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The time evolution of deexcitation of O ions penetrating th€l11) surface of Cu is studied by means of
secondary electron spectroscopy. It is found that the filling ofkkh&hell proceeds faster at 102 keV than at
51-keV ion energy, by about 10%. This velocity dependence is determined from a comparison of emission
depth profiles, assuming straight-line trajectories for the ions. No further model is needed for the ion deexci-
tation or the solid-state interactions of the emerging Auger electrons. The model independence is based on
three steps(i) the emission depth profiles for different ion energies and angles are evaluated only in conditions
where they are practically equdli) the full K Auger electron spectra with their inelastic parts are obtained
using matching pairs of measurements with"Qprojectiles; andiii) the observation angles are adjusted to
equalize, for both ion energies, the laboratory energies of the Auger electrons at emission as well as their
solid-state interactions on their way to the surface. The present method can provide benchmark values for
multistep cascade models of highly charged ion deexcitation in s¢8d€50-294{®7)04902-0

PACS numbds): 34.50.Dy, 79.20.Rf

I. INTRODUCTION important role in the acceleration of tté Auger emission,
but is difficult to observe directly. It was first inferred quali-
The neutralization and deexcitation of highly charged iondatively from the lack of projectild. Auger electrons ob-
while they are approaching and eventually penetrating &erved in these reactiofg]. In subsequent studies, the de-
metal surface is a complex process of charge transfer ariglopment of theK Auger activity was inferred from the
energy releas¢l—-15. During this relaxation process, the amount of electron-solid interaction seen in the spectra of the
projectile ion performs a multistep cascade of electron transemerging K Auger electrongt—7,10-14. In this way, ab-
fer processes and deexcitation transitions which has attract&@lute estimates of thie-shell filling rates were derived, and

much interest in the last years. Measurements of the secontl€ expected increase of side feeding with increasing ion

ary electrons emitted during this process have provided inY€loCity was found11-14. Itis common to these important

formation on the very short time scales involved. In thesd €sults that they were deduced from the experiments in a way

experiments, the clock to measure the time evolution of elecw.r,:'hqh t?]epenldj ondt\;\;}o nlcr)]delfs, c:rr:e f?r :he |':)n transtptort
tron emission is given by the ion motion itself, since the WItin € SOld, an € other for the electron transport to-
ward the surface. The models available, however, are still

incidence angle and energy determine an effective time Wmduite approximative. They might appear either as strongly

dow of observation which is opened when the ion enters th%implified [4-7,10-12, or as very detailed and involving a
interaction zone with the surface, and is gradually closed ag); ¢ parametér$13 14,14

the ion reaches a depth from where the electrons can no more . report on an experiment aimed at examining the ve-

be detected7,15. locity dependence of the side feeding in a more direct way.
Particular emphasis has been devoted to study the Augh particular, we avoid the use of any model for the electron
electrons emitted during the filling of the deeply lyifg  transport in the solid. Nevertheless, the depth distribution of
shell hole in hydrogenlike projectiles of first row elements,emission will be evaluated by means of information con-
N®*...Né&". The final filling step occurs mainly through tained in the complete spectrum of the emerging Auger elec-
an atomiclikeKLL Auger transition. This transition process trons, particularly in the shape of the Auger peak in relation
itself is nearly independent of the interaction of the projectileto its inelastic tail. The basic idea is to perform a compara-
with the solid, in contrast to the foregoing electron feeding totive measurement of two spectra in such a way that, ideally
theL shell. During the motion through the solid, the projec- speaking, a difference observed between them would already
tile acquiresL-shell electrons not only through Auger tran- tell us that the underlying depth distributions of emission are
sitions from higher shells but also through a direct transfegifferent, too. In order to measure such a paicofrespond-
from target states. This side feedifig] process plays an ing spectra, all other possible reasons for different spectral
shape and intensity must be eliminated.
Our method of how to achieve this in a practical sense is
*Present address: Departamento dsida, Pabello 1, Ciudad presented in Secs. Il A and Il B. In the real experiméec.
Universitaria, Facultad de Ciencias Exactas y Naturales, Univertl C), we measure several pairs of corresponding spectra at
sidad de Buenos Aires, 1428 Buenos Aires, Argentina. different ion energies and angles of incidence until the con-
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ditions are found for which both spectra show the best agreehe MARLOWE [19] andIOR [13] codes using different ion-ion
ment(Sec. Il)). This pair of energies and angles of incidencescattering potential§including, e.g., after Ref[18]) con-

is then analyzed further, relying only on the fact that thefirmed the condition of straight-line trajectories.

