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Abstract 

We report on measurements of absolute scattered projectile charge fractions for Ari’+ions 
with incident energies in the range 3-30 keV, that have been 120’ backscattered from CsI(100) in 
quasi-binary collisions. Use of a time-of-flight technique that incorporates a biased drift region 
permitted full separation of all scattered charged states, including neutrals. In contrast to our A?+ 
results for Au( 1 lo), the scattered neutral fraction is smaller, and relatively independent of incident 
projectile energy over the entire investigated range. In addition, we have measured, at a fixed 
energy of - 5 keV, scattered charged state distributions as function of incident charge states in the 
range l+ to 13+. In a separate measurement utilizing electrostatic instead of TOF analysis of the 
scattered charge states, we attempted to evaluate the effect of surface charging on energy loss of 
low energy scattered projectiles by absolute measurements of the scattered l+ energies of incident 
A.? ions incident on CsI(100) at energies down to 10 eV/q. Apart from small deviations from the 
elastic binary collision energy loss expected for120’ scattering, ascribable to the image charge 
interaction, no measurable effect due to surface charging was found down to the lowest 
investigated energies. 
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Introduction 

In this contribution we investigate the incident charge state, incident energy, and energy 

loss dependence of projectile neutralization in large-angle backscattering collisions of multicharged 

Ar ions fl-om CsI( 100). The motivation for this work arose in part from our previous measurements 

of scattered charge fractions for Arq+ ions incident on Au( 110) [ 11, which found significant energy 

dependence of the scattered neutral fractions as function of increasing energy, and the work of 

Briand et al. [2], which had identified significant signatures of surface charging in back-scattering 

of very low energy, highly charged Ar projectiles from Si-H. The intent of the present (as well as 

our previous [1,3,4] investigations) was to restrict the interaction to quasi-binary, well-defined 

large-scattering-angle binary collisions, thereby reducing the interaction times sufficiently to 

permit study of the scattered charge states prior to equilibration, both in terms of their energy loss 

and their dependence on incident projectile charge state and energy. 

Experimental Approach 

The measurements were carried out at the ORNL Multicharged Ion Research Facility with 

previously described apparatus [5,6] that implements an ultra-high vacuum (10-l’ mbar) floating 

scattering chamber and time-of-flight (TOF) analyzer with floatable drift tube, permitting 

simultaneous measurements of energy distributions and charge fractions of projectiles scattered 

from the single crystal target into 120’. Figure 1 shows a schematic diagram of the experimental 

apparatus, including the hemispherical sector electrostatic analyzer used for the energy loss 

analysis measurements. The electrostatic analyzer could be rotated about the sample target over a 

range exceeding 120°, and had a resolution of about 1.5 %. The target was attached to a sample 

mount with two rotational degrees of freedom and was prepared by cycles of sputter cleaning under 

grazing incidence with 2 keV Ar+ ions and successive annealing cycles at about 450’ C. The 

chopped primary beams of argon multicharged ions were decelerated from (10 x q) keV to the 

desired final energy in the range 0.1 - 33 keV before impacting the CsI( 100) surface at normal 
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incidence. To prevent macroscopic sample charging, the CsI( 100) target was heated to a constant 

temperature of 250’ during the measurements shown below. 

Figure 2 shows scattered projectile spectra obtained at an incident energy of about 2 keV. In 

Fig. 2(a) a typical TOF spectrum is displayed for incident A?+ at this energy. The spectrum exhibits 

rather sharp peaks originating from elastic binary collisions between the incident projectile and 

individual target atoms. Since these peaks, at least in the case of the Au{ 110) measurements, were 

found to include, for certain target azimuthal orientations, out-of-plane “hard” - “soft” double 

collisions having energy losses experimentally indistinguishable from true binary collisions, we 

refer to these peaks as quasi-binary [3]. A general feature of all the measured TOF spectra obtained 

with the CsI target is a prominent secondary ion component (identified in the figure), in addition to 

