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A general theory is developed of the broadening of the energy distribution of atoms scattered by a
surface in impact dissociation of fast molecules caused by mutual collisions of the atoms of the
molecules. The formation of the energy spectrum of scattered atoms of homo- and heteroatomic
molecules consisting of light and heavy atoms is described. The influence of additional mutual
collisions of the partners on the degree of ionization of the scattered atoms is analyzed. The
calculation results are compared with the experimental data.

1.INTRODUCTION

Research into scattering of fast molecular ions by solid
surfaces is attracting interest of late. Experiments'— have
shown that a fraction of the molecules are scattered without
dissociation, even though the energy loss exceeds signifi-
cantly the dissociation energy. In Refs. 4 and 5 is proposed a
mechanism of nondissociative scattering of fast molecules,
based on successive collisions of the molecule atoms with the
surface atoms. Computer-modeling calculations*~’ confirm
this mechanism.

Experiments show that the energy distributions of
the ions produced by molecule dissociation are broader than
the distributions of the ions scattered in bombardment by
atomic ions having the same velocity. The authors of Refs. 2
and 13 attributed this broadening to an electronic transition
produced in the molecule on scattering from the surface,
leading to a subsequent mutual repulsion of the molecule
nuclei, and hence to a change of their kinetic energy. It is
possible that such a mechanism works at low bombarding
energies or small glancing angles, for in this case the maxi-
mum energy that can be transferred from one atom to an-
other is considerably lower than their energy after the scat-
tering. Yet experiment reveals a spectrum broadening
comparable with the initial energy. For example, measure-
ments® of the energy spectra of nitrogen, oxygen, and carbon
ions scattered by a surface bombarded by molecular ions
yielded ions with approximately 15 keV energy, whereas the
initial energy of the atom in the molecule was E, = 10 keV.

In Ref. 4 we have advanced the hypothesis that this
broadening is the result of “shoving’ of the scattered atom
by another atom of the molecule and a redistribution of their
kinetic energies, and obtained some estimates, while in Ref.
14 it was shown that it is possible to transfer to the atom in
this manner an appreciable fraction of the initial kinetic en-
ergy of the molecule, independently of the change of its elec-
tronic structure. The authors of Ref. 9 also interpret their
results in terms of collisions between atoms.

We present here a general theory of the collisional
broadening mechanism. We describe the evolution of the en-
ergy distribution of the scattered atoms following impact
dissociation of fast molecules on a surface of a solid in gen-
eral form, in the case of spatial scattering with an arbitrary
ratio of the atom masses in the molecule and in the solid. The
influence of additional collision of the partners on the degree
of ionization of the scattered atoms is analyzed.
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2. FORMATION OF ENERGY SPECTRUM OF SCATTERED
ATOMS

In the general case, the energy and angular distribution
of the scattered atoms is determined by the doubly differen-
tial cross section

o(E.,E,0)= 55 f(Eo,E,0,,0)0,(0,E)dB,dB,, (1)

®(Z,E,0)

where 6 is the total scattering angle; f(8,, E, E,, 0) is the
probability of scattering of the atom by the solid at an angle
0,; 6, and 0,(0,, E,) are the angle and cross section for the
atom scattering by collision with its partner; E, and E are the
initial and final energies of the particle. The intergration is
over all possible scattering trajectories with given final val-
ues of E and 6 allowed by the kinematic relations. It is also
required that close mutual approach of the molecule atoms
be possible after one of them is scattered in the solid. This
calls for close values of the emission times and points. The
function f(6,, E, E,, 8) and the trajectory family
®(E,, E, 0) are different for molecules consisting of heavy
or light atoms. In the first case it is possible to use the ap-
proximation of single or double scattering by atoms of one or
two surface layers of a polycrystal.'> The probability
f(6,, E, E,, 9) of scattering through an angle 6 is deter-
mined by the cross section o, (8,) for scattering of the mole-
cule atom by an atom of the solid, or by the cross section for
double scattering, and ®(E,, E, ) is one trajectory of scat-
tering through an angle 6 or a family of twofold- scattering
trajectories.

