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Convoy-electron emission in 20-100-kev grazing proton bombardment of Cu(100)
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We investigate the convoy-electron (CE) emission produced during grazing bombardment of a
Cu(100) surface with 20-100-keV protons. At 0.5 of incidence the CE peak measured at projectile
energies below 50 keV along the direction of specular reflection of the ions has a width and shape
similar to that of the CE peak corresponding to H+-He collisions and is considerably narrower than
that observed in transmission through thin foils. This finding shows that CE's are mainly subjected to
the Coulomb potential of the scattered ion when the velocity resolutions are high enough to localize
electron states close to the ion velocity. A strong variation of the CE peak shape with the projectile
incidence angle was also observed. This result is discussed in terms of a calculation that takes into ac-
count the angular distribution of the reflected ions.

PACS number(s): 79.20.Nc, 79.20.Rf

Ions hitting flat surfaces at grazing angles reflect specu-
larly with little penetration when the incidence angle is
sufficiently small. At directions of observation around
that of the reflected ions, the energy distribution of the
ejected electrons is dominated by a cusp structure super-
imposed on a relatively small background. This cusp peak
appears at an electron velocity which is close to the
reflected projectile velocity and is usually assigned to con-
voy electrons (CE) of the scattered ions [1-3].

The shape and intensity of the CE peak are determined
by three processes: (i) reflection of the ions at the surface,
(ii) excitation of electrons either from bound states of the
projectile or surface states to continuum states centered
on the moving ion, and (iii) the final-state interaction be-
tween the excited electron, the projectile, and surface elec-
trons. The importance of each process may vary consider-
ably with the type of projectile, surface, angle of in-
cidence, and bombarding energy. For example, the angu-
lar distribution of the reflected ions and mechanisms for
electron excitation are different for a well-ordered single
crystal and an evaporated polycrystal, where violent col-
lisions are possible for any angle of incidence. High-
energy projectiles, around 1 MeV/amu, generate a polar-
ization of surface electrons that is far from adiabatic with
the motion of the scattered projectiles. The resulting spa-
tial and velocity distributions of the excited surface elec-
trons are therefore different from those of electrons excit-
ed by low-energy projectiles. These initial distributions
will determine the population of bound and continuum
states of the projectile. For highly charged ions [4], the
strong image polarization modifies the pure Coulombic
final-state interaction between projectile and CE, af-
fecting both the shape and the velocity of the CE, while
for H+ ions, the effect of the projectile image charge can
be partially compensated by the electron self-energy [5].
In this way, the energy and charge of the projectiles can
be chosen so that a particular interaction mechanism is
enhanced.

The main features observed in recent experiments [1-6]
performed in the energy range of 0.05-1 MeV/amu are

(a) the CE peak measured in specular reflection of ions at
surfaces is broader than that of beam-foil experiments and
(b) for highly charged projectiles [4], the CE peak is
shifted to a velocity higher than that of the projectile.
These effects have been attributed [2-4] to a deviation
from the Coulombic final-state interaction between the
reflected projectile and CE caused by the dynamic image
potential of the projectile.

In the present work we report measurements and a pre-
liminary calculation of CE spectra obtained by H+ graz-
ing bombardment of a Cu single crystal. In the energy
range of our experiment, 20-100 keV, the proton-surface
interaction time is longer than in previous measurements,
so surface electrons react quasiadiabatically to the graz-
ing ion, and postcollisional interactions with the surface
should become stronger. In order to investigate angular
regions around that of specular reflection, where different
types of postcollisional interactions could be present, spec-
tra with high angular resolution were measured as a func-
tion of the energy and incidence angle of the projectile.
Under these conditions, CE spectra obtained for specular
reflection are compared with those obtained in transmis-
sion through thin foils and gaseous targets.

The measurements were performed in an UHV
chamber equipped with standard facilities for sample
cleaning and Auger analysis. The sample, a Cu(100) sin-
gle crystal disk of 6 mm diameter, was polished with
alumina of 0.05 pm and then cleaned by annealing at
=1100K by electron bombardment from the back of the
sample. The only contaminant detected by Auger spec-
troscopy was sulfur in a small amount. A proton beam
was produced in a radio-frequency source, then accelerat-
ed to 20-100 keV, mass-analyzed by a magnet, and finally
collimated to a spot of 0.5 mm diameter with angular
divergence of 0.1 . Electrons ejected in a cone of half-
angle 80=0.7 were energy analyzed with a resolution of
1% by a custom-made [7] rotatable cylindrical mirror
analyzer. The spectra were corrected, taking into account
the transmission of the electron energy analyzer.

