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The cross sections for capture, ionization, capture from pair production, and free pair production were
measured for 0.96-GeV/nucleor®™ and 0.405-, 0.96-, and 1.3-GeV/nucleoraions 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 capéure
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 clagg tharacteristic 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 thzﬂf, and on the projectile atomic humber, somewhat steeper thaZﬁMaracteristic
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.[S1050-294{@7)06809-1

PACS numbeps): 34.70+e, 25.75-q

I. INTRODUCTION cross sections. In nonradiative capture, energy, and momen-
tum are conserved through momentum transfer by the pro-
In ion-ion or ion-atom collisions, charge changing occursjectile and target with no emission of a photon. In nonradia-

through ionization and electron capture. In our experimentalive capture there is often some relation between the collision
situation, electron capture refers to the transfer of an electrofinergy and the binding energy of the state the electron is
from a stationary neutral target to a projectile ion. Two cap-captured into. _ . o
ture mechanisms contribute to this transfer: radiative electron At relativistic energies, the collision velocity is much
capture and non-radiative electron capture. Radiative ele@€ater than the Bohr velocity for all but the-shell elec-
tron capture is the process in which an electron bound to thifons of the heaviest elements, ionization cross sections are

target is captured by the ion with the simultaneous emissiortlnUCh larger than capture cross sections, and the equilibrium

of a photon to conserve momentum and ener It differ charge state of all projectiles is close to fully stripped.
P 9y SI'heory and experiment for ionization, radiative electron cap-

from rad|at!ve recompmauon_— wh|ph_|s the |nve.rse.of theture, and nonradiative capture processes are generally in
photoelectric effect—in that in radiative recombination theagreemen§1—28] with a few interesting exceptiori€9,3
electron is initially free. For radiative electron capture by pjeasurements of a third relativistic charge changing mecha-
(highly ionized highZ) relativistic ions, the binding energy nism, termed capture from pair production, or sometimes
of the target makes only a small contribution and radiativeyound-electron free-positron pair production, has been re-
electron capture cross sections can be related to photoelectiigrted [31,32. The very large transient electromagnetic
fields produced in the relativistic collision of the fast moving
heavy ions result in high probabilities for electron-positron

*Electronic address: abelkacem@Ibl.gov pair production33—47. Since heavy ions have large bind-
"Electronic address: gould@Ibl.gov ing energies, the electron of the pair may be created directly
*Electronic address: b_feinberg@Ibl.gov bound to the ion, decreasing its charge state by ond 4&ijit
SElectronic address: rrbossingham@Ibl.gov An extensive theoretical study of this process can be found
IElectronic address: fe.wem@forsythe.stanford.edu in the literature{49—-69.
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The significance of electron capture from pair productionnoticeable in the relativistic limit, which, although not ful-
is that it is a collision mechanism. Its cross section increaseslled in our experiment §<2.5, wherey is the Lorentz
with increasing relativistic collision energy and, it becomesfacton, do allow a simple qualitative discussion of the fea-
the dominant capture mechanism for highly relativistic ionstures of the theories. The experimental results will be com-
in high-Z targets. It is the mechanism used in the productiorpared to the appropriate theories in Sec. IV.
of antihydrogen[69]. Capture from pair production is also In the relativistic limit (y>1), almost all theories predict
important, because it causes a limitation of the luminosity ofan approximate charge and energy dependence of nonradia-
RHIC, the relativistic heavy ion collider at Brookhaven Na- tive capture a$18,19,24
tional Laboratory, and LHC, the large hadron collider at
CERN, the European Center for Nuclear Resedij. In Tnonradiative capture® ZpZty ™ (1)
these machines, atomic collisiofwithout nuclear contagt
between fully stripped ions may result in a charge change owhereZ, andZ, are the atomic numbers of the projectile and
one(or both of the ions, changing their trajectory and effec- the target, respectively. The dominait dependencies arise
tively removing them from the beam. in the nonrelativistic expression from the Fourier transforms

In this paper, we present our measurements for e|ectroﬁf the bound-state wave functions of the target and the pro-
capture, ionization, capture from pair production, and fredectile atom. They reflect the ability of high-atoms to ac-
pair production in the 1-GeV/nucleon energy range. Portion§ommodate high-momentum components of the electron
of this data have been reported in two lettf8832]. In Sec.  transitional motion.

Il, we present a discussion of radiative electron capture, non- If electron capture is accompanied by the emission of a
radiative capture, capture from pair production, and free paiphoton, energy-momentum conservation does not require the
production. In Sec. Ill, we describe the experimental setughitial electron wave function to possess high-momentum
used at the Lawrence Berkeley National Laboratory’s Bevacomponents in order to have sufficient momentum overlap
lac to measure the cross sections for radiative electron cajvith the moving projectile wave function. Capture of free
ture, nonradiative capture, capture from pair production, anglectrons is no longer forbidden, and in the target atonZall
free pair production. In Sec. IV, we present our experimentaglectrons contribute to the cross section with about equal

results for each of the processes, and compare them witheight. Since the velocity of an electron capture into the

theory. We conclude with a summary. projectile is that of a free electron as seen in the rest frame of
the projectile, moving with the velocity spread within the
target atom, the radiative electron capture cross section into

Il. ELECTRON CAPTURE, IONIZATION, AND PAIR the projectile varies as
PRODUCTION PROCESSES 5 )

