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Energy loss and straggling for 50- and 100-keV H1 ions
passing through the Si„001…231-Sb surface
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Surface stopping powers were measured for 50- and 100-keV H1 ions passing through the Si~001!231-Sb
surface. The energy losses as a function of the exit angle are fit successfully by a simple relationship involving
the time spent near the surface. The fitting parameter is in agreement with the value expected from the bulk Sb
stopping cross section and the areal Sb density. This result suggests continuity of the stopping power from the
bulk to the surface. It provides a useful method for determining the distance between the plane of deposited
atoms and of a substrate surface and for measuring the composition of the topmost atomic layer. The estimated
energy loss by surface-plasmon excitation is negligibly small in the present system. The energy straggling as
a function of exit angle was also measured for 50- and 100-keV H1 incidence and the results are compared
here with the bulk straggling values.@S0163-1829~97!04636-5#
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I. INTRODUCTION

Medium-energy ion scattering~MEIS! with an electro-
static toroidal analyzer has been used to determine sur
and interface atomic structures.1–5 Ion shadowing and block
ing provide quantitative information about surface reco
struction and relaxation and about crystallographic dis
tions at interfaces. The inelastic energy loss of ions pas
through a surface region also provides information about
depth of an atomic layer. Glancing incidence or emerge
geometry is often used in order to improve the depth res
tion. Kimura, Ohshima, and Mannami6 derived a height of
0.0560.10 Å of Ag atoms on the Si~001! surface from the
inelastic energy loss of backscattered He ions exiting a
angle of 3° from the surface. They calculated this hei
using Ziegler’s stopping power formula7 and a theoretica
prediction of the surface-plasmon loss.8,9

Knowledge of the surface stopping powers is indispe
able for determining the depth scale for atomic configu
tions near the surface. There are several reports on posi
dependent stopping powers for light ions specularly reflec
at atomically clean surfaces.10–13 A simple formula for the
position-dependent stopping powers was derived from
analysis of the experimental data.10–13 Unfortunately, this
formula is not applicable when the distance from the surf
is less than about 0.5 Å. Theoretical investigations of surf
energy-loss processes focus on the stopping power of a m
surface for ions traveling parallel to the surface.8,9,14 Kawai,
Itoh, and Ohtsuki8 calculated the inelastic energy loss b
collective excitations at a surface and derived a formula
the position-dependent stopping power.

In the present work, we measured the surface energy
and straggling of 50- and 100-keV H1 ions passing through
the Si~001!231-Sb surface as a function of exit angle. T
surface atomic configuration has already been determine
surface-extended x-ray-absorption fine-structure analys15

To estimate the contributions from multiple scattering a
560163-1829/97/56~11!/7011~7!/$10.00
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from backscattering from underlying substrate atoms,
calculated the backscattered ion trajectories using a Mo
Carlo simulation. The contribution from surface-plasmon e
citations is also discussed. The primary aim of the pres
work is to use the well-characterized surface to derive a
lation between the surface and bulk stopping powers as
as the relation between surface and bulk energy straggli

II. EXPERIMENTAL PROCEDURE

The experiments were performed in an ultrahigh vacu
~UHV! system, which consisted of three chambers
molecular-beam epitaxy~MBE!, MEIS, and x-ray photoelec
tron spectroscopy. We prepared the samples in the M
chamber and then transferred them to the MEIS cham
without exposing them to atmosphere. After the MEIS me
surement, the samples were taken out of the UHV sys
and the surface morphology was studied with an atom
force microscope~AFM!.

