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Multielectron Processes in Heavy lon—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'®r ion collides with neutral target atoms. For a fixed impact
velocity (v, = 23 a.u), 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]

PACS numbers: 34.50.Fa, 34.10.+x, 34.90.+q

In ion-matter interactions where highly charged ionsinvestigate a range of interactions spanning the pertur-
collide with neutral targets, the intermediate velocitybative regime to the strong interaction regime. More
regime is of particular interest. In this regime, the pri-precisely, in this Letter we report measurements of
mary processes, namely, excitation, ionization, and capzapture-ionization (Cl), capture-excitation (CE), capture-
ture, have cross sections of the same order of magnitudexcitation-ionization (CEIl), double excitation (DE) and
coupling between these channels is important. Thus, conexcitation-ionization (El) cross sections as well as a single
plete calculations leading to a unified treatment of thosexcitation (SE) one. All of these processes are presented
different processes, including an explicit representation oin Table I. Note that the CI process is competitive to the
the continuum, are very difficult to handle [1]. Never- SE one; it populates the same final configurations. We
theless, in this velocity regime, the stopping power isnote, however, that SE will give rise to just singlet states,
nearly maximum; for applied purposes, the understandingvhile Cl will populate triplet states as well. The same
of mechanisms accounting for radiation damage in materiargument holds for DE versus CEI. A spin-selective ex-
als is important. For example, this is the first step needegeriment allows us to differentiate between these various
to achieve a good knowledge of the parameters govermultiple-electron processes. We use the fact that each
ing lethal effects of ions colliding with living cells [2], or populated state of the projectile, as it decays, emits x rays
track diameters in crystals [3]. with slightly different energies. In the case of an'%r

Furthermore, as will be shown in this Letter, crossion, it is necessary to achieve a resolution of about 10 eV
sections of multiple processes may be as high as singk® distinguish between all of these differenB keV tran-
ones when the perturbative partner (the target) is heaviesitions. To fulfill these conditions, we have, in this Letter,
than the perturbed one (the projectile). Until today,used very high resolution and high transmission crystal
very few measurements have been made and then juspectroscopy.
for light atoms at high velocities [4—8]. Theoretical The experiment has been performed at the Sortie
interpretation remains controversial in terms of correlatiorMoyenne Energie facility at Grand Accélérateur National
effects needed to correct the independent electron moddllons Lourds in Caen. A high intensity beam uA.) of
(IEM). A quantitative evaluation of electron correlation Ar'®* at 13.6 MeV/u was directed at various atomic tar-
during the collision (the so-called intermediate stategets confined in an open gaseous cell. A metastable frac-
correlation) requires a complete treatment. Theoreticaiion was present in the incoming &F beam [s2s3S;
work has been limited mainly to the multiple ionization state]; this has to be taken into account in the data analy-
and excitation of He [9—14]. Furthermore, no one hassis. The fraction was found to 8.2 + 0.5) X 1073 at
investigated heliumlike systems for double excitation, buthe entrance of the collision area [16]. The specially de-
for ionization correlation has been shown to fall off assigned spectrometer used was composed of a flat mosaic
1/Z, [15]. graphite crystal and a localization chamber. The spec-

In this Letter, we have measured cross sections ofrometer was placed at 3@vith respect to the beam axis
multiple processes for a two-electron ion in collision and used in a vertical geometry. This allows a first or-
with neutral targets at intermediate velocity: '8 on  der compensation of Doppler broadening and reduces the
He, N;, Ne, Ar, Kr, and Xe atv, = 23 a.u. Thus we sensitivity to any polarization effect in the x-ray emission
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TABLE I. Review of all the processes studied here: single excitation (SE), double excitation (DE), excitation-ionization (EI),
capture-ionization (CI), capture-excitation-ionization (CEl), capture-excitation (CE). The quoted final states are those observed
experimentally.

