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Neutralization and equilibration of highly charged argon ions at grazing incidence
on a graphite surface
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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 gtate-(7 and impact velocity
(v=0.15-0.62 a.y.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(satigbn foi), and these two processes
seem to have common properties.KAx-ray spectrum from thé&-shell vacancy decay of 51-KeV Af
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 intbitBberfollowed
by Auger and radiativé- and K-shell filling. [S1050-294{®6)09806-X]

PACS numbds): 34.50.Dy

I. INTRODUCTION distance from the surface and to populate lower ionic states
than the resonant charge exchange. In addition, the electron
The neutralization of ions during an interaction with sol- exchange rate associated with the side feeding is assumed to
ids and solid surfaces has attracted substantial attention af large in order to account for the rapid and complete neu-
has been studied both theoretically and experimentally fofralization observed experimentally. It should be noted that,
many years. Particularly, the neutralization of highly charged®eyond these postulates, the side-feeding mechanism is still a
ions that carry multiple inner-shell vacancies remains to gnatter of discussion. Several models describing the side
large extent not understood. An updated review of this subf€eding at the surface and inside the solid have been devel-
ject can be found in the article by Burgder [1]. The ex- oped in recent years. The over-barrier model worked out by

perimental observations show that the highly charged iorpurgdafer etal. [1,4,5 has been successful in describing

- ; ; - ; ; ... side-feeding neutralization above the surface. Another ex-
interacting with the solid experiences a rapid neutralizatior®' ; .
and relax%tior[Z—é[I The foIFowing physicaFI) spicture” of ample is the molecular-orbital model by Stolter_fmtal. [8]

) that describes the neutralization inside the solid.

the fon-solid interaction has been adopted. The highly Another aspect of the neutralization of highly charged

charged ion captures electrons from the solid at a re"”‘t'vel}'ons during their interaction with surfaces which is not fully

large distance from the surface via a resonant charge transfey, yorstood is the role of inner-shell vacancies, particularly

Because of an energy matching, the capture populates highfie \acancies with large binding energies. The possibility
excited states and a hollow atom is formed. This initial Stadgnat deeply bound inner-shell vacancies are filled by the side-
of the ion-surface interaction seems to be well described byeeding mechanism is questionable, because of large energy
an over-barrier moddlL,5]. The hollow atom undergoes de- gjfferences between these vacancies and the band structure
excitation via Auger or radiative decay that populates lowelof the solid. This is particularly the case during the interac-
states. The deexcitation rates are, however, generally togon of heavy ions with light target solidsZ(,,>Zsoiid),
small to allow a full relaxation of the ion before it hits the where the binding energy of the inner-shell solid electrons is
surface. This is particularly true because the image chargemuch smaller than the binding energy of inner-shell vacan-
force that accelerates the ion towards the surface sets tlyes of the ion. Under such conditions only Auger or x-ray
lower limit for the time the hollow atom can spend above thedecay would be expected to be responsible for the inner-shell
surface. The hollow atom hits the surface and ejects ityacancy filling. However, it has not been guantitatively dem-
loosely bounded electrons either into the bulk or outside thenstrated that the transition rates are sufficiently fast to ex-
solid (peeloff process[4,6]. Therefore, it is commonly ar- plain the full relaxation of the ion. Partially, this occurs be-
gued that the resonant capture into high states and the Augeause most of the experimental work in this field has been
(radiative decays that follow are not sufficient to explain the done with heavy metallic targets and light ions
high degree of neutralization and relaxation seen in the extZ;,,<Z.,is for which the direct side feeding into inner-
periment. To explain the neutralization an additional mechashell vacancies seems quite possible. This complicates the
nism is introduced and is usually referred to as a side feedinnterpretation of the experimental data.

[7]. The side feeding is believed to take place at a smaller The neutralization of highly charged ions at the surface or
inside the solid can be studied using several experimental
techniqueg2—14]. The two commonly used ones are detec-

*Present address: Cyclotron Institute, Texas A&M University, tion of final charge states after grazing-angle reflection from