In the case of light atoms, f(8,, E, E,, 8) describes the
probability of multiple scattering, and & is the aggregate of
multiple-scattering trajectories corresponding to the given
E,, E, and 6. The length of these trajectories can reach thou-
sands of Angstroms.

When the surface is bombarded by molecules consisting
of both heavy and light atoms, such as ArH molecules, the
scattering of each atom should be described in its own ap-
proximation.

3.SCATTERING OF HEAVY ATOMS

Scattering of heavy atoms by a surface is well described
in first-order approximation by a single collision with the
surface atom, followed by collisions of molecule atoms with
one another. The problem of broadening of an atom spec-
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trum in collision of a fast molecule with an individual atom
was solved by us in Ref. 16. It was shown there that mutual
collisions of the molecule atoms cause a considerable broad-
ening of the energy distribution of the atom scattered
through an angle 6. The distribution extends to the high-
energy part to values of E that exceed not only the single-
scattering energy E, (), but also the initial energy E, of the
molecule per atom of mass m,. The equation relating the
scattering angle with the particle energy is

cos O=[1—uz(1+vz)]e~", (2)
wheree=E/E,,u=2/[(1+p)(1+v)], and
u(1—vu) £[u*+vu (vu—2) (e—1) 1"
T = .
vu (vu—2)

(3)

Here u = m,/M, v = m;/m,(m, and M are the mass of the
second atom of the molecule and of the solid-body molecule,
respectively). Both signs should be used in Eq. (3) for v > v*
and the minus sign for v<v*. Then

v'={[(3+np)*+8u(1+n)]"— (3+n) }/4p.
For particular cases,

cos O=¢—g="x (2/e—1)" foru—0,v =1,

| (4)
cos 8= (e—u*+1)/(2e") for v—0.

A plot of £(6) for u <1 and different v is shown in Fig. 1. If
v>v*, the maximum of ¢ is

em=1+u/[v(2—vu)] (5)
and is reached at 6 = 6,,:
u(1—vu) "
9m=arccos{[1+m]/ s’}. (6)

If v<v* then 6, =0,and¢,, = [u(1—v)+1]%. For
v—0 and u—0 at 6,, =0, in particular, we have ¢, =9,
while for 4 —0 and v = 1, which corresponds to a homonu-
clear molecule incident on a very heavy target, a value
€, =2 is reached at 8 = 45°, i.e., one of the atoms of the
molecule receives its total kinetic energy.

It was shown in Ref. 16 that the largest contribution is
made by scattering in the incidence plane, and the expression

2"6,(01,") 02 (050 sin 855" sin 65

0,E)=
o(6,E) al?v,u (1+vx) v, sin 0 cos (0:"/2) 7

was obtained, where the primed quantities pertain to c. m. s.
of the incident atom and the atom of the solid, v, is the mole-
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FIG. 1. Relative energy E /E, vs the scattering angle 6 for different mass
ratios v of the molecule atoms.
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cule velocity, / is the interatomic distance, and 6,," and 6,,
are the scattering angles in the incidence plane in the first
and second collisions.

Since the energy E is close to E in the high-energy part
of the spectrum, it follows that 8,,< 1 and we obtain from
(7) the approximate equation

aU, ) ? 0,(0,)E\E, sin® 6

Ty AT 8
202/ o,(8)E(E—E,)*’ ®)

a(E,0) =cmx(
where o, is the scattering cross section corresponding to
the maximum impact parameter (equal to /) of the second
collision

E°= [Et)—+_E'l—2(EoEi)‘/2 CcoS 91 ]/2,
0,~0+(E—E,)/[2(E.E,)" tg(6/2)].

In the calculation of o, we assumed an inverse-square ap-
proximation of the Firsov potential U(r) = R,/F.

