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The dynamical interaction effects on the Coulomb explosion and the stopping power are studied for MeV
H,* 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@8)03908-0

PACS numbeps): 34.50.Bw, 34.50.Dy, 61.86.x

[. INTRODUCTION on the results of a computer simulation of the dissociation
dynamics, in which more than i@article trajectories were
When a swift molecular ion impinges on a solid, it will calculated. These experimental measurements and numerical
dissociate inside the solid and decompose into fragment ionsimulations show that almost all molecular ions have disso-
The resulting ionic fragments then begin to recede from oneiated during the scattering, and the internuclear vector of
another under the influence of the bare Coulomb force anthe ionic fragments tends to lie parallel to the surface during
separate after a few femtoseconds. This is called “Coulomhlissociation.
explosion” of the molecule. The energy loss of the molecu- Susuki has recently measured energy losses of the H
lar ion in the solid shows important differences—calledfragments from glancing-angle scattering of 0.15-0.6
“vicinage effects”—when compared with the energy loss of MeV/amu H," ions by SnT¢8] and observed the vicinage
the separated ions. The origin of these effects is due to theffects. He also calculated the energy losses from the collec-
interference of the electronic excitations of the solid arisingtive excitations of the substrate using a local dielectric func-
from the correlated motions of the ionic fragments. The ex+tion with no damping. Although the results agree fairly well
istence of the vicinage effects in the energy loss of moleculawith the experimental data, without damping of the plasmon
hydrogen ions in solid carbon was first demonstrated bymode the vicinage effects in these calculations do not disap-
Brandtet al. [1]. pear in the limit of large internuclear distances. For solids
What will happen when a fast molecular ion is incident onsuch as Si, the damping effect of the high-frequency oscilla-
a solid surface at a small glancing angle? In this case, thttons of the surface electron-gas should be inclug®d In
molecular ion does not penetrate into the solid but will dis-this case, the vicinage effects will vanish for large internu-
sociate into ionic fragments in the region close to the surfacelear separation, as expected physically.
before being reflected specularly. The motion of the molecu- The main purpose of the present work is to study in detail
lar ion will be influenced not only by the bare Coulomb the dynamical interaction effects on the Coulomb explosion
force, but also by the repulsive force of the surface atomsnd the stopping power of fast,H ions during grazing scat-
and the dynamical forces due to the surface electronic exctering from solid surfaces. We expect that the damping ef-
tations. Generally, the course of the Coulomb explosion foffects in collective excitations will play an important role in
the molecular ions moving near the surface is more complethe phenomena. The organization of this paper is as follows:
than that inside the solid. In Sec. Il, we give the expressions for the surface induced
Dissociations of MeV H" and HeH ions at glancing- potential of a H* ion moving near a solid surface using the
angle incidence on solid surfaces were first measured bgpecular reflection model and a local frequency-dependent
Susukiet al.[2,3]. Similar measurements were also made bydielectric function with damping. In Sec. Ill, we present the
Winter et al.[4,5]. Subsequently, Susukt al.[6,7] reported  equations of motion describing the scattering of the center of
mass and the Coulomb explosion of the molecular ion. The
repulsive force of the surface atoms, the bare Coulomb force,
*Also at Department of Applied Mathematics, University of Wa- and the dynamical forces from surface collective excitations
terloo, Waterloo, Ontario, Canada N2L 3G1. are included. The vicinage effects on the stopping power and
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the total energy loss are discussed in Sec. IV. A summaryhe ion and the surface adiabatically along the trajectory. The
will be given in Sec. V. Atomic unitsa.u) (me=#A=e  charge density of the molecular ion can be expressed as
=1) will be used throughout this work.
Pex{X.Y,Z,t) =[8(Xy—vt) + 6(xa—vt) ]8(y) 8(z— Z¢),
Il. SURFACE-INDUCED POTENTIAL @

