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Preface


This thesis is on the interactions of MeV or keV molecular ions with single crystal surfaces. This
thesis consists of three parts. The first part ( PART I ) of this thesis treats introduction and
experimental arrangements and processes. Here the basic ideas, formulas and experimental
arrangements are introduced. The second part ( PART II ) is on the dissociative scattering of MeV
Hz+ and HeH+ ions at glancing-angle incidence on a clean single crystal surface, where almost all
projectiles dissociate at the surface and fragments arising from the dissociation are observed. The
purpose of this part is to describe a picture of the dissociative scattering of MeV light molecular ions
at the surface by inspecting the phenomena occurring when the ions move above and almost parallel
to the clean surface. The third part ( PART III ) is on the electron emission from the single crystal
surface at the bombardment of keV and MeV Hz+ and H3+ ions. The electron emission yields are
measured, which are known to be almost proportional to the stopping power of the material for
projectiles. Although the treated phenomena are different from the first part, most of the emitted
electrons are induced by the fragments arising from dissociation of molecular projectiles. To
investigate the scattering of the fragments below the surface by inspecting the secondary electron
yields is the purpose of the second part of this thesis.


PART ll. Dissociative scattering of fast molecular ions at glancing-angle incidence on a clean
single crystal surface.


The theory of the penetration of ions through a matter has been studied since the time of Bohr.
Physical phenomena accessible by studying the field have many applications in various fields, for
example, in solid-state physics, atomic physics and in ion-implantation in semiconductors. On the
other hand, the study of ion scattering at surfaces is important not only for these fields but also for
the physics of electronic properties and atomic structures of the surface. However, the development
of the study of ion scattering at surfaces is relatively recent, which was from the latter half of 1970s.
The development was supported by the appearance of the techniques for preparing clean surfaces, e.g.,
UHV ( ultra high vacuum) techniques and surface cleaning procedures due to sputtering of the target
surface. Under the situation, scattering of the fast molecular ions at surfaces has been investigated
continuously. Here the word "fast" has been used for velocities of the ions whose energy is typically
less than 50 keV and more than eV. Typical examples of the studies in this field are shown in the
following: (i) The survival probabilities of the keV molecular ions in the reflected beam from single
crystal surfaces have been investigated, where the results are applicable to know the atomic structures
of the surface. [e.g., W.Heiland, U.Beitat and E.Taglauer, Phys. Rev. B 19 (1979) 1677; A.I.Dodonov,
Sh.N.Garin, E.S.Mashkova and V.A.Molchanov, Surf. Sci. 140 (1984) L244. ] (ii) Measuring the
neutralized molecules arising from scattering of hundred eV molecular ions at single crystal surfaces,
the resonant and Auger-type neutralization processes of the molecular ions at the surface are
investigated. [e.g., B.Willerding, H.Steininger, K.J.Snowdon and W.Heiland, NucL Instrum &
Methods B2 (1984) 453.] (iii) Using a few eV molecular ion beams as projectiles for bombarding on
single crystal surfaces, dissociative attachment of the fragments on the surface has been investigated
in order to know chemical reaction-process of the surface. [e.g., H.Akazawa and Y.Murata, NucL
Instrum & Methods B33 (1988) 442.]


The scattering phenomena occurring at the glancing-angle incidence of MeV Hz+and HeH+ ions







would be much different from those of eV ,....., keV molecular ions. The incident molecular ion would
dissociate at the surface and Coulomb repulsion between the fragments would be a dominant process
in the scattering. The fragmentation of the MeV molecular ions has been investigated by sev~ral


experiments using thin foils or gaseous targets. Thus the results of the experiments for fragmentation
of MeV light molecular ions are referred in many parts of this thesis. In the second part of this thesis
(chapters 3 ,....., 7), motion of dissociation-fragments at the surface is clarified, which is influenced by
the effect of continuum potential of the surface of single crystal and wake potential induced at the
surface by the fragments. The motion of fragments is also influenced by their charge-states.
Following this, dissociation cross section of the molecular ions in collisions with electrons at the
surface is derived. Using the picture of the dissociative scattering of the molecular ions, the
trajectories of the molecular ion and fragments at the surface can be approximated. By integrating
theoretical stopping power of the surface along the approximated trajectories, energy loss of the
dissociation-fragments after the scattering is obtained.


PART TIl. Secondary electron emission from a clean single crystal surface by molecular ion
bombardments


The electron emission yields from solid surfaces under ion bombardment have been also studied
from the mid-1950s, which are of importance in the understanding of properties of surface, gas
discharge and plasma-wall interaction. However, the reproducible data are available in the later half
of 1970s using clean surfaces, since the yields depend on contaminations on the surface. It is well
known that only the secondary electrons generated in a thin (,.....,100 A) layer below the surface are
responsible for the emission process because of the large scattering cross sections of low energy
electrons. NoW, two types of emission mechanisms are appreciated separately for impacts of low.
velocity ions (v< 107cm/s) and of high velocity ions (v> 107cm/s). For low velocity ions, the potential
energy released upon the electron-capture of the projectile from surface is responsible to the electron
emission. While, for high velocity ions, the kinetic energy deposited by the projectile in the thin
surface layer is responsible to the electron emission. Thus for high velocity ions, the electron yields
are known to be proportional to the deposited energy in the thin layer. Inspecting the yields, the
stopping powers of the material for projectiles, i.e., the excitation processes of target atoms or
electrons by the projectile, are investigated by many researchers.


The yields of electrons by the bombardment of keY or MeV H2+ and H3+ ions have been
measured by some research groups. However, there are a few points that somebody indicated and
nobody discussed deeply. In the third part of this thesis (chapters 8 and 9), the following points are
discussed for MeV and keY regions of incidence-energy, respectively; The first is the relation
between the electron emission yield and the stopping power for closely-oriented dissociation
fragments. The stopping power for fragments is known to be different from that for atomic ions. This
non-linearlity in the stopping power is referred to as "vicinage effect". It is discussed whether the
difference in the stopping power due to the vicinage effect is responsible for the electron yields
directly or not. The second point is on the electron emission yields induced by the released electrons
of molecular ions upon dissociation. It is discussed whether the projectile-electron is responsible for
the secondary electron emission as an independent electron or not. The third point is on the electron
yields induced by the incident molecular species and neutral fragments. Since electrons generated in
the thin surface layer are emitted from the surface, the non-equilibrium charge states distribution of
these species may affect the results. It is discussed whether the effect is detectable or not.


ii







This thesis consists of the following 9 chapters:


PART I consists of the next 2 chapters:
In chapter 1, as the introductory remarks, the Coulomb explosion of molecular ions in a free


space and the relation between the dissociative scattering of fast molecular ions and the induced wake
potential are reviewed. The influence of the wake potential in a medium on the motion of fragments
is stated. A formula for surface-wake potential induced by a charged particle moving parallel to a
surface of a semi-infinite medium is derived based on a general procedure using a specular surface
model and influence of the surface-wake on the motion of fragments is discussed. Thereafter, basic
concepts of the secondary electron emission that have been accepted are introduced. An idea to apply
them to the secondary electron emission yields at molecular ion bombardments is briefly stated.


Chapter 2 outlines the experimental arrangements and procedures for measuring scattered
fragments at glancing-angle incidence of MeV Hz+and HeH+ ions on a clean (001) surface of SnTe.
Those for measuring the yields of secondary electrons from the SnTe surface induced by the
bombardments of the molecular ions are also stated. Several experimental results are shown for
examples.


PART II consists of the next 5 chapters:
Chapter 3 presents the experimental results for the energy and scattering-angle distributions for


fragments measured in a scattering plane at MeV Hz+ ions incidence. An effect of surface planar
potential on the motion of fragments is discussed.


Chapter 4 describes the experimental results for the joint distributions in energy and angle of H+
fragments measured at MeV HeH+ ions incidence. The scattering-angle dependence of energy
distributions has been measured in two directions. One is perpendicular to the surface and the other
is parallel to the surface. An effect for alignment of the axes connecting the fragments to the beam
direction due to the surface-wake potential is discussed.


Chapter 5 provides a computer simulation to explain the joint distributions measured at the
incidence of 1 MeV HeH+ ions. The simulated results are given. An influence of charge-exchange
collisions of fragments on the repulsion between the fragments is discussed.


Chapter 6 treats the incidence-energy dependence of the dissociation cross section of 0.8-2.4
MeV HeH+ in collisions with electrons at the surface. An influence of the surface-wake on the
repulsion between the fragments is also discussed.


Chapter 7 focuses on the energy loss of fragments arising from dissociation of Hz+ at the
glancing-angle incidence. A theoretical model to calculate stopping power of the surface for the
fragments is proposed. Using the stopping power and the trajectories of fragments calculated by the
model mentioned in chapter 6, the energy losses of fragments are calculated. From the calculated
stopping power, dependence of the vicinage effect on the distance from the surface is discussed. The
calculated energy losses are compared with the experimental ones.


PART III consists of the next 2 chapters:
Chapter 8 presents the yields of secondary electrons from the (001) surface of SnTe at the impact


of 0.3 - 0.8 MeV/amu Hz+and H3+ions. The experimental results are compared with that at H+ ions
incidence of the same. velocity. From the experimental results, the secondary electron yields induced
by dissociation fragments and released electrons of the projectile upon dissociation are derived. The
electron yields induced by the fragments are compared with those calculated by a model. The electron
yields induced by the released electrons are compared with those reported for the impact of
independent electrons.
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Chapter 9 provides the yields of secondary electrons from the (001) surface of SnTe at the impact
of 7 - 12 keV/amu H 2+ and H 3+ ions. The ratios of the yields to that at the H+ ions incidence of the
same velocity are shown. The results are compared with those calculated by a model.


Throughout the thesis, the equations are written in CGS-esu, unless otherwise specified. The
Cartesian coordinates frame used in chapters 1"'7 is that being the x-axis along the incident beam
direction and the z-axis along the target normal. The origin of the z-axis is taken at the surface
atomic plane, while the origin of the z'-axis is taken at the surface of valence electrons. In chapters
8 and 9; the frame is fixed on the lattice direction being the z-axis along the target normal.
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Glossary of symbols


The following list contains the symbols most frequently used in this thesis.


a1F :
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Ml'M2 :
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Veo :


W=(Wx,Wy) :


z:
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r·n·


dE:
dECM :


de:
.6:" :
e (k,UJ) :
e·


Thomas-Fermi screening radius
position of dissociation of molecular ion from surface atomic plane
interplanar distance of crystal lattice
charge of electron
energy of a scattered fragment
incidence-energy of molecular ion
wave vector (k= I k I )
electron mass
masses of fragments
mass of proton
charge-states of fragments
stopping power for the * ion
internuclear distance between fragments at time t
initial internuclear distance between fragments
Coulomb-potential energy of fragments pair
CM (center of mass frame) total energy released upon dissociation
continuum surface planar potential
velocity of incident molecular ion ( V = I V I )
Fermi velocity of solid electrons


velocity of a charged particle ( Vp = I V
p


I )
CM velocity of fragments at time t (v(t) =I litt) I )
final asymptotic relative velocity ( v 00 = I v.. I )
velocity of a charged particle parallel to the surface ( W = I Wi)
distance from the surface atomic plane
distance from the surface of valence-electrons
nuclear-charges of fragments


yield of secondary electrons at normal incidence of ions on an amorphous or
polycrystalline solid surface
yield of secondary electrons at incidence of ions with angle ei relative to the


surface of solid
secondary electron yield at normal incidence of Hn+ ions on an amorphous or
polycrystalline solid surface
secondary electron yield at incidence of Hn+ ions with angle ei relative to the
surface of solid
LAB energy separation between two fragments
CM energy of fragment acquired by dissociation
LAB angular shift of fragment due to dissociation
final CM velocity of a fragment ( d v = I ilv I )
dielectric function
angle of scattering of fragment measured in a scattering plane
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f1
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aD:
a E :


¢ind(T):


¢j:
¢:
W p :


W. :


angle of incidence to the crystal surface
angle between molecular axis and incident beam direction
two dimensional wave vector ( K =I i I )
wave length of spatially oscillating-wake
electron escape length
reduced mass of fragments pair
charge density
dissociation cross section of molecular ions in collisions with electrons
excitation cross section of molecular ions in collisions with electrons
surface-wake potential


azimuthal angle of incidence measured from [100] direction
angle of scattering of fragment measured in a plane parallel to the surface
bulk-plasmon frequency
surface-plasmon frequency


x
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Chapter 8


Secondary electron yields from the (001) surface of SnTe
induced by MeV hydrogen clusters


Abstract


Yields of secondary electrons from the (001) surface of SnTe are studied at the impact of 0.3 
0.8 MeV/amu H+, H/ and H3+ ions. The yield per molecule upon impact of the H/ ion is more than
n times as large as that of isotachic proton impact. The observed molecular effects in the yields are
explained as being the result of increased stopping power for H+ fragments and of electrons released
from the molecular ions upon their dissociation. It is also shown that the scaling relation, r 3( () J =
2 r z( ()) - r l( ()), remains roughly constant at oblique incidence-angles up to 10° to the surface,
where r n( () J is the yield at ~+ incidence with angle of incidence () j.
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8-1 Introduction


It is known that the emission of secondary electrons induced by energetic ions in solid is
governed by three processes: production of energetic electrons by the projectile ion, transport of the
electrons to the solid surface and transmission of the electrons through the surface.1) At projectile
velocities greater than approximately 107 cm/s for light ions, the dominant electron production
mechanism is the "kinetic emission", in which the kinetic energy of the projectile is transferred to
electrons in the solid. Comprehensive theories concerning ion-induced secondary electrons at a solid
target have been developed during the last ten years, and the yield of secondary electrons by the
impact of light ions has been shown to be proportional to the energy deposited into kinetic energies
of the secondary electrons at the target surface.Z


-
4)


Several experimental investigations of the yields of secondary electrons· at ~+ ( n = 1, 2 and 3
) impacts have been reported. It has been shown that the yield r n of secondary electrons at ~+


normal impact is greater than that at proton impact.5-9) As introduced in chapter 1, it has also been
shown experimentally that the yields at the impact of H+, Hz+ and H3+ ions are related by/-9)


(1)


At the incidence of MeV molecular hydrogen ions on a solid, most of the ions dissociate into Jtl
and H+ as the results of electronic excitation in the solid. This dissociation process has been studied
both theoretically and experimentally: 10-13) A few important features of the transmission of molecular
ions in solids must be mentioned in relation to the production of secondary electrons. (1) The
fragments produced from a molecular hydrogen ion move in a correlated manner through the solid,
and the energy loss and angle of scattering of the fragment are affected by the neighboring fragments.
Thus the electronic stopping power for a fragment depends on its internuclear separation and exceeds
that for an isolated proton. 14-19) (2) The mean lifetimes of MeV ~+ and Jtl in solid are on the order
of 10-16 s, and thus their mean free paths are on the order of 10-7 em. Thus some fraction of ~+ ions
exists in thin surface layer from which the secondary electrons produced by the ions can escape out
of the crystal. (3) Therefore it is expected at the incidence of molecular ions that the secondary
electrons are produced by molecular ions, dissociation fragments, and electrons released from
molecular ions.


In the present chapter, we report the results of a study of the yields of secondary electrons at the
incidence of MeV molecular hydrogen ions ( H/, H/ ) on the (001) surface of a single crystal of
SnTe, obtained by changing the angle of incidence of the beam from 5° to 90° to the surface plane.
From comparison of the yields with those at H+ incidence of the same velocity, so-called "vicinage
effects" are studied.


8-2 Experimental


Single crystal of tin telluride with a thickness greater than 1000 A was grown by vacuum
evaporation of pure SnTe (99.999% purity) on the (001) surface of KCl in a scattering chamber
with a vacuum range of 10-10 Torr. The crystal possessed NaCI type crystal structure and the surface
was parallel to the (001) surface. The surface showed terraced structures with steps of one atomic
height, and the mean separation of steps was approximately 200 times that of the interatomic
separation.20)A beam of ions (H+, Hz+ or H/ ) from the 4 MY Van de Graaff accelerator at Kyoto
University was directed at the crystal via a differentially pumped section of vacuum of 10-8 Torr
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range. Energy of the ions ranged from 0.3 to 0;8 MeV per nucleon. The beam diameter was 0.5 rom
and the typical beam intensity was 0.5 nA. A beam intensity monitor, in which the current from a
needle vibrating in the beam was measured by an electrometer, was installed upstream from the
crystal to measure the beam current, which had been calibrated by a Faraday cup. Single crystal was
biased at -20 V and the current from the crystal to the ground was measured by an electrometer
(Advantest TR8651). The yield r, Le., the number of secondary electrons per incident ion, from the
crystal was determined by the relation shown in eq. (3) in chapter 2,21)


(2)


where It and Ii represent the current from the target to the ground, and that of the incident beam,
respectively.


Since the yield depends on the direction of the beam to the crystal, we specify beam direction
by () i and if> i: the angle of the beam to the (001) surface plane by () i' and the azimuthal angle
measured from the [100] axis parallel to the surface by ¢i' The azimuthal angle if> i was maintained
at approximately 7° in order to avoid the effect of ion channeling.
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Fig. 8-1 Dependence of the yield
r n( () i) on the angle () i of incidence of


H+, H2+ and H3+ ions ( energy 0.6
MeV/amu ) on the (001) surface of
SnTe single crystal. The triangles show
[ 2 r 2( ()) - r 1( ()) ] calculated from
the observed values.


8-3 Results


Figure 8-1 shows the dependence of the yields, r n( ()), on the angle of incidence of 0.6
MeV/amu ~+ ions ( n = 1, 2 and 3 ) on the (001) surface of SnTe. The yields decrease with
increasing () i for all the ions studied here. As the ei-dependence of the yield r 1( e) is
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approximately proportional to 1Isin ei at ei > 10° at the impact of high-velocity atomic ions on
polycrystalline and single crystal targets,22.23) r n(e Jsin ei calculated from the data shown in Fig.8-1
are plotted against () i in Fig.8-2. The observed r n( eJsin ei is only slightly dependent on the angle
() i of incidence. However, at angles of incidence less than approximately 40°, r n( () Jsin ei decreases
with decreasing ei at H2+ and H3+ impact except at ei < 10°, while that at H+ impact increases
slightly with decreasing ei' We have shown that the increase at ei < 10° is caused by ion channeling
mostly along the planar channel parallel to the surface plane at the incidence of atomic ions;24)


however, the reason for the changes in r 1( eJsin ei at ei > 10° is not fully understood.
Since the observed r n( ei)sin ei in the angular range ei > 40° is almost independent of ei' yields


of electrons at normal incidence, r n= r n(900), are obtained as shown in Fig.8-2, and the dependence
of the yields, on the energy of ions are shown in Fig.8-3.
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Fig. 8-2 Dependence of r n( ei)sin ei on the angle of incidence at H+, H/ and H3+
impact ( energy 0.6 MeV/amu ) on the (001) surface of SnTe single crystal. r n= r n(90° )
are shown by horizontal arrows.


8-4 Discussion


8.4.1 Yields of secondary electrons
A primitive model of secondary electron production at the bombardment of molecular hydrogen


H/ ions on a solid target suggests that a projectile Hn+ion dissociates into n fragment protons and
(n-1) electrons upon incidence on a solid and that these components produce secondary electrons.
Electrons released from the molecular ion produce additional secondary electrons and thus, yield
r n( () J is greater than yield n x r 1( eJ On the other hand, it has been shown that the stopping
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power for fragment protons produced at the dissociation of H2+ ions is approximately 1.2 "-' 1.3 times
that of the stopping power for protons of the same velocity.14-19) As the yield of secondary electrons
is known to be proportional to the energy deposition of the incident ion near the solid surface,1-4) the
effect of an increase in stopping power cannot be neglected in the yield r n( eJ ( n > 1 ).


5
H~ H2.H3' -- SnTe(001)


A:2r2 - r 1


Fig. 8-3 Dependence of the yield
r n= r n(90o) on the energy of ions (per
proton) at the incidence of H+, H/ and
H3+ ions on the (001) surface of SnTe.
The triangles show [ 2 r 2 - r 1 ]
calculated from the observed values.
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Thus, the yield of secondary electrons per E MeV/amu ~+ ion is expressed as,


yn (8i ) = ny/8i ) + (n-l)ye (8i ), (3)


(4)


where r I... eJ and r e( ei) are the yields of secondary electrons per H+ fragment and per electron of
energy Em/mp MeV, and m and mp are the masses of the electron and proton, respectively. In eq. (3),
r I... ei) was assumed to be independent of the mother molecular ion.


From the observed r 2( eJ and r 3( eJ at the impact of E MeV/amu H/ ions, yields r I... eJ and
r e( eJ are derived from eq. (3) as,


y/6i ) = 2Y2 (6 j ) - Y3(6i ),


Ye(8 i ) = 2Y3(8i ) -3Y2(8j ).


Figure 8-4 shows the energy dependence of yields r r r 1...90
0


) and r e= r eC90° ) derived from the
experimental yields shown in Fig.8-3. The yield r f decreases with increasing ion energy, while the
yield reshows a peak at the impact of 0.6 MeV/amu Hn+ ions. From the ei-dependence of the yields
r n( eJ at 0.6 MeV~+ impact ( n = 2 and 3), ei-dependence of the yields r t<: eJsin ei and r e
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(e Jsin ei are derived as shown in Fig.8-5. Both r /... eJsin ei and r e( eJsin ei are independent of
the angle of incidence except at ei < 25° .


If electrons released from molecular ions do not acquire or lose their kinetic energy upon
molecular dissociation, this ion energy, where reshows its maximum in Fig.8-4, corresponds to 330
eV for the electrons. No data are available concerning the secondary electron yield at electron
bombardment on SnTe. However, the electron energy for the maximum of the secondary electron
yields has been observed in the energy range between 250 and 500 eV for aluminum targets.25


-
2
1) The


r e( ei)sin ei in Fig.8-5 is roughly independent of the angle of incidence ei' indicating that yield
r e( eJ is proportional to [sin ea-t. This is consistent with observations that the number of secondary
electrons induced by electrons is proportional to [sin ea-n with 0.8 < n < 1.5.28


) The above findings
suggest that electrons released from molecular ions contribute to secondary electron emission.
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Fig. 8-4 Energy dependence of the yield
r r r /...90


0


) of secondary electrons per H+ 0 I I


fragment and r e= r eC90° ) per electron 2 3 4
released from molecular ion. The broken line Energy of Electron ( 102 eV )
shows calculated r feal= r feal(90° ).


Two protons produced at the dissociation of a molecular H2+ ion repel each other and move in
a correlated manner through the solid. The internuclear distance r and the time t after dissociation are
related as,29)


t (r/ro) =VMpr~/4e2 f(r/ro)'


f(x) = Iivx - 1 + In [Vi + vX - 1 ],
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where r0 is the internuclear distance in the Hz+ ion, Mp is the mass of proton and e is the elementary
charge.
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.Fig. 8-5 () i-dependence of the yields r t< () i)sin () i and r e< () )sin () i at the impact of 0.6
MeV/amu Hn+ ions. The broken line shows calculated rcalt<(}Jsin(}i'


The stopping power Sf for the H+ fragment depends on the velocity and internuclear distance r/ro:
It is twice as large as that for a proton at small r/roand is equal to that for a proton at larger r/ro.


4
)


Because stopping power is not a constant near the surface, the detailed theory of production of
secondary electrons is not applicable. Therefore, we adopt the semiempirical theory of secondary
electron emission to calculate the yield, where the production of secondary electrons is proportional
to the stopping power for the bombarding ion and the diffusion of electrons to the surface is
expressed by mean escape length Ae.


1
) With the use of this theory and neglecting electron-capture


of H+ ions in the solid, the yield of secondary electrons at H+ incidence is expressed as,


y1 ( ai ) =Qf Sl e -zO•• dL = Q Ae Sd sinai'
o


(6)


where Q is a parameter depending on the target material, S1 is the stopping power for the proton, Z


= Lsin () i is the distance of the proton from the surface. The material constant Q times Ae' k = Q Ae'


was determined from the experimental r 1 and stopping power of SnTe for proton30
) to be 0.11 A../eV.


With the use of the model, the yield of secondary electrons induced by one H+ fragment is expressed
as,
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yt'(6 j ) = QJS/(r/ro)exp[ -(Lsin6i )/ AeldL,
o


(7)


where it is also assumed that the stopping power Sl.r/ro) for the H+ fragment is independent of the
mother molecular ion ~+.


The stopping power for the H+ fragment produced at the dissociation of a molecular hydrogen
ion in a solid is affected by the coherent dynamic response of target electrons due to the vicinage of
fragments. Based on the linear response approximation, a formula was derived by Steinbeck and
Dettmann for the stopping power for the H+ fragment produced at the dissociation of Hz+ions. 18) This
formula has been derived for random molecular orientation, since the dynamic response depends on
the orientation of the molecule.


Equation (7) was numerically integrated with the use of the stopping power calculated from the
formula and eq. (5). For the initial internuclear distance '0 of Hz+ ion, we chose 1.3 A.31) The
calculated yields r rcal=r rcal(90


Q


) and r rcal
( eJ are shown by broken curves in Figs.8-4 and 8-5,


where the factor k used is obtained by using the measured r 1 and Sl calculated by the formula
derived by Steinbeck and Dettmann18) for a single proton. The factor is 0.0734 A/ev for all energies
of incidence investigated here. Agreement of the calculated and observed r f in Fig.8-4 is good.
However the observed structure in r f is not reproduced. Thus, agreement is not so good for the
ei-dependence of r t<: eJsin ei at 0.6 MeV/amu~+ impact, where the calculated r calt<: eJ is greater
than the observed ones, which is in the upper limit of the experimental error-bar. The ratio r calf


(eJ/ r 1( eJ is approximately equal to the ratio <Sf>/Sp when <Sf> is the average stopping power in
the thin surface layer with a thickness on the order of the mean escape length Ae for the secondary
electrons. The ratio is approximately 1.2 and is in good agreement with the measured ratios of
stopping powers by Brandt et ai. 14


) and Tape et al. 3Z) The disagreement between the experimental and
calculated values of ei-dependence of r fcal( eJsin ei in Fig.8-5 cannot be explained. Perhaps this
disagreement, which amount to roughly 15 % of the observed yields, originates from the model
expressed by eq. (3).


Important assumptions made in deriving eq. (3) require elaboration. (1) We assumed that all
molecular ions dissociate into protons upon incidence on a surface. It has been established that a
fraction of molecular ions in the foil-transmitted beam shows an exponential decay with foil
thickness. ll


-
13


) From the decay curves of Hz+and H3+ fractions observed by Cue et al. 1Z) the lifetimes
for 0.8 MeV/amu molecular hydrogen ions in carbon are on the order of 0.1 fs, and the mean free
paths for these ions in carbon are on the order of 10 A. These mean free paths for molecular ions
in SnTe are shorter than those in carbon, and are smaller than the mean escape length, Ae =45 A,
for secondary electrons in SnTe. Thus, the effect of undissociated molecular ions near the surface is
negligible. (2) Secondly, charge-exchange of fragments in solid is neglected. Since the electron
capture cross section of the MeV proton is small compared with the electron-loss cross section in
solid, the fraction of ~ is less than 1O-z in the solid and the contribution of ~ to the secondary
electron production is small. (3) We assumed in our model that stopping power for H+ fragment
produced at H3+dissociation is equal to that at Hz+ dissociation. This is not correct, however, because
the theoretical calculation shows greater stopping power for fragment protons produced at H3+
dissociation than that for fragment protons at Hz+ dissociation; 14) thus, the present values for r f' r e'


r t<: eJ and r eC eJ contain a some error.
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8.4.2 Scaling relation
It has been demonstrated that the yields of secondary electrons at normal incidence of ~+ ions


on various metal surfaces are related by eq. (1).7-9) Although no thorough physical basis for the
relation was given, this may be a convenient first approximation. 8


) From our model of ion-induced
secondary electrons expressed by eq. (3), the difference of r 3( (]) and (2 r 2( (] )- r 1( (] i» is (r f


«(] i)- r 1( (] i»' which is approximately 0.2 times r fcal( (] J calculated using the theory by Steinbeck
and Dettmann. 18


) This difference amounts to less than 5% of r 3( (] ) and is within experimental error
of the yield measurements. In order to test the relation, the right-hand side of eq. (1), 2r 2 - r l' was
calculated from r 1 and r 2 shown in Fig.8-3, and is shown by triangles in the figure. The same
relation was tested for r 3( (] i) in Fig.8-1. The triangles agree well with yields r 3( (] i) even at oblique
ion incidence.


131







References


[1] For instance, E. 1. Sternglass: Phys. Rev. 108 (1957) l.
[2] J. Schou: Phys. Rev. B22 (1980) 214l.
[3] J. Devooght, A. Dubus amd J. C. Dehaes: Phys. Rev. B36 (1987) 5093.
[4] 1. Schou: Scan. Micros. 2 (1988) 607.
[5] R. A. Baragiola, E. V. Alonso and A. Oliva-Florio: Phys. Rev. B19 (1979) 12l.
[6] D. Hasselkamp, K. G. Lang, A. Scharmann and N. Stiller: Nucl. Instrum & Methods 180 (1981)


349.
[7] B. Svensson and G. Holmen: Phys. Rev. 25 (1982) 3056.
[8] D. Hasselkamp, S. Hippler, A. Scharmann and K-H. Schartner: Z. Phys. D 6 (1987) 269.
[9] D. Hasselkamp: Comments on At. & Mol. Phys. 21 (1988) 24l.
[10] E. P. Kanter, P. J. Cooney, D. S. Gemmell, K-O. Groenveld, W. J. Pietch, A. Ratkowski, A.


