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Resonant coherent ionization in grazing ion/atom-surface collisions

at high velocities
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The resonant coherent interaction of a fast ion/atom with an oriented crystal surface under grazing incidence conditions is
shown to contribute significantly to ionize the probe for high enough velocities and motion along a random direction. The
dependence of this process on both the distance to the surface and the velocity of the projectile is studied in detail. We focus on
the case of hydrogen moving with a velocity above 2 a.u. Comparison with other mechanisms of charge transfer, such as capture
from inner shells of the target atoms, permits us to draw some conclusions about the charge state of the outgoing projectiles.

Experiments designed to investigate ijon-surface
collisions under grazing incidence conditions have pro-
liferated over the past years [1,2]. Within this frame-
work, the present paper is concerned with the theoreti-
cal study of electron capture /loss to/from swift pro-
jectiles reflected on an oriented surface with glancing
angle of incidence in the range of mrad.

Different mechanisms of charge transfer can be
devised. Their relative importance depends on the
projectile velocity r, the distance to the surface z and
the type of projectile under consideration. Auger and
direct resonant processes involving the solid conduc-
tion band play an essential role for ¢ < v [3], where
vy is the Fermi velocity of the medium. However, in
the high velocity regime (v = vg), for which recent
experimental- resulis are available [1,2], the capture
from inner shells of individual atoms of the solid and
the resonant coherent interaction with the surface lat-
tice will be relevant. The latter contributes to both
capture and loss. It originates in the periodicity of the
lattice of target atoms in the case of oriented surfaces,
and is related to the well-known Qkorokov effect [4]. It
has been recently proposed as responsible for the
orientational dependence of molecule dissociation by
surface interaction under surface channeling condi-
tions [3].

* Corresponding author. tel. +34 43 218000, fax +34 43
219306, e-mail ccpgaabf@si.ehu.es.

Provided that the normal velocity is several orders
of magnitude smaller than the parallel one under the
regime of grazing incidence, the study of those pro-
cesses can be in general performed assuming that the
motion is parallel to the surface. The real trajectory is
then incorporated through integrating the correspond-
ing rate equation over different distances to the sur-
face. Consequently, an impact parameter representa-
tion of the various processes that take place during the
collision becomes necessary. Notice that when the
turning point of a grazing trajectory is above the 10p-
most atomic layer, this imposes a distance of closest
approach to the target atoms, which makes that the
very high momentum behavior of the interatomic po-
tential (e.g., its influence in change transfer) loses its
importance with respect to the bulk,

Atomic units (a.u.) will be used throughout this
work, The z-axis will be chosen parallel to the surface
normal, in such a way that the top-most atomic layer is
placed at z =0 and the vacuum lies in the z > 0 region
(see Fig. 1). Each state of the electron bound to the
probe, |a) of energy e,. will be considered separatels.

Let us first describe the mechanism of resonant
coherent loss (RCL). in which the probe loses an
electron due to the coherent interaction with the sur-
face lattice. This effect has been also accounted for in
bulk calculations of charge states [6]. When the ion
beam is directed along a special direction of the ori-
ented crystal surface, it has been predicted that the
RCL gives rise to electron emission with well-defined
energies and directions [7]. In the present work, we
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shall address the case of a trajectory oriented in a
random direction, that is, parallel to an irrational-index
surface-lattice vector. A description of the interaction
potential between the projectile and the target atoms,
A(r), is needed. The periodicity of the crystal potential
in the directions parallel with the surface allows us to
express it in terms of its Fourier components. The
contribution of the top-most atomic layer can be writ-
ten as

Vep(r) = ZE:G.: e, (1)
G
where

{a,

1
- ; -iG &
—QdeA(r)c ,

() is the area of the unit cell, r=(R, z), R=(x, y)
and G is a 2D reciprocal surface-lattice vector. In
many occasions, the solid can be regarded as a succes-
sion of identical parallel atomic planes equally sepa-
rated by a vector (D, —d_). Then, using the ZBL [8]
approximation for the interatomic potential, which have
proved to be valid for explaining a number of experi-
mental results of ion—surface collisions [9], one finds

