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Final-charge-state distributions of argon ions, scattered grazingly from a smooth highly oriented pyrolytic
graphite surface, have been measured as a function of initial charge state (q54–17! and impact velocity
(v50.15–0.62 a.u.! The final-charge-state distribution changes strongly with the impact velocity, but is almost
independent of the initial charge state. The neutralization during grazing-angle scattering is compared to the
charge-state equilibration experienced by ions passing through a solid~carbon foil!, and these two processes
seem to have common properties. AK x-ray spectrum from theK-shell vacancy decay of 51-KeV Ar171

projectiles was obtained as a function of the angle between the ion beam and the surface. Measurements of
x-ray spectra in coincidence with grazingly scattered ions are reported. A simple model for argon neutralization
near and below the surface is proposed. The model assumes a direct side feeding into the ArM shell followed
by Auger and radiativeL- andK-shell filling. @S1050-2947~96!09806-X#

PACS number~s!: 34.50.Dy

I. INTRODUCTION

The neutralization of ions during an interaction with sol-
ids and solid surfaces has attracted substantial attention and
has been studied both theoretically and experimentally for
many years. Particularly, the neutralization of highly charged
ions that carry multiple inner-shell vacancies remains to a
large extent not understood. An updated review of this sub-
ject can be found in the article by Burgdo¨rfer @1#. The ex-
perimental observations show that the highly charged ion
interacting with the solid experiences a rapid neutralization
and relaxation@2–4#. The following physical ‘‘picture’’ of
the ion-solid interaction has been adopted. The highly
charged ion captures electrons from the solid at a relatively
large distance from the surface via a resonant charge transfer.
Because of an energy matching, the capture populates highly
excited states and a hollow atom is formed. This initial stage
of the ion-surface interaction seems to be well described by
an over-barrier model@1,5#. The hollow atom undergoes de-
excitation via Auger or radiative decay that populates lower
states. The deexcitation rates are, however, generally too
small to allow a full relaxation of the ion before it hits the
surface. This is particularly true because the image charge
force that accelerates the ion towards the surface sets the
lower limit for the time the hollow atom can spend above the
surface. The hollow atom hits the surface and ejects its
loosely bounded electrons either into the bulk or outside the
solid ~peeloff process! @4,6#. Therefore, it is commonly ar-
gued that the resonant capture into high states and the Auger
~radiative! decays that follow are not sufficient to explain the
high degree of neutralization and relaxation seen in the ex-
periment. To explain the neutralization an additional mecha-
nism is introduced and is usually referred to as a side feeding
@7#. The side feeding is believed to take place at a smaller

distance from the surface and to populate lower ionic states
than the resonant charge exchange. In addition, the electron
exchange rate associated with the side feeding is assumed to
be large in order to account for the rapid and complete neu-
tralization observed experimentally. It should be noted that,
beyond these postulates, the side-feeding mechanism is still a
matter of discussion. Several models describing the side
feeding at the surface and inside the solid have been devel-
oped in recent years. The over-barrier model worked out by
Burgdörfer et al. @1,4,5# has been successful in describing
side-feeding neutralization above the surface. Another ex-
ample is the molecular-orbital model by Stolterfohtet al. @8#
that describes the neutralization inside the solid.

Another aspect of the neutralization of highly charged
ions during their interaction with surfaces which is not fully
understood is the role of inner-shell vacancies, particularly
the vacancies with large binding energies. The possibility
that deeply bound inner-shell vacancies are filled by the side-
feeding mechanism is questionable, because of large energy
differences between these vacancies and the band structure
of the solid. This is particularly the case during the interac-
tion of heavy ions with light target solids (Zion.Zsolid),
where the binding energy of the inner-shell solid electrons is
much smaller than the binding energy of inner-shell vacan-
cies of the ion. Under such conditions only Auger or x-ray
decay would be expected to be responsible for the inner-shell
vacancy filling. However, it has not been quantitatively dem-
onstrated that the transition rates are sufficiently fast to ex-
plain the full relaxation of the ion. Partially, this occurs be-
cause most of the experimental work in this field has been
done with heavy metallic targets and light ions
(Zion,Zsolid) for which the direct side feeding into inner-
shell vacancies seems quite possible. This complicates the
interpretation of the experimental data.