Yager and B. J. Zabransky: Phys. Rev. AZO (1979) 834.
[11] N. Cue, M. J. Gaillard, J.-C. Poizat, J. Remillieux and J. L. Subtil: Phys. Rev. Lett. 42 (1979)


959.
[12] N. Cue, N. V. Castro-Faria, M. 1. Gaillard, J.-C. Poizat and 1. Remillieux: Nucl. Instrum. &


Methods 170 (1980) 67.
[13] N. Cue, N. V. Castro-Faria, M. J. Gaillard, J.-C. Poizat and J. Remillieux: Phys. Rev. Lett. 45


(1980) 613.
[14] W. Brandt, A. Ratkowski and R. H. Ritchie: Phys. Rev. Lett. 33 (1974) 1325.
[15] N. R. Arista and V. H. Ponce: J. Phys. C (Solid State Phys.) 8 (1974) L188.
[16] J. -C. Poizat and J. Remillieux: J. Phys. B (Atom Mole. Phys.) 5 (1972) L94.
[17] D. S. Gemmell, J. Remillieux, J.-C. Poizat, M. 1. Gaillard, R. E. Holland and Z. Yager: Phys.


Rev. Lett. 34 (1975) 1420.
[18] J. Steinbeck and K Dettmann: J. Phys. C (Solid State Phys.) 11 (1978) 2907.
[19] I. Nagy, A. Arnau and P. M. Echenique: Nucl. Instrum. & Methods B48 (1990) 54.
[20] Y. Fujii, K. Kimura, M. Hasegawa, M. Suzuki, Y. Susuki and M. Mannami: Nucl. Instrum &


Methods B33(1988) 405.
[21] Y. Susuki, T. Baba, S. Fukui and M. Mannami: Surface Sci. 254 (1991) 97.
[22] B. Svensson, G. Holmen and A. Buren: Phys. Rev. B24 (1981) 3749.
[23] M. Hasegawa, K Kimura, Y. Fujii, M. Suzuki, Y. Susuki and M. Mannami: Nucl. Instrum and


Meth. B33 (1988) 334.
[24] M. Hasegawa, T. Fukuchi, Y.Susuki, S. Fukui, K. Kimura and M. Mannami: Jpn. J. Appl. Phys.


30 (1991) 2074.
[25] S. Thomas and E. B. Pattinson: 1. Phys. D 3 (1970) 349.
[26] D. Roptin: Ph. D. thesis, University of Nantes, 1975, cited by 1. Schou, Scann. Micros. 2 (1988)


60l.
[27] R. Bindi: Ph. D. thesis, University of Nice, 1978, cited by J. Schou, Scann. Micros. 2 (1988)


60l.
[28] H. Seiler: J. Appl. Phys. 54 (1983) Rl.
[29] D. S. Gemmell: Chem. Rev. 80 (1980) 30l.
[30] 1. F. Ziegler: The Stopping and Ranges of Ions in Matter, (Pergamon Press, New York, 1977)


Vol. 4.31).
[31] T. R. Fox: Nucl. Instrum & Methods 179 (1981) 407.
[32] J. W. Tape, W. M. Gibson, J. Remillieux, R. Laubert and H. E. Wegner: Nucl. Instrum. &


Methods 132 (1976) 75.


132







Chapter 9


Vicinage effect in secondary electron emission from the (001) surface


of SnTe induced by keV hydrogen clusters


Abstract


The total secondary electron emission yields from a clean (001) surface of SnTe crystal are
studied at the bombardment of hydrogen clusters (H+, H2+ and H/ ions) with energies ranging from
7 to 12 keV/amu. The observed yield is not proportional to the number of protons in the cluster ion.
The yields are successfully explained in terms of stopping powers for constituents of cluster ions
which depend on the internuclear distance of the constituents showing the spatial configuration
(vicinage) effect in stopping.
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9-1 Introduction


Ion induced secondary electron emission has been investigated as one of the important quantities
which show the interaction of fast ion with solid surface. It is generally accepted that the process of
the ion induced electron emission is classified into two distinct processes, that is, "potential electron
emission (PEE)" and "kinetic electron emission (KEE)". In the PEE which predominates at lower ion
velocities ( Vp < 107 cm/s ), the potential energy released upon neutralization of the projectile can
provide the energy required to free electrons from solid. While, for high velocity ions ( Vp > 107


cm/s), the KEE prevails where kinetic energy of projectile provides the energy to eject electrons into
vacuum.1)


As introduced in chapter 1, comprehensive theories of KEE have been developed during the last
ten years, where the yield r of secondary electrons at the incidence of ions of energy E i with angle
ei relative to the surface plane is expressed as, Z)


(1)


where A is a parameter depending on the target material, {3 ( ei) is a dimensionless factor depending
on the energy transport of excited target electrons and S(Ei ) is the electronic stopping power for the
ion. Apart from the slow variation of {3 (e ;) with energy, the yield is proportional to the electronic
stopping power. Eq. (1) has been derived with the assumptions that recoiling target atoms do not play
an essential role in the generation of secondary electrons and that the stopping power varies slowly
as a function of distance traveled by the ion. It has been found experimentally that A and {3 ( ei) do
not depend much on the ion species and ion energy.3-6) Thus eq. (1) has been successfully used to
determine the stopping powers for heavy ions of different charge states.7


,8)


The total electron yields r n= r n(90° ) obtained at the bombardment of cluster ~+ ions ( n = 1,
2 and 3 ) have been studied in chapter 8 and by many authors.3,6,9-15) As treated in chapter 8, it has
been shown experimentally that the yields are approximately related by the scaling relation for
measurable quantities, 11,12,15)


(2)


The assumption made in deriving the scaling relation is that a primary beam of molecular ions can
be treated as a mixture of independent particle beams made up of the constituent particles of the
original molecular ions under consideration; spatial correlation of the fragments is neglected.


In chapter 8, we have detected, in addition to the vicinage effect of fragments, the effect of
electrons released from molecular ions in the yields of secondary electrons.15) The kinetic energies of
the electrons released from the MeV hydrogen cluster ions are larger than about 500 eV, and these
electrons can produce lower energy secondary electrons. On the other hand, the kinetic energies of
the electrons released from lower energy cluster ions are too small to eject secondary electrons. Thus
the vicinage effect of fragments in the emission of secondary electrons is easier to detect at lower
energy ion bombardment.


In the present chapter, we report our experimental study of the secondary electron yields at the
impact of H+, Hz+ and H3+ ions on a clean (001) surface of SnTe, where the energy of the hydrogen
cluster ions ranges from 7 to 12 keV/amu. For the understanding of the yields, we first calculate the
spatial configuration (vicinage) effect in stopping of cluster ions in a homogeneous electron gas. In
terms of the calculated stopping powers, the observed yields of secondary electrons from the (001)
surface of SnTe are explained with a semiempirical model of secondary electron emission.
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9-2 Experimental


Detail of the target preparation and the method to measure the yield of secondary electrons has
been given in chapter 2, so only relevant points are mentioned here.16) Momentum analyzed beams
of ions (H+, H2+ and H3+) from a 30 kV RF ion source with energies ranging from 7 to 12 keV/amu
were introduced in a UHV scattering chamber through a differentially pumped section of a vacuum
of 10-8 Torr range. The base pressure in the scattering chamber was less than 3 X 10-10 Torr. The
beam diameters were 1 mm on the target crystal and beam divergences were less than 1 mrad. An
atomically flat (001) surface of SnTe was prepared by in situ epitaxial growth by evaporation of pure
SnTe (99.999%) on a KCI (001) surface in the UHV scattering chamber.


I I I I I -
10k eV H+ on SnTe (001) 8j = 26.4'


3 I- <l>i = 10.3' -


+ • • • .,
l-


••.-
2 •...... ,.... -- •- •...... • -


•
1 •l- • -• • •


o '--.L.-'__----ll ---L' .l-I__..-l'_--J


-100 -50 0 50 100
VI ( V)


Fig. 9-1 Dependence of Il~)/li on the bias voltage ~ volts applied to SnTe (001) under
10 keV H+ ions bombardment, where Il~) and Ii are electric currents from the target to the
ground and of the incident ions, respectively. The incident and azimuthal angles of the
incident H+ ions were ei =26.4


0


and ¢ i = 10.3
0


• (The dependence was already shown
in Fig.2-15 (a). )


The target crystal was electrically insulated from the ground and the electric current from the
target to the ground was measured during the beam irradiation. This current depends on the bias
voltage V; applied to the target. An example of the dependence of the current IlVJ on the bias voltage
V; volts is shown in Fig.9-1 at the incidence of a beam of 10 keV H+ ions on SnTe (001) surface,
where the target current It(V;) is normalized to the incident beam current Ii. The ratio IlV;)/Ii does not
depend on V; at V; < -5 V and at V; > +50 V. Thus the yield of secondary electrons is obtained from
the following relation, which is shown in eq. (2) in chapter 2,16)
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y = It ( - 10 ) / Ii - It ( + 50 )fIi . (3)


Error in the obtained r, which comes from the contamination of the incident beam, i.e., the neutral
particles and fragments formed in the beam transport, was estimated to be ± 5 %.


The yields of secondary electrons depend on the orientation of the target single crystal to the
incident beam direction. The angle () i of incidence of the beam was measured from the (001) surface,
and the azimuthal angle ¢ i of the incident beam was measured from the [100] direction. It is known
that the electron yield decreases when the incident beam direction coincides with low-index lattice
direction or plane. An example of the electron yields measured with 10 keV H+ ion bombardment
with () i =30 0 is shown in Fig.9-2 against the azimuthal angle of incidence ¢ i' The yields show
a decrease at beam incidence along the (010) plane. The width of the dip at the (010) plane becomes
wider with increasing angle () i' The yield does not depend on the angle for other low-index planes,
i.e., (ISO) -(120), within experimental fluctuation, where the interplanar distances are small compared
with that of the (010) plane. Thus, to avoid incidence of the beam along the (010) plane up to () i =
80 0 ,the emission-yields shown below are measured along the (120) plane i.e., at ¢ i =26.5 0 •
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Fig. 9-2 Dependence of the yield of secondary electrons r on the azimuthal angle of
incidence ¢i of 10 keY H+ ions on SnTe (001) at the angle of incidence () i =30


0


• The
arrows show the low-index planes.


9-3 Results


An example of the () i-dependence of r is shown in Fig.9-3, where a beam of 20 keY H2+ ions
impinged on the (001) surface with azimuthal angle 26.5


0


• The directions of the incident beam during


136







the measurement are shown on the stereographic projection in the inset. Note that the electron yield
shows dips when the direction of the beam is aligned to low-index crystal planes or axes.16


,17) The
dips are formed by the change in the stopping power for channeling ions in thin surface layer.l


7) On
the other hand, as shown in the previous chapter, the dips were hardly observed at the impact of MeV
hydrogen cluster ions. 15


,18) If the dips are smeared, the observed ei-dependence of the yield agrees
well with the dotted curve shown in Fig.9-3, where the dotted curve is proportional to 1Isin ei' This
shows that, the observed yield is approximated by the well-known relation, 1,15,16,18)


(4)


where r =r (90
0


) is the yield of secondary electrons at normal incidence on a random solid.


o
o 20 40 60 80 100 120


Angle of Incidence e i ( 0 )


Fig. 9-3 Dependence of the yield of secondary electrons r on the angle of incidence
ei of 20 keV H2+ ions on SnTe (001) at the azimuthal angle if; i =26.5


0


• The angles at
which the incident beam of ions is parallel to low-index crystal planes are indicated. The
dotted curve shows r 2Isin ei' The directions of the incident beam during the measurements
are shown in the stereographic projection onto the (001) of SnTe.


For the determination of the yield of secondary electrons at normal incidence, r n( eJsin ei at the
impact of Hn+ ions is plotted as a function of ei' and r n is determined by smearing the dips.
Examples of the determination of r n = r nC90


0


) are shown in Fig.9-4 when the energy of the incident
ions is 10 keV/amu. Figure 9-5 shows the dependence of r n on the energy of ions for H+, H2+ and
H3+ impacts. From r 1 and r 2 thus obtained, r 3 is calculated with the use of the scaling relation of
eq. (2). The yields calculated from the right hand side of eq. (2) do not agree with the observed r 3


as shown by a broken line in Fig.9-5. The difference of the broken line and the observed r 3 shows
that the vicinage effect in stopping powers for the fragment hydrogen ions is manifested in the yields
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of secondary electrons.


10 keY /amu H~ on SnTe (001) <Pi = 26.5°
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Fig. 9-4 Dependence of r sin ei on the angle ei of incidence at the incidence of H+,
Hz+and H3+of energy 10 keV/amu. The low-index crystallographic axes are indicated by
arrows and values of r n= r n(90° ) are indicated by horizontal arrows.


9-4 Stopping powers for hydrogen cluster ions


Upon incidence on a solid, the hydrogen cluster ion dissociates into fragments and their
internuclear distances increase as the ion travels in the solid. The stopping power for the fragments
depends on their internuclear distances. 19,zO,ZI) For dicluster hydrogen ions at keV energy region, the
stopping power for the randomly oriented fragments has been calculated by Nagy et al. 19) Their
treatment for Hz+ ion is briefly summarized here and extended to the stopping power for H3+ ion.


The stopping power of a homogeneous electron gas is calculated using a quantum mechanical
scattering description of the excitations of electron-hole pairs. Now assume that the elastic scattering
of electrons at the Fermi level by each constituent of the cluster occurs independently. Thus the
stopping power can be written;


11


S = 11 no VpkF f( 1 - cosOe ) da( 0e' kF ),


o
(5)


where no is the density of the system, Vp is the velocity of the projectile, ee is the scattering angle
of electrons at the Fermi level and d a is the differential cross section. kF=(3 7[ Zno)1/3 is the Fermi
wave number. Thus 'likF = m vF is the momentum of electrons at the Fermi level, where m is the mass
of electron and VF is the Fermi velocity.
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Fig. 9-5 Dependence of the yields of secondary electrons r on the incident energy of
H+, H2+ and H3+ ions. Broken line shows r 3 calculated from r 1 and r 2 with the use of
eq. (2).


For randomly oriented dicluster, the differential cross section is given by;


(6)


(7)


where f/s are the scattering amplitudes, Kdenotes the complex conjugate of~, k = 2kpSin( () J2) is the
magnitude of wave vector transfer, r2 is the proton-proton separation and dQ=27Z"sin() ed() e' The
scattering amplitude which is calculated using the partial wave expansion with an assumption that
only the leading phase shift 60 gives a good approximation for the amplitude. Using the well-known
expansion of sin(kr2)/kr2 into Legendre polynomials, the stopping power S2(r2) for a slow (screened
proton) dicluster at internuclear separation r 2 is obtained as;


82('2) = li no (VpkF) 41tsin20o[2 +2G(kF'2)]'eF


(8)


where j n(x)'s are spherical Bessel function of the first kind. Thus the ratio of the stopping power Sir2)
for a dicluster with internuclear distance r2 and Sl for a proton of the same velocity is;
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(9)


The treatment can easily be extended to the stopping power for a slow triatomic cluster.
Expressing the internuclear distances of the three protons by rij (i, j =1, 2, 3 ), the differential cross
section d a (() .)cF) for randomly oriented triatomic cluster in eq. (5) becomes as;


do ;J,;J,;J, *.r* sin( k '12 ) .r* .r* sin( k '13 )
dn =11+J2+f3+(fd2+fzJl) k +(ftJ3+hJl) k


w ~ ~ O~
.r* * sin( k '23)


+ (fzJ3 +A/z ) .
k'23


It is known that the H3+ ion has equilateral triangular shape.22
,23) From the symmetry of the molecule,


the resulting cluster of three hydrogen ions is expected to be triangle. Thus replacing rij by the mean
internuclear distance r3, and neglecting small-angle multiple-scattering in solid which results in
distortion of the exploding cluster shape, the stopping power for randomly oriented triatomic cluster
is obtained as;


Fig. 9-6 Ratios of the calculated
stopping powers of SnTe for H2+


and H3+ ions as functions of
proton-proton separation rn (n =2,
3 ).
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(11)


In Fig.9-6, we have plotted the ratios Sz(rZ)lS1 and S3(r3)/Sl for hydrogen clusters in SnTe. The
ratios depend on the internuclear distances rZand r3; the ratio is nZfor the united atom, rn =0, and
is n for n independent hydrogen ions, rn =00. At the internuclear distances where the cluster ions are
in their ground states, i.e., rn = rno (1 "'-'1.3...\), the ratios decrease with increasing rn•


9-5 Yields of secondary electrons


The yield of secondary electrons is determined by the rate of production of electrons by a
projectile, their transportation to the surface and transmission through the surface. Instead of using
the detailed theory of electron transport, we express the yield of secondary electrons at normal
incidence of a hydrogen cluster, in analogy with the expression given by Baragiola et aI., by the
following relation;24,z5)


r = QJS(z)e -zO'edL = QJS(z)e -z/J.edz ,
o 0


(12)


where Q is a constant, S(z) is the stopping power for ion at the depth z from the incident surface and
Ae is the mean attenuation length for secondary electrons. If we assume that the stopping power Sl


for H+ ion does not depend on z, the integral in eq. (12) can be performed and the yield r 1 at proton
impact is expressed as;


r =Q')' 'S =k'S1 ell • (13)


From the comparison of eqs. (1) and (13), it is seen that the parameter Q' Ae = k = A f3 (90
0


). Since
the stopping powers for H+ ions are known 26), the constant k is determined from the observed r 1


with the use of eq. (13). Figure 9-7 shows k = r tlS1 obtained from the yields of secondary electrons
at H+ incidence. k's obtained from our previous measurements of r at the impact of MeV H+, and
a few tens keY Na+ on the (001) surface of SnTe are also shown for comparison. It can be seen that
the k's obtained here are almost equal to those obtained from our previous experiments and that the
differences are within the experimental errors considering the uncertainties in the theoretical stopping
powers for the ions used in the analysis. 25


)


Substituting eqs. (9) and (11) in eq. (12), and using eq. (13) for H+, we obtain the following
relations;


(14)
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Fig. 9-7 Dependence of the constant k (= f l/Sl ) on the energy of ions incident on the
(001) of SnTe. closed circles: present values from a few tens keY H+, triangles: MeV H+
from ref.15 ( chapter 8 ), open circles: keY Na+ from ref.16.


Because of screening of the fragments by the electron gas in solid, the interaction potential
between the fragments can be expressed by,


(16)


where as is a screening distance. The internuclear distance,n(z) was calculated as a function of z with
the potential given by eq. (16) and the initial internuclear distance 'no. The ratios of the yield of
secondary electrons were calculated with the use of eqs. (14) and (15). In Fig.9-8, calculated ratios
of the yields of electrons, f zl f 1 and f:i f l' are compared with the observed ratios. In the
calculation, we used the following numerical values; no =1.6 X 1023 /cm3


, i.e., 5 electrons/atom in
SnTe, as = V/w p, 'Ii wp = 16 eV, Ae = 45 A,18) '2° = 1.06 A,27,28) and '3° = 0.97 A 22,23). The
calculated ratios are slightly larger than the experimental values, but they reproduce the experimental
ratios.


Several possibilities are considered for the deviation of the calculated yields from the experimental
ones. (1) Model of the yield of secondary electrons, expressed by eq. (12), is too crude. Although this
expression has been successfully used for various cases, the transport of electrons in solid is expressed
only by one phenomenological parameter Ae which has to be determined experimentally. (2) Initial
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internuclear distances may be larger than the values used in the calculation: It has been reported that
the mean internuclear distances of H2+ and H3+ depend on the degree of excitation of vibrational
states, thus depend on the ion source of the accelerator used in the experiments. For instance, the
reported internuclear distances of H/ are 1.06 ),,27,28), 1.17 A29), 1.25 A ( chapter 7 ), 1.29 A30) and
1.3 A27,28.31) and those of triangular H/ are 0.95 A, 0.97 A, 1.1 A and 1.2 A.22,23,31) In fact for larger
internuclear distance, we obtain better agreement with the experimental ratios as shown in Fig.9-8.
(3) Incident molecular species and neutral fragments arising from dissociation can reduce the
calculated ratios. This point is discussed also in the previous chapter for MeV ions, where the
penetration length of the species is_about 10 A. The ion velocities studied in this chapter are less than
one tenth that treated in the previous chapter. Thus the penetration length is smaller than 10 A, which
may be negligible compared with Ae'


H~ on SnTe


4


Fig. 9-8 Comparison of the
calculated and observed ratios of the
yields of secondary electrons,
r zlr 1 and r Jr l' at the incidence
of H/ and H/ ions. The values of
1.06 A and 0.97 A are used for the
initial proton-proton separation for
H2+ and H3+ respectively ( solid
lines ). The calculated ratios depend
on the initial proton-proton
separations as shown by dashed
lines where r 20 = 1.3A and r 30=


1.2A.


9-6 Conclusion
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In this chapter, we have measured the total secondary electron emission yields resulting from the
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bombardments of H+, Hz+ and H/ ions with energies ranging from 7 to 12 keV/amu on a clean (001)
surface of SnTe crystal. For the better understanding of the observed secondary electron yields,
stopping powers of SnTe for low energy Hz+ and H3+ ions are calculated with the use of the theory
proposed by Nagy et af. 19), where vicinage effect on the stopping power for fragments of molecular
ion is taken into account. Yields of secondary electrons were calculated with the stopping powers for
fragments of Hz+ and H3+ molecular hydrogen ions with t~e use of a semiempirical theory of
secondary electron production. The calculated yields agree well with the observed ones.
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Introduction and Experimental







Chapter 1


Introduction


abstract


As the introductory remarks for this thesis, the Coulomb explosion of molecular ions in a free
space and the relation between dissociative scattering of fast molecular ions and induced wake
potential are described. The influence of the wake potential in a mediuin on the motion of fragments
is stated. A formula for surface-wake potential induced by a charged particle moving parallel to a
surface of a semi-infinite medium is described based on a general procedure using a specular surface
model. Influence of the surface-wake on the motion of fragments resulting from dissociation of
molecular ions moving almost parallel to the surface is discussed. Thereafter, basic concepts of the
secondary electron emission that have been accepted are introduced. An idea to apply them to the
secondary electron emission yields at molecular ion bombardments is briefly stated.
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1-1 Coulomb explosion of molecular ions in free space


When a MeV di-atomic light molecular ion impinges upon a surface of solid, the binding
electrons of the molecular ion are stripped off by a rapid collision with a target atom. The remaining
bare nuclei repel one another due to mutual Coulomb force. This is referred to as "Coulomb
explosion". In this section, the influence of the medium is ignored and only a pair of two bare nuclei
of masses M1 and Mz having fixed internuclear separation of ro at the moment of the removal of
electrons from molecular projectiles is considered.


Internuclear Distance in a Free Space


1084 6
Time (fs)


2
O'----'-----'-------'---'----'----'---.L.-_-'--_--L.._---J
o


Fig. 1-1
Internuclear separations
as functions of time
after the removal of
electron(s). The solid
line is for HeH+
projectile (ro=0.79 A
) and the broken line is
for Hz+projectile ( ro=
.1.06 A ), respectively.


The internuclear separation r is a function of time t after the removal of electrons according to
the equation as


(1)


where jl is the reduced mass of the fragment pair ( f1 =M1Mz/(M1+Mz) ) and Zle and Zze are their
charges. The differential equation can be solved with the initial conditions of


r(O) =ro' dr I 0 =0,
dt t=


(2)


and gives the relation between time and internuclear separation as follows;


[(r/ro)=[0 f(r/ro)


to =V!J.r;/(2Z1Z2e
2
)


f(x)=.jXJx-l +In(.jX+Jx-l).


(3)


The internuclear separations are shown in Fig.1-1 for projectiles of HeH+ and H/ as functions of time
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t.
The final energies and angles of the fragments in the laboratory ( LAB ) frame are obtained using


the final asymptotic relative velocity which is


(4)


For MeV HeH+ or Hz+ ions, the velocity of incidence of the molecular ion IVI is larger than about
100 times of IV.. I.
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Fig. 1-2 Calculated incident-energy dependence of the diameter of the ellipse for the
H+ fragments, !:::..E, along the !:::..E-axis. The solid line is for HeH+ (r0 =0.79 A) and the
broken line is for Hz+ (ro=1.06 A), respectively.


Denoting the LAB energy separation between two fragments as !:::..E, the shift in LAB energy of
a fragment of mass M 1 is


(5)


where dV1=lJ.vJM1 is the asymptotic eM velocity acquired by the fragment of mass M 1 and () m is
the angle between V and d VI' which is equal to the angle between the beam direction and the
internuclear vector. Similarly, the LAB angular shift is given by


(6)


The relation between !:::..E and !:::.. () is easily obtained as
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Therefore the fragments distribute on an ellipse in the /1E-/1 e plane.
Examples of the calculated incident-energy dependence of the diameters of the ellipse along the


/1E- and the /1 () -axes for H+ resulting from the dissociation of HeH+ and Hz+ ions are shown in
Figs.1-2 and 1-3. The diameter along the LlE-axis increases with the increasing energy of incidence.
For the Hez+ fragments resulting from the dissociation of HeH+, the diameter along the LlE-axis is
same with that for the H+ fragments. The diameter along the Ll e-axis decreases with the increasing
energy of incidence.
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Fig. 1-3 Calculated incident-energy dependence of the diameter of the ellipse for the
H+ fragments, 2Ll e, along the Ll e-axis. The solid line is for HeH+ (ro=0.79 A) and the
broken line is for H/ (r0 =1.06 A), respectively.


1-2 Relation between the dissociative scattering of a fast molecular ion and wakes induced
by its fragments


1.2.1 Wake concept
The phenomena occurring as a fast ion traverses a solid target, such as energy loss, energy loss


straggling on the ion and electronic screening of the ion charge in the solid, are related to the
response of the electrons in the solid to the passage of the ion. The electrons respond independently
or collectively. The collective response of valence-electrons to the passage of the fast ion is
successfully described by the concept of "wake" that is electronic polarization induced in the solid.
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Bohr introduced the idea of the polarization wake to describe electronic stopping power of a
medium for a fast charged projectile. 1) When a stationary positive charge is placed in a solid, the
electrons of the solid are attracted to the charge, which results in a local polarization of the material.
The electric field of the charge is screened by the attracted electrons at large distances. When the
positive charge moves at a velocity large compared with the target electron velocities, the electrons
are attracted behind the projectile. Since the projectile goes ahead when the electrons are attracted,
the electrons repel each other by their mutual Coulomb force. Thus this polarization "wake" represents
the collective response of the target electrons to the passage of the charged particle. Under steady
state conditions the polarization wake moves with the projectile as though attached to it.


Although no clear evidence had been given to demonstrate the wake, Gemmell and co-workers
demonstrated it by experiments for dissociation of MeV HeH+ ions in thin foils.2,3) They measured
the scattering-angle dependence of energy spectra of the lighter fragments ( protons ) as probes to
detect the wakes of heavier fragments ( a particles) and clarified the effect of the polarization wake
on the trajectories of fragments. Although their results are summarized in section 1.2.2, a brief outline
of them is presented here as follows; When a fast HeH+ ion impinges a foil, the projectile rapidly
losses its electrons at the entrance-surface of the foil. The projectile then undergoes a Coulomb
explosion. The wakes of a Coulomb-exploding cluster of ions traversing a foil superpose upon one
another. Thus the motion of the lighter fragment proton while inside the foils is strongly affected by
the wake of its partner. This results in a tendency for trailing fragment proton to align more closely
behind their partner.


The wake concept can be extended to the response of electrons at a surface of solid to the passage
of an ion moving almost parallel to the surface.4


,5) The wake induced at the surface of solid is referred
to as "surface-wake". When a stationary positive charge is placed near a metal surface, the electrons
of the metal are attracted to the charge. The electro-static potential due to the attracted electrons can
be calculated by the method of images, where the negative charge is placed at the image position. If
the positive charge moves parallel to the surface at a velocity large compared with the target electron
velocities, the charge induced at the surface or image charge lags behind the projectile. Similar to the
wake in the medium, the surface-wake represents the collective response of the electrons at the
surface to the passage of the charged particle. In glancing-angle scattering of MeV light ions, the
surface-wake moves with the projectile changing its magnitude as a function of the distance between
the projectile and surface.


Experimental evidences to demonstrate that the surface-wake gives an influence on the ion
surface interaction have been given by the measurement of energy spectrum of convoy electrons
emitted at glancing-angle incidence of MeV ions 6) and energy loss of MeV ions specularly reflected
from single crystal surface. 7) Therefore, if we use a fast diatomic molecular ion as the projectile that
moves parallel to the surface, the motion of one of the fragments is affected by the surface-wake of
its partner. This will result in a tendency for trailing fragment to align more closely behind its partner
as observed at the experiments of foil-induced dissociation of molecular ions. We will be able to
know further information of the surface-wake potential by the experiment for dissociation of MeV
molecular ions at glancing-angle incidence on a flat surface of single crystal.