Consider a swift H* ion incident on a solid surface with Wherex; =x—R, X,=Xx, with the labels 1 and 2 correspond-
a small glancing anglé; and reflected specularly. We shall ing to the leading ion and the trailing ion in the molecular
assume that the internuclear veckof the molecular ion is o, respectively, and is the instantaneous distance of the
parallel to the surface and aligns with the direction of theion from the surface atomic plane, considered to be a con-
projectile’s velocityv. This assumption is based on the ex- stan_t parameter in the calculation of the surface induced po-
perimental findingg2—5] and numerical simulationgs—g|.  tential.
Physically, when the molecular ion moves near the solid sur- The surface electronic excitations can be described by the
face, it will be influenced by both the repulsive force of the Well-known specular-reflection modésRM) introduced by
surface atoms and the wake force due to the dynamic reRitchie and MarusakiO]. The SRM assumes that the solid is
sponse of the substrate conduction electrons. The former wit Semi-infinite jellium(the electron gas which is described
orient the internuclear vector parallel to the surface, whileby @ bulk dielectric functiore(k,w). This model has been
the latter will result in the alignment of the internuclear vec-used by many authors to study the surface-induced potential
tor along the velocity vector. Even though it is difficult at and the stopping power for atomic ions moving near solid
present to give a quantitative estimate of the time scale fopurfacesi11-17. In the present work, we will use a local
this alignment, one may expect that the extreme grazing corffequency-dependent dielectric function
ditions will enable the alignment to settle along the incoming 5
trajectory, before the dissociation obH We will study the %

i SN . e(k,w)=1 —, (2)

motion of the molecular ion in the-z plane where the axis w(w+iy)
is parallel to the surface and the internuclear ve&oiThe
origin of the z coordinate is located on the surface atomicWherew,=(4mng)*?is the plasma frequency of the electron
plane, with the solid lying on the<0 region. gas with densityng and y is the damping parameter of the

The ang|e of incidence for MeVH ions on surfaces is eleCtron'gaS OSCi”EtionS. USing the SRM, the surface-
about 1-10 mrad in most experiments and the normal cominduced potentiafb (x,0,z) for a single particle moving par-
ponentv, of the velocityv is very small. Thus, we can ne- allel to the surface along thedirection with velocityv and
glectv, in the calculation of the surface-induced potentialdistancez, from the surface can be derived following the
and the stopping power, and treat the separatjobetween procedure of Refq.11,12:

D(x,02)=H(X,Z} ,09+ 0(—2") 0(—2)[H(X,2" ,w,) —H(X,Z} ,0p)], (3)

2+1 ~ ~ 2w
M je sl g(—%) 5
(g°+1) _('yq/ws,p) s.pV

~ wsp (* ws pZ
H(X,2L wgp) = - ijoquo( =4

y deqq\b<wsjpz;q aS’pSirKQS’p;(/v)+bS’pCOS(QS’p;(/v)e77|;|/2U @
0 v (07+1)°= (y0/wsp)? ’

a5p= 02+ 1- 9205 ), (5)

bsp= Qs plwl,, (6)

where Xx=x—vt, ws=w,/\2 is the surface plasma fre- Qne can see fr_o_m Ec(A) that the potential f.or a single
quency, Qq ,= \/m z,=|2'|+|Z)|, 2. =|z' -2}, particle can be d|V|dcid into two parts. The first part is a
and J, is the Bessel function. Here, the distancBs=z symmetric function ofx and decreases exponentially with
—d/2 andz,=z.—d/2 are measured from the jellium edge, increasing|§<|, while the second part is an oscillatory contri-
andd is the lattice spacing between atomic planes parallel tdoution and appears only in the potential behind the particle.
the surface. In our calculation, we choakto be the average For a finite value of damping factoy, the oscillatory part
atomic diameter of the substrate. Since the molecular ion, fofill decrease rapidly with increasirg|. In the limit y—0",
some large incident angles, can enter the jellium when iEgs.(3)—(6) reduce to the results of Rdfl1] for undamped
approaches the surfac#, or z; may be negative. electron gas oscillations.
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Dynamics of Coulomb explosion of the dissociated mo- (c) F(® is the stopping force produced by the induced
lecular ion H* will be described in the subsequent sectionspotential ofith particle on itself
by means of the total induced potentihl,q, expressed as
the sum of the potentials induced by two bare protons, viz.,

ad(x,0 ad(x,0
Fo_ ( z)ex+ ( z)ez 12

D 4(x,02,t) =D (x;—vt,02) + P (x,—vt,02). (7) i IX 9z

(;(= 0, z=z)

