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%hen an energetic ion hits a target consisting of atoms lighter than the projectile, the target
configuration seen by the ion along its trajectory may differ significantly from the initial state. This
nonlinear effect, which originates in rapidly moving recoil atoms, has been investigated by
molecular-dynamics simulation mainly for the simple case where the target is a diatomic molecule.
Nonlinear behavior has been distinguished from linear behavior by, respectively, switching on and
off the interaction between target particles. Pronounced nonlinear effects have been found in energy
loss and scattering angle of the ion; they have been classified roughly as clearing-the-way and
blocking-the-way effects, depending on whether nonlinear behavior results in a low or high scatter-
ing probability. Effects on stopping power appear small for the small systems investigated. For
ion-molecule collisions, the important conclusion is made that binary-scattering behavior need not
be indicative of a spectator collision but may, if the ion mass exceeds the target mass, originate in

the (nonlinear) clearing-the-way effect. The paper ends with a few results and tentative conclusions
on ion-surface scattering with heavy ions.

I. INTRODUCTION

The conventional picture of multiple scattering pro-
cesses undergone by heavy ions in matter is similar to
that valid for electrons, neutrons, protons, and other light
particles interacting with a material medium; it is strictly
a linear one. It assumes that changes in the target,
caused by the bombarding particle, do not have a notice-
able feedback effect on the motion of that particle. The
assumption appears justified if the pertinent changes in
the structure and/or state of motion of the medium are
either weak or rare or too much delayed to affect the
motion of the projectile. An exception which is charac-
teristic of the long range of the Coulomb interaction is
the screening effect on the projectile charge by the elec-
trons of the penetrated medium.

In the present work we wish to explore specific non-
linearities caused by fast atoms recoiIing from collisions
with heavy ions. The basic idea is as follows. Consider
(Fig. l) an ion l (energy E, mass M, ) colliding with a tar-
get atom 2 (mass M2) at rest. The ion may transfer a sub-
stantial fraction of its energy to the atom, and if
M~ &M2, the speed of the latter may be higher than the

FIG. 1. Target atoms recoiling from collisions with heavy
penetrating ion 1 may change the structure and state of motion
of the medium in front of the ion. From Ref. 1.

final or even the initial projectile speed. Therefore, the
recoil atom may run ahead of the projectile and clear the
way for the latter. Here, the term "clearing the way" is
suggestive of removing obstacles along the path of the
projectile, but the opposite effect, piling up obstacles,
cannot be excluded from the outset. In Fig. 1 atom 4 will
be kicked away from the ion trajectory. The key point is
that, unlike in the case of light penetrating particles, the
projectile itself need not be the leading disturbance at any
point of the trajectory. Hence, the frequency distribution
of scattering processes undergone by the ion is affected by
earlier collision events on the same trajectory. In view of
this lack of linear superposition of the effects due to indi-
vidual ion-atom collisions, we talk about nonlinear be-
havior.

Processes involving recoil atoms are significant if the
cross section for elastic collisions is sizeable, i.e., for
heavy ions and target atoms at energies in the eV- or
keV-energy range. The process sketched above, hinging
on the relative speeds of the incident ion and recoil atom,
is expected to show up if the ion mass M, is noticeably
larger than the target mass M2, and to increase with in-

creasing mass difference. Measurable effects might be ex-
pected in ion-solid, in particular ion-surface, and ion-
molecule or ion-cluster collisions.

Peculiarities in atomic collision cascades initiated by
heavy ions have previously been pointed out in terms of
displacement spikes, collision spikes, or shock waves.
None of these concepts takes into account the above-
mentioned clearing-the-way function played by fast recoil
atoms. The feature is ignored not only in conventional
linear collision cascade theory, but also in Monte Carlo
or binary collision simulation codes that either totally ig-
nore or do not fully incorporate the real-time sequence of
collision events. The effect is evidently also ignored in a
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simple scaling law relating energy loss and scattering an-
gle in ion-molecule collisions.

