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Capture, ionization, and pair-production processes in relativistic heavy-ion collisions
in the 1-GeV/nucleon energy range
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The cross sections for capture, ionization, capture from pair production, and free pair production were
measured for 0.96-GeV/nucleon U921 and 0.405-, 0.96-, and 1.3-GeV/nucleon La571 ions incident on Au, Ag,
and Cu targets. The cross sections for capture from pair production, free pair production, ionization, and total
capture~the sum of capture from pair production, radiative electron capture, and nonradiative capture! are
analyzed as a function of collision energy, projectile, and target atomic numbers. We find that, when the
collision energy is increased from 0.405 GeV/nucleon to 1.3 GeV/nucleon, the capture from pair production
and the free pair production cross sections increase by almost a factor of 6, while the capture cross section
decreases by two orders of magnitude. The ionization cross section is found to vary very weakly with the
collision energy in the 1-GeV/nucleon energy range. We found a dependence of free pair production cross
sections on the target and projectile atomic number to be close toZ2, characteristic of an ionizationlike process.
We also found a dependence of the capture from pair production cross sections on the target atomic number to
be usually steeper thanZt

2 , and on the projectile atomic number, somewhat steeper than theZp
5 , characteristic

of a capturelike process. Theory and experiment are in some disagreement for capture from pair production,
and free pair production, cross sections, but are in general agreement for the other capture processes and for
ionization.@S1050-2947~97!06809-1#

PACS number~s!: 34.70.1e, 25.75.2q
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I. INTRODUCTION

In ion-ion or ion-atom collisions, charge changing occu
through ionization and electron capture. In our experimen
situation, electron capture refers to the transfer of an elec
from a stationary neutral target to a projectile ion. Two ca
ture mechanisms contribute to this transfer: radiative elec
capture and non-radiative electron capture. Radiative e
tron capture is the process in which an electron bound to
target is captured by the ion with the simultaneous emiss
of a photon to conserve momentum and energy. It diff
from radiative recombination—which is the inverse of t
photoelectric effect—in that in radiative recombination t
electron is initially free. For radiative electron capture
~highly ionized highZ) relativistic ions, the binding energ
of the target makes only a small contribution and radiat
electron capture cross sections can be related to photoele
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cross sections. In nonradiative capture, energy, and mom
tum are conserved through momentum transfer by the p
jectile and target with no emission of a photon. In nonrad
tive capture there is often some relation between the collis
energy and the binding energy of the state the electro
captured into.

At relativistic energies, the collision velocity is muc
greater than the Bohr velocity for all but theK-shell elec-
trons of the heaviest elements, ionization cross sections
much larger than capture cross sections, and the equilibr
charge state of all projectiles is close to fully strippe
Theory and experiment for ionization, radiative electron ca
ture, and nonradiative capture processes are generall
agreement@1–28# with a few interesting exceptions@29,30#.
Measurements of a third relativistic charge changing mec
nism, termed capture from pair production, or sometim
bound-electron free-positron pair production, has been
ported @31,32#. The very large transient electromagne
fields produced in the relativistic collision of the fast movin
heavy ions result in high probabilities for electron-positr
pair production@33–47#. Since heavy ions have large bind
ing energies, the electron of the pair may be created dire
bound to the ion, decreasing its charge state by one unit@48#.
An extensive theoretical study of this process can be fo
in the literature@49–68#.
2806 © 1997 The American Physical Society



ion
s
e
n
io
o
o

a-
a

c-

tro
re
on

o
a

tu
va
ca
an
ta
w

a
er
on

n
o
c
r
e
s
int
n
ro
al
om
n
ai
a

d
at

uc
hl
ita
r
co

t
ia

l-

a-
m-

t
adia-

nd
e
ms
ro-

ron

f a
the

um
lap
e
l
ual
he
e of
e
into

c
ss

ion

sec-

e as
on-
n-

me
can
al
the
m.
by

both

56 2807CAPTURE, IONIZATION, AND PAIR-PRODUCTION . . .
The significance of electron capture from pair product
is that it is a collision mechanism. Its cross section increa
with increasing relativistic collision energy and, it becom
the dominant capture mechanism for highly relativistic io
in high-Z targets. It is the mechanism used in the product
of antihydrogen@69#. Capture from pair production is als
important, because it causes a limitation of the luminosity
RHIC, the relativistic heavy ion collider at Brookhaven N
tional Laboratory, and LHC, the large hadron collider
CERN, the European Center for Nuclear Research@70#. In
these machines, atomic collisions~without nuclear contact!
between fully stripped ions may result in a charge change
one~or both! of the ions, changing their trajectory and effe
tively removing them from the beam.

In this paper, we present our measurements for elec
capture, ionization, capture from pair production, and f
pair production in the 1-GeV/nucleon energy range. Porti
of this data have been reported in two letters@3,32#. In Sec.
II, we present a discussion of radiative electron capture, n
radiative capture, capture from pair production, and free p
production. In Sec. III, we describe the experimental se
used at the Lawrence Berkeley National Laboratory’s Be
lac to measure the cross sections for radiative electron
ture, nonradiative capture, capture from pair production,
free pair production. In Sec. IV, we present our experimen
results for each of the processes, and compare them
theory. We conclude with a summary.