It is known that the energy spectrum of heavy atoms
scattered by a polycrystal surface does not reduce to a single-
scattering peak, but is broadened towards higher energies, or
even contains in this region an additional maximum attri-
buted to double collisions with the atoms of the solid. The
two-atom scattering model, in which the solid is represented
by a diatomic molecule, was developed in Ref. 15. Calcula-
tion of multiple scattering heavy atoms by a diatomic mole-
cule'” is also of indepen lent interest for the physics of atom-
molecule collisions. Tl.is calculation was used to describe
the broadening of the « nergy spectrum of atoms in collision
of a molecule with a i olecule.'® The result of the latter cal-
culation can be used tc describe the broadening of the energy
spectrum of the scat ered heavy atoms when a surface is
bombarded by molecules, with allowance in the spectrum
for double collisions of one of the atoms of the molecule with
the atoms of the solid.

Asshown in Ref. 16, in double scattering it is necessary
to take into account the lag of the second atom of the mole-
cule relative to the atom that undergoes double scattering in
the solid. The requirement that the instants of time be close
limits the first scattering angle and hence the orientation of
the dumbbell molecule that simulates the solid. As a result,
when (1) is integrated the region ® is narrowed down, and
not the entire double-scattering spectrum contributes to the
broadened spectrum. With allowance for the double scatter-
ing, the cross section (1) is described by the expression de-
rived in Ref. 16.

Experiments® permit a comparison of the calculated
spectrum broadening with the data obtained by bombarding
various metals with nitrogen molecules. Figure 2 shows the
dependence of 0/0,,,, on the relative value £ /E| for differ-
ent E, and for a scattering angle 6 = 40°. The figure shows
that the derived Eq. (8) describes satisfactorily both the
form of the high-energy part of the spectrum and the depen-
dence of the cross section on the initial energy. The mass
ratio for the considered combinations of bombarding ions
and targetsis u € 1. In this case E, = E,, therefore, the depen-
dence of the high-energy part of the spectrum for different
energies is practically independent of the target material. It
should be noted that the agreement was obtained without
any fitting parameter whatever, at one and the same con-
stant of the potential U, = 33 eV.

In Ref. 9 they measured also the ion energy spectrum
for bombardment of Au by N;* molecular ions. The pres-
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FIG. 2. High-energy sections of spectra in bombardment of different met-
al targets by N;* ions. Experimental data®> O —Cu,
® — Rh, A — Au, A — Ti. Solid curves—calculated using Eq. (9).

ence of one more atom in the molecule should cause a large
broadening of the spectrum because of the additional scat-
tering by the third atom of the molecule. This broadening
was in fact observed, but its dependence on E|, the same as
for N,", and its relatively small value indicate that it is due
only to a decrease of the maximum impact parameter in the
molecule, which amounts to /-3'/2/2 for a triangular config-
uration of the atoms. In fact, the experimental ratio
o N; /o N; =1,9is close to the value (2/3'/?)*~ 1,8 ob-
tained from Eq. (8). Copper was bombarded in Ref. 18 by
ArH™ molecules to simulate the scattering of slow protons
by a solid surface. Our result shows that in scattering of
heteronuclear molecules with atoms of greatly differing
mass, the spectrum of the scattered light particles should be
broadened much more strongly than for homonuclear mole-
cules. For example, under the conditions of the experiment
of Ref. 18, where 8 = 40°, the maximum energy, as follows
from (4),is E,, =7E,.

It is also possible to consider the broadening of the ar-
gon peak for bombardment by ArH™* molecules compared
with bombardment by atomic Ar ™. It turns out here that the
total kinetic energy of the proton can be transferred to the Ar
atom, resulting in a corresponding lengthening of the tail of
the energy spectrum of the Ar* ions. To attribute this
lengthening to decay from the repulsive state? at an initial
ArH™ energy 20keV in the experiment of Ref. 18, the energy
required for such a repulsion would be about 100 eV.

