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A code has been developed to simulate the neutralization and grazing process of slow highly charged ion Xet

on Al(111) surface under the classical-over-the-barrier model. The image energy gain of Xe?T ions are calculated and

compared with experiment data. The simulation results of image energy gain are in good agreement with the experiment

data. Meanwhile, in the present work, the reflection coefficient of incident Xedt on Al(111) surface as a function of the

incidence angle, energy and charge state is also studied.
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1. Introduction

Because of low speed and high charge state of
the slow highly charged ion (SHCI), the interaction
between SHCI and a surface has special properties
that ordinary ions do not have.l'!' As the SHCI ap-
proaches a surface, it induces the collective response
of the surface electrons, creating an image charge,
which accelerates SHCI toward the surface. The
neutralization of SHCIs starts above the surface and
can be well described by the classical-over-the-barrier
model (COBM) of ion-surface interactions.l? When
the SHCI reaches a critical distance above the surface,
electrons from the surface are resonantly captured
to the high-lying, quasi-stationary Rydberg state of
SHCI.13 This capture into the Rydberg states should
continue until the SHCI becomes essentially neutral.
This is the formation of hollow atom (HA). The ini-
tially present inner shell vacancies are still present.
The HA will shrink rapidly by autoionization, but it
will keep neutralization by ongoing resonant capture
into high-lying Rydberg states. In addition, as the oc-
cupied Rydberg projectile states come into resonance
with empty surface states, the electrons lying in the
Rydberg projectile states can be recaptured back by
the surface. The above resulting neutralization pic-

ture is a constantly shrinking electron cloud around
the originally highly charged ion. Though the lifetime
of HA is very short (typically about 100 fs), it can be
studied by its electron emission, characteristic soft x-
ray, trajectory, energy loss, and outgoing charge state
after scattering from the surface.[*—6!

The present work simulates the process of the
SHCI grazing incidence on Al(111) surface including
neutralization process and scattering process based on
Monte Carlo method. Atomic units are used unless

otherwise stated.

2. Theory employed in simulation

2.1. Interatomic potential

The interaction between SHCI and crystal lattice
atom of Al(111) separated by a distance R can be ap-
proximated by the screened Coulomb potential of the
following form:

V(R) = (Z122/7)f(R/ay), (1)
where f(R/ap) is the interatomic screening function

with a length scale referred to screening length ap,
which is determined by the following formula,!”!

f(R/ag) = Z aiexp(—biR/ap), (2)
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where a; = {0.35,0.55,0.1,...}, b; = {0.3,1.2,6,...}.
For the interaction between SHCI and lattice atom of
a solid surface, the following ar is employed

ap = 0.8854 x ((Z1 — q1)*/3 + (Zo — q2)¥3)Y/2, (3)

where ¢; and g2 are the charges bearing by the inci-
dent SHCI and target atom respectively.

When the projectile ions are far away from the
surface of the crystal, interaction potential can be ap-
proximately described byl!”)

Uy (R) = 21nsZ1 Zoag Z (a;/bi)exp(—=b;R/ap), (4)

where ng is the atom number per unit area of the crys-
tal surface. The potential function depends strongly
on the vertical distance R from the ion to the surface.
As shown clearly in Fig.1, when the vertical distance
to the solid surface R is small enough, the interaction
potential between SHCI and Al atom has an obviously
periodic structure as that of the crystal lattice. In or-
der to save the computer time, only the interaction
with the 75 crystal lattice atoms nearest to the pro-
jectile SHCI is taken into account in the simulation
when R is small.
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Fig.1. The interaction potential between incident ions

and lattice surface along the direction of a string at differ-
ent distances R.

2.2. Image potential

When an incident SHCI grazes against the metal
surface, the quasi-free electrons of the surface will be
rearranged to create an image charge. When the SHCI
is slower than Bohr speed, it can be considered that
the SHCI is static to interact with its image charge.®!
For a large R, the interaction potential between the

ions and the image charge can be well described by

V(R) = —q/4R, (5)

where ¢ is the effective charge of the ions. The in-
teraction potential can be corrected by the following

equation when R becomes smalll®!

VI(R) = —q/4(20 + k1R + k2 R?), (6)

where 2o = 1.025, k1 = 0.9946, ko = 5.253 x 107°.
According to the COBM, the projectile ions start
neutralization process with capturing the electrons
when R reaches the critical distance as the ions ap-
proach the crystal lattice. The projectile charge state
changes staircase-like (staircase model) as the projec-
tile approaches the solid surface. The dependence of
critical distance on charge state ¢ of the projectile ions
and work function of the solid target can be well de-

scribed by the following:!®!