1.2.2. Wake effect demonstrated by the experiment for foil-induced dissociation ofmolecular
ions


Vager and Gemmell measured the scattering-angle dependence of energy spectra of H+ fragments
at the incidence of 2.0-MeV HeH+ ions on an 85 .A-thick carbon foil.3) Their results obtained by a
high resolution spectrometer showed the strong enhancement of the protons. that trail He2+ fragments.
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The enhancement is explained by the influence of wake induced by He2+ fragment in the foil. They
derived a theoretical description of the wake induced in a solid. Details of their works have been
reviewed in references 8 and 9. Here their description of wake potential and experimental results are
introduced, and the effect of wake potential on the trajectory of fragments passing through a thin
carbon foil is discussed.


The response of a medium to a projectile is treated to be linear. Thus, the projectile with charge
Ze induces the polarization wake charge which is proportional to the charge Ze. A Cartesian
coordinate frame fixed with the solid medium and a point charge +Ze moving with velocity Vp along
the x-axis are considered. The medium is assumed to be isotropic and homogeneous. The response
of the electrons in the medium can be characterized by a dielectric response function E ( f, w),
where f is the wave vector and W is the angular frequency of disturbance.


Since the charge-density distribution of the projectile is written by


and the corresponding Fourier transform is


_ _ o(cu-f·V)
pprik,cu)-Ze .


2'Jt


(8)


(9)


The Fourier components of the polarization and projectile charge-density distributions are related
by


Inserting Pproj( f, w) in eq. (10), Ppol( f, w) is obtained. This transforms to


P ~r;t)=~ If _1_ _ l]eil:f.f-V/)d£.
po (2'Jt)3J le(k,k'V)


The dielectric function was approximated with the high-frequency form


_ CU Z


e(k,cu) =1 P,


(cu+iYi


(10)


(11)


(12)


where r is a damping parameter. Inserting eq. (12) into eq. (11) and choosing the limit r ~O, eq.
(11) becomes


(13)


where a=V/w p and S(x) is the unit step function. This charge-density distribution is spatially
oscillatory behind the point charge and has wavelength A=2 J[ a that is a few tens of angstroms for
MeV light ions.


The induced potential is given by
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Inserting eq. (13) into eq. (14) and putting r /=y2+Z2, the induced potential can be obtained as,


00


<j)(r.L' x-V/)=- ~e Isin ~ [r: +(lifmVf+(C+x-V/fr1/2dC.
o .


(14)


(15)


In this expression, the minimum impact parameter of the projectile-electron collision is taken into
account by substituting r .t


2+( 'li/mV)2 for r .t
2


, where m is the mass of electron. An example of the
potential is shown in Fig.1-4. This potential has cylindrical symmetry around the x-axis. This
potential is spatially oscillatory and extends ahead of the projectile.


Fig. 1-4 An example of
wake-potential distribution


. induced by a 400 keV proton
traversing carbon ( h (j) /2 7l: =
25.0 eV ). Distances are shown
in units of A= 27l: a= 14.5A.. (
taken from ref. 3 )


Figure 1-5 shows joint distributions in energy and angle ( "ring pattern" ) for protons emerging
from an 85 A-thick carbon foil bombarded by 2-MeV HeH+ ions.3) The results show strong
enhancement of protons trailing the a particles. The distributions demonstrate the influence of the
wake potential on the trajectories of fragments. The wake potential induced by the a particle has the
same wavelength with that induced by the proton of the same velocity shown in Fig.1-4. The wake
potentials induced by the fragments (proto~ and a particle) have minima at several angstroms
downstream the fragments. In the interactions of fast molecular-ion beams with thin foil targets the
internuclear separations do not exceed a few angstroms while the cluster is inside the foil. Therefore
the pair of fragments gets an impulse for rotation to align parallel to the beam direction during its
small dwell time ("""'1 fs) in the foil. Mter the pair emerges from the foil, they explode under the
mutual Coulomb repulsion, and the axis connecting the fragments becomes parallel to the beam
direction..The motion of the lighter-fragment proton is influenced more than that of the heavier
fragment a particle.
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Fig. 1-5 Examples of joint distribution in energy and angle for protons emerging from
an 85 A-thick carbon foil bombarded by 2.0-MeV HeH+ ions.
(a) experimental
(b) calculational (using the wake potential shown in Fig.1-4 )
( taken from ref. 3 )


1.2.3 A theoretical model for the surface-wake to describe the motion of the fragments
When a fast molecular ion scatters on a flat surface of solid with a small glancing-angle (


glancing-angle incidence ), the molecular ion dissociates in collisions with electrons at the surface.
The resulting pair of fragments repels each other via the mutual Coulomb force. The motion of a
fragment is influenced by the surface-wake potential induced by itself. Moreover, the motion of the
fragment is affected by the Coulomb potential and the surface-wake potential of its partner.


In order to discuss the motion of fragments, it is necessary to obtain formulae describing the
surface-wake potential distribution (i) when the ion is outside the surface, and (ii) when the ion is
inside the surface. Here "surface" means the surface of conduction electrons, which is outside the
atomic surface.


Flores and Garcia-Moliner proposed a classical model for calculating the surface-wake
potential. 10


,11) They derived the surface-wake potential distribution induced by a charged particle
moving outside the surface and indicated that their model can be applied to the moving charged
particle above and below the surface. Here their model is introduced and formulae for the surface
wake potential for cases (i) and (ii) are described, when the particle moves parallel to the surface.


Now a semi-infinite medium having dielectric function c (£, w) inz' < 0 and a charged particle,
+Ze, moving with velocity Vp =( Vpx' Vpy, Vpz) at z' > 0 ( outside the medium) are considered. The
particle reflecting from the surface of electrons in a metal placed at z' =0 is shown in Fig.1-6 (a).
Based on the specular surface model of Ritchie and Marusak12>, extended pseudovacuum is introduced
in place of the vacuum and medium. The pseudovacuum is defined by a given external charge, its
image with velocity Vp' =( Vpx' Vpy,-Vpz) and a fictitious surface charge, a, which locates at z' =
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oand behaves as 0 (z). The schematic representation of the charges used in the specular reflection
model is shown in Fig.I-6 (b).


Vacuum ~Metal a


z'>O z'<O


(01


Vacuum


(bl


Fig. 1-6 (a) A particle of charge Ze being reflected from the surface. (b) Schematic
representation of the charges used in the specular reflection model to calculate the induced
potential in vacuum. ( taken from ref. 11 )


For obtaining the surface-wake potential, the charged particle is assumed to move parallel to the
surface at z' =zo' > 0, that is, Vpz =O. The charge distribution of the particle is given by,


Pproif,t)=Zeo(f-Vp t -10), (16)


where 10 =(0, 0, zo). The image charge distribution is given by


Pm(f,t) = Zeo(f-V; t+io) = Zeo(f-Vp t + 10).


Then the potential if; (1)( ii, w) outside the surface is


- 8Ze1t2
- -4 - 4<I>(1)(k,w)=--2-[~(w-iC'W)e Z+o(w-iC'W)e Z+o(iC,w)].


k


(17)


(18)


where a ( iC, w) is the amplitude of the fictitious surface charge which will soon be eliminated. iC
is two. dimensional wave vector and W is the velocity of the charger particle parallel to the surface,
i.e.,


The potential inside the medium is obtained as,


<I>(2)«(w) = 8Ze1t
z


o(iC,w).
k2e«(w)


11


(19)


(20)







Using a matching condition for if> (1) and if> (2) at z' =0,


<\>(l)(T:t) Iz'=o = <\>(2)(T:t) Iz'=o'


a( i, w) can be eliminated. The potentials are


.... 8Ze1t2
... [_I~'1r 1~'1r 2 _k'7!]<I>(1)(k,w)=-k


2
&(w-i·W) e "'O"'%+e"'O"'% e "..."


B(i,w)


and


where


Kf dieB(iC,w)=1+- ~,
1t k2e(k,w)


and K =I i I . These potentials transform as


<I>(l)(T:t)= Ze fdE(dw &(w -iC·W> ri(1- : )e -K(Z'+~ +e -1tIZ-~I]
21t J K ~ B(lC,w)


i(i..f -(,)t)
xe I ,


and


(21)


(22)


(21)


(24)


(25)


(26)


(27)


where f II = (x, y ).
Using the high-frequency form to approximate the dielectric function of the medium E ( E, w)


2


e(£w)=1- wp


, w(w+iy)'


where r is a damping parameter, B( ic, w) can be obtained from eq. (24) as


(28)


Inserting the B( i, w) in eqs. (25) and (26), the potentials become
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(29)


and


(30)


Choosing the x-axis parallel to the beam direction and x'= x-Vi, where Vpy= 0 and Vpx= Vp' the
surface-wake potentials, if> (1) and if> (2), induced by the point charge +Ze which is outside the surface


are obtained. The results are


where


Ws=WJ{i,
w+=ws -iy/2,


W-=-ws-iy/2,


(31)


(32)


and Ko(x) is the modified Bessel function of the second kind. The first term in the right hand side of
equation (31) expresses the induced potential, the second term expresses the bare Coulomb potential.
The induced potential is written by if> 1ind( f ) in the following.


Performing the integral on the K, x-complex plane, the induced potential, if> 1ind( f ), is written as


(33)


where Jo(x) is the Oth-order Bessel function of the 1st kind. S(x) is the unit step function showing that
the sinusoidal oscillatory term is only behind the external charged particle.


Next, a charged particle moving with velocity Vp =(Vpx' Vpy , 0) at zo' < 0 ( inside the medium
) is considered. The potential ¢ (1)( f, w) in the vacuum is


(34)


Similarly for the potential inside the medium, if> (2)( f, w), is
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(35)


Based on the similar algebra as before mentioned, that uses the high-frequency form to
approximate the dielectric function, and putting Vpz=O and Vpx=Vp, we obtained the induced potential
as


(36)


(37)


In order to calculate the surface-wake potential induced by an ion whose velocity is not very
large compared with the valence-electron velocities, the maximal wave-vector transfer ( momentum
transfer ) is introduced. 13


) The maximal wave-vector transfer is approximately given by W jVF and
w';vF for the angular frequency of the response ws and W p' respectively, where vF is the Fermi
velocity of the surface-electrons. The formulas for the surface-wake potential are slightly deformed
by introducing this maximal wave-vector transfer, which is introduced in the integral and in the
modified Bessel function of the second kind, Ko(x). The result for the potential ¢ (1)( t, w)in the
vacuum is


(38)


Similarly for the potential inside the medium, ¢ (2)( t, w), is
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(39)


The surface-wake potential distribution depends on the distances from the surface z' and zo'. For
example, Fig.1-7 shows the distribution on the plane at lA. from the (001) surface atomic plane of
a SnTe single crystal induced by a 1.0 MeV He2+ ion traveling parallel to the surface at 2A. from the
surface, where the surface of valence-electrons is chosen at 1.58A. from the surface atomic plane.


........
>........
"0 40
c
~


rc.l
......
C 0
~......
0


0... -20


-40


-40 -20 0
x (A)


Fig. 1-7 An example of surface-wake potential distribution on the plane at 1 A. from
the (001) surface atomic plane of SnTe induced by a 1.0 MeV He2


+ ion traveling parallel
to the surface at 2 A. from the surface. The surface of valence electrons is chosen at 1.58
A. from· the surface atomic plane. ( to be shown in chapter 4 )
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The surface-wake potential shown in Fig.1-7 is the same order of amplitude compared with the
wake potential inside the carbon foil. The wavelength of its oscillation is also comparable to that of
the wake potential inside the foil. Therefore it is expected that the potential gives the similar influence
on the motion of fragments at the experiment of glancing-angle scattering of molecular ions as
demonstrated by the foil-induced dissociation experiments. However, some processes which are
different from that demonstrated at the foil-induced dissociation are expected to occur due to the
scattering geometry. The geometry of the scattering is no more cylindrically symmetric around the
beam axis. The orientation of internuclear vectors connecting the exploding fragments are influenced
by the geometry. Thus a joint distribution in energy and angle for fragments scattered at the surface
would include more complicated information than that for the foil-induced dissociation experiments.


1-3 Glancing-angle scattering of ions from a single crystal surface


When a monatomic ion impinges on a low-index surface of a single crystal with a small
glancing-angle, the ion experiences a series of correlated small angle scattering with the surface
atoms, and is specularly reflected without penetrating the surface. This scattering process is fairly
explained in terms of the motion of the ion in a continuum surface planar potential which is
introduced for th~ interpretation of planar channeling of ion in crystaly-18) The glancing-angle must
be smaller than the critical angle which depends on the atomic number of the ion, ion-energy and
the atomic number and density of the surface atoms as in the case of planar channeling. The critical
angle is several rnrad for MeV He and H ions. This scattering phenomenon is called " specular
reflection " of ion from ,crystal surface. Since the ion cannot penetrate the surface, it is possible to
study the ion-surface interaction from the scattered ions.


At glancing-angle incidence of a MeV diatomic molecular ion on a surface of a crystal, it loses
its electron(s) or is excited to one of the states which lead to the dissociation of the molecular ion.
Thus the molecular ion dissociates into ionized or neutral fragments. Most of neutral fragments lose
their electrons near the surface and the charged fragments repel each other leading to Coulomb
explosion. The angular deviation of the exploded fragments from the incident beam direction is of
the order of the critical angle for specular reflection at MeV Hz+and HeH+, and most of the fragments
are reflected from the surface without penetrating the surface. Thus it is expected that the scattering
process of the molecular ion at a surface is different from that at foil transmission described in section
1-2-2.


It was found in the present experiments that the fragments of MeV H/ and HeH+ ions start
Coulomb explosion on the incoming trajectories to the surface, and the survival probabilities of the
molecular ions during the specular reflection were below the detection limits. For the better
understanding of the scattering process, simulation of scattering of molecular ions have been
performed, where the trajectories of molecular ions and their fragments were calculated. Typical
examples of the trajectory simulation are shown in Fig.1-8 for the dissociation of 2.0 MeV HeH+ at
the glancing-angle incidence with 4.4 rnrad on the (001) surface of SnTe. In the simulation, it was
assumed that the surface is atomically flat and the HeH+ ion dissociates into Hez+ and H+ at 1 A
above the surface on its incoming trajectories. It was also assumed that the trajectory of fragment is
determined by the Coulomb force due to the other fragment and by the continuum'planar potential
from the surface atoms. 19)


The examples shown in Fig.1-8 show that the trajectories of dissociated fragments depend on the
initial molecular orientation, however, their characteristic features are the same when the ionization
of HeH+ takes place near the surface on the incoming trajectory. If the surface is atomically flat, i.e.,
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there is no surface step, the molecular ion which is incident with angles less than the critical angle
for specular reflection does not penetrate the surface. Fragments resulting from dissociation of HeH+
also do not penetrate the surface and the internuclear vector connecting the fragments tends to become
parallel to the surface during the reflection at the surface.


TRAJECTORIES OF MeV HeH+ IONS
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CRYSTAL


----- "------- ----? --0--....-----0 ---0:
Q » ..0
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------- --~
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Fig. 1-8 Examples of simulated trajectories of HeH+ and its dissociated fragments H+
( closed circles) and He2+ ( open circles) at glancing-angle incidence of 2.0 MeV HeH+
on a clean (001) surface of SnTe. The glancing-angle was 4.4 mrad and molecules were
ionized at 1 A from the surface on the incoming trajectories. The molecules were drawn
at every 3.7 fs.


In the above calculations, several approximations are made. The first is that the surface-wake
potential is not included in the calculation. It is desirable to clarify the effect of the surface-wake
potential on the trajectory of fragments. The second is on the position of dissociation of the molecular
projectile. The position of dissociation is not so clear as it can be simply assumed at 1 A. The third
is on the charge-states of fragments. The charge-states of fragments could not be chosen as they are
bare nuclei. The charge-exchange processes in collisions with target atoms must be taken into
account, because the charge-states determine the repulsive force between the fragments and affect the
trajectory of fragments. The fourth is on the slowing down of fragments at the surface. Fragments lose
their kinetic energy due to excitation of target atoms and electrons. The slowing down of the
fragments must influence on the trajectory of the fragments. It can be described by the stopping power
of the surface for the fragments. The stopping power depends on the distance from the surface. The
stopping power of the surface used in the above calculation was that for atomic projectiles. 18


) It is
only an approximate treatment, because the closeness of the two fragments would cause interference
effect to the excitation of target atoms and electrons.


Detailed inspection of these processes occurring at the dissociative scattering of molecular ions
is the purpose of PART II ( chapters 3 "'-' 7 ) of this study.
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1-4 Ion Induced Secondary Electron Emission


It is known that the energy distribution of the ion induced secondary electrons has a maximum
at a, few eV. Mechanisms of the ion induced secondary electron emission from solid have been
studied. It is generally accepted that the mechanisms are classified into two distinct processes, that
is, "potential electron emission (PEE)" and "kinetic electron emission (KEE)". In the PEE which
predominates at lower ion velocities ( Vp < 107 cm/s ), the potential energy released upon
neutralization of the projectile can provide the energy required to free electrons from solid. While,
for high velocity ions ( Vp > 107 cm/s), the KEE is dominant process, where kinetic energy of
projectile provides the energy to eject electrons into vacuum.


1.4.1 Potential electron emission


(a)


E


Fig. 1-9 Electron transfers for ions
near surfaces shown schematically by
arrows. (a) Auger neutralization. (b)
Resonant neutralization followed by
Auger deexcitation. The arrowl shows
resonant neutralization and two arrow2
show Auger deexcitation.


(b)


Solid


Solid


Ion


Ion


Hagstrom treated in the mid-1950s the PEE processes as electronic transitions between a solid
surface and a projectile with high potential energy.20) In his treatments, an Auger transition occurs
when the projectile is outside the surface of the solid and an electron is ejected into vacuum. Auger
neutralization and resonant neutralization followed by Auger deexcitation are known as the primarily
responsible process for PEE induced by singly charged positive ion bombardment. Schematic diagram
of these processes are shown in Fig.I-9. If the ejected electron comes from the solid, the process is
termed "Auger neutralization". In this process the excess energy caused by the neutralization of the
ion in its ground state is released by excitation of solid-electron into the states above the vacuum
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level. If a projectile electron is ejected, the process is termed "Auger deexcitation". The process which
occurs after resonant neutralization is responsible for PEE. That is, the incident ion is neutralized to
an excited state and the excess energy caused by the subsequent electron-transition from solid to a
hole of the neutralized projectile is released by excitation of the loosely bound electron into the
continuum states.


Both mechanisms occur only when the next relation is satisfied,


E > 2~, (40)


(41)


(42)


where E is the potential energy difference of the initial and final atomic states of projectile and <I>
is the work function of the target. For the upper limit of total PEE yield r pU which is for the lowest
impact velocities, the following semiempirical dependence on E and <I> has been given,


y~ = 0.2 (0.8 € - 2 4> ) ,
€F


where E F is the Fermi energy of the target.21)


1.4.2 Kinetic electron emission
Sternglass 22) considered in the latter half of 1950s that electron emission results from the


excitation of target electrons in hard collisions with projectile. The number of electrons excited at
depth x by a fast ion moving with velocity Vp was written as,


_ 1 S·k(Vp'x)
n( Vp'x) - ,


2 E


where E is the mean energy needed to excite one electron for the primary ionization by the
projectile, S is the total electronic stopping power of the material and k( Vp, x ) is a correction factor
due to the secondary ionization of atoms by the energetic secondary electrons. The factor 1/2 is based
on the assumption that only electrons excited above vacuum level are responsible for electron
emission and on assuming Bohr's equipartition rule between energy losses due to ionization and
excitation into the bound states. Thus the electron-emission yield for normal incidence is given by,


(43)


where Pt is the probability for transmission of the electron from the surface. Sternglass estimated Pt


to be about 0.5 for energetic secondary electrons, neglecting the inner potential in the bulk. The factor
exp( - x I L) is the attenuation function with L is the mean electron attenuation length, which is
smaller than the mean free path of the electrons of several tens A., by taking into account the
emission angle of electrons in the solid.


The recent common view of the KEE process at ion irradiation is described by a multistage model
as follows:
1) Primary ionization of target atoms by the projectile.
2) Secondary ionization of target atoms by energetic secondary electrons.
3) Transport of the liberated electrons toward the surface.
4) Escape of these electrons through the potential barrier at the surface.


19







Comprehensive theories of KEE have been developed during the last ten years by Schou, where
the yield r of secondary electrons at the normal incidence of ions of energy E i is expressed as, 23)


(44)


where A is a parameter describing the electron transport in the solid and escape from the surface,
which depends on the target material, f3 represents the secondary ionization, which is a dimensionless
factor depending on the energy transport of excited target electrons and S(E;) is the electronic stopping
power for the projectile of the impact energy Ei• It has been found experimentally that A and f3 do
not depend much on the ion species and ion energy.24) Apart from the slow variations of A and f3
with energy, the yield is proportional to the electronic stopping power. Eq. (44) has been derived with
the assumptions that recoiling target atoms do not play an essential role in the generation of secondary


electrons and that the stopping power varies slowly as a function of distance penetrated by the ion.


It is necessary for KEE that the maximum energy transfer is larger than the target work function
<I>. In a binary approximation model for excitation of valence-electron, Baragiola et al. described an
impact velocity threshold Vth for KEE as follows,


v =..! v[ [1 + ~]1j2 -1]
th 2 F 2 '


mVF


(45)


where Vp is the Fermi velocity of the target electrons.24
) Because <I> ;:;;;; mvl/2 for many materials, Vth


is smaller than 0.2 vp•


Baragiola et ai. wrote the electron yield for normal impact at impact-velocities much larger than
vth. in analogy with Stemglass as,24)


o ~


r =p f n(V(x),x)f(x)dx =.!- fS(V(x),x)exp(-~)dx,
-00 2J 0 L


(46)


where f{x) = exp( - xl L) 12 is the attenuation function, S is again the total electronic stopping power,
P is the surface escape probability and J is the average energy required to excite one electron above
the vacuum level, where the secondary ionization were taken into account. At the large velocities,


since the velocity in the material V(x) does not depend on distance of order L, S can be put a constant
S(Vp). Thus eq. (46) is integrated to,


r(Vp ) =P'L'S(Vp )/2J=kS(Vp )' (47)


The result shows that the yield should be proportional to the electronic stopping power. For almost
all target materials, k is known to be 0.1 ± 0.04 (A/eV).


1.4.3 Kinetic electron emission from single crystal surface
The KEE yield of the secondary electrons at the incidence of ions with angle () i relative to the


surface plane is expressed from integrating eq. (46), by noting that S does not depend on () i for
amorphous or polycrystalline solid,


(48)
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where r :;:: k S (V
p


) is the yield of secondary electrons at normal impact ( () i =90 0 ) of the ion with
impact velocity Vp' The relation is approximately correct in the angular region of () i from 20° to
90° .25)


The () i-dependence of the KEE yields from single crystal surface have been investigated from
the 1960s. In the earlier studies, it was demonstrated that the electron yields from Cu (110) single
crystals with incident Ar ions show strong decrease at beam incidence along low-index lattice
direction. 26


) Examples of the orientation dependence of the yields are shown in Fig.1-10 taken from
our recent study.21) The observed values for r ( () i)sin () i are plotted against () i at the incidence of 25
to 55 keY of Na+ ions on the clean (001) surface of a SnTe crystal. The direction of the incident
beam of ions was kept parallel to the (120) plane perpendicular to the surface plane. The plane is
drawn by a thick line in the stereographic projection onto the (001) surface shown in the inset. It is
seen that the yields decrease at beam incidence along low-index lattice direction shown by arrows.


The decrease of the yields is explained by the stopping power S in r in eq. (48) for the
channeling ions along the low-index axis. The stopping power for the channeling ions is small
compared with that for the ions incident with random direction and is generally given by a function
of the position in the channel. For the ions channeled in the low-index axis, the average stopping
power along their channeling-trajectories decreases by a factor 0.5 compared with that of the random
one.28)


4r-----------------.


Fig. 1-10 Yields of secondary
electrons at the impact of 25 to 55 keV
Na+ ions on the clean (001) surface of
SnTe crystal, where r ( () J •sin () i is
plotted against the angle of incidence
() i' The direction of the beam during
the measurement is shown in the
stereographic projection onto (001).
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1.4.4 Kinetic electron emission by molecular ion bombardment
The kinetic electron emission yields have been studied not only at the atomic ions impact but also


at the bombardment of cluster ~+ ions ( n = 1, 2 and 3 ).24,29-35) It is known that the yield r n


obtained at ~+ ion bombardment is not given by n times the yield at H+ ion bombardment. It has
been shown experimentally that the yields r n are approximately related by the scaling relation,31,33,35)


(49)


The assumption made in deriving the scaling relation is that a primary beam of molecular ions can
be treated as a mixture of independent particle beams made up of the constituent particles of the
original molecular ions ( protons and electrons ) under consideration; spatial correlation of the
fragments is neglected. It was reported that the applicability of the relation is not restricted to the
yields of the secondary electrons but is also valid for excitation and ionization cross sections of ion
atom collisions at ion velocities ~ 2 a. U.
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Eq. (47) shows that the yields of electrons are proportional to the stopping power of the target
materials for the ion. Thus the equation has been successfully used to determine the stopping powers
for heavy ions of different charge states.36


,37) On the other hand, it is known that the stopping power
of materials for the fragments resulting from dissociation of the energetic molecular ions changes
slightly from that for individual protons. This phenomenon is caused by interference effect in the
excitations of target atoms or electrons by the closely oriented fragments and is referred to as
"vicinage effect" for the stopping power. The vicinage effect depends on the spatial correlation of the
fragments. The internuclear distance between the fragments becomes larger in the region of order L
below the surface as the angle of incidence relative to the surface plane becomes smaller. Thus it is
expected that the molecular effect for increase or decrease on the yields of secondary electrons may
become weaker as the angle of incidence decreases. From· the experimental yields taken by various
angles of incidence, one may be able to determine the stopping power for fragments by the electron
emission yields.


PART III ( chapters 8 and 9 ) of this thesis treats the electron emission yields at the bombardment
of H+, H/ and H/ ions. Discussions therein concern the vicinage effect for the stopping power for
fragments.
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Chapter 2


Experimental


abstract


The experimental apparatus, arrangements and procedures for measuring scattered fragments at
glancing-angle incidence of MeV Hz+ and HeH+ ions on a clean (001) surface of SnTe are described.
Those for measuring the yields of secondary electrons from the SnTe surface induced by the
bombardments of the molecular ions are also presented. Several experimental results are shown as
examples.
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2-1 Preparation of clean (001) surface of SnTe


In order to investigate the phenomena occurring at glancing-angle scattering of molecular ions
at a surface of solid, a good crystalline, clean and atomically flat surface of single crystal is desired.
One of the methods to have such a desired surface is in situ epitaxial growth of a material on a low
index surface of substrate single-crystal in a UHV condition.


In this study, the (001) surface of SnTe single crystal epitaxially grown on a (001) cleavage
surface of KCI was used as the target. Since the mean orientation of the (001) cleavage surface is
deviated less than 1 mrad from the crystallographic (001) surface, the epitaxially grown surface of
SnTe is well-oriented to the (001) surface. In a well-controlled growth condition, the step density
can be reduced to be less than 10 steps per 1 f1 m and the effects of ion scattering at the steps can be
made small. The atomic force microscopic images of the (001) surface of SnTe epitaxially grown on
KCI were shown in ref. l.


Crystal structure of SnTe is NaCl-type with lattice constant a =6.3268 k 2
) SnTe is a narrow gap


semiconductor whose band gap is 0.19 eVat room temperature ( 300 K). Thus the valence-electrons
can participate in collective electron oscillation and the plasmon energy is


(1)


where m is electron mass and the electron density n is that of 5s5p electrons in the crystal. The
calculated value agrees well with the energy of the plasma resonance peak in the electron-energy-Ioss
spectrum and the plasmon energy derived by Kramers-Kronig analysis of photon-reflectivity data.3,4)


A KCI single crystal was cleaved along the (001) surface in air and mounted on a goniometer
head. Although the cleaved (001) surface of KCI was in air for about 20 minutes before rough
evacuation in the UHV chamber, no undesirable effect due to deliquescence of the surface could be
observed. The pressure in the URV chamber was in 10-10 Torr range after baking the chamber for 24
hours at about 400 K "" 450 K. The cleaved (001) surface of KCI was heated to 500 K during and
after the baking. The SnTe was evaporated on the KCI from a tungsten helical filament. The thickness
of the SnTe was monitored by a quartz oscillator. An atomically flat surface of SnTe single crystal
was obtained by the evaporation rate of 2 A/min. The orientation of SnTe to KCI substrate was


(OOl)snTe II (OOl)Kc\, <OOl>SnTe II <001>KC1'


2-2 Monitoring intensity of incident ion beams with a beam chopper


The measurements of the incident beam current and integrated dose were necessary in most of
the experiments performed in this thesis. We placed a beam chopper system based on the vibrating
needle which chopped the ion beam just before impinging on the target. A schematic drawing of the
system is shown in Fig.2-1: A thin needle which is a fret saw blade made from steel is mounted on
an insulated terminal. An electron detector ( CEM, Ceratron EMT-6081B, Murata Mfg. Co.) is placed
nearby the needle to detect the electrons emitted from the needle. A magnetic coil is placed outside
the vacuum vessel near the fulcrum of the needle in order to feed the power for vibration of the
needle. To start and keep the vibration of the needle, an alternating magnetic field is formed by the
coil. The frequency of the magnetic field (""10 Hz) is tuned to the proper vibration fr~quency of the
needle. Tuning the frequency, the amplitude of vibration of t\1e needle about 1 em is obtained at the
beam position. The beam of ions is chopped by the vibrating needle, and a few % of the incident


26







Electl"odes


CEM


The schematic drawing of the beam chopper.


