
PHYSICAL REVIEW A AUGUST 1998VOLUME 58, NUMBER 2
Dynamical interaction effects on the Coulomb explosion of H2
1 at glancing-angle incidence

on solid surfaces
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The dynamical interaction effects on the Coulomb explosion and the stopping power are studied for MeV
H2

1 ions in grazing collisions with a solid surface. The surface dynamical potential induced by the molecular
ions is obtained by using a local frequency-dependent dielectric function for a semi-infinite electron gas with
damping. A set of equations describing the motion of the center of mass and the Coulomb explosion is
obtained by including the repulsive force of the surface atoms, the bare Coulomb force, and the dynamical
forces. The total energy loss for the molecular ion is calculated, taking into account a contribution from both
the collective excitations of the conduction electrons and the single-electron excitations of each of the substrate
atoms.@S1050-2947~98!03908-0#

PACS number~s!: 34.50.Bw, 34.50.Dy, 61.80.2x
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I. INTRODUCTION

When a swift molecular ion impinges on a solid, it w
dissociate inside the solid and decompose into fragment i
The resulting ionic fragments then begin to recede from
another under the influence of the bare Coulomb force
separate after a few femtoseconds. This is called ‘‘Coulo
explosion’’ of the molecule. The energy loss of the molec
lar ion in the solid shows important differences—call
‘‘vicinage effects’’—when compared with the energy loss
the separated ions. The origin of these effects is due to
interference of the electronic excitations of the solid aris
from the correlated motions of the ionic fragments. The
istence of the vicinage effects in the energy loss of molec
hydrogen ions in solid carbon was first demonstrated
Brandtet al. @1#.

What will happen when a fast molecular ion is incident
a solid surface at a small glancing angle? In this case,
molecular ion does not penetrate into the solid but will d
sociate into ionic fragments in the region close to the surf
before being reflected specularly. The motion of the mole
lar ion will be influenced not only by the bare Coulom
force, but also by the repulsive force of the surface ato
and the dynamical forces due to the surface electronic e
tations. Generally, the course of the Coulomb explosion
the molecular ions moving near the surface is more comp
than that inside the solid.

Dissociations of MeV H2
1 and HeH1 ions at glancing-

angle incidence on solid surfaces were first measured
Susukiet al. @2,3#. Similar measurements were also made
Winter et al. @4,5#. Subsequently, Susukiet al. @6,7# reported

*Also at Department of Applied Mathematics, University of W
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on the results of a computer simulation of the dissociat
dynamics, in which more than 104 particle trajectories were
calculated. These experimental measurements and nume
simulations show that almost all molecular ions have dis
ciated during the scattering, and the internuclear vecto
the ionic fragments tends to lie parallel to the surface dur
dissociation.

Susuki has recently measured energy losses of the1

fragments from glancing-angle scattering of 0.15–0
MeV/amu H2

1 ions by SnTe@8# and observed the vicinag
effects. He also calculated the energy losses from the co
tive excitations of the substrate using a local dielectric fu
tion with no damping. Although the results agree fairly we
with the experimental data, without damping of the plasm
mode the vicinage effects in these calculations do not dis
pear in the limit of large internuclear distances. For sol
such as Si, the damping effect of the high-frequency osci
tions of the surface electron-gas should be included@9#. In
this case, the vicinage effects will vanish for large intern
clear separation, as expected physically.

The main purpose of the present work is to study in de
the dynamical interaction effects on the Coulomb explos
and the stopping power of fast H2

1 ions during grazing scat
tering from solid surfaces. We expect that the damping
fects in collective excitations will play an important role
the phenomena. The organization of this paper is as follo
In Sec. II, we give the expressions for the surface indu
potential of a H2

1 ion moving near a solid surface using th
specular reflection model and a local frequency-depend
dielectric function with damping. In Sec. III, we present th
equations of motion describing the scattering of the cente
mass and the Coulomb explosion of the molecular ion. T
repulsive force of the surface atoms, the bare Coulomb fo
and the dynamical forces from surface collective excitatio
are included. The vicinage effects on the stopping power
1287 © 1998 The American Physical Society
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the total energy loss are discussed in Sec. IV. A summ
will be given in Sec. V. Atomic units~a.u.! (me5\5e
51) will be used throughout this work.