4.SCATTERING OF LIGHT ATOMS

Scattering of light atoms by a solid surface at glancing
angles is via multiple collisions. It is accompanied by a
spread of the points of the emergence of the particles from
the solid. The probability of collision of molecule atoms on
emerging from a solid is p~/?/S, where S is the area of the
region of particle emergence. An expression for the scatter-
ing coefficient, with allowance for the coordinate of the atom
emergence points, was obtained in Ref. 19. It yields
S=~a/(0?)° wherea,is the glancing angle and (8 ?) is the
mean squared scattering angle per unit path. Since S>/7 in
the case, the probability of particle collision after the emer-
gence is p< 1. Thus, additional scattering of the molecule
atoms by one another on emergence, such as considered in
the preceding spectrum, has low probability. At the same
time, the spectra of the scattered particles upon bombard-
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ment by atomic and molecular particles differ substantial-
ly.2° In Ref. 20 the largest broadening of the spectrum was
observed at the lowest energies, corresponding to long paths
of the scattered particles inside the material. Clearly, the
difference is due to interaction of the molecule atoms with
one another as they pass through the material, and not when
they are scattered at the surface. A rigorous analysis of such
a process entails solution of kinetic equations and is a com-
plicated problem. The influence of the collisions of molecule
atoms with one another on their energy distribution after
emerging from the solid was considered by us under the fol-
lowing approximations. The angle divergence of the mole-
cule-atom trajectories is such that the path L * along which
the distance between them exceeds / and mutual collisions
become unlikely, is equal to L* = [IL(E)/6]"? where
L(E) is the atom path corresponding to a final energy E in
the solid. In thiscase L(E) = L,[1 — (E /E,)"/?], where L,
is the total path of an atom with initial energy E,, and
L*<L(E).

The substantial influence of the interaction of the mole-
cule atoms in the initial section of the trajectory on the ener-
gy distribution of the particles is confirmed by the experi-
ment of Ref. 21. Its authors investigated the energy spectra
of protons passing through a carbon film bombarded by H ;"
molecules of energy 12.5 keV/atom. Broadening of the ener-
gy distributions was observed already in passage through a
film 15 A thick, and the largest measured energy of the trans-
mitted protons reached 13.5 keV. The calculations of Ref. 21
show that, as a result of multiple screening of the Coulomb
scattering of the protons in dissociation of the H ;" molecule,
the deviation angle is 5-8° already on a path of the order of
10-20 A, and the transverse energy in the c. m. s. reaches 60—
80 eV. The mutual scattering of the ions takes place thus on
the initial part of the trajectory. It leads, in contrast to mutu-
al collisions of heavy atoms on a surface (considered in the
preceding section), to a change of the trajectories of the mul-
tiple scattering of the ion in the substance, and this change
determines in the case of light ions their final energy.

The action of the mutual scattering reduces in the first
approximation to a change of the glancing angle a,. We have
thenin Eq. (1) f= P(6,)R(a, E), where P(6,) is the prob-
ability of scattering through an angle 6,, R(a, E) is the
backscattering coefficient of the theory of Ref. 22, and
a = 6 — a,. The scattering cross section is expressed in the
form

o E ) 9(04,6,)

0(9,€)=.” P(ei)R(a‘_{-ao "E,! 0 (an, Ey)

(073 (eg)dal (IEz.
9)

Here P(0,) = &,/(87 + 61), which is an approximation of
the probability of deflection of the atom by an angle 8, over a
path L * as a result of multiply screened Coulomb scatter-
ing.?! The parameter §,U,7nL */E, depends on the initial
(E,) and final (E) energies of the scattered atom via L * (nis
the number of atoms per unit volume). The function R of
Ref. 22 is of the form
2 - 2 'l

R(p,e)= 23%“’.,, exp{_ (W ot ) fus) [(—f’—f) ] (10)

g nS

where ¥ = a/a,, e = E/Ey, s = 1 — €'/?, x is a dimension-
less parameter and Erf (x) is the probability integral. The
integration region in (10) is determined with the aid of a
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FIG. 3. Energy distribution of D™ ions scattered by a polycrystalline Na
surface bombarded by atomic D ions (1) and by molecular D," ions (2)
of energy 6 keV/atom. Solid curves—experiment,”® dashed—calcula-
tions: 1—from Eq. (10) of Ref. 22, 2—from Eq. (9).

kinematic diagram similar to that given in Ref. 16. The inte-
gration variable «, is the angle of scattering of the molecule
atom by the partner in the lab, and the region of integration
with respect to energy is a combination of two joined seg-
ments, [E, Eo(1 —2sina,) ] and
[Eo(1 4 2sina,),E ., |- The lower integration limit is E,
since R(y,e) = Ofore>1. The upper integration limit £,
is given by