the features related to the scattered projectiles. This feature was not observed for a Au( 1 lo), and is 

ascribed to defect-mediated desorption, as already observed and described for other .alkali halide 

targets [7]. The low energy tail of the secondary ions could be truncated by applying a positive bias 

voltage to the entrance grid to the TOF analyzer, as is also illustrated in the figure. Observation of 

these secondary ions was only possible with the flight tube biased at negative high voltage, i.e. in 

the mode required for charge dispersion of the scattered projectiles, since without such acceleration 

their detection efficiency was effectively zero (note disappearance of secondary ions for zero tube 

voltage in the figure). Also to be noted is the apparent low intensity of scattered neutrals (both 

quasi-binary and those originating from multiple collisions) at the energy shown. This is part due 

to the non 100% detection efficiency for the scattered neutrals at energies much below 1 keV 

(which is corrected for as part of the charge fraction analysis), and in part due to the less efficient 

neutralization observed for CsI( 100). This latter issue will be discussed in greater detail in a later 

section. In Figure 2(b), a scattered projectile energy spectrum is shown for 2 keV normally incident 

A?+, obtained using the electrostatic spherical sector analyzer. The secondary peak to the right of 

the main binary collision backscattered Are peak (less discernible in Fig. 2(a)) arises from true 

double collision backscattering events analogous to what has been discussed by Huang et al. [S] for 



Au(ll1). The secondary ions already noted in connection with Fig. 2(a) now appear at their true 

energies (peaking at a few tens of eV for this incident projectile energy), since, in contrast to the 

TOF measurements, their acceleration to energies required for efficient detection occurred 

subsequent to their energy analysis, i.e. just prior to impact on the multichannel plate. The 

electrostatic analysis method proved to be most convenient for the low energy backscattering 

measurements intended to probe the effects of surface charging, since the ion beams could be used 

unchopped, meaning a factor of 1000 higher beam intensities, and were also free of chopping - 

related energy shifts, which would have required additional corrections. The TOF approach, on the 

other hand, was employed for the higher energy measurements, since they would have required 

analyzing voltages beyond the physical limits of the electrostatic analyzer and the power supplies 

used. 

To illustrate the increased complexity of the TOF spectra at higher energies, Figure 3 shows 

typical scattered projectile TOF spectra for an Ar”+ projectile incident normally on CsI( 100) at 15 

keV. In comparison to the TOF spectra obtained with Au(1 lo), the quasi-binary collision peaks are 

broader, consisting of unresolved contributions from Cs and I scattering centers. Second, in 

contrast to the Au( 110) results, where multiple collisions formed a background mainly for scattered 

neutrals, a significant multiple collision background is evident for the scattered l+ charge states as 

well in the case of CsI( loo), creating additional “background”. These two facts, combined with a 

quasi-binary neutral peak that is less clearly resolved from the broad multiple collision base upon 

which it sits, complicated background stripping, particularly at the higher incident energies, where 

the separation of adjacent scattered charge states was limited by the maximum attainable drift tube 

voltage of - 4 kV. Some background subtraction was accomplished by taking differences between 

spectra obtained with the flight tube at negative high voltage and with it grounded, examples of 

both being shown in the figure. The final step of determining peak areas was accomplished by use 

of non-linear fitting routines available in the ORIGIN Pro 6.1 software used to analyze the present 

data. As has already been discussed in greater detail elsewhere [6], the final peak areas were all 



corrected for differences in collection and detection effticiencies resulting from the charge-state- 

dependent focusing of the scattered ions upon entry into the floating drift tube section of the TOF 

analyzer, and the charge-dependent impact-energies on the multichannel plate detector, 

respectively. 

As was the case for the Au( 110) target, both the shape and intensity of the multiple 

collision background, and to a smaller extent, the intensities of quasi-binary collision peaks, were 

found to be functions of incidence angle and target azimuth orientation. In the absence of a more 

detailed simulation analysis similar to that performed in connection with our Au(ll0) 

measurements, close to normal incidence conditions were used, where, given the simple cubic 

lattice structure and the [loo] target surface used, shadowing and blocking were expected to 

minimize interactions with all but the top two layers. 