II. ELECTRON CAPTURE, IONIZATION, AND PAIR
PRODUCTION PROCESSES

The energy spectrum of an electron in the field of
nucleus consists of discrete bound states, a positive-en
continuum, and, in the Dirac picture, a negative-energy c
tinuum. A neutral atom of atomic numberZ consists ofZ
electrons occupying the discrete bound states and an infi
number of electrons occupying the negative-energy c
tinuum. When a~bare! ion projectile impinges on this atomi
target it may capture one of the bound state electrons o
electron from the negative-energy continuum. The captur
an electron from the negative-energy continuum leave
hole in the negative-energy continuum which translates
the emission of a positron. Within this picture, capture a
capture from pair production can be viewed as similar p
cesses, with ordinary capture being the capture of a ‘‘re
electron initially in an atomic bound state, and capture fr
pair production being the capture of a ‘‘virtual’’ electro
initially in the negative energy continuum. Capture from p
production is also treated theoretically as an excitation of
electron from the negative energy continuum of theprojec-
tile to one of its bound states. These two descriptions lea
the same result when a complete set of atomic st
~negative- and positive-energy continuua! is used. A discus-
sion of these two ways of treating capture from pair prod
tion, can be found in a recent paper by Ionescu and Eic
@71#. One should therefore expect to see both the ‘‘exc
tionlike’’ and ‘‘capturelike’’ behavior of capture from pai
production in the dependence of its cross section on the
lision energy, and on the target and the projectile atom
numbers. The energy, and the projectile and the targeZ
dependencies of the different cross sections are espec
es
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noticeable in the relativistic limit, which, although not fu
filled in our experiment (g<2.5, whereg is the Lorentz
factor!, do allow a simple qualitative discussion of the fe
tures of the theories. The experimental results will be co
pared to the appropriate theories in Sec. IV.

In the relativistic limit (g@1), almost all theories predic
an approximate charge and energy dependence of nonr
tive capture as@18,19,24#

snonradiative capture} Zp
5Zt

5g21, ~1!

whereZp andZt are the atomic numbers of the projectile a
the target, respectively. The dominantZ5 dependencies aris
in the nonrelativistic expression from the Fourier transfor
of the bound-state wave functions of the target and the p
jectile atom. They reflect the ability of high-Z atoms to ac-
commodate high-momentum components of the elect
transitional motion.

If electron capture is accompanied by the emission o
photon, energy-momentum conservation does not require
initial electron wave function to possess high-moment
components in order to have sufficient momentum over
with the moving projectile wave function. Capture of fre
electrons is no longer forbidden, and in the target atom, alZt
electrons contribute to the cross section with about eq
weight. Since the velocity of an electron capture into t
projectile is that of a free electron as seen in the rest fram
the projectile, moving with the velocity spread within th
target atom, the radiative electron capture cross section
the projectile varies as

sREC } Zp
5Ztg

21 ~2!

for large values ofg. Radiative electron capture to a specifi
staten can be written in terms of the photoelectric cro
section as

sREC~n!5sPHO~n,k!@~g21!1Bn#2/~g221!, ~3!

wheresREC(n) is the radiative electron capture cross sect
in to principal quantum numbern, sPHO(n,k) is the photo-
electric cross section for then level for a photon of the
energy of the electron seen by the moving ion,Bn is the
binding energy of an electron in then level in units ofmc2.
A Zp

5 dependence is contained in the photoelectric cross
tion.

For free pair production, in the limit of large values ofg,
one may visualize the process in the center-of-mass fram
a creation process by two virtual photons, each of them c
tained in the rapidly time-varying electromagnetic field ge
erated by moving nuclear chargeZp or Zt . Estimates for pair
production give a cross section that varies roughly as@33,35#

sFPP } Zp
2Zt

2ln3~g!. ~4!

This cross section increases with energy. We find the sa
Z2 dependence as in ionization and free pair production
be viewed as an ‘‘ionizationlike’’ process, where the initi
state is an electron in the negative-energy continuum and
final state is that electron in the positive-energy continuu
The symmetry of the target and the projectile is stressed
the same atomic-number dependence with respect to
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2808 56A. BELKACEM et al.
partners. The increase with energy of the free pair produc
cross section comes from larger impact parameters that
come available as the collision energy increases.

For capture from pair production, in which the electron
created in a bound state of the projectile~for example, aK
shell!, the factorZp

2 in expression~4! is replaced by theZp
5

dependence characteristic of capture into a bound state
with nonradiative capture and radiative electron capture
scribed above. The approximate dependence is@24#

sCPP } Zp
5Zt

2ln~g!. ~5!

Unlike radiative electron capture and nonradiative captu
the cross section of capture from pair production increa
with increasing relativistic collision energy and becomes
dominant electron-capture process at highly relativistic en
gies.

In a more detailed recent calculation of capture from p
production, also in the relativistic limit, Baltz, Rhoade
Brown, and Weneser used a nonperturbative approac
small impact parameters, and a perturbative approac
large impact parameters, to establish a simple formula
capture from pair production cross section at very high
ergies@56–59#,

sCPP5A lng1B. ~6!

The parametersA andB depend onZp andZt , but are inde-
pendent of energy. TheA lng term arises from the large im
pact parameter region of the interaction, withA entirely de-
termined by perturbation theory and lng expressing the
increasing impact parameter cutoff with increasingg. The
energy independent parameterB expresses both the pertu
bative and nonperturbative contributions at smaller imp
parameters. Expressions~5! and ~6! both display a lng de-
pendence of the capture from pair production cross sectio
extreme relativistic energies.

The physical picture of the above discussion rema
qualitatively correct at lower energies~1-GeV/nucleon
range!. But, as seen in Sec. IV, calculations for nonradiat
capture, capture from pair production~and free pair produc-
tion! in this energy region are required to reproduce exp
mental results quantitatively.

