electron collisions [42]. Our calculations
for differential yields agree (within +25% error) with the
light target data, except for the lowest energy (0.6—1.0
MeV) electrons where secondary scattering effects may
become important. The calculations also agree well with
KO measurements for heavy targets (Pd and Au), espe-
cially after correction for the small but significant frac-
tion of electrons from pairs which are primarily emitted
in the forward direction. The MCQED calculations pre-
dict that & 80% of pair-produced positrons in the same
energy range will intercept the detector array. Calculat-
ed KO yields for a 1.5-mg/cm Au target are displayed
by the smooth curve in Fig. 5.

Calculations and measurements for KO electrons both
exhibit nearly uniform counting distributions along the
vertical (y) direction within the detector array. The ob-
served uniformity arises from the narrow angular cuts
imposed by the vertical height accepted by the detector
array when compared with the relatively larger KO
launch angles. Our calculations indicate that only
-20% of all 1 —17-MeV/c KO electrons emitted follow
paths which intercept the detectors. Most of the low-
energy KO's spiral into the aluminum walls of the vacu-
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um chamber downstream of the detectors and lose too
much energy in penetrating the metal to continue on tra-
jectories leading back to the detector arrays. Higher en-
ergy KO's, which are emitted very forward, proceed fur-
ther downstream and su@'er the same fate. Backgrounds
in the positron detectors from scattered KO's are ob-
served to be weak for the low Zz. targets where real posi-
tron yields are small and KO yields are relatively strong.

To examine the dependence of pair production on tar-
get nuclear charge Zz, we have integrated singles posi-
tron yields over 2.5-17 MeV/c for targets of Al, Pd, and
Au and plotted the resulting relative partial cross sec-
tions against Zz. The results are displayed in Fig. 6.
The solid line in the figure represents a least-squares fit
proportional to Zz to these data. The fit gives
n =1.99+0.02. The lower and upper smooth dashed
curves represent n values of 1.95 and 2.05, respectively.
Cross sections are expected to scale as Zz by all known
first-order theories. Deviation from Zz scaling might in-
dicate importance of higher-order terms arising from
positron-target interaction [31]. Also, significant contri-
butions by KO electron backgrounds would lead to an
apparent "positron" yield component linear in Zz.

8. Electron-positron coincidence measurements

Having established from analysis of the singles data
some confidence in our understanding of the angular and
momentum distributions for pairs and of KO electrons,
the major source of background, we proceed to results
deduced from measurements of electrons and positrons
detected in time coincidence, i.e., "coincidence" data.
Coincidence electron-positron measurements were pri-
marily restricted to goM targets where the pair
production-to-KO signal ratios are most favorable. Only
very low statistics coincidence data were obtained for the
lighter targets and results reported here will concentrate
on the gold target measurements. Doubly differential
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yields have been obtained by sorting event data into coin-
cidence counts as functions of various parameters calcu-
lated from the (41X41) possible pairs of detector posi-
tions. To obtain cross sections, corrections have been
made for variations in detector efficiencies and for es-
timated fractions of detector intercepted electrons and
positrons, according to assumed extended angular distri-
butions as indicated for singles positrons (see Fig. 3).

As noted for the singles data, the vertical displacement
of a detected electron is approximately proportional to
the vertical component (p ) of its transverse momentum.
We have sorted event data to determine the relative in-
tensity distributions as a function of pair (p + +p )

transverse momenta and present the results in Fig. 7.
Observed p distributions are plotted for both magnetic-
field settings representing measured positron (or electron)
momenta ranges of 1 —7 and 2.5 —17 MeV/c, respectively.
Both low and high field p distributions peak at zero and
fall rapidly, with more than 80% of all observed pairs
having p~

~ 1 MeV/c. By symmetry, the horizontal com-
ponent (p„) of the transverse momentum should have the
same intensity distribution. We conclude that pair trans-
verse momenta are small and increase only weakly for
higher positron momenta (at least up to —17 MeV/c),
and that measured longitudinal (z) momentum distribu-
tions therefore well represent the total pair momentum,
since the small transverse components approximately
cancel.