College Station, TX 77843. the surface and x-ray spectroscopy. In particular, several ex-
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periments motivated our work. The final charge distributionsSiH surface thd. andK shells of argon are fed by Auger or

of argon ions, following the grazing-angle reflection from thex-ray transitions. The model used in this work assumes that
gold target were investigated by Meyet al. [2]. Initial  the side feeding populates th shell of argon. In addition,
charge states betweep=2 and 14 were used and it was We assume that one mechanism is responsible for the side
found that the final-charge-state distributions were almosteeding inside the solid and at the surface. We will demon-
identical for all initial charge states, which means that thestrate that such an assumption is strongly supported by our
L-shell vacancies are efficiently filled during the collision. experimental data. The charge-exchange rate associated with
However, the mechanism for this filling is not clear becausghe side feeding is modeled by using fitting parameters. The
the possibility of side feeding into tHe shell of argon can- filling of L andK shells is realized through the Auger and
not be excluded from the gold targehany energy leve)s the x-ray decays only without side feeding. As it will be
Meyer et al. used relatively low-velocity iong0.22 a.uand  demonstrated, the model correctly describes the properties of
the question arises what will happen at larger velocitiesx-ray spectra for different impact angles and is consistent
Common intuition might suggest that as the collision timewith the full neutralization of AF"* ions.

becomes shorter, full relaxation of the ion will not be com-

pleted and the influence of the initial charge state might be- Il. EXPERIMENT

come more pronounced. Another question not investigated ]

by Meyeret al. for Ar ions is the mechanism for filling of A. Experimental setup

K-shell vacancies. The very large-shell binding energy of The experiment was performed using the Kansas State

hydrogenlike argon+{ 4.5 keV), suggests that the side feed- University Electron Beam lon Sour¢gEBIS) [15,16. Argon
ing of theK-shell vacancy might be much more difficult that jons were used with charge states frops4 up toq=17.
of the L-shell vacancies due to the large mismatch betweerrhe source is located on a high-voltage platform which al-
projectile and target energy levels. In our work we addressowed us to explore velocities between 0.15 and 0.62 a.u.
above questions by using a large range of impact velocitie¥he ion beam was highly collimated by two sets of four jaw
and argon ions with charge states upgte 17 (oneK-shell  slits, such that the size of the beam in the interaction region
vacancy. The target used in our experiment, graphite, has avas approximately 0.2 mm full-width at half-maximum
simple electronic structure; even the most tightly boundedFWHM) and the angular divergence was approximately
K-shell electrons in carbon are not in resonance withkhe 0.1° (FWHM) for all used charge states and energies. The
and L shells of the AF" projectiles, and this should highly oriented pyrolytic graphitédHOPG was used as a
strongly inhibit side feeding into th& or L shell of the target with a well known surface structur¢dD01) [17-20.
projectile. The azimuthal orientations of the crystallites are randomly
X-ray spectroscopy has been previously employed by sewdistributed[21]. The extremely low surface absorption coef-
eral groupd9—-14] to investigate the decay &f-shell vacan- ficient[22] and an absence of oxidation layer ensures clean-
cies present in AY'* projectiles during collisions with dif- liness. The layered structure of graphite simplified the prepa-
ferent surfaces. Usually these experiments have determinedtion of an atomically flat and UHV compatible surface,
the x-ray spectrum for different impact angles, from normalwhich was done by removing several top layers with adhe-
incidence down to very small angles of the order of 1°. Insive tape and placing the sample immediately in the vacuum.
the work of Schultzet al. [12] angles from 60° to 3° were This procedure has been previously used, and has proved to
examined. The high-resolution measurement by d’Btatl.  produce a sufficiently high-quality surface for grazing-angle
[13] examined angles between 45° and 2°. The critical anglexperimentd23,24]. The whole experiment was performed
for nonpenetrating trajectoriefl], for these two experi- under UHV conditions, with a typical pressure in a target
ments, can be estimated as6° [12] and ~4° [13]. This  region of 810 1 Torr.
means that the lowest incident angles examined in both ex- The scattering geometry is schematically shown in Fig. 1.
periments involved reflected trajectories. However, in bothDuring the scattering, ions experience a reflection in a plane
experiments, the observed x-ray spectra were interpreted asnarmal to the surface as well as an angular spread in a di-
sum of two components, one emitted above the surface an@ction parallel to this plane. A post-target set of slits was
second emitted after bulk penetration. We believe that thisised to allow a charge-state separation of the reflected ions.
interpretation is not correct for small-angle collisions. ThereA relatively narrow slice of the reflected beam was charge-
is no below-surface component to the x-ray emission, bestate separated by an electrostatic deflector. A two-
cause the projectiles are reflected from the surface. In thdimensional position-sensitive microchannel-plate detector
present work the x-ray spectra involving small impact anglesvas located downstream of the deflector. Such an experi-
were obtained in a different manner. Instead of detection ofmental arrangement allowed simultaneous measurement of
all x rays, only the x rays in coincidence with the reflectedangular distributions and charge-state distributions of the re-
ions were used. This ensures that all ions that for any reasdiected ions. An identical geometry was used previously
are not reflected at the surface are excluded. The spectra fi2—4]. A solid state SLi) x-ray detector was used to detect
bigger impact angles were obtained without the coincidenc&, andK lines emitted by AL projectiles. The detector
requirement. was located in front of the surface so x rays emitted in a
In the theoretical part of this work we present a simpledirection normal to the ion beam was detected. The solid
model for the neutralization and the relaxation of'Arions  angle of the detector was 0.19 sr and its resolution was 220
at the surface and inside of the solid. The model was motieV at 5.9keV. The energy calibration of the(IS) detector
vated by the recent experiment by Briartal. [14], who  was obtained by us@ga K x-ray emission from magnesium
demonstrated that during the collision of &”" ions witha  source ad a K x-ray fluorescence from chlorine.
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FIG. 2. Final projectile charge fractions for 51-keV %r
(g=4-17 ions incident on a graphite surface at 1.6°. The lines
have been drawn to guide the eye.
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Defiection