III. EXPERIMENTAL SETUP

The experiment was performed at the Berkeley Natio
Laboratory’s Bevalac accelerator using 0.4–1
GeV/nucleon La571 and 0.96-GeV/nucleon U921 projectiles
on thin targets. Figure 1 shows a schematic of the beam
and the relative positions of the detectors. The heavy
beam~La491 or U681) is extracted from the Bevalac in
pulse with about a 1-s duration, and a repetition rate of
per minute. The beam passes through a stripping foil to p
duce the bare ions used for the experiment. Rates of betw
103 and 53106 heavy ions per pulse were used. The io
travel approximately 100 m from the extraction region of t
accelerator to the last detector in vacuum of a few tim
1025 Torr to keep beam charge changing at negligible lev

After passage through the target foil the beam is focu
by a pair of quadrupole doublets and charge-state analy
by a pair of dipole magnets~approximately 2 Tm) to pro-
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duce a horizontal focus of 0.4-cm full width at half max
mum ~5-cm vertical focus! and a typically 2-cm horizonta
separation of adjacent charge states. Excellent charge-
separation is essential because only 0.1–2 % of projec
ions capture an electron in the thin-foil targets. With t
target removed, we find that no more than a few parts per4

of the bare ions are miscounted as a one-electron ion. T
measurements is repeated during data taking and used to
rect the data.

The beam detector array uses three plastic scintillat
each coupled to a photomultiplier detector not shown in F
1. One scintillator~Ib! is used to detect the bare projecti
and the other~Ic! to detect the charge-changed one-elect
ion. We verified systematically that the fraction of two
electron ions is negligible. A third detector~not shown!
spans both charge states and is used as a check on Ib a

For the ionization and capture experiments, we used3

ions per pulse to insure that the scintillators detect ev
single ion with an efficiency of unity. For pair productio
measurements, the beam intensity was increased above5

per pulse to produce a signal rate of about one electr
positron pair per pulse. Two problems associated with h
rates are beam pileup and scintillator darkening. Beam pil
occurs if two ions strike a scintillator within a time window
that is shorter than the resolution time of the electroni
registering the two as a single event. In our setup, at a rat
106 ions per pules, two ions strike a detector within 50
from each other 10% to 20% of the time. This value of be
pileup is tied closely to the microstructure of the bea
which in turn depends on the details of extraction of t
beam from the accelerator. Beam pileup is negligible at l
rates. We measure the ratio of Ic to Ib at low intensiti
where Ib is not affected by beam pileup, and then system
cally monitor that ratio at high rates. Ic is struck only by th
small fraction of the beam that has capture an electron,
thus counts every ion with an efficiency of unity, even
high beam intensities.

The second problem associated with high beam inten
is scintillator darkening which is physical damage to t
plastic at the location of the beam trajectory. It develops o
hours or days, depending on the beam intensity and
atomic number of the projectile. Darkening can affect t
pulse height and thus the counting efficiency and timing
the detector. Darkening is monitored by checking the ana
output signal of the photomultiplier tube attached to the sc
tillator. Similar to beam pileup, darkening is also monitor
by checking the ratio of Ic to Ib.

Two sets of targets are used for measurements. A ta

FIG. 1. Schematic of the beamline. The ions emerging from
target are charge state analyzed by a pair of large dipole magne
detects the bare ions, while Ic detects the one-electron ions.
advanced positron spectrometer~APS! detects the positrons and/o
electrons emitted at the target. The target is located inside the
shown in Fig. 2. See text for details.
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56 2809CAPTURE, IONIZATION, AND PAIR-PRODUCTION . . .
changer with 49 targets which can be inserted in any com
nation is used for measurements of total capture cross
tions and ionization cross sections. For capture from p
production and free pair production, it is necessary to de
the positron emitted from the target. In the present setup,
targets are mounted on a target ladder inside the adva
positron spectrometer~APS!. We use Au, Ag, Cu, and myla
targets with thicknesses ranging from 0.1 to 5.1 mg/cm2.
These thicknesses are chosen to keep the probability
stripping a captured electron to less than 20%. The ta
thicknesses are determined to610% by measuring the en
ergy loss ofa particles emitted by an241Am source.

The advanced positron spectrometer, shown in Fig. 2
configured in such a way that it measures the energy and
angular distribution of the electrons and the positrons em
ted at the target. The APS is 2.6 m long and consists o
solenoid with a dipole magnet at each end. The solenoi
constructed from seven coils that are powered independe
to generate a longitudinal field that is strong (B50.8 T maxi-
mum! at the target foil in the APS, but adiabatically d
creases to reach a value of about 0.2 to 0.25 T at each
Figure 3 shows a profile of the longitudinal field genera
by the solenoid and the transverse field generated by
dipoles. The adiabatically decreasing longitudinal magn
field transports the electrons and positrons away from
target, and, most importantly, converts much of their tra
verse motion into longitudinal motion using the particle
cyclotron frequency as an adiabatic invariant.

At each end of the solenoid the longitudinal field
sharply reduced to zero within a few cm, using a magne
field clamp consisting of a 12-cm-diameter exit hole in
5-cm-thick steel end plate. The positrons and the electr
which transform their transverse momentum into longitu
nal momentum as a result of the adiabatic decrease in
are deflected in opposite directions by the transverse di
field into their respective detectors. In addition to the ve
clean separation of electrons and positrons, this careful s
ing of the magnetic field allows a very high and very unifor
acceptance.