II. COMPUTATIONAL MODEL

Figure 1 indicates that the detailed behavior in time
and space of the particle trajectories may affect the sign
and magnitude of the nonlinear features to be investigat-
ed; hence, a molecular-dynamics investigation appears
appropriate for an initial exploration. Limitations in
computer capacity confine conventional simulations of
this kind —which attempt to simulate complete collision
cascades —to quite low primary energies; in the present
situation, however, we need to simulate only very small
sequences of collision events to show the effect, and
hence, computer capacity does by no means set an upper
limit on projectile energy. For the purpose of pinpoint-
ing nonlinear behavior, the main requirements are a sub-
stantial cross section for elastic collisions and the feasibil-
ity of experimental verification. In the keV-energy range,
both requirements are well satisfied.

At energies above a few keV, details of the interatomic
potential must be of minor importance for the qualitative
nature of the interaction processes. In particular, per-
tinent recoil energies are large enough to let the repulsive
ion-atom and atom-atom interactions dominate at the
rather small impact parameters of interest. Thus, attrac-
tive interactions will be taken as unimportant and ig-
nored even when we deal with ion-molecule collisions.

Also the quantal character of atomic collisions will be
neglected: Even though it will turn out that small
changes in impact parameter (-=0.01 A) may lead to
dramatic changes in scattering angle, typical de Broglie
wavelengths for the collisions to be analyzed are of the
order of 10 A. Hence, classical mechanics governs the
trajectories of the collision partners.

The computer program used here was rewritten on the
basis of a well-established molecular dynamics code'
utilizing an average-force algorithm. " It simulates
copper target atoms bombarded by noble-gas ions, mostly
xenon. Target atoms have been arranged as diatomic or
polyatomic molecules at interatomic distances pertinent
to crystalline solids or gaseous molecules, and the
(binary) interaction potential was, for simplicity, chosen

s 10

C/R, R &2a
V(R)= '

C(e/2a) exp( —R /a), R ) 2a

where C=3.05Z, Zz(Z' +Z'~ ) ep A a =0.196
0

A, e =2.718, and R is the internuclear distance. This po-
tential has been obtained by matching (in value and slope)
a Born-Mayer potential with the screening radius a from
Ref. 12 to an R potential with the constant C governed
by the screening radius of Ref. 13. With this potential,
for Xe on Cu, ion-target and target-target interactions
are Born-Mayer-like up to E=10 keV. Ion-target and
target-target interaction potentials are cut off at a dis-
tance of 4.0 A. Integrations are performed with the time
step chosen such that the change in energy during any
step does not exceed 0.1% for any particle. Under these

conditions, computation times on our local Apollo net-
work are typically a few seconds per collision event if all
pertinent data are to be displayed on the screen, and
much less otherwise.

The elementary event to be analyzed is an ion-diatom
collision. In order to distinguish nonlinear from linear
events, all collision sequences have been simulated in two
distinctly different ways.

Model I: In a linear model, only ion-target interactions
are taken into account while the target-target interaction
potential is set equal to zero. Evidently, perturbations in
the target can only be caused by the ion itself in this mod
el.

Model 2: In a model allowing for nonlinear effects, both
ion-target and target-target interactions are taken into ac-
count Ev.idently, clearing the way (or blocking it) by
recoil atoms is possible in this model.

Computations were stopped whenever all interacting
particles had moved apart from each other to distances
greater than the cutoff radius of the interaction potential,
i.e., 4 A. We note that strong nonlinear effects are ex-
pected mainly for small impact parameters, i.e., close col-
lisions (Fig. 1).

III. COMPARISON OF LINEAR
WITH NONLINEAR BEHAVIOR

Figure 2(a} shows the energy E of a xenon projectile
with initial energy Eo=5 keV after colliding with a
copper dimer oriented parallel to the initial velocity as a
function of impact parameter p. The internuclear dis-
tance of the dimer was chosen as 3.61 A, corresponding
to the cube length in a Cu crystal. It is seen that models
1 and 2 yield identical results for p )0.15 A which, as a
matter of fact, rellect the binary (ion-atom} scattering law
shown by the dotted line. Drastically different energies
are found at lower impact parameters. For
0.1 A (p «0. 15 A, model 2 predicts a lower energy —or
higher energy loss —while the opposite is true for
p (0.1 A.