The energy spectrum of an electron in the field of a OREC % ZpltY @

nucleus consists of discrete bound states, a positive-energyy |arge values ofy. Radiative electron capture to a specific

continuum, and, in the Dirac picture, a negative-energy Congiaten can be written in terms of the photoelectric cross

tinuum. A neutral atom of atomic numbér consists ofZ  gection as

electrons occupying the discrete bound states and an infinite

number of electrons occupying the negative-energy con- oredN) = oppd K[ (y—1)+B,]4/(¥*—1), (3
tinuum. When dabare ion projectile impinges on this atomic

target it may capture one of the bound state electrons or awhereagred(n) is the radiative electron capture cross section
electron from the negative-energy continuum. The capture ah to principal quantum number, opy(n,K) is the photo-

an electron from the negative-energy continuum leaves alectric cross section for the level for a photon of the
hole in the negative-energy continuum which translates int@nergy of the electron seen by the moving i@, is the

the emission of a positron. Within this picture, capture andbinding energy of an electron in thelevel in units ofmc.
capture from pair production can be viewed as similar pro-A Zf, dependence is contained in the photoelectric cross sec-
cesses, with ordinary capture being the capture of a “real’tion.

electron initially in an atomic bound state, and capture from  For free pair production, in the limit of large values pf

pair production being the capture of a “virtual” electron one may visualize the process in the center-of-mass frame as
initially in the negative energy continuum. Capture from paira creation process by two virtual photons, each of them con-
production is also treated theoretically as an excitation of amained in the rapidly time-varying electromagnetic field gen-
electron from the negative energy continuum of fliejec-  erated by moving nuclear chargg or Z,. Estimates for pair

tile to one of its bound states. These two descriptions lead tgroduction give a cross section that varies roughlj38s35
the same result when a complete set of atomic states

(negative- and positive-energy contindiis used. A discus- Oppp & Zﬁzfln3( v). 4

sion of these two ways of treating capture from pair produc-

tion, can be found in a recent paper by lonescu and EichleFhis cross section increases with energy. We find the same
[71]. One should therefore expect to see both the “excitaZ? dependence as in ionization and free pair production can
tionlike” and “capturelike” behavior of capture from pair be viewed as an “ionizationlike” process, where the initial
production in the dependence of its cross section on the coktate is an electron in the negative-energy continuum and the
lision energy, and on the target and the projectile atomidinal state is that electron in the positive-energy continuum.
numbers. The energy, and the projectile and the tafget The symmetry of the target and the projectile is stressed by
dependencies of the different cross sections are especialthe same atomic-number dependence with respect to both
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partners. The increase with energy of the free pair production APS Beam particle
cross section comes from larger impact parameters that be- I_I> 1 1 detectors
come available as the collision energy increases. L] I—LV, ‘

For capture from pair production, in which the electron is Target Target 51';’;’:;

Box

created in a bound state of the projectiler example, &K
shell, the factorZ; in expressior(4) is replaced by the;
dependence characteristic of capture into a bound state, as FIG. 1. Schematic of the beamline. The ions emerging from the

with nonradiative capture and radiative electron capture detarget are charge state analyzed by a pair of large dipole magnets. Ib

scribed above. The approximate dependen¢@4$ detects the bare ions, while Ic detects the one-electron ions. The
advanced positron spectromef@&PS) detects the positrons and/or
ocpp * Zthzln(y). (5) electrons emitted at the target. The target is located inside the APS

shown in Fig. 2. See text for details.
Unlike radiative electron capture and nonradiative capture,

the cross section of capture from pair production increaseauce a horizontal focus of 0.4-cm full width at half maxi-

with increasing relativistic collision energy and becomes themum (5-cm vertical focus and a typically 2-cm horizontal
dominant electron-capture process at highly relativistic ener- . X ypicaly
gies. separation of adjacent charge states. Excellent charge-state

In a more detailed recent calculation of capture from pair%eparation is essential be.cause or_1|y 0.'1_2 % of pr ojectile
production, also in the relativistic limit, Baltz, Rhoades- lons capture an electron in the thin-foil targets. With the

Brown, and Weneser used a nonperturbative approach ﬁrget removed, we find that no more than a few parts pér 10

small impact parameters, and a perturbative approach the bare |otns_ are m|tsc(;)téntgd aas ta ct)ns—elect:jon 'Og't This
large impact parameters, to establish a simple formula fofneasurements Is repeated during data taking and used to cor-

; ; : ; rect the data.
capture from pair production cross section at very high en- The beam detector array uses three plastic scintillators,
ergies[56-59, - -
each coupled to a photomultiplier detector not shown in Fig.
ocp=Alny+B. (6) 1. One scintillator(lb) is used to detect the bare projectile
and the otheflc) to detect the charge-changed one-electron
The parametera andB depend orZ, andZ,, but are inde- ion. We verified systematically that the fraction of two-
pendent of energy. Tha&Iny term arises from the large im- electron ions is negligible. A third detectgnot shown
pact parameter region of the interaction, wirentirely de-  spans both charge states and is used as a check on Ib and Ic.
termined by perturbation theory and jlnexpressing the For the ionization and capture experiments, we used 10
increasing impact parameter cutoff with increasipgThe  ions per pulse to insure that the scintillators detect every
energy independent paramerexpresses both the pertur- single ion with an efficiency of unity. For pair production
bative and nonperturbative contributions at smaller impacteasurements, the beam intensity was increased abdve 10
parameters. ExpressioriS) and (6) both display a Iy de-  per pulse to produce a signal rate of about one electron-
pendence of the capture from pair production cross section gositron pair per pulse. Two problems associated with high
extreme relativistic energies. rates are beam pileup and scintillator darkening. Beam pileup
The physical picture of the above discussion remaingccurs if two ions strike a scintillator within a time window
qualitatively correct at lower energie$l-GeV/nucleon that is shorter than the resolution time of the electronics,
range. But, as seen in Sec. IV, calculations for nonradiativeregistering the two as a single event. In our setup, at a rate of
capture, capture from pair productiéand free pair produc- 10° ions per pules, two ions strike a detector within 50 ns
tion) in this energy region are required to reproduce experifrom each other 10% to 20% of the time. This value of beam

