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The cluster-orientation dependence of the emitted knock-on collision electron distributions when fast diclusters interact with
condensed matter is investigated. The scattering by each centre of the dicluster is described by means of the phase shiflts of a velocity
dependent Yukawa potential describing the dynamic screening, and the multiple scattering effects are approximated within the
second Born approximation. The applicability of this approximation as the charges and velacities of the diclusters are changed is also
discussed. and numerical comparisons of our results with experiment are made.

1. Introduction

The distribution in space and time of perturbations
of electron motion in solids caused by the passage of
fast particles has been the subject of continued theoreti-
cal [1-8] and experimental interest [9-11]. Most of the
experimental work in this field is related to measure-
ments of the electric field strength and the wake poten-
tial, quantities that are obtained from certain averages
of the induced electron density fluctuations; however,
recent experimental research has been concerned with
the distribution in space of valence electron density
fluctuations induced by the passage of fast ions [12]:
measurements of the knock-on collision electrons
emitted under bombardment of fast dimolecular ions
have been performed, since the electron density {fluctua-
tions induced by the leading ion around the trailing ion
of the bombarding dicluster may appear experimentally
in the dependence of the emitted knock-on electron
vield on the orientation of the projectile.

It has been shown [13] that for an interatomic dis-
tance within the projectile of about 2 a.u. the electron
density fluctuation of target valence electrons in the
position of the trailing ion is most prominent when the
trailing ion is in the conical region behind the leading
fon with half-angle of opening # = sin~'(f/v), which
defines the envelopes of the collective wake, f being the
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velocity of propagation of density disturbances in an
electron gas [8]. This is in qualitative agreement with the
experimental result obtained by Yamazaki and co-
workers [12], who have found that the yield of knock-on
electrons emitted at 0° with respect 1o the beam axis
from carbon foils bombarded by 4.5 MeV N; ions
decreases as the angle # defining the orientation of the
projectile increases (see fig. 1),

Nevertheless, it is not well known what the relation-
ship between the yield of knock-on electrons and the
electron density fluctuations of the target is; moreover,
the cross sections of 0° knock-on electrons also depend
on the orientation of the bombarding diclusters, even
when there is no valence electron density fluctuation in
the target. Consequently, in order to give an interpreta-
tion of such experiments it is necessary to study in
detail the result of the multiple scattering involved in

Fig. 1. Geometry of the bombarding dicluster, each ion having

charge Z and velocity v. R is the distance between the pair of

ions, and @ is the angle formed by the molecular axis of the
dicluster with the beam axis.
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the interaction of fast diclusters with matter leading to
knock-on electron emission. This paper attempts 1o
study theoretically the dependence of multiple scatter-
ing effects on the orientation of bombarding diclusters,
by means of second order perturbation theory.

2. Second Born approximation

We consider a solid target and the process of valence
electrons being scattered by the passage of fast dimolec-
ular clusters. each ion having charge Z and velocity o,
as shown in fig. 1; R is the distance between the pair of
ions of the dicluster, and # is the angle between the
molecular axis of the projectile and the beam axis.
Treating the ions as infinitely massive, we work in the
projectile inertial frame. Unless otherwise stated, atomic
units are used throughout.

The second Born approximation to the scattering
amplitude of electrons in the potential U(r) can be
written as [14]
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where ¢, () and ¢, (r) are the incident and scattered
plane waves with momentum k; and k,, respectively,
and G§"'(r. r') is the outgoing Green's function
ik'e(e—r’
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The scattering potential of the bombarding dicluster
is

Uiry=U(r)+ U(r+R), (3)

where Uj(r) and U(r+ R) represent the potentials
created by the leading ion and the trailing ion of the
dicluster, respectively. For high momentum transfers,
the wake potential of fast ions may be approximated by
a spherically symmetric form of the total potential that
electrons in the medium feel, that is, a velocity depen-
dent Yukawa potential

G& e, r"y=—(27)

U(r)= =% e, (4)
where

&= /u. (3)
Here w;, is the plasmon frequency and v is the velocity

of the projectile.