Co i 1


Ion s


Beam of


Fig. 2-1


beam current is stopped by the
vibrating needle.


The electrons emitted in the.'beam direction by the collision of
the ions with the needle and the
stray electrons travelling with the
ion beam must be eliminated in
the measurement of the ion beam
with a Faraday cup placed
downstream the scattering
chamber. Two electrodes were
installed downstream the needle as
shown in Fig.2-1. A positive 200
V and negative 300 V were
applied to the plate and cylindrical
electrodes, respectively. The
electrons of energies less than
about 300 eV are absorbed in the
plate electrode.


Two methods were employed
to monitor the beam current with
this beam chopper system: 1) The
electric current from the needle to
the ground was measured directly
with an electrometer (Advantest TR8651 or Keithley 610C ). The measured current is a sum of the
stopped ion current and the current of the secondary electrons emitted from the needle. 2) The
secondary electrons emitted from the needle were counted with the CEM, when the beam current was
less than 1 pA, where the conventional current-measurement is difficult. The observed ion current
and the electron counting rate had to be calibrated by an absolute beam current measured by Faraday
cup placed downstream the target position in the UHV chamber.


Fig.2-2 shows an example of the electric current from the needle as a function of the beam
current, where the projectiles were 2.0 MeV Hz+ ions. The electric current from the needle was about
6 % of the beam current. The proportionality between the two currents is good.


2-3 The energy spectra measured with solid state detector


The experimental setup is shown in Fig.2-3.5) The beam of projectiles was collimated by a set
of double X- Y slits and impinged upon the surface of the crystal mounted on a goniometer-head.
The incident beam divergence was less than 0.1 mrad. The glancing-angle of incidence was less than
15 mrad. The azimuthal angle of incidence was taken off about 6 degree from the low-index crystal
axis ( e.g. <100> or <110> ) in order to avoid any effects of axial channelling. The scattered
fragments from (001) surface of SnTe were selected by an aperture placed several tens em
downstream the target. The diameter of the aperture was 200 f1 m. The acceptance half angle of the
aperture was 0.35 mrad.


The scattered fragments were detected by a solid state detector ( SSD ) (MH-016-050-100, EG
& 'G ORTEC or PD25-10-500AM, Canberra Industries. Inc. ) placed 350 mm downstream the
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aperture. The SSD and the aperture can be rotated around the target crystal ±25 mrad. The energy
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Fig. 2-2 An example of the electric current from the needle as a function of the beam
current. The projectiles are 2.0 MeV Hz+ions. The line shows the least squares fit of the
data.
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Fig. 2-3 Experimental setup.
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resolution of the SSD (ORTEC) was 13 keY and that of the SSD ( Canberra) was 7.5 keY for 200
- 500 keV protons. The energy resolution was not sufficient for detecting two peaks due to Coulomb
explosion of Hz+and HeH+ projectiles. An example of the energy spectra of H+ and He2+ fragments
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measured at the angle of specular reflection that arise from 2.0 MeV HeH+ ions incidence is shown
in Fig.2-4, where the angle of incidence is 2.9 mrad. The peaks in the energy spectra were slightly
broad compared with those of the scattered ions measured at the incidence of H+ or He+ ions with the
same velocity. Only one peak is seen in the spectrum of H+ fragments, where the peaks due to the
leading and trailing fragments are not separated. A few peaks can be seen in the spectrum of He2+
fragments. The 1st peak ( the peak of the highest energy) corresponds to the fragments reflected at
the topmost layer of the surface. Other peaks correspond to the fragments once penetrated and
reappeared from the surface. However, if the surface is atomically flat, almost all ions cannot
penetrate the surface. The penetration and reappearance from the surface can be explained by a
surface step.6) The ion which is incident at a step penetrates the crystal along (001) planar channeling
trajectory which oscillates between the two (001) planes. Thereafter the ion reappears from the surface
at another step. Thus the energy spacing between these peaks corresponds to the energy loss of the
He fragments in a period of the planar channeling oscillation. In the spectrum of H+ fragments, there
must be a few peaks such as observed in that of He fragments. However, the peaks cannot be seen
because the energy spacing between the peaks is small compared with the resolution of the SSD.


v


2.0 MeV HeH+on SnTe


6000 8j = 2.9 mrad He ion -
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H ion ..
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Fig. 2-4 An example of the energy spectra of H+ and He2+fragments taken by a solid
state detector (MH-016-050-100, EG & G ORTEC ), that arise from dissociation of 2.0
MeV HeH+ ions at SnTe (001). Although the yield of He2+fragments is larger than that of
H+ fragments in this example, the yields ratio depends on the angles of incidence and
scattering ( see e.g. Figs.2-6 and 2-7 ).


2-4 Measurements of the scattering-angle distributions


The geometry of the ion scattering is shown in Fig.2-5. The angle of incidence to the crystal
surface is ei' The angle of scattering of fragments from the surface is denoted by e and ¢, where
e is the angle measured in the scattering plane containing the incident beam direction and the target
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nonnal and ¢ is that measured parallel to the surface. The angular distribution, e-distribution, was
measured by moving the final aperture shown in Fig.2-3 in the scattering plane. The solid state
detector was also moved at the same scattering-angle with that defined by the aperture.·Examples of
the scattering-angle e-distribution of H and He fragments arising from 2.0 MeV HeH+ ions are
shown in Fig.2-6, where the angle of incidence is 6.1 mrad and the angle ¢ is 0 mrad. The
distribution of H fragments is broad compared with that of He fragments. These e-distributions of
fragments are slightly broader than those of scattered ions at the incidence of the corresponding
atomic ions.


SnTe ( 001) IKe I


Incident Beam


Target Normal


Scattered Ion
Fig. 2-5 Geometry of ion scattering.
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Fig. 2-6 Examples of the scattering-angle e-distribution of fragments arising from
glancing-angle incidence of 2.0 MeV HeH+ ions on SnTe (001). The 1st peak yields are
shown for He fragments.
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The scattering-angle if; -distribution of fragments was measured at e=2 ei' The aperture at the
downstream from the target and the solid state detector were placed at the angle 2 ei' Thereafter the
if; -distribution was measured by moving the aperture and the solid state detector in the plane parallel
to the surface. Examples of the scattering-angle if; -distribution of H and He fragments arising from
2.0 MeV HeH+ ions are shown in Fig.2-7, where the angle of incidence is 2.9 ± 0.2 rnrad and the
angle e is 6.1 ± 0.2 rnrad. The if; -distribution of H fragments is broad compared with that of He
fragments. At the center of the if; -distribution of H fragments, a well-defined hump can be seen. The
if; -distributions of fragments are broader than those of scattered ions at the incidence of the
corresponding atomic ions.


Because of the geometrical limitation, the if; -distributions could not be measured at if; less than
-5 rnrad. However, the distributions were expected to be symmetric around if; =0 rnrad.


2.0 MeV HeWon SnTe
8i= 2.9 mrad
8" 6.1 mrad


• He Ion
o H Ion


15


Fig. 2-7 Examples of the scattering
angle if; -distribution of fragments
measured at e = 2 ei arising from
glancing-angle incidence of 2.0 MeV
HeH+ ions· on SnTe (001). The 1st peak
yields are shown for He fragments.
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2-5 Measurements of the charge-state distributions of fragments


The charge-state distributions of fragments were also measured by the analyzing magnet placed
between the aperture and the solid state detector, which is shown in Fig.2-3.


In order to measure the charge-state fractions for the fragments reflected at the topmost layer of
the surface, the yields of the 1st peak of the energy spectra of fragments for each charge-states of
fragments were needed. The energy spectra were collected by a MCA ( multi-channel analyzer ). The
MCA's data-taking system was controlled sequentially in coincidence with the controlled magnetic
field ( typically a few hundred G ) to detect ions of a selected charge-state. The cycles were repeated
more than 50 times to take one set of the data.


Figure 2-8 shows examples of neutral fractions ( If! fractions, which contain the ground state and
the excited state hydrogens ) of H fragments obtained at the incidence of 0.2 MeV/amu HeH+, Hz+
and H+ ions. The angle of incidence is 2.9 mrad. It is seen that the neutral fractions are of the order
of'lO-z.


31







0.1 '--'--'--'--'--1'--'---''---''---''---'1----'----'----'----'----'


0.2 MeV/amu Ions Incidence


Angle of Incidence = 2.9 mrad


• : HeH+ Incidence


0 : Hi Incidence


tf
t


• : H+ Incidence


=0
....
C.J


~ 0.05 f- -
~


c ?
+== +


¢


+
¢


15


Fig. 2-8 Examples of neutral
fractions of H fragments obtained at
glancing-angle incidence of 0.2
MeV/amu HeH+, H2+ and H+ ions on
SnTe(OOl). The angle of incidence was
2.9 mrad.
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2-6 The energy spectra measured with magnetic spectrometer


Figure 2-9 shows a schematic view of the magnetic spectrometer. The spectrometer placed
downstream the bellows can be rotated around the target crystal ± 25 mrad. The ions accepted by
the aperture which defines the angles e and if> of the scattered ion are deflected by the magnetic
field between the aperture and the slit. Since the trajectory of the ions under the magnetic field is a
function of the ion-velocity, the trajectories of ions having a defined charge-state and mass disperse
at the position of the slit corresponding to the ion's energies. Therefore the ions passed through the
slit are energy resolved and detected by the SSD 1. By sweeping the magnetic field, the energy
spectrum of the ions was obtained. That is, the magnetic field was swept by changing electric current
in a coil from a DC power supply and the ion-yields were monitored by a multi-channel scaler (
MCS ). The current supplied to the magnet was always monitored. The magnetic field was calibrated
by a table that converts the supplied current to the magnetic field.


The solid angle of the aperture and slit determine the relative energy resolution !1EFWHM/E of the
spectrometer, where !1EFWHM is the FWHM of the spectrum and E is the energy of the ions. The
relative energy resolution of the spectrometer was 0.5 %using 60 J1 m windows for aperture-diameter
and slit-width, where the acceptance half angle of the spectrometer was 0.2 mrad.
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The rotation of the spectrometer along angles (J and ¢ causes a shift in the measured energy of
the ions. This is due to a slight shift in the relative position of the aperture and slit. In order to avoid
the shift in the measurement, the energy of the scattered ions was monitored by the SSD 2. The
energy spectra obtained by the spectrometer were convoluted with a Gaussian distribution whose
FWHM was equal to the resolution of the SSD 2. The absolute energy scales of the energy spectra
measured by the spectrometer were calibrated by comparison of the peak positions of the convoluted
spectra and those measured by the SSD 2.


UHV
Chamber


Analyzer
Magnet


Fig. 2-9 Schematic drawing of the magnetic spectrometer.
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Fig. 2-10 An example of the energy spectra of H+ fragments arising from glancing
angle scattering of 1.0 MeV HeH+ ions from SnTe (001), taken by the magnetic
spectrometer. This spectrum shows the fine structure of the peak of H+ fragments, which
has not been resolved in the spectrum taken with SSD as shown in Fig.2-4. ( This
spectrum will be also shown in FigA-5 (a). )
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Figure 2-10 shows an example of the energy spectra ofH+ fragments arising from 1.0 MeV HeH+
ions. The angle of incidence is 5.2 mrad. The highest energy peak corresponds to the leading H+
fragments which are reflected at the topmost layer of the surface. The most intensive peak
corresponds to the trailing H+ fragments reflected at the topmost layer. The yield of the trailing H+
fragments is much larger than that of the leading H+ fragments. Other peaks at lower energies are due
to H+ fragments once penetrated and reappeared from the surface.


Figure 2-11 shows an example of the energy spectra of He2+ fragments at 1.0 MeV HeH+
incidence. The highest energy peak ( the 1st peak) corresponds to the He2+fragments reflected at the
topmost layer. The FWHM of this peak is larger than that of the peak measured at He+ ions incidence.
However, the two peaks due to the leading and trailing fragments are not observed. The peaks at
lower energies other than the 1st peak are due to the He2+fragments once penetrated and reappeared
from the surface.
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Fig. 2-11 An example of the energy spectra of He2+fragments arising from glancing
angle scattering of 1.0 MeV HeH+ ions from SnTe (001), taken by the magnetic
spectrometer. ( to be shown as FigA-3 in chapter 4 )


2-7 Measurements of energy loss with 90· -sector-magnetic spectrometer


In spite of its high resolution the energy loss measured with the spectrometer is not improved
from those measured by the SSD, because the rotation of the spectrometer along angles e and if;
causes a shift in the measured energy spectrum of the ions. Therefore a 90° -sector-magnetic
spectrometer was used in the. present work to measure the energy loss of fragments precisely. The
90° - spectrometer was installed in place of the magnetic spectrometer shown in Fig.2-9. The radius
of the 90° - spectrometer was 300 mm. The acceptance half angle of the spectrometer was 0.1 mrad.
Here, the magnetic field was not swept but kept to be constant. The energy analyzed ions by the
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magnetic field in the spectrometer were detected by MCP-PSD (micro-channel plate position
sensitive detector). The position detected by the MCP-PSD corresponds to the energy of ion. The
energy resolution !1EFWHM/E was about 10-3


•
8
,9)


Figure 2-12 shows an example of the energy spectra of H+ fragments arising from dissociation
of 0.8 MeV Hz+ ions at the SnTe surface. The angles of incidence and scattering were 4.0 and 8.0
mrad, respectively. The leading and trailing H+ fragments are seen in the figure. Other peaks due to
fragments once penetrated to and reappeared from the surface are found to be small in the spectrum.
If the leading and trailing fragments, which arose from a just aligned Hz+ ion, were detected by the
MCP-PSD in coincidence with themselves, a broad position signal would appear between the two
peaks. However, it can be seen that the yield of such signals is small.
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Fig. 2-12 An example of the energy spectra of H+ fragments arising from glancing
angle scattering of 0.8 MeV Hz+ ions from SnTe (001), taken by the 90° - magnetic
spectrometer. The energy spectrum of the incident fragments arising from dissociation in
collisions with residual gas molecules is also shown.


To measure the energy loss of fragments, the incidence-energy of the projectile must be
determined precisely. It is conventional way to measure the energy spectra of the incident Hz+ ions
before and after the measurements of the energy spectra of the scattered fragments. The energy
spectrum of the incident Hz+ ions has a sharp peak whose FWHM is comparable to the energy
resolution of the spectrometer. The magnetic field in the 90° -sector-magnetic spectrometer must be
twice that at the measurements of the energy spectra of the scattered fragments, to measure the energy
spectrum of the incident Hz+ ions. Another way to determine the incidence-energy of the projectile
is to measure the energy spectrum of the H+ fragments arising from dissociation in collisions with gas
molecules in the beam transport. The energy spectrum of the dissociation-fragments can be measured
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with the magnetic field untouched from that at the measurements of the energy spectra of the scattered
fragments. The energy spectrum of the dissociation-fragments has characteristic three peak structure
( two outer peaks and a central peak) as observed in ref. 7. Since the energy loss of projectiles due
to the collision with gas molecules is expected to be small compared wiih the required accuracy of
the present measurements, which is less than 0.1 keY, the energy of the central peak corresponds to
the half energy of the incidence-energy of H2+ ions. An example of the energy spectrum of the
dissociation-fragments is also shown in Fig.2-12 by triangles, where three peaks are seen. The lower
energy peak corresponds the lower-energy outer-peak and the middle energy peak corresponds the
central peak. The higher-energy outer-peak is at the symmetrical position of the lower-energy outer
peak with respect to the central peak.


The incidence-energies determined by the two ways must be the same. However, the energy
determined by the former way is larger than that determined by the latter way. The difference is
shown in Fig.2-13 as a function of the energy of incidence of H2+ ions, which increases with the
energy of incidence. The difference may cause from the tuning ( Le. doubling ) the magnetic field,
which is monitored using a Hall element placed at a fringe of the magnet, assuming that the field
changes by similar figure in the analyzer. Since no error due to tuning the magnetic field causes in
the latter way, the incidence-energy determined by the central peak in the spectrum of the
dissociation-fragments is used in this work.
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Fig. 2-13 Difference of the incidence-energy of H2+ ions determined by two ways. The
1st way is to measure the energy spectrum of the H2+ projectiles and the 2nd way is to
measure the energy spectrum of fragments arising from dissociation of H2+ in collisions
with residual gas molecules in the beam transport. The difference of energies measured by
the 1st and the 2nd ways is shown.
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2-8 Measurements of yields of secondary electrons from SnTe (001) surface


A few {100} surfaces of the KCI crystal were coated with a SnTe layer by vacuum evaporation
in a 10-6 high vacuum condition so that the epitaxial crystal has good electrical contact to the
goniometer-head. Thereafter the KCI single crystal was cleaved along the (001) surface in air and
mounted on a goniometer-head. An atomically flat (001) surface of single crystal SnTe was prepared
by in situ epitaxial growth by evaporation of pure SnTe(99.999%) on the KCI (001) cleavage surface
in the UHV scattering chamber.


Momentum analyzed beams of ions (H+, Hz+ and H/) were introduced in the UHV scattering
chamber. The beam diameters were less than 1 mm on the target crystal and beam divergences were
less than 1 mrad. Typical current of the collimated beam was 0.2 nA, so that damage of the target
crystal caused by the beam is small. Yields of secondary electrons were measured with the system
shown schematically in Fig.2-14, where incident and azimuthal angles to specify the direction of the
incident beam relative to the (001) surface are defined; the angle of incidence () i was measured from
the (001) surface, and the azimuthal angle ¢ i was measured from the [100] direction. The incident
beam current was monitored by the beam chopper which had been calibrated by a Faraday cup. All
parts of the system were electrically insulated from each other and from the ground potential.


[001] SnTe


BEAM CHOPPER


~ BEAM OF \ CJ
IONS


HEATER
[100J


Fig. 2-14 Schematic diagram of the experimental setup for the yield of ion-induced
secondary electrons. The current from the target to the ground is It which depends on the
voltage V; applied to the target. The incident beam current Ii was monitored by the beam
chopper during the measurement of It. The current from the needle of the beam chopper
had been calibrated by a Faraday cup. The angle of incidence () i is measured from the
surface and the azimuthal angle ¢ i is measured from the [100] direction on the (001)
surface.


The current Ii of the incident beam and the current IlVJ from the target to the ground were
measured simultaneously by two sets of electrometers (Advantest TR8651 or Keithley 610C ), VF
converters and pulse counters, where V; is the potential applied to the target. Examples of the
dependence of the current It(V;) on the bias voltage V; volts is shown in Fig.2-15, where the target
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current IlVJ is normalized to the incident beam current Ii' At the incidence of a beam of 10 keV H+


ions on SnTe (001) surface ( Fig.2-15 (a) ), the ratio IlVJ/Ii saturates at V; < -5 V and at V; > +50
V. At ~ > +50 V, almost all secondary electrons are inhibited to leave from the target and IlVJ is
the difference between the charges of the incident ions and that of the backscatterd ions (including
the secondary ions ). At ~ < -5 V, only the low-energy secondary ( positively charged) ions are
inhibited to leave from the target and IlVJ is the sum of the currents of incident and reflected ions
and of secondary electrons. Thus the yield r of secondary electrons is obtained from the balance of
the currents as follows,


4 I
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ions bombardment.


(2)


For MeV H+, Hz+and H3+ ions ( Fig.2-15 (b) ), because of emission of energetic secondary electrons,
eq. (2) must be modified to,
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(3)


where only the charges of the incident ions were detected practically at ~ =+150 V.
Examples of the ei-dependence of the ratio, IlVJ/li at ~ =+50 V and ~ =-5 V, are shown in


Fig.2-16, when a beam of 20 keY H2+ ions impinged on the (001) surface with azimuthal angle 26.5
0


•


The directions of the incident beam during the measurement are shown on the stereographic projection
in the inset. It can be seen that the ratio at ~ =+50 V increases when the direction of the beam is
aligned to low-index crystal axes. This shows that the probability of penetration of projectiles tends
to approach to unity due to ion channeling along the low-index axes. On the contrary, the ratio at
~ = -5 V shows dips when the direction of the beam coincides with low-index crystal axes. An
example of the ei-dependence of r, which is defined by eq. (2), is also shown in Fig.2-16. This
shows similar dips at the low-index crystal axes. The dips are due to the decrease of the stopping
power for channeling ions in thin surface layer as shown in chapter 1 (Fig.1-10 ).10-12) If the dips
are smeared, the observed ei-dependence of the yield r agrees well with the dotted curve shown
in Fig.2-16, where the dotted curve is proportional to lIsin ei'
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Fig. 2-16 Dependence of the normalized currents Il~)/Ii and the yield of secondary
electrons r on the angle of incidence of 20 keV H2+ ions on SnTe (001) when the
azimuthal angle if> i =26.5


0


• The open triangles are Il~)/Ii for ~ = +50 V and ~ = -5
V and closed circles are r which will be shown in chapter 9. The angles at which the
incident beam of ions is parallel to low-index crystal axes are indicated. The dotted curve
shows a line proportional to lIsin ei' The directions of the incident beam during the
measurements are shown on the stereographic projection onto the (001) of SnTe.
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A possible source of error in the observed yield r is the neutral particles in the incident beam.
The error was in the order of 10-3, which was estimated from It measured when the charged particles
in the incident beam were deflected away in the beam transport by an electromagnetic deflector.
Effects of surface roughness caused by sputtering could not be detected in the yields of secondary
electrons, and the observed yields were reproducible within about a few % deviation. This error is
perhaps arising from the current measurements.
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PART II


Dissociative Scattering of Fast Molecular Ions at Glancing-Angle
Incidence on a Clean Single Crystal Surface







Chapter 3


Angular and energy distributions of fragments at· the incidence of
MeV H2+ ions on a clean (001) surface of SnTe


Abstract


Angular and energy distributions of dissociated fragments resulting from glancing-angle incidence
of MeV Hz+ ions on a clean (001) surface of SnTe single crystal in UHV are studied. The
distributions are compared with those obtained for H+ projectiles of the same velocity. It is shown that
the molecular axis of Hz+ or vector connecting its fragments tends to align to the surface during
reflection at the surface. This alignment is qualitatively explained in terms of scattering in surface
planar potential.
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3-1 Introduction


The collision induced dissociation or Coulomb explosion of MeV molecular ions has been
investigated from the mid-1970s. In the transmission of MeV molecular ions through solids, several
interesting phenomena related to the fragmentation of molecular ion have been reported: The effects
of wake potential in front of or trailing behind the molecular fragments in solid have been detected
in the angular and energy distributions of foil transmitted fragments. 1


,Z) Distributions of internuclear
separations of molecular· ions have been measured using the foil transmission experiments.3)


Dissociation cross sections of molecular ions in a carbon foil have been measured and the process of
recombination of fragment ions downstream the foil has been clarified.4


,5) It has been also shown that
the stereochemical structures of molecular ions can be determined from the angular distributions of
dissociated ions, 6,7) The main process of scattering in this energy regime is the collisions of molecular
ion with target atoms or electrons, which result in stripping of bound electrons from the molecular
ion giving rise to Coulomb explosion. Thus the molecular ions backscattered from polycrystalline and
amorphous targets are mostly arising from the recombination process of the fragments. 8)


On the other hand, the scattering of molecular ions at single crystal surfaces have been studied
mostly in the ion energies less than a few keV. The features being studied in this lower energy regime
are the survival of molecular ions and neutralization of projectiles or of their fragments. 9


-
1Z


)


By ionization of· a MeV Hz+ which results in its fragmentation into two protons, the protons
acquire momenta transverse to the direction of motion of the mother. Hz+. The deviation angle of the
motion of a fragment proton from the incident beam direction tl () is a function of the angle, () m'


between the molecular axis and the direction of motion of H/ and is approximately expressed by eq.
(6) in chapter 1. The difference tlE of the kinetic energies of the two protons in laboratory frame is
also approximately given by eq. (5) in chapter 1. From the equations and assuming that initial
internuclear distance of Hz+ is 1.06 A, the maximum angular deviations of the protons are 4.2 mrad
and 3.1 mrad (at em=± 7[ /2) at 0.8 MeV and 1.4 MeV Hz+ ions incidence, respectively. The
maximum energy differences of the two protons are 6.6 keV and 8.8 keV (at () m=O) at 0.8 MeV and
1.4 MeV Hz+ incidence, respectively.


In glancing-angle scattering of MeV molecular ions at flat crystal surfaces, the critical angles for
specular reflection of atomic projectiles are comparable to the angular divergence of the fragments
caused by Coulomb explosion. In comparison with foil transmission experiments, collisions of ions
with solid surface are not violent due to large impact parameters in their collisions with surface atoms
and the interaction time between the ion and surface is considerably longer (of the order of 1 fs).
These situations are convenient for studying the role of solid surface on the interaction of ion with
solid. Therefore, in this chapter, we present the results of our study on the glancing-angle scattering
of MeV Hz+ ions at clean surfaces of single crystals. Measurements have been made of angular and
energy distributions of dissociated fragments at glancing-angle incidence of MeV H/ ions on a clean
surface of SnTe single crystal. The results are compared with the distributions obtained for H+
impinging with the same velocity. The effects of Coulomb explosion resulting from the ionization of
H/ ions during the reflection at the surface are discussed using a simplified potential describing the
interaction between a molecular ion and a surface of solid.


3-2 Experimental


Geometry of the beam of ions and target crystal is shown in Fig.3-1. A well collimated beam of
MeV H/ ions or H+ ions (less than 0.5 mrad in divergence) from the 4 MV Van de Graaff accelerator
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of Kyoto University was incident on a clean (001) surface of SnTe single crystal in ultra high
vacuum. 13) The intensity of the collimated beam was monitored by a beam chopper with a channel
electron multiplier (which is not shown in Fig.3-1) located upstream the target crystal. The angle of
the incident beam to the surface was defined as () i and was less than the critical angle of specular
reflection of individual H+ ion, i.e. less than about 10 mrad. The surface channeling along the crystal
axes was carefully avoided. The base pressure of the scattering chamber was 3 x 10-10 torr and the
pressure was less than 2 x 10-9 torr throughout experiments.


\~-----
evaporation source
of SnTe


shutter


ION
BEAM


Fig. 3-1 Experimental setup.


2 ? ? I ?? 2?


heater


The particles scattered in the plane containing the target normal and the incident beam direction
was selected by an aperture of an acceptance half angle 0.35 mrad viewed from the target and
detected by a solid state detector with energy resolution about 12.5 keY (for protons). The scattering
angle of ions in this plane is denoted by ().


The glancing-angle scattering of MeV ions at a surface is sensitive to the distribution of steps on
the surface which depends on the conditions of preparation of SnTe crystal.14


) Therefore comparison
of Hz+ and H+ scattering data was made only with those obtained at the same surface.


3-3 Results


An example of the angular distributions of scattered fragment H ions is shown in Fig.3-2 at 0.8
MeV Hz+ions incidence with () i =6.2 mrad. It has a broad peak with a maximum at about the angle
of specular reflection «() =2 () J. The shape of the angular distribution of scattered ions was the same
as those at H+ incidence.13


•
1
5) The effects of molecular ions can hardly be seen in the full width at half


maxima (FWHM) of the angular distribution, Le., the angular distribution at H+ incidence is nearly
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equal to or slightly narrower than that at incidence of Hz+of corresponding energy. This can be seen
in Fig.3-3, where FWHM's of the angular distributions of scattered fragment protons at Hz+incidence
are compared with those of scattered protons at incidence of H+ ions of equal velocities.
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Fig. 3-2 An example of angular distributions of protons at 0.8 MeV H/ ions incidence
on a SnTe (001) with glancing-angle 6.2 mrad.


Fig.3-4 shows an example of the observed energy spectra of fragment H ions scattered at 13.1
mrad, which is close to the angle of specular reflection, at 0.8 MeV Hz+ions incidence with glancing
angle () i =6.2 mrad. It has a sharp peak at the energy about 5 keV smaller than half of the energy
of incident Hz+ions. The peak energy is independent of glancing- and scattering-angles as in the case
of specular reflection of H+ ions. 15


) The full widths at half maxima (FWHM) of the peaks in the
observed energy spectra are shown in Fig.3-5 for various glancing- and scattering-angles at 0.8 MeV
Hz+ ions incidence. For comparison, FWHM's of the peaks in energy spectra of scattered H ions at
H+ incidence are also shown in the figure. They are comparable to or slightly larger than the energy
resolution of detector and it is expected that the true energy spectra have peaks with FWHM of a few
keV. It is worth noticing that FWHM's of the peaks are independent of the glancing- and scattering
angles. It is clearly seen that the widths of energy distributions of scattered particles at incidence of
H/ ions are broader than those at incidence of H+ of the same velocity.


