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Energy loss of H1 fragments arising from dissociation of fast H2
1 ions under glancing-angle

incidence on a SnTe„001… surface

Y. Susuki
Department of Physics, Osaka Kyoiku University, Kashiwara, Osaka 582, Japan

~Received 10 March 1997!

Energy losses of H1 fragments repelled parallel and antiparallel to the beam direction at dissociation are
measured for a glancing-angle incidence of 0.15–0.6-MeV/amu H2

1 ions on a clean~001! surface of SnTe.
The sum of the energy losses of the specularly reflected fragments is larger than twice that of protons of the
same velocity reflected from the surface. For the interpretation of the vicinage effect on the stopping power of
the surface, the energy losses of the pairs of fragments resulting from the dissociation of H2

1 are calculated at
the glancing-angle scattering. The contribution of single-electron excitation to the energy loss of the pair is
calculated with the harmonic-oscillator model@J. Basbas and R. H. Ritchie, Phys. Rev. A25, 1943~1982!# and
that of collective excitation by the superposition of surface wakes of two protons. A dependence of the
vicinage effect on the distance from the surface is found from the calculated stopping powers, where the
pronounced effect becomes weak as the distance decreases. The calculated energy losses of the reflected pairs
of protons agree fairly with those measured. The agreement of the calculated energy losses with those mea-
sured supports the calculated dependence of the vicinage effects.@S1050-2947~97!07810-4#

PACS number~s!: 79.20.Rf, 34.50.Gb, 34.70.1e, 34.80.Gs
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I. INTRODUCTION

The investigation of dissociation of energetic molecu
ions incident on a solid is of considerable importance in
number of applications, e.g., cluster fusion and cluster
deposition. When a MeV or sub-MeV H2

1 molecular ion
impinges on a foil, a binding electron of the H2

1 is stripped
off rapidly by a collision with the target atom and the r
maining two protons dissociate via a mutual Coulomb fo
in the solid. This is referred to as ‘‘Coulomb explosion
The laboratory system velocities of fragments shift from
velocity of incidence due to the Coulomb explosion. Sin
the velocity shift is a function of the angle between the m
lecular axis and the incident beam direction, the H1 frag-
ments arising from the breakup of randomly oriented H2

1

ions form a ring pattern in a joint distribution of energy a
angle@1–3#.

The energies of the two fragments arising from t
breakup of a MeV H2

1 ion in a foil, whose molecular axis
tilts by an angleQ with respect to the beam direction, a
given by

EL5 1
2 M pV21M pVvccosQ2DEL ,

~1!

ET5 1
2 M pV22M pVvccosU2DET ,

whereEL andET are the energies of the leading and traili
fragments, respectively,M p is the proton mass,V is the pro-
jectile velocity, vc is the asymptotic center-of-mass~c.m.!
system velocity of the fragment acquired by the Coulo
explosion, andDEM5DEL1DET is the energy loss of the
pair of fragments. For MeV H2

1 projectiles,V is more than
100 times larger thanvc .

Since the work by Brandt, Ratkowski, and Ritchie@4#, it
has been known that the energy loss of the pair is not gi
by twice that of the individual proton. This nonlinearit
arises from the so-called vicinage effect, where the stopp
561050-2947/97/56~4!/2918~12!/$10.00
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power for the pair of protons differs from twice the stoppin
power for individual protons due to the superposition
wake potentials induced by both fragments. Following th
study, several experimental and theoretical studies have b
performed @5–18#. In the theoretical studies, the vicinag
effect has been treated as a result of interference in ex
tions of the target due to the closeness of the fragments.
interference occurs not only in collective plasmon excitat
but also in the excitation of a single electron in the inn
shell orbital of a target atom and those excitations canno
discerned experimentally@14–18#.

At a glancing-angle incidence of a MeV H2
1 ion to a

single-crystal surface, the projectile dissociates to a pai
fragments at a few angstroms from the surface atomic pla
As the pair approaches the surface, the internuclear dista
becomes large and the axis connecting the fragments
comes almost parallel to the surface@19,20#. The vicinage
effect may be observed for the stopping power of the surf
for the pair of fragments. The vicinage effect may depend
the internuclear vector between the fragments. The ef
would also depend on the distance from the surface. T
one may expect to study the dependence of the vicinage
fect on the distance from the surface.

In this paper, the energy losses of the specularly reflec
leading and trailing H1 fragments at a glancing-angle inc
dence of ~0.15–0.6!-MeV/amu H2

1 ions on a clean
SnTe~001! surface are measured at various angles of in
dence less than 12 mrad. The energy losses are comp
with those of H1 ions at H1 incidence with the same veloc
ity. The energy losses are calculated using a classically
tained stopping power and approximated trajectories of fr
ments. From the calculated stopping power for a pair
fragments, the dependence of the vicinage effect not only
the internuclear distance but also on the distance from
surface atomic plane is discussed. The calculated en
losses are compared with the experimental ones.
2918 © 1997 The American Physical Society
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56 2919ENERGY LOSS OF H1 FRAGMENTS ARISING FROM . . .
II. EXPERIMENTAL PROCEDURE

The main part of the experimental setup is described e
where @21,22#, so the experimental procedures are brie
mentioned here. The~0.15–0.6!-MeV/amu H2

1 ions from
the 4-MV Van de Graaff accelerator of Kyoto Universi
were collimated to have a maximal angular divergence of
mrad and be incident on a clean~001! surface of SnTe with
glancing angles of incidence less than 12 mrad. The Sn
which is a narrow-gap semiconductor of a NaCl-type crys
structure with a lattice constant 6.32 Å, is prepared byin situ
evaporation on a KCl~001! surface under 10210-Torr ultra-
high vacuum conditions. The azimuthal angle of inciden
was carefully adjusted in order to avoid surface channe
of the ions. The neutral fraction of the reflected fragme
was less than 1022.