plates mately 0.5°-1°. These areas, together with small number of
macroscopic size steps, were expected to absorb ions, or
FIG. 1. Side and top views of the experimental setup. cause large-angle scattering. In addition, the small size of the

target (1 12 mn?) made it difficult to achieve a perfect
overlap between an effective target width and the ion beam.
The quality of the surface is a key component in any A combination of above effects created the possibility that
surface scattering experiment. Particularly, grazing-angle gesome of the ions were not grazingly reflected from the sur-
ometry is vulnerable to surface defects and contamination. Aace. In order to test this we have measured the fraction of
reliable interpretation of experimental results can be accomions reflected from the surface. The graphite target was uni-
plished only if an atomically flat and clean surface is usedformly moved into the ion beam and the number of reflected
On the other hand, it is unrealistic to expect that the surfacé®ns, as well as the number of ions in the ion beam, were
is defect-free; for example, atomic steps are unavoidable. Agecorded as a function of the target position. The ions were
it was mentioned above, the layered structure of HOPG aldetected by the largéd0-mm diam) detector placed-140
lows an easy way to prepare UHV clean surface. The layerethm behind the target. This arrangement assured that nearly
structure may, however, cause some surface imperfectiong|l of the reflected ions were detected. The reflection coeffi-
such as deviation from the flatness or local disintegration otient was found to be 40-70 % and was dependent on the
an interlayer bondingdefoliation). In order to ensure that divergence of the beam and the part of the target bombarded.
the quality of the surface used in our work does not falsifyThe charge state or velocity of the ion did not have a mea-
our results, various tests were performed. The graphite susurable influence on the reflection coefficient. In addition, we
face was observed by an atomic force microscope, whicltonfirmed that vacuum conditions were not a critical factor.
confirmed that about 80% of the total surface was free fronThe fraction of reflected ions was unchanged even after in-
defoliation and relatively flat. Typicalocal) angular devia- creasing the pressure in the target region by three orders of
tion from the perfectly flat surface was not more than 0.1°,magnitude 10 7 Torr). These findings suggest that the
which is consistent with the mosaicity of 0.4FWHM) for  ions which were not reflected were absorbed by target im-
the entire sample quoted by the manufacturer. We have idemerfections or were not in overlap with the target. We believe
tified large atomically flat areas and atomic size steps bethat these effects do not influence our experimental results,
tween them. These steps weré A in height, which corre-  since all of our grazing-angle measurements involved detec-
sponds to a double spacing between the layers in graphitéon of the reflected ions. That part of the experiment at
and is consistent with previous wofR5]. Some single-layer larger impact angles is not expected to be significantly af-
steps were also observed. The density of steps was relativelgcted by the surface defects.
small, a typical pictur€40 umx40 um in size@ containing
approximately 500um (total length of steps. Using this lll. RESULTS AND DISCUSSION
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 A first part of the experiment was focused on the final-
caused by the removal of top layers and a stress applied tharge-state distributions as a function of the initial charge
the surface during this operation. Such defoliation was visstate and the velocity of the ion. The final-charge-state dis-
ible on approximately 10-20% of the surface and aroundribution as a function of initial charge state for an energy of
edges of the sample. The typical angular deviation from th&1 keV is shown in Fig. 2. The data clearly show that an
normal direction for these parts of the surface was approxiintroduction of L-shell vacancies, or even oné-shell va-