3-4 Discussion
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Fig. 3-3 Dependence of the full width at
half maxima of the angular distributions of
scattered protons, open and closed circles
show H/ and H+ incidence respectively.
(a) 0.8 MeV H/ and 0.4 MeV H+
incidence. (b) 1.4 MeV H/ and 0.7 MeV
H+ incidence.
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Fig. 3-4 An example of energy spectra
of protons scattered at 13.1 mrad at 0.8
MeV Hz+ incidence with glancing-angle
6.2 mrad.
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Experimental results show that almost all ions observed are protons and the fraction of Hz+ ions
in the scattered ions, which have survived or formed by recombination of fragment H ions, is less
than 10-5 at glancing-angle incidence of MeV Hz+ on SnTe (001) surfaces. The fraction of Jtl at Hz+


incidence was lO-z, which was comparable to those at incidence of H+ of the same velocities as shown
in Fig.2-8. 13)


The measured scattering-angle distributions of fragment ions were nearly equal to those of
scattered protons at H+ ion incidence, and FWHM's of the energy spectra of scattered fragments were
almost independent of the scattering-angle. These experimental results cannot be explained by the
free Coulomb explosion described in section 1-1 ( chapter 1 ). The Hz+ ions, however, are dissociated
into either (Jtl + H+) or (H+ + H+) at somewhere near the surface, and the fragment H ions have
experienced charge-exchange collisions during their passages near crystal surface. Analytical
treatment of this dynamic scattering process is not easy, but we can discuss a few qualitative natures
of the scattering processes neglecting energy loss of protons and multiple small-angle scattering due
to electronic and nuclear collisions.
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Fig. 3-5 Dependence of the full
width at half maxima (FWHM) of peak
in energy spectrum. The energy of
incidence is 0.4 MeV/amu. The
resolution of the SSD was about 12.5
keV, which is determined by the
FWHM ofthe peak in the spectrum of
the incident H+ ions measured at () =
o.


Since we are interested only in the angular distributions of scattered protons in the scattering
plane, which is parallel to the normal to the surface and the direction of incident beam of H/ ions,
we have to consider only of the Coulomb explosions of Hz+ ions whose molecular axes lie in the
scattering plane. Other molecules cannot contribute to the angular distribution in the scattering plane,
since the dissociated fragments of these molecules are scattered away from the plane. First we assume
that the Hz+ ion does not dissociate along its path during glancing-angle scattering. As the ion is
traveling nearly parallel to the surface, it is assumed that the motion of the ion is determined by
continuum potential as in the case of planar channeling of atomic projectile. 1


6) Thus the potential
describing the interaction of the Hz+ ion with surface atoms is assumed to be expressed by the sum
of surface continuum planar potentials for individual protons. It is a function of the distance z of the


. center of mass of the Hz+ ion from the surface atomic plane and of the orientation () m of the
molecular axis. The potential is expressed as
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(1)


where ro is the internuclear distance of the Hz+ ion and Uiz) is the continuum surface planar potential
for H ion where the argument of function Up is restricted to be positive. Using the Moliere
approximation for screening function of Thomas-Fermi type, eq. (1) was calculated for Hz+ ions at
the (001) surface of SnTe crystal.


Fig.3-6 shows () mdependence of the potential Urn when the center of mass of Hz+ is at 1 A from
the surface. The potential curves have minima at () m=O, and J[ independent of the internuclear
distance (ro ). The minimum values of potential Urn are independent of ro, but their maximum values
become large as r°is increased. Although the peak height of the potential becomes smaller at larger
z, the potential minima are still at the same molecular orientation. The results show that the molecular
axis of Hz+ ion oscillates around its orientation parallel to the surface, if the trajectory of the ion is
long enough, and that the probability of Hz+ ions to be oriented parallel to the surface becomes large.
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From the potential Um(z, () J, we can understand the behavior of the fragments at glancing-angle
incidence of a beam of randomly oriented Hz+ ions on a flat crystal surface: The Hz+ ions approach
to the surface and are reflected by the continuum potential when the glancing-angle of the incident
beam is smaller than a critical value. From the potential curves in Fig.3-6, it is expected that the ions
acquire the angular momenta about their centers of mass at around their closest approaches to the
surface. The ions start to rotate about their centers of mass on their outgoing trajectories if they are
not dissociated into fragments. From the experimental results, it is concluded that almost all Hz+ ions
are dissociated at glancing-angle incidence on a surface. If incident Hz+ ion dissociates into a pair of
protons near the surface, their internuclear separation increases due to the Coulomb explosion. The
rotation of the pair is suppressed as the radius of gyration of the pair of protons increases steadily to
infinity, and the population of pairs of fragments with their axes parallel to the surface may increase.


In order to ascertain this model, orientation distributions of the dissociated pairs were calculated
at glancing-angle incidence of a beam of 0.8 MeV Hz+ ions on a flat (001) surface of SnTe crystal.
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In the calculation, the orientation of H2+ ions are isotropic in the scattering plane at the starts of
calculations. The interaction of the H2+ ion with surface atoms is expressed by a sum of surface
continuum planar potentials acting on individual H+ ions. The internuclear distances of H2+ ions are
fixed with 1.06 A before the dissociation start. The incident H2+ ions are assumed to be dissociated
on their incoming trajectories when their centers of mass are at D from the surface. The calculated
em distributions of molecules or fragment pairs are shown in Fig.3-7 at several positions, z, on their
trajectories. For incoming trajectories, the changes of distributions are small and almost independent
of D. However, the distributions change rapidly at about the closest approaches of centers of mass
of ions to the surface (,..""1.3 A). It can be seen that the pairs of fragments, i.e. the vector connecting
two protons, are aligned to the surface on their outgoing trajectories. This trend of alignment is more
obvious when the dissociation takes place near the surface. In this picture, the Coulomb explosions
take place mostly parallel to the surface, therefore, the angular distribution becomes narrower than
that due only to free coulomb explosion and the FWHM of the energy spectrum becomes independent
of the angle of scattering.
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Fig. 3-7 Polar diagrams of the
distributions of angle em of the
molecular axes or fragment pairs
for a few positions of
dissociation (D) when 0.8 MeV
H/ ions incident with 4.4 mrad.


In summary, it is concluded that the axes of H2+ ions or the directions connecting the fragment
protons tend to align to the direction of motion of H2+ during the scattering at the surface. The angular
and energy distributions of the fragment protons at glancing-angle incidence of MeV H2+ ions at the
surface of a crystal are affected by this alignment. This alignment is caused by the continuum planar
potential due to surface atoms.
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Chapter 4


Joint distributions in energy and angle for fragments
at MeV HeH+ ions incidence on a single crystal surface


Abstract


Angular and energy distributions of scattered fragments have been measured at glancing-angle
incidence of MeV HeH+ ions on a clean (001) surface of SnTe crystal. The distributions show that
the internuclear vectors between fragments tend to align with the beam direction and the kinetic
energy of the fragments acquired by the dissociation is smaller than that released at He2+-H+
explosion. The alignment of the internuclear vectors is explained in terms of a surface-wake potential
due to dynamic response of surface electrons to the charges of fragments. The observed kinetic energy
indicates that most of the HeH+ ions are excited to some excited states without loss of electrons and
dissociate into pairs of He and H ions on the incoming trajectories and the loss of electrons of the
fragments does not occur until the internuclear distance of the pairs becomes a few times of the
ground state one.
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4-1 Introduction


The collision-induced dissociation of MeV molecular ions has been studied mostly with thin
carbon foil target, and the intensive studies were reviewed by Gemmell. 1,2) For a MeV molecular ion
in solid, the bonding electrons have short lifetimes of the order of 1O-16S, and are easily stripped from
the ion.3) There then follows, on a much longer time scale, a "Coulomb explosion" as the remaining
molecular constituents form a cluster of monatomic ions which explode apart under the influence of
their mutual Coulomb repulsion.


Within a frame of simplified model for the Coulomb explosion of a fast diatomic molecular ion
in a solid where the influences of the medium are ignored ( referred to as free Coulomb explosion
in this chapter ), the maximal scattering-angle emax and the maximal energy shift!1Emax of a kind
of fragment in the laboratory frame (LAB) can be derived as shown in section 3-1 ( chapter 3 ).
From the measurements of emax and !1Emax, we are able to derive the asymptotic CM velocities of
the fragments and thus the total CM kinetic energy released at the dissociation. This total energy is
an important quantity to search for the dissociation process.


At the foil-induced dissociation experiments, influences of the medium have also been
investigated.4) The most important effect of the medium is polarization wake which is induced by
dynamic response of valence-electrons to the moving charge of a particle. The wake induces a
potential field moving with the particle, which has a few minima downstream the particle. This results
in a tendency for trailing fragments to align more closely behind their partners.


In the previous chapter, angular and energy distributions of dissociated fragments have been
studied at glancing-angle incidence of MeV H2+ on the (001) surface of SnTe.5


,6) It was found that
the Coulomb explosion of these molecular ions takes place with their internuclear vector in the plane
which is almost parallel to the reflecting surface. Recently, Winter reported the angular and energy
distributions of fragment H+ ions at MeV H/ ions incidence on a W (111) surface.1) The energy
spectra of the fragments show complicate structures, where energy resolution of their detecting system
is higher than ours.


In this chapter, we report results of angular and energy distributions of scattered fragments at
glancing-angle incidence of MeV HeH+ ions on a clean (001) surface of SnTe single crystal under
UHV conditions. The energy resolution of present ion detecting system is greatly improved over the
previously used one (chapter 3). The new results not only do confirm our earlier results but also
reveal many new features not resolvable energetically in the previous chapter.


4-2 Experimental


The target SnTe crystal was prepared by in situ evaporation of pure SnTe (purity 99.999%) on
a KCI (001) surface under UHV condition. 6) The geometry of the incident beam of ions, scattered ions
and the (001) surface of SnTe crystal is shown in Fig.4-1, where the direction of the scattered ions
with respect to the incident beam direction is specified by e and ¢. Angle of incidence of the ions
is specified by ej' The azimuthal angle of the incident beam was adjusted so that the surface
channeling of the ions does not occur. Monitoring of the incident beam current was achieved with
a beam chopper, where an vibrating needle intercepted the beam and secondary electrons emitted from
the needle were counted in a CEM (Ceratron EMT-6081B, Murata Mfg. Co.). The ions used in the
experiment were 4HeH+ ions of energies ranging from 0.8 to 2.5 MeV, and atomic H+ and 4He+ ions
isotachic to the molecular ions. Stray He and H ions in the incident HeH+ beam, which had been
formed by the dissociation of HeH+ in the beam transport, were measured to be less than 10-4. Energy
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spectra of scattered fragments were measured with a magnetic spectrometer and a solid state detector
(PD25-10-500 AM, Canberra Industries, Inc.). The relative energy resolution of the magnetic
spectrometer was 0.8 %, and the energy resolution of the SSD was about 9 keV for 2.0 MeV He ions.
The angular resolution of the scattered ions detected in the energy analyzing systems was 0.3 mrad.


Target Normal


SnTe (001)
KCI (001)


Scatter ed Ion


Fig. 4-1 Experimental geometry. The angle of incident beam of ions to the (001)
surface of SnTe single crystal is defined as ej, and the direction of scattered ion is
specified by e and if; with respect to the incident beam of ions. ( The geometry is the
same one with that shown in Fig.2-5. )


Fig. 4-2 Dependence
of charge state fractions of
H and He ions in the
beam scattered at the
angle for specular
reflection on the energy of
incident HeH+ ions with
ej = 4 mrad.
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4-3 Results


At a glancing-angle incidence of MeV HeH+ ions on the (001) surface of SnTe, energy spectra
of scattered ions were obtained at various scattering-angles. Most of the scattered ions were H+ and
He2+: Fractions of the HeH+ and H- ions in the scattered ions were less than 10-4, those of HJ and Heo
were of the order of 10-2 and that of He+ was of the order of 10-1 in the range of ion energy studied
here. This is seen in Fig.4-2 where the charge-state fractions of HJ, H+, Heo, He+ and He2+ ions in
the beam scattered at the angle for specular reflection at 8 i = 4 mrad. Most of the experimental
results shown in the following are of H+ and He2+ions.


An example of the energy spectra of He2+ ions measured by the magnetic spectrometer is shown
in Fig.4-3, where the angle of incidence of 1 MeV HeH+ was 5.2 mrad and the angles of scattering
were 8 = 10.5 mrad and ¢ = Omrad. The energy spectrum shows several peaks which are equally
separated. This spectrum is similar to the energy spectra of specularly reflected He ions at the
incidence of atomic He ions.8


,9) The highest energy peak is due to the ions scattered from the topmost
atomic plane and its peak energy is at about 16 keV smaller than 0.8 MeV. The lower energy peaks
are due to He2+ions channeled along the (001) planes parallel to the surface: The He2+ ions penetrate
and reappear from the surface only at surface steps, and the energy losses of these ions in crystal are
roughly a sum of the loss of specularly reflected ions, and odd number times the loss of planar
channeled ions within one period of trajectory oscillation along the planar channel.


No effect of molecular dissociation is detected in the energy spectrum of the He2+ions shown in
Fig.4-3 except for slight broadening of the peaks. Figure 4-4 shows the dependence of the full width
at half maximum (FWHM) of the highest energy peak in the energy spectrum of He ions on the
azimuthal angle ¢ (at 8 = 28 i = 7.0 mrad) at the incidence of 2.5 MeV HeH+ (0.5 MeV/amu) ions
on the SnTe surface with 8 i = 3.5 mrad. For comparison, ¢ -dependence of FWHM of He ions
measured at 8 =28 i at 2.0 MeV He+ (0.5 MeV/amu) incidence is shown. The largest broadening of
the peak of fragments is seen at ¢ = 0 mrad.


On the other hand, the energy spectrum of H+ depends on the HeH+ energy, and is different from
that at H+ incidence. Examples of the energy spectra of H+ ions measured by the magnetic
spectrometer are shown in Fig.4-5. The spectrum shown in Fig.4-5(a), which was observed at the
incidence of 1.0 MeV HeH+ ions, has several peaks. The second peak is larger than the first peak, and
the peak spacing is not equal. With the increase in the energy of HeH+ ions, lower energy peaks of
the energy spectrum gradually disappear, and only two broad peaks are observed as shown in Fig.4
5(b) at the incidence of 2.5 MeV HeH+ ions.


Figure 4-6 shows the joint energy-angle distributions of H+ at the incidence of 1 MeV HeH+ ions
on the (001) of SnTe with 8 i = 5.2 mrad. The joint energy- ¢ distribution shown in Fig.4-6(a) was
obtained from the energy spectra observed at various scattering-angles ¢ at 8 = 2 8 i' and the
energy- 8 distribution shown in Fig.4-6(b) was obtained from the energy spectra observed at various
scattering-angles 8 at ¢ = 0, i.e., in the scattering plane. The energy spectrum does not change
much in the E- 8 distribution. However, in the E- ¢ distribution, the separation of the first and the
second peak becomes narrower with increasing ¢ and they are merged into one peak at about 195
keV when ¢ is larger than about 8 mrad. An example of the spectra where the first and the second
peaks start to merge in Fig.4-6 is shown in Fig.4-5(c) where ¢ = 6.8 mrad.


4-4 Discussion


4.4.1 Energy loss spectra of fragments
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1.0 MeV HeH+ on SnTe (OOl)


8j = 5.2 mrad


2000 e =10.5mrad
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Fig. 4-3 Energy spectrum of
fragment He2+ ions at 1.0 MeV HeH+
incidence on (001) surface of SnTe,
where ei = 5.2 mrad, e= 10.5 mrad
and ¢ =0 mrad. • •
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Fig. 4-4 ¢ -dependence
of FWHM of energy loss
peaks of fragment He ions
measured at e =7.0 mrad by
the solid state detector, when
2.5 MeV (0.5 MeV/amu)
HeH+ ions are incident with
ei = 3.5 mrad. For
comparison, the FWHM of
scattered He ions measured at
e = 2 ei are also shown,
when 2.0 MeV (0.5
MeV/amu) He+ ions incident
with ei = 3.5 mrad. Typical
error bars are also shown.
Solid lines show calculated
FWHM of energy spectra of
He ions at HeH+ incidence
with various CM kinetic
energy released, which are
100 % (36.5 eV), 75 % (27.4
eV), 60 % (21.9 eV) and 50
% (18.2 eV) of that of free
Coulomb explosion of He2+
and H+ from the ground state
of HeH+.
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Energy spectra of the reflected ions at the incidence of MeV H+ and He+ ions on the (001) surface
of SnTe show equally spaced peaks. The peak spacings are approximately independent of the ion
energy and the angle of incidence, and are about 10 keV and 40 keV for H and He ions
respectively.8,9) The FWHM's of the observed peaks are about one-half of the energy spacings in the
spectra at the incidence of H+ and He+ ions. At the dissociation of E i MeV HeH+ ions from their
ground state into He2+ and H+, the maximal energy separation 2!1Emax of the fragments is 9.6 X E//2


keV. This is comparable to the energy spacing of the peaks in the energy spectra of reflected H+ at
the incidence of H+ ions, the energy spectrum of H+ resulting from the dissociation of HeH+ can be


affected by the explosion.
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Fig. 4-5 Energy spectra of H+ ions resulting from dissociation of HeH+ at the (001)
surface of SnTe. (a) At the incidence of 1.0 MeV HeH+ ions with ei =5.2 mrad, e=10.5
mrad and ¢= 0 mrad, which was already shown in Fig.2-10. (b) At the incidence of 2.5
MeV HeH+ ions with ei = 3.5 mrad, e= 7.0 mrad and ¢= 0 mrad. (c) At the incidence
of 1.0 MeV HeH+ ions with ei = 5.2 mrad, e= 10.5 mrad and ¢ = 6.8 mrad. Thick solid
curves show the calculated spectra using eq. (1) and thin solid curves are f( E - 0J, see text
in the details.


We could extract effects of the explosion from the energy spectra shown in FigA-5 with the
following model. An energy spectrum F( E ) of H+ at the incidence of Ei MeV HeH+ ions is expressed
by


F(e)=L a,/{e -~n)'
n;l


(1)


where an's are constants, f( E - 0 1) is the energy spectrum of H+ reflected from the topmost atomic
plane at the angle ¢, 0 n is approximately equal to the energy loss of the n-th peak in the energy
spectrum at the H+ incidence. The function f( E) depends on ion energy, the angle of incidence ei


and the angle of scattering (e, ¢). If the function f( E) is expressed by a Gaussian distribution
centered at E =EJ5 MeV, the energy spectrum of reflected H+ at the H+ incidence is approximately
reproduced from eq. (1). It is assumed in eq. (1) that the Coulomb explosion of the fragments
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penetrated the· surface is equal to that outside the solid.


(a) 1.0 MeV HeWon SnTe (001)
E - <I> Distri bution
e; =5.2 mrad


e =10.5 mrad


(b) 1.0 MeV HeWon SnTe (001)
E - 8 Distribution
e; =5.2 mrad


<P =a mrad


()


Fig. 4-6 Joint energy-angle distributions for H+ ions arising from 1.0 MeV HeH+ ions
when the angle of incidence () i on the (001) surface of SnTe is 5.2 mrad. (a) E- ¢
distribution measured at () =10.5 mrad. (b) E- () distribution measured at ¢ =0 mrad.


In determining f( E) from the energy spectrum shown in Fig.4-5 (a), it was assumed that the
highest energy peak is due to the leading H+ ions and that the second peak is due to the trailing H+
ions produced at specular reflection or the leading H+ ions channeled through the (001) planar channel
or a superposition of the two. At the start of analysis, we chose 6 n equal to the energy losses at the
peaks in the energy spectrum at the H+ incidence. We tried to fit the calculated F( E) with the
observed energy spectrum by changing f( E ), an and 6 n' An example of the result of fitting is shown
by a thick solid curve in Fig.4-5(a). Agreement at lower energies is not good, but the observed
spectrum at higher energy region is well reproduced. The thin solid curves show the obtained f
( E - 6 n)' where the lower energy peak of f( E - 6 1) is greater than the higher energy peak. It is
expected that the higher and lower energy peaks in f( E - 6 1) correspond to the leading and trailing
H+ with respect to the partner He ions, respectively. However, the energy separation of the peaks is
6.8 ± 0.5 keV, which is smaller than the calculated 2!1Emax =9.6 keV at the dissociation into He2+
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and H+.
Using this procedure, the other observed energy spectra were analyzed. For examples, the thin


curves in FigsA-5(b) and (c) show the results of the analyses. Although the original energy spectra
have broad peaks, we could express it by eq. (1). The obtained f( e) has two-peak structure at smaller
¢, but becomes a single peak structure at larger ¢. This change in f( E - 0 1) with ¢ shows that the
higher and lower energy peaks in f( e - 0 1) correspond to the leading and trailing H+ ions .at the
explosion.


4.4.2 Mode of dissociation
From the analysis mentioned above, dependence of the energies of the leading and trailing H+ ions


on the angle of scattering was determined in the joint E-angle distributions in FigA-6. These peaks
are plotted in the E- ¢ plane and E- () plane in FigsA-:7 and 4-8. The peaks lie on an ellipse in the
E- ¢ plane as shown in FigA-7, while they are on two parallel lines almost independent of () in the
E- () plane as shown in FigA-8. The ellipse corresponds to the ring pattern observed at foil
transmission of HeH+ ions. 1


) However, the ellipse is observed only in the E- ¢ plane. This shows that
explosion of HeH+ takes place nearly parallel to the surface plane. The result is consistent with our
previous conclusion in chapter 3 that the initial Coulomb energy of the molecular ion is released in
the direction parallel to the surface plane as the result of rotation of the internuclear vector of a pair
of fragments under the surface potential. 5,6)


Replacing /::i. () in eq. (7) in chapter 1 by the azimuthal angle of the deflection ¢, the energy
separation /::i.E of the leading and trailing H+ ions in the free Coulomb explosion of HeH+ is related
to ¢ as


[ aE r+[~Vr=l
2Mvav av '


where M is the mass of H+. The asymptotic CM velocity /::i. v acquired by the fragment is


.!2jJ.Z1Z2e2/rOav =-'-v_-=-_=__----'-
M


(2)


(3)


where 11 is the reduced mass of the HeH+ ion, Zl and Zz are charges of exploding H and He ions
respectively, and,o is the initial internuclear distance which is 0.79 A for HeH+ molecule. 10


) At the
dissociation of HeH+ into a pair of Hez+and H+ from its ground state, the CM kinetic energy Z1ZZez/rO
acquired by the fragments is 36.5 eV, and the diameters of the ellipse for H+ along the E-axis and
the ¢-axis are 9.6 keY and 24.2 mrad respectively. These give the ellipse shown by a broken curve
in FigA-7, which is greater than the experimental one. The experimental data are excellently
reproduced by the ellipse shown by a solid curve, which is calculated for the CM kinetic energy of
the fragment pair to be approximately a half of the Coulomb potential energy of Hez+ and H+. Thus
the obtained values of the CM kinetic energy released from the dissociation of 1.0 MeV and 2.5 MeV
HeH+ ions are 18.2 ± 1.8 eV and 22 ± 4 eV, respectively.


The same decrease in the CM kinetic energy of He ions from 2.5 MeV HeH+ is also observed in
the ¢ -dependence of the FWHM of the peaks in the energy spectra of He ions measured by the solid
state detector shown in FigA-4. In order to estimate the CM kinetic energy of the reflected fragments,
the ellipses of He ions at various released CM kinetic energies are calculated, where the diameters
in the E- ¢ plane are too small to be detected in the present experiment. Assuming that the yield of
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He2+is isotropic on the ellipses, the yield distribution is convoluted with the distribution of scattered
ions in the E- ¢ plane at He+ incidence. Then the dependence of FWHM of the energy loss peak on
the scattering-angle ¢ was derived. They are shown in Fig.4-4 by solid curves. The observed
FWHM's agree well with the calculated ones at the released CM kinetic energy 26 eV ±4 eV. This
estimated CM kinetic energy is slightly larger than that obtained from the ellipse of H+. However,
considering the crude approximation made in the estimation and the experimental errors on the
measured values of FWHM, the result also suggests the evident decrease in the observed CM kinetic
energy of the explosion.
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Fig. 4-7 The energy losses of leading
(0) and trailing (e) H+ ions in the E- ¢
distribution obtained from Fig.4-6(a).
The half circles show the energy losses
of the energy spectra which do not show
well defined two peaks. Typical error
bars due to peak separations are shown.
The broken curve shows the ellipse at
free Coulomb explosion of He2+ and H+
from the ground state of HeH+. The solid
curve shows the ellipse where the CM
kinetic energy is half of the free
Coulomb explosion.


Fig. 4-8 The energy losses of leading
(0) and trailing (e) H+ ions in the E- e
distribution obtained from Fig.4-6(b).
Typical error bars due to peak
separations are shown. The broken curve
shows the ellipse at free Coulomb
explosion of He2+ and H+ centered at e
=2 ei' The solid curve shows the ellipse
where the CM kinetic energy is half of
the free Coulomb explosion.
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In addition to the decrease in the observed CM kinetic energy, it is worth noticing that the
number of trailing H+ ions is larger than that of the leading H+ ions. From the studies of the
foil-induced dissociation of HeH+ ions, it is expected that the surface-wake due to the dynamic
response of va1ence.-e1ectrons near the surface of crystal affects the process of scattering of fragments.
The surface-wake potential induced by a moving charged particle near a solid surface has been
studied theoretically by many authors.1


1-17) Analytical formula for the surface-wake potential induced
by a particle with charge Ze, moving parallel to a solid surface with the velocity V, is given by eqs.
(38) and (39) in chapter 1.11


,13,17) Figure 4-9 shows the surface-wake potential distribution on the
plane at 1 A from the (001) surface of SnTe single crystal induced by a 1.0 MeV He2+ ion traveling
parallel to the surface at 2 A. This was calculated from the formulas, where plasma angular
frequencies wp and W s were calculated for the electron radius r s=1.14 A. The surface-wake potential
has minimum at about 6 A downstream the ion. If there is another ion in the vicinage of the ion, the
potential attracts the vicinal ion to the back of the ion. Thus the internuclear vector of the pair of
fragments tends to align with the direction of their motion. The H+ ion has higher probability of being
the trailing ion, since it is lighter than the He2+ ion. Thus the free two-dimensional Coulomb
explosion is modified.


In order to estimate the effects of surface-wake on the dissociation of HeH+ ions, a computer
program was developed for simulation of trajectories of exploding fragments at glancing-angle
incidence of HeH+ on the (001) surface of SnTe. In the simulation the following assumptions are
made: (1) The (001) surface of SnTe is atomically flat, and no fragment penetrates the surface. (2)
A HeH+ dissociates into a pair of He2+ and H+ at a distance from the surface on the incoming
trajectory, and charge-exchange of the fragments is neglected. (3) Energy loss of the fragment is
calculated with the use of empirical position-dependent stopping powers for atomic ions. 8


) (4) A
fragment ion moves under the influence of the Coulomb potential and the surface-wake potential by
the partner fragment, and the surface continuum potential.


Fig. 4-9 Surface-
wake potential
distribution on the
plane at 1 A from the
(001) surface atomic
plane of a SnTe single
crystal induced by a
1.0 MeV He2+ ion
traveling parallel to the
surface at 2 A from
the surface. The
surface of va1ence
electrons is chosen at
1.58 A from the
surface atomic plane.
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Many trajectories of the dissociating HeH+ ions were simulated at glancing-angle incidence of
1.0 MeV HeH+ on the (001) surface of SnTe with ei = 5 mrad. Examples of the simulated
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distributions of the scattered H+ ions in the E- e and in the E- ¢ planes are shown in FigA-lO,
where the dissociation was assumed to start at 2.0 A away from the surface on the incoming
trajectories. Since the model is not realistic as it will be explained later, the simulated distributions
show some structures, which are not observed, in addition to the ring pattern in the E- ¢ plane.
However, following several important conclusions were obtained from the simulated distributions.


In the E- ¢ distribution shown in FigA-10, H+ ions show an ellipse ( A ) corresponding to the
Coulomb explosion. Together with the two parallel curves (a a I , /3 /3 I ) in the E- e distribution,
it is shown that the Coulomb explosion of HeH+ takes place parallel to the surface. The diameter of
the ellipse in the ¢ -axis is slightly smaller than those at the free Coulomb explosion of H+ + He2+
from the ground state of HeH+. This decrease in diameter is caused mainly by the attractive force due
to the wake. However, the decrease due to the wake is too small to explain the observed decrease in
the diameters. It must be noted that H+ ions are densely distributed at the curve of lower energy side
(a a I ) in the E- e distribution. This shows the increase in the number of trailing H+ ions due to
the surface-wake of the leading He2+ ions.
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Fig. 4-10 (a)
Simulated E- ¢
distribution of H+ ions
plotted at e = 10 ± 1
mrad when 1.0 MeV HeH+
ions are incident on the
(001) surface of SnTe with
ei =5 mrad. The position
of dissociation into He2+
and H+ on the incoming
trajectories was 2 A from
the surface. (b) Simulated
E- e distribution ofH+
ions plotted at ¢ = 0 ± 1
mrad when 1.0 MeV HeH+
ions are incident on the
(001) surface of SnTe with
ei =5 mrad. The position
of dissociation into He2+
and H+ on the incoming
trajectories was 2 A from
the surface.