mental results quantitatively. pileup is tied closely to the microstructure of the beam,
which in turn depends on the details of extraction of the
. EXPERIMENTAL SETUP beam from the accelerator. Beam pileup is negligible at low

rates. We measure the ratio of Ic to Ib at low intensities,

The experiment was performed at the Berkeley Nationalvhere Ib is not affected by beam pileup, and then systemati-
Laboratory’'s Bevalac accelerator using 0.4-1.3-cally monitor that ratio at high rates. Ic is struck only by the
GeV/nucleon LA™ and 0.96-GeV/nucleon %" projectiles  small fraction of the beam that has capture an electron, and
on thin targets. Figure 1 shows a schematic of the beam linthus counts every ion with an efficiency of unity, even at
and the relative positions of the detectors. The heavy iomigh beam intensities.
beam(La*®" or U®8") is extracted from the Bevalac in a  The second problem associated with high beam intensity
pulse with about a 1-s duration, and a repetition rate of 12s scintillator darkening which is physical damage to the
per minute. The beam passes through a stripping foil to proplastic at the location of the beam trajectory. It develops over
duce the bare ions used for the experiment. Rates of betwedtours or days, depending on the beam intensity and the
10® and 5x 1P heavy ions per pulse were used. The ionsatomic number of the projectile. Darkening can affect the
travel approximately 100 m from the extraction region of thepulse height and thus the counting efficiency and timing of
accelerator to the last detector in vacuum of a few timeshe detector. Darkening is monitored by checking the analog
10™° Torr to keep beam charge changing at negligible levelsoutput signal of the photomultiplier tube attached to the scin-

After passage through the target foil the beam is focusedillator. Similar to beam pileup, darkening is also monitored
by a pair of quadrupole doublets and charge-state analyzdaly checking the ratio of Ic to Ib.
by a pair of dipole magnet&pproximately 2 Tm) to pro- Two sets of targets are used for measurements. A target
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FIG. 2. Schematic diagram of the advanced positron spectrom-
eter (sectional view from the tgp The solenoidal field decreases '
adiabatically from the target toward the ends, causing the diver- /
gence of the electrons and positrons to decrease, allowing them to 0
be swept by the dipole magnets into the scintillator detectors. The |
target, or a calibration source, is located near the center of the
solenoid. The heavy ion beam travels horizontally through the cen-
ter of the apparatus.
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FIG. 3. Measured longitudinal magnetic figldashed lingin-
side the APS solenoid and transverse magnetic {mitid lineg of

) ) ) ) the dipole magnets located at each end of the solenoid. For better
changer with 49 targets which can be inserted in any combizccess the target is located slightly upstream from the center of the
nation is used for measurements of total capture cross segpjenoid.

tions and ionization cross sections. For capture from pair

production and free pair production, it is necessary to detedtnock-on electrons ejected by ion beams from fixed solid
the positron emitted from the target. In the present setup, thiargets show an acceptance close to unity for emission angles
targets are mounted on a target ladder inside the advanced up to 75° forward and backward. This acceptance is inde-
positron spectrometéAPS). We use Au, Ag, Cu, and mylar pendent of the electron or positron energy in the energy
targets with thicknesses ranging from 0.1 to 5.1 mgfcm range investigatetfrom 0.1 to 3 Me\}. The high acceptance
These thicknesses are chosen to keep the probability fas not very sensitive to the exact shape of the field shown in
stripping a captured electron to less than 20%. The targetig. 3, and the current in each coil can be varied by as much
thicknesses are determined 1010% by measuring the en- as 10% without any noticeable change in acceptance. The
ergy loss ofa particles emitted by a’*!Am source. acceptance decreases by more than 30% if the adiabaticity is

The advanced positron spectrometer, shown in Fig. 2, igot used, and this loss comes preferentially from electrons
configured in such a way that it measures the energy and ther positrong emitted at large angles. Without the adiabati-
angular distribution of the electrons and the positrons emiteally decreasing field, most of the positrons emitted at large
ted at the target. The APS is 2.6 m long and consists of angles, upon reaching the end of the solenoid field, would
solenoid with a dipole magnet at each end. The solenoid ikave a large transverse momentum, causing them to strike
constructed from seven coils that are powered independentiyne walls of the apparatus before they can be deflected into
to generate a longitudinal field that is strorig= 0.8 T maxi-  the spectrometer detectors.
mum) at the target foil in the APS, but adiabatically de- The initial discrimination between electrons and positrons
creases to reach a value of about 0.2 to 0.25 T at each enid. made by the dipole magnets that deflect electrons and
Figure 3 shows a profile of the longitudinal field generatedpositrons in opposite directions into their respective detec-
by the solenoid and the transverse field generated by thers. These detectors consist of four, 10-cm-high, 15-cm-
dipoles. The adiabatically decreasing longitudinal magnetidong, and 1.9-cm-thick plastic scintillators, two upstream, to
field transports the electrons and positrons away from theletect the backward positrons and electrons, and two down-
target, and, most importantly, converts much of their transstream, to detect the forward positrons and electrons.
verse motion into longitudinal motion using the particle’s At 1 GeV/nucleon, a large number of knock-on electrons
cyclotron frequency as an adiabatic invariant. are ejected from the target by the collisions with higlpro-

