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Abstract 

Recent Oak Ridge work is summarized on projectile energy gain by image 

charge acceleration, scattered ion charge distributions, and K-Auger electron emission 

during low energy grazing interactions of highly charged Pb, I, 0 and Ar ions with a 

A u ( l l 0 )  surface. 

Introduction 

In this contribution we present results of recent Oak Ridge work in the area of 

low energy multicharged ion-surface interactions. In the first section measurements 

of angular distributions of multicharged Pb and I projectiles scattered from Au(l10) 

under grazing incidence conditions are discussed. Measurements of projectile angular 

scattering distributions are of interest in the present context because they permit 

determination of projectile energy gains due to image charge acceleration on the 

approach trajectory. These energy gains directly reflect the evolution of the effective 

projectile charge as a function of above-surface distance, and thus provide a 

convenient window on the study of above-surface neutralization processes relevant 
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to multicharged ion-surface interactions. In the second section recent measurements 

of scattered projectile charge state distributions for multicharged 0 projectiles are 

discussed, with emphasis on their utility in determining capture rates. In the final 

section, we turn to a related aspect of multicharged ion-surface interactions, namely 

K-Auger electron emission, and present a modelling study of the K-Auger lineshape 

for Ar'" incident on Au(l10) at 20'. For this last incidence condition, sub-surface 

K-Auger electron emission is the dominant contributor to the observed projectile K- 

Auger spectrum. The goal of this simulation was to obtain additional insight into sub- 

surface neutralization processes via the determination of the L-shell population at the 

time of the K-Auger emission. The simulation incorporates a simple neutralization 

model for obtaining the depth distribution of the sub-surface K-Auger emission, L-shell 

population dependent state-to-state K-Auger transition energies calculated using the 

Cowan code, as well as Doppler broadening and electron transport effects on the 

observed lineshape. 

Image Acceleration Energy Gain Measurements 

Using the recently developed metal ion production capability of the new ECR 

source recently brought on-line in the ORNL Multicharged Ion Research Facility, 

together with a recently installed 2-D position sensitive detector, we have made 

measurements of angular scattering distributions for 150 - 300 keV Pbq+ (1 1 I q 536) 

and Iq+ (1 0 I q 125) ions grazingly incident on Au( 1 10). The motivation behind the 

measurements was to determine the perpendicular projectile energy gain due to image 

charge acceleration prior to surface impact, over a range of charge states overlapping 

earlier measurements by Winter et al.' using Xeq+ ions, also made under grazing 

incidence conditions. These earlier measurements showed some evidence of a 

deviation from the q3I2 charge state dependence'.* expected under the assumption of 

step-wise over-the-barrier neutralization above the surface. 

The experimental procedure is briefly described as follows. After collimation of 

the incident Pb or I multicharged ion beams by two 0.5-mm-diameter apertures to an 

angular divergence of about 0.1 O FWHM, the ions are incident on a clean Au (1 10) 
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target at - 1 O along the (100) direction. The scattering geometry is indicated 

schematically in Fig. 1. The single crystal Au(l10) target is mounted on an x-y-z 

manipulator located in a UHV chamber having a base pressure of 3 ~ 1 0 ' ' ~  mbar and is 

prepared by cycles of surface sputter cleaning with M e V  Ar+ ions and crystal 

annealing at about 700OC. Surface cleanliness is verified using electron-induced 

Auger electron spectroscopy. Both the angular distribution (polar as well as lateral) 

and charge state distribution of the scattered (reflected) projectiles could be measured 

using a two-dimensional position sensitive detector (PSD) (Quantar Technology Model 

3394A) having a 40-mm-diameter active area. Movable slits located between the 

target and the PSD were completely opened for measurements of angular scattering 

distributions. For the charge state distribution measurements they were closed to 

select a thin vertical slice of the scattered beam, which was then dispersed by charge 

state across the face of the PSD using a pair of electrostatic deflection plates located 

immediately downstream of the slit assembly, as shown in Fig. 1. The target-PSD 

distance is about 560 mm. The PSD is mounted on a second x-y-z manipulator which 

permits measurement of the polar scattering angle, Op, in the range -0.8O to + 5 . 6 O .  

The position of the primary beam, used to determine @p=Oo, as well as its angular 

spread, can thus be directly measured. 

The above-surface projectile energy gains were inferred from the observed 

projectile reflection angles in a manner described el~ewhere',~,~. The incidence angle 

was determined by measuring the total scattering angle for a low charge state ion 

beam such as 0' where image acceleration effects are minimal. The effect of small 

stray magnetic fields on the actual target incidence angle was corrected for by using 

the small (but measurable) position shifts of the various primary charge state beams 

on the .PSD to deduce the slight, charge-dependent projectile trajectory curvature at 

the target position, as discussed in greater detail in Ref. 4. Charge analysis performed 

on the scattered ions showed that neutrals were the dominant charge state by far, as 

has also been observed by ~thers ' *~,~,  indicating that the observed image acceleration 

effects occured on the incident (approach) trajectory. 

