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Strong onset of ionization in slow Xe?t-Xe collisions at very high ¢q
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‘We have discovered that ionization without accompanying electron capture is an important process
in slow (v~0.1-0.2 a.u.) Xe?*-Xe collisions at very high projectile charge (¢ >25). The measured
absolute cross sections, although between one and two orders of magnitude lower than the ones for
single-electron capture, increase rapidly with ¢ when ¢ >25 and reach a level of ~1x107% cm? for
g >30. We argue that the reaction mechanism for ionization of the heavier rare gases involves the
formation of core-excited, autoionizing, neutral target states.

Pacs number(s): 34.70.+e, 34.50.Fa

For more than half a century it has been known that
electron capture and ionization compete in fast ion-atom
collisions [1]. In slow collisions, though, electron capture
is expected to dominate strongly over ionization, since
the total energy of each active electron is negative with
respect to the projectile at internuclear distances where
electrons can be released from the target [2, 3]. Emis-
sion of electrons during slow collisions of highly charged
ions with multielectron targets is therefore usually me-
diated by electron capture; i.e., transfer ionization is a
dominating ionization process [4].

In this Rapid Communication we report on experimen-
tal evidence for ionization without accompanying electron
capture in slow collisions involving projectiles of very
high charge. Absolute cross sections oy are found to be
in excess of 1x10~!% c¢cm? for the collisions

Xe?t + Xe—Xe?t + Xet +e7, (1)

with ¢ >30 at v=0.034,/q a.u. This is very surprising,
at least at a first glance, since the velocities are about
ten times lower than the classical Bohr-Lindhard limit
for ionization [2] Vmin = q"/*y/T;. In Fig. 1 we show ab-
solute cross sections for the pure ionization process (1).
Note, however, that even though the ionization cross sec-
tion exhibits a threshold at ¢g=13+3 and follows an ap-
proximate g2 behavior at higher g, it is about two orders
of magnitude smaller than the sum of all capture cross
sections for each g investigated here (15< ¢ <37) [5].

In order to explain these results we propose a mech-
anism in which an electron is dynamically transferred
to a Rydberg state of the projectile while, at the same
time, the fine structure of the lowest Xet term is excited.
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The Rydberg electron may then be transferred back to
form a core-excited neutral state, which readily autoion-
izes. This model will be accounted for in more detail
below. First, however, we will discuss the experimental
technique.

A 90% enriched 36Xe gas was injected into the cryo-
genic electron-beam ion source at the Manne Siegbahn
Institute of Physics [6]. The pressure in the ~6.5-m-long
transport line between the source and the entrance slits

20+
E
o
2
o 1.0+
0.0
0
Projectile charge (q)
FIG. 1. Absolute experimental cross sections (open cir-

cles) for ionization in Xe?*-Xe collisions as a function of g
at v=0.034,/q a.u. The error bars consist of statistical errors
and uncertainties in the background subtraction. The full line
shows a least-squares fit to the experimental data. The dot-
ted line is the model cross section multiplied by a factor of 4
(cf. text).
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of the separator magnet was 1x10~8 Torr. After charge-
state selection, the beam propagated ~1.5 m at a pres-
sure of about 5x10~° Torr before entering a collision gas
cell. We used a position-sensitive detector in order to reg-
ister the final charge states of highly charged Xe ions after
their passage through a 160° electrostatic hemispherical
energy analyzer. The recoil ions were extracted from the
gas cell by a weak electric field and their charge states
were determined by means of a time-of-flight spectrom-
eter. This technique is widely used, and details of this
specific version were recently accounted for [4].

The pressure in the gas cell, which had an effective
length of 10 mm, was measured by means of a capacitance
manometer. No significant variation in the ratio between
single ionization and single-electron capture between 0.06
and 0.33 mTorr was found for Xe3?+-Xe collisions. This
strongly indicates that the dominating double-collision
effect on the ionization peak is the same as the one for
capture; namely, a reduction due to secondary capture
events. The single-collision conditions are thus well es-
tablished.