The energy spectra of H1 fragments scattered in the sca
tering plane~the plane containing the incident beam dire
tion and the target normal! at the angles for specular refle
tion, which are twice the angles of incidence, were measu
by a 90° magnetic energy analyzer. The acceptance ang
the aperture placed before the analyzer was60.1 mrad. The
ion detector was a microchannel plate position-sensitive
tector ~PSD! and the position spectra on the PSD were c
lected in a multichannel analyzer. The energy resolut
DE/E of the analyzer was about 1023. An anomalous elec-
tric signal from the PSD due to the simultaneous collision
two protons could not be found. This suggests that the
served fragments are singles of the pairs and that the ang
deviation during the glancing-angle scattering is too la
compared to the acceptance angle of the magnetic anal
60.1 mrad, to detect both fragments of the pairs.

The energy losses of the fragments were determined
the shifts of the peak positions of the fragments in the ene
spectra from that of the half energy of the incident H2

1 ions,
which was determined as follows. Having removed the tar
crystal from the beam and rotating the 90° analyzer to de
the incident beam of ions, the energy spectrum of incid
ions was measured~an example of the energy spectrum
shown by triangles in Fig. 1!. Three peaks of H1 ions were

FIG. 1. Example of energy spectra of the H1 fragments arising
from dissociation of 0.4-MeV/amu H2

1 ions at the SnTe~001! sur-
face. The angle of incidence is 4 mrad and the angle of scatterin
8 mrad. The energy spectrum of the incident fragments arising f
dissociation in collisions with residual gas molecules is also sho
e-
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observed in the energy spectrum, which were due to the1

fragments of H2
1 formed by the dissociation in collision

with residual gas molecules in the beam transport. The th
peak structure is characteristic of the energy spectrum
fragments at H2

1-gas collisions@23#. Although the yields of
these peaks were negligibly small compared to that of
undissociated H2

1 ions, the half energy of the incident H2
1

ions was determined from the central peak of H1 ions to
avoid experimental error arising from tuning the magne
field. In order to compare the energy loss of the fragme
with that obtained at H1-ion incidence, a similar experimen
was performed at an incidence of~0.15–0.6!-MeV H1 ions
on the same surface.

III. EXPERIMENTAL RESULTS

An example of the energy spectra of H1 fragments scat-
tered from the surface of SnTe obtained at the 0.4-MeV/a
H2

1-ion incidence is shown by closed circles in Fig. 1. Tw
peaks that correspond to the leading and trailing fragme
are seen in the energy spectrum. The yield of the trailing1

fragments is larger than that of the leading H1 fragments.
This represents an effect of surface wake induced by
fragments@24#. In the energy spectrum of the incident fra
ments shown by triangles, three peaks are seen. The pe
400 keV is the central peak and the other two peaks are
outer peaks arising from the collisions of H2

1 projectiles
with gases@23#.

The energy losses of the leading and trailing fragme
are obtained from the peak energies of the energy spectr
scattered fragments relative to that of the central peak of
incident fragments. The examples are shown in Fig. 2: F
2~a! shows the energy losses for 0.2-MeV/amu ion inciden
and Fig. 2~b! shows those for 0.4-MeV/amu ion incidenc
For comparison, the energy losses of H1 ions measured a
H1 incidence are also shown. These energy losses were m
sured a few times with different samples and averaged.
errors were estimated to be60.2 keV, which may arise
mainly from the measurements of the energies of the incid
beams. It can be seen in Fig. 2 that the energy losses o
fragments do not depend so much on the angle of incide
The independence is also observed for the energy losse
H1 ions shown in the figures.

Figure 3 shows the sums of the energy losses of the le
ing and trailing H1 fragments and the ratios of the sum of th
energy losses of the fragments to twice the energy loss
individual H1 ions. Figure 3~a! shows results for 0.2-MeV/
amu ions and Fig. 3~b! for 0.4-MeV/amu ions. The sums o
the energy losses of the fragments are about 1.05–1.15 t
larger than twice the energy losses of the individual H1 ions.
The ratios are almost independent of the angle of incide
for both incidence energies. Figure 4 shows the inciden
energy dependence of the energy losses and the energy
ratios. The energy losses shown are averaged ones f
range of the angle of incidence, (0.460.1)ucr , whereucr is
the characteristic planar channeling angle for protons
tween ~001! planes of SnTe@25#. The energy-loss ratios
shown are taken between the averaged energy losses.
energy losses and ratios do not depend on the energ
incidence within the experimental errors.

The energy-loss differences between the leading and t
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2920 56Y. SUSUKI
ing H1 fragments @referred to as the energy separati
Esep(u i) in the following# for the incidence of 0.2- and 0.4
MeV/amu H2

1 ions are shown in Fig. 5. The energy sepa
tions are smaller than those calculated by Eq.~1! introducing
Q50° andnc obtained by the Coulomb explosion in fre
space, which are shown in the figure by horizontal dot
lines. The reduction of the energy separations has been
served also for HeH1 projectiles@20,24,26#. The incidence-
energy dependence of the energy separation is shown in
6. The closed circles are the averaged data for the same r
of the angle of incidence as in Fig. 4, where the ene
separations for all the incidence energies investigated do
depend on the angle of incidence. The dotted curve is ba
on the same calculation as those shown in Fig. 5. The m
sured values are smaller than the calculated one.