Tests of the apparatus using radioactive sources

FIG. 2. Schematic diagram of the advanced positron spectr
eter ~sectional view from the top!. The solenoidal field decrease
adiabatically from the target toward the ends, causing the di
gence of the electrons and positrons to decrease, allowing the
be swept by the dipole magnets into the scintillator detectors.
target, or a calibration source, is located near the center of
solenoid. The heavy ion beam travels horizontally through the c
ter of the apparatus.
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knock-on electrons ejected by ion beams from fixed so
targets show an acceptance close to unity for emission an
of up to 75° forward and backward. This acceptance is in
pendent of the electron or positron energy in the ene
range investigated~from 0.1 to 3 MeV!. The high acceptance
is not very sensitive to the exact shape of the field shown
Fig. 3, and the current in each coil can be varied by as m
as 10% without any noticeable change in acceptance.
acceptance decreases by more than 30% if the adiabatic
not used, and this loss comes preferentially from electr
~or positrons! emitted at large angles. Without the adiaba
cally decreasing field, most of the positrons emitted at la
angles, upon reaching the end of the solenoid field, wo
have a large transverse momentum, causing them to s
the walls of the apparatus before they can be deflected
the spectrometer detectors.

The initial discrimination between electrons and positro
is made by the dipole magnets that deflect electrons
positrons in opposite directions into their respective det
tors. These detectors consist of four, 10-cm-high, 15-c
long, and 1.9-cm-thick plastic scintillators, two upstream,
detect the backward positrons and electrons, and two do
stream, to detect the forward positrons and electrons.

At 1 GeV/nucleon, a large number of knock-on electro
are ejected from the target by the collisions with high-Z pro-
jectile ions. For a 1-mg/cm2 Au target, approximately 3–4
electrons, with an energy above 100 keV, are ejected
every collision with a U921 ion, while only a few positrons
are expected for every million collisions. Roughly 0.2–0.3
of these knock-on electrons backscatter from the elec
scintillator into the positron scintillator, simulating a pos
tron. The discriminate against these scattered electrons
require the detection of one of two 511-keV photons that
emitted back to back when the positron comes to rest
annihilates in the plastic scintillator. The 511-keV photo
are detected by NaI scintillation detectors~12.5-cm diameter
and 15 cm long! directly behind each of the four plasti

-

r-
to
e
e

n- FIG. 3. Measured longitudinal magnetic field~dashed line! in-
side the APS solenoid and transverse magnetic field~solid lines! of
the dipole magnets located at each end of the solenoid. For b
access the target is located slightly upstream from the center o
solenoid.
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2810 56A. BELKACEM et al.
scintillator detectors. The 511-keV photon easily pas
through the thin low-Z plastic scintillator. The detection ef
ficiency of the NaI detector for the 511-keV photons is me
sured to be 42%, with approximately 60% of the detec
photons appearing as the narrow single peak with an
energy resolution and the remainder as a broad Com
distribution. In our data analysis, only the photopeak is u
to discriminate against background~gamma! photons in ac-
cidental coincidence with backscattered electrons. Th
background gammas come from activation by the beam
the beamline, cave, and apparatus.

For positrons of equal energy, the ones emitted at lar
angles will take longer to traverse the solenoid than o
emitted at a smaller angle. A measurement of the time
flight of each detected positron through the strong field of
solenoid, combined with its measured energy is used to
termine its emission angle with respect to the beam direct

FIG. 4. Fraction of La561 as a function of target thickness for
1.3-GeV/nucleon La571 projectile incident on Ag targets. The soli
curve is a fit to the data based on Eq.~7!.

FIG. 5. Measured total electron-capture cross section~radiative
electron capture, plus nonradiative capture, plus capture from
production! as a function of target atomic number for 0.9
GeV/nucleon U921 ~on Au, Ag, and Cu targets!. The theoretical
predictions for nonradiative capture and radiative electron cap
are shown in long-dashed and short-dashed lines, respectively
the sum as a solid line.
s
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The four fast-timing scintillator-photomultiplier detectors a
used to measure the energy and the time of flight of
positrons and the electrons. The energy resolution is appr
mately 17%, and the time resolution is 150–200 ps wh
translates into an angular resolution of 15° or better. T
timing reference for the positron is given by the ion th
produced the positron, detected by the fast-timi
scintillator-photomultiplier detector Ic or Ib~Fig. 1!.

IV. RESULTS AND DISCUSSION

A. Capture and ionization

The cross section for capture of a target electron by
projectile is obtained by measuring the fraction of on
electron ions emerging from the target when a beam of b
ions is incident on the target. This fraction is measured
several target thicknesses, with the thicknesses chosen t
sure that the measurements lie in the linear part of the ta
thickness dependence curve. For some target materials
thicknesses are varied over a wide range to allow the ext
tion of the electron loss cross section as well. Figure 4 sho
the fraction of La561 ~one-electron! ions as a function of
target thickness for 1.3-GeV La571 projectiles impinging on
Ag. The solid line is a least squares fit to the data and refle
electron capture and loss while the projectile ion travels
side the target. Since only bare ions and one-electron ions
of importance at these energies, the fitting function is sim
given by @72#

F565@sc /~sc1s1!#$12exp@2~sc1s1!x#%, ~7!

whereF56 is the fraction of one-electron ions,sc ands1 are
the capture and loss cross sections in cm2, respectively, and
x the target thickness in atoms/cm2. The fractionF56 reaches
an equilibrium value ofsc /(sc1s1)'sc/s1 at very large
thicknesses. At 1.3 GeV/nucleon, the ionization cross sec

ir

re
nd

FIG. 6. Measured total electron-capture cross section for 0.4
0.96-, and 1.3-GeV/nucleon La571 and electron loss cross sectio
for 1.3-GeV/nucleon La561 as a function of target atomic numbe
The solid lines and the dashed curves are theoretical values~see text
for details! and, for capture, include contributions from radiativ
electron capture and nonradiative capture.
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56 2811CAPTURE, IONIZATION, AND PAIR-PRODUCTION . . .
is much larger than the capture cross section, by a facto
approximately 300 for the case of La571 on Ag, as shown in
Fig. 4.