The principal quantum number n of the projectile cap-
ture state increases with the projectile charge and is ex-
pected (7] to be around 17 for Xe30*+-Xe collisions. The
stripping of a captured electron could, in principle, give
rise to false coincidences in the ionization spectra. We
argue, though, that stripping of the comparatively large
Xel@=1+ state through interactions with the residual gas,
the exit apertures or electric fields are equally unlikely.
Residual gas stripping can be ruled out, since stripping
in the target gas with two orders of magnitude greater
thickness has been shown to be unimportant above. The
main effect arising from interactions with the exit aper-
ture is the capture of electrons, which for the case of
Xe3%+ projectiles will take place at a distance outside
the surface, which is much larger than the Xe?%*(n=17)
state before relaxation (~10 a.u.). Ionization by the 50-
V/mm extraction field in the gas cell will only affect [8]
states with n >430. Further, the binding energy of the
active electron increases considerably as it is transferred
from the Xe atom (I; ~12 eV) to the n=17 state of Xe?*+
(~42 eV).

Metastable projectiles may, after the capture of one
electron, form a doubly excited state with sufficient en-
ergy for autoionization. This can then give rise to a false
ionization signal [9, 10], as has been observed in the re-
gion g~10. Although we do not have direct experimental
proof that this does not occur, we consider it to be highly
unlikely for the following reasons. (i) The probabilities
[11] for forbidden transitions scale as ¢™, where m is at
least 6. For ¢g=30, e.g., this means that the lifetime of a
metastable state is ~10° times shorter than the lifetime
of the isoelectronic state in the neutral atom and can
hence be expected to be much shorter than the 20 us it
takes for the Xe3%+ projectile to reach the gas cell. (ii)
The measured ionization cross section increases monoton-
ically with q. If the corresponding signal would be due
to metastable projectiles, strong variations as a function
of ¢ would be expected due to differences in metastable
fractions for different ¢ [9, 10].

In Fig. 2(a), we show a projection of a two-dimensional
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FIG. 2. Charge-state distributions of projectile and recoil
ions from the target following Xe39*-Xe collisions at v=0.18
a.u. A projection of the total two-dimensional spectrum on
the axis of charge-state dispersion (a). (b) shows the same
spectrum for events where a Xet recoil ion was detected in
coincidence. Time-of-flight spectra coincident with Xe3°* and
Xe?** are shown in (c) and (d), respectively. The weak struc-
tures superimposed on the random coincidence background in
the range 300-900 ns are due to ionization of the residual gas
( ma.inly COz, 02, Nz, and HzO).

detector image on the axis of charge-state dispersion for
Xe30+-Xe collisions. In Fig. 2(b), the same projection is
shown for projectiles coincident with singly charged re-
coil ions. The time-of-flight distributions coincident with
Xe30t and Xe?®t are shown in Figs. 2(c) and 2(d), re-
spectively. The background in Fig. 2(c), is mainly due
to random coincidences between recoil ions and Xe30+
projectiles, and will appear at the primary beam in the
position spectrum. In order to handle this problem, the
beam pulses were extended to ~50 ms and Xe?" inten-
sities were limited to ~100 per pulse during the mea-
surements. With the time-to-amplitude converter open
for 2 us and with an evenly distributed intensity in the
beam pulse, this gives an expected random coincidence
probability of about 0.004 per detected recoil ion, which
should be compared with an ionization probability of
~0.01 per detected recoil ion. Since the time-of-flight
peak for the “1+” recoil is about 200 ns wide at the
base, only one-tenth of the random coincidences in Fig.
2(c) (distributed over 2 us) are expected to show up at
the “30+” position in Fig. 2(c). The ratio of true to ran-
dom events in the peak for Xe30* projectiles gated on
singly charged recoil ions [Fig. 2(b)] is thus estimated
to be 0.01/(0.004/10)=25. Some caution is, however,
still called for, since we cannot exclude higher concen-
trations of projectile ions in part of the pulse, and we
deduce a true to random event ratio of ~10 from Fig.
2(c). A further problem is that electrons produced by
Xe?®t at a mesh directly in front of the detector lead
to a sloping background below the “30+” peak of Fig.
2(b). Note, however, that this tail of the “29+” peak
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gives a time-of-flight spectrum identical to that of single-
electron capture. For assignment of a single-ionization
process we demand that the data exhibit the following
features: (i) a peak of the right position and width in
the projectile position spectrum coincident with a “1+”
recoil ion; (ii) a peak of the right position and width in
the time-of-flight spectrum coincident with projectiles of
conserved charge; (iii) a recoil ion distribution coincident
with Xe?* that should be different from the one coinci-
dent with Xela—D+,