Substituting eq. (4) into eq. (3), and then introducing
eqs. (2) and (3) into eq. (1) leads, after some algebra, the
following result:

fBl(kn kf) = (1 + eiA.R)fgz(kn k_,f) +f,(kf! kf)‘
(6)

where A is the momentum transfer,
A=k — k. (7)

R represents the position vector of the leading ion with
respect to the trailing ion, fy.(k, k;) is the second
Born scattering amplitude of electrans in the potential
of a single ion of the projectile [14] and f'(%,. k)
represents the scattering amplitude related to first order
multiple scattering effects:
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In the case of a single fast charged particle moving
with velocity exceeding the Fermi velocity, & /a = 1 for

typical electron densities of the target. and the criterion
for convergence of the Born series becomes

(8)

% In % <« 1. (9)
Thus we expect the Born approximation to be valid for
large incident velocities and small charges. We have
compared, taking &, and &, to be —v and v, respec-
tively, the first and second Born differential scattering
cross section of electrons in the central potential created
by a single ion, with the exact result deduced by squar-
ing the modulus of the well known exact scattering
amplitude of target valence electrons in the potential of
each ion,

8
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and we have found [15] that the second Born approxi-
mation offers no improvement over the first Born ap-
proximation, even at high velocities for which we would
expect the Born series to converge rapidly. The reason
for this failure of the second Born approximation has
been pointed out by Joachain [16], noting that the
second order differential scattering cross section does
not account for all the corrections of order k™2 to the
first order differential cross section. In eq. (10) the
quantities &, represent the phase shifts accounting for
the interaction with a single ion of the dicluster, which
are computed solving numerically the radial Schrodin-
ger equation, ¢ is the angle between k; and k,, and the
quantities P, are the Legendre polynomials.

Consequently, when scattering of electrons in the
potential created by the dicluster is considered, instead
of approximating the exact scattering amplitude by the
second Born scattering amplitude of eq. (6), we ap-
proximate it by

fbk k) =+ Ry k) + (ki Ky,
(11)
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where we have introduced the exact scattering ampli-
tude fO(k,, ky) of cq. (10) instead of the second Born
scatlering amplitude of electrons in the potential of a
single ion; f'(k,, k) is given by eq. (8) and accounts
for the first order multiple scattering effects. Therefore,
in this approximation we calculate the differential
scattering cross section of target valence electrons in the
potential (3) of bombarding diclusters as

2
%=|(1 +e Y Ok ke )+ (ke R (12)

Figs. 2 and 3 exhibit plots of the differential scatter-
ing cross section (12) of electrons being initially at rest
in the laboratory frame to be emitted at 0° with respect
to the beam axis, as a function of #, together with the
differential scattering cross section obtained when the
contribution f’ to the scattering amplitude coming
f[rom multiple scattering effects is not included; the
internuclear distance has been taken to be R =22 a.u..
In fig. 2 the charge has been taken to be Z=1 and
different values of the velocity have been considered; in
fig. 3 the velocity has been taken to be » = 2.5 a.u. and
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different values qf the charge have been considered.
These figures show that, even when multiple scattering
is neglected, the differential scattering cross section
strongly depends on the orientation of diclusters and
presents oscillations depending on the velocity and in-
ternuclear distance of the projectiles. These figures also
show that as a result of including multiple scattering by
means of the first order multiple scattering amplitude
/' of eq. (8) the electron vield decreases as & increases,
especially for high values of Z where multiple scattering
becomes more imporiant.

3. Initial momentum distribution of target valence elec-
trons

When bombarding diclusters penetrate condensed
matter, the different contributions to the emission vield
coming from all allowed initial states must be taken into
account. In particular, the differential scattering cross
section per target valence electron of knock-on electrons
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Fig. 2. Differential scatlering cross sections deduced from eq. (12) (solid curves), as a function of the orientation of bombarding

diclusters moving with velocity v = 2.0 a.u. (a), v =3.0 a.u. (b), vt =4.0 a.u. (c) and v = 5.0 a.u. (d), together with the scatlering cross

sections obtained when the contribution f’ to the scattering amplitude coming from multiple scattering effects is not included
(dashed curves). &,, k;. Z and R are taken tobe — ¢, v, 1 and 2.2 a.u., respectively.
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Fig. 3. Differential scattering cross sections deduced from eg.
(12) (solid curves), as a function of the orientation of bombard-
ing diclusters moving with velocity ¢ = 2.5 a.u., together with
the scattering cross sections obtained when the contribution [’
to the scattering amplitude coming from multiple scattering
effects is not included (dashed curves), &, kg and R are taken
to be —p, v and 2.2, respectively, and different values of the
charge are considered: Z=1(a), Z=3.5(b)and Z=7 (c).

emitted at 0° in a velocity region of Ajr <k, <A is
found to be, choosing the z-axis along the direction of
=

" ﬁ;; [ak i an[Tapl f(k.p. o)1
(13)

where

Ko = max{(v — kg, Aju). (14)

Kpae = min(v + kg, Asv), (13)

2t =k
Bmin= 7375, (16)
and

flk, p, @)= {1 +cxp[—ikR((1 + ) cos 8

—y1 = p*cos @ sin &)]}f‘)(k. n.op)

+f' (k. poe). (17)
FOE, 1, @) and f'(k, p, @) being the exact scattering
amplitude of electrons in the potential of each ion and
the scattering amplitude related to first order multiple
scattering effects [15], respectively, and k. p and ¢
being the spherical coordinates of the initial momentum
k, of target electrons.