B. Surface quality

A. Final-charge-state distribution following
grazing-angle collisions
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06 \§ J
04} - . even at the highest velocity of 0.62 a.u. the collision time is
A &7 sufficiently long for the total decay of all inner vacancies.
0.2r !,_.-I" i This excludes Auger decay as the possible cause of the in-
0.0 . P, i ) . . creased final charge states at the higher velocities. The ve-
ot 0z 03 04 05 06 07 |ocity dependence shown in Fig. 3 must be explained by the
Velocity (a.u.) presence of electron-loss process which increases with veloc-

ity.
Figure 4 compares the final average charge state for graz-
FIG. 3. Velocity dependence of final projectile charge fractionsing collisions with the average equilibrium charge s{@®]
for Ar8*, Ar'®* and A" ions incident on a graphite surface at for argon ions passing through a carbon f@kperimental
1.6°. The lines have been drawn to guide the eye. values [27]. The foils yield an average charge state which is
cancy, into the system has only a minor influence on the fin pproximately 0.'5 higher than that from gurf_aces, but ex_hib.it
' jlhe same velocity dependence. This similarity strongly indi-

charge state. A small effect can be noticed for the high fin o ; . .
charge statesq=2 and larger. However, these channels cates that the neutralization during grazing-angle scattering

account onlv for 1—3 % of the total number of reflected ions from the surface is very similar to the neutralization inside
y 0 ‘the solid. Furthermore, it indicates that the neutralization rate

and the average f_|naI charge state does not change SI9NHG the electron-loss rate are similar for the two cases.
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 Meydral. [2] for

a gold target. Because the side feeding intor K shells of As was shown abovd,- andK-shell vacancy relaxation
the argon from the carbon target is unlikely, the Auger ands completed during grazing-angle scattering from the range
the radiative decays must be sufficient to allow a full decayof velocities investigated here. In a second part of our ex-

B. K x-ray emission from Arl’ projectiles

of the inner vacancies. periment we have focused on the possible mechanism for
The velocity dependence of the final-charge-state distributhis relaxation, using A¥" projectiles. The A" ion has
tion for three initial charge states, Ar, Ar!®", and almost all electrons missing and its full decay should take

Ar™ is shown in Fig. 3. This choice of initial charge stateslonger than the decay of any lower-charge-state projectile.
probes the influence of initial inner-shell vacancies, as amhe velocity of 0.22 a.u. was used because Fig. 4 suggests
Ar®* projectile has an emptyl shell but full inner shells, an that electron loss can be neglected at this low velocity. X-ray
Ar %% projectile has emptyl andL shells, but fullK shell,  spectra for impact angles below 3° were measured in coin-
and finally an Af™* has a oneK-shell vacancy. Figure 3 cidence with projectiles reflected from the surface. In this
clearly shows that all the initial charge states have, within theease the spectrum contamination due to random coincidences
experimental error, the same velocity dependence. Thereforgjas negligible, in order of 1 event per 1000. The spectra for
all collision time does not seem to affect the recombinationlarger impact angles were obtained without the coincidence
of the inner vacancies. requirement. A typical coincidence x-ray spectrum, obtained
The velocity dependence in Fig. 3 is quite strong. Theat a grazing angle of 1.3°, is shown in Fig. 5. The spectrum
average final charge state significantly increases with ineonsists of two peaks due ko andK g transitions in argon.
creasing velocity, from 0.1 at=0.15 a.u. to 1.3 at the high- These lines were fitted with two Gaussians to determine their
est investigated velocity of 0.62 a.u. The data suggest thahean energies which are presented as a function of impact
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IV. MODEL FOR NEUTRALIZATION-RELAXATION

300 : : . . OF AR'™ |ONS
Ko 51keV Ar'”* + C (a=1.3 deg ) . . L )
o experiment To explain our experimental findings we present a simple
250r o] model which unifies the neutralization-relaxation mechanism
- z4au at the surface and inside the butke comparison presented
€ 200¢ 1 in Fig. 4 strongly favors such an approacihe model de-
8 scribes both grazing-angle collisions and large impact angle
2 150 ] collisions where the ion penetrates the solid. The model is
g based on the properties of tieshell x-ray spectra emitted
= 100} . by Ar’* jons. The following sections describe various as-
pects of the model and its applications.
50 .
R - A. Incoming part of trajectory
spovmme . o, . . .
2500 3000 3500 4000 4500 An ion approaching the solid surface captures electrons
Energy (eV) into relatively high quantum levelsn(-30 for Arl’ ions

and C targetdue to resonant over-barrier neutralization. As
_ ] o it was pointed out in the Introduction, these electrons are
FIG. 5. A typical x-ray spectrum from Af" in coincidence  removed from the ion when the ion hits the surfdpeeloff
with ions grazingly reflected by a graphite surface. The theoreticabroces$ and therefore are not responsible for the final neu-
curve is from the model described in the text. The absolute intensmfralization and relaxation of the ion. Because of this reason,

of theoretical spectrum was normalized to fit the size of the eXperis our model all the high shells of argon are not considered.
mentalK o peak.