Figure 1 shows electron spectra obtained for two projec-
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FIG. I. (a) Energy distributions of electrons ejected in specu-
lar reflection of IOO-keV H+ from a Cu single crystal ( ),
transmission through Al foil (" ), and H+-He collisions (---).
The proton energy in the foil experiment has been adjusted to
match the corresponding CE energy to that of the reflection
case. (b) Same as (a) for a projectile energy of 35 keV. The in-

set shows the Cu and He spectra after background subtraction.

tile energies, 100 and 35 keV, in (I) specular reflection of
H+ from Cu(100) with incidence angle p 0.5', (2)
transmission of H+ through an Al foil of 560 A thickness,
and (3) H+-He collisions. The spectra corresponding to
reflection and transmission were taken in the same
chamber. According to a numerical simulation of the
transmission experiment (TRIM-1990), the projectile en-

ergy loss is about 10%, the straggling less than 2/o of the
initial energy, and the angular dispersion about 1.5'. The
gas-phase spectra, taken with similar resolution to that of
the present measurements, were provided by Suarez and
Meckbach [8].

The spectra shown in Fig. 1(a) are similar to those ob-
tained previously [1,3], with the width of the spectrum un-

der specular observation broader than those of gas-phase
and thin foils experiments. For lower proton energy [Fig.
1(b)] the CE peaks obtained in ion-solid experiments are
mounted over the secondary-electron distribution, which
is negligible for the ion-gas case [9]. For a better compar-
ison between the ion-reflected and the gas-phase electron
spectra, the low-energy background has been subtracted
by an interpolating function [2,10]. The corresponding
spectra are shown in the inset of Fig. 1(b), in which a
striking feature is observed: Their widths and overall
shapes are very similar. A possible explanation for this
feature comes from the following analysis of the collision
process: The electron capture (or loss) to the continuum
occurs when the ion is close to the surface. This electron
outgoing state originates from a finite region around the
projectile, where the interaction acting on the initial elec-
tron state is strong enough to produce the transition. At a
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FIG. 2. Energy distribution of electrons emitted during SO-

keV H+ bombardment of a Cu single crystal, measured along
the direction of the ion specular reflection for the incidence an-

gle indicated in the figure. Counts are normalized with the frac-
tion of the beam hitting the sample.

time t well after this process, the relative electron-
projectile distance will approximately satisfy the classical
relation r = ~v,

—v; )t, where v, and v; are the electron and
ion velocities, respectively. The final electron distribution
is modeled by both the projectile potential and the in-
duced (image) potential due to the surface electron polar-
ization. Their relative influence will depend on the dis-
tance of the electron from both potential centers; there-
fore, the effective post-collision interaction character will
tend to be pure Coulombic when ( v, —v; ~

&& U j and pure
dipolar for (v, —v; ~

&& v~, where v& is the component of v;
normal to the surface. The electron distribution measured
along the direction of specular reflection 8, will depend on
the average character of the final electron interaction in
the detector resolution volume. The angular aperture 00
determines the region of electron velocities covered by the
detector: (v, —

v;~ ~HuU~/8, . The present experimental
condition is Hu & H„so we are away from the region of pre-
vailing dipole final interaction (Hu»8, ), and, rather, have
a detection of electrons with dominant final Coulombic in-
teraction. Other electron-detector resolutions, such as
those used by Winter, Strohmeier, and Burgdorfer [3],
may shift the weight to final electron velocities where the
dipole interaction is dominant.