Results 

Figure 4(a) shows results for the peak energies of quasi-binary-collision-scattered Ar+ and 

Ar2’ , as well as of true-double-collision-scattered Ar+ions as fi.mction of incident Ar projectile 

energy, for an incident projectile charge state of 1 l+. The solid and dashed straight lines in the 

figure show the expected dependences on incident projectile energy for binary scattering from Cs 

and I scattering sites, respectively. Figure 4(b) shows the ratio of Ar2”/Ar+ peak areas as well as the 

corresponding ratio for secondary ions as function of incident Ar energy. Goal of these low energy 

scattering measurements was to obtain evidence for the so-called “trampoline” effect described by 

Briand et al. [2], in the form of an increase of the effective mass of the target collision partner, as 

the projectile is backscattered from a charge cloud encompassing many scattering centers, instead 

of a single lattice site, which should manifest itself as a significant deviation from the linear 

relationship between scattered and incident projectile energies expected for binary collisions, and in 

the form of an increasing 2+/l+ ratio, as the collision turning point moves progressively f&her 

away from the surface with decreasing energy, resulting in progressively higher survival fractions 



of the higher charge states (as also seen by Briand et al. [2]). Anticipating our discussion in a later 

section, neither of these characteristics are in fact manifested in the present measurements. 

Turning now to our higher energy TOF results for CsI( loo), two sets of measurements were 

carried out, in analogy to our previous measurements with Au( 110) [ 11. Figure 5 summarizes 

scattered charge fractions determined at a fixed incidence energy of 5 keV as function of incident 

projectile charge state, in the range I+ to 13+. Figure 6 shows the energy dependence of scattered 

charge fractions for a fixed incident charge state, 1 l+, in the energy range 3 - 32 keV. All 

measurements were obtained under normal incidence conditions and fixed target azimuth. 

Discussion 

Low enerPy scattered energv and area ratio results 

As a very low-energy projectile approaches an insulator surface, a number of competing 

processes can occur. The projectile image charge interaction (whose magnitude depends on the 

dielectric response of the target) results in acceleration toward the surface. Electrons emitted 

toward the approaching projectile leave behind positive holes whose repulsion slows the projectile 

on its approach trajectory [9]. This is illustrated schematically in Figure 7 [lo]. In the present 

context, a significant concentration of positive holes in the vicinity of the backscatter site, is 

expected to significantly increase the backscattered projectile energy, since a number of lattice sites 

would contribute in repelling the projectile, i.e. the effective mass of the “target” would increase 

(leading in turn to a lower binary collision energy loss). In order to asses the overall effect on 

projectile energy, it is important to note that, for above-surface neutralization, mostly just one 

electron per halide site participates [9]. The positive charge building at the surface is thus spread 

over a number of Iodine lattice sites, each separated by the 4.57A lattice constant. This charge 

distribution is further spread out due to diffusion of the created positive holes away from their 

original creation site. If the diffisional spreading occurs on time scales comparable or faster than 

the incident projectile - surface interaction time, then the overall effect of the positively-charged 

hole-distribution on the projectile energy will be small. This appears to be the case for the present 



measurements, as only a very small increase of scattered projectile energy is seen at the very lowest 

incident energies, which are consistent with projectile image-charge-interaction energy-gains seen, 

e.g. for LiF [9]. Consistent with this negative result is our finding, shown in Fig. 4(b), that the ratio 

of scattered 2+/l+ peak areas does not increase with decreasing projectile incident energy, contrary 

to what would be expected in the presence of a significant positive charge build up at the surface, 

whose cumulative effect would be to progressively increase the turning point distance of the 

approaching projectile with decreasing energy, with consequent reduction of neutralization. Recent 

calculations involving normal impact of Ne”+ on LiF at energies comparable to those investigated 

in the present measurement, show no evidence of a “trampoline” effect as well [ 111. It must be 

emphasized, however, that the insulators studied by Briand et al. [2] for which this effect was 

observed may have significantly lower hole diffusion rates and dielectric response than the CsI 

target of the present investigation or alkali halide crystals in general. It is therefore most likely 

premature to draw a general conclusion just on the basis of our present results. 