IV. THEORETICAL STOPPING POWER OF SnTe „001…
FOR A MeV PROTON

Before discussing the energy loss of a pair of proto
resulting from the dissociation of H2

1, the position-

FIG. 2. Measured energy losses of the H1 fragments as func-
tions of the angle of incidence of projectiles. For comparison,
energy losses of H1 ions at the incidence of individual H1 ions are
also shown. The lines are calculated energy losses for the
vidual, leading, and trailing H1, where the square of the effectiv
charge of H2

1 ions iszeff
2 51.4. Results are shown for~a! 0.2-MeV/

amu ions and~b! 0.4-MeV/amu ions.
-
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FIG. 3. Sum of energy losses of the leading and trailing frag
ments and their ratio to twice the energy loss of individual H1 ions.
The symbols are the experimental results and the lines are cal
lated ones, where the square of the effective charge of H2

1 ions is
zeff

2 51.4. Results are shown for~a! 0.2-MeV/amu ions and~b! 0.4-
MeV/amu ions.

FIG. 4. Incidence-energy dependence of the sum of ener
losses of the leading and trailing fragments and their ratio to twi
the energy loss of individual H1 ions. For comparison, the energy
losses of H1 ions at the incidence of individual H1 ions are also
shown. Symbols show experimental data averaged for the angle
incidence 0.3ucr,u i,0.5ucr and lines show the calculated data av
eraged for the same region, whereucr57.65Ei

21/2 (mrad) andEi is
the incidence energy per proton of the projectiles in MeV.
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56 2921ENERGY LOSS OF H1 FRAGMENTS ARISING FROM . . .
dependent stopping power for a specularly reflected M
single proton at the~001! surface of SnTe is calculated. A
Cartesian coordinate frame fixed with respect to the surf
of crystal is considered, where thexy plane is parallel to the
surface and thez axis is parallel to the surface normal. Th
total stopping power of the surface for a proton moving p
allel to the surface at a distance from the surface ato
planez is written as

SP~z!5SP
s ~z!1SP

c ~z! , ~2!

whereSP
s (z) is the stopping power for a proton due to sing

electron excitation of a target atom andSP
c (z) is that due to

collective excitation of the surface electrons.
The stopping power due to single-electron excitation

calculated by the following method by Basbas and Ritc

@16#. First, the collision of a proton moving with velocityVW

parallel to thex axis and a single-electron atom is cons
ered, where the electron is harmonically bound to

FIG. 5. Energy separation between the leading and trailing1

fragments. The closed symbols are the experimental data and
lines show the calculated data. The dotted line is for a free Coulo
explosion, the dashed line is obtained by the trajectory calcula
using the 2ssg state for the initial excitation, and the solid line is
result calculated by Eq.~23!. In the calculation of Eq.~23!, we have
usednc(u i) obtained from the dashed line andDEP(u i) obtained by
the energy-loss calculation. Results are shown for~a! 0.2-MeV/amu
H2

1 ions and~b! 0.4-MeV/amu H2
1 ions.
V
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nucleus. Assume that the proton is deflected only slightly
the collision. The equation of motion of the electron is giv
by

m
d2rW

dt2
1mv2rW5¹ rWF e2

urW2VW t2bW u
G , ~3!

wherem is the electron mass,bW is the impact parameter o
the collision, and the electron is bound to the nucleus w
angular frequencyv. Whenb is larger thanr , the variation
of the electric field on the position of the electron may
neglected and the energy transfer from the proton to the a
after the collision is obtained as@27#

dEP~b!5
e4

2m U E2`

`

dt eivtF¹ rW
1

urW2VW t2bW u
G

rW→0

U2

5
e4

2p2mV2 U E qW d2QW

q2
e2 iQW •bWU2

, ~4!

whereqW 5v/Vx̂1QW , x̂ is the unit vector along thex axis,

andQW is the wave-vector transfer in theyz plane. According
to Basbas and Ritchie, the upper limit of the integration w

respect toQW in Eq. ~4! is

uQW m~v!u5Akmax
2 2v2/V2, kmax52mV/\. ~5!

They integrated thedEP(b) term of Eq.~4! over bW and QW

and obtained the stopping cross section of the electron f
proton. Since the impact-parameter dependence of the
ergy transfer is needed to carry out this work, integration

the energy transfer in Eq.~4! over QW only is carried out as

the
b
n

FIG. 6. Incidence-energy dependence of the energy separa
Symbols show experimental data averaged for the angle of i
dence 0.3ucr<u i<0.5ucr . The dotted line is calculated for a fre
Coulomb explosion and the solid line is calculated using Eq.~23!,
which is averaged for the same region of the angle of incidenc
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2922 56Y. SUSUKI
dEP~v;b!5
2e4

mV2 Fv2

V2 S E
0

Qm~v!dQ Q J0~Qb!

Q21v2/V2 D 2

1S E
0

Qm~v!dQ Q2J1~Qb!

Q21v2/V2 D 2G , ~6!

whereJ0 andJ1 are the zeroth- and first-order Bessel fun
tion of the first kind. The right-hand side of Eq.~6! is a
function of v; thusdEP(b) is denoted bydEP(v;b) in the
following.

This atomic model is generalized to one consisting ofZ(A)

harmonically bound electrons with thei th electron having
oscillator strengthf i and resonant frequencyv i . Since the
electrons in the atom are assumed to be mutually indep
dent, harmonically bound classical electrons,f i may be set
equal to unity@28#. Then introducingnj , which is the num-
ber of electrons having the resonant frequencyv j in the j th
shell, and the oscillator strengthf j5nj /Z(A) corresponding
to this transition, the energy transfer expressed by Eq.~6! can
be written by

dEP
~A!~b!5Z~A!(

j
f jdEP~v j ;b!, ~7!

where the superscript (A) denotes the atomic species and t
summation is carried out for electronic shells where the e
trons can be excited, i.e.,kmax

2 >vj
2/V2.

Now consider a surface of a single crystal that is para
to the xy plane. For a proton moving parallel to thex axis
over the surface, the energy loss per unit path length du
single-electron excitations of the surface atoms is defined

SP
s ~z!5(

A
N~A!E

2`

`

dEP
~A!~b!dy, ~8!

whereN(A) is the areal density ofA atomic species on the
surface andb5(y21z2)1/2.