Yamazaki and co-workers [12] have measured the
yield of 0° knock-on electrons emitted from thin carbon
foils in the velocity region of 1.95v < k< 2.150 under
bombardment of 4.5 MeV dinitrogen molecular ions.
Therefore, the velocity of bombarding diclusters is v =
2.5 a.., and the charge and internuclear distance of the
pair of ions are Z=1 and R =2 a.u.. respectively,
before entering the target; however, as they penetrate
the target, some of the binding electrons are lost and the
resulting fragment ions undergo a Coulomb explosion.
so that the effective charge and internuclear distance
both change during the experiment and depend on the
velocity of diclusters and the thickness of the target.

Making use of the empirical formula proposed by
Betz [17], the mean charge of the ions constituting 4.3
MeV dinitrogen projectiles can be assumed to be Z =
3.5. On the other hand, for very thin targets (d < 100 ;\)
the internuclear distance of the bombarding dinitrogen
clusters can be assumed to be approximately equal to
the interatomic distance of N, molecules; however, for
thicker targets it increases very rapidly. Therefore. we
have considered in our calculations different values of
the internuclear distance of bombarding diclusters. In
fig. 4 we plot, as a function of @, the differential
scattering cross section of target valence electrons to be
emitted at 0° in the velocity region of 1.950 < k< 2150
calculated from eq. (13), together with the result ob-
tained not integrating over initial states and assuming
that all initial states contribute as the initial state having
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momentum zero in the laboratory frame, for 0 = 2.5 a.u,
Z =33 au. and two different values of the internuclear
distance. Fig. 5 exhibits the experimental yield of 0°
knock-on electrons emitted from a 2 pg/cm?® carbon foil
{d =100 A) under 4.5 MeV N, bombardment measured
by Yamazaki [12].

As a result of the contributions from all allowed
initial states. the oscillations appearing in the depen-
dence of 0° knock-on electron emission on the orienta-
tion of projectiles become less pronounced; this is due
to the fact that the value of the angle # making the
emission probability maximum or minimum depends
not only on the velocity and internuclear distance of the
projectile but also on the momentum of the initial target
valence electron, thus becoming different for the differ-
ent contributions to the total yield. On the other hand,
fig. 4 shows that the integrated diflerential scattering
cross section is a decreasing function of #. which is a
consequence of multiple scattering effects, as also shown
in figs. 2 and 3.

The experimental results qualitatively agree with the
calculations shown in fig. 4: the yield of knock-on
electrons emitted in the forward direction has been
found to be a decreasing function of @, and a small
peak appears at # = 60°, in agreement with our theoret-
ical calculation obtained for R =2.2 a.u.; the position
of this peak should appear at larger values of # as R
increases, thus depending on the thickness of the target.
Nevertheless. the experimental results are not fitted
quantitatively by our calculations, since the experimen-
tally observed enhancement of the yield produced by
the longitudinally aligned projectiles is not as large as
the one predicted by our theoretical results: the dis-
crepancy between our theoretical results and the experi-
mental curve may be a consequence of having included
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Fig. 5. The knock-on electron vield measured by Yamazaki [12]
at 0° in the velocity region of 1.95¢ < ky;= 2150 as a func-
tion of the orientation of 4.5 MeV N diclusters passing
through a 2 pg/cnr’ carbon foil. The dotted line is to guide the

eye,

in our calculations only the first order multiple scatter-
ing for projectiles with high effective charge.

4. Conclusions

It has been demonstrated that the dependence of
electron emission on the orientation of bombarding
diclusters presents oscillations depending on the veloc-
ity and interatomic distance of the projectiles, and that
the electron yield increases as the bombarding diclusters
get longitudinally aligned with respect to the beam
direction, as a consequence of multiple scattering ef-
fects. The experimental results have been shown to be

S=lclc. {b)
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Fig. 4. Differential scattering cross section of target valence electrons 10 be emitied at 0° in the velocity region of 1.950 < k, < 2.13¢

calculated from eq. (13}, together with the result obtained not integraling over initial states and assurning that all initial states

contribute as the initial state with velocity zero in the laboratory frame (dashed curves). v, Z and r, are taken to be 2.5 a.u., 3.5 and
1.53 a.u.. respectively, and 1wo different values of the internuclear distance are considered: R = 2.2 a.u. (a)and R = 3.0 a.u. (b).
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very sensitive to these muliiple scattering effects and
also to the effective charge of the projectiles, so that
new experiments performed for different charges and
velocities would be very useful in order to investigate
the applicability of linear theories and capture and loss
1heories, and also to detect the effect of electron density
lMictuations.
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