E; max=E,(cos o, +sin a, ctg p)*, (1D

where [ is the root of the equation
a,=sinBtan Btan [(B + «,)/2]. Since the function
R (1,¢) decreases rapidly with increase of the scattering an-
gle, it is the small angles that contribute to the integral in
(9). At a, <1 the energy E, .., can be approximated by the
expression

Ez max=E0[1+(2a'12)'13]- (12)

In the integration over the angle it must be recognized that
the angle of scattering of the molecule atoms by one another
is 6,>6,,;, where 8., =2U,/E,/*6? is the minimum scat-
tering angle, determined by the finite distance / between the
molecule atoms. As 6,,;, —»0, the contribution of the small
angles increases without limit, the cross section o,(6,) be-
comes o-function-like, and the integration (9) yields a non-
broadened function R (e, E) corresponding to the scattering
of atomic particles.

The cross section g(6, E) in (9) was calculated for
bombardment of a polycrystalline Na surface by D ;" ions of
initial energy E, = 6 keV/atom at a glancing angle a, = 5°
and a scattering angle @ = 10°. The parameter x in (10) was
chosen to make the function R (a, E) describe correctly the
energy distribution of the scattered particles in bombard-
ment by atomic ions. The calculation result is shown in Fig.
3. It can be seen that the low-energy part of the spectrum is
satisfactorily described by expression (9). The reason for
the deviation from experiment in the high-energy part is that
the ions scattered with energy close to the initial one have a
short path in the material and the change of energy of such
particles can no longer be regarded as a result of a trajectory
change and expressed in terms of the change of the effective
glancing angle. In addition, the function R(a, E) (Ref. 22)
itself differs in the high-energy part from the experimental
dependence.

In the region £ > E, the broadening of the spectrum can
take place, just as for heavy particles, only as a result of a

max

max
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direct redistribution of the energy among the colliding part-
ners. An estimate of the broadening of the spectrum in this
region can be obtained from the equations of Secs. 2 and 3. It
turns out to be small, but experimentally observable at
E>E, (Fig. 3).

5.DEGREE OF IONIZATION OF SCATTERED PARTICLES

The interaction of the molecule atoms with one another
when scattered by the surface of the solid can influence var-
ious inelastic processes. In particular, the degree of ioniza-
tion of the scattered particles can be different, depending on
whether the solid is bombarded by molecule or atomic ions.
This should be particularly manifested if a collision between
the molecule atoms occurs on the final section of the trajec-
tory, for example when at large angles of heavy-molecule
scattering by a solid surface.

The evolution of the charge state of a scattered particle
in processes in which electrons are captured and lost was
considered in Refs. 23 and 24. Electron loss occurs in a hard
collision of an incident particle with a surface atom, when
the inelastically transferred energy Ag,, exceeds the ioniza-
tion energy J.

The following equation was obtained in Ref. 23 for scat-
tering of an ion by surface atoms:

r]a+(E)={eXP(_ Ve )+F(EU,9)[ 1—exp (—i)]}

Uy Uy

Xexp(«vf—:), (13)

wherev,; = v, sin @ and v,, = v, sin(6 — a) are the compo-
nents, normal to the surface, of the incident-ion velocity v,
and the scattered-ion velocity v; respectively; v, is a param-
eter characterizing the electron capture, exp( — v, /v;) is
the fraction of ions in the beam incident on the surface atom,
and F(E,, 6) is the ionization probability of an atom of ener-
gy E,scattered by a surface atom at an angle 6. The probabil-
ity F(E,, 6) was calculated from the equation®*

F(E()!G) = Aeiu/‘,_ L.

As shown in Sec. 2, in surface bombardment by mole-
cules, deflection of a particle by an angle 6 is the result of
scattering of a molecule atom by a surface atom at an angle
6, and additional collision with the partner in the molecule.
Since 8, > 6, the collision of the molecule atom with the sur-
face atom is harder than in atomic-ion scattering by the same
angle 6. As a result, the probability of electron loss is in-
creased. This should increase the degree of ionization 7, of
the scattered particles in bombardment by atomic ions, at
equal initial energy E, per atom at equal scattering angle 6.