The neutralization of highly charged ions at the surface or
inside the solid can be studied using several experimental
techniques@2–14#. The two commonly used ones are detec-
tion of final charge states after grazing-angle reflection from
the surface and x-ray spectroscopy. In particular, several ex-
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periments motivated our work. The final charge distributions
of argon ions, following the grazing-angle reflection from the
gold target were investigated by Meyeret al. @2#. Initial
charge states betweenq52 and 14 were used and it was
found that the final-charge-state distributions were almost
identical for all initial charge states, which means that the
L-shell vacancies are efficiently filled during the collision.
However, the mechanism for this filling is not clear because
the possibility of side feeding into theL shell of argon can-
not be excluded from the gold target~many energy levels!.
Meyeret al.used relatively low-velocity ions~0.22 a.u.! and
the question arises what will happen at larger velocities.
Common intuition might suggest that as the collision time
becomes shorter, full relaxation of the ion will not be com-
pleted and the influence of the initial charge state might be-
come more pronounced. Another question not investigated
by Meyeret al. for Ar ions is the mechanism for filling of
K-shell vacancies. The very largeK-shell binding energy of
hydrogenlike argon (;4.5 keV!, suggests that the side feed-
ing of theK-shell vacancy might be much more difficult that
of the L-shell vacancies due to the large mismatch between
projectile and target energy levels. In our work we address
above questions by using a large range of impact velocities
and argon ions with charge states up toq517 ~oneK-shell
vacancy!. The target used in our experiment, graphite, has a
simple electronic structure; even the most tightly bounded
K-shell electrons in carbon are not in resonance with theK
and L shells of the Ar171 projectiles, and this should
strongly inhibit side feeding into theK or L shell of the
projectile.

X-ray spectroscopy has been previously employed by sev-
eral groups@9–14# to investigate the decay ofK-shell vacan-
cies present in Ar171 projectiles during collisions with dif-
ferent surfaces. Usually these experiments have determined
the x-ray spectrum for different impact angles, from normal
incidence down to very small angles of the order of 1°. In
the work of Schultzet al. @12# angles from 60° to 3° were
examined. The high-resolution measurement by d’Etatet al.
@13# examined angles between 45° and 2°. The critical angle
for nonpenetrating trajectories@1#, for these two experi-
ments, can be estimated as;6° @12# and;4° @13#. This
means that the lowest incident angles examined in both ex-
periments involved reflected trajectories. However, in both
experiments, the observed x-ray spectra were interpreted as a
sum of two components, one emitted above the surface and
second emitted after bulk penetration. We believe that this
interpretation is not correct for small-angle collisions. There
is no below-surface component to the x-ray emission, be-
cause the projectiles are reflected from the surface. In the
present work the x-ray spectra involving small impact angles
were obtained in a different manner. Instead of detection of
all x rays, only the x rays in coincidence with the reflected
ions were used. This ensures that all ions that for any reason
are not reflected at the surface are excluded. The spectra for
bigger impact angles were obtained without the coincidence
requirement.

In the theoretical part of this work we present a simple
model for the neutralization and the relaxation of Ar171 ions
at the surface and inside of the solid. The model was moti-
vated by the recent experiment by Briandet al. @14#, who
demonstrated that during the collision of Ar16,171 ions with a

SiH surface theL andK shells of argon are fed by Auger or
x-ray transitions. The model used in this work assumes that
the side feeding populates theM shell of argon. In addition,
we assume that one mechanism is responsible for the side
feeding inside the solid and at the surface. We will demon-
strate that such an assumption is strongly supported by our
experimental data. The charge-exchange rate associated with
the side feeding is modeled by using fitting parameters. The
filling of L andK shells is realized through the Auger and
the x-ray decays only without side feeding. As it will be
demonstrated, the model correctly describes the properties of
x-ray spectra for different impact angles and is consistent
with the full neutralization of Ar171 ions.

II. EXPERIMENT

A. Experimental setup

The experiment was performed using the Kansas State
University Electron Beam Ion Source~EBIS! @15,16#. Argon
ions were used with charge states fromq54 up to q517.
The source is located on a high-voltage platform which al-
lowed us to explore velocities between 0.15 and 0.62 a.u.
The ion beam was highly collimated by two sets of four jaw
slits, such that the size of the beam in the interaction region
was approximately 0.2 mm full-width at half-maximum
~FWHM! and the angular divergence was approximately
0.1° ~FWHM! for all used charge states and energies. The
highly oriented pyrolytic graphite~HOPG! was used as a
target with a well known surface structure C~0001! @17–20#.
The azimuthal orientations of the crystallites are randomly
distributed@21#. The extremely low surface absorption coef-
ficient @22# and an absence of oxidation layer ensures clean-
liness. The layered structure of graphite simplified the prepa-
ration of an atomically flat and UHV compatible surface,
which was done by removing several top layers with adhe-
sive tape and placing the sample immediately in the vacuum.
This procedure has been previously used, and has proved to
produce a sufficiently high-quality surface for grazing-angle
experiments@23,24#. The whole experiment was performed
under UHV conditions, with a typical pressure in a target
region of 8310210 Torr.