Strictly speaking, in the stages before dissociative ionization

of H,", the total induced potential should take into accountyith e, being the unit vector along the positive direction of
the screening by the electron bound in'HHowever, it will e x axis.

be shown that the dissociation occurs at relatively large dis- (d) F™ is the wake force produced by tiign particle and
tances from the surface, so that one may expect that th§cting (')Jn theith particle

bound electron will have quantitatively little influence on
dynamical interactions prior to dissociation, as well as on the
total energy losses. Therefore, we consider, in most of our ~ ~
calculations, the molecular ion before dissociation as two w)_ _ (9<I>(x,0,z)ex+ aCD(x,O,z)eZ
bare protons at a fixed distan&y. However, the effect of . 28 Jz (=X —x. . 2=2)
the bound electron on the stopping power in the incoming Pl (13)
trajectory will be discussed briefly in Sec. IV A, using a

simple model.

One can see from Eg&) and(13) that the wake force is not
I1l. DYNAMICS OF COULOMB EXPLOSION antisymmetric with respect to interchanging the indices of
the two particles, i.e F{%+ — F\) | and hence will not obey
Newton’s third law.
The equation of motion in the laboratory system for the Kagan et al. [19] and Jakas and Cap(ip0] presented
ith particle atr; of the molecular ion is similar equations in their studies of fast molecular ions mov-
ing in solids. They used simple models for the dynamical

A. Equation of motion for individual particle

Vi o) () s (8 L ew) potentials and the planar continuum potential is absent in the
miE:Fij +RYHFRYHEY (1=1,2). (8  bulk case.
The forces appearing on the right-hand si&HS) of this B. Motion of the center of mass
equan(rl)a_re as follows: The center-of-mass coordinate and velocity for the mo-
(@) Fjj” is the bare Coulomb force lecular ion are given byr.=(m;r;+myr,)/M, and v

=(myv4+myv,)/M., respectively, whereM =m;+m,.
ror. For the B* ion, m;=m,=m, and M.=2m, wherem, is
(-1 1 (9)  the proton mass. As mentioned in the previous section, we
Iri—r,-l3 assume that the molecular ion is aligned parallel toxtbais
so thatz,=z,=z,. Furthermore, for swift ions at grazing
incidence, thex component of the center-of-mass velocity is
‘approximately constant,=v, v,>v,, and x.=vt. From
Egs.(8)—(13), we obtain

(b) Fi(p) is a repulsive force produced by surface atoms
which is given by the planar continuum potentidj(z):

éup(zi)

Fi(p): -2, (10) %: 3 U ,(z¢) B dUg(z.) 3 dU (2. ,R)
9Zi Me dt 2 9z, 2 9z, 2 iz, '
with e, being the unit vector along the positive direction of (14
thez axis. In the present work, we use the Motits approxi-
mation for the Thomas-Fermi screening function, which h
gives forUy(z) [18] where
3 ws (9% (9%+1)Jo(2wdZ'|alv) | wp
up(z)z27722sz;1sz,1 (a;/ppeBder, (1) UsD=—5- , da (PP (yqlog? —2)5
_ _ _ XJ’chq(q2+1)[1—J0(2wp|2'|q/l})] 5
whereZ, is the atomic number of the substrate atomg; is 0 (P+1)%— (yq/wp)z

