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Multiphoton resonance ionization (MPRI) spectroscopy has been employed to investigate the 
ejection mechanisms of neutral and ionic particles from an ion-bombarded NaCl{ 100) single 
crystal. The results are used to reveal the similarities and the differences between ion 
bombardment and electron irradiation of alkali halides. The mass spectra of neutral species 
and positive and negative ions have been measured. The yield of Na+ ions is found to be two 
orders of magnitude higher than in measurements with electron bombardment. It is suggested 
that the secondary ions are created by direct emission from the collision cascade. The ejection 
of neutral Na atoms is observed to be very sensitive to the temperature of the target, the angle 
of incidence, and the state of the surface as determined by the time-of-flight (TOF) 
measurements. In particular, it is found that most of the neutral Na atoms are emitted with 
thermal energies, which indicates that desorption via electronic transitions dominates over 
ejections from collision cascades. The relative yield of the collisional component to the thermal 
component is found to vary significantly as the surface structure is modified. This investigation 
emphasizes the importance of measurements with low incident-ion dose which allows one to 
decouple the single ion/surface interaction from the accumulative effect of ion-induced surface 
modifications. 

I. INTRODUCTION 
The interaction of energetic electrons with solid sur- 

faces has been investigated for several decades.’ Due to their 
simple crystallographic and electronic structures, alkali ha- 
lides have been widely used as model systems for studying 
the electronic interactions. It is generally accepted that the 
first step in the conversion of the energy deposited into the 
electronic system of the crystal is the creation of a self- 
trapped exciton (STE). ‘-’ In alkali halides, the self-trapped 
exciton is regarded as an electron bound to a covalently 
bonded diatomic halogen molecular ion. 

The nonradiative decay of the STE into a halogen va- 
cancy (F center) and an interstitial halogen atom (H cen- 
ter) leads to desorption. Williams et al. have distinguished 
between two types of F-H pair formation-a diffusive ther- 
mally activated process and a dynamic one.5 The thermal 
mechanism proceeds via diffusion of a halogen atom out of 
the relaxed STE in its lowest n-luminescence state. This pro- 
cess ends by the thermal evaporation of the diffusing neutral 
halogen atom. In the dynamic process, the energy of the F-H 
pair formation is derived from the energy stored in the high- 
er excitonic state of the STE. If such an event occurs in close 
proximity to the surface, it can lead to the emission of a 
nonthermal halogen atom. If, instead, the dynamic process 
occurs deeper in the bulk, it produces an H center which can 
reach the surface by thermal diffusion and contribute to the 
thermal emission.6 The desorption of the halogen atoms by 
these two processes leads to the formation of a surface layer 
enriched in alkali ions. These ions can subsequently be neu- 
tralized by secondary electrons or by recombining with the F 
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centers7 Since neutral alkali atoms are bound loosely to the 
surface, they simply evaporate. 

Apart from the ejection of neutral atoms, a variety of 
molecular and ionic species have also been observed during 
the electron bombardment of alkali halides.“-” In these 
measurements, the ratio of the alkali ion yield to alkali atom 
yield was determined to be in the 10B5-lo-’ range.‘*” These 
results have been explained in terms of the Knotek-Feibel- 
man-like mechanism9*‘0*‘2 as well as the gas-phase ionization 
of the neutral species.’ 

This class of materials is one of the few systems in which 
the nuclear (collision cascade) and the electronic processes 
coexist efficiently for the same incident ion energy.3 Hence, 
ion bombardment of alkali halides provides a fascinating 
system for examining the competition between the nuclear 
and electronic channels of desorption. Recent results indi- 
cate that during low-energy ion bombardment of alkali ha- 
lide crystals, neutral atoms are ejected predominantly due to 
electronic processes.‘3-‘5 Using the Doppler shift laser-in- 
duced fluorescence technique (DSLF), Yu et al. found that 
the energy distribution of sodium atoms sputtered from 
NaCl single crystal by 15 keV At-+ bombardment was en- 
tirely thermal. I4 More recently, similar spectra have been 
reported by other groups. i4*” In all these measurements, the 
results are in clear conflict with the earlier data obtained on 
compressed-powder samples.‘“” The time-of-flight mea- 
surementsr6~” as well as the DSLF work’H*‘7 on polycrystal- 
line samples showed significant contribution from the colli- 
sion cascade in addition to the thermal component. 