The scattering geometry is schematically shown in Fig. 1.
During the scattering, ions experience a reflection in a plane
normal to the surface as well as an angular spread in a di-
rection parallel to this plane. A post-target set of slits was
used to allow a charge-state separation of the reflected ions.
A relatively narrow slice of the reflected beam was charge-
state separated by an electrostatic deflector. A two-
dimensional position-sensitive microchannel-plate detector
was located downstream of the deflector. Such an experi-
mental arrangement allowed simultaneous measurement of
angular distributions and charge-state distributions of the re-
flected ions. An identical geometry was used previously
@2–4#. A solid state Si~Li ! x-ray detector was used to detect
Ka andKb lines emitted by Ar171 projectiles. The detector
was located in front of the surface so x rays emitted in a
direction normal to the ion beam was detected. The solid
angle of the detector was 0.19 sr and its resolution was 220
eV at 5.9keV. The energy calibration of the Si~Li ! detector
was obtained by using a K x-ray emission from magnesium
source and a K x-ray fluorescence from chlorine.
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B. Surface quality

The quality of the surface is a key component in any
surface scattering experiment. Particularly, grazing-angle ge-
ometry is vulnerable to surface defects and contamination. A
reliable interpretation of experimental results can be accom-
plished only if an atomically flat and clean surface is used.
On the other hand, it is unrealistic to expect that the surface
is defect-free; for example, atomic steps are unavoidable. As
it was mentioned above, the layered structure of HOPG al-
lows an easy way to prepare UHV clean surface. The layered
structure may, however, cause some surface imperfections,
such as deviation from the flatness or local disintegration of
an interlayer bonding~defoliation!. In order to ensure that
the quality of the surface used in our work does not falsify
our results, various tests were performed. The graphite sur-
face was observed by an atomic force microscope, which
confirmed that about 80% of the total surface was free from
defoliation and relatively flat. Typical~local! angular devia-
tion from the perfectly flat surface was not more than 0.1°,
which is consistent with the mosaicity of 0.4°~FWHM! for
the entire sample quoted by the manufacturer. We have iden-
tified large atomically flat areas and atomic size steps be-
tween them. These steps were;6 Å in height, which corre-
sponds to a double spacing between the layers in graphite
and is consistent with previous work@25#. Some single-layer
steps were also observed. The density of steps was relatively
small, a typical picture~40 mm340 mm in size! containing
approximately 500mm ~total length! of steps. Using this
number and a scattering angle of 1.6°, we estimate that only
;0.3% of ions are scattered or absorbed by atomic size
steps. A more serious threat to the quality of the reflection
was the local defoliation of the graphite layers, perhaps
caused by the removal of top layers and a stress applied to
the surface during this operation. Such defoliation was vis-
ible on approximately 10–20% of the surface and around
edges of the sample. The typical angular deviation from the
normal direction for these parts of the surface was approxi-

mately 0.5°–1°. These areas, together with small number of
macroscopic size steps, were expected to absorb ions, or
cause large-angle scattering. In addition, the small size of the
target (12312 mm2) made it difficult to achieve a perfect
overlap between an effective target width and the ion beam.

A combination of above effects created the possibility that
some of the ions were not grazingly reflected from the sur-
face. In order to test this we have measured the fraction of
ions reflected from the surface. The graphite target was uni-
formly moved into the ion beam and the number of reflected
ions, as well as the number of ions in the ion beam, were
recorded as a function of the target position. The ions were
detected by the large~40-mm diam! detector placed;140
mm behind the target. This arrangement assured that nearly
all of the reflected ions were detected. The reflection coeffi-
cient was found to be 40–70 % and was dependent on the
divergence of the beam and the part of the target bombarded.
The charge state or velocity of the ion did not have a mea-
surable influence on the reflection coefficient. In addition, we
confirmed that vacuum conditions were not a critical factor.
The fraction of reflected ions was unchanged even after in-
creasing the pressure in the target region by three orders of
magnitude (;1027 Torr!. These findings suggest that the
ions which were not reflected were absorbed by target im-
perfections or were not in overlap with the target. We believe
that these effects do not influence our experimental results,
since all of our grazing-angle measurements involved detec-
tion of the reflected ions. That part of the experiment at
larger impact angles is not expected to be significantly af-
fected by the surface defects.