II. SURFACE-INDUCED POTENTIAL

Consider a swift H2
1 ion incident on a solid surface with

a small glancing angleu i and reflected specularly. We sha
assume that the internuclear vectorR of the molecular ion is
parallel to the surface and aligns with the direction of t
projectile’s velocityv. This assumption is based on the e
perimental findings@2–5# and numerical simulations@6–8#.
Physically, when the molecular ion moves near the solid s
face, it will be influenced by both the repulsive force of t
surface atoms and the wake force due to the dynamic
sponse of the substrate conduction electrons. The former
orient the internuclear vector parallel to the surface, wh
the latter will result in the alignment of the internuclear ve
tor along the velocity vector. Even though it is difficult
present to give a quantitative estimate of the time scale
this alignment, one may expect that the extreme grazing c
ditions will enable the alignment to settle along the incom
trajectory, before the dissociation of H2

1. We will study the
motion of the molecular ion in thex-z plane where thex axis
is parallel to the surface and the internuclear vectorR. The
origin of the z coordinate is located on the surface atom
plane, with the solid lying on thez<0 region.

The angle of incidence for MeV H2
1 ions on surfaces is

about 1–10 mrad in most experiments and the normal c
ponentvz of the velocityv is very small. Thus, we can ne
glect vz in the calculation of the surface-induced potent
and the stopping power, and treat the separationzc between
-
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the ion and the surface adiabatically along the trajectory. T
charge density of the molecular ion can be expressed as

rext~x,y,z,t !5@d~x12vt !1d~x22vt !#d~y!d~z2zc!,
~1!

wherex15x2R, x25x, with the labels 1 and 2 correspond
ing to the leading ion and the trailing ion in the molecul
ion, respectively, andzc is the instantaneous distance of th
ion from the surface atomic plane, considered to be a c
stant parameter in the calculation of the surface induced
tential.

The surface electronic excitations can be described by
well-known specular-reflection model~SRM! introduced by
Ritchie and Marusak@10#. The SRM assumes that the solid
a semi-infinite jellium~the electron gas!, which is described
by a bulk dielectric function«(k,v). This model has been
used by many authors to study the surface-induced pote
and the stopping power for atomic ions moving near so
surfaces@11–17#. In the present work, we will use a loca
frequency-dependent dielectric function

«~k,v!512
vp

2

v~v1 ig!
, ~2!

wherevp5(4pn0)1/2 is the plasma frequency of the electro
gas with densityn0 and g is the damping parameter of th
electron-gas oscillations. Using the SRM, the surfa
induced potentialF( x̃,0,z) for a single particle moving par
allel to the surface along thex direction with velocityv and
distancezc from the surface can be derived following th
procedure of Refs.@11,12#:
F~ x̃,0,z!5H~ x̃,z18 ,vs!1u~2z8!u~2z08!@H~ x̃,z28 ,vp!2H~ x̃,z18 ,vp!#, ~3!

H~ x̃,z68 ,vs,p!52
vs,p

v E
0

`

dqJ0S vs,pz68

v
qD q211

~q211!22~gq/vs,p!2
e2qvs,pux̃u/v1u~2 x̃!

2vs,p
2

Vs,pv

3E
0

`

dqqJ0S vs,pz68

v
qDas,psin~Vs,px̃/v !1bs,pcos~Vs,px̃/v !