underlying depth distributions of the Auger emission are The 102-keV ions were used at an incidence angle
practically equal. In this way the dependence of the deexciy, =20° to define a reference emission profile held constant
tation cascade on the ion velocity is tested, and is determine@ al measurements. Different incidence angles were tried
quantitatively in relative termgSec. IV A), without incur-  for the slower ions in order to find out at which angle,

ring the problem; asso_ciated with a quantitative evaluatiorghey would produce the same depth distribution.

of the shape and intensity of the electron spectra themselves. The first trial value is¥,=29°, where the ions of both

This experimental result is then compared to predictions Ognergies have equal normal velocity=0.17 a.u. If the time

existing cascade models, eventually after making a rough . o . ;
extrapolation to the ion energies used hegec. IV B. evolution of K Auger emission were independent of the ion

The step of major importance in the experimental proce-veIOCity [“intrinsic hypothesis,” A/l(t):AVZ(t)]’ both

dure is to extract from each total spectrum the contributiorfiepth distributions would be equal for this choice 8.
originated by the Auger electrons alone. Hence the back-From the general picture of the deexcitation cascade it is
ground caused by other mechanisms of electron excitatiorgXpected, however, that the activity of slower moving pro-
mainly kinetic emission, must be removed not only under thdectiles develops slowel11,12. The slower ions will pro-
Auger peak but also under its inelastic tail. Since differentduce the same depth distribution of emission as the faster
methods of background subtraction are in use in studies g?nes, only at reduced normal velocity. This means reducing
the highly-charged-ion surface interactid)5,17, a particu- the angle of incidence t#,<<29°. A reasonable lower limit

lar effort was made in the present work to determine thefor 'V, is found, considering a case where the development
spectral backgrounSec. Il B. of Ay(t) would proceed at a speed which is proportional to

the ion velocity. This hypothetical case would be true, e.g., if

the KLL activity level were completely driven by collisions

with the target atoms or electrons, but with no extra energy
A. Method of corresponding spectra dependence. Under thigollisional hypothesis” the same

In the following we denote byA,(t) (activity function level of activity would be reached after the same path length

the unknown time evolution of thKLL Auger emission for in the solid, independer_n of the ior_1 _velocity. _The two ion
ions of velocityV, and byS(E) the observed energy spec- °€ams would have different activity functiongiy,(t)
trum of theK Auger electrons after leaving the solid in the #Ay,(t), but again the same emission depth distribution
direction of detection. The link between the two functions isQ(z) if ¥,=,.
provided by the depth distribution of the emission sites of the In reality, however, both the intrinsic and collisional con-
K Auger electronsQ(z). The depth distributiorQ(z) de- tributions will be present in the emission time evolution. A
pends strongly o, (t), and it has an important influence on collisional part of the whole process may be seen in the
the shape and intensit$(E). These relations, in fact, allow filling of the L shell, which is efficiently dominated by the
us to study the activity function by means of measuring elecside feeding, at the ion energies chosen here. This time con-
tron spectra. In general, however, they are too complex tatant will be as low as about a few a.u., as can be extrapo-
permit a quantitative analysis of the spectrum without rely-lated from the results quoted above for other projectile-target
ing strongly on approximate models for the transport of thecombinationg 10—14. An intrinsic part of the deexcitation
highly charged ions and of the emitted electrons through theascade may be expected for the time afterlthehell has
solid [16,13,14. Here we make an attempt to exploit thesebeen filled. This part corresponds to tike Auger decay
relations under the condition that the model dependence bghich has a time constant at least one order of magnitude
eliminated as far as possible. longer than the_-shell filling [20]. It is seen that the major
We first consider how the activity function determines thepart of the time evolution is of intrinsic nature. The slower
depth distribution of the emission. This relation becomedons will need only slightly more time than the faster ones to
simple and practically model independéaten considering emit their KLL Auger electron. Therefore, the best overall
the yet poor knowledge of the exact scattering potefitid))  agreement of the depth distributions of emission can be ex-
if the ions during the time interval of interest are moving atpected for a¥, only a little bit less than the value 29°
constant velocity along straight-line trajectories. Then all thecorresponding to equal vertical velocity.
ions reach a depth at the same time after surface impact. Now we consider how a variation of the depth distribution
This time can be expressed &sz/V,, with V,=V sin¥  can be inferred most directly and in the least model depen-
being the normal component of the ion velodityand¥ the  dent way from observed differences between two electron
glancing angle of incidence. Hence, the depth distributiorspectra. This means minimizing all other effects that can
Q(z) follows directly the time evolution of th& Auger produce a difference in the electron spectrum. In first place,
emission:Q(z)=Ay(z/V)/V,. an increasing depth of emission causes the Auger peak to
In practice, this greatly simplifying condition can be met, decrease, and its inelastic tail to grow. Since similar varia-
with sufficient accuracy, using ion beams of typically a fewtions can be produced, observing the electrons in a direction
keV/amu and at not too small a normal velocity. For the closer to the surfacfl6,21,23, a pair of spectra suited for
present experiment O ions of energie€;,,;=102 keV and  this comparison must be detected at the same observation
Eiono=51 keV (V,=0.5 a.u., V,=0.35 a.u) were directed anglea with respect to the surface. Furthermore, the Auger
against a Cu target at angf#s=20°. Simulations made with peaks must have equal laboratory energy. A pair of electron