In addition to the ellipse due to Coulomb explosions, a few interesting structures are seen in the
simulation which are worth mentioning, although they were not seen in the observed distributions.
(1) The ellipse (A) in the E- ¢ distribution is concaved at its lower energy side. This is due to the
trailing H+ ions being attracted to the potential valley of the surface-wake of the leading He2+ions.
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(2) A distorted ellipse (B) of smaller diameters is seen at the higher energy side in the E- <P


distribution. By tracing their trajectories, it is found that this additional ellipse (B) is due to H+ ions
resulting from the explosions of HeH+ ions of which the axes are oriented so that H+ ions are away
from the surface. The H+ ions are repelled away from the surface both by the Coulomb potential of
the partner He2+ and the surface continuum potential, and thus their energy losses are small. (3) The
tail (C) at lower energies in the E- e distribution is due to the trailing H+ ions which are trapped in
the valley of the surface-wake potential of the leading He2+ ions and have long trajectories near the
surface. All of these anomalous structures become less pronounced for fragments with smaller
charges, because the Coulomb repulsive force and the wake potentials become weaker. The diameter
of the ellipse due to Coulomb explosion of fragments becomes also smaller.


Considering all the experimental data and the results of the above simulation, we conclude that
the dissociation of HeH+ ions at glancing-angle incidence on a crystal surface proceeds by the
following: Firstly, most of the HeH+ ions are excited to some excited states without loss of electron
which are repulsive states. Then they start to dissociate into fragments at the internuclear distance r0'


e.g., HeH+ ~ He+ + ~. Loss of electrons of the fragments occurs gradually as they approach to the
surface, however, it becomes frequent at the distances closer than about 1 A from the surface.18


)


Repulsive force between the fragments during this change in fragment charges is smaller than that
between He2+and H+, and thus the released CM kinetic energy is smaller than that for He2+-H+ pair.
Near at the closest approach to the surface, where the fragments of a pair repel each other by the bare
Coulomb force, the axis of the pair becomes almost parallel to the surface by the continuum surface
potential, and some fraction of the He2+ - H+ systems is aligned with the direction of motion by the
surface-wake potentials trailing behind ions. Change in the charges of the fragments on the outgoing
trajectories is small, and thus the released CM kinetic energy after the closest approach is equal to
that of bare fragments. Total CM kinetic energy released during the reflection is thus smaller than that
of explosion of bare fragments from the start of dissociation.
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Fig. 4-11 Interaction potentials for various low-lying electronic states of He - H
system taken from ref. 19. The processes of dissociation of incident HeH+, a and /3, at
the surface assumed in the text are shown with thick solid curves and arrows.
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The potential energy curves of He - H system are shown in Fig.4-11 which is taken from ref. 19.
In order to have the final CM kinetic energy acquired by the fragments being about 18.2 ± 1.8 eV
as observed, there are many paths of excitation from HeH+ to the final (He2+ + H+) state. The total
CM kinetic energies released at the paths are smaller than the direct excitation (double ionization)
from HeH+ to (He2++ H+). Two examples of the paths a and f3 are shown by the thick lines in the
figure, where the initial HeH+ ions are first excited to one of the (He+(1s) + lfl) states and the states
are excited to the final (He2++ H+) by loss of two electrons at the internuclear distance 3r0" The total
CM kinetic energies acquired are 24 eV and 20 eV for the path a and f3, respectively. If electron
loss at one of the above two paths takes place at 1 A from the surface on the incoming trajectories,
where frequent charge-exchange of the projectiles occurs,18) the positions of dissociation of the HeH+
ions are D =2.2 A and 2.5 A from the surface for the path a and f3, respectively. The obtained
distances are comparable to 2 A, which was assumed in our earlier estimation.5) The released energy
and the position of dissociation D depend on the dissociation path assumed in the calculation, but the
above estimated values supported our earlier model of dissociation process.


The model used in the simulation is too simple to reproduce all the observed scattering
phenomena, however, it demonstrated the importance of the surface-wake in the increase in the
number of trailing H+ ions and of the change in the charge-states of the fragments. Position of start
of dissociation, or excitation of HeH+ on the incoming trajectories can also affect the final angular
and energy distributions of the fragments. For the better understanding of the dissociation process of
HeH+ near solid surface, a detailed simulation of scattering is needed.
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Chapter 5


Computer simulation of dissociative scattering of 1- MeV HeH+ ions


at a single crystal surface


Abstract


Scattered H+ fragments resulting from glancing-angle incidence of MeV HeH+ ions on a clean
(001) surface of SnTe crystal are distributed on an ellipse in the E- if; plane as shown in chapter 4,
where the angle if; is measured in the plane parallel to the surface and E is the energy of the
fragment. The kinetic energies released upon dissociation derived from the diameters of the ellipses
are smaller than those calculated from the explosion of fully ionized fragments. In this chapter, we
have simulated the dissociative scattering of 1 MeV HeH+ ions at the surface based on a simplified
model, where the dissociation takes place via excitation of HeH+ ions and the charges of fragments
change along the trajectory. The observed energy and angular distributions of fragments are well
reproduced by the computer simulation. Further, it is estimated from the simulation that the cross
section for dissociation in collisions of 1 MeV HeH+-electron is of the order of 1 X 10-16 cm2


•
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5-1 Introduction


Foil induced fragmentation of MeV HeH+ ions has been studied mostly with thin carbon foils. 1,2)


Joint distributions in energy and angle for H+ fragments show that the fragments are approximately
distributed on an ellipse in the E-!1 e plane as shown in Fig.1-5 and eq. (7) in chapter 1, where E
is the energy of H+ ion and !1 e is the angle of scattering. The equation of the ellipse can be written
as


[~r +[~6 vr =1,
MV~v ~v


(1)


where Em is one-fifth of the CM (center of mass frame) energy, M is the mass of H+, V is the
velocity of the projectile, and !1v is the asymptotic CM velocity acquired by H+. The velocity !1v is
related to the CM kinetic energy UCM released upon dissociation as


~v= J2
1l. UCM-'--M---:=' (2)


where f1 is the reduced mass of the HeH+ ion. The CM energy released upon dissociation into
charged fragments can be expressed as


2
U = qlq2e


CM '70


(3)


where q1e and q2e are the charges of the fragments, and Yo is the internuclear distance of HeH+ in the
incident beam. We may make the assumption that the electron stripping produces an a -particle
proton pair. We ignore further interactions of the fragments with the target foil, and using the most
probable value of Yo=0.79 A,1) we obtain UCM = 36.5 eV.


In the previous chapter, we have reported on the results of distributions in energy and angle for
fragments arising from the dissociation of MeV HeH+ ions at glancing-angle incidence on a clean
surface of single crystal.3


) The H+ fragments are approximately distributed on an ellipse in the E- ¢
plane, where ¢ is the scattering-angle in the plane parallel to the surface. The equation of the ellipse
can be written by eq. (1) replacing !1 e with ¢. However, the released CM energies are smaller than
that given by eq. (3) with q1q2=2. In this chapter, results of a Monte Carlo simulation of dissociation
of 1 MeV- HeH+ ions are reported. The process of dissociation of the HeH+ ion is clarified and the
cross section of 1 MeV- HeH+-electron collisions which lead to the dissociation is estimated.


5-2 Measured distributions in energy and angle for H+ fragments


In the previous chapter, we have reported angular and energy distributions of scattered H+
fragments at glancing-angle scattering of MeV HeH+ ions from the (001) surface of SnTe.3


) The
results for 1 MeV HeH+ ions are summarized here. Examples of the joint distributions in energy and
angle for H+ ions resulting from the dissociation of 1 MeV HeH+ ions are shown in Fig.5-1, where
the angle of incidence of the HeH+ ions was 5.2 mrad relative to the surface. ¢ is the scattering
angle measured in the plane parallel to the surface, and e is the scattering-angle measured in the
scattering plane.
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(a)


190


energ 200
y (kev)


( b)


Fig. 5-1 Joint distributions in energy
and angle for H+ fragments arising
from the dissociation of 1 MeV HeH+
ions at the (001) surface of SnTe. The
angle of incidence was 5.2 mrad. (a)
E- if> distribution measured at e =10.5
± 0.3 rnrad. (b) E- e distribution
measured at if> =0 ± 0.3 rnrad. (The
distributions were already shown in
FigA-6. )


190


energy (k 200
ev)


The H+ ions in the E- if> plane are distributed on an ellipse similar to that of foil-induced
dissociation of MeV HeH+ ions,t-Z) The yield of fragments is not uniform on the ellipse. There is an
enhanced yield at E = 190 keV, which is due to the H+ fragments trailing behind their He ion
partners. This is caused by the attractive force for H+ ions induced by the surface-wake of the partner
He ion.3) Leading H+ ions do not show a peak in the distribution. A rather broad distribution is seen
at the energies lower than the peak of trailing H+ ions, which is due to the H+ ions having penetrated
and reappeared at the surface.


In the E- e distribution, the leading and trailing H+ ions distribute on two lines parallel to the
e-axis as shown in Fig.5-1 (b), and form peaks at the angle for specular reflection. It was shown
in previous chapters that the internuclear vector of the dissociating HeH+ rapidly becomes parallel to
the surface under the influence of a surface potential.3) Then, the fragments acquire CM velocities
parallel to the surface. Thus only H+ fragments either leading or trailing their partners are observed
in the E- e plane at if> =O.


The diameters of the ellipse in the E- if> plane shown in Fig.5-1(a) are 6.8 ± 0.3 keY and 17 ±
2 mrad along the E- and if> -axis, respectively. This CM kinetic energy released upon dissociation
is 18.2 eV. This is equal to the CM kinetic energy released at the coulomb explosion of He+ and H+,
which is obtained from eq. (3) with qlq2 =1. This suggests that the fragments are not fully ionized
during dissociation. However, 80 % of the observed He fragments are He2+and 98 % of the observed
H fragments are H+. A possible model of HeH+ dissociation to explain the observed results is one
where the fragments are not fully ionized while they are exploding and that the fragments lose their
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electrons after the initial potential energy is almost released.


5-3 Calculated distributions in energy and angle for H+ fragments


We made the following assumptions in simulating the scattering and dissociation of HeH+ ions:
1) The (001) surface of SnTe is atomically flat. Since the angle of incidence of HeH+ ions is


small, trajectories of HeH+ and fragments are described by the surface continuum planar potential.
2) Fragments repel each other by the molecular potential, for which the diagram of interaction


potentials of the He-H system is used.4
)


3) Surface-wake potentials described in chapter 1, which are induced by the fragments, are also
used in the trajectory simulation. 3,5)


4) By collision with an electron near the surface, the HeH+ ion in its ground state with
internuclear distance of Yo =0.79 A is excited to the lowest lying state a3 ~>, where the HeH+ ion
dissociates into a pair of He+ and HO ions. The cross section for the excitation is the parameter to fit
the simulated and the observed E- ¢ distributions.


5) The electron distribution outside the surface is calculated by averaging atomic wave functions
of isolated Sn and Te atoms in the plane parallel· to the surface.6)


6) Fragments undergo charge-exchange collisions with the surface atoms. The position dependent
electron-loss and -capture probabilities are used, which were calculated with Bohr and
Bohr-Lindhard models for atomic ionsY)


7) Energy losses of the fragments are calculated with the use of empirical position-dependent
stopping powers for atomic ions. 9)


8) Small-angle multiple-scattering events by electronic and nuclear collisions are neglected.


(a)


790


En e rg " (k 200
. J e\!)


Fig. 5-2 Calculated joint
distributions in energy and angle for H+
fragments arising from the dissociation
of 1 MeV HeH+ ions at the (001)
surface of SnTe. The angle of incidence
was 5.2 mrad and the excitation cross
section to a3 L+ at HeH+-electron
collision is 1 X 10-16 cm2


• (a) E- ¢
distribution at e = 10.5 ± 0.6 mrad.
(b) E- e distribution at ¢ = 0 ± 0.7
mrad.
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More than 105 trajectories of the dissociating HeH+ ions were calculated to obtain joint
distributions in energy and angles of scattered fragments. The obtained E- ¢ and E- () distributions
are shown in Fig.5-2. The E- ¢ distribution shows an ellipse that corresponds to eq. (1). When the
excitation cross section a E is 1 X 10-16 cm2


, the diameters of the ellipse along the E and ¢ -axes are
almost equal to the experimental ones. In addition, a sharp peak corresponding the trailing H+ ions
at ¢ =0 is seen. The peak is narrower than the experimental one. While, the leading and trailing H+
ions distribute on parallel two lines in the E- () plane. Therefore the energy separation between the
leading and trailing H+ ions is almost independent of the scattering-angle () and is almost equal to
the diameter along the E-axis of the ellipse on the E- ¢ plane. The E- () distribution shows more
intensive trailing H+ ions compared with the experimental one.


Fig. 5-3 E- ¢ and E- ()
distributions obtained by
convolution of calculated
distribution (Fig.5-2) with a
Gaussian distribution whose
FWHM's are 3 keY, 4 mrad and
3 mrad in E, ¢ and (),
respectively.


o·


In order to compare the simulated and observed distributions, we have convoluted the simulated
distributions with a three dimensional Gaussian distribution in ¢, () and E, where the energy
resolution of the ion detecting system was also considered. The results are shown in Fig.5-3.
Scattered H+ fragments are distributed on an ellipse in the E- ¢ plane and on two lines in the E- ()
plane. By the convolution, the diameters of the ellipse in the E- ¢ plane hardly change from the
diameters of the ellipse shown in Fig.5-2. The trailing peak intensity decreases in the E- () plane,
because more than half of the trailing H+ ions are scattered out from the E- () plane where it is
restricted to be I ¢ I <0.7 mrad. Characteristic features of the simulated distributions become to
agree well with those measured shown in Fig.5-1.
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In Fig.5-4 we have plotted the positions of the ridge of the simulated E- if; distribution of H+
ions shown in Fig.5-3(a). The diameters of the ellipse of the simulated E- if; distribution are 7.2 ±
0.3 keVand 17 ± 2 mrad, and thus the released CM energy is 19.7 ± 1.7 eV. The plots agree well
with the ellipse, shown by solid lines, calculated with eq. (1) with UCM=18.2 eV. To show the effects
of excitation cross section on the axes of the ellipse in the E- if; distribution, the simulated ellipse at
the two extreme cases, a E =0.1 X 10-16 cm2 and 10 X10-16 cm2


, are shown in Fig.5-5. The best fit
was obtained at a E '" 1.5 X 10-16 cm2


•
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Fig. 5-4 Simulated ellipse at
excitation of HeH+ to the a3 L+ state
with a cross section 1 X 10-16 cm2


• The
energies of the peaks that cannot be
separated to two peaks are shown by
double circles. The solid curve shows
the experimental ellipse corresponding
to the released energy 18.2 eV.


185 L...J....-'---;-;;:-,--,--,--,--::--,--,--,---,---!::--,--L..l
-10 0 10


Scattering Angle .p (mrad)


Fig. 5-5 Simulated ellipses at
excitation of HeH+ to the a3 L + state
with cross sections 0.1 X 10-16 cm2 and
10 X 10-16 cm2


• The energies of the
peaks that cannot be separated to two
peaks are shown by double circles and
double squares. The solid curve shows
the experimental ellipse corresponding
to the released energy 18.2 eV.


The excited state Ai L+, which is the second from the lowest lying a3 L+, was chosen as the
dissociation channel in the simulation. When a E =2 X 10-16 cm2


, the CM kinetic energy become
18.2 eV. The He-H system can be excited to the Is a state by loss of an electron from HeH+. The
results obtained by choosing this Is a state are shown in Fig.5-6, where a E =1 X 10-16 cm2 and 5
X 10-16 cm2


• The ellipse at a E = 1 X 10-16 cm2 is wider along the E-axis compared with the
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experimental one. While that at a E =5 X 10-16 cm2 is narrower along the ¢ -axis compared with
the experimental one. The wider distribution along the E-axis is due to H+ fragments repelled away
from the surface by repulsion of He fragments, whose molecular axes are oriented to the surface with
the He+ closer to the surface.3


) Therefore the measured ellipse can not be reproduced by the selection
of the is a state. However, the CM kinetic energy measured along the E-axis becomes 18.2 eV when
a E is 3 X 10-16 cm2


, which is not so different from those obtained by the selections of the a3 L +and
Al L +states.


1.0 MeV HeH+ on SnTe (001)


81=5.2 mrad


8 =10.5 mrad


200
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Fig. 5-6 Simulated ellipses at
excitation of HeH+ to the is a state with
cross sections 1 X 10-16 cm2 and 5 X


10-16 cm2
• The energies of the peaks


that cannot be separated to two peaks
are shown by double circles and double
squares. The solid curve shows the
experimental ellipse corresponding to


. the released energy 18.2 eV. Although
the error bars are omitted, the simulated
data include errors which are almost
same with those shown in Figs.5-4 and
5-5.


The dissociation of the is a state starts from an He+- H+ pair under the Coulomb repulsion with
q1 =q2 = 1; thus the final CM kinetic energy must be larger than 18.2 eV due to electron-loss of
fragments near the surface. However, the force due to the surface-wake of partner He ions weakens
the Coulomb repulsive force, and thus the CM kinetic energy becomes smaller. For example, if the
wake potential was neglected in the simulation with the is a state as the dissociation channel, the CM
kinetic energy derived from the simulated ellipse is 1.2 times as large as that derived from the
simulation with the wake.


5-4 Discussion


The agreement of the simulated distributions with the observed ones supports the following
dissociation processes: First, there occurs a collision of a HeH+ ion with an electron near the surface.
The HeH+ ion is excited from its ground state to one of its low lying excited states by the collision
with or without loss of an electron. The projectile starts to dissociate into fragments, since the states
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are anti-bonding. Then, on a time scale of femtoseconds, the loss of electrons associated with the
fragments occurs as they approach to the surface. Near the closest approach of the fragments to the
surface, the internuclear vector of a pair of fragments tends to align with the surface, and charge
exchange between the fragments and surface becomes frequent. Consequently, most of the pairs leave
the surface as bare nuclei with their internuclear vectors parallel to the surface.


The simulation shows that the Is a , a3 ~ +and Al ~ +states give a final CM kinetic energy of 18.2
eV with a suitable choice of excitation cross section, i.e. _10-16 cmz. Thus the dissociation of HeH+
may take place through excited states with or without loss of an electron, and the dissociation cross
section of 1 MeV HeH+ ion at collision with an electron is of the order of 10-16 cmZ


•


We have no theoretical or experimental dissociation cross section for HeH+ to compare with the
value 10-16 cmZ estimated here. On the other hand, Mathur et al. measured the dissociation cross
section for Hz+ at 100 eVelectron impact, which is equivalent to the collision of 0.4 MeV Hz+ with
an electron.10


) They obtained the cross section of 1.9 X 10-16 cmz, which is comparable to that


presented here.


Appendix


Details of the computer simulation are presented in this appendix.


1. Interaction potentials for the trajectory-calculation


1-1. Surface continuum potential
The incident HeH+ and dissociation fragments are repelled from the surface due to their


interaction with the surface atoms. The repulsive potential was described by surface continuum
potential. Moli~re approximation was used for the screening function of Thomas-Fermi type. The
approximated potential at the distance z from the surface atomic plane is


3


Up(Z) = 21tnZlZ2e2aTF~ (a/Pi)exp( -ppaTF), (4)
i=l


where n is the areal density of atoms in the plane, ZI and Zz are the atomic numbers of the projectile
and target atoms, respectively, alF is the Thomas-Fermi screening radius and { a i } ={0.1, 0.55,
0.35 } and { /3 i } ={ 6.0, 1.2, 0.3 } are the analytical constants. Since the atomic numbers of the
Sn and Te atoms are close each other, they were averaged and Zz = 51 was used.


Before the dissociation, the planar surface potential acted on the two constituents of an incident
HeH+ ion. The internuclear distance between the constituents was fixed at 0.79 A and the direction
of the internuclear vector was random.


1-2. Interaction potentials between the fragments
The fragments resulting from dissociation repel each other by their mutual repulsive potential. The


repulsive potentials between the He+ and~ fragments, which arise from the dissociation without loss
of electron, cannot be described by a simple formula. In the simulation, diagram of interaction
pot~ntials for the a3 ~ +and the A1 ~ +states of He-H system shown in Fig.4-11 ( chapter 4 ) and ref.
4 was used.


By loss of an electron from the ground state of HeH+, the Is a state is formed, which leads to
H+ and the He+ in the ground state at the infinite internuclear separation. The interaction potential of
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the Is a state at the internuclear distance larger than 0.79 A hardly differs from the bare Coulomb
potential, e2/r, where r is the internuclear distance between the fragments. Therefore, the bare
Coulomb potential was used for the Is a state in the simulation.


1-3. Surface-wake potential
The trajectories of fragments are modified by the surface-wake potential induced by their partner


fragments. Analytical formula for the surface-wake potential induced by a charged particle moving
parallel to the surface of semi-infinite homogeneous medium was used, which was described in
chapter l.


Integrals in the expressions of the potentials ¢ lind ( X, y, z ) and ¢ 2ind ( X, y, z ) include two
variables. One is .!./y2+(lz/l+I~I)\ which is argument of the Bessel functions, and the other is M,


v "d v
which is argument of the exponential functions. In the simulation, the integral terms of ¢ 1ill (x, y,
z ) and ¢ 2ind (x, y, z ) were memorized in two dimensional arrays of the two variables. Forces acting
on the fragments due to the wake potential ( gradients of the wake potential ) were successively
calculated in the simulation using the arrays for the integral terms.


2. Dissociation of HeH+ projectile and charge-exchange of fragments


2-1. Electron distribution outside the surface


SnTe (001) SURFACE


10-5 I I I I


o 1 234 5
DISTANCE from SURFACE ATOMIC PLANE(A)


Fig. 5-7 Electron distribution outside the atomic plane of (001) surface of SnTe. The
distribution is calculated using the Hartree-Fock approximation for isolated Sn and Te
atoms.


77







The electron distribution outside the surface was calculated using the Hartree-Fock approximation
for isolated Sn and Te atoms 11). The electron distribution was averaged in the plane parallel to the
surface, where the surface was assumed to be a bulk exposed surface. Fig.5-7 shows the electron
distribution used in the simulation. The distribution decreases almost exponentially as the distance
from the surface increases. The distribution was used for the calculations of the dissociation
probability of HeH+ projectiles and the electron-loss probabilities of the fragments.


2-2. Dissociation of HeH+ ions in collisions with electrons at the surface
Since all electronic excited states of HeH+ are repulsive ones, the dissociation occurs by electronic


excitation ( that includes the ionization) from the ground state of HeH+. It was assumed that the
excitation occurs only by collisions with electrons at the surface. On the assumption, the survival
probability per path length /1/ of a HeH+ ion moving parallel to the surface depends on the distance
from the surface and can be written by


Ps (z)::: exp[ -(JE n(z) 111 ], (5)


where a E is the excitation cross section of HeH+ and n(z) is the electron density at the distance z
from the surface. The judgement, whether the dissociation takes place or not, was performed by using
uniform random numbers, P, ( 0 ~ P < 1 ). Once the random number P generated in each
calculational step becomes less than I-P.(z), the HeH+ is dissociated.


_ 101 r----------------------~...
I


~ 100 . Fragments resulting from dissociation of 1.0 MeV HeH+
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~ 10-


1
-~~:,"-------------------,------__
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""" ----------e \ --------
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. Q) """'" '-""',-,----, H
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~ _c
J: ------_
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Fig. 5-8 Charge-exchange probabilities used in the simulation for the 0.8 MeV He
and 0.2 MeV H fragments.
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2-3. Charge-exchange of fragments
The fragments resulting from dissociation of HeH+ undergo charge-exchange collisions with the


surface atoms. For the charge-states of the fragments, He+, He2+, H+ and If! were chosen. Other states,
e.g., Heo and H- were neglected, as the fractions of these states were negligibly small. The
probabilities of the electron-loss of fragments and the electron-capture from the surface atoms depend
on the distance from the surface. The probabilities were calculated by Bohr and Bohr-Lindhard
models7,8>, where the effect of the neighboring partners in the charge-exchange was neglected.


Four data sets of the probabilities Q\He(z), QcHe(z), Q\H(Z) and QcH(z) were memorized in the
simulation, where subscripts 1and c mean the loss and capture of an electron and superscripts He and
H indicate the fragment's species. Fig.5-8 shows the charge-exchange probabilities for the fragments
arising from dissociation of 1.0 MeV HeH+ ions.


For example, the electron-loss probability of He+ fragments which moves the path of length /1/
parallel to the surface can be written by


He
P/..z) = exp[-Qz (z)!:iZ]. (6)


The judgement, whether the electron-loss takes place or not, was also performed by using uniform
random numbers. That is, if the random number P generated in the calculational step is smaller than
the p\(z), the He+ fragment loses its electron and changes to He2+.


The judgement of either the electron-loss of or the electron-capture to the fragments was
repeated until the fragments leave from the surface.


-
10


3 r--------------------...."


Fragments resulting from dissociation of 1.0 MeV HeH+


-
SnTe (001) SURFACE


.........._- ...-......-........


.._.._...._----.........._----------------.._--~~;-------_ ...._.._--.._-...._---.._-


Fig. 5-9
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Stopping powers for 0.8 MeV He2+ and 0.2 MeV H+ fragments.
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3. Energy loss of HeH+ projectile and fragments


The HeH+ projectile and fragments lose their kinetic energies in the inelastic collisions with
surface atoms. The energy losses of the fragments were calculated with the use of empirical position
dependent stopping powers for atomic ions 9). The stopping powers also depend on the distance from
the surface and given by


A [~3Z]S(y) = - exp -- •
fE aTF


(!)


where A is a constant and E is the kinetic energy of the fragments. The constant A is 7700 MeV3
/
2/ern


and 1585 MeV3
/
2/ern for He and H fragments, respectively. Fig.5-9 shows the stopping powers for


the He2+and H+ fragments arising from dissociation of 1.0 MeV HeH+ ions. The formula is regarded
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. The wake acted only
on the stopping of another fragment.


Before the dissociation, the stopping power for the HeH+ projectile was given by the sum of the
stopping powers for the each constituents.
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Chapter 6


Incidence-energy dependence of the dissociation cross section


of HeH+ ions at the incidence on a single crystal surface


Abstract


Kinetic energies and charge-state fractions of specularly reflected fragments have been studied
at glancing-angle (3 - 12 mrad) 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.
In this chapter, the final kinetic energies and charge-state fractions of fragments are explained by the
computer simulation described in chapter 5 for the wide ranges of the energy and angle of incidence.
In addition, the incidence-energy dependence of the dissociation cross section of HeH+ ions in
collisions with electrons at the surface is obtained. It is concluded that the cross sections of (0.8 
25)-MeV HeH+ ions are of the order of 10-16 cm2


•
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6-1 Introduction


The process of dissociation of fast molecular ions interacting with solids is of great scientific and
technical interest. Fragmentation of MeV molecular ions has been intensively investigated in collisions
with thin foils or gas atoms. 1


,Z) In the foil-induced fragmentation, rapid electron-loss of the projectile
occurs at the incident surface of the foil, and there follows a "Coulomb explosion" of the projectile
on a much longer time scale. The fragments are distributed on an ellipse on the joint distribution 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


,Z)


In chapter 3, we have reported results for the angular and energy distributions of the fragments
for glancing-angle incidence of MeV Hz+ions on a clean (001) surface of SnTe.3


,4) The geometry of
the scattering is not symmetric around the beam axis, which is different from that of the 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
Remillieux, where the energy of the fragments is measured with a high-resolution electrostatic
spectrometer.5)


In chapter 4, we improved the energy resolution of our ion detecting system and reported the
distributions of fragments in energy and angle when MeV HeH+ ions dissociate at glancing-angle
incidence on a clean surface of SnTe.6) A distribution corresponding to the "ring pattern" of the
fragments observed at the foil-induced fragmentation is obtained when the angular dependence of the
energy spectra is measured in the direction parallel to the surface. That is, the fragments are approxi
mately distributed on an ellipse in the E- ¢ plane, where E is the energy of the fragments and ¢ is
the scattering-angle measured parallel to the surface. Further, the trailing H+ fragments 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 - () plane at ¢ =0, where e is the angle of scattering measured in the scattering plane. The
energy separation of the leading and trailing H+ fragments in the E - e plane is equal to the diameter
along the E-axis of the ellipse in the E- ¢ plane.