Processes involving just projectile electrons Processes also involving target electrons
Initial state Processes Final states Processes Final states
SE Ar®t(1s2p,1s3p'P) + X Cl Ar'®*(1s2p'P and3P) + X*
Arlot(1s215)) + X DE Ar'OT(2121'"'L) + X CEl Ar'oT(2121''L and3L) + X
El Ar'7t(2p,3p) + X CE Ar'3+(152121'°L and®L) + X+

pattern. The global efficiency was accurately determine@xtracted cross sections for each of these processes and
by comparison of hydrogenlike and heliumlike line inten-the results are listed in Table Il. We give here a brief
sities, in the case of a He target, with a well calibratedsurvey of the procedure used to deduce the cross sections
Si(Li) detector. It amounted td.3 X 1077 (=15%) and  [17]. We use atomic structure calculations, done by
was nearly constant in a range of 260 eV around 3.7 keVone of us (M. C.), for branching ratios and configuration
The resolving power wak4 X 1073, mixing coefficients. In the data analysis, single excitation

Spectra we have obtained for all of the excited statefrom the metastable fraction of the beam has been taken
studied (up ton = 5) are presented in Fig. 1 in the caseinto account. Cross sections of Cl and CEIl processes
of N, and Xe targets. One can see from a direct analysiare deduced from the observed triplet state populations
of these spectra as a function of target atomic numbefrespectively,ls2p and2/2!’). Their contribution to the
that (i) thelsnp 'P; — 15215, transitions, mainly due to population of singlet states is then extracted, assuming a
a SE process, keep the same relative intensity; (i) o2/ + 1 statistical population of *'L; states. SE and DE
the other hand, the intensities of all of the lines due tocross sections are finally determined from the (remaining)
multiple processes (filled in black) increase very rapidlypopulations in singlet states. Cross sections of CE and
with Z, when compared to the SE process. We haveEl processes are derived from the obserte2i2/’ and
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FIG. 1. X-ray spectra recorded with the crystal spectrometer in the case'df Aolliding with N, and Xe neutral targets at

v, = 23 a.u. For each target, intensity of the transitions have been normalizee@tdP, — 1s>!S,—the spectra recorded for

the N, and Xe targets have independent normalization. The indicated processes are those responsible mainly for the emission of
the corresponding transitions. The transitions filled in black are the lines due mainly to multiple processes.
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TABLE Il. Experimental cross sectiong<10~2! cn?) for SE, DE, El, Cl, CEl, and CE processes (as quoted in Table I) in
Ar'®* — 7, neutral targets at, = 23 a.u. Reported values include cascade contributions. In the case of CE, cross sections are
extracted within a factor of 2. For the He target, multiple processes are found to be negligible.

Cross sections Targets
(107%' cn?) He N Ne Ar Kr Xe

ose(1s? — 152p) 11.2 102.5 178 293 488 484
(+15%) (+20%) (+21%) (+24%) (+£33%) (+29%)
oss(1s? — 153p) 29.14 86.64 159.77
(+22%) (+22%) (+23%)

ope(ls? — 252p + 2p?) 0.7 2.2 6 15 14
(£30%) (£30%) (+£28%) (£30%) (£38%)
oe(152 = 2p) 4 10 37 127 119.5
(+24%) (+27%) (+31%) (+29%) (+£33%)

oe1(152 = 3p) 12 125 46.5
(£25%) (£31%) (£33%)

oci(ls? — 1s2p) 4 15 59 216 260
(+100%) (+45%) (+27%) (+27%) (+29%)

ocei(1s? — 2s2p + 2p?) 0.15 0.5 3.6 17 19
(£51%) (£37%) (£26%) (£25%) (+£28%)

oce(ls? — 1s2121") 1 4 19 51 71

2p,3p line intensities. The quoted error bars (Table Il) too large (typically forZ, = 8 in the present case). From
include uncertainties of all experimental parameters; thereur single excitation measurements, it is possible to ex-
are important contributions due to spectrometer efficiencytract a coefficient depending on the target atomic number,
statistics, and spectra deconvolution. In the following, weCg(Z; )expi, and defined as the ratio between our data and a
will restrict our analysis to tha = 2 level, except for the Z?2-scaling law. One can also derive a coefficient(Z;),
El process which has been measured as welkfer 3. from a similar comparison between the recent Janev cal-