The stopping power due to the collective excitation
valence electrons for a proton moving at a distancez5z0
from the surface atomic plane is given by

SP
c ~z!5e

]UP~rW,z0!

]x
U

x50,y50,z5z0

, ~9!

whereUP(rW,z0) is the surface-wake potential induced by t
proton moving at~0,0,z0! parallel to the surface of a sem
infinite homogeneous medium@29,30#. The analytical for-
mula forUP(rW,z0) is expressed in Ref.@24#. Substituting the
formula shown in Ref.@24# into Eq. ~9!, the stopping power
of the surface due to the collective excitation for a prot
moving at a distancez from the surface atomic plane is ob
tained as
-

n-

c-

l

to
y

f

SP
c ~z!5

vs
2e2

V2 E
0

V/nF
zJ0S vs

V
z2uz8u D

11z2 dz

1F vp
2e2

V2 E
0

V/nF
zF12J0S vp

V
z2uz8u D G

11z2 dzG
3Q~2z8!, ~10!

where the distancesz8 andz08 are measured from the surfac
of a semi-infinite homogeneous medium,vp andvs are the
bulk- and surface-plasma angular frequencies,nF is the
Fermi velocity of solid electrons, andQ(2z8) is the unit
step function, which shows that the second term is nee
when the proton is inside the surface.

In the calculation of Eq.~8!, v j was approximated by
v j5I j /\8, whereI j is the ionization energy of thej th shell
electrons of the Sn and Te atoms@31#. The choice of the
surface of a semi-infinite medium at 0.5 monolayer~ML !
~1.58 Å! outside the center of the~001! atomic plane of the
surface of SnTe has been succeeded in explaining the en
loss of specularly reflected ions@32#. The plasmon frequen
ciesvs andvp and the Fermi velocitynF of SnTe, calculated
from the density of valence~5s and 5p shells! electrons of
five electrons per atom, agree with experimental data@33,34#
and have been successful in the analysis of dissociation@24#.
With these parameters and the use of Eqs.~2!, ~8!, and~10!,
the total stopping powerSp(z) of the ~001! surface of SnTe
is calculated.

The results of the calculation for a 0.2-MeV proton a
shown in Fig. 7 as functions of the distance from the surfa
atomic plane, where the stopping power due to sing
electron excitation, that due to the collective excitation, a
the total stopping power are shown. The stopping power
to single-electron excitations has an oscillatory structu
which is due to the oscillation of the Bessel functions in t
energy transfer expressed by Eq.~6!, and its period is mainly
determined byQm(v j ). Since theQm(v j )’s do not depend
so much on the shells~e.g., 10.2 Å21 for 4s-shell electrons
and 10.7 Å21 for 5p-shell electrons in the Sn atom!, the
oscillation in the energy transfer is not smeared by the su
mation over shells. The stopping power due to sing
electron excitation becomes smaller with the increasing
tance from the surface, while the stopping power due
collective excitation becomes dominant as the distance
comes large. The experimental stopping power shown in
7 was obtained from the measured incidence-angle de
dence of the energy loss of protons with the use of the an
sis reported in Ref.@32#. It can be seen that the theoretical
obtained total stopping power agrees with the experime
one within a factor about 2.

The calculated energy loss of an individual proton o
tained by the integration of the stopping power along traj
tories of protons scattering at glancing-angle incidence
the surface is shown in Fig. 2. Here the trajectory of t
proton is calculated under the surface continuum poten
derived from the Molie`re approximation for the screenin
function of Thomas-Fermi type. The experimental results
the individual proton are fairly reproduced by the calculati
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56 2923ENERGY LOSS OF H1 FRAGMENTS ARISING FROM . . .
for both energies of incidence. The maximal deviation b
tween the calculated and experimental results is about 2

The calculated incidence-energy dependence of the
ergy loss of a proton is shown in Fig. 4, which is averaged
the same region of the angle of incidence as the experime
one. The agreement between the calculated energy loss
the experimental one is good at an incidence energy less
0.4 MeV/amu. However, the calculated energy loss decre
as the energy of incidence becomes larger than 0.5 M
amu. This decrease is related to the explicit velocity dep
dence of the energy transfer described by Eq.~6! and the
atomic shells of electrons, which can be excited as in Eq.~7!.

V. THEORETICAL STOPPING POWER OF SnTe „001… FOR
A PAIR OF MeV PROTONS

Although we have not been successful in detecting w
aligned pairs with the beam direction in the present exp
mental conditions, where fragments scattered only at
angle for specular reflection are measured, our theore
treatment is only for the pair whose internuclear vector
aligned with the beam direction. This treatment is based
two assumptions: The first is that the fragments measure
u52u i arise from pairs whose internuclear vectors are p
allel to the surface, whereu is the scattering angle measure
in the xz plane perpendicular to the surface. The secon
that the fragments measured atf50° arise from pairs whose

FIG. 7. Calculated results for stopping powers for 0.2-MeV p
ton as functions of the distance from the surface atomic plane.
ionization energies of the Sn atom used in the calculation are 9.
7.060, 2.5262, 0.9192, and 0.4370 Ry for 4s, 4p, 4d, 5s, and 5p
electrons, respectively. The ionization energies of Te atom used
11.899, 8.921, 3.8208, 1.2594, and 0.6328 Ry for 4s, 4p, 4d, 5s,
and 5p electrons, respectively. The areal density of the target
and Te atoms,N~Sn!5N~Te!5N, is 0.0504 Å22, the bulk and surface
plasma angular frequencies are 2.1931016 and 1.5531016 sec21,
respectively, and the Fermi velocitynF51.893106 m/s. For com-
parison, the stopping power obtained from experimental energy-
data for 0.2-MeV protons is also shown.
-
%.
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internuclear vectors are in thexz plane, wheref is the scat-
tering angle measured in a plane parallel to the surface
discussion concerning these assumptions will be carried
in Secs. VII and VIII A.