The dependence of the electron energy distribution with
the incidence angle y along the specular reflection direc-
tion 8, y is shown in Fig. 2 for incident protons of 80
keV. We see that (i) the width of the peak for p=2' is
about twice that of 0.5', (ii) the asymmetry observed at
ow projectile energy is conserved, (iii) within the experi-
nental uncertainties, there is no change in the CE peak

energy, and (iv) the secondary-electron background in-
creases with p. The last point is a consequence of the
larger electron escape probability for increasing observa-
tion angles and the larger cascade of electrons generated
by projectiles impinging on the surface with larger in-
cidence angles. The broadening observed on the CE peaks
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with increasing p cannot be explained as a post-collision
interaction effect, since its Coulomb character is enhanced
for increasing 8„, and this will tend to produce sharper
peaks. At larger incidence angles, the excitation to con-
tinuum states of the projectile can occur closer to the sur-
face, but, according to the experiments of Hasegawa et al.
[6], this should have little effect on the final peak shape
since the observed convoy electrons are generated at dis-
tances from the surface larger than 2 A; excited electrons
within that distance from the surface are easily scattered
away by collisions with other surface electrons. The
broadening could come from the CE transport through the
surface electron density that, through elastic and inelastic
processes, will widen and asymmetrize the peak. Even
though this effect can contribute to the final peak shape,
we think that it is not the main cause for the increasing
width with angle 8„since the path of CE through the re-
gion of appreciable surface electron density is inversely
proportional to 8„. Finally, the broadening may originate
from the angular and velocity distributions of reflected
projectiles, which depend on incidence angle, projectile
energy, and surface topography. In order to estimate this,
we have performed a preliminary calculation, taking into
account the elastic scattering of projectiles from flat sur-
faces. Inelastic processes, with the corresponding strag-
gling of reflected projectile energy, and effects due to the
surface topography, will be considered in a future publica-
tion. The CE distribution has been calculated assuming a
pure Coulomb final interaction, described by the electron
distribution taken from ion-atom collisions and param-
etrized as [11]

f(ve,vi), [ 800+ BI Ov+820v

+cos8'(80I+8 I I
v'+ 82I v' )]

where v' (v, —v;( and 8' is the angle formed between v'

and v;.
The complete angular distribution of the elastically

scattered ions 8'(8,p) was taken from Remizovich, Rya-
zanov, and Tilinin [12]. Here 8 and p are the polar and
azimuthal angles in the reference system in which the z
axis is determined by the intersection of surface and in-
cident plane. This distribution has a maximum at the
specular condition and is asymmetric with a tail towards
larger reflection angles, as can be observed in the inset in

Fig. 3.
The influence of the reflected ion distribution on the CE

emission is then evaluated as

+x/2 9a/2

Q(v, )-„„,sin(a)dedy W(o, y)

g p(„)f(ve~vi )dve ~

where C(v,.) is the detector resolution volume centered at
the observation velocity v, Figure 3 shows the calculated
electron energy distributions for 80-keV proton bombard-
ment of a Cu sample under the conditions used in the ex-
periment. Even though this simple model cannot repro-
duce details of the peak shape, it does reproduce the
changes observed experimentally in the width. The full
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FIG. 3. Energy distribution of electrons calculated for the ex-
perimental conditions of Fig. 2. The inset shows the distribu-

tions of the reflected projectiles as used in the calculation vs the
reflection angle.

width at half maximum (FWHM) obtained from the cal-
culation and experimental spectra after subtraction of the
ionization electron background [10] for specular observa-
tion were as follows, for vI 8„:

0.5'
FWHM (eV)
1.0' p 1.5' vI 2.0'

Calculation
Experiment

9.4
10

13.8
14

17.6
16

20. 1

20

The error due to this background subtraction is regarded
to be less than 5%. This result shows that at least an im-
portant component of the broadening of the CE peaks
comes from the angular distribution of the reflected pro-
jectiles. The discrepancies observed in the CE yield could
come from the fact that for lower observation angles the
electrons deviate more easily from their trajectory to the
electron detector because of the multiple collisions with
the surface electrons.

In summary, we have presented CE peaks measured
along the direction of the ion specular reflection from sur-
faces which are narrow and very similar in shape to CE
peaks observed in gas-phase collisions. This shows that
the CE measured for energies below 50 keV with small
enough ion incidence angle (=0.5') are mainly subjected
to the Coulomb potential of the scattered ion when the
analyzer resolutions are precise enough to localize elec-
tron states close to the ion velocity. A strong broadening
on the CE peak shape was also observed with increasing
energy or projectile incidence angle. A simple calculation
assuming a pure Coulombic final ion-electron interaction
for the particular angular region of the experiment has in-
dicated that the angular distribution of the reflected ions
strongly affects the final electron energy distribution. The
dependence of the CE peak shape with the observation an-
gle for fixed angle of incidence, the angular resolution and
the rugosity of the sample will be discussed in a forthcom-
ing work.
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