Higher Energv Charge Fraction Measurements 

Turning now to a discussion of the scattered charge fraction measurements in the energy 

range 3-32 keV shown in Figs. 5 and 6, because of the reasons already outlined in an earlier 

section, the uncertainty of the data shown in both figures is significantly larger than was the case 

for the Au( 110) target. Also, some of the features clearly evident in the various dependences of the 

scattered charge fractions seen for Au(ll0) are not as prominent in the CsI(100) results. For 

example, referring to Fig. 5, the sharp increase of the 2+ and higher scattered charge fractions with 

opening of the L-shell in the incident projectile (i.e. when going from charge state 8+ to 9+ and 

higher) is no longer as pronounced. This may be in part due to the fact that already for lower 

incident charge states the scattered charge states 2+ and higher show significantly higher fractions 

for CsI(lO0) than for Au(ll0). Interestingly, even for incident Ar+ at 5 keV , for which the 

dominant scattered charge state is neutral, scattered charge states as high as 3+ were observed, 

indicating the presence of projectile ionization in addition to the dominant neutralization already at 



this relatively low energy. In general, the fractions of scattered charge states greater than l+ 

exceed those observed for Au(ll0) by at least an order of magnitude both for the 5 keV 

measurements as finction of incident charge, and for the fixed 1 l+ charge state measurements as 

function of initial projectile energy. 

Also exhibiting markedly different behaviors are the l+ and neutral scattered charge 

fractions. Whereas for the Au(ll0) target results, the scattered neutral fraction at fixed 5 keV 

energy stayed at or above 80% until the projectile L-shell opened, and then dropped to the 50 % 

level when the L-shell opened, for the CsI( 100) target, a more monotonic decrease of the scattered 

neutral fi-action, from about 70% for incident l+ to about 21% for incident 13+, is evident with 

increasing projectile charge. The scattered 1-t fraction climbs to a local maximum at roughly 

incident 8+ with increasing projectile charge, beyond which it falls again, as the higher scattered 

charge states, particularly 2+, become more prominent. As far as the energy dependences of the 

neutral and l+ scattered charge fractions for incident 1 l+ are concerned, a striking difference is 

seen with the Au(ll0) results. While for Au(1 lo), the neutral fraction dropped by more than a 

factor of 6 in the range 3 - 34 keV, the neutral fraction in the case of CsI( 100) shows a slight rise 

from about 28% toward an intermediate maximum of about 40% at around 15 keV, and then a 

gradual decline to slightly above 30% at the highest investigated energy. Given the large 

uncertainties, one could as well call the neutral fraction independent of energy in this range. 

In speculating about the possible reasons for this markedly different behavior, we show in 

Figure 8 the valence band densities of states for Au [ 121 and CsI [ 131 and the Ar neutral level as 

function of internuclear distance to the surface. We consider here the behavior of this level on the 

receding part of the trajectory, i.e. on the way out, where the scattered neutral charge state is most 

likely frozen in. Some obvious differences are apparent when comparing the case of metal and 

insulator targets. In the case of the metal target, the At-’ level is promoted by the projectile image 

charge interaction, as a result of which resonant capture from the valence band is always possible, 

as is Auger neutralization, since excitation of valence electrons into the conduction band is allowed 



in the metal case. In the insulator case, the neutral level is demoted, due to interaction with the 

positive hole left behind in the insulator surface. Target levels see a similar demotion. There is still 

some debate whether the initial and final state potential curves are parallel [ 141, or whether 

screening effects curtail this demotion of target levels at some point [ 151, resulting in a crossing of 

potential curves. In the present case, however, the Cs+ valence band lies slightly higher than the Are 

level and no crossing is expected. It appears from the figure that at low energies only AN processes 

involving I lattice sites can contribute to Ar neutral formation in the ground state. The possibility 