In analogy with Eq.~2!, the total stopping power for a
pair of protons moving parallel to the surface at the dista
from the surface, with the internuclear distanceR, is written
as

SM~R,z!5SM
s ~R,z!1SM

c ~R,z!, ~11!

whereSM
s (R,z) is the stopping power for a pair of proton

due to the single-electron excitation of a target atom a
SM

c (R,z) is that due to the collective excitation of the surfa
electrons. The stopping power for a pair of protons due
single-electron excitation is also calculated by the theory
Basbas and Ritchie@16#. At the collision of a pair of protons
aligned with the beam direction and a one-electron atom
troduced in Sec. IV, the equation of motion of the electr

must contain an additional terme2/urW2VW t2bW 2Rx̂u on the
right-hand side of Eq.~3!. The energy transfer to the atom
from the pair of protons becomes

dEM~v;R,b!52F11cosS vR

V D GdEP~v;b!, ~12!

wheredEP(v;b) is the energy transfer from a proton to th
atom given by Eq.~6!. The energy transferdEM(v;R,b)
from the pair of protons at the collision with the atom co
sisting ofZ(A) harmonically bound electrons is

dEM
~A!~R,b!52Z~A!(

j
f jF11cosS v jR

V D GdEP~v j ;b!.

~13!

Thus the stopping power of a surface plane for a pair
aligned protons moving parallel to thex axis due to the ex-
citation of a single electron is

SM
s ~R,z!5(

A
N~A!E

2`

`

dEM
~A!~R,b!dy. ~14!

The stopping power due to the collective excitation
valence electrons at the surface for the pair of protons m
ing at a distancez5z0 from the surface atomic plane is give
by

SM
c ~R,z!5e

]U~rW,z0!

]x
U

x50,y50,z5z0

1e
]U~rW,z0!

]x
U

x5R,y50,z5z0

,

~15!

U~rW,z0!5UP~rW,z0!1UP~rW2Rx̂,z0!.

Substituting the formula for the wake potential into Eq.~15!,
the contribution due to the collective excitation to the sto
ping power for the pair of protons moving at a distancez0
from the surface atomic plane is obtained as
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SM
c ~R,z!52F11cosS vsR

V D G vs
2e2

V2

3E
0

V/nF
zJ0S vs

V
z2uz8u D

11z2 dz

12F11cosS vpR

V D G vP
2e2

V2

3E
0

V/nF
zF12J0S vp

V
z2uz8u D G

11z2 dz Q~2z8!.

~16!

With the parameters used in Sec. IV, Eqs.~14! and ~16!
are calculated and the total stopping power for a pair
aligned protonsSM(R,z) is obtained in Eq.~11!. It must be
noted from Eqs.~14! and ~16! that SM(R,z)54SP(z) when
R50. However,SM(R,z) does not approach 2SP(z) at R
5` because no damping mechanism is introduced in
model.

Figure 8 shows the total stopping powers calculated fo
pair of protons aligned with the beam direction with intern
clear distances of 1, 2, 5, and 10 Å. For comparison, tw
the total stopping power for the individual proton is al
shown. The stopping powers for the pair of fragments
different from twice the stopping power for an individu
proton. The difference depends on the internuclear dista
of the pair of protons and on the distance from the surfa
where the difference decreases as the distance from the
face decreases.

The dependence of the ratio of the stopping powers fo
pair of protons to that for an individual proton on the inte

FIG. 8. Stopping powers for a pair of the leading and traili
protons with internuclear distances of 1, 2, 5, and 10 Å for
incidence of 0.2-MeV/amu H2

1 ions. For comparison, twice th
stopping power for an individual proton is also shown.
f

is

a
-
e

e

ce
e,
ur-

a

nuclear distance (R) and the distance from the surface (z) is
shown in Fig. 9. The contour map of the ratio in theRzplane
is also shown at the bottom of the figure. At a distance fr
the surface larger than 2 Å in Fig. 9, the ratio monotonically
oscillates along theR axis. Here the stopping powers due
excitations of the surface wake and electrons in the 5s and
5p shells of Sn and Te atoms are dominant. The oscillat
corresponds to superposition of cos(vjR/V) in Eq. ~13! for
the 5s and 5p electrons and cos(vsR/V) in Eq. ~16!. The
wavelength of the resultant oscillation is close to the wa
length of the surface wake, 2pV/vs , which is 24 Å for
0.2-MeV/amu ions. At a distance from the surface sma
than 1 Å, the ratio has a complicated oscillatory structu
around unity. Here the stopping power is mostly determin
by the excitations of the 4s, 4p, and 4d electrons of Sn and
Te atoms. The oscillation of the ratio corresponds to
superposition of cos(vjR/V) for these excitations. Becaus
the frequencies for these excitations are large compare
those for surface plasmon excitations, the wavelength of
oscillations is small compared to that of the surface wak

VI. ENERGY LOSSES OF REFLECTED FRAGMENTS
AT MeV H 2

1 INCIDENCE

A. Dissociation of H2
1 during glancing-angle scattering

The energy loss of a pair of fragments is calculated
integrating the stopping power along the ion trajecto
whose initial internuclear distanceR0 was assumed to be
1.25 Å @35#. Thus a model for the trajectory, which gives th
internuclear distance as a function of the distance from
surface, is needed for the calculation of the energy los
Here the trajectories of the pairs of fragments aligned w
the beam direction are approximated. The procedure of
trajectory calculation, which revises the trajectory simulati
for the MeV HeH1 incidence shown in Ref.@26#, is as fol-
lows.