III. RESULTS AND DISCUSSION

A. Final-charge-state distribution following
grazing-angle collisions

A first part of the experiment was focused on the final-
charge-state distributions as a function of the initial charge
state and the velocity of the ion. The final-charge-state dis-
tribution as a function of initial charge state for an energy of
51 keV is shown in Fig. 2. The data clearly show that an
introduction ofL-shell vacancies, or even oneK-shell va-

FIG. 1. Side and top views of the experimental setup.

FIG. 2. Final projectile charge fractions for 51-keV Arq1

(q54–17! ions incident on a graphite surface at 1.6°. The lines
have been drawn to guide the eye.
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cancy, into the system has only a minor influence on the final
charge state. A small effect can be noticed for the high final
charge states (q52 and larger!. However, these channels
account only for 1–3 % of the total number of reflected ions,
and the average final charge state does not change signifi-
cantly. These findings mean that the carbon target, with its
energetically localized electronic structure, neutralizes argon
ions in a way similar to that observed by Meyeret al. @2# for
a gold target. Because the side feeding intoL or K shells of
the argon from the carbon target is unlikely, the Auger and
the radiative decays must be sufficient to allow a full decay
of the inner vacancies.

The velocity dependence of the final-charge-state distribu-
tion for three initial charge states, Ar81, Ar 161, and
Ar171, is shown in Fig. 3. This choice of initial charge states
probes the influence of initial inner-shell vacancies, as an
Ar81 projectile has an emptyM shell but full inner shells, an
Ar 161 projectile has emptyM andL shells, but fullK shell,
and finally an Ar171 has a oneK-shell vacancy. Figure 3
clearly shows that all the initial charge states have, within the
experimental error, the same velocity dependence. Therefore,
all collision time does not seem to affect the recombination
of the inner vacancies.

The velocity dependence in Fig. 3 is quite strong. The
average final charge state significantly increases with in-
creasing velocity, from 0.1 atv50.15 a.u. to 1.3 at the high-
est investigated velocity of 0.62 a.u. The data suggest that

even at the highest velocity of 0.62 a.u. the collision time is
sufficiently long for the total decay of all inner vacancies.
This excludes Auger decay as the possible cause of the in-
creased final charge states at the higher velocities. The ve-
locity dependence shown in Fig. 3 must be explained by the
presence of electron-loss process which increases with veloc-
ity.

Figure 4 compares the final average charge state for graz-
ing collisions with the average equilibrium charge state@26#
for argon ions passing through a carbon foil~experimental
values! @27#. The foils yield an average charge state which is
approximately 0.5 higher than that from surfaces, but exhibit
the same velocity dependence. This similarity strongly indi-
cates that the neutralization during grazing-angle scattering
from the surface is very similar to the neutralization inside
the solid. Furthermore, it indicates that the neutralization rate
and the electron-loss rate are similar for the two cases.

B. K x-ray emission from Ar 171 projectiles

As was shown above,L- andK-shell vacancy relaxation
is completed during grazing-angle scattering from the range
of velocities investigated here. In a second part of our ex-
periment we have focused on the possible mechanism for
this relaxation, using Ar171 projectiles. The Ar171 ion has
almost all electrons missing and its full decay should take
longer than the decay of any lower-charge-state projectile.
The velocity of 0.22 a.u. was used because Fig. 4 suggests
that electron loss can be neglected at this low velocity. X-ray
spectra for impact angles below 3° were measured in coin-
cidence with projectiles reflected from the surface. In this
case the spectrum contamination due to random coincidences
was negligible, in order of 1 event per 1000. The spectra for
larger impact angles were obtained without the coincidence
requirement. A typical coincidence x-ray spectrum, obtained
at a grazing angle of 1.3°, is shown in Fig. 5. The spectrum
consists of two peaks due toKa andKb transitions in argon.
These lines were fitted with two Gaussians to determine their
mean energies which are presented as a function of impact

FIG. 3. Velocity dependence of final projectile charge fractions
for Ar 81, Ar 161, and Ar171 ions incident on a graphite surface at
1.6°. The lines have been drawn to guide the eye.

FIG. 4. Average final argon projectile charge states for grazing-
angle scattering~this work! and the equilibrium charge states for
argon passing through a carbon foil@26#. The lines are drawn to
guide the eye.
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angle in Fig. 6. The energy of both lines shifts upwards for
the low impact angles, as has been seen in previous experi-
ments. The absolute value of energy is in agreement with the
results by Schultzet al. @12#. This experiment was chosen for
comparison because the ion energy was exactly the same as
in our work. It is worth noting that the experiment by Schultz
et al. used a germanium instead of graphite target, but this
change seems to have no effect on the x-ray spectrum. Our
coincidence measurements are in agreement with noncoinci-
dence data from Schultzet al.