It has been shown in chapter 5, that the experimental E - ¢ and E - () distributions are well
reproduced by a computer simulation of the dissociative scattering of HeH+ ions, where surface-wake
potentials and the charge-exchange of fragments are considered. The detail of the computer
simulation has been shown in the chapter.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 potential. The fragments repel each other in a plane parallel to
the surface. It has been indicated in chapter 5, that the diameters of the ellipse in the E- ¢ plane are
useful to estimate the cross section for dissociation of HeH+ ions in collisions with electrons at the
surface.7)


In this chapter, we report the dependence of the diameters of the ellipse along the E-axis on the
energy of incidence ranging from 0.8 MeV to 2.5 MeV, for glancing-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 diameters and to obtain the
cross section for dissociation of HeH+ ions in collisions with electrons at the surface.
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6-2 Experimental procedure


A magnetically analyzed beam of MeV HeH+ ions from the 4-MV Van de Graaff accelerator of
Kyoto University was collimated to have a maximal angular divergence 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% ) on a KCl
(100) surface under UHV conditions. 6


•
8
) The angle of incidence of the ions relative to the surface


plane, () i' was less than 11 mrad. The azimuthal angle of the incident beam was adjusted so that
surface channeling 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 relative energy resolution of the
spectrometer was 0.5 % ) or a solid state detector ( PD25-10-500 AM, Canberra Industries, Inc. ).
The acceptance half angle of the magnetic spectrometer was ± 0.1 mrad and that of the solid-state
detector was ± 0.3 mrad.
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6-3 Experimental results


6.3.1 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.6"':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 10-4.


We measured the dependence of the charge-state fractions for the fragments on the angle of
incidence. The charge-state fractions for He+ and He2+ in the scattered He fragments are shown by
circles in Fig.6-2 for 0.8- and 1.6-MeV HeH+ ion incidence. The charge-state fractions are almost
constant. The charge-state fractions for Heo and HO in the scattered fragments were of the order of
10-2•


1 (a) 0.8 MeV HeH+ on SnTe


(b) 1.6 MeV HeH+ on SnTe
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Fig. 6-2 Dependence of the
charge-state fractions of He+ and
He2+ 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 ones.


6.3.2 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.6-3, 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 fragments of their
partners and the lower-energy peak corresponds 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 energy separation between the leading and trailing H+, dE, is obtained from the
difference in peak energies.
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Fig. 6-3 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.


Fig. 6-4 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 incidence.
The circles show the experimental
results and the lines show the simulated
ones.
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We have measured the dependence of the energy separation on the angle of incidence, which is
shown in Fig.6-4 by circles for 0.8- and 1.6-MeV HeH+ ions. The measured separation does not
depend on the angle of incidence 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 experimental
error in the angle of incidence does not influence the energy separation. We show the measured
separation by closed circles in Fig.6-5. The energy separation increases with increasing energy of
incidence.


8j = 3.5 mradHeH+ on SnTe


5


,-.,


> 15
Q)


~
'-"


Z
0
~


~
10


~


~
~
00.


O'---'------'-'L.....-.....I..---'---'------'---'---'---'---'-------'--'--~-~~


o 1 2 3


HeH+ ENERGY (MeV)


Fig. 6-5 Dependence of the energy separation between the leading and 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 He2+ - H+ and He+ - H+ states in
free space.


6-4 Computer simulation


(1)


6.4.1 Coulomb explosion in free space
In free space, the mutual Coulomb energy of a pair of fragments Heq+ and H+ is expressed as,


qe2


Uc=--'
'0


where ro is the internuclear distance of HeH+ in the incident beam. Using the most probable value ro
= 0.79 A 1,2), we obtain the energy Uc = 36.5 and 18.2 eV for He2+ - H+ and He+ - H+ pairs,
respectively. These potential energies are converted into kinetic energies as the dissociation develops.
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The final velocity in the eM ( center of mass ) frame I !::J. v I acquired by the H+ ion is,


(2)


where f1 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


(3)


where V and E i are the velocity and the energy of the incident HeH+, respectively.
The measured energy separations shown in Fig.6-5 are compared with the calculated ones using


eq. (3), where the calculated energy separations for He2+-H+ and He+-H+ pairs are shown by lines.
The measured energy separations agree well with the calculation for He+-H+ pairs. However, most
of the measured fragments are He2+ and H+ as shown in Figs.6-1 and 6-2. In order to explain the
observed energy separation and the charge-state fractions of fragments, and in order to obtain the
incidence-energy dependence of the dissociation cross section of HeH+ in collisions with surface
electrons, a computer simulation was carried out.


6.4.2 Procedure for the computer simulation
We calculated more than 104 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 described in chapter 5 and the outlines were as follows:


The (001) surface of SnTe was assumed to be atomically flat. The trajectories of randomly
oriented HeH+ projectiles were calculated using a surface-continuum potential derived from the
Moliere approximation for the screening function of Thomas-Fermi type. The internuclear distance
of incident HeH+ was 0.79 A and fixed before the start of dissociation.


The trajectory of each dissociated fragment was calculated using the surface-continuum potential,
repulsive potential 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 medium was used. 6


,lO,l1)


The HeH+ projectile is excited on its trajectory to one of its excited states by collisions with
electrons at the surface 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. a E for the excitation of HeH+ ions in collisions with electrons was
taken as a parameter to fit the simulated velocity distribution of the H+ fragments to the observed one.
Since we could not deal with all of the excited states for the initial excitation, we chose the a3 L +,
Ai L +, Is a and fully ionized ( He2+-H+ ) states as representative states, where~ and He+ arise from
the a3 L+ and Ai L+states and H+ and He+ arise from the Is a state.


The fragments undergo charge-exchange collisions with the surface atoms. The position
dependent probabilities of electron-loss and electron-capture of fragment as calculated by the Bohr
and Bohr-Lindhard models for atomic ions were usedy,14) Since the fraction of Heo is negligibly
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small compared with those of He+ and He2+, 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 regarded 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 «() and
¢). From the convoluted velocity distribution, the energy spectrum of H+ fragments at the angle of
specular reflection was obtained.


6.4.3 The best-fit excitation cross sections
Figure 6-6 shows an example of a simulated energy spectrum of H+ fragments emerging at the


angle of specular reflection, where 0.8-MeV HeH+ ions are incident with () i= 6.25 rnrad. The a3 L+


state is chosen for the initial excitation and the cross section for excitation is assumed to be2X 10-16


cm2
• The simulated energy spectrum shows the leading and trailing peaks similar to the experimental


spectrum shown in Fig.6-3. However, the energy separation between the leading and trailing protons
depends 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 experimental and simulated energy
separation.
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Fig. 6-6 An example of the simulated energy spectra of H+ emergIng at the angle of
specular reflection, where the energy of incident HeH+ is 0.8 MeV and the angle of
incidence is 6.25 rnrad. The a3 L+ state is chosen for the initial excitation and the cross
section for the excitation is assumed to be 2X 10-16 cm2 in the simulation. The Gaussian
distribution used for the convolution has full widths at half maxima of 2 keY, 4 rnrad and
3 rnrad in energy, ¢ and () directions, respectively.
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Examples of the procedure to obtain the best-fit excitation cross sections are shown in Fig.6-7.
The hatched area in Fig.6-7 shows the experimental energy separation and its error. The states chosen
for the initial excitation are indicated. For the a3 L+and Al L +states, the simulated energy separation
decreases with increasing cross section and crosses the hatched area. The best-fit cross section for
excitation is obtained by searching the cross section where the simulated energy separations are within
the hatched area. For the He2+-H+ state, the simulated energy separation is larger than the
experimental one. This shows that most of the projectiles are not excited to the He2+-H+ state at the
initial excitation. For the 1s a state, which is formed by electron-loss from HeH+, the best-fit cross
section is obtained in a similar way as that for the a3 L+ and N L + states at energies of incidence
larger than 1.2 MeV. However, the peak for the leading fragments contains two components at
energies of incidence less than 1.2 MeV. The high-energy component in the peak for the leading H+
fragments is not observed in the experimental spectrum. The high-energy component arises from
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Fig. 6-8 Best-fit cross sections for
excitation of HeH+ ions to the a3 L +,
A l L + and 1s a states in collisions with
electrons at the surface.
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fragments repelled away from the surface by repulsion of He fragments, whose molecular axes are
oriented to the surface with the He+ closer to the surface.6) This shows that most of the projectiles are
not excited to the Is a state at energies of incidence less than 1.2 MeV and that the projectiles are
excited without loss of electrons ( e.g. the a3 L+or N L+states ).


The best-fit cross sections for excitation to the three states for several energies of incident HeH+
ions are shown in Fig.6-8. They are not so different and are of the order of 10-16 cm2


•


6-5 Discussion


6.5.1 Process of dissociative scattering of HeH+ ions
Although most of outgoing fragments are He2+ 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.6-5. The apparent contradiction
was explained by the computer simulation as follows. The HeH+ projectiles dissociate on their
incoming trajectory in collisions with the electrons at the surface via excited states of He - H system
where at least one electron is retained. The fragments repel 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 energy 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
dissociation of He+ - H+ pair in a free space.


6.5.2 Cross section for dissociation of HeH+ ions in collisions with electrons
It has been shown from the simulation that the excitation cross sections of HeH+ to the a3 L +,


Al L +and Is a states are of the order of 10-16 cmz. We forbid the excitation to states other than the
selected one in the simulation. However, there are many other excited states which lead to He+ and
Ifl pairs or He+ and H+ pairs. The interaction potential curves for these states are almost the same as
those of the a3 L +, AI L +and Is a states. 9,16-20) Therefore if one of these states is chosen instead of the
a3 L +, Al L + and Is a states, the simulation will give the same cross section for the excitation. 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 10-16 cm2


• We estimated the cross section for
dissociation by averaging the best-fit cross sections shown in Fig.6-8, and the cross sections are
shown in Fig.6-9 by circles.


In order to compare the cross section for dissociation of HeH+ with those for other reactions
induced by impact of electrons, the upper scale of Fig.6-9 is transformed to the energy of electrons
that have the same velocity with HeH+ ions. The solid line in Fig.6-9 shows the dissociation cross
section for H2+ions 21), the dotted line shows the electron-loss cross section for Ifl atoms 22) and the
dashed line shows the electron-loss cross section for He+ ions 23). The cross sections range from about
10-18 cm2 to about 10-16 cm2


• Our estimated cross sections are close to the dissociation cross section
for Hz+ 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 10-16 cm2 for 20- and 26-eV incident electrons,
where the electron energies corresp'ond to the excitation of HeR+, Xl L+ :::} a3 L+ and A l L+,
respectively. However, comparison of their data with ours cannot be made directly, because their
impact energies are lower than ours.
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6.5.3 Dependence of energy separation and charge-state fractions on the angle of incidence
We have simulated the dependence of the energy separation and the charge-state fractions on the


angle of incidence. We have used here the estimated dissociation cross section. Since the energy
separation is not very state dependent, we assumed the a3 2: +state for the initial excitation.


The simulated dependence of the energy separation on the angle of incidence is shown in Fig.t?-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 probably related to the
multiple scattering process, which is not treated in our simulation.
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Fig. 6-9 Cross section for
dissociation of HeH+ ions in collisions
with electrons at the surface. The upper
scale shows the energy of electrons of
the same velocity with HeH+ ions. The
solid line shows dissociation cross
section of H2+ ions,21) the dotted line
shows electron loss cross section of If
atoms22


) and the dashed line shows
electron loss cross section of He+ ions. 23)


We compare the simulated charge-state fractions for the outgoing fragments with those obtained
by experiments. The simulated charge-state fractions for the He fragments is shown in Fig.6-2. The
agreement between th~ experimental and simulated fractions is fairly good. The charge-state fraction
is insensitive to the cross section, because charge-state equilibrium is almost attained. In the
simulation, most of the H fragments reflected at the angle of specular reflection were H+.


6.5.4 Interpretation of energy separations obtained by the simulation
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 fez (~; X, q1' q2» from the nucleus of
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fragment Heq
1+ to that of Hq2+ when the CM of the fragments is at (x, z) on a trajectory z (~; x, %'


Q2)' where ~ is the initial internuclear vector and the x-axis and the z-axis are parallel to the beam
direction and the surface nonnal respectively. The interaction potential between the fragments depends
on the charge-states and is expressed by U12 (r(z». Charge-states of the fragments change along the
trajectory, and probabilities of fmding Heq1+ and Hq2+ fragments at (x,z) on a trajectory z (~; x, %'
Q2) are expressed by Fl(X,~) and G2(X,~), respectively. These probabilities at x = eo for fragments
averaged over randomly oriented ~ are the simulated charge-state fractions.


For the incidence of HeH+ ions having an initial internuclear vector ~, the mean kinetic energy
in the CM frame, UCM' of H+ fragments at x = eo is expressed as,


UcJl.,~= f L [-~ aU12(Ir(z) I) +W
12


(r(Z»]
traf/l.q2 M alfl (4)


F ( -:'\G ( -:'\ dlr(z) I dzdxx 1 x,r()I 2 x,r()I ,
dz dx


where fl is the reduced mass of He-H system, M is the mass of H+ and W12( i(z» is the force due
to the surface-wake acting on Hq2+ expressed in the CM system. Substituting this UCM(~) in Uc in
eq. (3), we obtain the energy separation ~E(~) for the HeH+ ion with initial internuclear vector ~.


The energy separation obtained in the simulation is the average of ~E(~) over randomly oriented
~. 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.
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Fig. 6-10 Dependence of the
simulated energy separations on the
assumed cross section for excitation to
the a3 ~>, A1L: + and Is a states. The
surface-wake potential was not used in
this simulation.
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The effect of the wake potential on the energy separation depends on the internuclear distance
r(z) of the fragments interacting with surface and the wavelength A (roughly 23E/1Z A, where E i is
given in MeV) of the wake potential. For internuclear distances smaller than A/4, the wake force
is repulsive and increases the energy separation. If the internuclear distance is larger than A/4, the
wake force decreases the energy separation. The energy separation simulated without wake potential
is shown in Fig.6-10 at 2.0 MeV HeH+ incidence with ei =3.5 mrad. Comparison between Fig.6-7
and Fig.6-10 shows that the wake potential reduces the energy separation. The effect of the wake
potential depends on the excitation cross section. For the best-fit cross sections, it can be seen that
the wake potential reduces the energy separation to about 0.9 times that calculated without wakes.


6-6 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 MeV 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 fragment of a pair. The measured energy separations and
charge-state fractions are reproduced by the computer simulation. An estimation of the cross section
for dissociation of HeH+ ions in collisions with electrons of surface is carried out. The estimated cross
section is of the order of 10-16 cmZ and comparable to the electron impact dissociation cross section
for Hz+ ions.
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Chapter 7


Energy loss of H+ fragments arising from dissociation of fast Hz+ions


under glancing-angle incidence on SnTe (001) surface


Abstract


Energy losses of H+ fragments repelled parallel and anti-parallel to the beam direction at the
dissociation are measured for glancing-angle incidence of 0.15 - 0.6 MeV/amu Hz+ 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 Hz+ are calculated at the glancing-angle scattering. The contribution
of single electron excitation to the energy loss of the pair is calculated with harmonic oscillator model
[ Basbas and Ritchie, Phys. Rev. A 25 (1982) 193 ] and that of collective excitation by the
superposition of surface-wakes of two· protons. The calculated energy losses of the reflected pairs of
protons fairly agree with those measured.


97







7-1 Introduction


The investigations for dissociation of energetic molecular ions incident on a solid are of
considerable importance in a number of applications, e. g., cluster fusion and cluster ion deposition.
When a MeV or sub-MeV H2+ molecular ion impinges on a foil, a binding electron of the H/ is
stripped off rapidly by a collision with target atom, and the remaining two protons dissociate via
mutual Coulomb force iIi. the solid. This is referred to as " Coulomb explosion ". The LAB (
laboratory system ) velocities of fragments shift from the velocity of incidence due to the Coulomb
explosion. Since the velocity-shift is a function of the angle between the molecular axis and the
incident beam direction, the H+ fragments arising from breakup of randomly oriented H2+ ions form
a ring pattern in the joint distribution in energy and angle.1,2)


The energies of the two fragments arising from break up of a MeV H2+ ion in a foil, whose
molecular axis tilts by angle e with respect to the beam direction, are given by


(1)


where EL and ET are the energies of the leading and trailing fragments, respectively, Mp is the proton
mass, V is the projectile velocity, /1v is the asymptotic CM ( center of mass system) velocity of the
fragment acquired by the Coulomb explosion and /1EM = /1EL + /1ET is the energy loss of the pair
of fragments. For MeV ~+ projectiles, V is more than 100 times larger than /1v.


Since the work by Brandt, Ratkowski and Ritchie3
), it has been known that the energy loss of the


pair is not given by twice that of the individual proton. This non-linearlity arises from so called 11


vicinage effect ", where the stopping power for the pair of protons differs from twice the stopping
power for individual protons due to the superposition of wake potentials induced by both fragments.
Following the study, several experimental and theoretical studies have been performed.4


-
17) In the


theoretical studies, the vicinage effect has been treated as a result of interference in excitations of
target due to the closeness of the fragments. The interference occurs not only in collective plasmon
excitation but also in excitation of single-electron in inner-shell orbital of a target atom and those
excitations cannot be discerned experimentally.13-17)


At glancing-angle incidence of a MeV H2+ ion to a single crystal surface, the projectile
dissociates to a pair of fragments at a few A from the surface atomic plane. As the pair approaches
to the surface, the internuclear distance becomes large and the axis connecting the fragments becomes
almost parallel to the surface.18,19) For the stopping power of the surface for the pair of fragments, the
vicinage effect may be observed. The vicinage effect may depend on the internuclear vector between
the fragments. The effect would also depend on the distance from the surface. Thus one may expect
to study the dependence of the vicinage effect on the distance from the surface by the energy losses
of the fragments measured at glancing-angle incidence.


In this chapter, the energy losses of the specularly reflected leading and trailing H+ fragments at
glancing-angle incidence of 0.15 -0.6 MeV/amu H/ ions on a clean SnTe (001) surface are
measured at various angl.es of incidence less than 12 mrad. The energy losses are compared with those
of H+ ions at H+ incidence with the same velocity. The energy losses are calculated by using a
classically obtained stopping power and approximated trajectories of fragments. From the calculated
stopping power for a pair of fragments, the dependence of the vicinage effect on the internuclear
distance and the distance from the surface atomic plane is discussed. The calculated energy losses are
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compared with the experimental ones.


7-2 Experimental procedure


The main part of the experimental setup is described in chapter 220
,21), so the experimental


procedures are briefly mentioned here.
The 0.15 - 0.6 MeV/amu H/ ions from the 4-MV Van de Graaff accelerator of Kyoto university


were collimated to have maximal angular divergence of 0.1 mrad and incident on a clean (001)
surface of SnTe with glancing-angles of incidence less than 12 mrad. The SnTe, which is a narrow
gap semiconductor of NaCI type crystal structure with a lattice constant 6.32 A, is prepared by in situ
evaporation on a KCI (001) surface under a 10-10 Torr-UHV ( ultra high vacuum) condition. The
azimuthal-angle of incidence was carefully adjusted in order to avoid surface channeling of the ions.
Neutral fraction of the reflected fragments was less than 10-2


•


1000 r----.--.----,----.----,--..-,.....---,---.-----,----,
0.2 MeV/amu H~ on SnTe (001)


800 • : 81 = 6 mrad
<I.l


Fig. 7-1 An example
....


8 = 12 mrad= TrailingQ,l


of energy spectra of the e , '" : Incident Fragments
l)f) .I!H+ fragments arising from = 600.:: ~Cdissociation of 0.2 +


MeV/amu H2+ ions at the l:Il t , Central


"'" 400 Leading '". SnTe (001) surface. The 0


" \;.,,*,.;liI,~\
~


'"angle of incidence is 6 "0 • ",'"


~ .,
'"mrad and the angle of ~ 200 :- '"'"scattering is 12 mrad. The '"'"energy spectrum of the


incident fragments arising 0
from dissociation in 190 195 200


collisions with residual gas Energy (keV)


molecules is also shown.


The energy spectra of H+ fragments scattered in the scattering plane ( the plane containing the
incident beam direction and the target normal ) ~t the angles for specular reflection, which are twice
the angles of incidence, were measured by a 90 -sector-magnetic energy analyzer. The acceptance
angle of the aperture placed before the analyzer was ±0.1 mrad. The ion detector was MCP-PSD (
micro-channel plate position-sensitive detector) and the position spectra on the PSD were collected
in MCA (multi-channel analyzer). The energy resolution !1E/E of the analyzer was about 10-3


• We
could not find anomalous electric signal from the PSD due to the simultaneous hit of two protons.
This suggests that the observed fragments are single ones of the pairs and that the angular deviation
due to multiple small-angle scattering during the glancing-angle scattering is too large compared with
the acceptance angle of the magnetic analyzer, ±0.1 mrad, to detect both fragments of the pairs.
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Fig. 7-2 Measured
energy losses of the H+
fragments as functions of
the angle of incidence of
projectiles. For
comparison, the energy
losses of H+ ions at the
incidence of individual H+
ions are also shown. The
lines are calculated energy
losses for the individual,
leading and trailing H+,
where the square of the
effective charge of Hz+


ions is Zef/ = 1.4. (a)
shows the results for 0.2
MeV/amu ions and (b)
shows those for 0.4
MeV/amu ions.


The energy losses of the fragments were determined by the shifts of the peak positions of the
fragments in the energy spectra from that of the half energy of the incident Hz+ ions, which was
de!ermined by the following way: Having removed the target crystal from the beam, and rotating the
90 analyzer to detect the incident beam of ions, the energy spectrum of incident ions was measured
( an example of the energy spectra is shown by triangles in Fig.7-1 ). Three peaks of H+ ions were
observed in the energy spectrum in addition to the peak of Hz+ ions, which were due to the H+
fragments of Hz+ formed by the dissociation in collisions with residual gas molecules in the beam
transport. The three-peak structure is characteristic to the energy spectrum of fragments at Hz+-gas
collisions. 22


) Although the yields of 'these peaks were negligibly small compared with that of the
undissociated Hz+ions, the half-energy of the incident Hz+ions was determined from the central peak.


In order to compare the energy loss of the fragments with that obtained at H+ ions incidence, the
similar experiment was performed at the incidence of 0.15 - 0.6 MeV H+ ions on the same surface.
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Fig. 7-3 The sum
of energy losses of the
leading and trailing
fragments and their
ratio to twice the
energy loss of
individual H+ ions. The
symbols are the
experimental results
and the lines are
calculated ones, where
the square of the
effective charge of Hz+


ions is zei' = 1.4. (a)
shows the results for
0.2 MeV/amu ions and
(b) shows those for 0.4
MeV/amu ions.


7-3 Experimental Results


An example of the energy spectra of H+ fragments scattered from the surface of SnTe obtained
at the 0.2 MeV/amu Hz+ ions incidence with 6 mrad is shown by closed circles in Fig.7-1. Two peaks
which correspond to the leading and trailing fragments are seen in the energy spectrum. The yield of
the trailing H+ fragments is larger than that of the leading H+ fragments. This represents an effect of
surface-wake induced by the fragments. 23


) In the energy spectrum of the incident fragments shown
by triangles, two peaks are also seen. The higher energy peak at 200 keV is the central peak and the
peak at 198 keV is the lower-energy outer-peak that corresponds the trailing fragments arising from
the collisions of Hz+ projectiles with gases. The higher-energy outer-peak is not shown in the figure.


The energy losses of the leading and trailing fragments are obtained from the peak energies of
the energy spectra of scattered fragments relative to that of the central peak of the incident fragments
shown in Fig.7-1. The examples of the energy losses are shown in Fig.7-2 as functions of the angle
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1


of incidence; (a) shows the energy losses for 0.2 MeV/amu ions incidence and (b) shows those for
0.4 MeV/amu ions incidence. For comparison, the energy losses of H+ ions measured at H+ incidence
are also shown. These energy losses were measured for a few times with some samples and averaged.
The errors were estimated to be ± 0.2 keV, which may arise mainly from the measurements of the
energies of the incident beams. It can be seen in Fig.7-2 that the energy losses of the fragments do
not so much depend on the angle of incidence. The independence is also observed for the energy
losses of H+ ions shown in the figures.
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Fig. 7-4 Incidence-energy dependence of the sum of energy losses of the leading and
trailing fragments and their ratio to twice the energy loss of individual H+ ions. For
comparison, the energy losses of H+ ions at the incidence of individual H+ ions are also
shown. Symbols show experimental data averaged· for the angle of incidence 0.3 () cr < () i


< 0.5 () cr and lines show the calculated ones averaged for the same region, where () cr =
7.65 E p- l12 (mrad) and Ep is the incident energy per proton in MeV. .


Fig.7-3 shows the sums of the energy losses of the leading and trailing H+ fragments and the
ratios of the sum of the energy losses of the fragments to twice the energy loss of individual H+ ions.
Fig.7-3 (a) shows for 0.2 MeV/amu ions and Fig.7-3 (b) shows for 0.4 MeV/amu ions. The sums
of the energy losses of the fragments are about ( 1.05 - 1.15 ) times larger than twice the energy
losses of the individual H+ ions. The ratios are almost independent of the angle of incidence for the
both incidence energies. Fig.7-4 shows the incidence-energy dependence of the energy losses and
the energy-loss ratios. The shown energy losses are averaged ones for a range of the angle of
incidence, ( 0.4 ± 0.1 ) x () cr' where () cr is the characteristic planar channeling angle for protons
between (001) planes of SnTe.2A


) The energy-loss ratios shown aretaken between the averaged energy
losses. The energy losses' and ratios do not depend on the energy of incidence within the experimental
errors.
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Fig. 7- 5 Energy
separation between the
leading and trailing H+
fragments. The closed
symbols are the
experimental ones and the
lines show the calculated
ones. The dotted line is
for free Coulomb
explosion, the dashed line
is that obtained by the
trajectory calculation using
the 2s a g state for the
initial excitation and the
solid line is a result
calculated by eq. (23). In
the calculation of eq. (23),
we have used Llv( ei)


. obtained from the dashed
line and LlEp( eJ obtained
by the energy loss
calculation. (a) shows the
results for 0.2 MeV/amu
H2+ ions and (b) shows
those for 0.4 MeV/amu
H2+ ions.
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The energy loss differences between the leading and trailing H+ fragments ( energy separations
) for the incidence of 0.2 MeV/amu and 0.4 MeV/amu H/ ions are shown in Fig.7-5. The energy
separations are smaller than those calculated by eq. (1) introducing e =0 and Llv obtained by the
Coulomb explosion in a free space, which are shown in the figure by horizontal dotted lines. The
reduction of the energy separations has been also observed for HeH+ projectiles as described in
chapters 4.......,6. 19


,23,25) The incidence-energy dependence of the energy separation is shown in Fig.7-6.
The closed circles are the averaged ones for the same range of the angle of incidence with Fig.7-4,
where the energy separations for all incidence-energy investigated do not depend on the angle of
incidence. The dotted curve is the calculated one by eq. (1) introducing e =0 and Llv obtained by
the Coulomb explosion in a free space. The measured values are smaller than the calculated one.
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7-4 Theoretical stopping power of SnTe (001) for a MeV proton


Before discussing the energy loss of a pair of protons resulting from the dissociation of H2+, we
fIrst calculate the position-dependent stopping power for specularly reflected MeV single proton at
the (001) surface of SnTe. We consider a Cartesian coordinate frame fIxed with respect to the surface
of crystal, where the xy-plane is parallel to the surface and the z-axis is parallel to the surface
normal. The total stopping power of the surface for a proton moving parallel to the surface at the
distance from the surface atomic plane, z, is written by


Sp (z) =S; (z) + S;(z), (2)


where SpS(z) is the stopping power for a proton due to single-electron excitation of a target atom and
SpC(z) is that due to collective excitation of the surface electrons.


The stopping power due to single-electron excitation is calculated by the following method by
Basbas and Ritchie15


). We fIrst consider the collision of a proton moving with velocity Vparallel to
the x-axis and a single-electron atom, where the electron is harmonically bound to the nucleus.
Assume that the proton is deflected only slightly in the collision, the equation of motion of the
electron is given by


m_d2_, + m<..>2,=v~[__e_2__ ]
dt2


r 1'- Vt - b I '
(3)


-
--
l: 6o


:;:;
ctl...
ctl


g. 4
(J)


>-
~
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Fig. 7-6 Incidence-energy dependence of the energy separation. Symbols show
experimental data averaged for the angle of incidence 0.3 ecr ;;;;; ei ;;;;; 0.5 ecr' The dotted
line is the calculated one for free Coulomb explosion and the solid line is the calculated
one using eq. (23), which is averaged for the same region of the angle of incidence.
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where m is the electron mass, b is the impact parameter of the collision and the electron is bound
to the nucleus with angular frequency w. When b is larger than r, the variation of electric field on
the position of the electron may be neglected, and the energy transfer from the proton to the atom
after the collision is obtained as26


)


L
2


(4)


where if= w/Vi + (j, i is the unit vector along the x-axis and (j is the wave vector transfer in the
yz-plane. According to Basbas and Ritchie, the upper limit of the integration with respect to (j in
eq. (4) is


kmax = 2mV/li. (5)


They integrated 0Ep(b) term of eq. (4) over band (j and obtained stopping cross section of the
electron for a proton. Since we are interested in the impact-parameter dependence of the energy
transfer in this chapter, integration of the energy transfer in eq. (4) over (j only is carried out as


where Jo and J1 are the O-th and 1st order Bessel function of the 1st kind. The right hand side of eq.
(6) is a function of w, thus OEp(b) is denoted by OEp(w;b) in the following.