Assume that the center of mass of H2
1 is on a trajectory

z(x), which is defined by the angle of incidence of H2
1 to

the surface and the surface continuum potential describe
the Molière approximation for the screening function

n

FIG. 9. Ratio of the calculated stopping powers for a pair
protons to twice that of the individual proton as a function of t
internuclear distance between them and their distance from the
face atomic plane. The energy of incidence of the projectiles is
MeV/amu.
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Thomas-Fermi type. The dissociation of H2
1 into H1 and H0

occurs by the excitation that is caused by the collisions of
projectile with electrons at the surface. The survival pro
ability Ps(z) of the H2

1 ions in collisions with the electron
is given by

Ps~z!5expS 2sDE
traj: x52`

z~x!

n~z!dsD , ~17!

where the curvilinear integral is performed along the traj
tory z(x), sD is the dissociation cross section of H2

1, and
n(z) is the electron density outside the surface atomic pla
which is calculated from the surface continuum potent
For convenience of the following calculation, it is assum
that all H2

1 ions dissociate into H1 and H0 when the expo-
nent of Eq.~17! is 21. Thus the positionzD(xD) of disso-
ciation of H2

1 is defined by

sDE
traj: x52`

zD~xD!

n~z!ds51. ~18!

The positionzL(xL) for ionization of H0 fragments is deter-
mined by the same procedure as

sLE
traj: z5zD

zL~xL!

n~z!ds51, ~19!

where the integration is along the trajectory andsL is the
electron-loss cross section of H0 at the collisions with elec-
trons.

For the dissociation cross sectionsD , the proton produc-
tion cross section measured at the electron impact on2

1

with the collision velocities equal to the present experim
is chosen@36#. Similarly, for sL , the electron-loss cross se
tion for H0 is chosen@37#.

FIG. 10. Distances from the surface atomic plane where
dissociation of H2

1 and the ionization of H0 fragments take place
for an incidence of 0.2-MeV/amu H2

1 ions. The solid lines show
the results calculated from electron density distributions obtai
from the Molière approximation of the Thomas-Fermi potentia
where the Thomas-Fermi screening radius for the proton-SnTe
lision is 0.126 Å, and the dotted lines show the results from
electron distributions obtained by the Hartree-Fock calculation
single Sn and Te atoms. The closest approach to the surface a
plane is also shown for comparison.
e
-

-

e,
l.
d

t

The distances from the surface obtained, where the e
tation of H2

1 and electron loss of H0 fragments take place
are shown in Fig. 10 for the incidence of 0.2-MeV/amu H2

1

ions. Both distances slightly decrease as the angle of i
dence increases. The distances are comparable to our e
estimates@19,20,24,26# and they are comparable to the di
tance from the surface where the charge-exchange collis
occur frequently@38#. The fragments approach the surfa
atomic plane and are repelled from the surface, repel
each other due to the interaction potential of the excited s
when one of the fragments is H0 and due to the bare Cou
lomb potential when both fragments are H1. The closest
approach is shown in Fig. 10 for a comparison with the d
tances for dissociation and ionization.

B. Energy loss of a pair of aligned fragments

The energy loss of a pair of fragments is calculated
integrating the stopping power for the fragments along
trajectory of the pair as

DEM5zeff
2 F E

traj: x52`

zD
Sp~z!ds1E

traj: z5zD

zL
Sp~z!dsG

1E
traj: z5zL

x5`

SM~r ,z!ds ~20!

wherezeff
2 is the square of the effective charge of the molec

lar H2
1 ions and the stopping powers for the H2

1 ions in the
ground state and excited states are approximated byzeff

2 Sp(z).
Since the stopping powers shown in Fig. 8 become large
the distance from the surface decreases and the electron
of the H0 fragments occurs at larger distances compared
the closest approaches to the surface as shown in Fig. 10
stopping powers for the molecular ions contribute only le
than 10% of the total energy loss. For the square of
effective charge of the ground-state H2

1 ions, one experi-
mental datum for 9.6-MeV/amu H2

1 ions in carbon foils
@39# and a theoretical prediction by Kaneko for H2

1 ions in
our energy region@17# can be referred. The measured squa
of the effective charge for H2

1 ions in carbon foils and cal-
culated ones for carbon, Al, and Kr targets were compiled
be 1.460.1 @17,39#. Thus zeff

2 51.4 is used in the presen
calculation.

The calculated results for the energy losses of a pai
fragments are shown in Fig. 3. Although the internucle
distance at the surface depends slightly on the excited s
selected~e.g., the 2ssg or 2psu states!, the resulting differ-
ence in the energy losses is negligible. The results shown
calculated using the 2ssg state for the excited state. Th
agreement between the measured sums of the energy lo
and the theoretical sums for the pair of protons is good
both incidence energies. The maximal deviation between
calculated and experimental results is about 15%, excep
the largest angles of incidence. The calculated energy-
ratios are also shown in Fig. 3. The calculated ratio agr
well with the experimental one for 0.2-MeV/amu ions, but
slightly larger than the experimental one for 0.4-MeV/am
ions.

Figure 4 shows the calculated incidence-energy dep
dence of the energy loss of a pair of protons and of
energy-loss ratio. The calculated results of the ratio are
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2926 56Y. SUSUKI
most independent of the energy of incidence. The indep
dence is consistent with, but slightly larger than, experim
tal results.

VII. CORRECTION OF MULTIPLE
SMALL-ANGLE SCATTERING

The energy-loss differences between the leading and t
ing fragments shown in Figs. 5 and 6 are smaller than th
calculated by Eq.~1! introducingQ50° andnc obtained by
the Coulomb explosion in free space. Shown in Fig. 5 are
energy separations obtained by the present trajectory ca
lation using the 2ssg state for the initial excitation of H2

1

ions. Although the calculated energy separations slightly
pend on the angle of incidence, they are nearly equal to
Coulomb value. This shows that the calculated energy se
ration does not depend on the initial excited states. Thus
experimental energy separation cannot be explained by
choice of the states@26#.