~q211!22~gq/vs,p!2
e2gux̃u/2v, ~4!

as,p5q2112g2/~2vs,p
2 !, ~5!

bs,p5gVs,p /vs,p
2 , ~6!
a

th

i-
cle.
where x̃5x2vt, vs5vp /A2 is the surface plasma fre
quency, Vs,p5Avs,p

2 2g2/4, z18 5uz8u1uzc8u, z28 5uz82zc8u,
and J0 is the Bessel function. Here, the distancesz85z
2d/2 andzc85zc2d/2 are measured from the jellium edg
andd is the lattice spacing between atomic planes paralle
the surface. In our calculation, we choosed to be the average
atomic diameter of the substrate. Since the molecular ion
some large incident angles, can enter the jellium whe
approaches the surface,z8 or z08 may be negative.
o

or
it

One can see from Eq.~4! that the potential for a single
particle can be divided into two parts. The first part is

symmetric function ofx̃ and decreases exponentially wi

increasingux̃u, while the second part is an oscillatory contr
bution and appears only in the potential behind the parti
For a finite value of damping factorg, the oscillatory part
will decrease rapidly with increasingux̃u. In the limit g→01,
Eqs.~3!–~6! reduce to the results of Ref.@11# for undamped
electron gas oscillations.
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Dynamics of Coulomb explosion of the dissociated m
lecular ion H2

1 will be described in the subsequent sectio
by means of the total induced potentialF ind , expressed as
the sum of the potentials induced by two bare protons, v

F ind~x,0,z,t !5F~x12vt,0,z!1F~x22vt,0,z!. ~7!

Strictly speaking, in the stages before dissociative ioniza
of H2

1, the total induced potential should take into accou
the screening by the electron bound in H2

1. However, it will
be shown that the dissociation occurs at relatively large
tances from the surface, so that one may expect that
bound electron will have quantitatively little influence o
dynamical interactions prior to dissociation, as well as on
total energy losses. Therefore, we consider, in most of
calculations, the molecular ion before dissociation as t
bare protons at a fixed distanceR0. However, the effect of
the bound electron on the stopping power in the incom
trajectory will be discussed briefly in Sec. IV A, using
simple model.

III. DYNAMICS OF COULOMB EXPLOSION

A. Equation of motion for individual particle

The equation of motion in the laboratory system for t
i th particle atr i of the molecular ion is

mi

dvi

dt
5Fi j

~c!1Fi
~p!1Fi

~s!1Fi j
~w! ~ i 51,2!. ~8!

The forces appearing on the right-hand side~RHS! of this
equation are as follows:

~a! Fi j
(c) is the bare Coulomb force

Fi j
~c!5

r i2r j

ur i2r j u3
. ~9!

~b! Fi
(p) is a repulsive force produced by surface atom

which is given by the planar continuum potentialUp(z):

Fi
~p!52

]Up~zi !

]zi
ez , ~10!

with ez being the unit vector along the positive direction
thez axis. In the present work, we use the Molie`re’s approxi-
mation for the Thomas-Fermi screening function, whi
gives forUp(z) @18#

Up~z!52pZ2NpaTF(
i 51

3

~a i /b i !e
2b i z/aTF, ~11!

whereZ2 is the atomic number of the substrate atoms,aTF is
the Thomas-Fermi screening length,Np is the atomic density
on the atomic plane,$a i%5$0.1,0.55,0.35%, and $b i%
5$6,1.2,0.3%.
-
s

.,

n
t
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e
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~c! Fi
(s) is the stopping force produced by the induc

potential ofi th particle on itself

Fi
~s!52F ]F~ x̃,0,z!

]x
ex1

]F~ x̃,0,z!

]z
ezG

~ x̃50, z5zi !

, ~12!

with ex being the unit vector along the positive direction
the x axis.

~d! Fi j
(w) is the wake force produced by thej th particle and

acting on thei th particle

Fi j
~w!52F ]F~ x̃,0,z!

]x
ex1

]F~ x̃,0,z!

]z
ezG

~ x̃5xi2xj , z5zi !

.

~13!

One can see from Eqs.~4! and~13! that the wake force is no
antisymmetric with respect to interchanging the indices
the two particles, i.e.,F12

(w)Þ2F21
(w) , and hence will not obey

Newton’s third law.
Kagan et al. @19# and Jakas and Capuj@20# presented

similar equations in their studies of fast molecular ions mo
ing in solids. They used simple models for the dynami
potentials and the planar continuum potential is absent in
bulk case.