We preoxidized the surfaces of Si~001! wafers~B-doped,
r51–10 V cm! by chemical treatment16 and then prepared
the Si~001!231 surface by heating the sample to 900 °C u
der a base pressure of the order of 10211 Torr. To get a flat
and clean surface, a Si buffer layer with a thickness of ab
200 Å was deposited at 500 °C using an electron gun eva
rator and then we annealed the sample at 900 °C for a
minutes. The double domains of the dimer structure w
confirmed by a clear 231 reflective high-energy electron dif
fraction pattern. From the step densities observed by AF
we estimated the offset angle of the Si~001! wafer to be less
than 0.02°. The Sb deposition was done with a Knudsen
operating at 320 °C at a rate of about 1 ML/min, where 1 M
corresponds to 6.7831014 cm22 of the ideal Si density of the
~001! plane. Since the Si~001! substrate was kept at 680 °
during the Sb deposition, the Sb coverage was saturate
about 1 ML.17 We confirmed this 1-ML coverage by Ruth
erford backscattering~RBS! with 1.0-MeV He1 ions. Three-
7011 © 1997 The American Physical Society
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7012 56SUMITOMO, NISHIOKA, IKEDA, AND KIDO
dimensional island formation was not observed in the AF
images. The schematic views of the single-domain Si~001!2
31-Sb surface15,18 are given in Fig. 1.

Well-collimated H1 beams were accelerated to 50.0
100.0 keV and were directed into the ultrahigh vacuu
~UHV! MEIS chamber. The H1 ions were incident along the
@001# axis. The energy of backscattered ions was analy
with the electrostatic toroidal analyzer and collected by
sition sensitive microchannel plates with an acceptance a
of 25°. We measured the energy of the direct beam and c
firmed the system energy resolution. The energy spect
for the direct beam for 100-keV H1 was fit to a Gaussian
shape with full width of half maximum~FWHM! of 340 eV.
It also gave the basis of the energy scale with an accurac
30 eV. Two scattering planes were chosen:f50° and 30°
azimuth from the@110# axis, which correspond to the~11̄0!
scattering plane and to a random scattering plane, res
tively. The incident and exit angles were calibrated with
spect to the channeling and blocking directions and th
accuracies are within60.2°. To suppress surface dama
induced by the probe ions, we moved the impact position
the sample surface, while keeping the scattering geom
unchanged.

Figure 2 shows a contour display of a typical MEIS spe
tra set around the Sb peak energies measured for 100.0
H1 incident along the Si-@001# axis of the Si~001!231-Sb.
The product of the incident energy and the kinematic fac
for H1 on Sb, K~u, M1 /M2) E0 , is drawn as a straight line
in Fig. 2, whereu is the scattering angle andM1 /M2 is the
mass ratio of H to Sb. There are small measured intensity
exit angles less than 0° due to misdetections of the posi
sensitive detector. We could ignore these misdetections
cause the intensity is negligible and the angle resolu
~FWHM! of the detector is less than 0.2°. The energies of
Sb peaks in the spectra are at every scattering angle sm

FIG. 1. Top and side view of the Si~001!231-Sb surface.
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than the corresponding K~u, M1 /M2! E0 values. The energy
difference is due to both the inelastic energy loss by exc
tion and/or ionization during the violent large-angle collisio
with an Sb atom and to continuous energy losses during
passage through the surface.

III. RESULTS

A. Energy loss

Figure 3 shows the energy spectra from the Sb atoms
the exit anglesu2 of 75°, 80°, 87°, and 88° relative to th
surface normal. Here, 100.0-keV H1 was incident along

FIG. 2. A contour plot of a typical MEIS spectra set for 100.
keV H1 incident along the@001# axis of the Si~001!231-Sb surface
as a function of detected energy and scattering angle.

FIG. 3. Backscattering spectra from topmost Sb atoms
Si~001! for 100-keV H1 incidence (u150°, f50°! with exit angles
u2 of 75°, 80°, 87°, and 88°. The solid curves denote the prim
component without multiple scattering. The dashed curves de
the component of multiple scattering, defined here as a large-a
collision with a topmost Sb atom and subsequent small-angle c
sion with another Sb atoms.
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56 7013ENERGY LOSS AND STRAGGLING FOR 50- AND 100- . . .
@001# (u150°) and the azimuth of the scattering plane,f,
relative to@110# was 0°. The Sb spectra at large exit ang
clearly show asymmetric shapes with low-energy tails. W
decreasing exit angles the profiles gradually become s
metric. These asymmetric profiles are possibly due to m
tiple scattering and the stochastic nature of inelastic co
sions with the electrons of surface atoms.

