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Surface-topography dependence of line shapes in electron spectra due to decay
of autoionizing states produced in inelastic ion-surface collisions
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The line shapes of peaks in electron spectra due to decay of autoionizing states of Ne, formed in collisions
of Ne with Al solid targets, were studied as a function of surface roughness. Strong variations in these line
shapes were observed. These were modeled by taking into account the level shifts of the excited and ionic
states of the atom in front of the surface and various resonant and Auger capture and loss processes. It is shown
that rather complex line shapes may be expected. The electron spectrum generally possesses a peak at energies
in the vicinity of that corresponding to autoionization of a free atom, as well as a high-energy tail and a
secondary maximum. The intensity of the secondary maximum depends on how close to the surface most
excited atoms decay and hence depends on surface flatness.
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I. INTRODUCTION

A number of recent studies@1–6# have focused on the
production of doubly excited autoionizing states of inert-g
atoms in collisions with metal targets. These states ar
signature of inelastic, violent ‘‘binary’’ collisions of inciden
and target atoms. The study of their formation is interest
from the point of view of the study both of mechanisms
excitation and of various electron-transfer processes tha
involved in their production. Experimentally these states
observed as well-defined structures or peaks in the elec
spectra, which are superposed on a continuous backgro
due to potential and kinetic electron emission. The elect
energies at which they appear are found to be close to
ones expected for decay of these states for free atoms@7#.
Shifts from these positions have been attributed to kinem
effects@1–5#, i.e., due to emission from a moving source
scattered atom, rapidly receding from the surface. Ra
strong variations in the line shapes of these peaks have
observed, when the collision energy and especially the
servation angle is varied@2#. Thus these peaks are genera
asymmetric, with low- or high-energy tails, depending up
whether the observation angle, as measured with respe
the incident-ion-beam direction, is small or large, resp
tively. This behavior has been related to the characteristic
the ion angular distributions@2#, which extend to rather large
scattering angles and are characterized by large en
losses. Calculations@2# of the line shapes, assuming
d-function natural line shape and taking into account kin
matic and apparatus broadening effects, have been foun
qualitatively reproduce some of these features.

Some indications about the natural line shapes are
available. It is now well known that in doubly charged io
scattering@8,9# on metals, electron spectra display bro
peaks due to autoionizing states, which in this case
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formed on theingoing trajectory and result from successiv
capture and loss processes,before the ion reaches the sur
face. The energy position of these peaks is not the same
the scattered-ion case but is higher, due to shifts of
atomic levels near the surface. This shift also explains th
large widths. Some model calculations of the line shapes
peaks resulting from autoionization of scattered partic
moving away from the surface have been made, but no
perimental data were available to compare with these pre
tions. In a recent study@10# we noted that the shapes of th
peaks due to decay of autoionizing states vary quite stron
as a function of surface roughness, an effect that was te
tively ascribed to varying distances of decay from the s
face, in relation to the above-mentioned simulation wo
@8,9#. Effects of roughness were also noted in the past in
polar angular distribution of secondary electrons emitted
Ar-Al collisions @11#. In this paper we present some data
the shapes of peaks in electron spectra due to decay of
tered excited Ne** atoms on surfaces of varying degrees
roughness, which are compared to the simulated spectra
found to be in quite good agreement, assuming that on ro
surfaces decay of autoionizing states occurs further from
surface than on flat surfaces.

II. EXPERIMENTAL DETAILS

The experiments were conducted in an ultrahigh-vacu
chamber working at 3310210 Torr ~with the beamline on!.
The ions were generated in a radio frequency source, m
selected, and collimated to better than 0.1°. The emitted e
trons were analyzed with a custom-made@12# cylindrical-
mirror analyzer working at 1% energy resolution and61°
angular resolution. The inner cylinder of the analyzer rota
around its main axis, allowing measurements in a wide ra
of observation angles@12#. For the present measurements t
incident direction was selected randomly and the observa
angle fixed at (u,f)5(21°,5°), with u measured from the
ion-beam direction andf from the scattering plane~inset of
Fig. 1!.