B. Motion of the center of mass

The center-of-mass coordinate and velocity for the m
lecular ion are given byr c5(m1r11m2r2)/Mc and v
5(m1v11m2v2)/Mc , respectively, whereMc5m11m2.
For the H2

1 ion, m15m25mp and Mc52mp wheremp is
the proton mass. As mentioned in the previous section,
assume that the molecular ion is aligned parallel to thex axis
so thatz15z25zc . Furthermore, for swift ions at grazin
incidence, thex component of the center-of-mass velocity
approximately constantvx5v, vx@vz , and xc5vt. From
Eqs.~8!–~13!, we obtain

Mc

dvz

dt
522

]Up~zc!

]zc
22

]Us~zc!

]zc
22

]Uw~zc ,R!

]zc
,

~14!

where

Us~z!52
vs

2vE0

qc
dq

~q211!J0~2vsuz8uq/v !

~q211!22~gq/vs!
2

2u~2z8!
vp

2v

3E
0

qc
dq

~q211!@12J0~2vpuz8uq/v !#

~q211!22~gq/vp!2
~15!

is the surface image potential for a single particle, and
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Uw~z,R!52
vs

2vE0

qc
dq

~q211!J0~2vsuz8uq/v !

~q211!22~gq/vs!
2

e2q~vsR/v !2
vs

2

2vVs
E

0

qc
dqqJ0S 2vsuz8uq

v Dassin~VsR/v !2bscos~VsR/v !

~q211!22~gq/vs!
2

3e2~gR/2v !2u~2z8!
vp

2vE0

qc
dq

~q211!@12J0~2vpuz8uq/v !#

~q211!22~gq/vp!2
e2q~vpR/v !2u~2z8!

vp
2

2vVp
E

0

qc
dq

3qF12J0S 2vpuz8uq
v D Gapsin~VpR/v !2bpcos~VpR/v !

~q211!22~gq/vp!2
e2~gR/2v ! ~16!
le
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is the dynamical image interaction between the two partic
@21# with as,p and bs,p given in Eqs.~5! and ~6!. We have
introduced a cutoffqc5v/vF in the upper limits of integrals
in Eqs.~15! and ~16!, wherevF is the Fermi velocity of the
electron gas@16,21#.

Using Mcdvz /dt5d(Mcvz
2/2)/dzc and completing thezc

integration in Eq.~14!, the trajectory of the center of mas
can be obtained from

dzc

dxc
57u iA12

2Up~zc!12Us~zc!12Uw~zc ,R!

Ecu i
2

,

~17!

whereEc5Mcv
2/2 is the initial kinetic energy of the cente

of mass,u i is the angle of incidence, and7 correspond to
the incoming~IN! and the outgoing~OUT! trajectories, re-
spectively. The distance of closest approachzm of the center
of mass to the surface atomic layer is given by

2Up~zm!12Us~zm!12Uw~zm ,R!5Ecu i
2 . ~18!

Before studying in detail the trajectory of the center
mass and the Coulomb explosion, it is necessary to de
mine the distanceszD from the surface atomic plane whe
H2

1 dissociates into H1 ions. Generally, it is difficult to
determinezD exactly. We shall use qualitative arguments
Susuki@8#, based on the probability that H2

1 survives to the
distancezc from the surface, viz.,

FIG. 1. The potentials governing the center-of-mass motion
swift H2

1 ion (v55 a.u. andu i51 mrad! on the Si surface, where
Up(zc) is planar continuum potential andUs(zc)1Uw(zc ,R), are
the surface image potentials. The internuclear distanceR(zc) is de-
termined by Eqs.~17!, ~21!, and~22!.
s

f
r-

f

Ps~zc!5expF2sD~v ! Èzc
dsn~zc!G , ~19!

where s is the path length along the IN trajectory,sD is
dissociation cross section@22#, andn(z) is the electron den-
sity outside the surface atomic plane. For glancing inciden
ds.dxc5dzc /(dzc /dxc) where (dzc /dxc) is given by Eq.
~17! with the negative sign andR fixed at the initial internu-
clear distanceR0. Using Eq.~19!, zD is determined from the
requirementPs(zc5zD)51/e. The surface electron densit
n(z) can be derived from the planar continuum potent
Up(z) @see Eq.~11!# using the Poisson equation, yielding

n~z!5Z2Np /~2aTF!(
i 51

3

a ib ie
2b i z/aTF. ~20!