Re = (1/(2W))(8¢ +2)'/2, (7)

where W is the work function of the crystal. For
Al(111), a more precise formula is used!” in the sim-
ulation,

Re = (1/(2W))(c1g + e2)'/?, (8)

where ¢; = 8.015, cg = 2.629, W = 4.28 eV.

2.3. Energy loss

When the SHCIs graze against the surface of Al
they experience energy loss, which are induced from
four sources: the charge exchange with the target
above the surface; the excitation of the plasma above
the crystal surface; the interaction with the quasi-free
electron gas below the crystal surface; and the elastic
collision with the crystal lattice atoms.

When the SHCI grazes against the crystal, charge
exchange occurs, which can cause an energy loss. The
energy loss in the single-charge exchange can be de-

termined by the following equations:['’]

A-Ecaxp = (BT - BP) + (Epmp/(4mT))

x ((mp+m)mp—(Br—DBp)/Ep—m/my)?, (9)
AFEss = 1/2 x mv? + (mp/(mp +m))

X (Bp + Ec) + Ep(mp/4mT)

x ((Bp + Ec)/Ep)?, (10)
where AE,, and AFE)ss denote the energy losses re-
sulting from the electron capture and loss respectively;
mp, mt and m denote respectively the masses of the
projectile, target atom and electron; Bt and Bp the

binding energies of the electrons with the target and
the projectile cores respectively; ), is the projectile
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energy, v the laboratory-frame velocity of the projec-
tile, and E¢ the mean kinetic energy of electrons sep-
arated from the projectile.

When an ion approaches the metal surface, the
electron density in the metal is rearranged to create
image charge. The attractive interaction between pro-
jectile ion and its image charge causes the excitation of
plasma and electron-hole on the crystal surface, which
results in the energy loss.['™) These two kinds of energy
losses can be described by the following two equations
separately:

SErat = 270/(7TVQWS)/w2K0(2bw/V)dw

= 70V/(8w2)1/(H), (11)
SEin = 3V In(0.983qrpb)/ (2mate)1/(6Y),  (12)

where 79 = 0.03 a.u., ws denotes the classic frequency
of planar plasma, gpp the Thomas-Fermi wave vector,
V' the velocity component parallel to the surface, and
b the vertical distance to the surface.

When the projectile is close enough to reach the
electron gas of the solid surface (< 6 a.u.), we assume
that the projectile enters the electron gas in the bulk
of the solid and adopt an empirical model based on
the velocity-dependent electron-stripping criterion in
which the ionization degree shows a remarkably good
agreement with experimental values for heavy ions in
solid.['2l When the projectile velocity is less than the
Fermi velocity of the electron gas the local-field cor-
rected (LFC) dielectric function can provide a more
accurate description of the excitations of the surface
electron gas by including the exchange-correlation in-
teraction among the electrons. Based on the distribu-
tion of the electron gas above and below the metal sur-
face, the position-dependent electronic stopping power
can be expressed as!!314

1
Se(zo):2k%v/vp/0 kdk(G, (k) H (k, 2}), (13)

n(k) = Z1(q(20) + (2kkp 4)*) /(1 + (2kkpA)?), (14)
H(k, 20) = 2fi(k)/ (1 + fr(k))*exp(—4kp2ok), (15)

where Z{, and Zy denotes respectively the distances to
the surface and first layer of lattice atoms, A is the
screening length, kp and vp denote the Fermi wave
number and Fermi velocity respectively, k is the wave
vector of the incident ions, ¢(zp) the ionization de-
gree of the ions at zg, f;(k) and f,.(k) are two integral
functions well described in Refs.[13,14].

When the SHCIs interact with the crystal lattice
atoms of Al(111), the momentum transfer from the

projectiles to the lattice atoms takes place, which is
called elastic energy loss or nuclear energy loss. For
an estimate of the energy loss via binary elastic col-
lisions, one finds that the elastic energy loss can be

described by the following equation:!

AE = (1—1/(1 + (Ms/M;)?)
x (cosy + ((Mz/My)? —sin® 01)'/2)%)Ey, (16)

where Ejy denotes the initial energy of the ions, M;
and M; are the atomic masses of the projectile ion
and target atom respectively, and 60, is the scattering
angle of the ions.