Figure 8 displays results for (d 0 /dp+ dp ) for posi-
trons from a gold target in coincidence with the 1 —7-
MeV/c electrons which were simultaneously detected by
the full electron detector array at the low-magnetic-field
setting. Comparison with the singles positron cross sec-
tions in Fig. 5 shows that the momentum distributions
are nearly the same, suggesting, therefore, that positron
momenta are almost entirely independent of electron
momentum. Tighter cuts on the momenta of coincident
electrons yield the same general result. Cross sections
d 0/dp+dp for positrons and for electrons are com-
pared in Fig. 9, where the momentum for the coincident
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particle has been limited in the sort of the data to 3—6
MeV/c. The smooth curves indicate first-order Born ap-
proximation results of Ref. [19],taken from Figs. 1 and 2,
interpolated to y =215 (200 GeV/nucleon) and scaled as
Z Zz-. %'e note that the calculated cross sections exceed
the measured values by as much as -80%, and that mea-
sured d cr/dp+dp decrease continuously with increas-
ing positron or electron momentum, unlike calculated
values which exhibit maxima near 3 MeV/c. The only
substantial difference between the measured electron and
positron spectra displayed in Fig. 9 is a slight shift in the
electron distribution toward low momentum. For mo-
menta &4 MeV/c, the yield of electrons exceeds that of
positrons by 23%. The excess could be explained by
coincidences (random and correlated) with low momen-
tum KO electrons, where singles rates (see Fig. 5) are 5 to
100 times larger than for positrons and, hence, for pair-
generated electrons. However, the random positron-KO
electron coincidence fraction is estimated to be very small
for the thin targets used here. A typical randoms-reals
fraction calculated from measured singles rates and from
the time window defining a coincidence is 10,or —1%.
Correlated coincidences between positrons and KO elec-
trons could also occur because of secondary KO produc-
tion by the pair-producing ion, either in ion-electron col-
lisions within the same atom participating in pair produc-
tion event or in another collision by the same ion in
traversing the remaining thickness of the target foil. For
typical thickness gold targets, the latter is just the mea-
sured (1-17 MeV/c) KO yield per ion which is ~10
We estimate from Born approximation calculations of
(primarily EC shell) target ionization that the former pro-
cess will occur —1% of the time, with less than half of
these being detected. Therefore, the sum of random and
correlated coincidences between positrons and KO elec-
trons should amount to less than 2% of the real pair
coincidences.

Since the KO electrons are expected to account for
only a small fraction of the low-energy electron excess
observed in the pairs, we have considered alternative ex-
planations. A small horizontal shift -6 mm in the beam
position at the target could also lead to the observed
asymmetry. However, by reversing the orientation of the
magnetic field, we exchanged electron and positron detec-
tors and obtained the same result. Deflections of the ion
beam by the analyzing field were insignificant.

The difference between the positron and electron distri-
butions may be attributed instead to a real charge-
dependent effect due to the sign difference of the
Coulomb potential at the origin of the pair. The
d o. /dp+dp weighted average kinetic energies taken
from the data in Fig. 8 are 4.21 and 3.87 MeV, respec-
tively, for 1 —17-MeV/c positrons and electrons. If we in-
terpret in a purely classical picture this (0.34 MeV) shift
in the average kinetic energy as arising from a potential-
energy difference experienced by the oppositely charged
particles at the pair origin, then a rough approximation
of the mean distance (b) to the gold target nucleus
(neglecting screening and the sulfur ion's field) gives
(b ) =800 fm or -2K„which is consistent with impact
parameters expected to be important according to
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FIG. 10. Relative differential cross section der/dc for pairs
of electrons and positrons. c is the sum of positron and electron
kinetic energies.

equivalent photon methods [26]. (The 1-17-MeV/c elec-
trons and positrons are localized to & K, according to the
uncertainty principle. }

We have also investigated the distribution of pair total
kinetic energy, by converting the separate momenta of
electrons and positrons forming detected pairs to kinetic
energies (E+ and e ). The energies have been combined
to give total pair energies c=c++c. , and the corre-
sponding corrected counts have been grouped to give in-
tensity distributions, with the ranges of either component
limited by the energies (momenta) covered by all detec-
tors at each field setting. To correct for sorting biases
arising from incomplete coverage of all possible momenta
(0—17 MeV/c) for the pairs of particles, we have contin-
ued our measured data by fitting to a double exponential
function as

d n/d d -e (""-)+fe P(""-)
where a, P, and f are fitted parameters applicable for all
data. The original data plus fitted regions were then sort-
ed with respect to pair kinetic energy e. Sorts were per-
formed assuming exponential d 0 /dp+ dp extending all
the way to zero p+ and p and using a more physically
reasonable model in which d o /dp+dp falls smoothly
from the measured values obtained at the lowest mea-
sured p+ and p to zero at zero p+ and p . Results of
the latter method are shown in Fig. 10 for the relative
yields of pairs as a function of s. We note that the yields
fall nearly exponentially with no indication of a max-
imum above 2 MeV, and that 50% of all observed pairs
have total kinetic energies below 4 MeU. Theory typical-
ly predicts a downturn in the cross section below -4
MeV [44].