Fig. 2 shows the experimentally deduced projectile energy gains as a function 
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of incident charge state. As can be seen from the figure, for charge states up to + 29, 

the inferred energy gains were found to have the expected q dependence. 

Furthermore, in the region of charge state overlap, the energy gains inferred for the 

J q +  and Pbq+ were, within the experimental uncertainty, the same. For charge states 

30 + and higher, however, the determined energy gains are seen to  fall systematically 

below the expected q3'* trend, just as has been observed by Winter e t  al.' In view of 

the different ionic species used in the present experiment, this effect is not likely to 

result from the projectile atomic structure. Energy gains inferred from studies of the 

saturation of potential emission induced by normally incident ions of charge state up 

to + 72 show no evidence' of such a deviation, and suggest that the presence of the 

relatively large parallel velocity components in the case of the grazing geometry 

measurements may have more significant implications for the above-surface 

neutralization of  multicharged ions than previously thought. 

Scattered Projectile Charge State Distribution Measurements 

As mentioned in the previous section, in order to determine the charge 

distribution of the scattered ions, movable slits were used to select a vertical slice of 

the scattered beam, which then passes through a set of deflection plates. The 

electrostatic analysis produces a series of horizontally displaced vertical bands, each 

corresponding to a particular charge state, while the intensity distribution of each 

band along the vertical axis reflects its polar angular distribution. The charge state 

distributions can be obtained by collapsing the 2D spectrum onto the horizontal axis. 

Integration under each charge state "peak" then permits determination of the 

scattered charge state fractions7. This was done for oxygen ions in initial charge 

states down to q = 3, and for Ar ions in the incident charge state range 3-1 4. Results 

are given for 3.75 keV/amu Oq+ ions incident on Au(l10) along the [110] direction 

at 1 . 8 O  in Fig. 3, where the fractions of final charge states "r" are plotted as a 

function of the incident charge state "q". For this case, the movable slits were set to 

select lateral angles @, from -0.15 O to +O. 15 O ,  Le. a central slice from the scattered 

ion angular distribution. 
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A number of remarkable features can be noted in this figure. For all incident 

charge states investigated, the neutral fraction strongly dominates the scattered ion 

charge state distribution, as has been also been noted in connecton with the energy 

gain measurements described in the previous section. For incident ions not carrying 

inner shell vacancies, Le. q I 6, the scattered charge fractions are essentially 

independent of incident charge, indicating complete charge equilibration. A significant 

fraction of the scattered ions recede from the surface in charge state -1, as has also 

been observed by As can be seen from the figure, the scattered ion fractions 

of charge state +2 and higher, while constituting less than 1 % of the total scattered 

ion flux, show noticeable increases when the  incident ion carries initial K-shell 

vacancies, i.e. for 07+ and 08+. Such a trend has been previously noted by de Zwart 

et ai.9 

' 

We attribute this increase to a very small fraction of K-vacancies that have 

survived the interaction with the surface, and which instead decay sufficiently far 

above the  surface that reneutralization cannot occur. This is illustrated in Fig. 4, 

which shows a simulation of the charge state evolution during interaction with the 

surface for three different incident oxygen charge states: Os+, 07+ , and 08+. The 

simulation considers the competition between step-wise filling and depletion of the L- 

shell at empirically determined" rates of 1 O'' s-' and 1 O I 4  s-' , respectively (the latter 

is increased to 10" s-' for the case of the 0 charge fraction), which, as can be seen 

from the top panel of the figure, achieves an equilibration of charge states after about 

20 fs, in a distribution that agrees roughly with experiment. When the K-shell is 

opened, the introduction of K-Auger decay at an L-shell population-dependent rate, 

determined using the Cowan Hartree Fock code" (see Fig. 4 for functional form used), 

gives a set of charge fractions with surviving K-vacancies that decay roughly 

exponentially for interaction times greater than 15-20 fs. The charge fractions with 

K-vacancy that survive the 25 fs surface interaction time (as deduced by projectile 

trajectory calculations") will undergo K-Auger decay without reneutralization and will 

thus  contribute to the next higher charge state seen at infinity. Thus t h e  fraction 

labelled " +O with K-vac" in the second panel of Fig. 4 will contribute about 5% to the 
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+ 1 asymptotic charge state assuming an interaction time of 25 fs. Introduction of a 

second initial K-vacancy (see bottom panel of figure for decay rate) further delays 

complete relaxation or equilibration, and in effect roughly doubles t he  contribution to 

t he  asymptotic +1 charge fraction by K-Auger decay on t he  receeding projectile 

trajectory. It is noted that with the rates quoted above, even with two K-vacancies, 

essentially complete charge equilibration has been achieved after 25 fs, in accord with 

the observation (Fig. 3). 