Several plausible explanations have been proposed to 
resolve the conflict between the compressed-powder sam- 
ples and the single-crystal results. First, in a single crystal, a 
large fraction of the incident ions can be channeled deep into 
the bulk.*’ In this way, the nuclear stopping power close to 
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the surface is reduced. However, the electronic processes are 
less af%cted by channeling, since in this case, the interac- 
tions occur due to long-range electromagnetic forces. As a 
result, in a single crystal, the electronic processes could con- 
tribute more to the sputtering than the collisional mecha- 
nism. Second, the oxygen confined in a compressed-powder 
sample during pellet creation could combine with the neu- 
tral alkali atoms at the surface and hence reduce the evapo- 
ration of the alkalis.” This process can lead to the suppres- 
sion of the thermal component in polycrystalline targets 
because oxygen can combine with neutral sodium and pre- 
vent it from evaporation. Experimental verification of these 
ideas requires detailed measurements on well-characterized 
surfaces. 
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Torr) is equipped with low-energy electron diffraction 
( LEED ) and Auger electron spectroscopy ( AES ) . This sys- 
tem has been employed to measure the angle-resolved time- 
of-flight distributions of ejected neutral particles. The RMA 
apparatus (base pressure 4 x 10m9 Torr) was used to deter- 
mine the neutral as well as the positive and negative second- 
ary ion mass spectra (SIMS). 

An optical quality NaCl{ 100) crystal was cleaved in air 
and subsequently cleaned by heating to 660 K in an ultra- 
high vacuum for several hours. This procedure is known to 
produce a well-ordered, single crystal surface as examined 
by LEED and AES.24 The sample temperature was moni- 
tored by an chromal-alumel thermocouple attached to the 
crystal. 

In addition, the ionic emission during ion bombardment 
of alkali halides has not been studied till recently.*’ This 
process might have a different nature than for electron bom- 
bardment and may resemble the ionic ejection from metal 
surfaces. However, since the alkali halides are ionic crystals 
with a nearly empty conduction band, one might expect a 
substantially higher ionic yield when compared to metals. 

In this paper, multiphoton resonance ionization 
(MRPI) spectroscopy is employed to systematically probe 
the neutral and ionic particles ejected from an ion bombard- 
ed surface of an NaCl{ 100) single crystal. The extreme effi- 
ciency of the resonant ionization technique coupled with a 
position-sensitive detector enables us to measure the angle- 
resolved time-of-flight distributions of ejected neutrals with 
low doses of bombarding ions ( < lOI ions/cm*). Under 
these conditions, the crystallographic structure of the inves- 
tigated surface is preserved. Low ion fluence also minimizes 
any modification of the surface composition due to preferen- 
tial sputtering.*’ 

The details of the two experimental setups have been 
described elsewhere.25*26 In short, the EARN measurements 
proceed as follows: A pulse of 5 keV Ar’ ion beam is focused 
onto a 2 mm diameter spot on the sample. A given time after 
the ion impact, a ribbon-shaped laser pulse resonantly ion- 
izes a small volume of the desorbed neutrals, thus defining 
the time of flight of the probed species. The ionization 
schemes used in this investigation are presented in Fig. 1 .27*28 
The ionized particles are then accelerated toward a position- 
sensitive microchannel plate detector and are displayed on a 
phosphor screen. The image is, in turn, monitored by a 
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perature and crystalline structure on the ejection of neutral 
sodium atoms. We have observed contributions from both 
nuclear and electronic processes to the mission process. Our 
results strongly suggest that the relative yield of these two 
desorption channels is influenced by the state of the surface. 
These measurements emphasize the importance of low dose 
measurements. 
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The mass spectrum of neutral species and positive and 
negative ions has been determined. The comparison between 
the ionic and the neutral mass spectra indicates that the 
mechanisms proposed for the ejection of secondary ions 
from electron-irradiated alkali halides are not operating in 
the ion-bombardment process. It is suggested that direct 
ejection of ions from the collision cascade plays a significant 
role in this case. The emission of sodium dimers from 
NaCl{lOO} has also been investigated. The data indicate 
that Na, is created above the surface, in contrast to the intact 
dimer emission mechanism proposed for halogen mole- 
cules. “ez3 
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II. EXPERIMENT 
The experiment was performed under ultrahigh vacu- 

um conditions using either an energy- and angle-resolved 
neutral (EARN) detector, or a reflecting mirror analyzer 
(RMA). The EARN chamber (base pressure 2 x lo-” 
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FIG. 1. The ionization schemes used to resonantly ionize (a) sodium atoms 
and (b) sodium dimers. 