For the trajectory simulation of the glancing-angle in
dence of MeV HeH1 on SnTe shown in Refs.@20, 26#, the
calculated distributions of H1 fragments are convoluted wit
a three-dimensional Gaussian distribution inu, f, andE in
order to take into account the multiple scattering and
energy resolution of the analyzer. For H2

1 projectiles, since
the angular spread by the Coulomb explosion is compar
to the full width at half maximum~3–5 mrad! of the angular
distribution of fragments caused by multiple small-ang
scattering, the multiple scattering can reduce the ene
separation. In this work, the energy separation taking i
account the multiple scattering is calculated as follows.

~i! The internuclear vectors connecting the explod
fragments become parallel to the surface due to the effec
the surface continuum potential@19#. Roughly, all of the
fragments detected at the angle for specular reflection
assumed to arise from pairs whose internuclear vectors
come parallel to the surface after the dissociation sta
Thus, before taking into account the multiple scattering,
change of c.m. velocity of fragments perpendicular to
surface is neglected and only the c.m. velocity parallel to
surface is considered. The components parallel and per
dicular to the beam direction of the c.m. velocity acquired
fragments can be written asnc(u i)cosf0 and nc(u i)sinf0,
respectively, wherenc(u i) is the c.m. velocity of a fragmen
acquired by dissociation andf0 is the angle between th
molecular axis and incident beam direction measured in
plane parallel to the surface@20,24,26#.

~ii ! The scattering angleu andf distributions are smeare
by Gaussian distribution due to the multiple scattering. A
plying the impulse approximation and neglecting the scat
ing geometry concerning the surface to calculate the stan
deviation of the Gaussian distribution, the standard devia
is given by

s~u i !5AmDEP~u i !

M pEi
, ~21!

whereDEP(u i) is the energy loss of a proton andEi is the
incidence energy per proton. Here the correlation of the
fragments during the scattering is also neglected since
expected to be a minor effect@40–42#.
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~iii ! The detection probability of the fragments arisin
from H2

1 ions whose molecular axes are tilted by an an
f0 with respect to the incident beam direction is given b

P~u i ,f0!5
1

p V2s~u i !
2 E

0

VuW
VrdVrE

0

2p

dj

3expF2
@nc~u i !sinf01Vrcosj#21@Vrsinj#2

V2s~u i !
2 G ,

~22!

whereuW is the experimental detection angle, which is 0
mrad, Vr is the velocity of fragments perpendicular to th
incident beam direction acquired by the multiple scatteri
andj is the angle betweenVr and the crystal surface. Her
the asymptotic c.m. velocity of the fragment acquired by
dissociation is treated as a function ofu i .

~iv! The final mean energy separation can be written a

Esep~u i !52M pVnc~u i !E
0

p/2

D~f0!P~u i ,f0!cosf0df0 ,

~23!

D~f0!df05
2

p
df0 ,

whereD(f0) is the initial distribution function of the pair
whose angle of the axis with respect to the incident be
direction is betweenf0 andf01df0 .

The calculated energy separations for 0.2- and 0.4-M
amu H2

1-ion incidence are shown in Fig. 5. The agreeme
between the experimental and calculated results are g
except at the angles of incidence larger than 8 mrad for 0
MeV/amu H2

1 ions, where the multiple scattering due
collisions with thermally vibrating atoms cannot be n
glected@43#.

The calculatedf0 distribution of the pair whose one frag
ment is detected at the angle for specular reflection,
D(f0)P(u i ,f0)df0 , is not sharply peaked atf050°.
However, it was found from the calculation that more th
half of the detected fragments arise fromf0,15°. Applying
the stopping power for aligned pairs, the energy losses of
leading and trailing fragments can be written as

DEL~u i !5
DEM~u i !2Esep~u i !

2
,

~24!

DET~u i !5
DEM~u i !1Esep~u i !

2
,

respectively. The energy losses are shown in Fig. 2. T
agreement between the calculated and experimental en
losses of fragments is fairly good.

VIII. DISCUSSION

A. Calculated energy losses

The maximal deviation between the calculated and
experimental energy loss for protons is about 20%, as sh
in Fig. 2. For the stopping power for a pair of fragments, t
approximations made in the stopping power may cause
error as large as that for a proton. Further, several appr
mations on the trajectories of a pair of fragments may a
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56 2927ENERGY LOSS OF H1 FRAGMENTS ARISING FROM . . .
cause error in the energy loss of a pair of fragments. Disc
sions concerning the reliability of the calculations and err
arising from changing the parameters used are made in
following.

The stopping power due to the single-electron excitat
of the target atom used in this model is based on Boh
harmonic-oscillator model. In this study, not all possible e
citations are treated. That is, each electron of the target a
is approximated by a harmonically bound electron with o
one resonant frequencyv j for ionization and cos(vjR/V)
terms in Eq.~13! superposed at a distance from the surfacz
smaller than 1 Å. Ifv j ’s for all possible excitations of the
target atom are introduced and cosine terms correspondin
these excitations are summed over, the structure of the
may change at a small distance from the surface, where
single-electron excitation is dominant. It is expected that
ratio approaches unity by the superposition of many cos
terms, except for the cases where manyv j are harmonic or
only a few cosine terms are strongly weighted. The pres
choice of one-fixed resonant frequencyv j may cause con-
siderable error in the stopping power for a pair of fragme
and in the stopping power ratio at the small distance from
surface.

The stopping power due to collective excitation of t
surface electrons is expressed by a formula for the surf
wake potential induced by a proton moving parallel to t
surface of a semi-infinite homogeneous medium. Arista
shown that the results of the stopping power calculated
an ideal free-electron gas may give erroneous results in m
cases@44#. A comparison of the stopping power for 0.2-Me
protons shown in Fig. 7 with that obtained by the formu
derived by Kitagawa with the use of a dielectric function f
an inhomogeneous electron gas under the local-density
proximation@32,45# has been made. Forz.2.5 Å, where the
relative contribution to the stopping power from the colle
tive excitation is large, the stopping powers agree well w
each other. Thus the assumption of the homogeneous
dium may not give a serious error for this work.