The preparation of the Al~111! sample was performed b
©2002 The American Physical Society01-1
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FIG. 1. Electron energy spec
tra in the region of the Ne** au-
toionizing state excitation for 5,
10, and 20 keV ion impact for an
Al ~111! surface with different de-
grees of roughness and a sketch
the scattering configuration.
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repeated cycles of 20-keV grazing Ar bombardment and
nealing at 450 °C. The azimuthal orientation of the surfa
was continuously changed during the Ar bombardment. A
result of these cleaning and polishing cycles, the surface
sents long and flat terraces~at least 100 Å long! @13#. The
cleaning of the surface was verified with Auger-electr
spectroscopy before and after performing the measurem

III. RESULTS

Figure 1 shows spectra in the region of the peaks du
decay of Ne** autoionizing states for 5, 10, and 20 keV io
impact for an Al~111! surface with different degrees o
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roughness. The spectra were all measured at low incid
angles~between 3° and 6°!. In all cases, the lowest spectr
correspond to the flattest surface, i.e., one that was obta
immediately after the polishing cycles. For this surface
autoionizing lines are relatively weak and broad@10#. In-
creasing the surface roughness by means of large-angle~5°–
10°! Ar or Ne bombardment results in a general enhancem
of the Ne autoionizing line intensity and in a change in t
line shape~middle spectra in Fig. 1!. In particular, the main
Ne autoionizing lines become structured with sharp pea
As far as we known no previous report of this structured l
shape has been given. For comparison, we also show in
1 spectra taken with a much rougher surface~top spectra!.
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These spectra from the very rough surface show sharp
well-defined features that are similar to those usually
ported in past work@1–6#. The peaks I and II correspond t
Ne** (3P)3s2 and (1D)3s2 states, which have been exte
sively investigated earlier. Note that these lines are shifte
higher energies because of kinematic~Doppler! effects, men-
tioned in the Introduction, and their positions change w
projectile energy. In the projectile frame of reference t
peak due to the decay of the Ne** (3P)3s2 state would be at
20.35 eV and that due to the (1D)3s2 state at 23.55 eV. Pea
III, which becomes stronger at higher energies, presuma
corresponds to a 2s2p5nl state as discussed by us previous
@10,14#. Its intensity, as well as that of other secondary lin
is enhanced by the grazing scattering geometry and the
tively large projectile incident energies@10#.

In the case of the smoother surfaces the structure lab
a ~appearing at energies 1.6–2 eV higher than peak I! cannot
be interpreted in terms of the secondary line III. Note tha
appears shifted in energy and has a different intensity fr
the structure observed for the rough surface. The shou
labeledb, which appears at approximately the same dista
from peak II, is present only for the smoother surfaces. T
reasons for this behavior can be understood in terms
model of formation of these states near the surface as a r
of a series of electron-capture processes involving posi
ions and deexcitation processes as the excited atom m
away from the surface. This model has been describe
detail earlier@8,9,15#. In the following we shall briefly sum-
marize some points of this model for clarity and compare
predictions with our data.

IV. THE MODEL

The doubly excited Ne** atoms are formed as a result
a violent, small-impact-parameter collision of an incident
ion or atom with a surface atom~see, e.g.,@14#!. On the basis
of general considerations regarding excited-state forma
in gas-phase collisions, it is expected that at low keV en
gies this binary collision will lead to the dominant formatio
of states of the 2p4(1D) Ne21 core configuration. The exac
nature of the excited species formed in this collision is
known. Very close to the surface, the energy levels of m
excited states will lie above the Fermi level and are he
resonantly ionized, losing electrons to the conduction ba
As the excited particle~excited atom or singly or doubly
charged ion! leaves the surface, we have to consider a se
of Auger and resonant decay and capture processes, w
may lead to the experimentally observed final state distri
tion of Ne21, Ne1* , Ne* , Ne1, and Ne.

Here we adopt a simplified reaction scheme~see@15# for
details! involving a series of electron capture and loss p
cesses schematized in Fig. 2. The actual manifold of leve
replaced by the lowest terms and here we shall consider
the Ne1* 2p4(3P)3s/3p and Ne** 2p4(3P)3s2/3p2 excited
states, in order to illustrate different cases of line profil
Fine-structure splittings are neglected.