J. Chem. Phys., Vol. 96, No. 4,15 February 1992 Downloaded 05 May 2005 to 128.118.89.198. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



3300 Postawa eta/.: Ion-induced &sorption 

charge-couple-device camera which is interfaced to a micro- 
VAX II computer for data storage and processing. For a 
typical spectrum, 50 images, each corresponding to a differ- 
ent velocity time of flight, are collected and sorted into an 
intensity map of kinetic energies and take-off angles using a 
deconvolution procedure described earlier.25 

With the RMA setup, atoms and molecules are sput- 
tered by a pulse of 6.5 keV Ar ion beam at 45” incidence. The 
ejected neutral species may be ionized either resonantly 
(MPRI) using W photons from a Nd:YAG pumped dye 
laser, or nonresonantly by focusing the fourth harmonic of 
the Nd:YAG laser (wavelength of 266 nm). The photoions 
are accelerated into a time-of-flight RMA and are detected 
using a chevron microchannel plate. Furthermore, by sim- 
ply blocking the laser beam and adjusting the reflecting po- 
tentials of the electrostatic mirror, positive secondary ions 
can be detected. Although the absolute yields cannot be de- 
termined, the ratio of the positive ion yield to the neutral 
yield can be deduced by comparing the peak areas in the 
SIMS distribution to the respective peaks in the MPRI spec- 
trum. For this purpose, both distributions are first normal- 
ized to the incident ion current. In addition, the peak intensi- 
ties in the MPRI spectrum are corrected for the spatial 
overlap of the laser beam with the ion-desorbed plume and 
also for the laser power density required for 100% ionization 
of the neutral species.26 By modifying the extraction field, 
negative secondary ions can also be detected. However, in 
this case, the transmission of the mass spectrometer is differ- 
ent and unknown; hence, neither the absolute negative nor 
relative ion fraction can be determined. 

III. RESULTS AND DISCUSSION 
The mass spectrum of neutral particles ejected from 6.5 

keV Ar+ bombarded NaCl{lOO} at room temperature is 
presented in Fig. 2 (a). The spectrum is obtained using the 
nonresonant ionization technique. Since the ionization cross 
sections for different species are not known, it is difficult to 
compare the relative yields of various particles. Further- 
more, the cluster signals are influenced by laser-induced 
fragmentation. The dominating features in the mass distri- 
bution are peaks due to Na and Cu. The Cu peak originates 
from the sample holder. The Cl atomic peak is missing, pre- 
sumably due to its high ionization potential of 13 eV. In 
addition to atomic emission, a significant contribution from 
Na, is observed. Similar species have been observed during 
the electron bombardment of NaCl.” 

The mass spectrum of the positive ions ejected by bom- 
bardment of NaCl{lOO) with 6.5 keV Ar+ is shown in Fig. 
2(b). Only three peaks are present corresponding to Na+, 
Na,Cl’, and Na,“. Unlike the results obtained from elec- 
tron bombardment,’ no Cl+ is observed. In general, two 
mechanisms have been proposed to describe the creation of 
positive ions from electron-bombarded alkali halides. At low 
temperatures, it is believed that internal Auger-like transi- 
tions could lead to the emission of positive ions. 12,29 At high- 
er temperatures where evaporation becomes important, gas- 
phase ionization of ground-state neutrals by primary and 
secondary electrons becomes the dominant ionization pro- 
cess.’ The absence of a Cl+ peak in our mass spectrum sug- 
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FIG. 2. The mass spectrum of (a) neutral particles; (b) positive; and (c) 
negative ions emitted from 6.5 keV Ar + ion-bombarded NaCl{ 100) at 
room temperature. The spectra are normalized to the intensity of the most 
prominent peaks. 