Figure 1 shows the planar-continuum potentialUp(zc)
and the surface image potentialUs(zc)1Uw(zc ,R) for a
swift H2

1 ion (v55 a.u. andu i51 mrad! on the Si surface
(vs50.4 a.u. andg50.3 a.u.@16#!. Before the molecular ion
dissociates, the internuclear distanceR is fixed at the equi-
librium bond lengthR0, andUw can be calculated from Eq
~16! with R5R0. When zc reacheszD , the molecular ion
dissociates, and the internuclear distanceR is determined as
a function of the distancezc from the surface~see the fol-
lowing subsection! from the equations describing the Co
lomb explosion before substituting into Eq.~16!. The planar
continuum potential is a short-range repulsive potential a

a
FIG. 2. The trajectories for a swift H2

1 ion (v55 a.u. andu i

51 mrad! on the Si surface, where curve 1 is obtained from t
planar continuum potentialUp(zc) and curve 2 from both the plana
continuum potential and the image potentialsUs(zc)1Uw(zc ,R).
The internuclear distanceR(zc) is determined by Eqs.~17!, ~21!,
and ~22!.
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the surface image potential is attractive, so that the total
tential is negative, except in a region close to the surfac

The center-of-mass trajectory of the molecular ion
shown in Fig. 2. One can see from the figure that the surf
image potential makes the ion’s flying length shorter than
case when only the planar continuum potential is taken
account. This means that the interaction time of the ion w
the solid will be shorter and the Coulomb explosion will
tamed by the surface image potential. In addition, the tra
tory is slightly asymmetrical with respect to thez-axis be-
causezc is a function of the internuclear distanceR @see Eq.
~17!# and, as shown in the following subsection, the Co
lomb explosion is asymmetrical about thez axis.
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C. Relative motion

Using Eqs.~8!–~13! again, the equations of motion of th
relative coordinate and velocity,R5x12x2 andu5v12v2,
can be put in the following form:

dR

dxc
5

u

v
, ~21!

du

dxc
5

2

vmp
@Fc~R!1Fw~zc ,R!#, ~22!

whereFc(R)51/R2 is the bare Coulomb force and
Fw~z,R!52
vs

2

v2E0

qc
dqq

~q211!J0~2vsuz8uq/v !

~q211!22~gq/vs!
2

e2q~vsR/v !1
vs

2

v2E0

qc
dqqJ0S 2vsuz8u

v
qD

3
~q211!cos~VsR/v !2~g/2Vs!~q221!sin~VsR/v !

~q211!22~gq/vs!
2

e2~gR/2v !2u~2z8!
vp

2

v2E0

qc
dq

3q
~q211!@12J0~2vpuz8uq/v !#

~q211!22~gq/vp!2
e2q~vpR/v !1u~2z8!

vp
2

v2E0

qc
dqqF12J0S 2vpuz8u

v
qD G

3

~q211!cos~VpR/v !2~g/2Vp!~q221!sinS VpR

v D
~q211!22~gq/vp!2

e2~gR/2v ! ~23!
gle.
in

er

m
b

is the interacting wake force. After the molecular ion diss
ciates, Eqs.~17!, ~21!, and ~22! must be solved simulta
neously to giveR, u, andzc as functions ofxc .

The bare Coulomb forceFc(R) is a strongly repulsive
force, while the wake forceFw(zc ,R) is an oscillatory func-
tion of R and will be attractive for largerR, especially in the
final phase of the Coulomb explosion.