2wz Ay, exp(~T;2)
TRy o e T

(2)

for z > 0, where Z. is the atomic number of the targel
atoms, I = \‘,Gf +G->, v, =(0.02817, 0.2802, 0.5099,

Jellivm
edge

e O

Trajectory

0.1818), B, = (02016 /azy . 0.4028 /ayg . 0.9423 /az, |
3.2/(’1 ZB].)’

e =~ OBEEA{Z O™ . Z55) ™,

and Z, is the atomic number of the external ion. We
shall focus on collisions with the (111) face of an fcc
crystal of lattice constant a, so that, choosing the axis
of coordinates as shown in Fig. 1, one has 2 = a*y3 /4,
GD=2u(n+m)/3, d.=a/y3 and G =
2mV2 Jaln +1)/ V3, m—n), m and n being inte-
gers.

The rate of loss from the bound state of the ion |a)
to the orthogonalized plane wave | &) can be obtained
using first-order time-dependent perturbation theory.
One finds

14

whke(z)=—

d
X T [dO(R1 g .pe R Tad [ k0(K?),
G

(3)
where I is the normalization volume, z is the projec-
tile—surface separation, r'=(R’, =) inside the form
factor of Eq. (3) refers to the electronic coordinate and

k= \;'2(.’:‘“—6']/")

is the momentum of the emitted electron in the frame
moving with the projectile. The fact that the binding

o.O
e O o
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Ser:nnd/
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Fig. 1. Top: Schematic representation ol the (111) surface of u crystal of lattice constant a. Bottom: Geometry under consideration:
the energy associated to the normal motion is assumed to be conserved. so that the turning point of the trajectory is determined by
equating the normal kinetic energy at infinity to the effective potential experienced by the probe.
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energy £, depends upon the distance to the surface
due to the corrections introduced by the interaction
with both the conduction band (i.e., the image poten-
tial) and the target atoms (i.e., the crystal potential)
has been taken into account in the calculation of Egq.
(3) shown in Fig. 2 (continuous curves) [10]. The rate of
RCL is high enough as to have to be considered in a

o e |

loglw) (a.u.)

z=1.5 au
| MeV-H"

0.0 A — : . -
0 10 20 30

6 (degrses)

reliable description of final charge states. The depen-
dence on the velocity is smooth, as can be observed in
Fig. 2b. The rate of RCL depends on the direction of
the velocity in the plane of the surface (see Fig. 2c).
Nevertheless, it can be shown that the final neutral
fraction, studied below, is not sensitive to this depen-
dence.

The contribution of the resonant coherent capture
(RCOC) from valence band electrons is expected to be
small as a consequence of the poor matching between
initial and final states in momentum space. The rate
for such a process can be written [6] as

v -
- %jdﬂk

47

Xkﬁ(k:)B(L‘F—|k+L"). (4)
where the initial state |k) is a plane wave in the
directions parallel with the surface and a solution of
the Schrédinger equation with a square barrier poten-
tial in the z direction. The results obtained from Eq
(4) are represented in Fig. 2a (dotted curves). Thc
RCC is secn to be negligible as compared with the
mechanism discussed below,

The rate of capture from inner shells (S} of the
target atoms when the ion moves parallel o the sur-
face at a distance z from the last atomic laver can bt
obtained by averaging over the trajectory the tota
probability of capture in a single collision with a targe’
atom as a function of the impact parameter b, Pg(b}
One finds

<“l§—(}.:+:' g IR Ik}l-

Wie(2)

D e
w§(2) = [ dsPE(VsTH2T). (
27
The results are depicted in Fig. 2a (dashed curves
when P is calculated in first-order Born approxima
tion [11]. This seems to be the main source of capturt
in the range of velocities under consideration.