gests that in the case of ion bombardment of NaCl, neither of 
these two mechanisms is operating. Furthermore, it was 
found that the positive ion fraction was as low as 10 - 6 for 
electron bombardment. 899 Using the RMA apparatus, the 
ratio of the Na+ ion yield to the Na atom yield was deter- 
mined to be about (3 * 2) X 10 - 4. This fraction is measura- 
bly higher than that observed during electron irradiation of 
alkali halides,’ or in ion bombardment of metals.30 Further- 
more, such a large ionic contribution rules out the possibility 
of gas-phase ionization by secondary electrons.3’ However, 
unlike bombardment by electrons where only low energy 
particles are desorbed, during ion bombardment, energetic 
atoms are ejected from the collision cascade.*’ The NaCl 
lattice is composed of positive and negative ions and hence 
one would expect for the particles in the collision cascade to 
be primarily ionic. Since the conduction band in this materi- 
al is nearly empty, the neutralization process is less efficient 
than for metals. This might explain the abnormally high rel- 
ative secondary ion yields observed in our experiment. This 
hypothesis is supported additionally by the negative ion 
mass spectrum [Fig. 2(c) ] in which Cl-’ is the only domi- 
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nant feature. The main implication of the above hypothesis is 
that the secondary ions should be emitted with energies 
characteristics of the collision cascade which is, indeed, ob- 
served experimentally.** 

It has been reported that Na atoms ejected from ion- 
bombarded NaCl single crystal have only a thermal distribu- 
tion.i3-‘s These results are in contradiction to the earlier 
measurements on polycrystalline samples where significant 
collisional contribution was observed.‘“‘9 To help resolve 
this discrepancy, the time-of-flight distributions of Na atoms 
emitted from an ion-bombarded NaCl{lOO} surface at sev- 
eral target temperatures have been measured (Fig. 3). For 
these investigations, a 5 keV Ar+ ion beam at normal inci- 
dence is employed and only particles ejected along the ( 111) 
crystallographic direction are collected. Two components 
are visible in the spectra. The distributions at small times of 
flight can be described by a Thompson formula with a sur- 
face binding energy of about 1.5 eV which indicates that 
particles contributing to this part of the spectrum originate 
from the collision cascade.” Moreover, this component ap- 
pears not to depend on the target temperature. In contrast, 
the feature at times greater than 5 pus is very sensitive to the 
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temperature of the sample. For temperatures higher than 
100 ‘C, this part of the spectrum can be described by the 
Maxwell-Boltzmann distribution d@(E)/& 

d@(E)/dEaEexp( - E/k,T), 

or in time representation” 
(1) 

d<P(t)/dtatv4exp( -mL2/2k,Tt2), (2) 
where E is the atom’s kinetic energy, k, is the Boltzmann 
constant, T is the sample temperature, m is the mass of the 
emitted particle, L is the flight path ( - 1.5 cm), and t is the 
measured time of flight. At high temperatures, fitting this 
formula to the experimental data results in a temperature 
which agrees well with the measured value. However, as the 
target temperature is lowered, the measured spectra begin to 
deviate from a simple Maxwell-Boltzmann distribution. 

A similar behavior has been observed previously in the 
experiments with electron bombardment.32933 In the experi- 
ments on LiF, Green et al. observed time delays up to several 
hundreds of microseconds.’ Delays as long as minutes were 
observed by Betz et al. 33 According to the proposed models, 
the rate of emission of neutral alkali atoms is determined by 
the diffusion coefficients of H or F centers, and by the resi- 
dence time of the alkalis on the surface.3-5~23 Both of these 
parameters are strongly temperature dependent. The lower 
the surface temperature, the smaller the diffusion coefficient 
and also the longer the time the alkali atoms spend on the 
surface. 