Figure 2(b) shows the corresponding behavior of the
scattering angle 0 of the projectile. Roughly, model 2
predicts a larger scattering angle in the range of impact
parameters where also the energy loss is larger, and vice
versa, yet the crossover points differ slightly.

Figures 2(a) and 2(b) show that for p (0.1 A and al-
most down to zero the collision follows accurately the
binary ion-atom scattering law in case of model 2, i.e.,
atom 2 has been knocked off the trajectory. This is by no
means the case in model 1. Thus, these graphs present
strong evidence in favor of the predicted clearing-the-way
effect.

Figure 3 shows particle trajectories for representative
impact parameters. The dots and numbers indicate time:
Equal numbers on different trajectories indicate equal
times. However, the time scale is not linear but has been
chosen to yield constant path-length increments on the
ion trajectory.

Figures 3(a) and 3(b) demonstrate the point just made:
In model 1, the ion interacts violently with atom 2 [Fig.
3(a)] while in model 2 [Fig. 3(b)], atom 2 has been
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FIG. 2. Scattering of 5-keV Xe by a Cu dimer. Internuclear distance d =3.61 A corresponding to cube length in copper crystal.

Dashed line: model 1, target-target interaction ignored. Solid line: model 2, target-target interaction included. Dotted line: binary
ion-atom co ision on y. a11' '

nl . (a) Projectile energy E after collision vs impact parameter p. (b) Total scattering angle of projecti e vs im-

pact parameter p. Arrows indicate impact parameters for which trajectories are shown in Fig. 3. (c) vs, oun rom a an
eliminating p. Dots reflect equidistant impact parameters.

knocked off by atom 1 a long time before arrival of the
ion. Similar features are found in Figs. 3(c) and 3(d) for
p =0.10 A, although the interaction with atom 2 is very
weak even for model 1 [Fig. 3(c)]. However, for p =0. 12
A, the relation is reversed, and atom 1 kicks atom 2 into
the trajectory of the ion just at the right time to cause a
violent interaction [Fig. 3(f)] that would not be expected
from the linear model [Fig. 3(e)]. This results in a pro-
nounced dip in the energy [Fig. 2(a)] and a peak in the
scattering angle [Fig. 2(b)]. Thus, Figs. 2(a) and 2(b) also
contain convincing evidence in support of a blocking-
the-way effect.

Note that there is only a small variation in the scatter-

ing angles from the interaction with atom 1 when the im-
pact parameter varies from p =0.10—0. 12 A; therefore,
model 1 makes very similar predictions for the outcome
of the double scattering events in the two cases. Con-
versely, model 2 yields a violent interaction with atom 2
for p =0. 12 A and almost none for p =0.10 A, despite
very similar trajectories in space. The reason for the
difFerence is the different timing, as indicated in the
graphs.

Figure 2(c) combines Figs. 2(a) and 2(b), the impact pa-
rameter being eliminated but still indicated as dots on an
F versus 0 plot. Neighboring dots correspond to equidis-
tant impact parameters. Note that E is a (single- or
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multiple-valued) function of 8 only for a fixed orientation
of the target relative to the projectile velocity. For a ran-
domly oriented target molecule, the energy is continuous-
ly distributed as discussed below.

A low density of dots in Fig. 2(c) is equivalent to a
small cross section. Lines have been included here to
guide the eye but will be left out as far as possible in fur-
ther graphs of this type in order to give a more balanced
impression of the relative importance of the different
branches in the E versus 61 plot.