At each end of the solenoid the longitudinal field is jectile ions. For a 1-mg/cfmAu target, approximately 3—4
sharply reduced to zero within a few cm, using a magneticelectrons, with an energy above 100 keV, are ejected for
field clamp consisting of a 12-cm-diameter exit hole in aevery collision with a J?" ion, while only a few positrons
5-cm-thick steel end plate. The positrons and the electronare expected for every million collisions. Roughly 0.2—-0.3 %
which transform their transverse momentum into longitudi-of these knock-on electrons backscatter from the electron
nal momentum as a result of the adiabatic decrease in fielscintillator into the positron scintillator, simulating a posi-
are deflected in opposite directions by the transverse dipolgon. The discriminate against these scattered electrons, we
field into their respective detectors. In addition to the veryrequire the detection of one of two 511-keV photons that are
clean separation of electrons and positrons, this careful shapmitted back to back when the positron comes to rest and
ing of the magnetic field allows a very high and very uniform annihilates in the plastic scintillator. The 511-keV photons
acceptance. are detected by Nal scintillation detectdi®.5-cm diameter

Tests of the apparatus using radioactive sources anand 15 cm long directly behind each of the four plastic
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FIG. 4. Fraction of L&%" as a function of target thickness for a 096 GeVinucl
. . . . . . € v/nucleon
1.3-GeV/nucleon L&™* projectile incident on Ag targets. The solid -
curve is a fit to the data based on E@). | 13 GeVinucleon
10 0 30 60 90
scintillator detectors. The 511-keV photon easily passes 7

through the thin lowZ plastic scintillator. The detection ef-
ficiency of the Nal detector for the 511-keV photons is mea- FIG. 6. Measured total electron-capture cross section for 0.405-,
sured to be 42%, with approximately 60% of the detected.96-, and 1.3-GeV/nucleon E& and electron loss cross section
photons appearing as the narrow single peak with an 8%r 1.3-GeV/nucleon L&" as a function of target atomic number.
energy resolution and the remainder as a broad Comptophe solid lines and the dashed curves are theoretical véadaeedext
distribution. In our data analysis, only the photopeak is usedor detail9 and, for capture, include contributions from radiative
to discriminate against backgrouigamma photons in ac- ~ €lectron capture and nonradiative capture.
cidental coincidence with backscattered electrons. These o o o
background gammas come from activation by the beam of he four fast-timing scintillator-photomultiplier detectors are
the beamline, cave, and apparatus. used to measure the energy and the time of flight of the
For positrons of equal energy, the ones emitted at largePOsitrons and the electrons. The energy resolution is approxi-
angles will take longer to traverse the solenoid than ondnhately 17%, and the time resolution is 150-200 ps which
emitted at a smaller angle. A measurement of the time-ofiranslates into an angular resolution of 15° or better. The
flight of each detected positron through the strong field of thdiming reference for the positron is given by the ion that
solenoid, combined with its measured energy is used to dgroduced the positron, detected by the fast-timing
termine its emission angle with respect to the beam directiorscintillator-photomultiplier detector Ic or ItFig. 1).

5000 . ; T IV. RESULTS AND DISCUSSION
0.96 GeV/nucleon U9+

A. Capture and ionization

The cross section for capture of a target electron by the
projectile is obtained by measuring the fraction of one-
electron ions emerging from the target when a beam of bare
ions is incident on the target. This fraction is measured for
several target thicknesses, with the thicknesses chosen to in-
sure that the measurements lie in the linear part of the target
thickness dependence curve. For some target materials, the
thicknesses are varied over a wide range to allow the extrac-
tion of the electron loss cross section as well. Figure 4 shows
the fraction of L&%" (one-electrop ions as a function of

target thickness for 1.3-GeV 4" projectiles impinging on
RTEC Ag. The solid line is a least squares fit to the data and reflects
electron capture and loss while the projectile ion travels in-
side the target. Since only bare ions and one-electron ions are

NRC+REC

2500 [

Capture cross section (barns)

o a0 50 80 of importance at these energies, the fitting function is simply
7 given by[72]
FIG. 5. Measured total electron-capture cross sedtiadiative Fse=[0c/(oct o) {1—exd —(oc+ o)X}, )

electron capture, plus nonradiative capture, plus capture from pair . ) .

production as a function of target atomic number for 0.96- whereFsg is the fraction of one-electron ions, ando; are
GeV/nucleon U2 (on Au, Ag, and Cu targels The theoretical ~the capture and loss cross sections ir"crespectively, and
predictions for nonradiative capture and radiative electron captur¥ the target thickness in atoms/énfrhe fractionF s¢ reaches

are shown in long-dashed and short-dashed lines, respectively, a@n equilibrium value obr./(o.+01)~0o /0o, at very large

the sum as a solid line. thicknesses. At 1.3 GeV/nucleon, the ionization cross section
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108 . . mation values which include screening and antiscreening are
Lanthanum on Gold taken from Anholt and Beckdi24].
= 10°F -k———————=—=A--n }-’ 3 1. Target and projectile atomic number dependence
_§ Tonization Figure 5 shows the total capture cross section measured
E 108 for 0.96-GeV/nucleon & on Cu, Ag, and Au targets. The
§ measured cross section is a combination of radiative electron
2 capture and nonradiative capture and includes capture into
5 . Capture exc@ted states. _Al_so shown in Fig. 5 are the theor_et@cal pre-
10 i dictions for radiative electron capture and nonradiative cap-
ture. The sum of these agrees well with the measured cross
sections for Cu and Ag targets but overestimates the cross

107" o8 o 15 section for a Au target by 20%. The discrepancy between
theory and experiment for high-targets may be due to limi-
tations of the eikonal calculations. Indeed, using the prior

FIG. 7. Measured total electron-capture cross section forand post form expressions, the eikonal calculations treat the
La®™* on Au and electron loss cross section offaon Au, both  [ightest of the two ions perturbatively, which in the present
as a function of collision energy. The solid lines and the dashe¢ase would be the Au target.