In order to separate the contributions of multiple scatt
ing from experimental Sb peaks, we performed Monte Ca
simulations. In our calculation, the projectile~H1 ions! were
generated at a position of the large-angle collision with
surface Sb atom by three normal random numbers cons
ing the thermal lattice vibration. The emitted directions we
defined by polar and azimuth angles, which were genera
by two uniform random numbers. The exiting ion trajector
were followed up 3 Å above the surface plane and then t
final emission direction and energy were calculated. The
was counted by weighting a coefficient considering the s
tering. We used the universal~ZBL! interatomic potential19

and the impact-parameter-dependent stopping power of
Oen and Robinson model,20 whose average value was no
malized to the bulk Sb stopping power measured in adva
The thermal vibration amplitudes were derived from th
Debye temperatures. The vertical component for the sur
Sb was enhanced by a factor ofA2 times that of the bulk
value.

The dashed and solid curves in Fig. 3 correspond to
ion yields with and without additional scattering from neig
boring Sb atoms. The multiply scattered ions travel a lon
path in the crystal than the singly scattered ones. Con
quently, they lose more energy inelastically. Although t
elastic energy loss of the multiply scattered ions is actu
less than that of singly scattered one, the difference of
elastic energy loss is much smaller than the inelastic o
Figure 4 illustrates three kinds of scattering events,~A!
single scattering from an Sb atoms,~B! multiple scattering
from Sb atoms, and~C! multiple scattering from Sb and S
atoms. We regard those events as multiple scattering if
additional scattering is about an angle larger than 2°. The
scattering from Sb corresponds to an impact paramete
about 0.15 Å, which is comparable to the two-dimensio
thermal vibrational amplitude of Sb. The intensities at t
lower-energy region~less than 96 keV! of the spectra for
large exit angles are due to the scattering event~C!, though
these intensities are so small that calculated curves are
hind the experimental plots in Fig. 3. Using the Monte Ca
simulation, we estimated the contributions from~B! and~C!
to total yield to be 25% for 100-keV H1 incidence ~u1

FIG. 4. Schematic illustration of various kinds of scatteri
events near the surface region of Sb~1 ML!/Si~001!.
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50°, u2588°, f50°!. However, the results of the calcula
tion showed that the energy of the ion scattered in the ev
~C! were 1.5–3 keV lower than the Sb peak energy. It is
far from the peak that we can consider only the contribut
of event~B!, which is estimated to be about 15% of the to
yield. In addition, it must be noted that its contribution to t
average energy loss is 6% at most. The simulated Sb p
energies are lower than the experimental ones for the la
exit angles, but higher for the smaller exit angles. The
differences are caused by misestimate of the Oen-Robin
model in our calculation and the impact parameter dep
dence will be described in more detail elsewhere. The sit
tion is almost the same for 50-keV incidence.

We evaluate the average energy losŝDE&
5K(u,M1 /M2) E02^E&, where^E& is the average detecte
energy defined as

^E&5(
i

EiYi Y (
i

Yi , ~1!

where Yi is the scattering yield from Sb at energyEi . In
order to correct for the contributions of the multiply scatter
ions to the measured energy spectra, we applied the resu
the Monte Carlo simulations. The Sb energy spectra
glancing exit are well approximated by appropriate asy
metric Gaussian shapes. As mentioned previously, the O
Robinson model does not give an exact expression
impact-parameter-dependent stopping powers. Thus
simulated Sb spectrum was shifted to coincide the simula
Sb peak positions with the observed ones. Then the shi
multiple-scattering component~B! was subtracted from the
approximated asymmetric Gaussian spectrum. The ions s
tered from underlying Si atoms after a large-angle collis
with Sb @event~C!# did not affect the results of this fitting
because their energies are much lower than the peak en
The error generated in the present treatment cannot be
mated precisely, but is small~roughly less than a few %!.