Il. EXPERIMENT



55 VELOCITY DEPENDENCE OF THEK AUGER . .. 2077

have also shown, however, that the corresponding spectra
will never be completely identical, not even¥, and ¥,

were adjusted to give identical depth distributions of emis-
sion and the measurements were made at the corresponding
anglea. The reason i§16,22,2] that the ion motion affects

the peak shape: the faster the ions, the broader the peak and
the less its maximum intensity. Fortunately, this deviation is
small, and is restricted to the peak region of the spectra, so
that it does not affect the inelastic tail at lower energy.

surface

B. Background subtraction

As was stated above, the criterion of equal corresponding
spectra supposes that only the contributions originating in
Vionl the K Auger transition are compared. In particular, the back-
ground due to kinetic emission must be removed from the
FIG. 1. Geometry for the method of corresponding spectra. Theaw data. Therefore, the measurements with” @rojectiles
two ion beams have different velociti®s,,; and V,,,, but their ~ Were repeated at exactly the same ion energies and the same
Auger electrons have the same laboratory energy at the same angi@gles of incidence and observation, but usiny® Qrojec-
of emergence from the surface, i.e., the same velocity Ve};_[;gg tiles instead. The evaluation of such a matChing pair of elec-
in the laboratory system. The end point af as=Vi, LON €nergy spectra is based on a system of two linear equa-
tions which relate the measured total spectra, called
O7*(E) and CP*(E), respectively, to the desirad Auger
spectrumS(E), and the restB(E):

+0,=Viypt v, is found as the intersection of the two circles
drawn around the end points of the velocity vect&r@nl and
Vionz, With radius|vy|=|v,| equal to the velocity of the Auger

electrons in the ion system. The triplet of corresponding angles O’"(E)=S(E)+B(E),

¥,, ¥, (for incidencg, and a (for observation is then found 1)
according to the choice of the line representing the surface

(¥,=20° in the experiment O%*(E)=\S(E)+B(E).

spectra with the Auger peaks shifted to different energies The componenk S(E) comes from the fraction of meta-
would not be useful for the present purpose. This is imporstable G** ions in the @* beam.\ is of the order of
tant here because the peak energy shows a strong kinema#ie:5 %, and differs slightly for different pairs of spectra. This
shift, different for both ion energies, depending on the obserapproach involves two important assumptions.

vation angles with respect to the beam. There is one single (i) O’* and C°** projectiles produce identically shaped
angle o above the surface where the observed peaks haué Auger spectreS(E). This can safely be assumed for the
equal laboratory energies for both ion beams. main contribution, i.e., th&LL emission which in both pro-

This special angle of observation can be determined, fojectiles takes place mainly after theshell has been filled up
any two angles of incidence, by geometrical argumésg¢®  to neutrality. Other minor contributions might be different.
Fig. 1). The set of three angle¥,,¥,, anda will be re-  However, they will be without importance here, due to their
ferred to ascorresponding anglesFor the present condi- weakness and the smallnessiof
tions, o varies from 86° to 66° whenV, is varied from (i) O%" and O'* projectiles produce the same back-
29° to 20°. Two spectra measured at corresponding anglegroundB(E), regarding its absolute intensity and shape. As
will be termed a pair otorresponding spectraCorrespond- far as the intensity is considered, this assumption is sup-
ing spectra will agree as far as the energy of the unperturbeglorted by the findings of Hughes al.[24], who studied the
Auger peak is regarded, but they will differ in shape andtotal secondary electron emission foPN®" projectiles in-
absolute intensity unless the two ion beams prodpecacti-  cident on Au. After allowing for the difference in potential
cally) the same depth distribution of Auger emission. It isemission they found the total kinetic emission to be depen-
noted that this criterion will be most sensitive for variationsdent on the ion energy but not on the presence or absence of
in the depth distribution in the region contributing strongly to aK-shell hole in the incident ions. Recent studies by Aumayr
the spectrum, i.e., at shallow deptor early emission time [25], for several projectile target combinations, have shown,
t, where the collisional component of the activity function is however, that there is a slightdependence of the total yield
still predominant. of kinematic emission which is not yet fully understg@s.