Projectile energy (GeV/nucleon)

curves are theoretical valu¢see text for detailsand, for capture, Radiative electron capture is the dominant capture mecha-
tive capture. for high-Z targets. Qualitatively, this means that electrons

loosely bound in lowZ target atomgor in outer shells of
is much larger than the capture cross section, by a factor dfigh-Z atomg are more likely to be captured with photon

approximately 300 for the case of B4 on Ag, as shown in emission than without.
Fig. 4. Figure 6 shows capture and loss cross sections measured

In Figs. 5-7, our experimental values of the ionizationfor a La®"* projectile at 0.405, 0.96, and 1.3 GeV/nucleon.
and total capture cross sections, are compared with theoretlhere is a good agreement between theoretical and experi-
cal predictions of radiative electron capture, nonradiativenental values both for capture and loss. The loss cross sec-
capture, and ionization. The theoretical numbers for capturéion at 1.3 GeV/nucleon is 2-3 orders of magnitude larger
include contributions from all the excited states of the targethan the capture cross section.
and the projectile. For ionization, the theoretical values only
include the electron loss from the projectile ground state be- 2. Energy dependence
cause, in our experimental conditions, the mean free path _| )
between two successive collisions is much longer than the 5F7|9ure 7 shows the cross sections for capture and loss for
radiative decay of excited states to the ground state. At the on Au as a function of the projectile energy. As ex-.
energies, capture from pair production does not make a Sigqected,_the capture cross section decreases very rap|dly with
nificant contribution to the total capture cross section. Radial"créasing projectile energy, in good agreement with theory.
tive electron capture differs only slightly from radiative re- V€, find that the capture cross section falls approximately as
combination, which is the inverse of the photoelectric effectY » Much faster than the/ ~ dependence given by the
and can be calculated from the photoelectric cross sectiofigl@tivistic-limit expressiongl) and(2). The loss cross sec-
For radiative electron capture, the electron binding in thdion varies very little with collision energy in the 1-
target gives rise to a momentum spread which is usuallf>€V/nucleon energy range, in agreement with theory. At the
taken into account by the Compton profile. Radiative elecllighest collision energy, the measured ionization cross sec-
tron capture is calculated using E) with photoelectric tion appears to be slightly, but not significantly, smaller than
cross sections from Hubbell73]. The photoelectric cross the theoretical value. _
sections are those emitted photons whose energy is equal to 1h€ energy dependence of the capture cross sections for
the binding energy of the capture electron plus the kineti@ther targets can also be seen from Fig. 6. The capture cross
energy of the captured electron seen in the rest frame of the€ctions decrease very rapidly with increasing projectile en-
projectile. ergy for all targets, and shrink by 1-2 orders of ma}gmtude

Two-center coupled-channel calculations for nonradiative®&tween 0.405 and 1.3 GeV/nucleon. Overall, we find that,
capture[22] provide the best agreement with experiment fori" the 1-GeV/nucleon energy range, theory is usually capable
high-Z projectiles in the 1-GeV/nucleon energy range. How-Of predicting qualitatively as V\_/eII as quantitativelwithin
ever, these calculations are extremely time consuming an@C%0 the measured cross sections for capture and loss.
are not practical at present to study a large number of colli-
sion systems. Eikonal calculations are more commonly used
for nonradiative capture. Theoretical values used in this pa-
per were calculated by Eichler and Ichihara using a similar Unlike nonradiative capture and radiative electron cap-
procedure as in Ref9]. In particular they used the “post ture, capture from pair production, and free pair production
form” for the U®?" projectile and the “prior form” for the  are accompanied by the emission of a positron. The detection
La®>"" projectile. For ionization, plane-wave Born approxi- and the measurement of the energy and momentum of the

B. Capture from pair production and free pair production
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] FIG. 10. Measured positron energy spectrum for free pair pro-
FIG. 8. Measured positron energy spectrum for electron capturgy,ction by 1.3-GeV/nucleon 15" on a Au target. Each data point

. . 9
from pair production by 0.96-GeV/nucleon®® on a Au target. s the result of an integration over all angles between 0° and 75°

Each data point is the result of an integration over all angles be(forwam) with respect to the beam direction and over an energy
tween 0° and 75%forward and backward with respect to the beam jnierval of 120 keV.

direction and over an energy interval of 100 keV.

. . . . .from pair production, measured with the forward detector for
emitted positron can be considered as a signature of the Nk 2 = av/nucleon L& on Au. We find the same features as
tial state that the electron occupied in the negative energy: '

continuum \rfig. 8. Figure 10 shows the positron energy spectrum for free
’ pair production for 1.3-GeV/nucleon P& on Au. The free
1. Positron energy and angular distributions pair production positron spectrum, recorded with the forward

) _ positron detector, displays the same general features as the
Figure 8 shows the positron energy spectra for captur@apture from pair production positron spectrum shown in

from pair production for a 0.96-GeV/nucleon®t beam Figs. 8 and 9. The signature of the free pair production pro-
incident on a 1-mg/crh Au target. The data for the forward cess is the simultaneous detection of a positron emitted at the
and backward directions have been integrated over emissiarget and a L¥* (bare ion in detector Ib(Fig. 1). Since a
angles of 0° to 75° and 105° to 180°, respectively. The tWdree pair production event has one coincidence requirement
spectra are taken Simultaneously, and therefore are normq{;ss than capture from pair productiqj'm] which a Charge
ized to the same number of incident uranium ions. The spechange is required—a relatively rare evetitere is a higher

tra show a relative lack of low-energy positrons. This is dueprobability of miscounting a scattered low-energy electron as
to the repulsion of the positrons by the gold target nucleig positron. These false everitsthey occu) are most likely

which are at rest in the' Iaboratory frame. The forward pOSi-to popu|ate the very |0W_energy part of the spectrum, and are
tron energy spectrum displays a broad maximum around 80fhe likely reason for the smaller suppression of the low-

keV, while the backward spectrum displays a maximumenergy positrons in Fig. 10 compared to Figs. 8 and 9.

