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Dissociative scattering of fast HeH+ ions at glancing-angle incidence on a crystal surface
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Kinetic energies and charge-state fractions of specularly reflected fragments have been studied at
glancing-angle incidence of (0.8—2.5)-MeV HeH+ ions on a clean (001) surface of SnTe. It is shown that
the kinetic energies of fragments agree well with those calculated from Coulomb repulsion of He+ and
H+ fragments, while most of the outgoing fragments are bare nuclei. The final kinetic energies and
charge-state fractions of fragments are explained by a computer simulation: HeH+ dissociates into frag-
ments where at least one electron is retained in the He-H system and there follows electron loss from the
fragments after most of the initial potential energy has been transferred to the kinetic energies of frag-
ments. The cross section for dissociation of HeH+ ions in collisions with electrons at the surface is es-

timated to be of the orderof10 ' cm .

PACS number(s): 79.20.Rf, 34.50.Gb, 34.70.+e, 34.80.Gs

I. INTRODUCTION

The process of dissociation of fast molecular ions in-
teracting with solids is of great scientific and technical in-
terest. Fragmentation of MeV molecular ions has been
intensively investigated in collisions with thin foils or gas
atoms [1,2]. In the foil-induced fragmentation, rapid
electron loss of the projectile occurs at the incident sur-
face of the foil and there follows a "Coulomb explosion"
of the projectile on a much longer time scale. The frag-
ments are distributed on an ellipse on the joint distribu-
tion in energy and angle of emergence. Polarization wake
potentials induced by the fragments also influence the
motion of the fragments. For example, at the incidence
of MeV HeH+ ions, the H+ fragments trailing He
partners are strongly enhanced by the attractive force of
wakes of He ions [1,2].

We have previously reported results for the angular
and energy distributions of the fragments for glancing-
angle incidence of MeV H2+ and HeH+ ions on a clean
(001) surface of SnTe [3,4]. The geometry of the scatter-
ing is not symmetric around the beam axis, which is
different from that with foil-induced fragmentation. The
internuclear vectors connecting the exploding fragments
are influenced by the geometry. They tend to be parallel
to the surface during the dissociation under the influence
of the surface continuum potential. Similar experimental
studies have been reported by Winter, Poizat, and Remil-
lieux, where the energy of the fragments is measured with
a high-resolution electrostatic spectrometer [5].

Recently we improved the energy resolution of our ion
detecting system and reported the distributions of frag-
ments in energy and angle when MeV HeH+ ions dissoci-
ate at glancing-angle incidence on a elean surface of SnTe
[6]. A distribution corresponding to the "ring pattern"
of the fragments observed at the foil-induced fragmenta-
tion is obtained when the angular dependence of the ener-

gy spectra is measured in the direction paralle1 to the sur-
face. That is, the fragments are approximately distribut-
ed on an ellipse in the E /plane, where E is t-he energy of

the fragments and P is the scattering angle measured
para11e1 to the surface. Further, the trailing H+ frag-
ments are strongly enhanced and the enhancement
represents the influence of surface wakes induced by the
He fragments of the partners. On the other hand, only
the leading and trailing fragments can be observed in the
E-0 plane at /=0, where 8 is the angle of scattering mea-
sured in the scattering plane. The energy separation of
the leading and trailing H+ fragments in the E-0 plane is
equal to the diameter along the E axis of the e11ipse in the
E /plane. T-he experimental E Pand E O-distributi-ons
are well reproduced by a computer simulation of the dis-
sociative scattering of HeH+ ions, where surface-wake
potentials and. the charge exchange of fragments are con-
sidered [7]. The experimental and simulated distributions
show that the internuclear vector of the fragments tends
to be parallel to the surface during the dissociation due to
the influence of the surface planar potentia1. The frag-
ments repel each other in a plane parallel to the surface.

