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We report on measurements of scattered projectile angular and charge state distributions for
3.75 keV/amu 07" (3 = g < 8) ions surface channeled along the (110) direction of a Au(110) single
crystal target. Projectile trajectory calculations indicate that the projectiles spend less than 30 fs within
2 A of the topmost Au surface layer. Nevertheless, almost complete charge equilibration is observed
in the scattered projectile charge state distributions. It is concluded that, already at the target interface,
strong screening effects are present which make possible direct capture to the projectile L and M shells

in relatively large impact parameter collisions.

PACS numbers: 34.70.+e, 79.20.Rf, 79.90.+b

One of the many interesting aspects of low energy multi-
charged ion-solid interactions is the very fast relaxation of
the ions once they penetrate the target. Fast projectile neu-
tralization and deexcitation has been inferred previously
from measurement and analysis of projectile K Auger elec-
tron [1-3] and K x-ray [4,5] emission occurring in the bulk.
While the inferences made were necessarily indirect, and
involved various modeling assumptions, e.g., about elec-
tron transport to the target surface, transition energies and
rates for projectiles embedded in screened media, the evo-
lution of the projectile trajectories in the target bulk, issues
related to electron background stripping, etc., they never-
theless pointed to the importance of bulk screening effects
that facilitated direct capture to projectile inner shells.

In the present Letter, we present the first determination
of projectile charge equilibration time scales for multi-
charged ion interactions occurring at the solid surface via
the measurement of charge state distributions of projec-
tiles scattered during grazing interactions with Au(110).
de Zwart et al. [6] have reported measurements of scat-
tered positive charge fractions for larger incidence angle
impact of multicharged ions on polycrystalline W. They
did not analyze those projectiles scattered as neutrals.
Moreover, as a consequence of their larger incidence an-
gle, significant penetration of the bulk occurred. The
present measurements were performed in the specular
reflection regime under surface-channeling conditions as
verified by observation of characteristic angular distribu-
tions for the reflected projectiles. Under such conditions
there is minimal penetration of the target surface plane,
and the interaction times of the projectile with the target
can be accurately determined. The measured charge state
fractions of the reflected projectiles were found to be es-
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sentially independent of incident charge state, indicating
that charge equilibration had occurred. Using this obser-
vation together with calculated surface interaction times,
projectile inner-shell capture rates are deduced that are
comparable to those inferred for bulk interactions, sug-
gesting that strong screening is established already at the
target interface. Complementary evidence for the latter
is the fact that the inner-shell capture is found to occur
during relatively distant encounters, as selected by the ex-
perimental specular reflection condition.

In the present experiment, 3.75 keV/amu 0" (¢ =
3—8) ions, produced by the ECR ion source at the ORNL
Multicharged Ion Research Facility, were grazingly inci-
dent (¢ = 1.8°) on a clean Au(110) surface in the {110)
direction. The incident multicharged ion beam was colli-
mated by two 0.5-mm-diam apertures to an angular diver-
gence of about 0.1° FWHM. The single crystal Au(110)
target was mounted on an x-y-z manipulator located in a
UHYV chamber having a base pressure of 3 X 107'% mbar
and was prepared by cycles of sputter cleaning with 1 keV
Ar* ions and annealing at about 700 °C. Surface cleanli-
ness was verified using electron-induced Auger electron
spectroscopy. The angular distribution (polar as well as
lateral) of the scattered (reflected) projectiles was mon-
itored using a two-dimensional position sensitive detec-
tor (PSD) having a 40-mm-diam active area, and located
560 mm from the target. The PSD was mounted on an x-
y manipulator which permitted measurement of the polar
scattering angle ¢, in the range —0.8° to +5.6°. Analysis
of the primary beam, used to determine ¢, = 0°, as well
as its angular spread, could thus be performed. In order
to avoid saturation of the PSD, the total scattered ion flux
to the PSD was kept below 100 kHz.
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Figure 1(a) shows the intensity distribution observed
on the PSD for 3.75 keV/amu O%®" incident on Au(110)
along the (110) direction at 1.8°. The characteristic
“banana” shape of the angular distribution displayed in
the figure, which disappears a few degrees away from
the (110) direction, is a distinct fingerprint of surface
channeling. It mirrors the ‘“corrugation” present in the
surface along the (110) direction, which is 8.15 A wide
for the known (1 X 2) reconstruction [7] of the Au(110)
surface at room temperature.

To gain some quantitative insight into the trajectories
along which the projectiles travel under the conditions of
surface channeling, a Monte Carlo simulation [8] was car-
ried out in which the equations of motion of the projectile
in the periodic potential of the crystal surface were solved
for an ensemble of appropriate random initial conditions.
The scattering potential consisted of a superposition of
individual contributions (assuming a Ziegler-Biersack-
Littmark (ZBL) interaction potential [9]) from a lattice cell
of 72 atoms that was progressively translated along the
ion trajectory. Lattice vibrations were accounted for by
employing the Debye model with an anisotropic surface
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FIG. 1. Comparison of the measured (top) and simulated
(bottom) scattered projectile intensity distribution on the PSD
for 3.75 keV/amu O%* incident on Au(110) along the (110)
direction at 1.8°, showing the characteristic ‘“banana”-shaped
angular scattering distribution indicative of surface channeling.