In Figs. 5–7, our experimental values of the ionizati
and total capture cross sections, are compared with theo
cal predictions of radiative electron capture, nonradiat
capture, and ionization. The theoretical numbers for cap
include contributions from all the excited states of the tar
and the projectile. For ionization, the theoretical values o
include the electron loss from the projectile ground state
cause, in our experimental conditions, the mean free p
between two successive collisions is much longer than
radiative decay of excited states to the ground state. At th
energies, capture from pair production does not make a
nificant contribution to the total capture cross section. Rad
tive electron capture differs only slightly from radiative r
combination, which is the inverse of the photoelectric eff
and can be calculated from the photoelectric cross sec
For radiative electron capture, the electron binding in
target gives rise to a momentum spread which is usu
taken into account by the Compton profile. Radiative el
tron capture is calculated using Eq.~3! with photoelectric
cross sections from Hubbell@73#. The photoelectric cross
sections are those emitted photons whose energy is equ
the binding energy of the capture electron plus the kine
energy of the captured electron seen in the rest frame of
projectile.

Two-center coupled-channel calculations for nonradiat
capture@22# provide the best agreement with experiment
high-Z projectiles in the 1-GeV/nucleon energy range. Ho
ever, these calculations are extremely time consuming
are not practical at present to study a large number of c
sion systems. Eikonal calculations are more commonly u
for nonradiative capture. Theoretical values used in this
per were calculated by Eichler and Ichihara using a sim
procedure as in Ref.@9#. In particular they used the ‘‘pos
form’’ for the U 921 projectile and the ‘‘prior form’’ for the
La571 projectile. For ionization, plane-wave Born approx

FIG. 7. Measured total electron-capture cross section
La571 on Au and electron loss cross section of La561 on Au, both
as a function of collision energy. The solid lines and the das
curves are theoretical values~see text for details! and, for capture,
include contributions from radiative electron capture and nonra
tive capture.
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mation values which include screening and antiscreening
taken from Anholt and Becker@24#.

1. Target and projectile atomic number dependence

Figure 5 shows the total capture cross section meas
for 0.96-GeV/nucleon U921 on Cu, Ag, and Au targets. The
measured cross section is a combination of radiative elec
capture and nonradiative capture and includes capture
excited states. Also shown in Fig. 5 are the theoretical p
dictions for radiative electron capture and nonradiative c
ture. The sum of these agrees well with the measured c
sections for Cu and Ag targets but overestimates the c
section for a Au target by 20%. The discrepancy betwe
theory and experiment for high-Z targets may be due to limi
tations of the eikonal calculations. Indeed, using the pr
and post form expressions, the eikonal calculations treat
lightest of the two ions perturbatively, which in the prese
case would be the Au target.

Radiative electron capture is the dominant capture mec
nism for low-Z targets while nonradiative capture dominat
for high-Z targets. Qualitatively, this means that electro
loosely bound in low-Z target atoms~or in outer shells of
high-Z atoms! are more likely to be captured with photo
emission than without.

Figure 6 shows capture and loss cross sections meas
for a La571 projectile at 0.405, 0.96, and 1.3 GeV/nucleo
There is a good agreement between theoretical and ex
mental values both for capture and loss. The loss cross
tion at 1.3 GeV/nucleon is 2–3 orders of magnitude larg
than the capture cross section.

2. Energy dependence

Figure 7 shows the cross sections for capture and loss
La571 on Au as a function of the projectile energy. As e
pected, the capture cross section decreases very rapidly
increasing projectile energy, in good agreement with theo
We find that the capture cross section falls approximately
g23, much faster than theg21 dependence given by th
relativistic-limit expressions~1! and ~2!. The loss cross sec
tion varies very little with collision energy in the 1
GeV/nucleon energy range, in agreement with theory. At
highest collision energy, the measured ionization cross s
tion appears to be slightly, but not significantly, smaller th
the theoretical value.

The energy dependence of the capture cross section
other targets can also be seen from Fig. 6. The capture c
sections decrease very rapidly with increasing projectile
ergy for all targets, and shrink by 1–2 orders of magnitu
between 0.405 and 1.3 GeV/nucleon. Overall, we find th
in the 1-GeV/nucleon energy range, theory is usually capa
of predicting qualitatively as well as quantitatively~within
20%! the measured cross sections for capture and loss.

B. Capture from pair production and free pair production

Unlike nonradiative capture and radiative electron ca
ture, capture from pair production, and free pair product
are accompanied by the emission of a positron. The detec
and the measurement of the energy and momentum of

r

d

-



in
rg

tu

d
si
w
m
e
u
le
s
80
m

tu

for
s
ree

rd
the

in
ro-
t the

ent

as

are
w-

om
6-

tu

b
m

tu

b
d

ro-
t
75°
rgy

ap-

be-
d

2812 56A. BELKACEM et al.
emitted positron can be considered as a signature of the
tial state that the electron occupied in the negative ene
continuum.

1. Positron energy and angular distributions

Figure 8 shows the positron energy spectra for cap
from pair production for a 0.96-GeV/nucleon U921 beam
incident on a 1-mg/cm2 Au target. The data for the forwar
and backward directions have been integrated over emis
angles of 0° to 75° and 105° to 180°, respectively. The t
spectra are taken simultaneously, and therefore are nor
ized to the same number of incident uranium ions. The sp
tra show a relative lack of low-energy positrons. This is d
to the repulsion of the positrons by the gold target nuc
which are at rest in the laboratory frame. The forward po
tron energy spectrum displays a broad maximum around
keV, while the backward spectrum displays a maximu
around 400 keV.