The ionization cross sections are determined by fitting
Gaussian functions to the peaks corresponding to single-
electron capture and single ionization. An absolute cross
section for the latter process was determined through
the ratio between these two processes and single-electron
capture cross sections reported earlier [5]. The ioniza-
tion cross section in Fig. 1 increases approximately as g2,
and has an onset at about ¢g=13. The full line shows a
least-squares fit to the experimental data with the func-
tional form o;=a(q—b)¢, where a=(2.440.6)x 10718 cm?,
b=13+3, and ¢=1.8+0.2. Ionization without accompa-
nying electron capture, on the level of a few percent of
single-electron capture (first announced in [5]), has very
recently also been found for Kr?°*-Ar [12] and Ar!6+-He
[13] collisions at somewhat higher velocities.

In order to get a better perspective of the presently ob-
served phenomenon we first consider some one-electron
models. Using the dipole approximation for the ion-atom
interaction, Janev and Presnyakov [14] arrived at an ex-
pression for ionization in the adiabatic region. From
their formula we get an ionization cross section of only
~ 3¢ x 10724 cm? for Xe?*-Xe collisions at v =0.034,/g
a.u. by using the effective oscillator strength for hydro-
gen (which has about the same ionization potential as
Xe) and taking the six valence electrons of Xe into ac-
count. This one-electron model thus does not seem to be
applicable in our case.

Two other ionization mechanisms have been discussed
recently [15]. They are predicted to scale with g for high
q and are associated with two different barrier-ionization
processes. When the projectile and the target separate
after the collision, an active electron residing close to the
top of the internuclear potential barrier may be sequen-
tially promoted to higher-lying quasimolecular states un-
til ionization occurs. This mechanism is predicted to con-
tribute on a level of about 1072 cm? for a bare nucleus
of charge ¢=30 colliding on atomic hydrogen [15]. The
second mechanism, which involves ionization by an effec-
tive barrier connecting to the centrifugal barrier in the
united atom limit, is predicted [15] to give substantially
larger cross sections of about 1017 ¢cm?2. This cross sec-
tion includes contributions from electron capture to the
continuum of the projectile. Electron capture to bound
projectile states is, however, a strongly dominating pro-
cess at all impact parameters, and it is hard to imagine
that the centrifugal-barrier ionization mechanism, which
occurs at relatively small impact parameters, could pro-
ceed without accompanying electron capture (to bound
states) at large internuclear separations. Thus neither
one of these one-electron models is able to explain the
present observation.
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FIG. 3. A schematic of some diabatic potential-energy
curves for Xe3%+-Xe collisions. The initial channel is de-
noted by IN, while the single- and double-electron capture
curves predicted to be active by the extended classical-over-
the-barrier model are denoted by SC and DC, respectively.
R, and R: are the internuclear distances at which the first
and the second electrons are classically allowed to transfer
to the projectile. Autoionizing core-excited neutral Xe states
reside between the two lowest ionization levels, I; (=12.10
eV) and I¥ (=13.33 eV), of Xe. An electron transferred to
a single-capture channel SC! at R} interacts with the core-
excited neutral channels at R; > R;. The reaction path is
indicated by the arrows (cf. text).