the Thomas-Fermi screening lenghly, is the atomic density
on the atomic plane,{«;}={0.1,0.55,0.35 and {B;}
={6,1.2,0.3. is the surface image potential for a single particle, and
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2

de 2+1)Jo(2w4Z' |/ of (d 2w4|z'|q\ assin(QR/v)—bcog QO R/
UW(Z,R):_%I d (@ 5 )2( wS| |q :)e*q(wsR/v)_2 5] dquo( “’s| |q sSin( 25 Ul sC0g Z v)
vJo (9°+1)°—(yd/ ws) viisJo v (9°+1)—(vq/ ws)
2 _ ’ 2
Xef(“/R/Z")—H(—Z’)ﬂjch (g“+1)[1 Jo(pr|Z |q/v)]efq(‘"PR/”)—0(—z’) wp J’chq
2vJo (9%+1)2—(yq/wp)? 2vQpJo
2w,|2' a,sin(Q,R/v)—b,cogQ R/
xq 1—Jo( 2210|262 2L L) oo (16)
v (@°+1)"=(va/ wp)
|
is the dynamical image interaction between the two particles 7
[21] with a5, and b, given in Egs.(5) and (6). We have Ps(Zc)ZeXF{—UD(v)L dsn(ze) |, (19

introduced a cutoffj.=v/v in the upper limits of integrals
in Egs.(15) and(16), wherev is the Fermi velocity of the
electron ga$16,21].

Using Mcdz)zldtzd(MCz;ﬁ/Z)/dzc and completing the,
integration in Eq.(14), the trajectory of the center of mass
can be obtained from

ol

whereE.=M ?/2 is the initial kinetic energy of the center
of mass,6; is the angle of incidence, and correspond to
the incoming(IN) and the outgoingOUT) trajectories, re-
spectively. The distance of closest approaghof the center
of mass to the surface atomic layer is given by

dz

2Up(zc)+2US(zc)—i—2UW(ZC ,R)
dx ’

E.6?

(17

2U (2 +2Ug(Z) +2U (20, R)=E.67.  (18)

Before studying in detail the trajectory of the center of

mass and the Coulomb explosion, it is necessary to dete

mine the distancegy from the surface atomic plane where
H,* dissociates into H ions. Generally, it is difficult to
determinezp exactly. We shall use qualitative arguments of
Susuki[8], based on the probability that,H survives to the
distancez, from the surface, viz.,

0.4
Up(zc)
~ 02} 0i =1mrad
3
8
3 00
g total our
o <« IN
& 02t
Zm Us(2c)+Uw(ze,R)
04 L—
0 5 10 15 20
z. (a.u.)

where s is the path length along the IN trajectoryy is
dissociation cross sectig22], andn(z) is the electron den-
sity outside the surface atomic plane. For glancing incidence,
ds=dx,=dz./(dz./dx;) where dz,/dx.) is given by Eq.
(17) with the negative sign anR fixed at the initial internu-
clear distancdR. Using Eq.(19), zp is determined from the
requirementP4(z.=zp) =1/e. The surface electron density
n(z) can be derived from the planar continuum potential
Up(2) [see Eq(11)] using the Poisson equation, yielding

3

n(z) =ZZNp/(2aTF)Zl a; 36 PiZlaTE, (20)

Figure 1 shows the planar-continuum potentiai(z.)

and the surface image potentibly(z.)+U,,(z.,R) for a
swift H,* ion (v=5 a.u. andg;=1 mrad on the Si surface
(ws=0.4 a.u. andy=0.3 a.u[16]). Before the molecular ion
dissociates, the internuclear distariRes fixed at the equi-
librium bond lengthR,, andU,, can be calculated from Eq.
16) with R=R,. When z. reachesz,, the molecular ion
issociates, and the internuclear distaRcis determined as
a function of the distance, from the surfacgsee the fol-
lowing subsectiopfrom the equations describing the Cou-
lomb explosion before substituting into E{.6). The planar
continuum potential is a short-range repulsive potential and

25

20 |

15 |

Z; (a.u.)

