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Multielectron Processes in Heavy Ion–Atom Collisions at Intermediate Velocity
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Using high resolution x-ray spectroscopy, we have measured projectile electron single and multiple
cross sections when a two-electron Ar161 ion collides with neutral target atoms. For a fixed impact
velocity syp  23 a.u.d, but using various targets from He to Xe, a range from the perturbative
regime to the strong interaction regime has been investigated. Double excitation cross sections are
found to be well reproduced by an independent electron model. First measurements of capture-
ionization cross sections are also reported and show the importance of this often-neglected process.
[S0031-9007(97)04505-5]
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In ion-matter interactions where highly charged ion
collide with neutral targets, the intermediate velocit
regime is of particular interest. In this regime, the pr
mary processes, namely, excitation, ionization, and ca
ture, have cross sections of the same order of magnitu
coupling between these channels is important. Thus, co
plete calculations leading to a unified treatment of tho
different processes, including an explicit representation
the continuum, are very difficult to handle [1]. Never
theless, in this velocity regime, the stopping power
nearly maximum; for applied purposes, the understandi
of mechanisms accounting for radiation damage in mate
als is important. For example, this is the first step need
to achieve a good knowledge of the parameters gove
ing lethal effects of ions colliding with living cells [2], or
track diameters in crystals [3].

Furthermore, as will be shown in this Letter, cros
sections of multiple processes may be as high as sin
ones when the perturbative partner (the target) is heav
than the perturbed one (the projectile). Until today
very few measurements have been made and then
for light atoms at high velocities [4–8]. Theoretica
interpretation remains controversial in terms of correlatio
effects needed to correct the independent electron mo
(IEM). A quantitative evaluation of electron correlation
during the collision (the so-called intermediate sta
correlation) requires a complete treatment. Theoretic
work has been limited mainly to the multiple ionization
and excitation of He [9–14]. Furthermore, no one ha
investigated heliumlike systems for double excitation, b
for ionization correlation has been shown to fall off a
1yZp [15].

In this Letter, we have measured cross sections
multiple processes for a two-electron ion in collision
with neutral targets at intermediate velocity: Ar161 on
He, N2, Ne, Ar, Kr, and Xe atyp  23 a.u. Thus we
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investigate a range of interactions spanning the per
bative regime to the strong interaction regime. Mo
precisely, in this Letter we report measurements
capture-ionization (CI), capture-excitation (CE), captur
excitation-ionization (CEI), double excitation (DE) an
excitation-ionization (EI) cross sections as well as a sin
excitation (SE) one. All of these processes are presen
in Table I. Note that the CI process is competitive to t
SE one; it populates the same final configurations. W
note, however, that SE will give rise to just singlet state
while CI will populate triplet states as well. The sam
argument holds for DE versus CEI. A spin-selective e
periment allows us to differentiate between these vario
multiple-electron processes. We use the fact that e
populated state of the projectile, as it decays, emits x r
with slightly different energies. In the case of an Ar161

ion, it is necessary to achieve a resolution of about 10
to distinguish between all of these different,3 keV tran-
sitions. To fulfill these conditions, we have, in this Lette
used very high resolution and high transmission crys
spectroscopy.

The experiment has been performed at the So
Moyenne Energie facility at Grand Accélérateur Nation
d’Ions Lourds in Caen. A high intensity beams1 mAed of
Ar161 at 13.6 MeVyu was directed at various atomic ta
gets confined in an open gaseous cell. A metastable f
tion was present in the incoming Ar161 beam [1s2s 3S1
state]; this has to be taken into account in the data an
sis. The fraction was found to bes3.2 6 0.5d 3 1023 at
the entrance of the collision area [16]. The specially d
signed spectrometer used was composed of a flat mo
graphite crystal and a localization chamber. The sp
trometer was placed at 30± with respect to the beam axis
and used in a vertical geometry. This allows a first o
der compensation of Doppler broadening and reduces
sensitivity to any polarization effect in the x-ray emissio
© 1997 The American Physical Society 3625
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(EI),
served
TABLE I. Review of all the processes studied here: single excitation (SE), double excitation (DE), excitation-ionization
capture-ionization (CI), capture-excitation-ionization (CEI), capture-excitation (CE). The quoted final states are those ob
experimentally.