B. Interaction with surface and bulk
angle in Fig. 6. The energy of both lines shifts upwards for Th del hat th . f el
the low impact angles, as has been seen in previous experi- € n;)? ? at:;su;nesl t att tl.e rtnajor sdourcl:e ot' € e(;,ctrt(;ns
ments. The absolute value of energy is in agreement with thi->Ponsibie for the final neutralization and relaxation ot the
. . 10n is the direct side feeding from the carbon solid into the
results by Schultet al.[12]. This experiment was chosen for

comparison because the ion ener as exactly the same M _shell of argon which is considered to be the most tightly
compart =cau ! gy was exactly B3und argon shell which could plausibly be filled directly.
in our work. It is worth noting that the experiment by Schultz Note that there is close energy matching betweerkthend

¥ shells of carbon and thé shell of argon. We exclude the

Ch?‘”ge seems to have no effecF on the x-ray spectrum. ,Oﬁbrossibility of direct side feeding into the A€ or L shells

coincidence measurements are in agreement with noncoinGyacause of the gross mismatch in energy between the C bind-

dence data from Schuliet al. 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

3600 51keV AT +C ] parameters. The model postulates that Mheshell neutral-
©  Xerays in coincidence ization rate is given by
3550 . wllltr;(_scattered projectiles |
3 M. Schulz[12) I'v=Twod (below the surface
8 3500t 51keV Ar'™ + Ge 1 (1)
g : v all X-rays I'y=T\woq exp(—2/z5) (above the surfage
s L |
3450 s wherel’y,, is a constantz is the distance from the topmost
34001 1 atomic layer ¢>0 above,_z<0 below the surfage andq is _
30805f 5 - —1 the charge state of the ion. The model uses a side-feeding
g =~ model y=0.013, 2,3 rate proportional to the ion charge statewhich is equal to
~ model yo=0013, 24 the nuclear chargg of the argon ior(=18) minusK, L, and
© 3060 : M population. This choice is not motivated by aaypriori
3 understanding of the capture process, but takes into account
§ 3040 | the fact that the capture rate must increase with both the core
N charge and the number & vacancies available. The par-
)| v ticular choice of lineaqg scaling is partially motivated by the
30201 1 1 well known linearq scaling of low-energy capture cross sec-
0 10 20 30 20 50 60 tions [28,29. It is interesting to note that the over-barrier
Angle (deg) model[28] gives the sameg dependence.

The form of the side-feeding raté&) is probably the most
FIG. 6. Ka and KB x-ray transition energies from 51-keV central single postulate of our model. It describes a side feed-
Ar'" jons incident on a graphite surface as a function of the impacing which evolves smoothly from a constant inside the solid
angle. Theoretical curves are from the model, described in the texto an exponentially decaying rate above the surface. This
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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 Rg3e,36. The defectconfiguration[ 1s] is equivalent to an electronic configuration
1s'2s?2p®3s23p°® of argon.

Transition Rate in a.u.£4.13x 10 s™ 1) State used for normalization References
(defect configuration

KLL '=3.18<10 *2—n)n (n . —1)O(n —2) [1s] [36,37,4]
KLM '=4.97x10%2-n)n.ny®(1—n)O(ny—1) [1s] [37,41]
KMM I'=2.55<10"%(2—n)nu(ny—1)0(ny—2) [1s] [37,47
LMM I'=9.56x10"%(8—n)ny(ny—1)0(ny—2) [2s] and[2p] [9,38,41

Ka I'=3.04x10*2-n)n O(n —1) [1s] (39,40

KB I'=2.49<10"5(2—ng)nyO®(ny—1) [1s] [39,40

La I'=3.24x10 "(8—n.)ny®(ny—1) [2s] and[2p] [38,40

smooth transition is motivated by expected smooth decay of dn,,

the electron density at the surface and is supported by the —5 =I'm=2lkmm =2 tum = Tkem =Tk =i
final-charge-state distribution data discussed ali&ug 4).