The whole procedure was checked by means of numericalhe energy spectrum of kinetic emission from solids induced
simulations with thelor code[16,21,23. Using a simple by highly charged ion bombardment is poorly known for the
two-exponential form of the activity function, it was con- higher electron energies which are of interest here. The rea-
firmed that the corresponding spectra will behave as exson lies in the difficulty of separating the continuum from the
pected. They are clearly different in shape and intensityAuger peaks and their inelastic tails. While it is commonly
when, e.g., the input activity functions,(t) for the two ion  agreed thaB(E) has an approximately exponential shape,
energies were formed according to the intrinsic hypothesiseven the energy dependence of its slope is still dej&&d
but the collisional hypothesis was used to select the inciTherefore, we took care to have both thé ‘Oand O'*
dence anglegV'; and ¥,, and vice versa. The simulations spectra measured at the same kinetic energy. Furthermore,
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the shape of the backgrouBdE) was analyzed in a separate
study [28] for the present experimental conditions and in a — Biom =102 keV, ¥, = 20°
wide range of observation angles. In this study the validity of =~ "Eionz= S1keV, ¥, varied
the simple system of model equatiofi3 could also be con-
firmed. As a result, the desired spectr@®ik) is obtained as
the difference spectrufO’* (E)—0°®*(E)] from the mea-
surements, except for a constant factor @) which,
however, is so close to unity that it can be omitted in prac-
tice.

C. Measurements

The measurements were performed at the 14-GHz
electron-cyclotron-resonancédECR) ion source at the
lonenstrahl-LaboKISL) at the Hahn-Meitner Institut Berlin
[29]. lon beams of G or 08" (20—40 nA at kinetic ener-
gies of 51 and 102 keV were focused onto a Cu target
mounted in a UHV chambdi30] (base pressure 1 Pa.

The beam width was less than 1.5 mm, as was determined by 1 — 1

measuring the current on a thin wire moved across the target 200 400 600

position. The ion current was measured from time to time in Laboratory Electron Energy ( eV )

a separate Faraday cup. The total target current was continu-

ously monitored to control the data acquisition. The target £ 2 rFour pairs of correspondin§ Auger spectra from
was preparedn situ by cycles of sputter cleaning and an- 57+ projectiles in Cu. Solid linesE ;=102 keV¥,=20°.
nealing, and was checked by Auger electron Spectroscopyy.ched lines: E. .—51 keV. W.—29° 26° 23° and 20°
The crystallinity was proven through Laue diagrams. Thei Lo o2 AN

yield ( 10 electrons / ion sr eV )

. ; from top to bottom. The top pair of spectra represents the case of
electron spectra were taken with an electrostatic paralle

| d f 50 uti Z4 qual vertical velocity of the ions at both energies. The best agree-
plate tandem spectrometer of 5% resolution and1p" “-sr ment of shape and intensity is seen fBp=26°, i.e., where the