It has been indicated in Ref. [7] that the diameter of
the ellipse in the E /plane is usef-ul to estimate the cross
section for dissociation of HeH+ ions in co11isions with
electrons at the surface. In the present paper, we report
the dependence of the diameters of the ellipse along the E
axis on the energy of incidence ranging from 0.8 to 2.5
MeV, for g1ancing-angle incidence of HeH+ ions on a
clean (001) surface of SnTe. Computer simulation of the
angular and energy distributions of scattered fragments is
also carried out in order to explain the measured diame-
ter and to obtain the cross section for dissociation of
HeH+ ions in collisions with electrons at the surface.

II. EXPERIMENTAL PROCEDURE

The main part of the experimental setup was described
elsewhere [6,8], so only relevant points of the experimen-
tal procedure are mentioned here.

A magnetically analyzed beam of MeV HeH+ ions
from the 4-MV Van de Graaff accelerator of Kyoto Uni-
versity was collimated to have a maximal angular diver-
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gence of +0.1 mrad and introduced to a UHV scattering
chamber through a differentially pumped section. The
target was a single crystal of SnTe (100), which was
prepared by in situ evaporation of pure SnTe (purity
99.999%%uo) on a KC1 (100) surface under UHV conditions.
The angle of incidence of the ions relative to the surface
plane, 0;, was less than 11 mrad. The azimuthal angle of
the incident beam was adjusted so that surface channel-
ing of the projectile did not occur.

The energy spectra and the charge-state distributions
of the scattered fragments were measured at the angle of
specular reflection with a magnetic spectrometer (the rel-
ative energy resolution of the spectrometer was 0.5%%uo) or
a solid state detector (PD25-10-500 AM, Canberra Indus-
tries, Inc.). The acceptance half angle of the magnetic
spectrometer was +0.1 mrad and that of the solid-state
detector was +0.3 mrad.

III. EXPERIMENTAL RESULTS

A. Charge-state fractions of fragments

The incidence-energy dependence of the charge-state
fractions for the H and He fragments in the scattered
beam is shown in Fig. 1, where the angle of incidence of
the HeH+ ions is 4 mrad. The fractions of the HeH+
and H ions in the scattered ions were less than 10

We measured the dependence of the charge-state frac-
tions for the fragments on the angle of incidence. The
charge-state fractions for He+ and He + in the scattered
He fragments are shown by circles in Fig. 2 for 0.8- and
1.6-MeV HeH+ ions incident. The charge-state fractions
are almost constant. The charge-state fractions for He
and H in the scattered fragments were of the order of
10

B.Energy spectra of H+ fragments

An example of the energy spectra for H+ fragments
arising from dissociation of 0.8-MeV HeH+ ions is shown
in Fig. 3, where the angle of incidence was 6.4 mrad.
Two peaks are seen in the spectrum. The higher-energy
peak corresponds to H+ fragments leading the He frag-
ments of their partners and the lower-energy peak corre-
sponds to H fragments trailing their partners [6]. The
yield of the ions in the lower-energy peak is larger than
that of the higher-energy peak. The enhancement of the
lower-energy peak represents the influence of the surface
wakes induced by He fragments of the pairs [6]. The en-
ergy separation between the leading and trailing H+, hE,
is calculated from the di6'erence in peak energies.

We have measured the dependence of the energy sepa-
ration on the angle of incidence, which is shown in Fig. 4
by circles for 0.8- and 1.6-MeV HeH+ ions. The mea-
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FIG. 1. Dependence of the charge-state fractions for frag-
ments in the beam scattered at the angle of specular reflection
on the energy of incident HeH+ ions, where the angle of in-
cidence is 4 mrad.