10

-10 0

x<,(103 a.u.)

10 20

FIG. 2. The trajectories for a swift {1 ion (v=>5 a.u. ands;

FIG. 1. The potentials governing the center-of-mass motion of a=1 mrad on the Si surface, where curve 1 is obtained from the

swift H,* ion (v=>5 a.u. andd,=1 mrad on the Si surface, where
U,(z) is planar continuum potential and(z;) +U,(z.,R), are
the surface image potentials. The internuclear dist&{(eg) is de-
termined by Eqgs(17), (21), and(22).

planar continuum potenti&l ,(z;) and curve 2 from both the planar
continuum potential and the image potentiblgz.) + U, (2. ,R).
The internuclear distancB(z;) is determined by Eqq17), (21),
and(22).
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the surface image potential is attractive, so that the total po- C. Relative motion
tential is negative, except in a region close to the surface. Using Eqs.(8)—(13) again, the equations of motion of the

The center-of-mass trajectory of the molecular ion isyg|ative coordinate and velocitR=x;—x, andu=v;— v,
shown in Fig. 2. One can see from the figure that the surfacgan pe put in the following form:
image potential makes the ion’s flying length shorter than the
case when only the planar continuum potential is taken into
account. This means that the interaction time of the ion with ﬁ _u (21)
the solid will be shorter and the Coulomb explosion will be dx, v’
tamed by the surface image potential. In addition, the trajec-
tory is slightly asymmetrical with respect to tlzeaxis be- du
causez, is a function of the internuclear distanBe{see Eq. .~ om-[Fe(R) +Fu(ze,R)], (22)
(17)] and, as shown in the following subsection, the Cou- ¢ P
lomb explosion is asymmetrical about thexis. whereF ((R) =1/R? is the bare Coulomb force and
|
w2 (d (9P +1)Io(2w4Z’|qlv) w? (ac 20w 7’|
Fu(z,R)=— —zf dao————, S—e st —zf dquo( q)
veJo (q°+ 1) —(va/ wg) veJo

y (02+1)cog QR/v) — (7120 (92— 1)sin(QR/v)

(924 1)%—(yq/ ws)?

DI 20l |a/0)]
(0°+1)°— (yal wp)?

2
w Qe
e—(yR/Zu)_e(_Zr) Sf dq
v 0

w2 (g 2w,|2’'
wa/u)+ 0(_27)_§f dqq[l_\lo( wp| |q)}
veJo v

5 ) ] (QpR>
(q°+1)cog Q R/v) — (y/12Qp)(q°—1)sinl ——
X ? LeORm) (23)
(9%+1)%= (va/ wp)?

is the interacting wake force. After the molecular ion disso-dent angle is stronger than that for the large incident angle.
ciates, Egs.(17), (21), and (22) must be solved simulta- This is simply due to the longer Coulomb explosion time in

neously to giveR, u, andz. as functions ok . the cases of small incidence angles.
The bare Coulomb forc& . (R) is a strongly repulsive
force, while the wake forc€&,(z.,R) is an oscillatory func- IV. VICINAGE EFFECTS

tion of R and will be attractive for largeR, especially in the

. - A. Stopping power
final phase of the Coulomb explosion.

Figure 3 shows the internuclear distarReas a function We first study the vicinage effects in the stopping power
of the distance, from the surface during the Coulomb ex- due to collective excitations for swift H ions moving near
plosion of a swift B* ion (v=>5 a.u. and¥;=1 mrad on the 150

Si surface. Comparing the trajectories calculated with and
without the wake force, it is obvious that the dynamical ef-
fects retard the Coulomb explosion. Hence, in addition to