acceptance ?”g'e- .. . 51-keV ions move at slower vertical velocity than the 102-keV
The glancing angle of incidence for the 102-keV ions wasigng This demonstrates that the slower moving ions need longer
kept constant a¥' ; =20° throughout the measurements, as &jmes to deexcite bK Auger transition.
reference condition. For the search for the condition of equal
emissior_1 depth distributions,_ the incidence andlle of the  ,ontal lines in Fig. 2 indicate constant pehkighy. The
51-keV ions was decreased in steps of 3° from 29° down tQpectra for 102 ke\(solid line are all taken with the same
20°, i.e., from the condition valid for the intrinsic hypothesis jncidence anglel,=20°, i.e., from one single depth distri-
to that for the collisional hypothesis. For each choice ofyytion of emission. From top to bottom in Fig. 2 the obser-
W5, the corresponding angke was determined as described \/ation anglea becomes more distant from the surface nor-
above, and+was used to observe four spectra, i.e., for both iQRa| and the height of these peaks decreases slightly. This is
species, " and O°*, at both energies each. ~in agreement with the approximately cosenoidal shape of the
The absolute normalization in terms of electrons per inCi-angular distribution expected. The series of the Auger peaks
dent ion was obtalned_from the raw spectral data recorded ifhy 51-keV ion energy(dotted lineg, however, shows oppo-
target current normalization, using the measured ratios ojte hehavior. Here the cosenoidal decrease is overcompen-
target current to ion current, and correcting for the geometrigateq for by a marked increase because of the shallower
conditions regarding the sizes of the beam spot and the fieldmission as the angle of incidence varies from 29° to 20°. In
viewed by the detector. No Qark current or other backgrounghe pottom pair of spectr@.e., for equal angles of inciderice
has been subtracted. The firal Auger spectreS(E) were  the peak for the 51-keV ions is much stronger than for the
then obtained as the difference spectra dfGnd ", as  102-keV ions, indicating that the slower moving ions emit at
was explained above. shallower emission depth than the faster ones. This is ex-
pected here unless the collisional hypothesis were true for
ll. RESULTS the time evolution of the deexcitation cascade. In the top pair
of spectra the order of the peaks is reversed, indicating that
The four pairs of corresponding spectrakofAuger elec- the 51-keV ions have deeper-reaching emission sites. It is
trons emerging from the solid are shown in Fig. 2 in absoluteecalled that here the ions of both energies have equal verti-
normalization. The solid lines are for the 102-keV ions, andcal velocity and reach the same depth at the same time after
the dashed lines for the 51-keV ions. Despite the broad widtlsurface impact. Peaks of equal intensity would be expected
of the Auger peaks the Doppler shift is noticeable. Withinin the top pair of spectra if the intrinsic hypothesis were true.
each pair the two peaks agree well in energy. This demonHowever, the most similar peak integrals are seen for
strates that th&LL transition takes place in both ions from ¥,=26°. This indicates the best agreement of depth distri-
(practically the same electronic configurations. Comparisonbutions for both ion energies. Hence, it can already be in-
to atomic structure calculations made by means of thderred from the integrals of the Auger peaks that slower ions
cowaN codeg[31] shows good agreement with the observedneed longer times to complete th&rAuger transition.
energy when thé shell is filled up to neutrality. This evaluation can be made more sensitive if the infor-
We discuss now the absolute peak intenflite thin hori-  mation contents of the whole energy spectra is used instead
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4 the difference spectrum O (E)—0Of"(E) is formed[see
Egs. (1)]. The uncertainty in the absolute normalization
34 might amount to up to 10%. However, in view of the ap-

proximately exponential decrease B{E), an incomplete
background cancellation would bear very little influence on
the K Auger spectraS(E) except for the lowest electron
1 energies, where an incomplete cancellation would cause a
strong increaséor decrease Such an increase can be seen,
0 : . . . indeed, in all Auger spectr&(E) of Fig. 2. Exactly this
20 23 26 29 behavior, however, is expected from the collision cascade of
¥, (degree) _secondary electr_or_15 generated t_)y _the prima_ry Auger electron
2 itself. If the collision cascade is included in the electron

FIG. 3. The measure of difference of shape for the four pairs Oitransport modelor [23], the simulated spectra show good

corresponding spectra shown in Fig. 2. The line is to guide the eye"’.lgreement with the ,in(_:rease Obsef}’ed towards lO_Wer electron
The best agreement is obtained abdt=26 . . . 27°. energy. Moreover, it is seen in Fig. 2 that again the case
¥,=26° shows the best agreement in this low-energy re-

of the absolute peak height alone. Moreover, the absolutg"": Therefere it can be excluded that the ‘.ig“?eme”t ob-
Served at 26° would be the result of a normalization error.

intensity can never be determined experimentally with the Another potentially disturbing effect is the scattering of
same degree of precision as the spectral shape. We theref & ions whliach howgver is negli ible here. and couldg ain
repeat the analysis of the corresponding spectra of Fig. 2, b ' ' 919 ’ 9

concentrate now on the spectral shapes. Visual inspectio'lrnnportance only in experiments with lower ion energies. In

shows already that the same pair of spectra identified abovt IS case, the observable consequence would be that the
as having almost equal peak intensities also show the mo ower ions are scaftered sll.ghtly more strongly, and there-
similar shapes of their peaks and inelastic talewn to the ore do not penetrate as easily as the faster ions do. In order

owest electron energiesThe remaining difierence in peak (0 2300 % Par G oo eo S e o each he
shape will be discussed below. Py

In order to show that this identification of best matchingSame average depth after the same time, opposite to the

shapes does not depend on the absolute normalization of tﬁ)éesent findings at energies high enough to ensure straight-

spectra shown, the comparison of shapes was repeated BE}e trajectories.