A more sophisticated modeling of the side-feeding process

based partially on the over-barrier model is given by Burg- ﬂ:r AT — 2Tt T T 4)
dorfer et al.[4]. A justification for the exponential decay of dt MM T La KLL 2 KLM- % Ka

the rate above the surface is that tdeshell neutralization

rate is proportional to an overlap between Meshell orbital dng

of argon and electron density of the bulk. At large distances ot =I'ci +tTkem+ Tkmm ket Tkps

this overlap can be described as an exponential function of
the ion-surface distance. A similar treatment has been previ-

ously employed by several authd@0—33. The parameter Where ni, n_, and ny are, respectivelyK-, L-, and
z, can be expressed £33] M-shell populations. Since the initial charge state of argon is

17, the initial conditions are set toe=1 andn_ =ny=0.

a
Z0=5% {rm), 2) D. Transition rates and x-ray energies

It is well known that the transition rates, both Auger and
wherea is the distance between carbon atoms in the graphitgadiative, strongly depend on the specific shell and subshell
(~4 a.u) and(ry) is the radius of thé\l shell in the argon population. In our model, we have decided to neglect any
ion. The radius of theM shell of the argon ion may be subshell effects and express all rates as functions of the ma-
approximated by a simple hydrogenic formula, jor shell populations only. In addition, we have adopted
simple scaling weight factors for initial and final shell popu-

n lations developed by Larkink34]. In the case of an initial
(rm)= Zet' (3) shell with populatiom;, the scaling factor i®;® (n;—1) if
one electron from this shell is involved in the decay, and
wheren is the main quantum number, in this case 3, andi(Ni—1)0@(n;—2) if two electrons are involved. The step
Z. is the screened nuclear charge of the ion. Takingunction ©(x) is given by
Z.#= 17 (initial stage of the neutralizatiorand Z.4=8 (K _ _ _
andL shells ful) gives(r)=0.5 a.u. and=1.1 a.u., respec- ®(x)=1 for x>0 or x=0, ©(x)=0 for x<0. (5)

tively. In this work we usedy=3 a.u. andzp=4 a.u. Both . ) o
values fit into above estimations and, as will be demon-The scaling factor for the final shell population is assumed to

strated, give reasonable agreement with the experiment. be proportional to the number of vacancies in this shell. Such
It should be emphasized that the neutralization faje @ Scaling factor was previously used by Briagtcl. [11] to

with the parametezy~3—4 a.u. excludes any inner-shell account for multiplel-shell vacancies fot MM Auger rate

processes between argon ions and carbon atoms in the soily2rgon. Recently Stolterfokt al. [8] and Pagest al. [35]

as a dominant neutralization mechanism. Inner-shell proused the same scaling to modeMM transitions in neon.

cesses accrue at relatively small impact parameters, ther@Psolute rates are obtained by normalizing to known rates

fore, are expected to vanish rapidly outside the surface.  fOf Singly ionized argon from Ref$36-41. Rates used in
the model and the sources of normalization are listed in

Table I. It should be pointed out that thex x-ray rate is

very small and was included in the model only for complete-
The model takes into accouliLL, KLM, KMM, and ness.

LMM Auger rates an&K«, KB, andL« x-ray rates. There- The set of equation$4) and the radiative rateKa and

fore, the following set of rate equations needs to be solvedK g allow a determination of the fluorescence yigldrom

2

C. Time evolution of electron populations
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and is equal to 0.25 a.u. for the argon projectile and the

0=+ w[s:J rKadt+J Iy gdt, (6)  carbon target. This form of the potential is often used to

describe grazing-angle motion and gives a good approxima-

where time integrals are performed over the total collisiontion to the trajectory. Particularly, the distance of the closest
period. approach was found to be consistent with simulations that
In order to simulate an X-ray spectrum, energieg(@f include interactions with individuals target atoms. The as-
and K3 lines are expressed as a functibn and M-shell ~ sumption that the potential below the surface is uniform re-
populations. Based on calculated transition energies for difflects the fact that the neutralization-relaxation of the projec-
ferent ionized configurations of argon, from Bhdlg6], the tile takes place shortly after the bulk preparation, where the
fo”owing approximate expressions fKra and KB energies project"e Velocity iS not yet reduced. We believe that the