We assume that the excited species start out at a dist
of the order of 2.5 a.u. from the image plane and consi
their ejection into a range ofuex, with Eex corresponding to
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elastic energy losses in single-scattering conditions.
As in our previous work@9,15#, we use a numerical mode

built along the lines of the one developed by Niehaus a
co-workers@8# and successfully used by them to descri
some of the characteristics of electron spectra recorde
doubly charged ion neutralization. Figure 3~a! shows the
metal1atom or ion states, corresponding to the scheme
Fig. 2. The position of the levels in front of the surface w
modeled as described in detail in@8#. This position is deter-
mined mainly by the image potential at large distanc
whereas at small distances screening effects are taken
account. As may be seen for distances smaller than 2.7
the (3P)3s2 state lies above the Fermi level and can autoio
ize to give the Ne1* (3P)3s state. In the range of distance
considered, the (3P)3s state lies below the Ne21 state. On
the other hand, the higher-lying (3P)3p Ne1* state can au-
toionize into the continuum, corresponding to metal1Ne21

for distances smaller than 2.7 a.u. The (3P)3p2 state remains
autoionizing for distances larger than 12 a.u., which,
shown previously@15#, explains the small probability of its
production.

In the model we solve a set of coupled differential equ
tions for the distance-dependent populations of the vari
levels for a given perpendicular velocity of the ion movin
away from the surface. We assume that resonant and A
transitions are caused by the overlap of the wave function
the electron in its initial and final states and that the tran
tion probabilities are determined by the asymptotic behav
of the wave functions. Other details of the model and cho
of adjustable parameters for the interactions are outlined
our previous paper@15# and will not be repeated here fo
brevity.

V. CHARACTERISTICS OF LINE SHAPES

Results of the calculation of the populations of the vario
levels as a function of atom-surface distance, assuming
initial population of 100% Ne1* 3s, are schematized in Fig
3~b! for 5-keV Ne ions leaving an Al surface at 8°~the
choice of initial populations was not found to affect th
shape of the spectra!.

FIG. 2. Electron loss and capture scheme between var
Ne21, Ne1, and Ne states. The various Auger capture~AC!, Auger
deexcitation~AD!, resonant transfer~RT!, and autoionization~AI !
channels between states are indicated. The excited states ac
considered are given in the text.
1-3



o

or
no

d

e
t

3

tr
t
ta
en

is
the
he
opu-
ita-
a-

ion

ary
er-

ged
ci-
the
e to
fted.
eled

-

se
of

om
rge

this
of

ime
fect

the
for
the
gles
is
ture

ed
ev
lin

he

ESAULOV, GUILLEMOT, GRIZZI, AND SÁNCHEZ PHYSICAL REVIEW A65 052901
The initial population of Ne** is strongly attenuated
through resonant ionization leading to the production
Ne1* and Ne21. The final production of Ne** always relies
on electron-capture processes. It is for this reason, that f
given set of parameters, the initial state distributions do
affect the spectral line shapes.

Near the surface the Ne** population can be attenuate
by Auger deexcitation leading to Ne* . The line shapes of the
peaks due to Ne** are determined by the population of th
Ne** excited state at various atom-surface distance and
energy separation of the Ne** and Ne1 levels.

Figure 4 shows the calculated line shapes for thes2

states, for 4°, 8°, and 16° exit angles~for 5 keV ions!. As
may be seen, the peak has a sharp cutoff at small elec
energies, close to the 20.35-eV position, corresponding to
autoionization of a free atom. On the other hand, it has a
extending to 22.25 eV, corresponding to the maximum

FIG. 3. ~a! Potential-energy diagram of the Ne-Al system us
in the calculations, represented here for electrons at the Fermi l
The states are identified on the left of the diagram. The thick
represents the Ne211metal continuum.~b! Populations of the
(3P)3s and (3P)3s2 states as a function of the distance from t
image plane (uex58°, Eex55 keV).
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ergy separation of the Ne** and Ne1 levels, for an atom-
metal distance of about 2.7 a.u., when the Ne** state can
ionize into the continuum Ne1* 3s1metal.