means of a numerical fit. One of the spectra of each pair Wats :ggs{;’srbﬁ\égﬂn '2 tggtgegton;g:?'?g;?gﬁ;gﬁ _I_T]i Au-
fitted to the other by multiplication with a constant factor, W ponding sp 9 pietely. u

and then was subtracted from it to form the difference specger peak of the slower ions _has practically the same iqtegral
trum. The integral of the squared difference spectrum indi—a?].]cor thled faster O?ﬁ’ tht IS sllghtlyllnﬁtrlrower ?ndtﬂlgher.
cates the goodness of the best fit. This is shown in Fig. 3 fo LS could suggest that an angie, siightly greater than

each of the four pairs of corresponding spectra. The mini< 6. \.NOUId give an even better matCh'”g c.’f the spectra. In our
mum shape deviation is observed again ¥o5=26°. (We opinion, however, this shape difference is exactly the afore-

note that the smooth curve drawn through the points Coulgwentioned velocity effect which was predicted from simula-

shape difference
(arb. units)
N

indicate that an even better agreement would be obtained pntshW|]Eh tthf'OR c;ode[22k,2]], Iarcljd the_‘rth't IS obsetrvded h(;areb
27°, but still significantly below the intrinsic limit, 29f. or the Tirst ime, 1o our knowledge. 1he expected and ob-

served modification of the shape is readily explained as a
type of Doppler broadening induced by the electron-solid
IV. DISCUSSION interaction. The Auger peak in the spectrum, observed in a
certain direction of detection, is mainly formed by electrons,
which on their way out of the solid suffered a few elastic
The set of corresponding spectra demonstrates in the firsteflections only, most of them in the forward direction
place that the depth distributions of tife Auger emission within the cone of the forward maximum of elastic electron-
from ions of different energy but equal vertical velocigee  atom scattering. Hence the initial directions of these elec-
top pair of spectra in Fig. )2are different. The deviation trons are spread over a certain range of angles. Due to the
observed confirms the expected picture that in this case thkinematic energy shift, this range of angles corresponds to a
slower-moving ions emit at greater depth because they neetrtain spreading of the electron energies. The width of this
a longer time for their deexcitation. In the experiment thisenergy spread grows with the ion velocity, and the maximum
deviation was compensated for by directing the slower iongeak height is reduced accordingly. This scenario agrees well
toward the solid with smaller vertical velocity. The effect with the corresponding spectra shown in Fig.(?/e note
observed is clear but not very strong. Before it can be attribthat this effect has been ignored in the numerical comparison
uted to the velocity-dependent side feeding, we exclude sewf the shapes, shown in Fig. 3. If it could have been in-
eral potentially interfering processes. cluded, the minimum of the curve drawn through the points
First, we consider the possible consequences of the exvould be shifted to smalleb ,, i.e., closer to 26° and further
perimental uncertainty of the absolute spectral intensity. It imway from 29° where the normal velocities are equal.
noted that our evaluation is not completely independent of Therefore we are led to the result thdt,=26° is the
any normalization of the spectra, because the complete caangle of incidence where O ions of 51 keV have their
cellation of the common backgroum{E) is assumed when depth distribution oK Auger transitions most similar to that

A. Velocity-dependent side feeding
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of 102-keV ions at¥;=20°. At these angles, the normal 0,04 T r T
velocity of the 102-keV ions is 1.15sin29°/sin26°) times sl Yy =20°
faster than that of the 51-keV ions. We conclude thatkhe 003{ , .- ..
Auger emission of 102-keV ions develops 1.1 times faster ~ l
than that of 51-keV ions. This value for the velocity depen- & 0,02 il T
dence of theK Auger deexcitation is derived in a way prac- VA (
tically independent of any model assumption besides that of 0,011 ¥, =29° .
straight-line motion of the ions.
0,00 T v T
B. Comparison to cascade models for the deexcitation 0 5 10 15 20
In models of the deexcitation of highly charged ions mov- depth z (atomic units)

ing inside a solid, the conduction band is a source of any

number of electrons required. Since for h|gh|y Charged ions FIG. 4. The depth distributions ¢ Auger emiSSion, aCCOfding
of first-row elements only thé and K shells fall clearly t© the two-step model. Solid line&;on,, =102 keV and¥,=20°;
below the conduction band, the electron cloud neutralizing!@shed linesEi;=51 keV and¥,=29°, 26°, 23°, and 20°
the ion can be approximated when W& shell is appropri- (rom bottom to top.