This atomic model is generalized to the one consisting of Z(A) harmonically bound electrons with
the i-th electron having oscillator strength h and resonant frequency Wi' Since the electrons in the
atom are assumed to be mutually independent harmonically bound classical electrons, h may be set
equal to unity.27) Then introducing nj , which is the number of electrons having the resonant frequency
W j in the j-th shell, and the oscillator strength ~ =n/Z(A) corresponding to this transition, the energy
transfer expressed by eq. (6) can be written by


OE~A)(b) = Z(A) E fj oEp(w
j


; b),
j


(7)


where the superscript (A) denotes the atomic species and the summation is carried out for electronic
shells, where the electrons can be excited, i.e., kmax~ W /V.


Now consider a surface of a single crystal, which is parallel to the xy-plane. For a proton moving
parallel to the x-axis over the surface, the energy loss per unit path length due to single-electron
excitations of the surface atoms is defined by


s; (z) =E N(I.) f 0 E~A) (b) dy,
A _00


(8)


where MA
) is the areal density of A atomic species on the surface and b = (y2 + Z2 )1/2. Note that


integrating eq. (8) over z and divided the result by interplanar distance of the target crystal, the
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(9)


random stopping power of the target for a proton which corresponds to the nonrelativistic form of the
Bethe stopping power formula is obtained.15)


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


c acj)p(f) .
Sp(z)= e a 1.%=0 y=O z=z 'IX ••


where if>p(f) is the surface-wake potential induced by the proton moving at (0,0,z) parallel to the
surface of a semi-infinite homogeneous medium. The analytical formula for if>p(f) is expressed by
introducing Z =1 in eqs. (38) and (39) in chapter 1.23


,28,29) .


Substituting the formula into eq. (9), the stopping power of the surface due to the collective
excitation for a proton moving at the distance z from the surface atomic plane is obtained as


(10)


where the distance z' is measured from the surface of valence-electrons of the solid, W p and w. are
the bulk- and surface-plasma angular-frequencies, VF is the Fermi velocity of solid electrons and
8(-z') is the unit step function, which shows that the second term is needed when the proton is inside
the valence-electrons of the solid.


In calculation of eq. (8), wj was approximated by CJ>j=ljl'h where ~ is the ionization energy of
the j-th shell electrons of the Sn and Te atoms?) We have succeeded in explaining the energy loss
of specularly reflected ion by choosing the surface of the valence-electrons at 0.5 ML ( 1.58 A )
outside from the center of the (001) surface atomic plane.31


) The plasmon frequencies w. and wp and
the Fermi velocity VF of SnTe, calculated by the density of valence ( 5s and 5p - shell ) -electrons
of 5 electrons/atom, were successful in the analysis. 23


) With these parameters and the use of eqs. (2),
(8) and (10), the total stopping power Sp(z) of the (001) surface of SnTe is calculated.


The result of calculation for a 0.2 MeV proton is shown in Fig.7-7 as functions of the distance
from the surface atomic plane, where the stopping power due to single-electron excitation, that due
to the collective excitation and the total stopping power are shown. The stopping power due to
single-electron excitations has oscillatory structure, which is due to the oscillation of the Bessel
functions in the energy transfer expressed by eq. (6) and its period is mainly determined by Qm(wJ
The Qm(wj)'s are almost independent of the shells ( e.g., 10.2 A-1 for 4s-shell electrons and 10.7 A-1
for 5p-shell electrons in the Sn atom ), thus the oscillation in the energy transfer is not smeared by
the summation over shells. The oscillations remain in the stopping power of eq. (8) obtained by the
integration of the impact-parameter dependent energy transfer. The stopping power due to single
electron excitation becomes smaller as the distance from the surface becomes larger. While the
stopping power due to collective excitation becomes dominant as the distance becomes large. The
experimental stopping power shown in Fig.7- 7 was that obtained from the measured incidence-angle
dependence of the energy loss of protons shown in Fig.7-2(a). The detail of the derivation of the
stopping power from the energy loss data has been shown in ref. 31. It can be seen that the
theoretically obtained total stopping power agrees with the experimental one within a factor about
two.


The calculated energy loss of an individual proton obtained by the integration of the stopping
power along trajectories of protons scattering at glancing-angle incidence on the surface is shown in
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Fig.7-2. Here the trajectory of the proton is calculated under the surface continuum potential derived
from the Moliere approximation for the screening function of Thomas-Fermi type. The experimental
results for the individual proton are fairly reproduced by the calculation for both energies of
incidence. The maximal deviation between the calculated and experimental ones is about 20 %.


Fig. 7-7 Calculated results for
stopping powers for 0.2 MeV proton as
functions of the distance from the
surface atomic plane. The ionization
energies of Sn atom used in the
calculation are 9.761, 7.060, 2.5262,
0.9192, and 0.4370 in Rydberg for 4s,
4p, 4d, 5s, and 5p electrons,
respectively. Those of Te atom used are
11.899, 8.921, 3.8208, 1.2594, and
0.6328 in Rydberg for 4s, 4p, 4d, 5s,
and 5p electrons, respectively. The
areal density of the target Sn and Te
atoms, NSn) ::; NfTe) ::; N, is 0.0504 A-2,


bulk- and surface- plasma angular
frequencies are 2.19 X 1016 and 1.55
X 1016 sec-I, respectively and Fermi
velocity VF::; 1.89 X 106 mls. For
comparison, stopping power obtained
from experimental energy-loss data for


. 0.2 MeV protons is also shown.
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The calculated incidence-energy dependencies of the energy loss of a proton is shown in Fig.7-4,
which is averaged in the same region of the angle of incidence with the experimental one. The
agreement between the calculated energy loss and experimental one is good at the incidence energy
less than 0.4 MeV/amu. However, the calculated energy loss decreases as the energy of incidence
becomes larger than 0.5 MeV/amu. This decrease is related to the atomic shells of electrons which
can be excited in eq. (7). The 3s, 3p and 3d shell electrons of Sn and Te atoms become to be excited
as the energy of incidence increases from 0.2 MeV/amu to 0.5 MeV/amu. However no additional
electron becomes to be excited as the energy of incidence increases from 0.5 MeV/amu to 0.7
MeV/amu. Thus according to the explicit velocity dependence of the energy transfer described by eq.
(6), the calculated stopping power decreases with increasing energy of incidence.


7-5 Theoretical stopping power of SnTe (001) for a pair of MeV protons


Although we have not succeed to detect well-aligned pairs to the beam direction in the present
experimental conditions, where fragments scattered only at the angle for specular reflection are
measured, our theoretical treatment is only for the pair whose internuclear vector is aligned to the
beam direction. This treatment is based on next two assumptions: The first is that the fragments
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measured at () =2 () i are ones arising from pairs whose internuclear vectors are parallel to the surface,
where () is the scattering-angle measured in the xz-plane perpendicular to the surface. The second
is that the fragments measured at ¢ =0 are ones arising from pairs whose internuclear vectors are in
the xz-plane, where ¢ is the scattering-angle measured in a plane parallel to the surface. A
discussion concerning these assumptions will be carried out in section 7-8.


In analogy with eq. (2), the total stopping power for a pair of protons moving parallel to the
surface at the distance from the surface, with the internuclear distance r, is written by


(11)


(12)


(13)


where SM8(r,z) is the stopping power for a pair of protons due to single-electron excitation of a target
atom and SMC(r,z) is that due to collective excitation of the surface electrons.


The stopping power for a pair of protons due to single-electron excitation is also calculated by
the theory of Basbas and Ritchie. 15


) At the collision of a pair of protons aligned to the beam direction
and a one-electron atom introduced in the previous section, the equation of motion of the electron
must contain an additional term e2/lr-Vt-6-rxl on the right hand side of eq. (3), where the last r
is the internuclear distance since the impact parameter of the proton-atom collision is the same for
the two protons. The energy transfer to the atom from the pair of protons becomes


5EJJ CJ) ; r, b) =2 ( 1 + cos ( ~) ) 5Ep ( CJ) ; b) ,


where oEp(W;b) is the energy transfer from a proton to the atom given by eq. (6). The energy
transfer 0 EM( W ;r,b) from the pair of protons at the collision with the atom consisting of Z<A)
harmonically bound electrons is


6Ej;"( r,b) = 2 ZlAl ~ .Ij ( 1 + cos ( ",~r ) ) 6Ep ( "'j; b).


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


s~ (r, z) =E N(A.) J5 E~) ( r, b ) ely.
A _00


(14)


The stopping power due to the collective excitation of valence-electrons at the surface for the pair
of protons moving at the distance z from the surface atomic plane is given by


(15)


Substituting the formula for wake potential ¢ p( r ) into eq. (15), the contribution due to the
collective excitation to the stopping power for the pair of protons moving at the distance z from the
surface atomic plane is obtained as
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(16)


With the parameters used in section 7-4, eqs. (14) and (16) are calculated and the total stopping
power for a pair of aligned protons, SMV07), is obtained by eq. (11). It must be noted from eqs. (14)
and (16) that SM(r,z) = 4Sp(z) and SM(r,z) = 2Sp(z), when r=O and r=oo, respectively.


0.2 MeV/amu H;
on SnTe (001)


Fig. 7-8 The stopping
powers for a pair of the leading
and trailing protons with the
internuclear distance of 1 A, 2
A, 5 A and 10 A for the
incidence of 0.2 MeV/amu H2+


ions. For comparison twice the
stopping power for individual
proton is also shown.
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Figure 7-8 shows the total stopping powers calculated for a pair of the protons aligned to the
beam direction with the internuclear distance of 1, 2, 5 and 10 A. For comparison, twice the total
stopping power for the individual proton is also shown. The stopping powers for the pair of fragments
are different from twice the stopping power for the individual proton. The difference depends on the
internuclear distance of the pair of protons due to the cosine terms in eqs. (13) and (16). Further the
difference depends also on the distance from the surface, where the difference decreases as the
distance from the surface decreases. The dependence on the distance from the surface is also related
to the cosine terms. The cosine terms which have different W j become to superpose by the summation
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as the distance from the surface decreases.
The dependence of the ratio of the stopping powers for a pair of protons to that for individual


proton on the internuclear distance (r ) and the distance from the surface (z) is shown in Fig.7-9.
The contour map of the ratio in the r - z plane is also shown at the bottom of the figure. At the
distance from the surface larger than 2 A in Fig.7-9, the ratio monotonously oscillates along the r
axis. Here the stopping powers due to excitations of the surface-wake and electrons in the 5s and 5p
shells of Sn and Te atoms are dominant. The oscillation corresponds to superposition of cos(W{IV)
in eq. (13) for the 5s and 5p electrons and cos(WEIV) in eq. (16). The wave-length of the resultant
oscillation is close to the wave-length of the surface-wake, 2J[Vlw., which is 24 A for 0.2
MeVlamu ions. At the distance from the surface smaller than 1 A, the ratio has complicated
oscillatory structure around unity. Here the stopping power is mostly determined by the excitations
of the 4s, 4p and 4d electrons of Sn and Te atoms. The oscillation of the ratio corresponds to the
superposition of cos(W{IV) for these excitations. Because the frequencies for these excitations are
large compared with those for surface plasmon excitation, the wave-lengths of the oscillations are
small compared with that of the surface-wake.


0.2 MeV/amu H~ on SnTe (001)


o


Fig. 7-9 Ratio of the calculated stopping powers for a pair of protons to twice that of
the individual proton as a function of the internuclear distance between them and their
distance from the surface atomic plane. The energy of incidence of projectiles is 0.2
MeV/amu.
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7-6 Energy losses of reflected fragments at MeV H/ incidence


7.6.1 Dissociation of Hz+ during glancing-angle scattering
The energy loss of a pair of the fragments is calculated by integrating the stopping power along


the ion-trajectory, whose initial internuclear distance, Yo, was assumed to be 1.25 A.3Z
) Thus, a model


for the trajectory, which gives the internuclear distance as a function of the distance from the surface,
is needed for the calculation of the energy losses. Here the trajectories of the pairs of fragments
aligned to the beam direction are approximated. The procedure of the trajectory-calculation, which
revises the trajectory simulation for MeV HeH+ incidence shown in chapter 5, is as follows:


Now assume that the center of mass of Hz+ is on a trajectory z(x), which is defined by the angle
of incidence of Hz+ to the surface and the surface continuum potential described by the Moliere
approximation for the screening function of Thomas-Fermi type. The dissociation of Hz+ into H+ and
~ occurs by the excitation which is caused by the collisions of the projectile with electrons at the
surface. The survival probability, p.(z), of the Hz+ ions in collisions with the electrons was given by


(17)


where the curvilinear integral is performed along the trajectory z(x), a D is the dissociation cross
section of Hz+ and n(z) is the electron density outside the surface atomic plane, which is calculated
from the surface continuum potential. For convenience of the following calculation, we assume that
all Hz+ dissociate into H+ and ~ when the exponent of eq. (17) is -1. Thus the position ZD(XD) of
dissociation of Hz+ is defined by


ZD(XD )


(JD J n(z)tIs=l.
traj:x=-oo


The position zdxJ for ionization of~ fragment is determined by the same procedure as


ZL(XL)


(JL J n (z) tIs = 1,
troj :Z=ZD


(18)


(19)


where the integral is along the trajectory and a L is the electron-loss cross section of ~ at the
collisions with electrons.


For the dissociation cross section, a D' we chose the proton production cross section measured
at the electron impact on Hz+with the collision velocities equal to the present experiment; e.g., aD
= 1.9 X 10-16 cmZ and 1.6 X 10-16 cmz for 0.2 MeV/amu and 0.4 MeV/amu Hz+, respectively.33)
Similarly, we chose the electron-loss cross section, a L' for the ~; e.g., a L =0.6 X 10-16 cmZ and
0.4 X 10-16 cmZ for 0.2 MeV/amu and 0.4 MeV/amu, respectively.35)


The obtained distances from the surface, where the excitation of H/ and electron-loss of ~
fragments take place are shown in Fig.7-10 for the incidence of 0.2 MeV/amu H/ ions. Both
distances slightly decrease as the angle of incidence increases. The distances are comparable to our
earlier estimates18.19.Z3,25) and they are comparable to the distance from the surface where the charge
exchange collisions occur frequently.36) The fragments approach to the surface atomic plane and are
repelled from the surface repelling each other due to the interaction potential of the excited state when
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one of the fragments is If!, and due to the bare Coulomb potential when both the fragments are H+.
The closest approach is shown in Fig.7-10 for comparison with the distances for dissociation and
ionization.
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Fig. 7-10 Distances from the surface atomic plane where the dissociation of Hz+ and
ionization of If! fragment take place for the incidence of 0.2 MeV/amu Hz+ ions. The solid
lines show the results calculated from electron density distributions obtained from the
Moliere approximation of the Thomas Fermi potential, where the Thomas-Fermi screening
radius for the proton-SnTe collision is 0.126 A, and the dotted lines show those from the
electron distributions obtained by Hartree-Fock calculation of single Sn and Te atoms. The
closest approach to the surface atomic plane is also shown for comparison.


7.6.2 Energy loss of a pair of aligned fragments
The energy loss of a pair of the fragments was calculated by integrating the stopping power for


the fragments along the trajectory of the pair as,


~EM =z:u[...I_.sp (z) d'1 + ...,L,sp (z) d'1] + ~L"SM(r ,z)ds, (20)


where Zeffz is the square of the effective charge of the molecular Hz+ ions and the stopping powers for
the Hz+ ions in the ground state and excited states are approximated by zeiSp(z). Since the stopping
powers shown in Fig.7-8 become larger as the distance from the surface decreases and the electron
loss of the If! fragments occurs at larger distances compared with the closest approaches to the surface
as shown in Fig.7-10, the stopping powers for the molecular ions contribute only less than 10 % of
the total energy loss. For the square of the effective charge of the ground state Hz+ ions, one
experimental datum for 9.6 MeV/amu Hz+ ions in carbon foils3


7) and a theoretical prediction by
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Kaneko for H2+ ions in our energy region16
) can be referred. The measured squares of the effective


charge for H/ ions in carbon foils and calculated ones for carbon, Al and Kr targets were compiled
to be 1.4 ± 0.1. 16


,37) Thus Zef/ = 1.4 is used in the present calculations.
The calculated results for the energy losses of a pair of fragments are shown in Fig.7- 3. Although


the internuclear distance at the surface depends slightly on the excited state selected ( e.g., the 2s a g


or 2p a u states ), the resulting difference in the energy losses is negligible. The shown results are
calculated using the 2s a g state for the excited state. The agreements between the measured sums of
the energy losses and the theoretical ones for the pair of protons are good for both incidence-energies.
The maximal deviation between the calculated and experimental ones is about 15 % except at the
largest angles of incidence. The calculated energy-loss ratios are also shown in Fig.7-3. The
calculated ratio agrees well with the experimental one for 0.2 MeV/amu ions but it is slightly larger
than the experimental one for 0.4 MeV/amu ions.


Fig.7-4 shows the calculated incidence-energy dependence of the energy loss of a pair of protons
and of the energy-loss ratio. The calculated results of the ratio are almost independent of the energy
of incidence. The independence is consistent with experimental one, however, they are slightly larger
than the experimental ones.


7-7 Correction of multiple small-angle scattering


The energy loss differences between the leading and trailing fragments ( energy separation,
Esep( ()) ) shown in Figs.7-5 and 7-6 are smaller than those calculated by eq. (1) introducing 8=0
and Llv obtained by the Coulomb explosion in a free space. In Fig.7-5, the energy separations
obtained by the present trajectory calculation using the 2s a g state for the initial excitation of H2+ions
are shown. Although the calculated energy separation slightly depends on the angle of incidence, they
are nearly equal to the Coulomb value. This shows that the calculated energy separation does not
depend on the.initial excited states. Thus the experimental energy separation cannot be explained by
choosing the states.25


)


For the trajectory-simulation of the glancing-angle incidence of MeV HeH+ on SnTe shown in
chapters 5 and 6, the calculated distributions of H+ fragments are convoluted with a three dimensional
Gaussian distribution in (), ¢ and E in order to take into account the multiple scattering and the
energy resolution of the analyzer. In the simulation, the energy separation was hardly reduced by the
convolution, because the distributions of H+ fragments arising from HeH+ were rather wide compared
with those of the Gaussian distribution. For H2+ projectiles, the angular spread by the Coulomb
explosion is comparable to FWHM ( full width at half maximum; 3 '"'"'5 mead) of the angular
distribution of fragments caused by multiple small-angle scattering. Thus it is possible that the
multiple scattering reduces the energy separation. Instead of the three dimensional convolution used
for the simulation in the previous chapters, we have calculated the energy separation taking into
account the multiple scattering as follows:


1) The internuclear vectors connecting the exploding fragments become parallel to the surface due
to the effect of the surface continuum potentia1. 18


) Roughly, all of the fragments detected at the angle
for specular reflection are assumed to be arising from pairs whose internuclear vectors become parallel
to the surface after dissociation starts. Thus before taking into account the multiple scattering, the CM
velocity of fragments perpendicular to the surface is neglected and consider only the CM velocity
parallel to the surface. The components parallel and perpendicular to the beam direction of the CM
velocity acquired by fragments can be written by 11v( () )cos ¢ 0 and Llv( () )sin ¢ 0' respectively, where
Llv( () ) is the CM velocity of a fragment acquired by dissociation and ¢ 0 is the angle between the
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molecular axis and incident beam direction measured in the plane parallel to the surface.19
,23,Z5)


2) The scattering-angle () - and if> -distributions are smeared by Gaussian distribution due to the
multiple scattering. Applying the impulse approximation and neglecting the scattering geometry with
respect to the surface to calculate the standard deviation of the Gaussian distribution, the standard
deviation is given by,


(21)


(22)


where !::..Ep( () J is the energy loss of a proton and Ep is the incidence-energy per proton. Here the
correlation of the two fragments during the scattering is also neglected, since it is expected to be
minor effect.38,39,40)


3) The detection probability of the fragments arising from Hz+ ions whose molecular axes are
tilted by angle if> 0 with respect to the incident beam direction is given by,


P (0. .I. ) = 1 "J°ll'v dV 2J"d r e [_ [av (OJ) sinello + vp cos~:f + [ Vpsin~ ]2]
I' '1'0 .~ 2 P P .. xp .~ 2 '


1t v- a(Oj) 0 0 Y- a(Oj)


where () w is the experimental detection angle, which is 0.1 rnrad, Vp is the velocity of fragments
perpendicular to the incident beam direction acquired by the multiple scattering and f is the angle
between Vp and crystal surface. Here the asymptotic eM velocity of fragment acquired by the
dissociation is treated as a function of () i'


4) The final mean energy separation can be written as,


rcl2


aE (OJ) :: 2 Mp Vav(Oj) fD ( ~o) p ( OJ' ~o) cos~o d ~O'
o


2
D ( ~o ) d~o =- d~o'


1t


(23)


(24)


where D( if> 0) is the initial distribution function of the pair whose angle of the axis with respect to the
incident beam direction is between if> 0 and if> 0 + d if> o.


The calculated energy separations for 0.2 and 0.4 MeV/amu H/ ions incidence are shown in
Fig.7-5. The agreements between the experimental and calculated ones are good except at the angles
of incidence larger than 8 rnrad at 0.4 MeV/amu Hz+ ions, where the multiple scattering due to
collisions with thermally vibrating atoms can not be neglected.41


)


The if> o-distribution of the pair whose one fragment is detected, D( if> 0)P( () i' if> o)d if> 0' is not
sharply peaked at if> 0 =O. However, it was found from the calculation that more than half of the
detected fragments are arising from if> 0 less than 15 degree. Applying the stopping power for aligned
pairs, the energy losses of the leading and trailing fragments can be written by,


aEM ( OJ) - aE ( OJ)
aEL(O) = ,


2
aEM ( OJ) + aE ( OJ)


aET(O) = ,
2


respectively. The energy losses are shown in Fig.7-2. The agreements between the calculated energy
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losses of fragments and experimental ones are fairly good.


7-8 Discussion


The position dependent total stopping power obtained here for 0.2 MeV protons deviates within
a factor 2 from the stopping power obtained from the measured energy losses as shown in Fig.7-7.
The maximal deviation of the calculated energy loss in its incidence-angle dependence for 0.2 MeV
protons obtained by integrating the stopping power is about 20 % as shown in Fig.7-2 (a). Since the
same framework is used to calculate the stopping power for a pair of fragments, the approximations
made in the stopping power may cause error as large as that for a proton. Further, the several
approximations on the trajectories of a pair of fragments may also cause error in the energy loss of
a pair of fragments. However the deviations of the energy loss of a pair of fragments from the
experimental ones are not large compared with those for protons. Discussions concerning the
reliability of the· calculations and errors arising from changing the used parameters are made in the
following:


The stopping power due to single-electron excitation of the target atom used in this model is
based on Bohr's harmonic oscillator model. Each electron of a target atom is approximated by a
harmonically bound electron with only one resonant frequency W j for ionization and cos( W {IV) terms
in eq. (13) superpose at the distance from the surface, Z, smaller than 1 A. In this study, we have not
treated all possible excitations. If W j for all possible excitations of the target atom are introduced and
cosine terms corresponding to these excitations are summed over, the structure of the ratio may
change at the small distance from the surface, where the single-electron excitation is dominant. It is
expected that the ratio approaches to unity by the superposition of many cosine terms, except for the
cases, where many W j are harmonics or only a few cosine terms are strongly weighted. The present
choice of one-fixed resonant frequency W j may cause considerable error in the stopping power for
a pair of fragments and in the stopping power ratio at the small distance from the surface.


The stopping power due to collective excitation of the surface electrons is expressed by a formula
for the surface-wake potential induced by a proton moving parallel to the surface of a semi-infinite
homogeneous medium. The stopping power for 0.2 MeV protons obtained by the formula for Z > 2.5
A agrees well with that obtained by the formula derived by Kitagawa42


) with the use of a dielectric
function for an inhomogeneous electron gas under the local density approximation. As Z decreases,
the stopping power in the present calculation becomes small compared with that obtained by the
Kitagawa's formula. At z < 0.2 A, the present stopping power is about half that obtained by the
formula30


•
42


). However, the discrepancy between the two stopping powers is not serious, because the
relative contribution to the stopping power from the collective excitation decreases as the distance
from the surface decreases as shown in Fig.7-7. Thus the assumption of a semi-infinite homogeneous


. medium for the collective excitation may be useful.
In the present calculation, the distances from the surface for dissociation and ionization are


derived from the electron density obtained by the Moliere approximation for the screening function
of Thomas-Fermi type. The Moliere approximation is useful in the description of the elastic scattering
of high energy ions by target atoms. The approximation is of a simple analytical form and tends to
fall below the Thomas-Fermi result and to come closer to the Hartree value at large distances. 24


) Thus
the present electron distribution on the SnTe surface for 0.5 A ~ z ~ 5 A is not different by a factor
2 from that obtained by summation of Hartree-Fock calculation for isolated Sn and Te atoms. 30


) The
distances from the surface for dissociation and ionization using the electron density obtained by the
Hartree-Fock calculation are also shown in Fig.7-10. These distances are small compared with those
used in the present calculation. The differences in the distances contribute to the final energy loss less
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than 2 %. The energy loss of a pair of the fragments and the energy loss ratio calculated by using
the electron density obtained by the Hartree-Fock calculation are shown in Fig.7-11 (a) and are
compared with the results shown in Fig.7-3 (a).
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Fig. 7-11 The
comparison of the
calculated energy loss
of a pair of fragments
and the energy loss
ratio with those
obtained by other
conditions. (a) The
comparison with the
results calculated by
using the electron
density obtained by
Hartree-Fock
calculations. (b) The
comparison with the
results calculated by
using zei= 1 and 2.
(c) The comparison
with the results
calculated by using
initial internuclear


'distance To = 0.8 A
and 1.8 A.
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The distances from the surface for the dissociation and ionization are functions of the dissociation
and ionization cross sections. The dissociation cross section for HeH+ projectiles is also in the order
of 10-16 cmZ obtained by comparing the simulated energy separation with those measured. 25


) Thus the
present cross sections, which are also in the order of 10-16 cmz, will not be failure in their order.
Using the cross sections multiplied by factors between 0.2 and 5, the error of the energy loss is within
±1O%.


In the present calculation, the stopping powers for the ground state and excited state Hz+ions are
unknown parameter. The assumed stopping power for the molecular ions affects ±7 % of the total
energy loss for 1 ;:;;; ZeITz ;:;;; 2. The energy losses of a pair of the fragments and the energy loss ratios
calculated by using ZeITz = 1 and 2 are shown in Fig.7-11 (b) and are compared with the results shown
in Fig.7-3 (a).


The calculated results would also depend on the distribution of the internuclear distance of Hz+
in the incident beam. The calculated results shown in Fig.7-3 are those for the mean value of the
initial internuclear distance ( r0 = 1.25 A). Most parts of the distribution are considered to be within
0.8 A ;:;;; r0 ;:;;; 1.8 A.22) The calculated results for the initial internuclear distance of 0.8 A and 1.8
A are shown in Fig.7-11 (c). The error of the energy loss is within 10 %. Although the calculated
results must be averaged by integrating after multiplying the distribution function of ro, the averaged
values are expected not to be so different from the present values calculated by using the mean value
of roo


Our treatment is only for the pair whose internuclear vector is aligned to the beam direction,
which depends on the assumptions described in section 7-5. These assumptions are based on the
results of previous chapters ( chapters 3'""-'6 ) with computer simulations. 18,19,Z3,25) Tracing the
trajectories of 0.2 MeV/amu fragments using the computer simulation25


), it is found that the most
fragments detected at e=2 ei are arising from exploding pairs almost parallel to the surface whose
initial angles between the internuclear vectors and the beam direction in the xz-plane are within 20
degree, which is larger than ten times of the angle calculated from the experimental acceptance-angle
of the analyzer. Although other pairs whose angles are larger than 20 degree also tend to be parallel
to the surface as they approach to the closest approaches to the surface, fragments arising from them
are hardly detected at e=2 ei' With the estimation of the multiple small-angle scattering described
in section 7-7, it is estimated that more than half of the measured fragments are arising from pairs
whose angles between their internuclear vectors and the beam direction, e in eq. (1), are within 25
degree throughout their trajectories. The effect of the angle e on the energy losses of fragments has
not been shown in this work. A computer simulation taking into account of the rotation of the
internuclear vector must be needed for the accurate calculation of the energy losses of fragments.


7-9 Conclusion


In this chapter, energy losses of the leading and trailing H+ fragments arising from glancing-angle
incidence of 0.15 - 0.6 MeV/amu H/ ions at clean (001) surfaceof SnTe are measured at the angle
for specular reflection. The sum of the energy losses is about 1.05 '""-' 1.15 times larger than twice the
energy loss of atomic H+ ions of the same velocity. By applying the model proposed by Basbas and
Ritchie and using the surface-wake potential, the energy losses of an individual proton and of a pair
of protons aligned to the incident beam direction were calculated. The calculated energy losses fairly
agree with those measured. The difference between the energy losses of the leading and trailing
fragments is smaller than that calculated from the Coulomb repulsion of a pair of protons aligned to
the beam direction. The small energy separation is explained by multiple scattering of fragments.
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where Ep is the energy per a proton of incident Hz+ and I:1E is the measured energy separation
between the leading and trailing H+ fragments, which is 6.80 keY. The obtained ro is 1.25 A,
which is consistent with that reported in ref. 22.
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