3. Monte Carlo simulation

A code, STARF, is developed for the simulation,
in which Xe?" is selected as the incident SHCI, and
the coordinate system is set as Fig.2.

Fig.2. Coordinate system set up with the x axis along a
string direction and the z axis perpendicular to the lattice
surface. The top lattice layer is XOY surface; 6 and ¢ are
the incident and azimuth angles respectively.

In the present simulation, when R > 5 a.u., the
potential is given by Eq.(4); when R <5 a.u., the in-
teraction is approximated by summing over all the in-
teractions with the 75 crystal lattice atoms nearest to
the projectile. The projectile ion approaches the sur-
face step by step. In each step, the force between the
projectile and the 75 lattice atoms are treated as a
constant, by which the projectile experiences in the
middle stage of the step. In order to save the com-
puting time, let the step length be R-dependent and
becomes shorter and shorter as R gets smaller.

The interaction of a multicharged ion with the
surface is a true many-body problem. The charge
transfer occurs mainly through resonant and Auger
processes. A theoretical analysis of the neutraliza-
tion dynamics above the surface has been presented
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on the basis of the COBM[?3! in which resonant multi-
electron capture of conduction electrons, resonant loss
into the unoccupied states of the conduction band,
and the intra-atomic Auger de-excitation were consid-
ered and the transient formation of hallow atoms was
described. In addition, in the close vicinity of the tar-
get surface, the outer shell electrons of the projectile
ion can be peeled off by scattering with target surface
electrons. In the present simulation we use the same
approach in terms of coupled rate equations in which
enter cross sections and rates for capture, loss, peel-
ing off and de-excitation to simplify this fairly complex
array of process as in Refs.[16, 17] and the references
therein:

VL (R P(R) = I5(R) ~ A (R)Pa(R)

— IN(R)P.(R)

1 2
+3 > ApnPL(R)

n'>n
—PXR) Y Awn, (A7)
n'<n

where R is the projectile-surface distance, v; the pro-
jectile velocity in the direction normal to the target
surface, P, the electron population in the nth shell
of the projectile, IS the current of captured electrons,
[711 the current of electron lost, A, the Auger rate
of a projectile, and IP the decay constant due to the
peeling-off process.

4. Simulation results and discus-
sion
4.1. Neutralization process

In the present work, the neutralization process of
Xe%t ions grazing against Al(111) is simulated. As
shown in Fig.3, the neutralization process starts at R
around 66 a.u. and as the projectile is getting closer
to the solid surface, more and more electrons are cap-
tured to the high-lying Rydberg states leaving the in-
ner states empty. Accompanying the neutralization
process, the de-excitation is taking place. This is the
reason why the electron population states move from
the higher lying states to lower lying states when the
projectile approaches the Al(111) surface. As shown
in Fig.3, the projectile becomes neutral at R around
12 a.u..

Figure 4 shows the charge state g of Xe®** ion
as a function of R. The results of staircase model

are shown in Fig.4, too. The horizontal dashed line
is for the simulation and the vertical dashed one for
the staircase model. As shown in Fig.4, because the
states of the projectile have energy spread, the dis-
tance R at which the projectile captures the electrons
from the surface has spread, thus R in the present sim-
ulation generally agrees well with R. from the stair-
case model. When the projectile is too close to the
solid surface (R < 10 a.u. as shown in Fig.4), the cap-
tured electrons in outer shell can be peeled off and the
projectile charge state ¢ can increase to 1-5.
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Fig.3. The dependence of electron population of different
shells on distance R from the surface when the 100 keV
Xe54t ions grazes against the Al(111) surface at an inci-
dent angle of 1°.
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Fig.4. The dependence of the 100 keV Xe®4 ion’s charge
state g on distance from Al(111) surface when it’s scatter-
ing on Al(111) surface.

In our simulation, the image energy gain as a func-
tion of charge state ¢ of the projectile Xe is also simu-
lated and the simulated results are shown in Fig.5. As
shown in Fig.5, when ¢ < 35, the simulation results
are in good agreement with experimental data from
Ref.[18] though they are a little higher than those of
staircase model. When ¢ > 35, the simulation results
agree very well with the results of staircase model.
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This is reasonable since the staircase model is a good  electron cloud of Al(111) lattice atom.
approximation when the projectile charge state is high
enough. @
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Fig.5. The image energy gain as a function of the charge
state g of Xe ion when it is scattered on Al(111) surface
at an energy of 3.7 ¢ keV and incident angle of 1.5°.