Figure 5 shows the corrected energy losses as function
the exit angle for 100-keV H1 incidence@u150°, ~a! f50°
and ~b! f530°#. The solid and dashed curves are best
results according to

DE5a~1/cosu111/cosu2!1b, ~2!

whereDE is the electronic energy loss~eV!, a andb are fit
parameters. Equation~2! is derived from the assumption tha
the energy loss depends only on the total length of the p
traveled near the surface. The kinematic scattering facto
almost unity and the incoming and outgoing energies of1

can be regarded as equal within 2%.

B. Energy straggling

The energy straggling for 50- and 100-keV H1 ions pass-
ing through the Si~001!231-Sb surface was also measured
a function of exit angle. Figure 6 shows the energy spre
~standard deviation! of the Sb spectra for 100-keV H1 inci-
dence~f50°! approximated by asymmetric Gaussian pr
files neglecting the low-energy tails for the large exit angl
Unfortunately, the present Monte Carlo simulation could n
reproduce the shape of the experimental spectra. We ca
estimate the multiple-scattering component accurately,
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7014 56SUMITOMO, NISHIOKA, IKEDA, AND KIDO
though the multiple-scattering probably contributes to so
extent. The solid curve is calculated in analogy to Eq.~2!:

V2~keV2!5a$K2/cosu111/cosu2%1VSYS
2 , ~3!

wherea(keV2), K, andVSYS are, respectively, a fitting pa
rameter, the kinematic factor, and the system energy res
tion ~standard deviation!. Equation~3! fits the measured en
ergy straggling as a function of exit angle for 50- and 10
keV H1 incidence ~f50° and 30°! rather good. If one
assumes that an ion which passes through the Sb su

FIG. 5. Corrected energy loss as a function of exit angle
100-keV H1 incidence@u150°, ~a! f50° and ~b! f530°#. The
solid curves are fitted results.

FIG. 6. Energy spread~standard deviation! of ions backscattered
from topmost Sb atoms for 100-keV H1 incidence~f50°!. Solid
curve is fit of Eq.~3!.
e
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layer experiences a constant energy spread~i.e., not a posi-
tion dependent!, our experimentala values can be compare
with the straggling values for bulk Sb~Fig. 7!. As frequently
pointed out, it is essential to have a uniform and homo
neous thin film to measure the bulk energy straggling val
precisely. We could not obtain a good accuracy in the str
gling measurement because of the difficulty in preparing u
form Sb thin films on Si. Figure 7 compares our surfac
energy straggling values with the experimental bulk d
reported by Eckardt21 and with theoretical predictions base
on the local electron-density model~LEDM’s! of solid and
gas models.23–25The surface straggling values forf50° ~in-
plane! are significantly larger than those forf530° ~off-
plane!, because the component due to multiple scatterin
larger for f50°. The surface-energy straggling values o
tained corresponds with 0.8–0.9 of the Bohr straggling v
ues, and are considerably larger than the bulk straggling
ues.

IV. DISCUSSION

We are attempting to delineate how much of the los
result from the plasmon. We are calculating the plasm
losses according to the theory, and then comparing the
sults to experimental losses. The contribution from surfa
plasmon excitation can be estimated according to Kaw
Itoh, and Ohtsuki.8 Kitagawa9 derived the same expressio
but using a different formulation. The calculated stoppi
powerdE/dx ~eV/cm! caused by the surface-plasmon ex
tation for 100-keV H1→Si is shown in Fig. 8 as a function
of distance (z) from the Sb plane, where the electronic su
face is taken as half of the interplanar distance outside

top Si layer.8 Here we usedA5
3 vp /nF as the cutoff wave

number, wherevp andnF are the bulk plasma frequency an
Fermi velocity, respectively, calculated assuming four fr
electrons per Si atom. The solid, dashed, and dot-das
curves correspond to the total, surface, and bulk and refl
tive plasmon losses, respectively. The surface-plasmon
for the outgoing path is given by

r

FIG. 7. Reduced straggling values (V/VB) as a function of H1

energy, whereVB is the Bohr straggling. The present data deriv
from the best-fit using Eq.~3! are plotted by full~f50°! and open
~f530°! circles. The squares, solid, and dashed curves denote
ardt’s data~Ref. 21! solid-LEDM data, and gas-LEDM data, respe
tively.
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DES5E
0

`dE

dx
~z!dx5~ tanu11tanku2!E

0

`dE

dx
~z!dz, ~4!

where we regard the Sb plane as the origin of thez axis ~see
Fig. 4!.