FIG. 2. Dependence of the charge-state fractions of He+ and

He + in the He ions scattered at the angle of specular reflection
on the angle of incidence. (a) The energy of incident HeH+ ions

is 0.8 MeV. (b) The energy of incident HeH+ ions is 1.6 MeV.
The circles show the experimental results and the lines show the
simulated results.
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FIG. 3. An example of the energy spectra of H+ scattered at
the angle of specular reflection, where the energy of incident
HeH+ is 0.8 MeV and the angle of incidence is 6.4 mrad.

sured separation does not depend on the angle of in-
cidence at angles less than 7 mrad. The incidence-energy
dependence of the energy separation has been measured
for an incidence angle of 3.5+0.6 mrad. The experimen-
tal error in the angle of incidence does not inQuence the
energy separation. We show the measured separation by

FIG. 5. Dependence of the energy separation between the
leading and the trailing H+ on the energy of incident HeH+
ions, where the angle of incidence is 3.5+0.6 mrad. The two
parabolic lines are calculated energy separations for the He'+-
H+ and He+-H+ states in free space.

closed circles in Fig. 5. The energy separation increases
with increasing energy of incidence.

IV. COMPUTER SIMULATION
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where R0 is the internuclear distance of HeH+ in the in-
cident beam. Using the most probable value R0 =0.79 A
[1,2], we obtain the energy U=36. 5 and 18.2 eV for
He +-H+ and He+-H+ pairs, respectively. This potential
energy is converted into kinetic energy as the dissociation
develops. The final velocity in the c.m. frame vl ac-
quired by the H+ ion is

V2IMU

M

where p is the reduced mass of the two fragments and M
is the mass of H+

~ The energy separation between the
leading and trailing H+ in the laboratory frame is then

&E=2Mlvllvl=2lvl&2I U = 'v'EIU, -(3)
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FIG. 4. Dependence of the energy separation between the
leading and the trailing H on the angle of incidence (a) for
0.8-MeV HeH+ ion incidence and (b) for 1.6-MeV HeH+ ion in-
cidence. The circles show the experimental results and the lines
show the simulated ones.

where V and EI are the velocity and the energy of the in-
cident HeH+, respectively.

The measured energy separations shown in Fig. 5 are
compared with the calculated ones using Eq. (3), where
the calculated energy separations for He -H+ and He+-
H+ pairs are shown by lines. The measured energy sepa-
rations agree well with the calculations for He+-H+
pairs. However, most of the measured fragments are
He + and H+ as shown in Figs. 1 and 2. In order to ex-
plain the observed energy separation and the charge-state
fractions of fragments, a computer simulation was car-
ried out.
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B. Procedure for the computer simulation C. The best-At excitation cross sections

%'e calculated more than 10 trajectories for randomly
oriented MeV HeH+ ions and their fragments for a range
of conditions of the energy and angle of incidence. We
obtained the simulated outgoing velocity distribution and
the charge-state distributions of the fragments. In the
computer simulation, we made several approximations
for the dissociative scattering process of HeH+ ions. The
procedures for the computer simulation were as follows.

The (001) surface of SnTe was assumed to be atomical-
ly Aat. The trajectories of randomly oriented HeH+ pro-
jectiles were calculated using a surface-continuum poten-
tial derived from the Moliere approximation for the
screening function of Thomas-Fermi type. The internu-

0
clear distance of incident HeH+ was 0.79 A and fixed be-
fore the start of dissociation.

The trajectory of each dissociated fragment was calcu-
lated using the surface-continuum potential, repulsive po-
tential for the fragment of a pair, and the surface-wake
potential induced by the fragment from a pair. For the
repulsive potential between the fragments, we used the
diagram of interaction potentials of the He-H system [9].
For the surface-wake potential, a formalism derived for
the ion moving parallel to a surface of semi-infinite medi-
um was used [6,10,11].

The HeH+ projectile is excited on its trajectory to one
of its excited states by collisions with electrons at the sur-
face and starts to dissociate into a pair of fragments. The
electron distribution outside the surface was calculated
by averaging those of isolated Sn and Te atoms in a plane
parallel to the surface [12]. The cross section crE for the
excitation of HeH+ ions in collisions with electrons was
taken as a parameter to fit the simulated velocity distri-
bution of the H+ fragments to the observed one. Since
we could not deal with all of the excited states for the ini-
tial excitation, we chose the a X+, A 'X+, 1so., and fully
ionized (He +-H+) states as representative states, where
H and He+ arise from the a X+ and A 'X+ states and
H+ and He+ arise from the 1so. state.