Using a velocity selector combined with a time-of-flight 
spectrometer, Overeijnder et al. have measured the time de- 
lays occurring in the desorption of alkali atoms from poly- 
crystalline surfaces bombarded with a 540 eV electron 
beam.32 They observed in most cases that two delayed com- 
ponents appear in the TOF spectrum. To estimate numeri- 
cally the observed delays, they assumed that the response 
from the surface could be expressed by two exponential 
terms of the form rid * exp ( - t /ri ), where ri is a relaxation 
time. In this case, the shape of the experimental time-of- 
flight distribution was described by dF(t) 

dtaO s b,,d@(t - t’) 
dt’ (3) 

where d@ (t)/dt is given by Eq. (2) and ci are constants. 
Similar to Overeijnder et al., we find that, at temperatures 
lower than 100 “C, two exponential factors are needed to 
obtain a satisfactory fit to the measured spectra. The results 
are shown in Table I. However, the time delays observed in 

FIG. 3. The time-of-flight distributions of sodium atoms emitted from ion- 
bombarded NaCI(100) at various target temperatures. The 5 keV Ar ion 
beam is perpendicular to the surface and only particles ejected along the 
(111) crystalline direction are collected. All spectra are normalized to the 
intensity of the thermal peak. The solid line represents the best fit of Eq. (3) 
to the thermal part of the spectrum. The dashed line is the Maxwell-Boltz- 
mann distribution with the parameter Tequal to the measured surface tem- 
peratures. 

TABLE I. The parameters obtained from the best fit of Eq. (3) to the ex- 
perimental distributions measured at various target temperatures. The 
NaCl{ 100) is bombarded by a 5 keV Ar + ion beam at normal incidence. 

T STl~~~"ECl Tfit 71 72 
rc) WI G C2 (PS) (ps) 

20 22 1 14.0 34.0 0.7 
45 46 1 2.2 28.0 7.8 
60 62 1 11.7 12.0 0.2 
80 79 1 6.2 4.0 0.6 

100 101 1 8.0 1.0 0.05 
130 133 1 0.0 0.7 ‘.. 
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our experiment are much shorter than those reported pre- 
viously (e.g., more than 300~s for NaCl) .32 This discrepan- 
cy might be due to the fact that, at a given temperature, the 
time delay of atomic emission depends strongly on the pene- 
tration depth of the incident projectile. This depth is much 
shorter for a 5 keV Ar+ ion than for a 540 eV electron and 
hence, in the former case, diffusion process are faster.34 De- 
sorption with long time delays (r larger than 100 s on LiF), 
as observed by Betz et u1.,33 cannot be probed in our experi- 
ment. 

By integrating the areas under the curves in Fig. 3, the 
dependence of the thermal S,, and the collisional S,, com- 
ponents on the target temperature can be determined. As is 
shown in Fig. 4, the yield is already saturated at 80 “C. This 
contradicts the previous experiments with Ar ions and elec- 
trons, in which the plateau was not reached even at 
200 oC.‘4*35 The beam-induced changes in surface stoichiom- 
etry are potentially responsible for this discrepancy. In the 
previous measurements, the surface was bombarded by a 
continuous beam with an average fluence of 10’5-10’7 
ions/cm2. In electron bombardment experiments, it is 
shown that a high incident dose leads to a surface layer en- 
riched in sodium. 35 In this case, the emission of Na atoms is 
controlled more by the evaporation rate of the alkali atoms 
than by the rate of defect creation. In our measurements, the 
total dose is less than 1013 ions/cm2 (2 x lo6 ions/cm2 in a 
150 ns pulse). Under these conditions, the balance between 
the rate of evaporation and the rate of defect formation can 
be reached at much lower temperatures. 

In Table II, the relative sputtering yield of the thermal 
to the nonthermal atoms are presented. This ratio varies 
from 0.092 at 20 “C to 0.023 at 130 “C. This differs from the 
previous data on NaCl single crystals where no collisional 
component was observed, even at room temperature.‘3-‘5 
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FIG. 4. The dependence of the thermal (0) and the collisional (Cl) contri- 
butions on the target temperature. The solid line is drawn only as an aid to 
the eye. 

TABLE II. The ratio of the collisional S,,, to the thermal S,, sputtering 
yields from a 5 keV Ar+ ion-bombarded NaCl{ 100) surface at various tar- 
get temperatures. The polycrystalline data are taken from Ref. 13. In that 
experiment, the NaCI sample was bombarded with a 20 keV Ar+ ion beam. 