The calculated plasmon loss for the prese
H1→Si~001!231-Sb system was much smaller than t
losses due to the collisions with the electrons of surface
oms. The small difference~less than 5%! between the calcu
lated energy losses with and without the addition of surfa
plasmon loss is within the experimental errors because of
large distance between the Sb and top Si layers~see Fig. 1!.
These situations are independent of the azimuthal angle
primary energy of the incidence beam. We regard the con
bution of the surface-plasmon loss at the Si substrate sur
as small enough in the present H1→Si~001!231-Sb system,
but it must be noted that the theories8,9 have ambiguities with
regard to the cutoff wave number and the position of
electronic surface. The additional Sb surface-plasmon
for 100-keV H1 incidence cannot be estimated precisely b
is likely less than 10%, though the real contribution of t
deposited Sb atoms~1 ML! to the surface-plasmon loss is n
clear at present.

The energy losses as a function of the exit angle are
quite well by Eq.~2!, as shown in Fig. 5 for 100-keV H1

incidence. In the case of 50-keV H1, the relation is quite
similar. Equation~2! is derived from the assumption that th
energy loss depends only on the total length of the p
traveled near the surface. In other words, we assume tha
stopping is constant in a surface region up tod ~cm! above
the surface plane, and in that region it is not position dep
dent. Assuming a bulklike cutoff,d5s Sb/2rSb, whererSb
and sSb are the atomic density of bulk Sb and the are
density of the Sb monolayer on Si~001! (6.7831014 cm22),
respectively. When the stopping cross section of Sb is
fined by «Sb5(1/rSb)dE/dx (10215 eV cm2),26 the param-
etera is theoretically equal to«SbsSb/2. The parameterb is
the inelastic energy loss caused by the large-angle~92°–
110°! collision with Sb. The experimental values ofa andb
obtained by fitting are listed in Table I, where they are co

FIG. 8. Position-dependent plasmon losses for 100-keV H1 in-
cident on Si~calculated assuming four free electrons per Si ato!.
Solid, dashed, and dot-and-dashed curves denote total, surface
bulk and reflectance plasmon losses, respectively.
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pared with the theoretical values. The experimental val
agree with«SbsSb/2 for the measured bulk Sb stopping cro
sections within 9%.

Although we have assumed a sharp cutoff for stopping
could actually be a bit different. A possible variation of th
surface stopping power is exponential as a function of
distance from a top atomic plane. Such position-depend
stopping powers were determined from the surface-ene
loss values measured with alkali-halide crystals under spe
lar reflection conditions.27,28 Unfortunately, the specular re
flection connected to the continuum potential of a surfa
atomic plane limits the distance from the surface plane m
than about 0.3 Å. It must be noted that the surface stopp
powers derived here correspond to the integrated total s
ping powers above the top atomic plane.

The surface stopping cross sections derived from the
lation a5«SbsSb/2 are compared with the experimental da
of Eckardt,21 the semiempirical formula given by Anderse
and Ziegler,22 and the theoretical prediction of th
LEDM,23,24as shown in Fig. 9. The bulk stopping cross se
tions «Sb were measured separately for 50-, 65-, 80-, 10
and 120-keV H1 incident ona-Sb~82 Å!/Si~111!. The thick-
ness of Sb was measured by RBS with a 1.5-MeV He1 beam
and the surface roughness was quantitatively estimated
AFM. These experimental data are also plotted in Fig. 9. T

and

TABLE I. Parametersa andb derived from experimental data
and Eq. ~2! by fitting and from the theoretical relationa
5«SbsSb/2, where«Sb andsSb are the stopping cross section of bu
Sb and the areal density of Sb on Si~001!, respectively~units eV!.