Processes involving just projectile electrons Processes also involving target electrons
Initial state Processes Final states Processes Final states

SE Ar161s1s2p, 1s3p 1Pd 1 X CI Ar161s1s2p 1P and3Pd 1 X1

Ar161s1s2 1S0d 1 X DE Ar161s2l2l 0 1Ld 1 X CEI Ar161s2l2l0 1L and3Ld 1 X1

EI Ar171s2p, 3pd 1 X CE Ar151s1s2l2l0 2L and4Ld 1 X1
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pattern. The global efficiency was accurately determin
by comparison of hydrogenlike and heliumlike line inte
sities, in the case of a He target, with a well calibrat
Si(Li) detector. It amounted to1.3 3 1027 s615%d and
was nearly constant in a range of 260 eV around 3.7 k
The resolving power was1.4 3 1023.

Spectra we have obtained for all of the excited sta
studied (up ton  5) are presented in Fig. 1 in the cas
of N2 and Xe targets. One can see from a direct anal
of these spectra as a function of target atomic num
that (i) the1snp 1P1 ! 1s2 1S0 transitions, mainly due to
a SE process, keep the same relative intensity; (ii)
the other hand, the intensities of all of the lines due
multiple processes (filled in black) increase very rapid
with Zt when compared to the SE process. We ha
ission of
FIG. 1. X-ray spectra recorded with the crystal spectrometer in the case of Ar161 colliding with N2 and Xe neutral targets at
yp  23 a.u. For each target, intensity of the transitions have been normalized to1s2p 1P1 ! 1s2 1S0 —the spectra recorded for
the N2 and Xe targets have independent normalization. The indicated processes are those responsible mainly for the em
the corresponding transitions. The transitions filled in black are the lines due mainly to multiple processes.
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extracted cross sections for each of these processes
the results are listed in Table II. We give here a bri
survey of the procedure used to deduce the cross sect
[17]. We use atomic structure calculations, done
one of us (M. C.), for branching ratios and configuratio
mixing coefficients. In the data analysis, single excitatio
from the metastable fraction of the beam has been ta
into account. Cross sections of CI and CEI process
are deduced from the observed triplet state populatio
(respectively,1s2p and2l2l 0). Their contribution to the
population of singlet states is then extracted, assumin
2J 1 1 statistical population of2S11LJ states. SE and DE
cross sections are finally determined from the (remainin
populations in singlet states. Cross sections of CE a
EI processes are derived from the observed1s2l2l0 and



VOLUME 79, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 10 NOVEMBER 1997

are

TABLE II. Experimental cross sectionss310221 cm2d for SE, DE, EI, CI, CEI, and CE processes (as quoted in Table I) in
Ar161 ! Zt neutral targets atyp  23 a.u. Reported values include cascade contributions. In the case of CE, cross sections
extracted within a factor of 2. For the He target, multiple processes are found to be negligible.

Cross sections Targets
s10221 cm2d He N2 Ne Ar Kr Xe

sSEs1s2 ! 1s2pd 11.2 102.5 178 293 488 484
s615%d s620%d s621%d s624%d s633%d s629%d

sSEs1s2 ! 1s3pd · · · 29.14 · · · 86.64 · · · 159.77
s622%d · · · s622%d · · · s623%d

sDEs1s2 ! 2s2p 1 2p2d · · · 0.7 2.2 6 15 14
s630%d s630%d s628%d s630%d s638%d

sEIs1s2 ! 2pd · · · 4 10 37 127 119.5
s624%d s627%d s631%d s629%d s633%d

sEIs1s2 ! 3pd · · · 1.2 · · · 12.5 · · · 46.5
s625%d · · · s631%d · · · s633%d

sCIs1s2 ! 1s2pd · · · 4 15 59 216 260
s6100%d s645%d s627%d s627%d s629%d

sCEIs1s2 ! 2s2p 1 2p2d · · · 0.15 0.5 3.6 17 19
s651%d s637%d s626%d s625%d s628%d

sCEs1s2 ! 1s2l2l0 d · · · 1 4 19 51 71
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2p, 3p line intensities. The quoted error bars (Table I
include uncertainties of all experimental parameters; the
are important contributions due to spectrometer efficienc
statistics, and spectra deconvolution. In the following, w
will restrict our analysis to then  2 level, except for the
EI process which has been measured as well forn  3.