Figure 3 shows the internuclear distanceR as a function
of the distancezc from the surface during the Coulomb e
plosion of a swift H2

1 ion (v55 a.u. andu i51 mrad! on the
Si surface. Comparing the trajectories calculated with a
without the wake force, it is obvious that the dynamical
fects retard the Coulomb explosion. Hence, in addition
shortening the scattering time of the center of mass as sh
in Fig. 2, the dynamical effects also reduce the total fo
driving the Coulomb explosion. This latter observation c
further be seen in Fig. 4, in which the forces driving t
relative motion are depicted. In the initial stage of the Co
lomb explosion,R is small and the bare Coulomb forc
Fc(R) is much larger than the wake forceFw(zc ,R). With
increasingR in the OUT trajectory, the wake force becom
comparable with the Coulomb force. At aboutzc56 the total
force is even negative. Thus, the Coulomb explosion w
accelerate in the initial stages, but will slow down and ev
decelerate subsequently with increasingR.

In Fig. 5, we show the influence of the incident angleu i
on the Coulomb explosion. At the same distancezc in the
OUT trajectories, the Coulomb explosion for the small in
-

d
-
o

n
e
n

-

ll
n

-

dent angle is stronger than that for the large incident an
This is simply due to the longer Coulomb explosion time
the cases of small incidence angles.

IV. VICINAGE EFFECTS

A. Stopping power

We first study the vicinage effects in the stopping pow
due to collective excitations for swift H2

1 ions moving near

FIG. 3. The Coulomb explosion for a swift H2
1 ion (v55 a.u.

andu i51 mrad! on the Si surface, where curve 1 is obtained fro
the bare Coulomb forceFc(R), and curve 2 from both the Coulom
force and the wake forceFw(zc ,R). The internuclear distance
R(zc) is determined by Eqs.~17!, ~21!, and~22!.
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solid surface. The vicinage effects were studied by ma
authors in the bulk case, and we expect this effect will a
be important in the surface case. The stopping power for
molecular ion when it is at a distancezc from the surface
layer with internuclear separationR is given by

FIG. 4. The forces driving the Coulomb explosion for a sw
H2

1 ion (v55 a.u. andu i51 mrad! on the Si surface, whereFc(R)
is the bare Coulomb force andFw(zc ,R) is the wake force. The
internuclear distanceR(zc) is determined by Eqs.~17!, ~21!, and
~22!.
h

he
he
e
o

y
o
e

Smol
~C!~zc ,R!52E drrext~x,y,z,t !~2]F ind /]x!. ~24!

Using Eqs.~1!, ~3!, and~7!, we obtain

Smol
~C!~zc ,R!52@Sp

~C!~zc!1Sv
~C!~zc ,R!#, ~25!

where

FIG. 5. The dependence on the incident angle of the Coulo
explosion for a swift H2

1 ion (v55 a.u.! on the Si surface, where
curves 1, 2, and 3 correspond tou i51, 2, and 3 mrad, respectively
Sp
~C!~zc!5

vs
2

v2E0

qc
dqqJ0~2vsuzc8uq/v !F~q,0,vs!1u~2zc8!

vp
2

v2E0

qc
dqq@12J0~2vpuzc8uq/v !#F~q,0,vp! ~26!

is the proton’s stopping power due to the collective excitations, and

Sv
~C!~zc ,R!5

vs
2

v2E0

qc
dqqJ0~2vsuzc8uq/v !F~q,R,vs!1u~2zc8!

vp
2

v2E0

qc
dqq@12J0~2vpuzc8uq/v !#F~q,R,vp! ~27!

is the vicinage stopping power. The functionF(q,R,vs,p) is given by

F~q,R,vs,p!52
gq/vs,p

~q211!22~gq/vs,p!2
e2qvs,pR/v1

~q211!cos~Vs,pR/v !2~g/2Vs,p!~q221!sin~Vs,pR/v !

~q211!22~gq/vs,p!2
e2gR/2v.

~28!