IV. MODEL FOR NEUTRALIZATION-RELAXATION
OF AR 171 IONS

To explain our experimental findings we present a simple
model which unifies the neutralization-relaxation mechanism
at the surface and inside the bulk~the comparison presented
in Fig. 4 strongly favors such an approach!. The model de-
scribes both grazing-angle collisions and large impact angle
collisions where the ion penetrates the solid. The model is
based on the properties of theK-shell x-ray spectra emitted
by Ar 171 ions. The following sections describe various as-
pects of the model and its applications.

A. Incoming part of trajectory

An ion approaching the solid surface captures electrons
into relatively high quantum levels (n;30 for Ar171 ions
and C target! due to resonant over-barrier neutralization. As
it was pointed out in the Introduction, these electrons are
removed from the ion when the ion hits the surface~peeloff
process!, and therefore are not responsible for the final neu-
tralization and relaxation of the ion. Because of this reason,
in our model all the high shells of argon are not considered.

B. Interaction with surface and bulk

The model assumes that the major source of electrons
responsible for the final neutralization and relaxation of the
ion is the direct side feeding from the carbon solid into the
M shell of argon which is considered to be the most tightly
bound argon shell which could plausibly be filled directly.
Note that there is close energy matching between theK and
L shells of carbon and theM shell of argon. We exclude the
possibility of direct side feeding into the ArK or L shells
because of the gross mismatch in energy between the C bind-
ing energies and these levels. As it was discussed in the
Introduction, the appropriate theoretical treatment of side
feeding is unknown. This forced us to apply a very simplified
description of the charge exchange rate that uses adjustable
parameters. The model postulates that theM -shell neutral-
ization rate is given by

GM5GM0q ~below the surface!,
~1!

GM5GM0q exp~2z/z0! ~above the surface!,

whereGM0 is a constant,z is the distance from the topmost
atomic layer (z.0 above,z,0 below the surface!, andq is
the charge state of the ion. The model uses a side-feeding
rate proportional to the ion charge stateq, which is equal to
the nuclear chargeZ of the argon ion~518! minusK, L, and
M population. This choice is not motivated by anya priori
understanding of the capture process, but takes into account
the fact that the capture rate must increase with both the core
charge and the number ofM vacancies available. The par-
ticular choice of linearq scaling is partially motivated by the
well known linearq scaling of low-energy capture cross sec-
tions @28,29#. It is interesting to note that the over-barrier
model @28# gives the sameq dependence.

The form of the side-feeding rate~1! is probably the most
central single postulate of our model. It describes a side feed-
ing which evolves smoothly from a constant inside the solid
to an exponentially decaying rate above the surface. This

FIG. 5. A typical x-ray spectrum from Ar171 in coincidence
with ions grazingly reflected by a graphite surface. The theoretical
curve is from the model described in the text. The absolute intensity
of theoretical spectrum was normalized to fit the size of the experi-
mentalKa peak.

FIG. 6. Ka and Kb x-ray transition energies from 51-keV
Ar171 ions incident on a graphite surface as a function of the impact
angle. Theoretical curves are from the model, described in the text.
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smooth transition is motivated by expected smooth decay of
the electron density at the surface and is supported by the
final-charge-state distribution data discussed above~Fig. 4!.
A more sophisticated modeling of the side-feeding process
based partially on the over-barrier model is given by Burg-
dörfer et al. @4#. A justification for the exponential decay of
the rate above the surface is that theM -shell neutralization
rate is proportional to an overlap between theM -shell orbital
of argon and electron density of the bulk. At large distances
this overlap can be described as an exponential function of
the ion-surface distance. A similar treatment has been previ-
ously employed by several authors@30–33#. The parameter
z0 can be expressed as@33#

z05
a

2
1^r M&, ~2!

wherea is the distance between carbon atoms in the graphite
(;4 a.u.! and^r M& is the radius of theM shell in the argon
ion. The radius of theM shell of the argon ion may be
approximated by a simple hydrogenic formula,

^r M&5
n2

Zeff
, ~3!

wheren is the main quantum number, in this case 3, and
Z eff is the screened nuclear charge of the ion. Taking
Zeff517 ~initial stage of the neutralization! andZeff58 (K
andL shells full! gives^r M&>0.5 a.u. and>1.1 a.u., respec-
tively. In this work we usedz053 a.u. andz054 a.u. Both
values fit into above estimations and, as will be demon-
strated, give reasonable agreement with the experiment.

It should be emphasized that the neutralization rate~1!
with the parameterz0;3–4 a.u. excludes any inner-shell
processes between argon ions and carbon atoms in the solid
as a dominant neutralization mechanism. Inner-shell pro-
cesses accrue at relatively small impact parameters, there-
fore, are expected to vanish rapidly outside the surface.