Figures 4(a) and 4(b) demonstrate that the nonlinear
behavior is also found for krypton bombardment, but
over a narrower range of impact parameters, while the
opposite trend is seen for uranium ions. Thus, our initial
expectation is confirmed of an effect to be found mainly
for M

&
)M2 and increasing with increasing mass

difference.
Figures 5(a) and 5(b) indicate that the magnitude of the

difference in relative energy loss found from models 1 and
2, respectively, is rather insensitive to the initial energy
Eo, but that the range of pertinent impact parameters in-
creases with decreasing energy. We have also found little
sensitivity to the interatomic distance except for scaling
with the impact parameter.

Figure 6 shows that the effect is not quite insensitive to
the interatomic potential: Of the four potentials utilized,
the pure R potential differs noticeably from all the oth-
ers by a long tail which tends to smear the separability of
individual ion-atom collisions, regardless of whether they
are linear or nonlinear. Consequently, it exhibits a very
different scattering behavior. Disregarding this extreme
case, we still find a noticeable variation in the pertinent
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availability of space makes scattering out more likely
than scattering in.

Figure 10 shows plots of energy versus scattering angle
for a series of inclination angles in the case of planar
motion similar to Fig. 7(c). When the inclination angle g
exceeds 10' a loop forms with a position at 8-=2/, i.e., at
specular reflection. Moreover, a spike toward low
scattering angles at high energy loss develops for even
larger inclination angles: This indicates the opening up
of hard collisions with atom 2 and hence, the possibility
of the ion breaking through the dimer.

Figures 11(a) and 11(b) show energy versus scattering

angle for a randomly oriented dimer. The density of
points reflects the intensity in a collision experiment on
randomly oriented copper molecules to the extent that
the ion-target and target-target potential (1) is valid. The
two graphs, being constructed on the basis of model 1

[Fig. 11(a)] and model 2 [Fig. 11(b)], look completely
identical, although a point-by-point comparison (not
documented here) reveals that they are only very similar.
Evidently, the dominating fraction of the solid angle is
occupied by dimer orientations where the interaction be-
tween the two recoiling target atoms does not noticeably
affect the outcome of the collision event.

This is different when the orientation is averaged only
over a limited fraction of the solid angle. Figures 11(c)
and 11(d) show such data for 0& P~ 10'. A strikingly
nonlinear behavior is found in the lower half of the figure,
i.e., for low exit energy or high energy loss. As was to be
expected from Fig. 2, the binary collision portion is well
developed in the nonlinear case [Fig. 11(b)] but almost
absent in the linear case [Fig. 11(a)], as far as the low-E
portion is concerned.

We conclude that measurable nonlinear behavior must
stem exclusively from small inclination angles g.

Figure 12(a) shows the scattering on a linear chain in-
clined at an angle /=18 which can be compared to that
on a corresponding dimer [Fig. 10]. The most prominent
difference is seen to be the absence of a hard, binary col-
lision portion in case of the linear chain. Instead, a
closed loop is formed. Loops of simpler shape are well
established in ion scattering from surfaces for
M, (Mz. ' ' In Fig. 12(b), an extra row of atoms has
been added underneath the linear chain. While this row
does not affect the scattering distribution in the regime of
nearly specular deflection (the upper loop), evidence for
nonlinear effects is found in the lower part. Although the
calculated excursions from linear behavior seem dramat-
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ic, the density of points is very low, indicating that in an
experiment, predicted effects may overshadowed by
noise.

Figure 13 shows representative trajectories correspond-
ing to the collision geometry shown in Fig. 12(a), i.e., the
collision with an isolated chain of five atoms. In Fig.
13(a) the ion hits slightly to the right of atom 3, and in
Figs. 13(b)—13(e) it aims increasingly toward the left, but
always toward the right of atom 2. It is evident that at
no impact parameter does the ion break through the
chain. This explains why there are no nonlinearities:
Figs. 8(b) and 8(d) demonstrate that nonlinear behavior
requires the ion to hit a target atom "from the left" in the
geometry chosen. The perfect string does not allow this
at an angle of 18'. This would be different in the pres-
ence of steps, surface vacancies, or small overlayers of di-
mers, trimers, etc.