100-keV H1 50-keV H1

f50° f530° f50° f530°
a b a b a b a b

theory («SbsSb/2) 16.0 16.0 16.6 16.6
expt. 18 150 17 125 15 125 15 15

FIG. 9. Stopping cross section as a function of H1 energy. The
surface stopping cross section derived from Eq.~2! using the rela-
tion a5« SbsSb/2 are plotted by squares. For the stopping cro
sections of Sb bulk, the triangles and crosses, respectively, de
the present data and the data reported by Eckardt~Ref. 21!. The
solid and dashed curves are, respectively, the semiempirical
mula of Andersen and Ziegler~Ref. 22! and the calculated value
based on the local electron-density model~LEDM! ~Refs. 23 and
24!.
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7016 56SUMITOMO, NISHIOKA, IKEDA, AND KIDO
present values, both the surface and the bulk, fit reason
well with the above predictions. Thus, we come to the v
useful conclusion that the average energy loss in the sur
is given by the bulk stopping cross section and the a
density. The above relation suggests continuity of the st
ping cross section from the bulk to the surface. We belie
that a similar approach is possible in other systems as w
In order to determine the universality of this idea, we w
discuss the surface-energy losses of another system in
near future, e.g., Ge/Si system in which surface segrega
and intermixing phenomena will occur depending on anne
ing temperatures.

The surface-energy straggling as a function of the e
angle are also fit successfully by the simple relation with
total length of the path traveled near the surface. Howe
the surface straggling values obtained are significantly la
than those calculated from LEDM’s, as shown in Fig. 7. T
is partly due to the fact that the present straggling val
include the contribution from the small-angle multiple sc
tering, which cannot be estimated accurately in the pres
Monte Carlo simulation. In addition, there exist a number
domain boundaries and the Sb dimers do not comple
cover the Si-substrate surface, as expected from the scan
tunneling microscopy observation of the Si~001!231-Sb.15

In the present glancing emergence conditions, this may g
erate an additional contribution to surface-energy straggl
The electronic transitions which occur during the large-an
violent collision with the topmost Sb atom are a statisti
process and thus also contribute to the energy spread o
exit ions. Unfortunately, it is very difficult to estimate th
contribution quantitatively.

V. SUMMARY

The surface stopping cross sections and energy stragg
were measured, with an electrostatic toroidal analyzer,
50- and 100-keV H1 ions passing through the Si~001!2
31-Sb surface. To estimate the multiple-scattering contri
tion, we performed a Monte Carlo simulation of the traje
tories of backscattered ions. The multiple-scatter
contribution, including the component of ions scattered fr
substrate Si atoms, decreases with decreasing exit angl
large exit angles the contribution is significantly larger wh
u
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f50° than whenf530°. In an off-plane~f530°! scattering
geometry, the contribution from multiple scattering can
neglected. The contribution from surface plasmons excite
the Si substrate was estimated according to the method
Kawai, Itoh, and Ohtsuki8 and Kitagawa9 and was found to
be negligibly small in the present system.

The energy losses as a function of the exit angle are
successfully by the simple relation with the time spent ne
the surface. The energy loss is given by the product of
bulk Sb stopping cross section and the areal Sb dens
«SbsSb/2 ~and note that the factor 2 stems from the fact th
only the outerhalf of the Sb monolayer is traversed! plus the
extra inelastic energy loss in the backscattering collisio
This result suggests continuity of the stopping power fro
the bulk to the surface. It provides support for the use of
energy loss to measure the distance between a plane o
posited atoms and the first substrate plane; e.g., for the
of Ag on Si~001!.6 In addition, it would make it possible to
determine the elemental composition of each atomic laye
a subsurface region.

The energy straggling was also measured for the Si~001!2
31-Sb surface. The energy spread values~standard devia-
tion! obtained assuming asymmetric Gaussian profiles
well fit by the relation with the square root of the total leng
of the path traveled near the surface. We found that the m
sured straggling in the surface was considerably larger t
in Sb bulk, as measured by Eckhardt21 or predicted by
theory.23–25 This is partly due to the fact that our stragglin
values include contributions from the small-angle multip
scattering and from domain boundaries of Sb dimers. It
also suggested that the electronic transitions which occu
during the backscattering process may contribute to the
ergy spread of the exit ions.
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