The charge state of the outgoing projectiles can b
related to the occupancy of the bound states of the
probe at ¢ =<«. For each of those states. the time-de
pendent occupancy p,(r) is well described by the rat

n

Fig. 2, (a} The rate of electron capture from inner shells ¢
the target atoms (Eq. (30 is represenied by dashed curves as
function of the distance to the top-most atomic laver of th
solid z for different final electronic states of the projectil
when a | MeV proton is moving parallel o an AlI1}
surface. The axis of quantization is parallel to the velocit:
Under the same conditions. the rates of rescnunt coherer
capture and loss {Egs. (4) and (3)) is shown by dotted an
solid curves, respectively. (b) Velocity dependence of the RC
from the Is state (z = 1.5 a.u.). (¢) Dependence of the RC
on the angle between the velocity and the x avis (see Fig.

natice the symmetry of the lattice). The value of 8 has bec

set equal to 177 in the rest of the calculitions.
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equation, provided that the rates of charge exchange
are small, as it is the case for the velocities discussed in
this work. That is,

d
dpu = —prt(2) + (L=p)we(z)
i . (6)

p=2p,
43

where w© (wh) is the total probability of capture (loss)
per unit time from (to) the bound state |ap. These
equations can be integrated over the trajectory, deter-
mined by equating the normal kinetic energy at infinity
to the total normal energy for each value of - as shown
in Fizg. 1. More precisely, the normal velocity reads

(7

where U(z) is the effective potential experienced by
the projectile and ¢ is the angle of incidence. The
latter receives conltributions from both the image po-
tential {let us call ¢'(z) the image polential acting on a
unit test charge) and the interaction with the target
atoms (notice that the crystal potential acting on a unit
test charge is given by ¢, . when it is averaged over a
random trajectory). The form of Ulz) depends on the
charge state of the probe: for the bare projectile of
charge Z, it reads

Ulz)=Z{¢'(z) +Z,4,.. (%)

whereas for a hydrogenic atom/ion with the electron
in the state |a) it takes the form

U(z)=(2Z, - 1)’d" () + Z,L) . = Ca |y onnla)d,
(¥}

where z' is the z coordinate of the eleciron, and we
have assumed that the 1mage potential does not change
significantly along the extension of the bound state.
The first term in Eqgs. (8) and (9) represents the image
potential (sec ref, [12] for an cxperimental discussion
on this point).

For simplicity, let us focus on H™ projectiles from
now on. The neutralization rate is quite small for tie
velocities under discussion {see Fig. 21 Therefore. the
occupancy of the bound states will be verv small.
Moreover, the probability of capture foliowed by suc-
cessive loss and capture can be neglected. Thus, the
neutral charge fraction upon exit from the surface can
b¢ written as

[H)A(H T+ [H) = 5 [ dowS(0)7,(0).

4

where T (1) s a transmissicn factor which accounts for
possible loss events from the neutralized projectile.
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Fig. 3. Nevwral fraction afier specular reflection of protons on
an AKTED surface with glancing angie of 3.3 mrad alung a
random direction. The dashed cumve stands for the experi-
mzntal results [2] The continu cuives conespond 19 ihe
present theory, that is, Eq (10) with /without inclusion of the
mechanism of resonant coherent jonization (thick /narrow
cunve).

Using Eq. (7) to change the variable of integration
from ¢ to z, one finds
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[2] (dashed curve). When the RCL is not taken into
account, the ncutral fraction exceeds that of the exper-
iment. Its inclusion reduces the final neutral fraction to
values that lie 2-5 times below the experimental re-
sults. This discrepancy may be due to several reasons.
Firstly. the crude description used for the region where,
after neutralization, the hydrogen stays trapped (Eq.
(10}). Secondly, the fact that the Fourier components
of the crystal potential in Eq. (2), obtained from the
ZBL approximation for the interatomic potential, may
not be appropriate for describing the bound electron-
target atoms interaction, because of the different way
the valence band electrons screen the potential in the
solid phase [13] with respect to the free Al atoms
(however, the calculation of the trajectory is dominated
by much shorter distances, so that the above descrip-
tion of the interatomic potential seems to be suitable);
this is something similar to what happens in the stop-
ping. named phase effect [14]. An inadequatc treat-
ment of such a screening leads to an enhancement of
the RCL mechanism, especially at large distances. Fi-
nally, Auger processes should be studied in detail.
Work in this direction is now in progress.

In summary, a description of the resonant coherent
loss for atoms/ions moving parallel with an oriented
solid surface has been given. This mechanism has been
shown to be relevant in the description of the charge
state distribution of fast projectiles scattered under
grazing incidence conditions. A calculation of the neu-
tral fraction after specular reflection of protons on
Al(111) has been performed and compared to experi-
ment.
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