0; =1 mrad

shortening the scattering time of the center of mass as shown _ 190 |
in Fig. 2, the dynamical effects also reduce the total force 2
driving the Coulomb explosion. This latter observation can ot

further be seen in Fig. 4, in which the forces driving the 50 |
relative motion are depicted. In the initial stage of the Cou-
lomb explosion,R is small and the bare Coulomb force
F.(R) is much larger than the wake forég,(z.,R). With
increasingR in the OUT trajectory, the wake force becomes
comparable with the Coulomb force. At abayt=6 the total
force is even negative. Thus, the Coulomb explosion will
accelerate in the initial stages, but will slow down and even FG. 3. The Coulomb explosion for a swift, ion (v=5 a.u.
decelerate subsequently with increasig and #,=1 mrad on the Si surface, where curve 1 is obtained from

In Fig. 5, we show the influence of the incident angle  the bare Coulomb forcE(R), and curve 2 from both the Coulomb
on the Coulomb explosion. At the same distarzgen the  force and the wake forcé,(z.,R). The internuclear distance
OUT trajectories, the Coulomb explosion for the small inci- R(z.) is determined by Eq€17), (21), and(22).

«— IN

] 5 10 15 20
z: (a.u.)
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0.010 80
60 |
= 0.005 Coulomb force
8 3
o s 40
8 \ r
£ 0.000
N — o | 20
e ouT
wake force <«—IN
0.005 | ’ 0 5 10 15 20
0 5 10 15 20

2 (a.u)) Z; (a.u.)

FIG. 5. The dependence on the incident angle of the Coulomb
explosion for a swift H* ion (v=>5 a.u) on the Si surface, where
curves 1, 2, and 3 correspond@g=1, 2, and 3 mrad, respectively.

FIG. 4. The forces driving the Coulomb explosion for a swift
H," ion (v=5 a.u. and¥;= 1 mrad on the Si surface, whei€;(R)
is the bare Coulomb force arfé,(z.,R) is the wake force. The
internuclear distanc®(z;) is determined by Eq917), (21), and

(22). Sthal(Ze,R) =~ f dr ped(X,Y,Z,) (= IPing/ 9X).  (24)

solid surface. The vicinage effects were studied by many
authors in the bulk case, and we expect this effect will aIsdJS'”g Egs.(1), (3), and(7), we obtain

be important in the surface case. The stopping power for the S0 (z.,R)=2[S%(z,) + Sz, R 25
molecular ion when it is at a distana@e from the surface maf( 26, RI=2[S57(20) + 5,7 (26 R), 29
layer with internuclear separatid® is given by where

©), )95 [ / @ [ _ /
S ()= | | daab(2ws|zc|alv)F(q.0ws) +6(—2;)—; | ~dad 1-Jo(2p|z¢|a/v) IF(d.00p) (26)
v v

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

2

(1)2 [P w ¢
Si°>(zc,R>=U—§f0 dquo(Zwslzaq/v)F(q,R,ws>+o(—zé)v—gfo daq1-Jo(2wy|Z|alv)IF(q.Rw,)  (27)

is the vicinage stopping power. The functibifq,R, ws ) is given by

F(Q.R 0sp) =~ — VZQ/wS,p Ze_q“’s,pR/U (9? +1)CO£{QSPR/ZU) (27/295 p)(q —1)sin(Q ,R/v) ——
(Q°+ D)= (vd/ wsp) (0°+1)*= (y9/ ws p)?
(28)
It is easy to see that, when the damping factes 0, Egs.(25)—(28) reduce to Susuki's resulB]
wgR) |wg (Y q , , wpR w,ZJ
S(z.,R)=2|1+co o 52, dqq2+lJo(2ws|zc|q/v)+0(—26)2 1+co ~ |2
dc )

Xfo ¢lafv)]. (29)

Note that, in this case, the vicinage effects persist even whetmnibute to the stopping power, especially for large incident