A very specific feature of the 3s2-state line shape is the
secondary maximum at about 22.2 eV. This maximum
more pronounced for small exit angles with respect to
surface. This is due to the variation of the population of t
state as a function of distance. Close to the surface the p
lation initially decreases rapidly because of Auger deexc
tion. At larger distances it is determined only by autoioniz
tion. The secondary maximum arises from autoionizat
close to the surface@below 3.5 a.u. see Figs. 3~a! and 3~b!#,
where the population is large and the Ne** -Ne1 energy
separation is also large.

It should be pointed out, in passing, that the second
maximum described here is shifted to higher electron en
gies, just like the peaks in electron spectra in doubly char
ion neutralization. In the case of doubly charged ion in
dence, autoionizing states are formed on the way ‘‘in,’’ as
ion approaches the surface, and their decay occurs clos
the surface, where the energy levels of the states are shi
These peak shifts have been discussed and correctly mod
in the same framework used here in earlier work@8,9#.

At intermediate distances (z,8 a.u.) the population de
creases substantially, but the Ne** -Ne1 separation is still
significantly larger than its asymptotic value. Decay in the
conditions is responsible for the intermediate, tail portion
the peak. The main portion of the peak, i.e., the region fr
the maximum to about 21 eV is determined by decay at la
distances from the surface~tens of a.u.!, a condition that is
favored for rough surfaces. The shape of the peak in
region is thus determined by the autoionization lifetime
Ne** .

In general, the line shape obviously depends on the t
spent in a given region of atom-surface distance. This ef
determines its dependence on the exit angle and hence
perpendicular velocity. For more grazing exit angles, i.e.,
small perpendicular velocities, decay occurs closer to
surface and the spectra are broader than at larger exit an
@Fig. 3~b!#. In these conditions the secondary maximum
also more pronounced and can become the dominant fea

el.
e

FIG. 4. Dependence of the line shape of the Ne** 2p4(3P)3s2

state on the exit angle of scattered excited atoms.
1-4
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of the spectrum. The relative intensity of this maximu
gives a measure of the efficiency of Auger deexcitation.

The shape of the modeled spectrum for small angles c
pares quite well with the shape of the experimental spe
for the flat surfaces. We observe that peaksa andb in Fig. 1
correspond approximately to the secondary maximum in
calculated spectrum. This is clearly visible on the example
the spectrum for 5 keV~middle spectrum!, where peak III
has a relatively low intensity and thus does not interfere w
the tail of the main line peak~peaka!. At 20 keV, peak III
partially overlaps with structurea, and its corresponding tai
overlaps with peak II, altering its intensity. Note that an ex
comparison is not possible, because the experimental s
trum corresponds to a sum of spectra due to scatterin
ions into various exit angles with respect to the surface
the calculation does not include Doppler broadening effe

In the case of scattering on a rough, uneven surface
elastic scattering occurring on surface asperities, step ed
etc., would favor autoionization at larger atom-surface d
tances~around 8 a.u. and greater in Fig. 3!, resulting in the
sharper spectra also observed for scattering at larger an
with respect to the surface plane.

VI. CONCLUSIONS

The natural line shapes of peaks in electron spectra du
decay of autoionizing states of Ne, formed in collisions
A.
.

.

.

ci.
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Ne with Al solid targets, were modeled and investigated
perimentally. The modeling takes into account the le
shifts of the excited and ionic states of the atom in front
the surface due to image-potential and screening effects,
various resonant and Auger capture and loss and deexcita
processes. It is shown that the electron spectrum gene
possesses a peak at energies in the vicinitiy of that co
sponding to autoionization of a free atom, as well as a hi
energy tail and a secondary maximum. The secondary m
mum, associated with decay near the surface, is m
pronounced for atoms scattered close to the surface, i.e
conditions when the exit perpendicular velocity is sma
These conclusions are supported by the shape of the ex
mentally observed spectra and their dependence on su
flatness, assuming that on rough surfaces decay of auto
izing states occurs far from the surface, while on flat surfa
decay occurs closer to the surface where atomic levels
shifted resulting in higher electron energies.
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