ately populated32]. This situation is remarkably simpler L '
than for the above-surface-deexcitation cascati®,33 Ie\liel. (r:]on?ldenng the proﬁably comﬁ_legel_y f|IIEc_isheII, dwe
which involves much more electronic shells. take the free-atomrKLL lifetime which is estimated as

In a simple cascade model, the ion is supposed to enteik =200 a.u[20]. This step of the deexcitation is of intrinsic

the solid with itsL shell still empty. Only two steps are then char_acter. h he deoth distribut f .
considered: the filling of thée. shell up to some average Figure 4 shows the depth distributions KfAuger emis-

occupation number, and the Auger transition to fill tke sion, as calculated with the activity function from E@).

shell. The activity function depends on the time constants fo;rhe figure covers the shallow subsurface region most impor-

; . tant for the present experiment. The solid line is the refer-
each of the steps, and has the fofifrproperly normalize SR :
P difrproperly izeg ence depth distribution of 102-keV ionsHt, = 20°, and the

e U gt four dashed lines are for the trial angles for 51-keV ions,
A(t)ZT- (2 w,=29°, 26°, 23°, and 209from bottom to top. The
LK curve with smallest maximum intensity corresponds to the
This model was introduced in Refgt,5] for N®* ions mov-  Steepest incidencdf,=29°, where the ions spend the short-
ing in Cu and Au targets with 60 keW,,=0.4 a.u). For  esttime in the region near the surface. The density of emis-
¢, these authors took the free-atom value for neutral NSION is seen to increase wheh, is reduced. This corre-
(7x=400 a.u), and found, as the best-fit values,=80 a.u. SPonds well to the systematic increase of peak height in the
for the Cu target and- =400 a.u. for Au. The two-step Auger spectra for 51 keMtfrom top to bottom in Fig. 2
Ne®* ions on Al targets at somewhat lower ion velocities Matching depth distribution of the 51-keV ions is obtained at

betweenV,,,=0.017 and 0.21 a.u. These authors also used ¥ 2=26°, i.e., in agreement with the experimental result. Itis
constant valuer, =66 a.u., and found, to vary in inverse noted, however, that there is no way to make these model

proportional to the ion velocityexcept for the slowest ohe erth distributions exactly identical for different ion veloci- _
roughly as ties. Nevert_heless, there is good agreement between the pic-
ture emerging from the simple two-step model and the ex-
71.=5N,, in a.u. ©) perimental results presented above, taking the approximative
character of the model and the practical limits of uncertainty
This dependence oWy, is typical for a process entirely in the spectrum normalization into account.
controlled by collisions, and with a velocity-independent It is interesting to note that the agreement cannot be im-
cross section. The cross section which can be estimated froproved by choosing increaseq values, like those quoted
this equation is 16 a.u. per lattice atom, i.e. about the geocabove. On the contrary, this would strengthen the collisional
metric size of the primitive lattice cell. When E@) is used component of the process. The depth profiles of the 51-keV
for the same ion velocity as in Ref§4,5] the result is ions would change relative to the 102-keV reference distri-
7.=12 a.u. only. The spread im_ values for ions of the bution, and we would find the best matching one fo¥a
same velocity may partly be ascribed to the different ion-closer to the value for the purely collisional case, i.e., closer
target combinations, but also may be regarded as a hint abotd 20°.
the approximative character of the models used to evaluate Moreover, the agreement is likely to deteriorate in the
the experiments. same sense if the model is refined by introducing recent in-
No study of the deexcitation cascade of Qions has formation available from the advanced multistep cascade
been done so far, to our knowledge. Since the velocity demodels for Né* ions in Al[13,14], and N°* ions in Si and
pendence of the deexcitation process has been demonstrat&d [12] (valid, however, at lower ion energiedn first place,
in the present experiment, we will use here the velocity-the cross section for the collisional electron transfer should
dependentr, of Eq. (3). This gives7 =10 and 14 a.u. for be reduced, according to calculations based on molecular-
the O ions of 102 and 51 keV, respectively. The parameteorbital schemes which include the interaction of the ion with
7« in Eqg. (2) is for the lifetime of the “typical” intermediate the electron gagl4,32. The estimates for the cross sections
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are of the order of 10 a.fon the averagefor each one of ied by means of secondary electron spectroscopy. The pro-
the individual electron transfer steps to theshell. This jectile energies are such that the emitting ions move with
gives a much longer filling time, than adopted above, and constant velocity along straight-line trajectories within the
would lead to a strong enhancement of the collisional comsolid. The depth profile oK Auger emission was evaluated
ponent of the cascade. In consequence, the best matchifgnsidering that the electron energy spectra reflect the
depth distribution would be predicted for an angle closer tc@mount of interactions of the emitted electrons with the solid
the value for the collisional cascadé,=20°. Furthermore, 0N their way out to the surface. The uncertainties associated
if the filling cross sections were considered to increase wittWith the use of quantitative electron transport models were
the ion energy, the velocity dependencerpfwould be even ~avoided by means of the method of corresponding spectra.
stronger, which again would reduce the weight of the intrin-1his interesting method essentially consists in a difference
sic processes in the cascade. measurement of spectral shape. Irradiation and observation
There is one effect more which also leads to an increaseonditions of the corresponding spectra are designed such
of the collisional component. In the multistep models thethat, ideally, the observation of two spectra which have equal
sequential transfer of electrons to theshell is treated ex- Shapes indicates that their emission depth profiles must be
plicitly, and theK Auger transition may occur in the ion with €dqual too. Using this method it was shown that the deexci-
anyL-shell occupation greater than 1. Although théuger ~ tation cascade of & ions in copper develops 10% faster at
transition from a sparsely populatédshell is considerably 102 keV than at 51-keV ion energy. This acceleration, ob-
slower than in the neutral atofi20,13,14, part of the ob- served here in a way quite mdependent_of any specific model
servedK Auger peak is emitted from the early stages of thefor the ion and electron transport, conﬁrms and .exten.ds the
cascade. Therefore, the effective Auger lifetime, which ~ results known from measurements of Nein aluminum in
was taken to be constant in the simple models, becomes di1€ regime of lower velocities. _
pendent on the average-shell population during the cas- Unfortunately, the method of corresponding angles cannot