It is easy to see that, when the damping factorg→0, Eqs.~25!–~28! reduce to Susuki’s result@8#

Smol
~C!~zc ,R!52F11cosS vsR

v D Gvs
2

v2E0

qc
dq

q

q211
J0~2vsuzc8uq/v !1u~2zc8!2F11cosS vpR

v D Gvp
2

v2

3E
0

qc
dq

q

q211
@12J0~2vpuzc8uq/v !#. ~29!
nt
xci-
tor
Note that, in this case, the vicinage effects persist even w
R→`. On the other hand, for finiteg.0, Eq. ~28! shows
that the vicinage effects will disappear asR becomes large.

Only the contributions of the collective excitations to t
stopping power are included in the above discussion. W
the molecular ion is close to the atomic plane, howev
single-electron excitations of the substrate atoms also c
en

n
r,
n-

tribute to the stopping power, especially for large incide
angles. The stopping power due to the single-electron e
tations can be included by using Bohr’s harmonic oscilla
model @23#

Smol
~ I ! ~zc ,R!52F11cosS vR

v D GSp
~ I ! , ~30!
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where the harmonic oscillator frequency is given byv(zc)
5@4pn(zc)#1/2 @24#, n(z) is the electronic density from Eq
~20!, and

Sp
~ I !~zc!5 1

2 @v~zc!/v#2ln@2v2/v2~zc!# ~31!

is the stopping power of a proton due to the single-elect
excitations@24#.

The total stopping power for the molecular ion is the su
Smol5Smol

(C)1Smol
(I ) , and we define the vicinage function by

g~zc ,R!511Smol~zc ,R!/@2Sp~zc!#, ~32!

whereSp5Sp
(C)1Sp

(I ) is the total stopping power of a proton
In Fig. 6 we plot the vicinage functiong(zc ,R) as a func-

tion of the distancezc from the surface for a swift H2
1 ion

(v55 a.u. andu i51 mrad! scattered by a Si surface. Agai
the dependence of the internuclear distanceR on zc is ob-
tained by solving Eqs.~17!, ~21!, and ~22! simultaneously.
We observe that in the OUT trajectory, the vicinage funct
approaches 1 at the largeR limit due to the damping of the
collective excitations, while it oscillates rapidly withzc if we
take g50. The influence of the incident angle on the vic
nage function is shown in Fig. 7. Consistent with the obs
vation in Fig. 5, for the larger incident angle, Coulomb e
plosion proceeds more slowly, and the vicinage eff
persists for larger value ofzc .

FIG. 6. The effect of damping on the vicinage effects due to
collective excitations for a swift H2

1 ion (v55 a.u. andu i51
mrad! on the Si surface.

FIG. 7. The dependence on the incident angle of the vicin
effects due to the collective excitations for a swift H2

1 ion (v55
a.u.! on the Si surface, where curves 1, 2, and 3 correspond tu i

51,2, and 3 mrad, respectively.
n

n

r-
-
t

The total stopping powerSmol5Smol
(C)1Smol

(I ) for the mo-
lecular ion atv55 a.u. andu i51 mrad is shown in Fig. 8.
We find that values of the stopping power in the OUT tr
jectory are lower than those in the IN trajectory. This is d
to the fact that the values ofR are generally larger in the
latter stages of Coulomb explosion in the OUT trajecto
than those in the initial stages in the IN trajectory, and
vicinage functiong(zc ,R) decreases in magnitude withR
when damping is included.

Let us discuss here the effects of the screening by
bound electron on the stopping power of the molecular
H2

1 along the incoming trajectory. To do so, we employ t
survival probabilityPs(zc) of H2

1, Eq. ~19!, and write for
the effective stopping power

Seff5Ps~zc!Zeff
2 Sp~zc!1@12Ps~zc!#Smol~zc!, ~33!

where the stopping power of the molecular ion H2
1 before

dissociation is represented by proton stopping pow
weighted by an effective chargeZeff . Equation~33! uses the
survival probabilityPs(zc) as a switching function betwee
dissociated and undissociated cases of H2

1. Value ofZeff is
largely unknown for surface scattering, and we use Susu
estimate@8# Zeff

2 51.4, based on data on H2
1 stopping in

foils. The effective stopping powerSeff along the IN trajec-
tory, Eq.~33!, is shown in Fig. 8 by the dashed line. Such
crude model shows that the stopping power of H2

1 may be
affected by the bound electron at large distances where
Smol from our calculations andSp are small. However, the
most prominent contribution to the stopping power com
from shorter distances, after the dissociation, whereSmol
dominates. Thus, we expect little influence of the bou
electron on total energy losses.