C. Time evolution of electron populations

The model takes into accountKLL, KLM , KMM , and
LMM Auger rates andKa, Kb, andLa x-ray rates. There-
fore, the following set of rate equations needs to be solved:

dnM
dt

5GM22GKMM22GLMM2GKLM2GKb
2GLa,

dnL
dt

5GLMM1GLa22GKLL2GKLM2GKa, ~4!

dnK
dt

5GKLL1GKLM1GKMM1GKa1GKb,

where nK , nL , and nM are, respectively,K-, L-, and
M -shell populations. Since the initial charge state of argon is
17, the initial conditions are set tonK51 andnL5nM50.

D. Transition rates and x-ray energies

It is well known that the transition rates, both Auger and
radiative, strongly depend on the specific shell and subshell
population. In our model, we have decided to neglect any
subshell effects and express all rates as functions of the ma-
jor shell populations only. In addition, we have adopted
simple scaling weight factors for initial and final shell popu-
lations developed by Larkins@34#. In the case of an initial
shell with populationni , the scaling factor isniQ(ni21) if
one electron from this shell is involved in the decay, and
ni(ni21)Q(ni22) if two electrons are involved. The step
functionQ(x) is given by

Q~x!51 for x.0 or x50, Q~x!50 for x,0. ~5!

The scaling factor for the final shell population is assumed to
be proportional to the number of vacancies in this shell. Such
a scaling factor was previously used by Briandet al. @11# to
account for multipleL-shell vacancies forLMM Auger rate
in argon. Recently Stolterfohtet al. @8# and Pageet al. @35#
used the same scaling to modelLMM transitions in neon.
Absolute rates are obtained by normalizing to known rates
for singly ionized argon from Refs.@36–41#. Rates used in
the model and the sources of normalization are listed in
Table I. It should be pointed out that theLa x-ray rate is
very small and was included in the model only for complete-
ness.

The set of equations~4! and the radiative ratesKa and
Kb allow a determination of the fluorescence yieldv from

TABLE I. Transition rates for Ar ions used in the model. The states used to obtain the normalization factor are listed together with
references. Notation in the third column used in Refs.@34,36#. The defectconfiguration@1s# is equivalent to an electronic configuration
1s12s22p63s23p6 of argon.

Transition Rate in a.u. (54.1331016 s21) State used for normalization References
~defect configuration!

KLL G53.1831024(22nK)nL(nL21)Q(nL22) @1s# @36,37,41#
KLM G54.9731025(22nK)nLnMQ(12nL)Q(nM21) @1s# @37,41#
KMM G52.5531026(22nK)nM(nM21)Q(nM22) @1s# @37,41#
LMM G59.5631025(82nL)nM(nM21)Q(nM22) @2s# and @2p# @9,38,41#
Ka G53.0431024(22nK)nLQ(nL21) @1s# @39,40#
Kb G52.4931025(22nK)nMQ(nM21) @1s# @39,40#
La G53.2431027(82nL)nMQ(nM21) @2s# and @2p# @38,40#
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v5va1vb5E GKadt1E GKbdt, ~6!

where time integrals are performed over the total collision
period.

In order to simulate an x-ray spectrum, energies ofKa
and Kb lines are expressed as a functionL- andM -shell
populations. Based on calculated transition energies for dif-
ferent ionized configurations of argon, from Bhalla@36#, the
following approximate expressions forKa andKb energies
were adopted:

EKa53144.3222.2nL24.9nM10.4nLnM ~eV!,
~7!

EKb53702.4260.7nL215.9nM11.5nLnM ~eV!.

The above expressions together with theKa,b transition
rates listed in Table I allow an evaluation of the x-ray energy
spectrum. This was done by obtaining the infinitesimal con-
tributions to the spectrum@intensity fromKa,b rates, energy
from Eq. ~7!# at any time of the collision. The sum of all
contributions gives the totalK-shell x-ray spectrum. The
spectrum was corrected for the experimental resolution using
a Gaussian as a response function of the x-ray detector. It
should be noted that the continuous population numbers in
the model yield a continuous spectrum, but the experimental
one consists of many discrete peaks, as shown by the high-
resolution experiments@10,11,13#. However, this feature of
the model is acceptable for our experiment because the reso-
lution of SiLi detector does not resolve the lines with differ-
ent shell populations. The average energies forKa,b lines
were calculated from

EKa5
1

va
E EKaGKadt, EKb5

1

vb
E EKbGKbdt.

~8!