Inspection of Figs. 13(a)—13(e) reveals that the max-
imum scattering angle shown in Fig. 12(a) corresponds to
the trajectory shown in Fig. 13(d), while the crossing
point in Fig. 12(a) corresponds to the trajectories shown
in Figs. 13(c) and 13(e). A detailed discussion of the non-
linearities found in Fig. 12(b) on the basis of the corre-
sponding trajectories will be reserved for a later investiga-
tion.

IV. IMPLICATIONS

A. Stopping cross section

Our initial motivation for this study was an expecta-
tion' that the stopping power of a heavy ion due to elastic
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collisions might be affected by nonlinear effects of the
type described here.

Figure 9 presents clear evidence that fast recoils may
clear the way for the projectile and thus give rise to a de-
crease in stopping power via a decrease in effective atom-
ic density in the vicinity of the ion track. Since only di-
mer targets have been considered so far, a conclusive esti-
mate of the magnitude of this nonlinear effect in a dense
solid cannot yet be given. However, since the effect
hinges on rather close collisions —which are
infrequent —it will hardly affect the stopping power
drastically.

For a qualitative estimate, consider the dimer, Figs.

FIG. 12. Scattering on linear chain. 10-keV Xe on Cu.
tt =18 '. Planar motion. (a) Linear chain containing five atoms.
The impact parameter was scanned between the midpoints of
atoms 2 and 3, and atoms 3 and 4, respectively, in order to avoid
edge effects due to the finite length of the chain. (b) Same as (a)
with an additional atom layer underneath.

for a homonuclear diatomic molecule, where f is a func-
tion depending on the ion-atom potential.

Equation (2) has been derived by means of the scaling
laws of classical perturbation theory, i.e., for soft col-
lisions. Experimental tests' ' were performed in part on
systems where M, &Mz, e.g. , on hydrogen targets bom-
barded by heavier ions.

The question arises to what extent the scaling law (2) is
affected by nonlinear effects. It is seen from Figs. 11(a)
and 11(b) that for randomly oriented molecules, the linear
and nonlinear model make essentially identical predic-
tions for the distribution in energy loss versus scattering
angle. For a partially oriented collection of molecules,
this is not so. Although the two models make similar
predictions for E =5 and 1.5 keV, i.e., for the region
where the single scattering law predicts the energy loss to
increase for increasing scattering angle, a drastically
different behavior is observed for E (1.5 keV, where
model 2 predicts a high statistical weight for single
scattering behavior which would be identified as "specta-
tor collisions" in the absence of nonlinear behavior.

For M, )M2, the energy distribution of scattered ions
at a given scattering angle must in principle show at least
two peaks which may in practice be more or less separ-
able for a randomly oriented molecule. The scaling law
(2) can, from the outset, only be expected to be valid for
the low-loss, or high-energy peak, since perturbation
theory cannot be valid for the high-loss peak. The
present work adds the fact that the high-loss peak, in ad-
dition to not obeying perturbation theory, is also affected
by nonlinearity which, of course, was not considered in
the derivation of Eq. (2).

We conclude that the present results do not affect the
validity of the scaling law (2) as discussed in Refs. 8 and
17. It is, however, evident that Eq. (2) cannot be expect-
ed to hold if To were taken to be the auerage energy loss
rather than the appropriate peak energy loss at a given
scattering angle, since the average includes a range of en-
ergies where Eq. (2) does not apply.
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FIG. 13. Trajectories for collision on an isolated chain of five atoms. To be compared with Fig. 8. Model 2 on)y. Impact parame-

ters relative to the center atom (atom 3) of the chain. (a) p =0.426 A. (b) p =0.316 A. (c) p =0.062 A. (d) p = —0. 164 A. (e)

p = —0.383 A.



39 PRONOUNCED NONLINEAR BEHAVIOR OF ATOMIC. . . 3371

C. Ion-surface scattering

Ion-surface scattering experiments at keV and eV ener-
gies are most often performed under conditions where
M, &M2. The most obvious reasons for this are as fol-
lows: (i) Binary collision kinematics is comparatively
simple, implying a unique relation between energy loss
and scattering angle of the projectile, (ii) there are always
backscattered ions, regardless of the angle of incidence,
and (iii) there is a well-defined shadow cone behind each
surface atom in a binary collision.