were adopted: plane potential9,10 gives simplified, nevertheless correct,
motion of an ion for both grazing and penetrating collisions.
Ex,=3144.3-22.n — 4.,y +0.4n ny, (eV), The application of the planar potential when the scattering
7) angle is close to the critical angle-(7°) is questionable. It
Exp=3702.4-60.1_ —15.Ny+1.50.ny (eV). is clear that in this regime some of the ions penetrate the

solid and the remaining ones are reflected. In this case, our
The above expressions together with tker, 3 transition  simplified treatment of the ion motion may not be precise.
rates listed in Table | allow an evaluation of the x-ray energy The ion approaching the surface gains some amount of
spectrum. This was done by obtaining the infinitesimal con€energy due to an image charge effect. For examplé/ Ar
tributions to the spectruifintensity fromK «, 8 rates, energy ion approaching a graphite surface with a work function of
from Eg. (7)] at any time of the collision. The sum of all ~4 eV gains about 64 eV of enerdy]. This energy gain
contributions gives the totaK-shell x-ray spectrum. The occurs at relatively large distances from the surface. In fact,
spectrum was corrected for the experimental resolution usinthe acceleration is nearly complete when the ior-8 a.u.
a Gaussian as a response function of the x-ray detector. i front of the surface. Therefore it can be assumed that the
should be noted that the continuous population numbers ifmage charge acceleration is completed before the surface
the model yield a continuous spectrum, but the experimentgbotential(9) becomes important and before the neutralization
one consists of many discrete peaks, as shown by the highate (1) starts to populate th® shell. For these reasons, in
resolution experimentgl0,11,13. However, this feature of the model the image charge effect was taken into account by
the model is acceptable for our experiment because the resa- simple increase of the perpendicular velocity, which is
lution of SiLi detector does not resolve the lines with differ- equivalent to an increase in the impact angle.
ent shell populations. The average energieskes, 8 lines We point out that the reflection of the ion in grazing im-
were calculated from pact is caused by an internuclear repulsion between the argon
ion and the carbon atoms in the bulk whereas the neutraliza-
1 1 tion at small distances described in Efj) is caused by the
Exa= . f Exal'kadt,  Exp= ©n f Expl'kpdt. overlap of two electron clouds. This means that it is impos-
¢ p (8)  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.

E. Motion of ion

The M-shell neutralization rat€l) is position dependent,
and therefore the set of equatio must be solved simul- V. NUMERICAL RESULTS
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 The model contains one free paramdigf,. The numeri-

cal value ofl" ;o was extracted from experimental data. Fig-
Ci ure 7 presents the simulated energy of the line as a
V(z)= Zﬂzpztnaas;l d—iexp(—zdi la) function ofI"y,. 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,
V(2)=V(z=0)=const ©) and therefore the value @, does not strongly influence the
Ka energy. In fact, twd « energies for two values af, are
[ below the surfac€z<0)], practically indistinguishable and are shown as one curve.
The comparison between simulated and experimental values
whereZ, and Z, are projectile and target nuclear charges,allows a determination of ,=0.013 a.u., and this value
n, is the surface density of target atoms per unit areavas used in the model. It is interesting to ask whether this
(n,=0.16 a.u-? was usey and c;={0.35,0.55,0.1 and Value ofI'y is reasonable. Assuming that the neutralization
d;={0.3,1.2,6 are Molige parameter$l,24]. The screen- rate in the solid can be expressed as
ing lengthag is given by

A. Determination of I'yo

3

[above the surfacéz>0)],

I'y=ncvo, o=mr?, (11

as=0.888Z,+z,)"%® (100 wheren, is the density of carbon atoms in graphite 0.017
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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 experimentak« peak. The theoretical spec-
trum was corrected for the experimental resolution of 220
eV, which was obtained experimentally using e fluo-
rescence emission from chlorine. It can be seen that the
model correctly describes the relative intensitieKef and

FIG. 7. Ka transition energy predicted by the model for 51-keV K 3 lines, as well as the widths of both peaks.
Ar'™ jons incident on a graphite surface at 45° plotted as a func-

tion of I'y;g. The model prediction matches the experimental value
for I'y10=0.013 a.u.

Two™~0.013 a.u.

30%9000 0.005 0010 0.015 0.020

Iyo (a.u.)