The degree of ionization 7;} is calculated by summing
over different molecule-atom trajectories leading to scatter-
ing by an angle 6. As a result we get

b

net={ J expl—wurv. ) exp(—az(y)) 1o (£,6, )
X[B+(-B)F(Eu E,lay} [o(£,0)]7,  (14)

where
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FIG. 4. Degree of ionization 7,; of particles scattered by a single-crystal
Cu surface bombarded by N, molecules vs the energy of the scattered
particles.
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Xexp [—— [exp(—az('y))—1]]

is the probability of the particle remaining charged prior to
collision with its partner; v,;,v, ,v,, are the components, nor-
mal to the surface of the respective of the atom in incidence
on the surface, after scattering by a surface atom, and after
scattering by its molecular partner; z(y) is the distance from
the surface to the point of collisions between the molecule
atoms; a~2 A~'; F, and F, are the ionization probabilities
in the first and second collision. The scattering cross section
o(E, 6, y) was calculated in Ref. 16.

Figure 4 shows the dependence of the degree of ioniza-
tion 77, (E) on the energy of an atomic ion N scattered by
the surface of a copper single crystal, calculated from Eq.
(14) for different energies of bombardment by N," molecule
ions. As seen from Fig. 4, molecular effects are manifested in
the degree of ionization 7, (E). Their gist is that 7,; (E),
unlike 7,' (E), depends on the initial energy E,. A depen-
dence of 7, (E) on E, was observed also in Ref. 25. It was
shown in Ref. 23, however, to be due to the nonequilibrium
character of electron capture and loss in scattering by the
surface, and to be manifested by the so-called surface peaks
in 7, (E) when E is approximately equal to the single-scat-
tering energy E,. On the contrary, the dependence of 7,5 (E)
on E, manifests itself in the region E > E, and is due to addi-
tional collisions.

It was shown in Ref. 5 by analysis of experimental data®
that the ionization degrees 7, () and 7," (6) of ions scat-
tered in bombardment by molecular and atomic ions N,*
and N, respectively, are different at glancing angles @,>5°

7
75 — //
- /
10 2//
= /
/
I V4 ;
- /\—/
~ ! !
27 4 6° 8 o

FIG. 5. Degree of ionization vs the glancing angle a, calculated from
theory® and experiment*: 1 — ;5,2 — 7.
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and are equal at smaller angles. This behavior of the degree
of ionization can be attributed to blocking effects in ion scat-
tering by a single-crystal surface. At small glancing angles
the ion scattering is the result of multiple collisions. Block-
ing makes impossible scattering from a surface atom at the
large angles needed for the subsequent additional scattering
by the partner. These collisions become possible only for
glancing angles a, > a,, (Ref. 26). The critical glancing an-
gle, calculated with an inverse-square potential
U(r) = Uy/7, is given by

a,, = (nU,/2E.d?*)*, (15)

where d is the distance between the atoms on the surface. For
N* = Cu scattering with initial energy E, = 15 keV, when
the scattering plane coincides with the (100) direction on a
(100) face, the critical angle is a,, =~7.7°, which is close to
the observed value.

For a,>a,, and 6 = 2a the degree of ionization 7,
increases with 8, whereas 7, (6) becomes practically inde-
pendent of 6 (Fig. 5). This difference also confirms the role
played in the evolution of the charge state of atoms by addi-
tional ionization in collisions between the atoms. In fact, in
accordance with (14) the degree of ionization increases with
increase of the angle ,, which increases in turn with «,
whereas 7., according to Eq. (13), tends to saturate
with increase of the velocity component normal to the sur-
face, i.e., with increase of the emission angle a =0 — a,
(Fig. 5). Since a., depends on the distance between the
atoms, the difference between the degrees of ionization of
scattered particles in bombardment by molecular and atom-
ic ions should be manifested at different glancing angles,
depending on the azimuthal angle of the target rotation rela-
tive to the beam-incidence plane. It would be of interest to
verify experimentally the existence of this azimuthal orien-
tational effect in the degree of ionization of scattered atoms
when a single-crystal surface is bombarded by molecules.
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