4.2. Features of trajectories

Both the collective repulsive potential from the
crystal lattice atoms and the attractive image poten-
tial will affect the trajectories. Since the image po-
tential depends on the charge state of the projectile,
the charge exchange process will play an important
role on the trajectories. In the present work, we fo-
cus our attention on the surface channelling. When
it happens, all the projectiles reach the same distance
of closest approach and reflect symmetrically with re-
spect to the crystal lattice atom string if the incoming
and outgoing ions have the same charge state.

The reflection coefficient of the 3.7 ¢ keV Xedt
grazing against Al(111) surface at an incident angle
1.62° is simulated and compared with the results of
Ref.[9]. The reflection coefficient as a function of the
projectile charge state ¢ is shown in Fig.6. As shown
in Fig.6, when ¢ < 20, the reflection coefficient is
100 percent. With increasing ¢, the kinetic energy
component normal to the solid surface increases, and
when ¢ > 20, it becomes large enough to overcome
the repulsive collective potential from the solid sur-
face and the projectile starts to get into the crystal.
From Fig.6, we can clearly see that our results agree
with those of Ref.[9] reasonably well. The slight dis-
crepancy at higher ¢ between the present results and
those of Ref.[9] is due to the fact that the screening
length ag is calculated differently from Ref.[9] by tak-
ing into account the influence of the projectile on the

15 20 25 30 35
Charge state of Xedt

Fig.6. The dependence of the reflection coefficient on the
charge state ¢ for 3.7 ¢ keV Xe?t ions grazing against
Al(111) at an incident angle 6 = 1.62°.

Meanwhile, the influence of charge state of the
projectile ion on the trajectory is also studied. As-
suming that the outgoing Xe atom is neutral, the in-
cident angles 0 (input data) and calculated exit angles
0" are both shown in Fig.7, in which the solid squares
are the incident angles € and open circles the exit an-
gles 6'. The two-degree-shift between 6§ and ¢’ are due
to energy gain of normal motion caused by the image
charge interactions. So the present simulation clearly
support the viewpoint that the data of the shift be-
tween 6 and 6" allow one to reduce the image energy
gain, and further the information on the total tran-
sient rates.

100 1 gt
m incidence angle .
B 4
80 | o reflection angle s %
- .. B
3 60 A LI 2
=1 -
] . °
- ..
O 40 1 . .
] . "
4 - " L °o°
20 " j .
T . - . o 000
o ] concien S O K
T T T T T 1
il 2 3 4 5 6
Angle/(°)

Fig.7. The distribution of incident and reflection angles
for the 30 keV Xe3?t ions incident on Al(111) at an angle
0 = 2.5°.

To study this problem in detail, it is useful to sepa-
rate the energies for motions normal and parallel to
the surface plane

E, =E cos? 6, (18)
E| = Eysin®#, (19)
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where Ey and 6 denote the incident kinetic energy and
angle, respectively. From these two equations, we have

tg*0 = EL/E, (20)

A0 = AE| cos?0/(2sin0) ~ AE, /(26), (21)

As shown in Eq.(20), when the SCHI approaches
the solid surface, the image potential energy gained is
added to the energy of normal motion, which causes
the increase of the real incident angle and conse-
quently the exit angle under the surface channelling
condition. This explains why 6" has two-degree shift

m incidence angle

relative to 6. Equation (21) shows that if the distribu-
tion of normal-motion-energy AFE is kept unchanged,
the increase of angle 6 can cause the decrease of the
angle distribution. Keeping this fact in mind, we can
expect that the peak for #" in Fig.8 is narrower than
the peak for 6 since 6’ is larger than 6.

However, as shown in Fig.6, with increasing
charge state of the projectile or incident angle, the ef-
fect of surface channelling becomes weak, which makes
the exit angle ¢ smeared. This is why we see in Fig.8
that with increasing incident angle, the distribution of

exit angle becomes wider and wider.
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Fig.8. The distribution of incident angle 6 and exit angle 8’ when Xedt (¢ = 30) ions with initial kinetic energy
1.0¢ keV grazing against the Al(111) surface. (a) § = 4.0°, (b) 6 = 6.0°.
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