These same energy data have been analyzed in the
manner described above to determine the fraction of total
pair kinetic energy carried away by the positron. Figure
11 shows the probability for energy sharing measured for
pairs covered in the two field settings. The error bars
represent statistical and efficiency uncertainties for the
ratios of binned counts and effects of uncertainties in the
fits giving the calculated counts expected in the extended
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ing pairs with energy distribution shown in Fig. 10.

regions ofp+ and p . It appears that all modes of parti-
tioning of the energy available are nearly equal probable.
Very similar results are obtained in photoproduction [45],
the conversion of real y rays into electron-positron pairs
near nuclei. However, there is a weak tendency for posi-
trons to carry slightly more kinetic energy than coin-
cident electrons, consistent with our observations of
p = 3—6 MeV/c.

In summary, the observed projected angular distribu-
tions for low-energy positrons are consistent with for-
ward peaked emission with the differential cross section
(do /dQ+) falling to 1/e of its peak value for polar an-

gles varying from —12' at 1 MeV/c to -4' at 14 MeV/c.
This distribution of angular widths agrees with MCQED
calculations for differential cross sections. The positron
momentum distribution is peaked below our detection
limit of 1 MeV/c and falls to half its observed maximum
at —5 MeV/c. First Born calculations tend to underesti-
mate the measured cross section at low momenta, being
lower by as much as 35% below 2 MeV/c. MCQED cal-
culations agree well at low momenta, but overestimate
the observed cross sections by as much as 80% above 8

MeV/c. Measured cross sections decrease faster at
higher momenta than predicted by either calculation.
The 1 —II7-MeV/c positron yield for 6.4-TeV sulfur on
gold, corrected for detector eSciencies, integrated over
the momentum and angular acceptances set by the detec-
tor array dimensions and the magnetic analyzing field,
gives an observed cross section of 71 b. Correction for
partial angular acceptance versus momentum, based on
observed vertica1 (y ) angular distributions within the
detection window, raises the measured total cross section
to 85 b with an estimated error of +25%. The corre-
sponding MCQED value is 98 b out of a total, integrated
over all momenta, of 140 b. Finally, the measured cross
sections vary with target nuclear charge as Zz- as predict-
ed by all lowest-order calculations, and relative
differential cross sections do. /dp+ are indistinguishab1e
for A1, Pd, and Au targets.

From coincident measurements of positrons and elec-
trons, the pair transverse momentum and total kinetic-
energy distributions have been determined. Within limit-
ed statistics data for Al and Pd, these distributions are in-
sensitive to target Zz-. Pair transverse momenta are
small ((1 MeV/c) implying that the electron and posi-
tron are emitted in the plane of the projectile ion. The
pair differential cross-section do/ds falls nearly ex-
ponentially from 2—30 MeV, with no indication of a
nonzero threshold or maximum above 2 MeV. Momen-
tum distributions for positrons and electrons detected as
pairs are similar, with a small relative shift toward lower
momenta (kinetic energies) noted for the electrons. Inter-
preted as a potential difference at the origin, this shift
suggests that important impact parameters lie near -2K,.
for production of low-energy pairs. The available excess
kinetic energy of the pair is shared between the electron
and positron such that all modes are nearly equally popu-
lated.

The relatively good agreement between measured
do /dp+ and lowest-order perturbative calculations is ex-
pected for 6.4-TeV S' ++Zr (Zr =13, 46, and 79),
where Za &&1, and the probability of producing an elec-
tron pair is expected to be small at all impact parameters.
It should be noted that this is in contrast to recent results
of experiments [37,38] at lower energies for uranium and
lanthanum projectiles, where perturbative calculations
for electron capture of the pair-produced electrons ap-
parently fail. At higher energies and for the heaviest pro-
jectiles, perturbative treatments may also fail, since low-
oder perturbation terms give probabilities for single pair
formation which exceed unity at suSciently small impact
parameters. Several theoretical treatments have conclud-
ed that multiple pairs will be formed in single close col-
lisions, with some considerable disagreement among the
calculations as to the relative strengths of the multiple-
pair forming channels [22,24,25,30]. Using perturbation
theory values for the probabilities of producing a single
pair, several authors [22,25] predict that the number dis-
tribution of multiple pairs produced will follow a Poisson
distribution. Analysis of nonperturbation expressions for
n-pair creation have lead to the same distribution with
significant disagreement for absolute cross sections [29].
We will test these predictions in experiments using 33-
TeV (y = 172) Pb + ions at the CERN SPS accelerator.
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