around 400 keV. _ Figure 11 shows the positron spectrum for capture from
Figure 9 shows the positron energy spectrum for captur@air production, recorded with the forward detector, for 0.96-
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FIG. 9. Measured positron energy spectrum for electron capture FIG. 11. Measured positron energy spectrum for electron cap-
from pair production by 1.3-GeV/nucleon P4 on a Au target.  ture from pair production by 1.3-GeV/nucleon ¥4 beam on Cu.
Each data point is the result of an integration over all angles beEach data point is the result of an integration over all angles be-
tween 0° and 75{forward) with respect to the beam direction and tween 0° and 75%forward) with respect to the beam direction and
over an energy interval of 200 keV. over an energy interval of 300 keV.
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FIG. 14. Photon energy spectrum in the Nal detector set behind
the forward positron detector. The spectrum shown here is for cap-
1.8 - 2.5 MeV ture from pair production by 0.96-GeV/nucleor?d on Au.

i )
o - s pos po trum from 0° to 75° and from 105° to 180° were recorded
Anal simultaneously. A smooth continuation from one part of the
gle (degrees) . . .
spectrum to the other is found. Below, this smooth continu-

FIG. 12. Yield of positrons as a function of positron emission ating is used to estimate the fraction of the total cross section
angle with respect to the beam direction for positron kinetic enernot detected by the APS.
gies between 0.2-1, 1-1.8, and 1.8-2.5 MeV, respectively. Each
data point is the result of an integration over an angular interval of 2. Total positron cross sections and corrections
10°. The data are for 0.96-GeV/nucleorfdJ on Au.

50

Positron yield (per 10 degrees)

¥y

To obtain total cross sections from positron spectra, one

92+ . _ ) has to integrate over the positron ener@nd angl¢ and
GeV/nucleon on Cu. Comparing this spectrum with the c,rect for the angular region not covered by the spectrom-

previous spectra shows that, with the present choice of enegier ang fory detector efficiency(Since only events that

gies and projectiles, the target atomic number has little or NPegister a 511-key are used in our analysis, it is necessary
effect on the shape of the positron spectrum. to correct the cross sections for the solid angle of the Nal
As already seen in Fig. 8, the high-energy electrons argetector and its efficiencyA straightforward way to obtain
emitted preferentially in the forward direction. This relation .« total cross section is to count the number of 511-keV
is seen more clearly in Fig. 12, which shows the measured,,ons. Figure 14 shows a typical photon spectrum in the
yleld of positrons as a function of the positron emissionNg| detector set behind the forward positron dete¢fdg.
angle with respect to the beam direction, for different POSI-9) for capture from pair productiof 2* on Au). The spec-
tron energies, for 0.96-GeV/nucleon™ on Au. The posi-  m displays the 511-keV photopeak and a broad Compton
trons with kinetic energies higher than 1.8 MeV are emittedyisyipytion. In general, some unwantedbackground from
preferentially at angles smaller than 40°, while positrons,4rjoys peam-activated sources in the experimental area
with energies lower than 1.0 MeV are emitted preferentially opulates the lower part of the spectrum, and contributes to
at the larger angles. This angular dependence agrees qualitgg Compton distribution. We use only the photopeak, cor-

tively with predictions based on first order-perturbation ecieq for detection efficiency, to determine the total cross
theory for capture from pair production calculated by Beckerggction.

[63]. Figure 13 gives the angular distribution of the positrons  \we correct for the undetected angular region between

integrated over all positron kinetic energies between 10G50 504 105° in the spectrometer, using the positron angular
keV'and 2.5 MeV. There is a strong maximum in the distri-jisyribytion for capture from pair production, shown in Fig.
bution between 30° and 45°, which is roughly¥ad, andis 13 "since our focus during this experiment was on capture
assumed to be largely kinematic. The two parts of the SpeGom pair production, we did not record enough statistics to

obtain an equivalent positron angular distribution for free
pair production. However, the positron angular distributions
for capture from pair production and for free pair production
4001 ++ 1 are expected to be similar, allowing us to apply the same
s U+ Au corrections. The correctness of this assumption is supported
3001 - T by the fact that the ratio of positrons detected in the back-
ward direction to positrons detected in the forward direction
200 a3 1 is found to be the same for capture from pair production and
i for free pair production. Furthermore, since the fraction of
i e 1 positrons not detected by the APS is small, we believe that
i the resulting error we make is well within our overall error
% 3.0 elo 9.0 1&0 15;0 H:so estimate. .
The data are also corrected for the contribution from false
Angle (degrees) . .
events corresponding to two-step proces§gsapture from
FIG. 13. Total yield of positrons as a function of positron emis- Pair production followed by stripping of the electron in the
sion angle with respect to the beam direction. Each data point is target which simulates free pair producticin) free pair pro-
result of an integration over all positron kinetic energies betweertluction followed by capture of a target electron, which simu-
0.1 and 2.5 MeV. The data are for 0.96-GeV/nucledtf'Uon Au.  lates capture from pair production. Tk@ositive or negative

o\
(=
o

Positron yield per 10 deg. interval
>
(=]
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contribution from the first two-step process is corrected by
using well-known ionization cross sectiofi®@ most cases
measured during the same experimeand are reduced to
minimal values by using very thin targets. The second two-
step process is more difficult to estimate accurately, because
it is dominated by the two-step process occurring in the same
collision. This background is larger in collision systems
where nonradiative capture probabilities are large, at lower
collision energies and higB-targets. Using theoretical val-
ues of capture probabilities for small impact parameters
[18,22,53, where pair production preferentially occurs, we
estimate that false events contribute at most 6% to capture
from pair production for 3" on Au. The contribution is
smaller for Ag and Cu targets.