B. Energy loss

We study next the vicinage effects in the total energy lo
The total energy loss of the molecular ion H2

1 can be cal-
culated by integrating the stopping power along the cen
of-mass trajectory,

e

e

FIG. 8. The total stopping powerSmol for a swift H2
1 ion ~v55

a.u. andu i51 mrad! on the Si surface. The dashed line represe
the effective stopping power along the IN trajectory, obtained fr
Eq. ~33! ~for details see the text!.
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DEM5E
0

`

@Smol
~ IN!~zc ,R!1Smol

~OUT!~zc ,R!#ds, ~34!

with ds5A(dxc)
21(dzc)

2, where dependences ofzc andR
on xc are determined by the equations of motion~17!, ~21!,
and ~22!.

In Fig. 9 we show the dependence of the energy-loss r
DEM /(2DEp), whereDEp is the energy loss of a proton, o
the incident angleu i for a H2

1 ion traveling with velocities
v53 a.u. andv55 a.u., colliding with the Si surface. Figur
10 shows the dependence of the total energy losses o
molecular ion on the incident angle. These figures reprod
well the magnitude of the experimental data@8# on the en-
ergy loss ratio and the total energy loss, respectively.
experiment showed that these quantities are insensitive to
angle of incidence, and our results seem to be in better ag
ment with this observation than the calculations of Ref.@8#.
We believe that this is primarily due to our inclusion
damping in the collective excitations of the electron gas.

V. SUMMARY

We have solved the equations of motion for the Coulo
explosion of a swift H2

1 ion in grazing scattering from a
solid surface, mediated by the dynamic response of the s
electrons. We assume a specific configuration of the H2

1

ion, where the internuclear vector aligns parallel to the s
face in the direction of the center-of-mass motion, which
supported by experimental and computer-simulation fi
ings. Forces governing the center-of-mass motion consis
the repulsive force of the surface atoms, the dynamical s
image forces, as well as the components of the wake fo
normal to the surface. The relative motion is driven by t
bare Coulomb interaction and the mutual wake interacti

FIG. 9. The ratio of the energy lossDEM /(2DEp) for a swift
H2

1 ion (v55 a.u. andv53 a.u.! on the Si surface, whereDEp is
the energy loss for a proton with the same velocities as the mol
lar ion.
l.
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The energy loss of the H2
1 ion can be divided into contri-

butions from the independent protons, the vicinage effe
which arises from the interference of the electronic exc
tions of the substrate by the protons and depends on
internuclear distance, and the single-electron excitations
the substrate atoms.

Collective excitations of the semi-infinite electron gas a
described in our calculations by a frequency-dependent
electric function with damping. Inclusion of damping is im
portant for surfaces such as Si, and produces in the w
forces and the vicinage effects the damped oscillatory beh
ior as a function of the internuclear separation along the
jectory. As a result, the energy-loss ratio and the total ene
loss for Coulomb explosion of a swift H2

1 ion are almost
independent of the angle of incidence in grazing scatter
consistent with experimental observations. Similar effe
will be expected when a more complete dielectric functi
with dispersion is employed.

One of the main uncertainties in our model is the distan
zD from the surface, in the incoming trajectory, at which t
Coulomb explosion starts. Using a simple rate-equation
proach to the dissociation of H2

1 on a surface shows that th
distanceszD are distributed over a range of order ofaTF . A
complete treatment of this problem is not possible befor
detailed scenario of electron transitions, leading to the dis
ciative ionization of a swift H2

1 ion, is properly treated.
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FIG. 10. The energy lossDEM for a swift H2
1 ion (v55 a.u.

andv53 a.u.! on the Si surface.
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