Debye temperature as prescribed by Jackson [10]. Image
charge acceleration effects on the incoming projectile
trajectory, which lead to an increase of the scattering an-
gle with increasing projectile charge state [11-13], were
accounted for by empirical adjustment of the projectile
incidence angle. These effects were small for the present
projectile energies and incidence angles. Figure 1(b)
shows the simulation results for the above experimental
conditions. As can be seen, quite good agreement with
the experimentally measured angular distribution shown
in Fig. 1(a) is obtained. For the scattering conditions ex-
perimentally investigated, the simulation indicates a total
trajectory length within 2 A of the topmost Au surface
layer of about 220 A, corresponding to an interaction time
of only about 25 fs. In addition, the simulation gives a
maximum penetration depth of 2.2 A, which corresponds
to scattering from the bottom of the surface channels.
The average minimum distance of the closest approach
to any of the target atoms along a particular ion traject-
ory was found to be about 0.65 A, roughly 2-3 times
larger than the unscreened projectile L-shell radius.

To determine the charge state distribution of the re-
flected ions, a movable pair of slits located between the
target and the PSD was used to select a vertical slice of the
scattered beam (lateral scattering angles in range —0.15°
to +0.15°). Electrostatic analysis using a pair of deflec-
tion plates immediately downstream of the slit assembly
produced a series of very well resolved, horizontally dis-
placed vertical bands, each corresponding to a particular
charge state r, while the intensity distribution of each band
along the vertical axis reflects its polar angular distribution.
The scattered projectile charge distribution was obtained
by integrating this 2D spectrum over a range of polar scat-
tering angles ¢,, which for the present case was 2.0° to
4.5°. Auxiliary measurements were performed to assure
that the PSD efficiency was independent of the scattered
charge state.

Scattered charge state distributions were measured in
this manner for oxygen ions in initial charge states down
to g = 3, all incident at 1.8° on Au(110) at an energy of
3.75 keV/amu, and under surface-channeling conditions
along the (110) direction. In Fig. 2, the fractions of
final charge states r are plotted as a function of the
incident charge state g. A number of remarkable features
are evident in the figure. For all incident charge states
investigated, the neutral fraction strongly dominates the
scattered ion charge state distribution, as has been already
noted by others [14]. A significant fraction of the scattered
ions recedes from the surface in charge state —1 [15].
Most remarkably, the +1, 0, and —1 charge state fractions
are virtually independent of initial charge state, indicating
almost complete charge equilibration. As has already been
found by de Zwart et al. [6], the scattered ion fractions
of charge +2 and greater show noticeable increases when
the incident ion carries one or two K vacancies. It should
be noted, however, that, independent of incident charge
state, the overall contribution of scattered charge states +2
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FIG. 2. Measured scattered projectile charge fractions vs
initial oxygen projectile charge state for the experimental
conditions of Fig. 1. Lateral scattering angle range —0.15° to
+0.15°, polar scattering angle range 2.0° to 4.5°.

and higher to the total scattered ion intensity never exceeds
0.5%.

The energy dependence of the scattered charge frac-
tions was investigated for incident O'*, O°*, and O’
ions over the velocity range 0.064 to 0.55 a.u. The
positively charged scattered ion fractions show signifi-
cant increases with velocity in the investigated energy
range. More interestingly, as is shown in Fig. 3, the frac-
tion of O~ ions, with the most loosely bound electrons
(E4 = 0.054 a.u.) in the ensemble of possible charge
states, shows a definite velocity or energy “threshold” at
v = 0.1 a.u., below which the O~ fraction is very small,
and above which it steadily increases up to the maxi-
mum investigated velocity.
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FIG. 3. O~ scattered charge fractions for O'*, O3*, and O7*

incident ions as a function of projectile velocity under the
conditions of Fig. 1—the solid line is drawn to guide the eye;
inset schematically indicates O~ formation mechanism.
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This feature can be exploited to roughly estimate the
maximum distance of negative ion formation on the re-
ceding part of the projectile trajectory. Negative ion for-
mation velocity thresholds have been explained as arising
due to “kinematic resonance” effects [16,17] in the case of
projectiles having a nonzero parallel velocity component
with respect to the target surface. In the projectile rest
frame, the motion parallel to the surface results in an effec-
tive population of electronic states above the Fermi edge
which can, at sufficiently high parallel velocities, come into
resonance with weakly bound projectile electronic levels
(see inset of Fig. 3). For negative ion levels, the image
interaction increases the electron affinity with decreasing
above-surface distance by —1/4z, where z is the distance
(in a.u.) above the image plane. At the observed threshold
velocity of negative ion formation, resonant capture from
the top of the kinematically shifted valence band to form
O~ implies a negative ion level shift (due to the image
charge interaction) of —0.074 a.u., corresponding to a dis-
tance of formation above the image plane of about 3.4q,.
This translates to a distance of 2—3 A above the actual sur-
face plane. Under the assumption that the O~ ion is formed
by a one-electron transfer process with neutral oxygen as
a necessary precursor, the observed incident charge inde-
pendence of both neutral and O~ scattered ion fractions in-
dicates that the latter distance also coincides roughly with
the maximum above-surface distance at which the above
noted charge equilibrium is completed.