We find the total cross section for capture from pair
production and free pair production of 0.96-GeV/nucleon
U®* on Au to be 2.190.25 and 3.3 0.65 b, respectively.

A calculation of capture from pair production, based on first-
order perturbation theory, and summed over all possible
final bound states, yields a value of 1.01 b, which is lower
than our measured cross section by a factor-@f2. A non-

pair production has been published for Pb on Pb at 1.2
GeV/nucleon by Rumricket al.[50]. Using scaling from per-

A. BELKACEM et al.

(Cross section)/ th (barns)
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FIG. 15. Capture from pair production and free pair production
cross sections, divided by?, as a function of the target atomic

number for a 1.3-GeV/nucleon B&

. . projectile. The horizontal
perturbative coupled-channels calculation of capture fromy . - guide for the eye to highl

ghza dependence.

the positive slope. A fit to the data shown in Fig. 15 gives

turbation theory to_ extrapolate those results to U on A_u glvesztz.lsto.zs for free pair production andtz.95¢0.4 for capture
a value which is higher than our measured cross section by @, , pair production.

factor of ~2. Baltz, Rhoades-Brown, and Wened&7] Figure 16 compares th&, dependence of capture from
noted that the small basis set used by Rumathl. gives pair production, for two different projectile.a®’* and

rise to a gauge dependence. A more recent nonperturbati\{992+) at 0.96 GeV/nucleon(This data are not scaled by
result based on the solution of the time-dependent Dlracztz ) The slopes of the two sets of data are very similar. We

equation in momentum space predicts a value of 2.6 b fofind a 7265035 for the La5* projectile and az2#=%25 for
t t

U®" on Au [52]. However, this good agreement with the
experimental value is overshadowed by a large uncertainty i
the numerical result.

Discrepancies between theory and experiment are foun(c:ilosert
for free pair production as well. Using first-order perturba-€"€"9Y:

tion theory, but different expressions for the target wave
functions, Becker, Grun, and Schdi85] predicted a value

w

U®" projectiles. It appears that in 1-GeV/nucleon energy
Pange, capture from pair production exhibitgadependence
to’ than toth, regardless of projectile or collision

while free pair production foIIowst dependence.

e suggest that the stronger dependence for capture from
pair production could be due to a higher effective binding

of 5.1 b, and Deckef34] a value of 1.25 b. These different energy while the two nuclei are close together. If this sug-

numbers(which both disagree with our measured cross se
tion) are obtained from a similar perturbation theory, an
thus highlight some of the difficulties encountered in free
pair production calculations. Unlike capture from pair pro-
duction, where there is only one final state, for example, the
K shell, free pair production involves an infinite humber of
final states for the electron, making the calculations very
tedious.

3. Target and projectile atomic number dependence

An important feature of capture from pair production and
of free pair production is the dependence of their cross sec-
tion on the atomic number of the target and projectile. Figure
15 shows the total cross section of capture from pair produc-
tion and free pair productiofboth scaled byz?) for 1.3-
GeV/nucleon L&"* on Au, Ag, and Cu targets. &Z depen-
dence is represented by the horizontal lines in the figure. We
find that the free pair production cross section foIIowaa

Cross section (barns)

.001
0

cgestion is correct, one expects the effect to diminish at higher
genergies since the total cross section should be dominated by

10
CPP

O1F

- 0.96 GeV/nucleon

U92+
[ ]

La57+

20

40

Zt

60

80

FIG. 16. Capture from pair production cross sections measured

dependence, while the capture from pair production crosgr 0.96-GeV/nucleon &" and L&’ projectiles as a function of
section has a slightly stronger dependence as evidenced kyrget atomic number.



56 CAPTURE, IONIZATION, AND PAIR-PRODUCTION ... 2815

0 05 1.0 800
a) ® Gold
® Gold | A Silver
A Silver B Copper
B Copper — Theory

400
201

e
—l—p—
(Cross section)/ 2 (ubarns)

0.5 1.0
Projectile energy (GeV/n)

»  —e—

=3

Y
[=]

FIG. 18. Free pair production cross sectialivided bny) for
La®"" incident on Au, Ag, and Cu targets as a function of the
La%"™ projectile energy. Calculations based on first-order perturba-
tion theory are shown as a solid line.
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For La, Fig. 17a), we estimate that at least two-thirds of
the events measured at 0.405 GeV/nucleon for a Au target
are due to free production followed by capture of a target

ijz-zme energ;-((;ew") electron. If one makes the extreme _assumption th_at e_lll these
events are false, then an upper limit on the contributions of

FIG. 17. (a) Cross section&ivided byZ?) for electron capture these false events to capture from pair production in the Au
in coincidence with the detection of a positron for®4 incident ~ target at 0.96 and 1.3 GeV/nucleon is 20% and 10%, respec-
on Au, Ag, and Cu targets. These cross sections are a sum of capively. Figure 17b) shows the capture from pair production
ture from pair production and false events due to free pair produccross sections with these corrections for the background. The
tion along with the capture of a target electrgh) Data in () corrections are negligible for the lo@-targets at all three
corrected for false eventsee text Calculations based on first- energies, and very small for high energies, due to the small
order perturbation theory are shown as a solid line. nonradiative capture cross sectiqsee Fig. § The correc-

tion increases the apparent dependence of the cross section
the increasing contribution from large impact parameters. on collision energy. Figure 1) also shows the results of a

The capture from pair production cross section for 0.96-calculation based on first-order perturbation thd®3j. This
GeV/nucleon U?" projectiles is found to be approximately calculation(which yields aZf dependengencludes the con-

20 times larger than the cross section for 0.96-GeV/nucleotribution of the excited states of the projectile to the total
La®"" projectiles, for all targets. This means that the crossross sections. We find that, in the energy range studied here,
section depends more strongly on the projectile atomic numthere is fair agreement between theory and experiment for
ber than it does on the target atomic number. Using the Whe cross sections and their energy dependence.