Temperature 
(‘C) 

Single crystal 
SC,, /St, 

(%) 

Polycrystal 
SC,, 4, 

(%) 

20 9.2 26.0 
40 5.0 
60 3.0 
80 2.5 

100 2.3 
130 2.3 

However, in those experiments, as mentioned earlier, a con- 
tinuous ion beam with a higher energy was used which could 
locally increase the target temperature. As shown in Fig. 3, 
even a small increase in temperature leads to a significant 
enhancement in the thermal component relative to the colli- 
sional component. Furthermore, the DSLF technique was 
used in the above measurements. It has been suggested that 
the interference due to hyperfine splitting may reduce the 
resolution in the velocity measurements.” This, along with 
the problem of high ion beam dose, could obscure the rela- 
tively small contribution from the collision cascade. 

The collisional contribution obtained in our measure- 
ments is still considerably smaller than reported on com- 
pressed-powder targets (see Table II). One phenomenon 
that would explain this discrepancy is the channeling of the 
incident beam. This hypothesis can be verified by investigat- 
ing the dependence of the TOF distribution on the azimuthal 
direction of the incident beam. As shown in Fig. 5, we have 
examined a geometry where the polar angle of incidence is 
fixed at 45” with respect to the surface normal and the azi- 
muthal angle of incidence pi is varied. The target is held at 
room temperature and only Na atoms ejected perpendicular 
to the surface are recorded. The resulting spectra for pi = 0” 
((lOl))>~i =45” ((ill)), and pi = 22” are then recorded. 
In a cubic lattice, these directions correspond to different 
degrees of “openness,” ranging from very open for pi = 0” 
to nearly random for ai = 22”. Compared to the spectra tak- 
en at normal ion incidence (Fig. 3), the present geometry 
enhances the collisional component relative to the thermal 
contribution. Furthermore, the ratio of the collisional yield 
SC,,, to the thermal yield S,, depends on the azimuthal angle 
of incidence and is maximum at pi = 22”. This behavior can 
be understood in view of the fact that the projectiles incident 
along the open channels penetrate deeper into the crystal. As 
a consequence, the nuclear stopping power is reduced in the 
vicinity of the surface.20 In contrast, electronic processes oc- 
cur due to long-range electromagnetic forces for which 
channeling has less influence. The ( 111) crystallographic 
direction is more close packed than the ( 101) direction. This 
leads to a large collisional contribution along qi = 45” as 
compared to pi = o”, in good agreement with our results. 
The particles incident along the q.~~ = 22” are channeled the 
least. Consequently, in this case, the collisional component is 
the most prominent. These results indicate that the channel- 
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FIG. 5. The time-of-flight distributions of Na atoms emitted from the ion- 
bombarded NaCl{ 100) surface. The target is held at 20 ‘C. The spectra cor- 
respond to three different azimuthal directions pi of the incident 5 keV 
Ar + beam. The polar angle of incidence 0, is fixed to be 45’ with respect to 
the surface normal. Only particles emitted perpendicular to the surface are 
m-corded. Spectra are not normalized. 

ing of the incident ion does play a significant role in the ratio 
of thermal to nonthermal yields. However, the effect of the 
incident azimuth is not large enough to fully resolve the dis- 
crepancy between the single crystal and the polycrystalline 
data. It must be kept in mind that even bombardment along 
the p, = 22” is not completely equivalent to the experiments 
done on polycrystalline samples. 

To probe how the state of the surface influences the TOF 
distributions, the surface was exposed to 100 L of 0,. It has 
been reported that exposure to 0, reduces the thermal com- 
ponent in the velocity spectrum obtained from polycrystal- 
line samples.” In our case, this procedure did not lead to 
significant changes in the relative yield of the collisional to 
the thermal components. Only, the total signal was slightly 
reduced. However, it is not certain if 0, was adsorbed on the 
surface by this procedure,36 particularly in view of the fact 
that no additional diffraction spots were observed in the 
LEED pattern. 

The surface was then modified by bombardment with a 
continuous ion beam ( 5pA/cmZ for 20 min) and then with a 
continuous electron beam (100 PA/cm2 for 20 min). As 
shown in Fig. 6, both ion and electron beams altered the 
TOF distributions. The collisional component is enhanced 
by a factor of 2.5 after ion bombardment and by a factor of 8 
after electron irradiation. In the latter case, only the colli- 
sional component remains in the TOF spectrum. This be- 
havior can be due to the randomization of the surface region 
as well as to a change in surface composition. As was empha- 
sized earlier, the randomization of the surface region elimi- 
nates the influence of ion channeling. Moreover, the creation 
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FIG. 6. The time-of-flight distributions of sodium atoms emitted from 
NaCl{ 100) at room temperature. The solid line represents the spectrum 
collected from the unaltered surface. The spectra obtained from the surface 
modified by bombardment with continuous ion (5 PA/cm’ for 20 min) and 
electron (lOO~A/cm*) beams are represented by dashed and dotted lines, 
respectively. The distributions are normalized to the intensity of the colli- 
sional peak. 