cade. It becomes shorter at increased ion velocity becaud}¥ @pplied straightforwardly to this interesting regime where
then theL-shell filling is accelerated. On the one hand thisthe velocity effect on the deexcitation cascade is much stron-

makes the two activity functions look more like bell curves 9€7, because part of the model independence achieved in the

(e.g., Ref[13], Fig. 6 which differ only by a certain stretch- presen_t experiment _WiII b_e lost when at Iowe_r ion energy the
ing factor. This would suggest that in principle a much bettesScattering of the trajectories must be taken into account.
matching of the depth distributions than that of Fig. 4 can be, Furthermore, the two corresponding spectra obtained with
obtained by the present experimental technique. On the oth&ifferent ion energies but equal depth distribution of emis-
hand, the same effect again adds to the collisional compg3/ON Made possible to prove a combination effect of the ion
nent of the deexcitation process. Consequently, if the model¢eloCity and the electron scattering on the peak shape. This

of Refs.[13,14 are roughly adapted to the present experi-s_hape _modification has been predicted from Monte Carlo
ment, preliminary calculations show that they predict gSimulations of the electron spectra as an analog to the Dop-

wrong incidence anglel, close to 23° for the optimum pler broadening known frqm isptro_pica!ly moving sources,
matching of the depth distributions. and it is seen here for the first time in this experiment, to our

The reason for this discrepancy is not yet clear. Recenff"owledge. g I suited
theoretical work{34] seems to indicate that direct electron The method of corresponding spectra seems well suited to

transfer from the conduction band to the closely lower-lyingPTovide data on the influence of the ion velocity on the
projectile L shell would apport considerably to the intrinsic Neutralization-deexcitation processes of highly charged ions
part of the deexcitation cascade beca(isét depends only in solids. Th.ese data can be useful in an evaluation of ad-
weakly on the velocity; andii) it is extremely fast in the vanced multistep cascade models.
present case of ions where theshell energy lies very close
below the conduction band, so that only little energy must be
transferred to the electron gas. These calculations give
L-shell filling rates one order of magnitude faster than the We gratefully acknowledge the cooperation of W.
values used in Refd.13,14. With these electron transfer Heiland and his grougU. Osnabrak) in making the Laue
rates the best matching pair of model depth distributiongliagrams of the target, and of H. Waldmann for his assis-
would likely be found at the same angle,=26°, as mea- tance with the measurements. The present authors, who are
sured. from the University of Bremen, also express their deep
V. CONCLUSIONS thanks to N._Stolterfoht for gi\_/ing us the o_pportunity to make
these experiments and helping us with innumerable discus-
The influence of the velocity on the deexcitation of hy- sions. Financial support from Stiftungsverband Regenbogen
drogenlike ™ ions incident on a G11) surface was stud- for one of us(A. S)) is gratefully acknowledged.
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