Instead, we suggest a mechanism, indicated in Fig. 3,
to be responsible for the unexpectedly large ionization
cross sections. In a first step, one electron is transferred
to the projectile at an internuclear separation R}, slightly
larger than the distance R; at which the outermost target
electron is captured according to the classical over-the-
barrier model [16, 17]. The probability of following the
adiabatic path on the way to the radial turning point is
calculated by means of a modified form of a semiempiri-
cal expression for the adiabatic energy splitting [18]. The
modification is chosen in such a way that the maximum
of the reaction window for single-electron capture, cal-
culated by means of the Landau-Zener model, coincides
with R;. This modification is supported by the excellent
agreement [9, 19, 20] between experimental observations
of the n distributions of projectile capture states and
n values expected to be populated when the electron is
transferred at R;. The radial velocity at R will be com-
paratively high, since b has to be smaller than the in-
ternuclear distance R;, where the dashed single-capture
channel cross with channels where core-excited states of
neutral Xe are populated (cf. Fig. 3). The probability
of following the adiabatic path at R, which is on the
diabatic side of the reaction window, is thus found to be
typically a few percent. For Xe3%+-Xe collisions R}/R;
must be larger than 1.20 in order for the crossing at Ry to
be outside the internuclear distance R;. For smaller R;
(and hence b) a second electron becomes quasimolecular,
which is expected to drastically decrease the probability
of exiting the collision without capture of at least one
electron. The restriction R;y>R; implies that a projec-
tile n state, slightly higher than the one populated at
R,, is populated at R{. Corresponding widths of n-state
populations are expected from dynamical considerations
[17] and have been observed experimentally [9, 19, 20].
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The target may be left in either a Xet [2P§/2] or a
Xet [2Pp,] state (excited by 1.33 eV [21]) when the first
electron is transferred. It has been shown earlier that ex-
citations of the target that do not require a core electron
to change its nl/ value may be as likely as formation of
the target in the ground state [22]. The active electron is
then transferred to the excited target core Xet [? T2l
with a high probability due to a high density of crossings
with Xe?t-Xe [? 72]nl channels around R;. All such
states, except nl=6s, 7s, 6p, or 5d, autoionize through
relaxation of the core to the 2P§/2 state of Xe't [23].

We assume a unit probability for electron transfer back
to the target at Ry and estimate the absolute cross sec-
tions to be

Ry
oyt =2y [ (- p(e, B (2)

where p is the Landau-Zener probability for the crossing
at R{ and the sum is taken over all channels with R; >
Rjy. Since there is a quasicontinuum of such channels and
since the probability of populating a certain channel is
peaked at b = Ry, we assume that each channel only gets
its contribution from a single impact parameter . Then
the cross section becomes

oped = 2«/[1 — p(Rr, RD))R1dRy, (3)

where the integration is from Rs to the maximum R; =
(g — 1)/I;. In reality several impact parameters con-
tribute for each channel. Thus, this tends towards an
underestimation of the cross section, while the assumed
unit probability of electron transfer back to the target at
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R; acts in the opposite direction. We have further not
included the probability (statistical weight 1) for leav-
ing the target in the core-excited state at the R{ tran-
sition. In Fig. 1, we show a}“°d multiplied by a factor
of 4 and find excellent agreement with the experimental
data. The model cross section has the functional form
0P°d~(g—16)2, in agreement with our experimental find-
ings. The model further implies that the cross sections for
ionization and excitation (population of [2P§/2]nl states)
should be of similar magnitude and that the velocity de-
pendences should be weak in the adiabatic region. The
present ionization mechanism is unique for targets with
p® cores, and we note that our preliminary Xe?*-Ar data
for v=0.034,/q a.u. also show indications of ionization.

In this Rapid Communication we have presented the
discovery of a strong onset of ionization in slow Xe?"-Xe
collisions in the charge-state region 15<¢<37. The colli-
sion velocity is well below the characteristic one at which
ionization without accompanying electron capture is vir-
tually prohibited from a classical point of view [2]. We
suggest that the ionization process is mediated by a trun-
cated capture event, leading to population of autoioniz-
ing, core excited, neutral Xe states. Although crude, the
model readily explains the threshold in g and the approx-
imate g2 increase of the ionization cross section at high
projectile charge states.
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