The fragments undergo charge-exchange collisions
with the surface atoms. The position-dependent proba-
bilities of electron loss and electron capture of fragment
as calculated by the Bohr and Bohr-Lindhard models for
atomic ions were used [13,14]. Since the fraction of He
is negligibly small compared with those of He+ and
He +, we neglected electron capture by He+.

Energy losses of the fragments were calculated with the
use of an empirical formula for the position-dependent
stopping power for atomic ions [15]. The formula is re-
garded as the sum of stopping powers for individual and
collective excitations of target electrons. Therefore the
stopping of a fragment by the wake induced by itself was
not calculated. Small-angle multiple-scattering events
due to electronic and nuclear collisions were neglected.

The final result for the velocity distribution of the H+
fragments was convoluted with a three-dimensional
Gaussian distribution which had appropriate widths in
energy E and angles 0 and P. From the convoluted veloc-
ity distribution, the energy spectrum of H+ fragments at
the angle of specular reAection was obtained.

Figure 6 shows an example of a simulated energy spec-
trum of H+ fragments emerging at the angle of specular
reAection, where 0.8-MeV HeH+ ions are incident with
0;=6.25 mrad. The a X+ state is chosen for the initial
excitation and the cross section for excitation is assumed
to be 2X10 ' cm . The simulated energy spectrum
shows the leading and trailing peaks similar to the experi-
Inental spectrum shown in Fig. 3. However, the energy
separation. between the leading and trailing protons de-
pends on the state chosen for the initial excitation and
the excitation cross section. Therefore the excitation
cross section is obtained from a comparison of the experi-
mental and simulated energy separation.

Examples of the procedure to obtain the best-fit excita-
tion cross sections are shown in Fig. 7. The hatched area
in Fig. 7 shows the experimental energy separation and
its error. The states chosen for the initial excitation are
indicated. For the a X+ and A 'X+ states, the simulat-
ed energy separation decreases with increasing cross sec-
tion and crosses the hatched area. The best-fit cross sec-
tion for excitation is obtained by searching the cross sec-
tion where the simulated energy separations are within
the hatched area. For the He +-H+ state, the simulated
energy separation is larger than the experimental one.
This shows that most of the projectiles are not excited to
the He +-H state at the initial excitation. For the 1so.
state, which is formed by electron loss from HeH+, the
best-fit cross section is obtained in a similar way as that
for the a X+ and A 'X+ states at energies of incidence
larger than 1.2 MeV. However, the peak for the leading
fragments contains two components at energies of in-
cidence less than 1.2 MeV. The high-energy component
in the peak for the leading H+ fragments is not observed
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FIG. 6. An example of the simulated energy spectra of H+
emerging at the angle of specular reAection, where the energy of
incident HeH+ is 0.8 MeV and the angle of incidence is 6.25
mrad. The a X+ state is chosen for the initial excitation and
the cross section for the excitation is assumed to be 2X 10
cm in the simulation. The Gaussian distribution used for the
convolution has full widths at half maximum of 2 keV, 4 mrad,
and 3 mrad in energy, in the P and 8 directions, respectively.
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in the experimental spectrum. The high-energy com-
ponent arises from fragments repelled away from the sur-
face by repulsion of He fragments, whose molecular axes
are oriented to the surface with the He closer to the sur-
face [6]. This shows that most of the projectiles are not
excited to the 1so. state at energies of incidence less than
1.2 MeV and that the projectiles are excited without loss
of electrons (e.g. , the a X+ or the A 'X state).

The best-fit cross sections for excitation to the three
states for several energies of incident HeH+ ions are
shown in Fig. 8. They are not so different and are of the
order of 10 ' cm .

V. DISCUSSION
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FICx. 8. Best-fit cross sections for excitation of HeH+ ions to
the a 'X+, A 'X+, and 1so states in collisions with electrons at
the surface.

FIG. 7. Dependence of the simulated energy separations on
the assumed cross section for excitation to the a X+, A 'X+,
1so., and He +-H+ states at 2.0-MeV HeH+ incidence with

0; =3.5 mrad. The hatched area shows the experimental energy
separation and its error.