As the target atomic number increases, all of theculations [18] and theZ?-scaling law. This approach,
processes including both target electrons—via capturbased upon the dipolar law (for the perturbative regime)
channels—and projectile ones increase more rapidly thaor the adiabaticity of the collision (for the strong inter-
those involving just projectile electrons. For example, theaction regime), provides an analytic fit of the experimen-
Cl cross section, negligible for the He target, reaches 54%al data in the case of single excitation of light ions. The
of the SE cross section for Xe. Furthermore, even in theomparison betweels(Z;)cxp and Ce(Z,);, reported in
case of the El process, involving only projectile electrons;Table 11, shows that the Janev calculations reproduce very
the cross section is found to be as large as 25% of the Skell the relative evolution of the single excitation cross
for the heavier target (for = 2 as well as forn = 3).  section, even for a heavy ion, over all of the perturbation
These measurements, made for a heavy ion, demonstratinges studied (details will be given in aforthcoming paper).
the importance of these often-neglected multiple processes For the double excitation process, we assume that the
at intermediate velocity. impact parameter dependent probability for a given

For such systems, calculations taking into account thé X P(Z,, b) can be deduced from X P (Z;, = 1,b) by
coupling between all of the possible collisional channelsusing the expressioR(Z,, b) « Z?> X Cg(Z;) X P (Z, =
are not yet available. However, in the case of DE, a tentat, »') taken from the recentt X P(b) MQO’s calculations
tive analysis can be made in the frame of the independeribr single excitation [19]. Then, in the IEM, one can
electron model since, in the case of heavy ions, electroexpect DE cross sections to scale @gsg « Cg(Z,) X
correlation in the initial state can be neglected. Itis wellz? X ogse for a given projectileZ,, at least up to a
known that the first Born approximation—which scales assymmetrical collision. We have reported in Fig. 2 the
Z2?—is not valid when the perturbation strength becomesxperimental evolution of DE over SE cross sections ratio

TABLE Ill. Experimental Cg(Z,)exp: and theoreticalCr(Z,), single excitation coefficients
(see text). Cx(Z,),; coefficients have been normalized to 1 for the He target.
Targets
Ce He N, Ne Ar Kr Xe
Ce(Z)expt 0.97 0.73 0.62 0.31 0.13 0.06
(x15%) (£20%) (£21%) (*24%) (£33%) (£29%)
Ce(Z); 1.00 0.63 0.51 0.32 0.12 0.05
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FIG. 2. Experimental ratio of double to single excitation

cross sections (full triangles and full line) and comparison

with the IEM scaling 1awCg(Z,)expe X Z? (open squares and
dashed line).

and theCg(Z,)expr X Z? scaling law (normalized to §.

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

In this Letter, we have measured cross sections of
single excitation and multiple processes from the pertur-
bative regime to the strong interaction regime, varying the
asymmetry of the collision systei, /Z, from 9 to 0.33.
The very first measurements of the multiple processes for
a heavy ion are presented, and show their large impor-
tance in this velocity range. The theoretical understanding
requires a complete treatment including théodies in-
volved in these collision systems. In particular, all of the
multiple processes involving capture warrant a more thor-
oughly developed theoretical treatment; here, competing
processes (e.g., Cl and SE or CEIl and DE) can be sepa-
rated experimentally via the spin signature of the observed
transitions. In the present case, as electron correlations in
the initial state can be neglected, a simple independent
electron treatment, based upon experimental single excita-
tion cross sections, appears to be successful for predicting
the observed DE cross sections. This result is also con-
sistent with our measurements of El cross sections. The

The very good agreement obtained shows the validityexperimental conditions will be described in detail in a
of a simple independent electron approximation for theforthcoming paper.

treatment of double excitation for such a heavy ion (Ar)

at intermediate velocity.
Our measurements of El cross section®jand3p

final states are presented in Fig. 3. The cross sectionﬁ] H.J. Luddeet al., J. Phys. B28, 4101 (1995).
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