C. Time evolution of shell populations

The time evolution ofK-, L-, and M-shell populations
a.u.”%), v is the beam velocity, andt is the cross section for calculated from the model for normal incidence and grazing-
the charge exchange, one can estimate the value of a geangle incidence are shown in Figs. 9 and 10, respectively.
metrical capture radiug. Using I',=0.013 a.u. and For clarity, the penetration depth and the ion-surface distance
g~ 10 the capture radius turns out to be3 a.u. This value are indicated. The.- and M-shell populations during the
seems reasonable for the capture inside the solid. x-ray emission are significantly different in two scattering
regimes. In normal incidence about five electrons from the
L shell and eight electrons from thé shell are present at
the time theK shell is filled. For grazing-angle scattering
I,t_hese populations are reduced to about thresectrons and
five M electrons. In the case of normal incidence the whole
I{1(§utralization-relaxation takes place in the solid. For
gfazing—angle collision th& 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

B. Incidence-angle dependence df @, KB energies and total
fluorescence vyield

The simulations for the angular dependence of the ave
ageKa and KB energies agree well with the experimental
data shown in Fig. 6. The shape of the dependence and t
absolute value of both energies reproduce the experiment
data well. The simulation correctly predicts relatively small

energy changes for angles belowr®, i.e., for penetrating gf the collision. The final charge state of the ion~<.1

collisions. On the other hand, grazing-angle impact causes &, . . .
much stronger upwards shift for both lines. Comparing twoWhICh agrees with experimentally observélg. 2 almost

i ati 7+ ; ; i}
values ofz, used in simulationz,=4 a.u. seems to work full neutralization of A’ ions at this velocity. The rela

better. The energies rise at small impact angles because tH¥EIy s_hort time for theK-shell filling suggests that the in-
ion approaching the surface at a small angle is only slowl);mducltéen. of a secontl -shell vacancy, as would be the case
neutralized by ratg1). This means the averade and M forAr_ lons, WO.UId not change the outcome Of the grazing
population at the time of x-ray emission is lower, compareoCO"'S'On’ i.e., the ion will be fully neutralized. Finally, it is

to normal incidence, and the energies of both x-ray lines arglear that the relaxation of lower charg.e_s_tates will _be also
shifted upwards completed due to a smaller number of initial vacancies.

K-shell Fluorescence Yield

04 T

0.3

0.2

0.1F

0.0 L

51keV At +C
===~ model I';;=0.013 , z,=3
model I,;=0.013, z,=4

0 10

20 30 40 50 60

Angle (deg)

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 afj=2 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-

FIG. 8. Total fluorescence yield predicted by the model forbon foil show a strong similarity. These findings indicate that

K-shell x-ray transitions for 51-keV Af* ions incident on a graph-

ite surface as a function of the impact angle.

neutralization mechanisms in grazing-angle collisions and
during the penetration of the bulk are similar.
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FIG. 9. The time evolution oK-, L-, andM-shell populations
for 51-keV Art”* and 90° impact angle, as predicted by the mode
described in the text. The penetration depth in the solid is shown fopar
comparison.

FIG. 10. The time evolution ok-, L-, andM -shell populations
for 51-keV Ar”* and 1.6° impact angle as predicted by the model
Idescribed in the text. The ion-surface distance is shown for com-
ison.

surface, but extends beyond the surface, successfully de-
scribes both the rapid neutralization of the ion and the inner-
We have presented a side-feeding model which, togetheshell x-ray emission during grazing-angle collisions. The
with pure atomic relaxation rates, is capable of explainingrelatively slow decay of the neutralization rate outside the
the basic features of x-ray emission by*At projectiles for  solid (z,~3—4 a.u) rules out any inner-shell processes as a
different impact angles. The filling of inner-shell vacancies isqominant side-feeding mechanism near the surface, and
not via decay cascades from highly excited states but via sidgoints at the electron gas density as the cause of the neutral-
feeding that occurs at a short distance above the surface. Thgstion.
side feeding is not into deeply bound shells which carry most - Our experimental data and the success of our model show
of the projectile potential energy but into an intermediatea substantial similarity between the neutralization in front of
shell (M shell for argon. Since no close energy-level match- the surface and neutralization inside a solid foil. This fact
ing is required, this is likely to be similar for any target stresses a need for a model which applies to both regimes.
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 transitigAsiger and We thank Dr. |. Lagadic for carrying out atomic force
radiative from intermediate shells are sufficient to allow the microscope studies of the graphite surface. This work was
complete filling of inner shells and the dissipation of thesupported by the Division of Chemical Sciences, Office of
potential energy initially carried by the ion. The postulateBasic Energy Sciences, Office of Energy Research, U.S. De-
that the side feeding inside the solid does not terminate at theartment of Energy.
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