E. Motion of ion

TheM -shell neutralization rate~1! is position dependent,
and therefore the set of equations~4! must be solved simul-
taneously with equations for the motion of the ion. The
model assumes that the ion moves in an average plane po-
tential of the form

V~z!52pZpZtnaas(
i51

3
ci
di
exp~2zdi /as!

@above the surface~z.0!#,
~9!

V~z!5V~z50!5const

@below the surface~z,0!#,

whereZp and Zt are projectile and target nuclear charges,
na is the surface density of target atoms per unit area
(na50.16 a.u.22 was used!, and ci5$0.35,0.55,0.1% and
di5$0.3,1.2,6% are Molière parameters@1,24#. The screen-
ing lengthas is given by

as50.888~AZp1AZt!22/3 ~10!

and is equal to 0.25 a.u. for the argon projectile and the
carbon target. This form of the potential is often used to
describe grazing-angle motion and gives a good approxima-
tion to the trajectory. Particularly, the distance of the closest
approach was found to be consistent with simulations that
include interactions with individuals target atoms. The as-
sumption that the potential below the surface is uniform re-
flects the fact that the neutralization-relaxation of the projec-
tile takes place shortly after the bulk preparation, where the
projectile velocity is not yet reduced. We believe that the
plane potential~9,10! gives simplified, nevertheless correct,
motion of an ion for both grazing and penetrating collisions.
The application of the planar potential when the scattering
angle is close to the critical angle (;7°) is questionable. It
is clear that in this regime some of the ions penetrate the
solid and the remaining ones are reflected. In this case, our
simplified treatment of the ion motion may not be precise.

The ion approaching the surface gains some amount of
energy due to an image charge effect. For example, Ar171

ion approaching a graphite surface with a work function of
;4 eV gains about 64 eV of energy@1#. This energy gain
occurs at relatively large distances from the surface. In fact,
the acceleration is nearly complete when the ion is;9 a.u.
in front of the surface. Therefore it can be assumed that the
image charge acceleration is completed before the surface
potential~9! becomes important and before the neutralization
rate ~1! starts to populate theM shell. For these reasons, in
the model the image charge effect was taken into account by
a simple increase of the perpendicular velocity, which is
equivalent to an increase in the impact angle.

We point out that the reflection of the ion in grazing im-
pact is caused by an internuclear repulsion between the argon
ion and the carbon atoms in the bulk whereas the neutraliza-
tion at small distances described in Eq.~1! is caused by the
overlap of two electron clouds. This means that it is impos-
sible for the ion to be reflected from the surface without
being exposed to the neutralization by the solid. This obser-
vation is applicable to any ion-solid system, and is not af-
fected by impact velocity or impact angle.

V. NUMERICAL RESULTS

A. Determination of GM0

The model contains one free parameterGM0 . The numeri-
cal value ofGM0 was extracted from experimental data. Fig-
ure 7 presents the simulated energy of theKa line as a
function ofGM0 . The initial ion energy was chosen to be the
one used in the experiment, 51 keV, and the impact angle
was 45°. For such a large impact angle, the ion penetrates
the solid, the time it spends at the surface is relatively short,
and therefore the value ofz0 does not strongly influence the
Ka energy. In fact, twoKa energies for two values ofz0 are
practically indistinguishable and are shown as one curve.
The comparison between simulated and experimental values
allows a determination ofGM050.013 a.u., and this value
was used in the model. It is interesting to ask whether this
value ofGM0 is reasonable. Assuming that the neutralization
rate in the solid can be expressed as

GM5nCvs, s5pr 2, ~11!

wherenC is the density of carbon atoms in graphite~5 0.017
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a.u.23), v is the beam velocity, ands is the cross section for
the charge exchange, one can estimate the value of a geo-
metrical capture radiusr . Using GM050.013 a.u. and
q;10 the capture radius turns out to be;3 a.u. This value
seems reasonable for the capture inside the solid.

B. Incidence-angle dependence ofKa, Kb energies and total
fluorescence yield

The simulations for the angular dependence of the aver-
ageKa andKb energies agree well with the experimental
data shown in Fig. 6. The shape of the dependence and the
absolute value of both energies reproduce the experimental
data well. The simulation correctly predicts relatively small
energy changes for angles below;7°, i.e., for penetrating
collisions. On the other hand, grazing-angle impact causes a
much stronger upwards shift for both lines. Comparing two
values ofz0 used in simulation,z054 a.u. seems to work
better. The energies rise at small impact angles because the
ion approaching the surface at a small angle is only slowly
neutralized by rate~1!. This means the averageL andM
population at the time of x-ray emission is lower, compared
to normal incidence, and the energies of both x-ray lines are
shifted upwards.