A. Process of dissociative scattering of HeH+ ions

Although most of outgoing fragments are He + and
H+, the experimental energy separation between the
leading and trailing H+ fragments agrees well with the
energy separation calculated assuming dissociation of
He+-H+ pair in free space as shown in Fig. 5. The ap-
parent contradiction was explained by the computer
simulation as follows. The HeH+ projectiles dissociate
on their incoming trajectory in collisions with the elec-
trons at the surface via excited states of the He-H system
where at least one electron is retained. The fragments re-
pel each other, while the internuclear vectors become
parallel to the surface under the influence of the surface
potential. After the major part of the initial potential en-
ergy of the fragment pair is converted to kinetic energy,
the charge exchange occurs and the binding electrons are
lost from the fragments. Thus most of fragments are
reflected from the surface as bare nuclei and the energy
separation agrees with that calculated assuming dissocia-
tion of the He+-H+ pair in a free space.

B. Cross section for dissociation of HeH+ ions
in collisions with electrons

It has been shown from the simulation that the excita-
tion cross sections of HeH+ to the a X+, A 'X+, and
1so. states are of the order of 10 ' cm . We forbid the
excitation to states other than the selected one in the
simulation. However, there are many other excited states
that lead to He+ and H pairs or He+ and H+ pairs.
The interaction potential curves for these states are al-
most the same as those of the a X+, A 'X+, and 1so.
states [9,16—20). Therefore, if one of these states is
chosen instead of the a X+, A 'X+, and 1so. states, the
simulation will give the same cross section for the excita-
tion. Thus we could not find the excitation cross section
to each state; however, the cross section for dissociation
of HeH+ by electron collision is of the order of 10
cm . We estimated the cross section for dissociation by
averaging the best-fit cross sections shown in Fig. 8 and
the cross sections are shown in Fig. 9 by circles.

In order to compare the cross section for dissociation
of HeH+ with those for other reactions induced by im-
pact of electrons, the upper scale of Fig. 9 is transformed
to the energy of electrons that have the same velocity
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FIG. 9. Cross section for dissociation of HeH+ ions in col-
lisions with electrons at the surface. The upper scale shows the
energy of electrons of the same velocity with HeH+ ions. The
solid line shows the dissociation cross section of Hz ions [21],
the dotted line shows the electron-loss cross section of H atoms
[22], and the dashed line shows the electron-loss cross section of
He+ ions [23].

with HeH+ ions. The solid line in Fig. 10 shows the dis-
sociation cross section for Hz+ ions [21], the dotted line
shows the electron-loss cross section for H atoms [22],
and the dashed line shows the electron-loss cross section
for He+ ions [23]. The cross sections range from about
10 ' to about 10 ' cm . Our estimated cross sections
are close to the dissociation cross section for H2+ ions in
the present range of electron-impact energy. Yousif and
Mitchell have measured the dissociation cross section for
HeH+ ions with the impact of electrons whose energies
are less than 40 eV [24]: The measured cross section is of
the order of 10 ' crn for 20- and 26-eV incident elec-
trons, where the electron energies correspond to the exci-
tation of HeH+, X 'X+ =-a X+, and A 'X+, respective-
ly. However, a comparison of their data with ours can-
not be made directly because their impact energies are
lower than ours.

s I s I s I s I s I ~ I s I
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FIG. 10. Dependence of the simulated energy separations on
the assumed cross section for excitation to the a 'X+, A 'X+,
and 1so states. The surface wake potential was not used in this
simulation.

D. Interpretation of energy separations
obtained by the simulation

state dependent, we assumed the a X+ state for the ini-
tial excitation.

The simulated dependence of the energy separation on
the angle of incidence is shown in Fig. 4 by solid lines.
The simulated results deviate from the experimental ones
for angles of incidence larger than several mrad, where
the experimental ones decrease. The deviation is prob-
ably related to the multiple-scattering process, which is
not treated in our simulation.