A most important result of the present work is the ob-
servation of a pronounced backscattering loop from a
linear chain even for M& )M2 (Fig. 12), not unlike those
observed for light ions. ' ' '

In the region of nearly specular reflection, i.e., the
upper loop in Fig. 12(a), there does not seem to be evi-
dence for nonlinear behavior. This may be an important
simplifying aspect if heavier ions (M, )Mz) are to be
used as a tool in ion scattering spectroscopy.

Nonlinear effects do influence the overall behavior at
large (nonspecular) scattering angles but their statistical
weight appears surprisingly small under the conditions
investigated here.

Pronounced single scattering behavior in the high-loss
portion of the energy versus angle diagram may be taken
as evidence for the presence of dimers or steps on a sur-
face. This feature is specific to ion-surface scattering un-
der conditions where M& & M2. The latter aspect, as well
as a more detailed investigation of ion-surface scattering
involving more comprehensive data on polyatomic tar-
gets will be reserved to later work.

V. SUMMARY

(1) When the projectile mass M, exceeds the mass of a
target atom M2, recoil atoms may move noticeably faster
than the projectile. Therefore, recoil atoms may modify
the spatial configuration of the target in front of the ion
before the arrival of the latter.

(2) This effect, which is insignificant for the light pro-
jectiles interacting with heavy target atoms, is to be re-
garded as nonlinear, since it invokes a feedback of
changes, brought about in the target by the projectile, on
that same projectile.

(3) Recoil atoms may clear as well as block the way for
the projectile. For motion in a plane, clearing and block-
ing action are observed each in their respective domains
of impact parameter, and are about equally pronounced.
For three-dimensional motion, clearing the way appears
to be dominating. Therefore, scattering events become

less frequent because of a decrease in effective target den-
sity seen by the projectile.

(4) The cases analyzed so far are all based on very few,
most often two, target atoms. For dimer targets, the
most pronounced feature is a wider range of impact pa-
rameters where collisions are effectively binary, than
what one would expect from linear superposition of two
binary events.

(5) In the field of ion-molecule collisions, events obey-
ing binary-collision kinematics are commonly interpreted
as "spectator" collisions where one target atom is more
or less unaffected in a collision. We find that for
M& )Mz, such an observed binary-collision character
may also be evidence of the opposite behavior, i.e., a non-
linear effect where, on the contrary, one target atom
which would otherwise be hit by the ion is actually
kicked out of its way before arrival.

(6) For M, & M&, ion-molecule scattering is affected by
nonlinear effects mainly in the regime of increasing ener-

gy loss with decreasing scattering angle, i.e., for hard col-
lisions. This is one more reason for the fact that a simple
scaling law for ion-molecule collisions, derived by one of
us, can only be valid in the regime of soft collisions, i.e.,
for the low-loss peak in the energy spectrum of scattered
ions at any scattering angle. The other reason (evident
from the outset) is the use of perturbation theory in the
derivation. For both reasons, the scaling law should not
be utilized for an average energy loss.

(7) Because of the restriction to dimer targets, no con-
clusive statement has yet been made on the effect of non-
linearity on stopping power. For dimers oriented along
the beam, the effect is found to be exceedingly small be-
cause of compensation. For randomly oriented dimers, a
decrease in the stopping cross section of the order of
0.1% has been found.

(8) Ion-surface scattering has been modeled by a chain
of five atoms. A closed loop is found, not unlike those
found for M, &M2 in the energy versus angle diagram.
It has the shape of a deformed figure eight. Nonlinear
effects are observed in the lower part only when an extra
row of atoms is inserted underneath. These nonlinearities
are not very pronounced.

(9) A specific feature of ion-surface scattering under
conditions where M, & M2 is the possibility of identifying
steps and dimers on the basis of pronounced binary-
scattering events, by nonlinear behavior.
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