of a layer enriched in alkali atoms enhances the probability 
for ejection of loosely bound neutral Na atoms due to colli- 
sional processes. However, the ion-induced modifications of 
surface stoichiometry is considerably less effective than in 
the case of electron bombardment due to the removal of ex- 
cess Na atoms by collisional sputtering. Hence, the ratio of 
nonthermal to thermal emission is higher after electron irra- 
diation than after ion bombardment. Furthermore, our re- 
sults indicate that the discrepancy between the single crystal 
and the polycrystalline sample is not as severe as reported 
earlier and the difference can be understood in terms of the 
influence of ion channeling combined with the state of the 
surface. 

The ejection mechanisms of clusters in an ion bombard- 
ment process has been of longstanding interest.37P38 The neu- 
tral mass spectrum shown in Fig. 2 indicates a significant 
emission of Na, dimers. To determine its mechanism or 
emission, multiphoton resonant ionization spectroscopy was 
employed to measure the TOF distribution of Na,. Al- 
though the laser wavelength was tuned to a known Na, tran- 
sition (see Fig. 1 and Ref. 28) and the frequency scan of the 
ionizing radiation showed a very broad, multicomponent ab- 
sorption band, no signal at the mass of Na dimer was ob- 
served. Instead, a very strong signal was present at the mass 
of atomic sodium indicating that all the Na, dimers were 
photofragmented during the ionization process. 

The TOF distribution of Na produced by photofrag- 
mentation of Na, is shown in Fig. 7. In the same figure, the 
TOF spectrum of neutral Na atoms is presented. For these 
measurements, the target is held at 130 “C. Surprisingly, the 
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FIG. 7. The time-of-flight distributions of Na, dimers (solid line) and Na 
atoms (dashed line) emitted from ion-bombarded NaCl{ 100) at 130°C. 

two distributions look strikingly similar. It has been suggest- 
ed that halogen molecules ejected by electron or ion bom- 
bardment are created by the recombination of halogen atoms 
at the crystal surface.‘7,23 However, this model cannot ex- 
plain our data. If Na, dimers are created at the surface, they 
must have the same energy spectrum as Na atoms. Since the 
mass of Na, is twice the mass of atomic Na, the TOF distri- 
bution of Na, must, in this case, be shifted towards longer 
times. Since the monomer and the dimer TOF spectra are 
similar, Na, must be formed above the original surface 
plane, but still within the interaction range of the solid in 
order for the excess kinetic energy to be removed.3x 

IV. CONCLUSIONS 
We have investigated the emission of neutral and ionic 

species from ion bombarded NaCl{ 100). The mass spectra 
of neutral species as well as positive and negative ions have 
been measured. The results indicate that the mechanisms 
proposed for the ejection of secondary ions from electron- 
irradiated alkali halides are not present in the ion-bombard- 
ment process. We suggest that ions are created by direct 
ejection from the collision cascade. 

The emission of Na, from NaCl{ 100) has also been in- 
vestigated. The data indicate that Na, dimers are created 
above the surface, in contrast to the halogen dimer emission 
observed in the case of electron bombardment. 

The influence of the target temperature and the crystal- 
lographic structure on the TOF distributions of ejected Na 
atoms has been investigated. The measured spectra indicate 
that both collisional and electronic processes are involved in 
the emission of Na atoms. However, the contribution from 
the collision cascade is found to be higher than reported pre- 
viously. Furthermore, at low temperatures, a significant de- 
lay in the thermal atom emission is observed and is attribut- 
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ed to the diffusion of created defects. 
The discrepancy between the results obtained on poly- 

crystalline and single-crystal samples is shown to be caused 
by the channeling of the incident ion and the state of the 
investigated surface. Our detailed investigation demon- 
strates clearly the importance of low dose measurements, 
especially on multicomponent materials. 
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