Figure 9 shows the positron energy spectrum for cap

FIG. 8. Measured positron energy spectrum for electron cap
from pair production by 0.96-GeV/nucleon U921 on a Au target.
Each data point is the result of an integration over all angles
tween 0° and 75°~forward and backward with respect to the bea
direction! and over an energy interval of 100 keV.

FIG. 9. Measured positron energy spectrum for electron cap
from pair production by 1.3-GeV/nucleon La571 on a Au target.
Each data point is the result of an integration over all angles
tween 0° and 75°~forward! with respect to the beam direction an
over an energy interval of 200 keV.
i-
y

re

on
o
al-
c-
e
i

i-
0

re

from pair production, measured with the forward detector
1.3-GeV/nucleon La571 on Au. We find the same features a
Fig. 8. Figure 10 shows the positron energy spectrum for f
pair production for 1.3-GeV/nucleon La571 on Au. The free
pair production positron spectrum, recorded with the forwa
positron detector, displays the same general features as
capture from pair production positron spectrum shown
Figs. 8 and 9. The signature of the free pair production p
cess is the simultaneous detection of a positron emitted a
target and a La571 ~bare ion! in detector Ib~Fig. 1!. Since a
free pair production event has one coincidence requirem
less than capture from pair production~in which a charge
change is required—a relatively rare event!, there is a higher
probability of miscounting a scattered low-energy electron
a positron. These false events~if they occur! are most likely
to populate the very low-energy part of the spectrum, and
the likely reason for the smaller suppression of the lo
energy positrons in Fig. 10 compared to Figs. 8 and 9.

Figure 11 shows the positron spectrum for capture fr
pair production, recorded with the forward detector, for 0.9

re

e-

re

e-

FIG. 10. Measured positron energy spectrum for free pair p
duction by 1.3-GeV/nucleon La571 on a Au target. Each data poin
is the result of an integration over all angles between 0° and
~forward! with respect to the beam direction and over an ene
interval of 120 keV.

FIG. 11. Measured positron energy spectrum for electron c
ture from pair production by 1.3-GeV/nucleon La571 beam on Cu.
Each data point is the result of an integration over all angles
tween 0° and 75°~forward! with respect to the beam direction an
over an energy interval of 300 keV.
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GeV/nucleon U921 on Cu. Comparing this spectrum with th
previous spectra shows that, with the present choice of e
gies and projectiles, the target atomic number has little or
effect on the shape of the positron spectrum.

As already seen in Fig. 8, the high-energy electrons
emitted preferentially in the forward direction. This relatio
is seen more clearly in Fig. 12, which shows the measu
yield of positrons as a function of the positron emissi
angle with respect to the beam direction, for different po
tron energies, for 0.96-GeV/nucleon U921 on Au. The posi-
trons with kinetic energies higher than 1.8 MeV are emit
preferentially at angles smaller than 40°, while positro
with energies lower than 1.0 MeV are emitted preferentia
at the larger angles. This angular dependence agrees qu
tively with predictions based on first order-perturbati
theory for capture from pair production calculated by Bec
@63#. Figure 13 gives the angular distribution of the positro
integrated over all positron kinetic energies between 1
keV and 2.5 MeV. There is a strong maximum in the dis
bution between 30° and 45°, which is roughly 1/g rad, and is
assumed to be largely kinematic. The two parts of the sp

FIG. 12. Yield of positrons as a function of positron emissi
angle with respect to the beam direction for positron kinetic en
gies between 0.2–1, 1–1.8, and 1.8–2.5 MeV, respectively. E
data point is the result of an integration over an angular interva
10°. The data are for 0.96-GeV/nucleon U921 on Au.

FIG. 13. Total yield of positrons as a function of positron em
sion angle with respect to the beam direction. Each data point
result of an integration over all positron kinetic energies betw
0.1 and 2.5 MeV. The data are for 0.96-GeV/nucleon U921 on Au.
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trum from 0° to 75° and from 105° to 180° were record
simultaneously. A smooth continuation from one part of t
spectrum to the other is found. Below, this smooth contin
ating is used to estimate the fraction of the total cross sec
not detected by the APS.

2. Total positron cross sections and corrections

To obtain total cross sections from positron spectra, o
has to integrate over the positron energy~and angle! and
correct for the angular region not covered by the spectro
eter and forg detector efficiency.~Since only events tha
register a 511-keVg are used in our analysis, it is necessa
to correct the cross sections for the solid angle of the N
detector and its efficiency.! A straightforward way to obtain
the total cross section is to count the number of 511-k
photons. Figure 14 shows a typical photon spectrum in
NaI detector set behind the forward positron detector~Fig.
2!, for capture from pair production~U 921 on Au!. The spec-
trum displays the 511-keV photopeak and a broad Comp
distribution. In general, some unwantedg background from
various beam-activated sources in the experimental a
populates the lower part of the spectrum, and contribute
the Compton distribution. We use only the photopeak, c
rected for detection efficiency, to determine the total cro
section.