R—cc. On the other hand, for finite>0, Eq. (28) shows angles. The stopping power due to the single-electron exci-

that the vicinage effects will disappear Bsbecomes large. tations can be included by using Bohr’s harmonic oscillator
Only the contributions of the collective excitations to the model[23]

stopping power are included in the above discussion. When

the molecular ion is close to the atomic plane, however, s (7 R)=2

single-electron excitations of the substrate atoms also con- Smol(Ze

1+cos( Hs“ (30)
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2.0
0.08 |
1.5 |
0.06
§ 1.0 | Spmat (a.1)
0.04
05
0.02
0.0
0 10 20 30
Zc(a.u.) 0.00
0 20
FIG. 6. The effect of damping on the vicinage effects due to the z, (a.u.)
collective excitations for a swift jf ion (v=5 a.u. andg,=1
mrad on the Si surface. FIG. 8. The total stopping powe,,, for a swift H,* ion (v =5

a.u. andg,=1 mrad on the Si surface. The dashed line represents

where the harmonic oscillator frequency is given b§z.) the effective stopping power along the IN trajectory, obtained from
=[4mn(z.)]1¥2[24], n(2) is the electronic density from Eq. Ea-(33) (for details see the text
(20), and
The total stopping poweByq= S+ S\, for the mo-
| _ 1 2 2 2 O mo
S(p)(zc)_i[“’(zc)/v] In[20" 0%(z¢)] 3D Jecular ion aw=5 a.u. andg,=1 mrad is shown in Fig. 8.
We find that values of the stopping power in the OUT tra-

Exi?titisé?lzler;? power of a proton due to the smgle-electrorjnectory are lower than those in the IN trajectory. This is due

The total stopping power for the molecular ion is the sumt0 the fact that the values @t are generally larger in the
_ a0, ) . o ) latter stages of Coulomb explosion in the OUT trajectory
Smoi= Sioi + Sinol» @nd we define the vicinage function by than those in the initial stages in the IN trajectory, and the
— vicinage functiong(z.,R) decreases in magnitude wifR
9(2e,R) =1+ Sma(Ze R[22, (32 when damping is included.
WhereSp=Sf)°)+Sf)" is the total stopping power of a proton.  Let us discuss here the effects of the screening by the
In Fig. 6 we plot the vicinage functiog(z. ,R) as a func- bOlind electror! on th_e stopping power of the molecular ion
tion of the distance, from the surface for a swift 4 ion ~ Hz" along the incoming trajectory. To do so, we employ the
(v=5 a.u. andh;= 1 mrad scattered by a Si surface. Again, Survival probabilityPy(z;) of H,", Eq. (19), and write for
the dependence of the internuclear distaRcen z is ob-  the effective stopping power
tained by solving Eqs(17), (21), and (22) simultaneously.
We observe that in the OUT trajectory, the vicinage function _ 2 _
approaches 1 at the largelimit due to the damping of the Serr= Ps(Ze) ZeiSp(2e) T [17Ps(2e) [Smol(ze). - (33
collective excitations, while it oscillates rapidly witg if we
take y=0. The influence of the incident angle on the vici- where the stopping power of the molecular ionHoefore
nage function is shown in Fig. 7. Consistent with the obserdissociation is represented by proton stopping power,
vation in Fig. 5, for the larger incident angle, Coulomb ex-weighted by an effective chardggy. Equation(33) uses the
plosion proceeds more slowly, and the vicinage effecturvival probabilityPg(z.) as a switching function between

persists for larger value o . dissociated and undissociated cases of H/alue of Z is
largely unknown for surface scattering, and we use Susuki’s
2.0 estimate[8] Z%=1.4, based on data on,H stopping in
foils. The effective stopping powes.; along the IN trajec-
15 | tory, Eq.(33), is shown in Fig. 8 by the dashed line. Such a

crude model shows that the stopping power of Hnay be
affected by the bound electron at large distances where both

g£107 s Shol from our calculations and&, are small. However, the
ouT most prominent contribution to the stopping power comes
05 | from shorter distances, after the dissociation, whggg,
dominates. Thus, we expect little influence of the bound
00 electron on total energy losses.
0 5 10 15 20
Ze (a.u.) B. Energy loss

FIG. 7. The dependence on the incident angle of the vicinage We study next the vicinage effects in the total energy loss.
effects due to the collective excitations for a swify'Hion (v=5  The total energy loss of the molecular ionHcan be cal-
a.u) on the Si surface, where curves 1, 2, and 3 correspordij to culated by integrating the stopping power along the center-
=1,2, and 3 mrad, respectively. of-mass trajectory,
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FIG. 9. The ratio of the energy lossEy /(2AE,) for a swift FIG. 10. The energy los&E,, for a swift H,™ ion (v=5 a.u.