As the target atomic number increases, all of th
processes including both target electrons—via captu
channels—and projectile ones increase more rapidly th
those involving just projectile electrons. For example, th
CI cross section, negligible for the He target, reaches 54
of the SE cross section for Xe. Furthermore, even in t
case of the EI process, involving only projectile electron
the cross section is found to be as large as 25% of the
for the heavier target (forn  2 as well as forn  3).
These measurements, made for a heavy ion, demonst
the importance of these often-neglected multiple proces
at intermediate velocity.

For such systems, calculations taking into account t
coupling between all of the possible collisional channe
are not yet available. However, in the case of DE, a ten
tive analysis can be made in the frame of the independ
electron model since, in the case of heavy ions, electr
correlation in the initial state can be neglected. It is we
known that the first Born approximation—which scales a
Z2

t —is not valid when the perturbation strength becom
TABLE III. Experimental CEsZtdexpt and theoreticalCEsZtdJ single excitation coefficients
(see text). CEsZtdJ coefficients have been normalized to 1 for the He target.

Targets
CE He N2 Ne Ar Kr Xe

CEsZtdexpt 0.97 0.73 0.62 0.31 0.13 0.06
s615%d s620%d s621%d s624%d s633%d s629%d

CEsZtdJ 1.00 0.63 0.51 0.32 0.12 0.05
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too large (typically forZt $ 8 in the present case). From
our single excitation measurements, it is possible to e
tract a coefficient depending on the target atomic numb
CEsZtdexpt, and defined as the ratio between our data an
Z2

t -scaling law. One can also derive a coefficientCEsZtdJ

from a similar comparison between the recent Janev c
culations [18] and theZ2

t -scaling law. This approach,
based upon the dipolar law (for the perturbative regim
or the adiabaticity of the collision (for the strong inter
action regime), provides an analytic fit of the experime
tal data in the case of single excitation of light ions. Th
comparison betweenCEsZtdexpt andCEsZtdJ , reported in
Table III, shows that the Janev calculations reproduce v
well the relative evolution of the single excitation cros
section, even for a heavy ion, over all of the perturbati
ranges studied (details will be given in a forthcoming pape

For the double excitation process, we assume that
impact parameter dependent probability for a givenZt ,
b 3 PsZt , bd can be deduced fromb 3 P sZt  1, bd by
using the expressionPsZt , bd ~ Z2

t 3 CEsZtd 3 P sZt 
1, b0 d taken from the recentb 3 Psbd MO’s calculations
for single excitation [19]. Then, in the IEM, one ca
expect DE cross sections to scale assDE ~ CEsZtd 3

Z2
t 3 sSE for a given projectileZp, at least up to a

symmetrical collision. We have reported in Fig. 2 th
experimental evolution of DE over SE cross sections ra
3627
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FIG. 2. Experimental ratio of double to single excitatio
cross sections (full triangles and full line) and compariso
with the IEM scaling lawCEsZtdexpt 3 Z2

t (open squares and
dashed line).

and theCEsZtdexpt 3 Z2
t scaling law (normalized to N2).

The very good agreement obtained shows the valid
of a simple independent electron approximation for th
treatment of double excitation for such a heavy ion (A
at intermediate velocity.

Our measurements of EI cross sections in2p and 3p
final states are presented in Fig. 3. The cross sectio

FIG. 3. Excitation-ionization (EI) cross sections as a functio
of Zt for 2p and 3p final states of Ar171. The fit made for
the 2p final state is scaled for the3p final state case, with a
normalization to the N2 target.
3628
n
n

ity
e

r)

ns

n

change as a function of the target atomic number
a similar way for these two final states. The sing
excitation cross sections inn  2 and 3 (see Table II)
have similar behaviors, thus the result for EI is aga
consistent with an independent electron model.

In this Letter, we have measured cross sections
single excitation and multiple processes from the pert
bative regime to the strong interaction regime, varying t
asymmetry of the collision systemZpyZt from 9 to 0.33.
The very first measurements of the multiple processes
a heavy ion are presented, and show their large imp
tance in this velocity range. The theoretical understand
requires a complete treatment including then bodies in-
volved in these collision systems. In particular, all of th
multiple processes involving capture warrant a more th
oughly developed theoretical treatment; here, compet
processes (e.g., CI and SE or CEI and DE) can be se
rated experimentally via the spin signature of the observ
transitions. In the present case, as electron correlation
the initial state can be neglected, a simple independ
electron treatment, based upon experimental single exc
tion cross sections, appears to be successful for predic
the observed DE cross sections. This result is also c
sistent with our measurements of EI cross sections. T
experimental conditions will be described in detail in
forthcoming paper.
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