We compare the simulated charge-state fractions for
the outgoing fragments with those obtained by experi-
ments. The simulated charge-state fractions for the He
fragments are shown in Fig. 2. The agreement between
the experimental and simulated fractions is fairly good.
The charge-state fraction is insensitive to the cross sec-
tion because charge-state equilibrium is almost attained.
In the simulation, most of the H fragments rejected at
the angle of specular reAection were H+.

C. Dependence of energy separation and charge-state fractions
on the angle of incidence

We have simulated the dependence of the energy sepa-
ration and the charge-state fractions on the angle of in-
cidence. We have used here the estimated dissociation
cross section. Since the energy separation is not very

The energy separation obtained in the above simulation
is closely related to the charge states of the fragments.
The energy separation can be interpreted as follows.

We define a trajectory-dependent internuclear vector
R(x(RII', z,p, q)) from the nucleus of fragment HeI'+ to
that of H~+ when the c.m. of the fragments is at (x,z) on
a trajectory x (RII;z,p, q), where Ro is the initial internu-
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XF (z, R )G (z, R )

d R(x)i dx
d

dx dz
(4)

where p is the reduced mass of the He-H system, M is the
mass of H+, and 8'~ (Ro(x)) is the force due to the sur-
face wake acting on H~+ expressed in the c.m. system.
Substituting this U, (Ro) in U in Eq. (3), we obtain the
energy separation EE(Ro) for the HeH+ ion with initial
internuclear vector Ro. The energy separation obtained
in the simulation is the average of b,E(Ro) over randomly
oriented Ro. It is seen in Eq. (4) that not only the
charge-exchange collision of fragments, but also the
surface-wake potential induced by the He fragment
affects the energy of the outgoing H+ fragment of a pair.

The effect of the wake potential on the energy separa-
tion depends on the internuclear distance R(x) of the
fragments interacting with surface and the wavelength A,

(roughly 23+E A, where E is the energy of the HeH+ in

clear vector and the z axis and the x axis are parallel to
the beam direction and the surface normal, respectively.
The interaction potential between the fragments depends
on the charge states and is expressed by Uzq(R(x)).
Charge states of the fragments change along the trajecto-
ry and the probabilities of finding Hei'+ and Hi+ frag-
ments at (x,z) on a trajectory x (Ro;z,p, q) are expressed
by F~(z, Ro) and G~(z, Ro), respectively. These probabili-
ties at z = ~ for fragments averaged over randomly
oriented Ro are the simulated charge-state fractions.

For the incidence of HeH+ ions having an initial inter-
nuclear vector Ro, the mean kinetic energy in the c.m.
frame U, of H+ fragments at z = ~ is expressed as

p ~U„(IR«)l)
U, (Ro)= f g,

~

+ W (R(x))
traj M 0~R

MeV) of the wake potential. For internuclear distances
smaller than A, /4, the wake forces are repulsive and in-
crease the energy separation. If the internuclear distance
is larger than 1,/4, the wake forces decrease the energy
separation. The energy separation simulated without
wake potential is shown in Fig. 10 at 2.0-MeV HeH+ in-
cidence with 0; =3.5 m.rad. A comparison between Figs.
7 and 10 shows that the wake potential reduces the ener-
gy separation. The effect of the wake potential depends
on the excitation cross section. For the best-fit cross sec-
tions, it can be seen that the wake potential reduces the
energy separation to about 0.9 times that calculated
without wakes.

VI. CONCLUSION

We have studied the kinetic energies and charge-state
fractions for fragments when HeH+ ions are incident on
(001) surface of SnTe with energies ranging from 0.8 to
2.5 MeV. The energy separation between the leading and
trailing H+ is related to the charge states of fragment
and the surface-wake potential induced by the He frag-
ment of a pair. The measured energy separations and
charge-state fractions are reproduced by the computer
simulation. An estimation of the cross section for disso-
ciation of HeH+ ions in collisions with electrons of sur-
face is carried out. The estimated cross section is of the
order of 10 ' cm and comparable to the electron-
impact dissociation cross section for H2+ ions.
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