H,* ion (v=>5 a.u. andv =3 a.u) on the Si surface, whersE, is andv =3 a.u) on the Si surface.
the energy loss for a proton with the same velocities as the molecu-

lar ion. The energy loss of the H ion can be divided into contri-

. butions from the independent protons, the vicinage effect,
AEM:f [SIN(z:,R) +S D (z,,R)]ds,  (34)  Which arises from the interference of the electronic excita-
0 tions of the substrate by the protons and depends on the
internuclear distance, and the single-electron excitations of

with ds= \(dx)2+ (dz)?, where dependences of andR  the Substrate atoms. o
on x. are determined by the equations of motid), (21) Collective excitations of the semi-infinite electron gas are
and 522)_ ’ ' described in our calculations by a frequency-dependent di-
In Fig. 9 we show the dependence of the energy-loss rati§lectric function with damping. I_nclu5|on of damp_mg is im-
AEy/(2AE,), whereAE, is the energy loss of a proton, on portant for surfgc_es such as Si, and produce_s in the wake
the incident angleg; for a H,™ ion traveling with velocities forces and th? wcmage.effects the damped _oscnlatory behav-
v=3 a.u. and =5 a.u., colliding with the Si surface. Figure 1°f 85 & function of the internuclear separation along the tra-
10 shows the dependence of the total energy losses of t gotory. As a result, the er_1ergy-|oss ratlo a_nd the total energy
molecular ion on the incident angle. These figures reproduci?SS for Coulomb explosion of a swift H ion are almost
well the magnitude of the experimental d4&] on the en- mdependent .of the an_gle of incidence in grazyng.scatterlng,
ergy loss ratio and the total energy loss, respectively Th&onsistent with experimental observations. Similar effects
experiment showed that these quantities are insensitive to thé”hb;’f expe'ctec_i whenl a rgore complete dielectric function
angle of incidence, and our results seem to be in better agrelQ’—'t ISpersion IS employed. . .
ment with this observation than the calculations of Réf. One of the main uncertainties in our model is the distance
We believe that this is primarily due to our inclusion of 2o from the surface, in the incoming trajectory, at which the

damping in the collective excitations of the electron gas. Coulomb explo_S|on _sta_lrts. Using a simple rate-equation ap-
proach to the dissociation of,f1 on a surface shows that the

distancegy, are distributed over a range of orderaf:. A
complete treatment of this problem is not possible before a
We have solved the equations of motion for the Coulombdetailed scenario of electron transitions, leading to the disso-
explosion of a swift H* ion in grazing scattering from a ciative ionization of a swift H" ion, is properly treated.
solid surface, mediated by the dynamic response of the solid
electrons. We assume a specific configuration of thé H
ion, where the internuclear vector aligns parallel to the sur-
face in the direction of the center-of-mass motion, which is This work is supported by the National Natural Science
supported by experimental and computer-simulation findfoundation of Chin&aGrant No. 19575008(Y.N.W.) and by
ings. Forces governing the center-of-mass motion consist dhe Natural Sciences and Engineering Research Council
the repulsive force of the surface atoms, the dynamical selftNSERQ of CanadaW.K.L.). Y.N.W. wishes to acknowl-
image forces, as well as the components of the wake forcesdge the hospitality of the Department of Physics, University
normal to the surface. The relative motion is driven by theof Waterloo, during his visit, when this research was carried
bare Coulomb interaction and the mutual wake interactionout.

V. SUMMARY
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