In the present calculation, the distances from the surf
for dissociation and ionization are derived from the elect
density obtained by the Molie`re approximation for the
screening function of Thomas-Fermi type. The Molie`re ap-
proximation is useful in the description of the elastic scatt
ing of high-energy ions by target atoms. The approximat
is of simple analytical form and tends to come closer to
Hartree value at large distances@25#. Thus the present elec
tron distribution on the SnTe surface for 0.5 Å<z<5 Å is
not different by a factor 2 from that obtained by summati
of the Hartree-Fock calculation for isolated Sn and Te ato
@31#. The distances from the surface for dissociation and i
ization using the electron density obtained by the Hartr
Fock calculation are also shown in Fig. 10. These distan
are small compared to those used in the present calcula
The differences in the distances contribute less than 2%
the final energy loss. The energy loss of a pair of fragme
and the energy-loss ratio calculated using the electron d
sity obtained by the Hartree-Fock calculation are shown
Fig. 11~a! and are compared with the results shown in F
3~a!.

In the present calculation, the stopping powers for
ground-state and excited-state H2

1 ions are unknown param
s-
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eters. The assumed stopping power for the molecular io
affects 67% of the total energy loss for 1<zeff

2 <2. The
energy losses of a pair of fragments and the energy-loss
tios calculated by usingzeff

2 51 and 2 are shown in Fig. 11~b!

FIG. 11. Comparison of the calculated energy loss of a pair
fragments and the energy-loss ratio with those obtained in oth
conditions: ~a! comparison with the results calculated using th
electron density obtained by Hartree-Fock calculations,~b! com-
parison with the results calculated usingzeff

2 51 and 2, and~c! com-
parison with the results calculated by using initial internuclear di
tanceR050.8 and 1.8 Å.
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and are compared with the results shown in Fig. 3~a!.
The calculated results would also depend on the distr

tion of the internuclear distance of H2
1 in the incident beam.

The calculated results shown in Fig. 3 are those for the m
value of the initial internuclear distance (R051.25 Å). Most
of the distribution is considered to be within 0.8 Å<R0
<1.8 Å @23#. The calculated results for initial internuclea
distances of 0.8 and 1.8 Å are shown in Fig. 11~c!. The
differences in the energy loss are within 10%. Although
calculated results must be averaged by integrating after m
tiplying the distribution function ofR0 , the averaged value
are expected to be similar to the present values calcul
using the mean value ofR0 .

Our treatment is only for the pair whose internuclear v
tor is aligned with the beam direction, which depends on
assumptions described in Sec. V. These assumptions
based on our earlier experimental studies with compu
simulations @19,20,24,26#. Tracing the trajectories of 0.2
MeV/amu fragments using a computer simulation@26#, it is
found that most fragments detected atu52u i arise from ex-
ploding pairs almost parallel to the surface whose ini
angles between the internuclear vectors and the beam d
tion in the xz plane are within 20°. Although other pair
whose angles are larger than 20° also tend to be paralle
the surface as they approach the surface, fragments ar
from them are hardly detected atu52u i . With the estima-
tion of the multiple small-angle scattering described in S
VII, it is estimated that more than half of the measured fra
ments arise from pairs whose angles between their inte
clear vectors and the beam direction,Q in Eq. ~1!, are within
25° throughout their trajectories. The effect of the angleQ
on the energy losses of fragments has not been shown in
work. A computer simulation taking into account the rotati
of the internuclear vector is needed for an accurate calc
tion of the energy losses of fragments.

B. Incidence-angle dependence of the energy-loss ratio

The well-known vicinage effect on the stopping powe
which has been measured and calculated for foil transm
sion of the fragments, decreases with increasing internuc
distance, while it is less than the half wavelength of t
oscillatory wakepV/vp @4,5#. The internuclear distance a
the glancing-angle scattering is mostly determined by
time the projectile interacts with the surface. The intern
clear distance at the scattering decreases with an increa
angle of incidence. Therefore, one may expect from
internuclear-distance dependence of the vicinage effect
the energy-loss ratios shown in Fig. 3 increase with an
Z
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creasing angle of incidence. The observed ratios show
Fig. 3 are, however, almost constant for the angle of in
dence.

The independence of the ratio from the angle of inciden
is related to the dependence of the vicinage effect on
distance from the surface. Since the ion trajectories are l
at the distance closest to the surface, most of the energy
collisions are considered to take place there. Since
energy-loss ratio does not increase as the angles of incid
increase, the vicinage effect on the stopping power may
crease as the distance from the surface decreases. The
tative picture is expressed in Fig. 9, where the ratio of
stopping power at a small distance from the surface~typi-
cally smaller than 1 Å! shows a complicated oscillator
structure around unity. Because the typical internuclear
tance at the scattering closest to the surface is several
stroms, the energy-loss ratio does not increase due to
oscillation of the ratio of stopping power, though the angle
incidence increases.

IX. CONCLUSION

Energy losses of the leading and trailing H1 fragments
arising from glancing-angle incidence of~0.15–0.6!-MeV/
amu H2

1 ions at a clean~001! surface of SnTe are measure
at the angle for specular reflection. The sum of the ene
losses is about 1.05–1.15 times larger than twice the en
loss of atomic H1 ions of the same velocity. By applying th
model proposed by Basbas and Ritchie and using
surface-wake potential, the energy losses of an individ
proton and of a pair of protons aligned with the incide
beam direction were calculated. From the calculated st
ping power, the dependence of the vicinage effect on
distance from the surface is discussed. Although the dep
dence could not be derived by the experimental data,
agreement of the calculated energy losses with those m
sured supports indirectly the calculated dependence of
vicinage effects.
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