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Electron Capture and Ionization of Pb Ions at 33 TeV
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We have measured the total cross sections for electron capture by bare Pb821 ions and ionization
of hydrogenlike Pb811 ions at 33 TeV (160 GeVyA, g  168) in solid targets of Be, C, Al, Cu, Sn,
and Au. The total capture cross sections are dominated by electron capture from pair production and
are compared with theoretical calculations. The1s ionization cross sections obtained are significantly
smaller than those predicted by Anholt and Becker [Phys. Rev. A36, 4628 (1987)]. The Pb radiative
lifetimes extended byg  168 have a strong effect on the survival probability of excited states against
ionization in high-Z solid targets. [S0031-9007(97)05213-7]
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Interactions involving high-Z ions in the ultrarelativis-
tic regimes.10 GeVyamud, where the relevant physics is
best described in terms of the Lorentz factorg, are cur-
rently a frontier in high-energy atomic collision physic
[1]. A theoretical description of electron capture an
ionization processes has been challenging in this regi
because the interaction of high-Z projectile and target
species (whereZa , 0.5) is strong enough at small
impact parameters and largeg to potentially invalidate
perturbation treatments. Numerous methods for treat
these processes using quantum electrodynamics (QED
the ultrarelativistic regime now exist [1–10].

An ultrarelativistic ion can capture an electron vi
three mechanisms: (i) radiative electron capture (REC
(ii) nonradiative capture (NRC), and (iii) electron captur
via e1e2 pair production (ECPP), in which thee1e2

pair is produced by the intense electromagnetic pulse t
arises when the projectile ion passes near a target
cleus. Capture cross sectionssREC, sNRC, and sECPP
scale roughly as,Ztyg, ,Z5

t yg, and ,Z2
t ln g, respec-

tively, whereZt is the target atomic number [2]. Each
process has approximately the same dependence on
projectile atomic number, i.e.,Z5

p . The REC and NRC
mechanisms, which dominate below the ultrarelativist
regime [11–13], become insignificant compared to ECP
wheng . 100 even for highZt . We report the first high-
energy measurementssg  168d wheresECPP dominates
the capture cross sections of competing mechanisms. I
ization cross sections are several orders of magnitu
larger than capture, and our measurements test theor
the highest energy reported to date [2,10].

The development of new relativistic ion colliders suc
as the Relativistic Heavy-Ion Collider at Brookhaven Na
tional Laboratory or the Large Hadron Collider at CERN
[2,8,14] requires knowledge of the capture cross sectio
at high enoughg so that beam lifetimes can be accu
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rately predicted. The cross section for the ECPP proce
is of practical interest to collider designers because t
lower charge-state projectiles produced are lost from t
beam circulating in a ring. A significant loss rate o
these ions by ECPP and also by nuclear loss proces
decreases the ion storage time. These machines will o
erate at an effectiveg of 2.3 3 104 and 1.7 3 107, re-
spectively. Forg above,100, the lng scaling will be
valid andsECPP  A ln g 1 B, whereA and B are pre-
dicted to be [4] independent of1yg. Total electron cap-
ture and loss measurements were reported recently
Claytor et al. [12] for g  12.6-Au ions, but the ECPP
mechanism is not prominent at this lowg, and lng scal-
ing is not expected to be valid.

We report total capture and ionization cross section
measured using the Pb beam at the CERN Super Pro
Synchrotron (SPS). In the “capture experiment,” Fig. 1
collimated 208Pb821 ions were mass and charge-stat
selected at the first magnetic bend before impinging o
a thin solid target located,100 m downstream. The
second bend and collimator at,100 m beyond the target
of the beam line was set to transmit all208Pb811 ions
leaving the target. The ion intensity at the end of th

FIG. 1. Simplified diagram of the experimental setup.
© 1998 The American Physical Society
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0.8-Km beam line was measured using the coinciden
signal from fast Cherenkov detectors [15]. The sam
setup was used in the “ionization experiment” except th
the full beam line was tuned to transmit208Pb811 ions,
and we measured the Pb811 ions which survived using
the same targets [16]. The incident Pb811s1sd ions were
formed by electron capture in the SPS beam line pri
to entering our vacuum line (,1023 3 Pb821 intensity).
The beam line was evacuated to a pressure of,10 mTorr
between the (TAX) beam collimator and the Cherenko
detectors. At this pressure, the column gas density
the beam line is low enough to limit collisional loss o
the Pb811 ions to less than,1% between the target and
Cherenkov detectors.