The totalK-shell fluorescence yield as a function of the
impact angle is shown in Fig. 8. For the angles above the
critical angle the fluorescence yield is almost constant, but at
small angles significantly increases. The model predicts
40–50 % enhancement of the fluorescence yield for small
angles, comparing to normal incidence. This is consistent
with the approximately 30% increase of the fluorescence
yield for 3° impact, compared to 60° impact reported by
Schultzet al. @12#.

The x-ray spectrum obtained from the model is presented
in Fig. 5. The theoretical curve was normalized to fit the
height of the experimentalKa peak. The theoretical spec-
trum was corrected for the experimental resolution of 220
eV, which was obtained experimentally using theKa fluo-
rescence emission from chlorine. It can be seen that the
model correctly describes the relative intensities ofKa and
Kb lines, as well as the widths of both peaks.

C. Time evolution of shell populations

The time evolution ofK-, L-, andM -shell populations
calculated from the model for normal incidence and grazing-
angle incidence are shown in Figs. 9 and 10, respectively.
For clarity, the penetration depth and the ion-surface distance
are indicated. TheL- and M -shell populations during the
x-ray emission are significantly different in two scattering
regimes. In normal incidence about five electrons from the
L shell and eight electrons from theM shell are present at
the time theK shell is filled. For grazing-angle scattering
these populations are reduced to about threeL electrons and
five M electrons. In the case of normal incidence the whole
neutralization-relaxation takes place in the solid. For
grazing-angle collision theK shell is filled before the ion
reaches the distance of the closest approach. The filling of
theL shell takes longer, but is completed during the duration
of the collision. The final charge state of the ion is;0.1,
which agrees with experimentally observed~Fig. 2! almost
full neutralization of Ar171 ions at this velocity. The rela-
tively short time for theK-shell filling suggests that the in-
troduction of a secondK-shell vacancy, as would be the case
for Ar 181 ions, would not change the outcome of the grazing
collision, i.e., the ion will be fully neutralized. Finally, it is
clear that the relaxation of lower charge states will be also
completed due to a smaller number of initial vacancies.

VI. CONCLUSIONS

We have observed that argon ions at velocities between
0.15 and 0.62 a.u. in different incidence charge states expe-
rience almost full charge-state equilibration during grazing-
angle collisions with a graphite surface. The number of
inner-shell vacancies carried by the projectile has only a mi-
nor effect on the final charge state which can be noticed for
charge states ofq52 and larger. The average charge state is
almost unaffected by the inner-shell vacancies and this trend
is present for impact velocities up to 0.62 a.u. The velocity
dependences of the average charge state following a grazing-
angle scattering and following penetration through a thin car-
bon foil show a strong similarity. These findings indicate that
neutralization mechanisms in grazing-angle collisions and
during the penetration of the bulk are similar.

FIG. 7. Ka transition energy predicted by the model for 51-keV
Ar 171 ions incident on a graphite surface at 45° plotted as a func-
tion of GM0 . The model prediction matches the experimental value
for GM050.013 a.u.

FIG. 8. Total fluorescence yield predicted by the model for
K-shell x-ray transitions for 51-keV Ar171 ions incident on a graph-
ite surface as a function of the impact angle.
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We have presented a side-feeding model which, together
with pure atomic relaxation rates, is capable of explaining
the basic features of x-ray emission by Ar171 projectiles for
different impact angles. The filling of inner-shell vacancies is
not via decay cascades from highly excited states but via side
feeding that occurs at a short distance above the surface. The
side feeding is not into deeply bound shells which carry most
of the projectile potential energy but into an intermediate
shell (M shell for argon!. Since no close energy-level match-
ing is required, this is likely to be similar for any target
surface. The neutralization of the ion in a grazing-angle col-
lision is inevitable, since the reflection of the ion and the
neutralization of the ion both require penetration of the elec-
tron cloud of the surface. The atomic transitions~Auger and
radiative! from intermediate shells are sufficient to allow the
complete filling of inner shells and the dissipation of the
potential energy initially carried by the ion. The postulate
that the side feeding inside the solid does not terminate at the

surface, but extends beyond the surface, successfully de-
scribes both the rapid neutralization of the ion and the inner-
shell x-ray emission during grazing-angle collisions. The
relatively slow decay of the neutralization rate outside the
solid (z0;3–4 a.u.! rules out any inner-shell processes as a
dominant side-feeding mechanism near the surface, and
points at the electron gas density as the cause of the neutral-
ization.

Our experimental data and the success of our model show
a substantial similarity between the neutralization in front of
the surface and neutralization inside a solid foil. This fact
stresses a need for a model which applies to both regimes.
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