We correct for the undetected angular region betwe
75° and 105° in the spectrometer, using the positron ang
distribution for capture from pair production, shown in Fi
13. Since our focus during this experiment was on capt
from pair production, we did not record enough statistics
obtain an equivalent positron angular distribution for fr
pair production. However, the positron angular distributio
for capture from pair production and for free pair producti
are expected to be similar, allowing us to apply the sa
corrections. The correctness of this assumption is suppo
by the fact that the ratio of positrons detected in the ba
ward direction to positrons detected in the forward direct
is found to be the same for capture from pair production a
for free pair production. Furthermore, since the fraction
positrons not detected by the APS is small, we believe t
the resulting error we make is well within our overall err
estimate.

The data are also corrected for the contribution from fa
events corresponding to two-step processes:~i! capture from
pair production followed by stripping of the electron in th
target which simulates free pair production;~ii ! free pair pro-
duction followed by capture of a target electron, which sim
lates capture from pair production. The~positive or negative!
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-
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FIG. 14. Photon energy spectrum in the NaI detector set beh
the forward positron detector. The spectrum shown here is for c
ture from pair production by 0.96-GeV/nucleon U921 on Au.
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2814 56A. BELKACEM et al.
contribution from the first two-step process is corrected
using well-known ionization cross sections~in most cases
measured during the same experiment!, and are reduced to
minimal values by using very thin targets. The second tw
step process is more difficult to estimate accurately, beca
it is dominated by the two-step process occurring in the sa
collision. This background is larger in collision system
where nonradiative capture probabilities are large, at lo
collision energies and high-Z targets. Using theoretical val
ues of capture probabilities for small impact paramet
@18,22,52#, where pair production preferentially occurs, w
estimate that false events contribute at most 6% to cap
from pair production for U921 on Au. The contribution is
smaller for Ag and Cu targets.

We find the total cross section for capture from p
production and free pair production of 0.96-GeV/nucle
U 921 on Au to be 2.1960.25 and 3.360.65 b, respectively.
A calculation of capture from pair production, based on fir
order perturbation theory, and summed over all poss
final bound states, yields a value of 1.01 b, which is low
than our measured cross section by a factor of;2.2. A non-
perturbative coupled-channels calculation of capture fr
pair production has been published for Pb on Pb at
GeV/nucleon by Rumrichet al. @50#. Using scaling from per-
turbation theory to extrapolate those results to U on Au gi
a value which is higher than our measured cross section
factor of ;2. Baltz, Rhoades-Brown, and Weneser@57#
noted that the small basis set used by Rumrichet al. gives
rise to a gauge dependence. A more recent nonperturb
result based on the solution of the time-dependent D
equation in momentum space predicts a value of 2.6 b
U 921 on Au @52#. However, this good agreement with th
experimental value is overshadowed by a large uncertaint
the numerical result.

Discrepancies between theory and experiment are fo
for free pair production as well. Using first-order perturb
tion theory, but different expressions for the target wa
functions, Becker, Grun, and Scheid@35# predicted a value
of 5.1 b, and Decker@34# a value of 1.25 b. These differen
numbers~which both disagree with our measured cross s
tion! are obtained from a similar perturbation theory, a
thus highlight some of the difficulties encountered in fr
pair production calculations. Unlike capture from pair pr
duction, where there is only one final state, for example,
K shell, free pair production involves an infinite number
final states for the electron, making the calculations v
tedious.

3. Target and projectile atomic number dependence

An important feature of capture from pair production a
of free pair production is the dependence of their cross s
tion on the atomic number of the target and projectile. Fig
15 shows the total cross section of capture from pair prod
tion and free pair production~both scaled byZt

2) for 1.3-
GeV/nucleon La571 on Au, Ag, and Cu targets. AZt

2 depen-
dence is represented by the horizontal lines in the figure.
find that the free pair production cross section follows aZt

2

dependence, while the capture from pair production cr
section has a slightly stronger dependence as evidence
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the positive slope. A fit to the data shown in Fig. 15 giv
Zt

2.1560.25 for free pair production andZt
2.9560.4 for capture

from pair production.
Figure 16 compares theZt dependence of capture from

pair production, for two different projectiles~La571 and
U 921) at 0.96 GeV/nucleon.~This data are not scaled b
Zt

2 .) The slopes of the two sets of data are very similar. W
find a Zt

2.6560.35 for the La571 projectile and aZt
2.860.25 for

U 921 projectiles. It appears that in 1-GeV/nucleon ener
range, capture from pair production exhibits aZt dependence
closer toZt

3 than toZt
2 , regardless of projectile or collision

energy, while free pair production follows aZt
2 dependence.

We suggest that the stronger dependence for capture
pair production could be due to a higher effective bindi
energy while the two nuclei are close together. If this su
gestion is correct, one expects the effect to diminish at hig
energies since the total cross section should be dominate

FIG. 15. Capture from pair production and free pair product
cross sections, divided byZt

2 , as a function of the target atomi
number for a 1.3-GeV/nucleon La571 projectile. The horizontal
lines are a guide for the eye to highlight aZt

2 dependence.

FIG. 16. Capture from pair production cross sections measu
for 0.96-GeV/nucleon U921 and La571 projectiles as a function of
target atomic number.
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the increasing contribution from large impact parameters
The capture from pair production cross section for 0.9

GeV/nucleon U921 projectiles is found to be approximate
20 times larger than the cross section for 0.96-GeV/nucl
La571 projectiles, for all targets. This means that the cro
section depends more strongly on the projectile atomic n
ber than it does on the target atomic number. Using the
and La data, we find a dependence on projectile atomic n
ber that isZp

6.5460.65 ~for a Au target!, compared to a targe
atomic number dependence betweenZt

2 andZt
3 . In contrast,

the free pair production cross section varies asZp
1.5360.8 for

the Au target, which is very close to its dependence on
target atomic number. Again, for capture from pair produ
tion, the stronger projectile atomic number dependence t
Zp

5 , expected at the relativistic limit, may be due to a high
effective binding energy while the two nuclei are in clo
proximity. The aboveZt and Zp dependencies for free pa
production are in general agreement with the dependen
expected at the relativistic limit, but for capture from pa
production, are both somewhat stronger.