Experimental data illustrating growth in the Pb811 ion
fraction versus Au target thickness (capture experime
are shown in Fig. 2(a). Data illustrating the loss of th
Pb811 ion fraction versus Au target thickness (ioniza
tion experiment), using the same targets, are shown

FIG. 2. (a) Fraction of one-electron Pb811 ions versus Au
target thickness measured in the capture experiment. T
solid curve is the growth curve [Eq. (1)] calculated using th
cross sectionssc and si obtained via a least squares fitting
procedure. (b) Log plot of the surviving fraction of Pb811s1sd
ions versus Au target thickness measured in the ionizati
experiment. The least squares fit to the data is shown.
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Fig. 2(b). The data were used to determine the effectiv
cross sections for capturesscd and lossssid processes.
Becausesc is orders of magnitude smaller thansi, only
two charge states (Pb811 and Pb821) need to be considered
and the coupled differential equations reduce to a simp
analytical form. The cross sections were determined fo
capture by Pb821 and ionization of Pb811 by fitting data
obtained in the capture experiment [Fig. 2(a)] using th
equation

Fs81d  Feqh1 2 expf2ssc 1 sidtgj expf2sntg , (1)

whereFs81d is the fraction of Pb811 ions, sc is the total
capture cross sectionscm2d, si is the total ionization cross
section,sn is the total cross section for beam loss by nu
clear reactionsscm2d, t is the target thicknesssatomycm2d,
andFeq  fscyssc 1 sidg is the equilibrium811 charge
fraction. The valuessn used throughout for Be, C, Al,
Cu, Sn, and Au are 4.0, 4.5, 7.4, 15.2, 31.0, and 64.0
respectively [17].

In the ionization experiment [Fig. 2(b)], the surviving
fraction of Pb811 ions is given by

Fs81d  hf1 2 Feqg expf2ssc 1 sidtg 1 Feqj

3 expf2sntg . (2)

The nuclear loss term in Eqs. (1) and (2) was an insignifi
cant correction except for Be and C (9% and 3%
respectively, for the thickest target). Here the slope of th
exponential fit to the survival charge fraction corrected fo
nuclear loss, shown in Fig. 2(b), yieldssi 1 sc directly.

The cross sections for each target species are shown
Table I. The overall uncertainty in each value of abou
610% includes the fitting error and estimated uncertain
ties for target thicknesss62%d and inhomogeneitys65%d.
Each measured total capture cross sectionsscd is the sum
of three processes,sc  sECPP 1 sREC 1 sNRC. Sub-
tracting the calculated values [2] ofsREC andsNRC yields
the sECPP values listed in Table I. Three theoretical val-
ues for sECPP , the dominant contribution to the total,
are available. The perturbative estimate of Anholt an
Becker [2] (with screening) is given in tables for each
projectile and target. The nonperturbative calculation o
Bottcher and Strayer [3], obtained specifically for cap
ture to 1s at g  168 for the Pb-Au system by solving
the time-dependent Dirac equation, yieldedsECPP s1sd 
50 b. The nonperturbative calculations of Baltzet al. [8]
yielded sECPP s1sd  46 b for the Pb-Au system atg 
168. In the comparisons to be discussed, thesECPP have
been scaled to eachZt measured according tofZ2

t 1 Ztg,
as recommended by Anholt and Becker.

Comparisons of experimental and theoreticalsECPP
are presented as functions ofZt in Fig. 3(a). The cross
sections are normalized to results of the calculations b
Baltz et al., with the target dependence scaled asZ2

t 1

Zt . We note exceptionally good agreement betwee
experiment and calculations by Baltzet al. and Anholt
and Becker for heavy targets (Sn and Au), while measure
1191
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TABLE I. Capture and ionization cross sections in barns and kilobarns, respectively. The total capturesscd and ionizationssid
cross sections were obtained directly from experimental data;sECPP is derived fromsc (see text). The estimated accuracy of
measured cross sections is610%.

Capture expt.s821 ind Ion. expt.s811 ind Ion. theory [2]

Target Zt sECPP sbd sc sbd si skbd si skbd sis1sd skbd

Be 4 0.18 0.23 0.15 0.14 0.24
C 6 0.36 0.44 0.31 0.31 0.49
Al 13 1.5 1.6 1.4 1.3 2.0
Cu 29 6.8 7.2 8.0 6.9 9.0
Sn 50 18 19.2 21 15 25
Au 79 43 44.3 53 42 60
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cross sections exceed theory by as much as,20% for
light targets (Be and C). The observed deviations fro
simple ,sZ2

t 1 Ztd scaling of sECPP for low Zt are
interpreted to arise from enhanced survival of excite
states for light targets.