Turning now to the question of where the charge equi-
libration effectively starts during the grazing interaction
with the surface, it is recalled that resonance neutralization
(RN) of the multicharged ion can already start along the ap-
proach trajectory at large distances above the surface [18],
and populates high-lying Rydberg levels of the projectile
(e.g., for O%*, the initial n level populated is 9). Relaxation
of the resulting multiexcited projectile proceeds via a time
consuming autoionization cascade. Simulations of the
above-surface RN and relaxation using the code developed
by Burgdorfer, Lerner, and Meyer [18] were performed
for charge states +7 and +8, which have the longest au-
toionization cascades to be traversed in order to populate
the inner shells, at the perpendicular velocity correspond-
ing to the experimental condition of Fig. 2. The feed-
ing of the K, L, and M shells via the cascade up to the point
of impact was found to be small for both ions. The other
captured electrons remain in higher lying Rydberg levels,
where they will be “peeled” [19] from the projectile by the
increased screening it will experience upon reaching the
surface. It is thus concluded that above-surface RN and
relaxation along the approach trajectory do not play a sig-
nificant direct role in the charge equilibration of these high-
ly charged ions during their interaction with the surface.

It therefore appears that, even for the grazing collisions
studied here, the dominant contribution to the charge
equilibration comes from interactions occurring within
roughly 2 A of the surface. From the calculated maxi-
mum penetration depth of the trajectory simulation, we
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conclude that, for the present experimental conditions,
the charge equilibration occurs within a thin slab less
than 4 A thick, which only includes the first and possibly
second planes of the crystal lattice, in a time interval
whose upper limit (also provided by the same trajectory
simulation) is about 25 fs.

In our earlier [1] studies of subsurface neutralization
processes based on projectile K Auger electron spec-
troscopy, it was argued that, in the target bulk, upward
shifts of the initially unfilled projectile L and M shells due
to screening effects originating from the high ambient elec-
tron density, make possible direct capture and/or Auger
neutralization to these inner shells [20], effectively bypass-
ing the time consuming autoionization cascade occurring
above the surface. In view of the very fast charge equi-
libration time inferred in the present experiment, it would
appear that such a scenario may be already applicable when
considering interactions with the topmost lattice plane.

Indeed, single-electron L-shell capture rates inferred
from a simple phenomenological neutralization simulation
are consistent with multielectron L-shell filling rates de-
duced earlier for conditions in which the dominant in-
teraction was with the target bulk. The simulation [21]
considers the competition between stepwise filling (via
electron capture) and depletion (via ionization and, where
applicable, K Auger decay) of the projectile L shell, and
finds that the observed equilibrated charge distributions
can be reproduced within the 25 fs surface interaction time
when a 105 s™! single-electron L-shell capture rate is as-
sumed, together with a 10 times slower ionization rate and
previously determined K Auger rates. A more sophisti-
cated over-the-barrier treatment developed in parallel with
the present investigation by Burgdorfer [22], confirms that
this high L-shell capture rate is made possible under the
present experimental conditions by dynamical screening
effects present already at the target surface which result
in significant upward projectile energy shifts. By properly
accounting for these effects in his calculation, he was,
moreover, able to reproduce the observed scattered ion
fractions, including O~ formation, without the use of fit
parameters.

In conclusion, we have measured scattered charge state
distributions resulting from surface-channeling interac-
tions of 3.75 keV/amu multicharged oxygen ions with
Au(110). We have shown that there is negligible direct
contribution to charge equilibration at distances greater
than about 2 A above the surface, both on the incident and
receding portions of the projectile trajectory. Simulations
of the trajectory indicate that the projectiles spend only
20-30 fs within this distance of the surface, and that essen-
tially no penetration of the surface occurs. Nevertheless,
virtually complete charge equilibration is observed in the
measured distributions. This very fast equilibration time is
a strong experimental indication, that, already at the target
interface (i.e., the topmost lattice plane), strong screening,
essentially characteristic of the bulk, is established which
facilitates direct capture to projectile inner shells.
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FIG. 1. Comparison of the measured (top) and simulated
(bottom) scattered projectile intensity distribution on the PSD
for 3.75 keV/amu O%' incident on Au(110) along the (110)
direction at 1.8°, showing the characteristic “banana”-shaped
angular scattering distribution indicative of surface channeling.