Projectile K-Auger lineshape simulation studies 

Installation of the  new CAPRICE ECR ion source has permitted measurement'* 

of projectile K-Auger electron emission during interaction of ArI7+ and Ar'*+ ions with 

Au(1 SO). In an  attempt to obtain information from t he  observed K-Auger lineshape 

on sub-surface neutralization, a lineshape simulation is under development to deduce 

the  L-shell population of the  Ar projectile at t he  time of the  K-Auger decay. Preliminary 

results are presented below for the  incident case. Since the  simulation is 

discussed in greater detail el~ewhere'~, only its main features are briefly summarized 

here. The simulation assumes isotropic K-Auger electron emission in the frame of the  

projectile moving along a straight line trajectory determined by the asymptotic 

incidence angle. Doppler broadening effects were included by proper transformation 

of t he  electron energy to the  laboratory frame. While the  depth distribution of t he  K- 

Auger emission can be determined via a neutralization model such  as has been 

described in t he  previous section, the present preliminary results were obtained by 

assuming an infinitely fast L-shell filling starting at 2A above t h e  surface, followed by 

the  K-Auger transition itself with the  p u b l i ~ h e d ' ~  rate of 7 . 5 ~ 1 0 ' ~  s-', i.e. t h e  simplest 

possible one-step model. 

Transport of those electrons emitted below or toward t h e  surface was treated using 

a Monte Carlo simulation'' in which both elastic and inelastic scattering was 

incorporated, as has been discussed also by Bleck-Neuhaus et al.". In order to avoid 

multiple length scales in the Monte Carlo simulation, the inelastic scattering 
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contribution to the simulated lineshape is obtained by calculating the electron energy 

loss (using the known stopping power of electrons in Au'~) for those electrons who 

do not escape the bulk prior to their first inelastic encounter. The Simulated K-Auger 

lineshape was obtained by convoluting the calculated lineshape for a single electron 

energy (Le. delta function source term) with the manifold of possible transition 

energies for a given initial L-shell population, whose relative weighting was determined 

by the total angular momentum J of the different initial states. The transition energies 

were calculated using the Cowan Hartree Fock code" implemented via a UNlX shell 

developed by Schippers'*. Best agreement with the experimentally observed KLL- 

Auger spectrum is obtained by including only those transitions originating from a filled 

L-shell, i.e. from the initial configuration Is '  2s2 2ps 3s2 3ps. A similar procedure was 

used for the KLM transitions. It was found that the transitions from the initial 

configuration I s '  2s2 2p2 3s2 3ps 3d4 gave a simulated lineshape that agreed best 

with experiment. Fig. 5 shows the resulting composite simulated K-Auger spectrum 

together with the experimentally observed spectrum. The intensity ratio of KLL and 

KLM contributions in the simulation that gave the best fit to the measured spectrum 

was 1/0.35. It is noted that the state of L-shell filling deduced from the KLL and KLM 

peaks appear to  be inconsistent. However, in the case of the KLM peak simulation, 

unlike that for the KLL peak, the transition energies were found to  depend quite 

sensitively on the assumed M-shell population. Since the M-shell is most likely 

immersed in the metal valence band, it is not obvious what the appropriate M-shell 

population and the extent of bulk screening effects on the relevant M-shell binding 

energies might be. For this reason, among others, we feel that the conclusions drawn 

from this preliminary KLM fit are subject to more uncertainty than those based on the 

KLL analysis. 
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Figure Captions 

Fig. 1. Schematic side and top views of the collision geometry and experimental 

layout. 

Fig. 2. Projectile energy gain by image charge acceleration for 150 keV I q +  and Pbq+ 

ions incident at - 1 O on Au(1 IO), as a function of projectile charge state. 

Fig. 3. Scattered projectile charge fractions for 3.75 keV/amu Oq+ ( 3 s q s 8 )  ions 

incident at 1 . 8 O  along the [I 101 direction of Au(1 IO). 

Fig. 4. Simulated charge fraction evolution with interaction time for 0'' (top panel), 

07+ (middle panel), and 08+ (bottom panel) incident ions. The relevant single capture 

and loss rates, as well as K-Auger decay rates used are indicated to the right of the 

panels. 

Fig. 5. Comparison of simulated and measured projectile K-Auger electron spectra for 

incident on Au(l10) at 20°. Both spectra correspond to observation at 90° to 

the incident beam direction. 
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