FIG. 3. Comparison of experimental and theoretical cros
sections. (a) The measuredsECPP (d) and theoretical results
of Bottcher and Strayers,d and Anholt and Beckersnd are
normalized to the recentsECPP s1sd results of BaltzsR  1d.
(b) Ionization cross sections obtained in the capture© and
ionization (d) experiments are normalized to the predicted1s
cross sections of Anholt and BeckersR  1d.
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Survival of one-electron ions formed in excited stat
is markedly target dependent because of the vary
strengths of competition between ionization in subs
quent collisions in solid targets and radiative dec
to Pb811s1sd, which is much more difficult to ionize.
For example, the mean free path for radiative dec
of g  168, Pb811s2p ! 1sd is 2.3 3 1024 cm [18].
In beryllium, the mean free path for ionization of2p
is ,1.4 3 1022 cm (assuming that the2p-ionization
cross section is 4 times as large as the measured1s-
ionization cross section.) The fraction of Pb811s2pd
which radiatively stabilizes to1s in Be is therefore
,98%. In gold, the mean free path for2p ionization is
only ,1 3 1024 cm, and only,30% of the Pb811s2pd
ions formed in the target survive ionization, to potential
contribute to the measured Pb811 yields from which the
capture cross section is derived. Thus contributions
the measuredsECPP from excited states are small for th
heaviest targets. In gold, for example, if 20% of ECP
occurs ton  2, and only,30% of those events survive
secondary ionization, then the Pb811 yield will deviate
from sECPP s1sd by &6%.

Additional information is provided by the direct ion
ization measurements of primarily ground state ions
the ionization experiment. In Fig. 3(b), we compare t
ionization cross sections obtained from both the grow
(capture experiment) and decay curves (ionization exp
ment) to the theoretical values of Anholt and Becke
The experimental values are normalized to theory a
the ratio R is plotted. All measured ionization experi
ment cross sections (lower values shown) are roughly2

3
of the1s-ionization cross sections predicted [2]. Baltz r
cently performed an exact time-dependent solution of
Dirac equation for Pb-Pb ionization atg  168 and found
that the1s-ionization cross section is approximately 70
of the Anholt and Becker unscreened value [10]. Wi
screening included [2] and scaled to a Au target, the Ba
value agrees with thesi measured in the ionization ex
periments4.2 3 104 bd.

The Anholt and Becker calculations add the Coulom
and transverse ionization transition amplitudes incoh
ently. It has been suggested that interferences betw
Coulomb and magnetic terms may significantly reduce
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ionization cross sections at sufficiently high energy. Su
effects have been observed for collisional excitation
relativistic energies [19].

The capture and ionization experiments yield the sam
si for the low Zt (Be, C, and Al), where excited-state
electrons have time between collisions to stabilize
1s, but as Zt increases (Cu, Sn, and Au), thesi ob-
tained from the capture experiment increasingly exce
those obtained in the ionization experiment. The e
fective si is the sum of the ground and excited stat
cross sections weighted by the average fraction of ea
state as the ions traverse the targets. The fractio
excess fsiscaptured-sisionizationdgysisionizationd is
roughly consistent with the fractional loss of ions tha
were captured into excited states and ionized inside t
high-Zt targets. The difference in this fraction for low-
and high-Zt targets again lies in the fate of excited state
created in each experiment.

It is expected from calculations for photon impact pa
production with capture using relativistic Coulomb sca
tering states [9] that excited ion states will contribut
,30% to the total cross sections ofsECPP when addi-
tional contributions from2p and higher states are in-
cluded. Similar predictionss25 6 5d% have been made
by Baltz [8]. Assuming that the fraction of excited-stat
capture is target independent and that radiative stabiliz
tion to 1s occurs at grossly thes2p ! 1sd decay rate,
one can estimate the excited-state contributions tosECPP
and derivesECPP s1sd versusZt . Analysis of the cap-
ture and ionization measurements together has shown t
,s15 20d% of capture occurs through then  2 and
higher states.

The equilibrium fractionsFeqs811d  scyssc 1 sid
obtained in the capture analysis are1.6 3 1023, 1.4 3

1023, 1.2 3 1023, 8.9 3 1024, 9.2 3 1024, and 8.3 3

1024 for Be, C, Al, Cu, Sn, and Au, respectively. The
values pertain only to equilibrium in solid targets wher
the measuredsc is smaller due to loss of Pb811 ions in
excited states, and thesi is increased because of a sma
steady state population of excited states. TheFeqs811d
are expected to be larger in gas targets, especially
high-Zt targets, where the mean free path can be ma
much larger than excited state decay distances in t
laboratory frame.

In summary, our experiments have isolated the ECP
mechanism for capture. Our measured capture cro
sections are consistent with theoretical values in low
Zt targets if one includes a,20% contribution from
excited states. The capture cross sections measured
high-Zt targets, where excited ions formed are rapid
lost to ionization inside the solid targets, agree with th
theoretical cross sections for capture into the1s state.
Our loss cross sections are significantly lower than tho
predicted by Anholt and Becker, but agree with rece
QED calculations of Baltz scaled to Pb-Au.
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