4. Energy dependence

Another important feature of capture from pair producti
and free production is the dependence of their cross sec
on the collision energy. Figure 17 shows in~a! the uncor-
rected and in~b! the corrected capture from pair productio
cross sections~divided by Zt

2) for 0.405-, 0.96-, and 1.3
GeV/nucleon La571 projectiles on Au, Ag, and Cu targets
This cross section increases rapidly with increasing collis
energy. In contrast, the cross section for capture of a ta
electron~Fig. 7! decreases rapidly with increasing collisio
energy.

FIG. 17. ~a! Cross sections~divided byZt
2) for electron capture

in coincidence with the detection of a positron for La571 incident
on Au, Ag, and Cu targets. These cross sections are a sum of
ture from pair production and false events due to free pair prod
tion along with the capture of a target electron.~b! Data in ~a!
corrected for false events~see text!. Calculations based on first
order perturbation theory are shown as a solid line.
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For La, Fig. 17~a!, we estimate that at least two-thirds o
the events measured at 0.405 GeV/nucleon for a Au ta
are due to free production followed by capture of a tar
electron. If one makes the extreme assumption that all th
events are false, then an upper limit on the contributions
these false events to capture from pair production in the
target at 0.96 and 1.3 GeV/nucleon is 20% and 10%, resp
tively. Figure 17~b! shows the capture from pair productio
cross sections with these corrections for the background.
corrections are negligible for the low-Z targets at all three
energies, and very small for high energies, due to the sm
nonradiative capture cross sections~see Fig. 6!. The correc-
tion increases the apparent dependence of the cross se
on collision energy. Figure 17~b! also shows the results of
calculation based on first-order perturbation theory@63#. This
calculation~which yields aZt

2 dependence! includes the con-
tribution of the excited states of the projectile to the to
cross sections. We find that, in the energy range studied h
there is fair agreement between theory and experiment
the cross sections and their energy dependence.

Figure 18 shows the free pair production cross section
a function of energy for La571 on Au, Ag, and Cu targets
Similar to capture from pair production, the cross section
found to increase rapidly with increasing collision energi
Also shown is a first-order perturbation theory calculation
the free pair production cross section as a function of ene
@35#. Here the perturbation calculation overestimates
measured values at the higher projectile energies. There
large uncertainties at 0.405 GeV/nucleon for capture fr
pair production, and the limited range of energies stud
here make it difficult to confirm the prediction that free pa
production increases faster with increasing collision ene
than capture from pair production. The experimental cr
sections for capture from pair production and free pair p
duction rise with energy closer to ln2g than the lng depen-
dence expected at the relativistic limit.

V. SUMMARY AND CONCLUSION

This paper presents a summary of our data on capt
ionization, capture from pair production, and free pair p
duction, for bare uranium and lanthanum projectiles in
1-GeV/nucleon energy range. The cross sections were m
sured as a function of the collision energy, the target ato
number, and the projectile atomic number. Among import
features, we find that the total capture cross section~domi-

p-
c-

FIG. 18. Free pair production cross section~divided byZt
2) for

La571 incident on Au, Ag, and Cu targets as a function of t
La571 projectile energy. Calculations based on first-order pertur
tion theory are shown as a solid line.
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2816 56A. BELKACEM et al.
nated by nonradiative capture and radiative electron capt!
decreases almost asg23, while the capture from pair produc
tion cross section increases almost as fast as ln2g, still far
from the respective expected relativistic limits ofg21 and
lng. At higher energies, the capture from the pair product
cross section is expected to become larger than the cap
cross section of a target electron. We also find that, in
1-GeV/nucleon collision energy range studied here, free
production does not rise much faster than capture from
production. Again this is very different from the relativist
limit where, for example at RHIC energies, the free p
production cross section is expected to be several order
magnitude larger than the capture from the pair produc
cross section. Measurements performed by the E892
laboration at the Brookhaven National Laboratory’s AGS
10 GeV/nucleon, and being currently analyzed, will like
address this interesting question.

A series of papers describing measurements and calc
tions of nonradiative capture, radiative electron capture,
ionization in an energy range close to the one studied h
have been published previously@1–7#. For similar systems
~U on Au, for example! our results for capture and ionizatio
are very close to the measurements reported by these aut

We find that existing theories reproduce well the me
sured capture and loss cross sections. We find a small
crepancy~about 20%! between the calculated capture cro
section and the measured capture cross section for U921 on
Au. We suggest that this discrepancy is a result of the li
tations of the eikonal calculations for a high-Z projectile on a
high-Z target.

Unlike capture and ionization, capture from pair produ
tion and free pair production data are not well reproduced
present theory. Both perturbative and nonperturbative m
ods that describe capture from pair production in the
GeV/nucleon energy range can be found in the literature
practice, only theories based on first-order perturbat
theory or equivalent photon methods can be used for di
.
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comparison with our experimental data. The results of th
calculations disagree with our data by a factor of 2 or m
for the heaviest systems. This suggests that these colli
systems are highly nonperturbative. Nonperturbative calc
tions, however, are computationally intensive and prese
have large numerical uncertainties due to the limitations
CPU time or memory available on the fastest compute
Finally, many of the calculations are performed in the re
tivistic limit of the collision energy, and do not apply quan
titatively to the present data. Experiments at higher energ
are needed to test these calculations.
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