(not shown in the figure) of a RN process into an excited state of Ar’, will have to be assessed with 

a view to the above approaches [14,15], since for this case the I’band lies at least 3 eV below the 

lowest excited Ar* level, and a curve crossing may therefore be possible. Since scattering from both 

Cs and I lattice sites is included in the observed quasi-binary collisions considered here, the neutral 

fraction is thus reduced to about 50% at low energies, roughly consistent with the 70% neutral 

fi-action seen for incident l+. At progressively higher energy, e.g. broadening and overlap effects 

most likely bring RN processes involving the Cs lattice sites into play. These AN and RN processes 

very likely have opposite energy dependences, and we speculate that the combination of the two 

may result in the rather flat energy dependence observed experimentally. 

So, as was the case in the grazing incidence geometry [ 161, the formation of scattered 

neutrals appears to be mainly determined by valence band interactions as the projectile recedes 

f?om the surface. Not so clear is the extent to which the neutralization in the vicinity of the 

trajectory turning point leading up to this final step occurs just via interactions with target valence 

electrons as well. Calculations are obviously needed, e.g. based on suitably modified approaches 

of Diez Muifio et al. [ 171 or Burgdorfer et al. [ 181 to determine the relative importance of the 

clearly different dielectric responses and target Z’s of Au and CsI in the different highly-charged- 

ion neutralization-responses of these two targets observed under quasi-binary collision conditions. 
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Figure Captions 

Fig. 1 Schematic diagram of the experimental apparatus, showing TOF spectrometer and 
associated electronics, electrostatic hemispherical sector analyzer (electron spectrometer in figure), 
and deceleration system. 

Fig. 2 Sample low-energy-impact scattered-projectile and secondary-ion energy-distributions; (a) 
TOF spectra for 1.6 keV A? normally incident on CsI( 100) for three different tube voltage/grid 
bias combinations (see text); (b) Backscattered energy spectrum for 2.04 keV A?+ incident on 
CsI(100) obtained with electrostatic analyzer - 136’ observation angle. 

Fig. 3 TOF spectra for A?+ normally incident on CsI( 100) with flight tube at high voltage, and at 
ground potential; the difference spectrum also shown was used to eliminate large part of multiple 
collision neutral background, as well as to determine the detection efficiency at a given energy (see 

‘Ref. 6). 

Fig. 4 (a) Plot showing final energies of Ar+ backscattered 120’ fi-om CsI( 100) in single and 
double collisions, and of single collision backscattered A?’ as function of incident A? projectile 
energy; the solid and dashed lines represent the final energies/charge of Ar+ and Ar2’ projectiles 
ex 
A! 

ected after 136’backscattering in a binary collision from Cs and I lattice sites, respectively; (b) 
+/Ar+ peak area ratios, as well as the ratio of secondary ions/Ar+peak areas, as knction of 

incident At-“+ energy - lines through the data are to guide the eye. 

Fig. 5 Scattered charge fractions for 120’ backscattered Arqf (q=l-13) projectiles normally 
incident on CsI(100) at 5 keV; lines through data points are meant only to guide the eye. 

Fig. 6 Scattered charge fractions for 120’ backscattered At-ii+ projectiles normally incident on 
CsI(100) as fimction of incident energy; lines through data points are meant only to guide the eye. 

Fig. 7 Schematic diagram of the processes occurring during approach of a multicharged ion to an 
insulator surface. 

Fig. 8 Schematic diagram of the valence band electronic densities of state of CsI and Au, in 
juxtaposition with the above-surface-distance-dependent energy level of a receding Are ion, 
showing possible paths by which the final At- neutral can be formed. 
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