and La data, we find a dependence on projectile atomic num- Figure 18 shows the free pair production cross section as
ber that isz5>* % (for a Au targel, compared to a target a function of energy for L¥* on Au, Ag, and Cu targets.
atomic number dependence betw@fnandztg_ In contrast, Similar to capture from pair production, the cross section is
the free pair production Cross section varie §3t0'8 for found to increase rapldly with increasing collision energies.
the Au target, which is very close to its dependence on thé\Iso shown is a first-order perturbation theory calculation of
target atomic number. Again, for capture from pair produc-the free pair production cross section as a function of energy
tion, the stronger projectile atomic number dependence thal$5]. Here the perturbation calculation overestimates the
Z%, expected at the relativistic limit, may be due to a highermeasured values at the higher projectile energies. There are

p - .
effective binding energy while the two nuclei are in closelarge uncertainties at 0.405 GeV/nucleon for capture from

proximity. The aboveZ, andZ, dependencies for free pair pair production, and the limited range of energies studied

production are in general agreement with the dependencid€r® make it difficult to confirm the prediction that free pair
expected at the relativistic limit, but for capture from pair Production increases faster with increasing collision energy
production, are both somewhat stronger. than capture from pair production. The experimental cross

sections for capture from pair production and free pair pro-
duction rise with energy closer to 3y than the Iny depen-

. ] ~dence expected at the relativistic limit.
Another important feature of capture from pair production

and free production is the dependence of their cross sections
on the collision energy. Figure 17 shows (i@ the uncor-
rected and in(b) the corrected capture from pair production  This paper presents a summary of our data on capture,
cross sectiongdivided by Zf) for 0.405-, 0.96-, and 1.3- ionization, capture from pair production, and free pair pro-
GeV/nucleon L&™ projectiles on Au, Ag, and Cu targets. duction, for bare uranium and lanthanum projectiles in the
This cross section increases rapidly with increasing collisiorl-GeV/nucleon energy range. The cross sections were mea-
energy. In contrast, the cross section for capture of a targetured as a function of the collision energy, the target atomic
electron(Fig. 7) decreases rapidly with increasing collision number, and the projectile atomic number. Among important
energy. features, we find that the total capture cross sedfitmmi-

4. Energy dependence

V. SUMMARY AND CONCLUSION
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nated by nonradiative capture and radiative electron captureomparison with our experimental data. The results of these
decreases almost a5 2, while the capture from pair produc- calculations disagree with our data by a factor of 2 or more
tion cross section increases almost as fast &g, Istill far ~ for the heaviest systems. This suggests that these collision
from the respective expected relativistic limits pf* and ~ Systems are highly nonperturbative. Nonperturbative calcula-
Iny. At higher energies, the capture from the pair productiorfions, however, are computationally intensive and presently
cross section is expected to become larger than the captuF@VG large numerical uncertainties due to the limitations of
cross section of a target electron. We also find that, in th&PU time or memory available on the fastest computers.

1-GeV/nucleon collision energy range studied here, free paif nlly, many of the calculations are performed in the rela-

production does not rise much faster than capture from paifViStic limit of the collision energy, and do not apply quan-

production. Again this is very different from the relativistic titatively to the present data. Expgriments at higher energies
limit where, for example at RHIC energies, the free pair2€ needed to test these calculations.
production cross section is expected to be several orders of
magnitude larger than the capture from the pair production
cross section. Measurements performed by the E892 Col- We thank Steven Abbott for the engineering design of the
laboration at the Brookhaven National Laboratory’s AGS atAdvanced Positron Spectrometer, Richard Leres for the data-
10 GeV/nucleon, and being currently analyzed, will likely acquisition software development, and Harvey Oakley and
address this interesting question. the Bevalac technical support staff for helping put together
A series of papers describing measurements and calcul@he experiment in record time to meet the deadline set by the
tions of nonradiative capture, radiative electron capture, anghutdown of the Bevalac. We thank Donald Jourdain and
ionization in an energy range close to the one studied her€ory Lee for helping us design and build very efficient scin-
have been published previoudl§—7]. For similar systems tillating detectors, and Don Syverstrud and James Dougherty
(U on Au, for examplgour results for capture and ionization for helping to assemble the advanced positron spectrometer.
are very close to the measurements reported by these authovge thank Charles Munger and Lynette Levy for their assis-
We find that existing theories reproduce well the meatance during the data taking, and we thank Klaus Momberger
sured capture and loss cross sections. We find a small diger fruitful discussions about the theory of capture from pair
crepancy(about 20% between the calculated capture crossproduction. We thank P. Joerg Eichler for the many fruitful
section and the measured capture cross section ¥6f n  discussions about nonradiative capture and radiative electron
Au. We suggest that this discrepancy is a result of the limi-capture, and especially for kindly taking the time to rerun
tations of the eikonal calculations for a highprojectile ona  some of his computer codes to provide us with the theoreti-
high-Z target. cal values for capture used in this paper. This work was
Unlike capture and ionization, capture from pair produc-supported by the Director, Office of Energy Research, Office
tion and free pair production data are not well reproduced bywf Basic Energy Sciences, Division of Chemical Sciences, of
present theory. Both perturbative and nonperturbative meththe U.S. Department of Energ§pOE) under Contract No.
ods that describe capture from pair production in the 1-DE-AC-03-76SF00098. One of u8.F.) was supported by
GeV/nucleon energy range can be found in the literature. Inhe Office of High Energy and Nuclear Physics, Division of
practice, only theories based on first-order perturbatiorNuclear Physics, of the U.S. DOE. One of (W.M.) was
theory or equivalent photon methods can be used for diregsartially supported by NSF Grant No. PHY8614650.
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