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_I. Summary of Scientific Research Goals for the Proposal

=

The statement of work fer-ONR centract N0O0014-86-K-073 involved free-electron-laser-related
activities using synchrotron uv sources and frequency up-converted laser light: (1) to measure the
energy dependence of photon-induced processes of desorption; to vary temperatures of the
irradiated samples over a wide range to ascertain the effects of defect mobilities on desorption
processes; to use pump-probe techniques to study the time dependence of the energy localization
and desorption processes; and to perform kinematically-complete experiments in which all the
neutral desorbed species and appropriate level spectroscopy occurs to allow unambiguous
identification of the mechanisms. The motivation for the work arose from the need for a clearer
understanding of fundamental processes of materials modification and damage in ultraviolet optical
materials, particularly with reference to the hoped-for developments in short wavelength free-
electron lasers (FELs).

The major objective of the proposal was the elucidation of mechanisms through which
bombardment by energetic ultraviolet photon beams over a wide range of energies leads to surface
modification, erosion and macroscopic damage. The program emphasis was to be on threshold
effects, time structure, interaction mechanisms (both thermal and electronic), and the influence of
differing bonding mechanisms on desorption induced in both layers and substrates. By choosing
representative model systems to be analyzed using a uniform experimental protocol, we intended to
characterize the interactions of photons (over a wicde range of photon intensity and ¢nergy) with
matter in a generic way, by categorizing interaction mechanisms and identifying them with
particular classes of materials. Such a program would, in turn, have allowed gomputational
modelling for these processes to be put on a more firm physical footing. '
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Technical Approach to the Proposed Work

The unique expertise of our group lies in the detection and characterization of neutral atoms and
molecules desorbed from a surface during bombardment by UV photons as well as by electrons
and heavy particles. The emphasis on neutral desorbing species, and on the comparison of
multiple radiation sources and their effects, constitute the fundamental difference between this
work and that of most other researchers in this field, who detect and analyze desorbing ions and
usually empioy only a single radiation source. Experiments on alkali halide surfaces have
demonstrated that the yield of desorbed neutrals is several orders of magnitude larger than that of
ions, and that there are important similarities between the electronic mechanisms observed in
"sputtering” of these tightly-bound optical materials. Therefore, the study of desorbed neutrals
with a variety of radiation sources is essential to a comprehensive understanding of the desorption
process itself, as well as of the static and dynamic properties of the surface chemical bond.

The desorption studies we proposed to carry out are concerned with the most basic questions of
energy absorption, localization and redirection or decay, and are therefore intimately linked to the
specific atomic-scale electronic properties of materials. In considering the detailed dynamics of
electronic photon-surface interactions, it is useful to describe electronically-induced desorption as a
three-stage process: (1) the initial deposition of energy through creation of a hole, two holes,
anexciton or a defect; (2) a fast electronic rearrangement which leaves a surface atom or group of
atoms in a spatially and temporally localized repulsive or energetic state; and (3) additional particle-
surface interactions (neutralization, Auger transitions, and so on) as the atom, molecule or cluster
leaves the surface. In both ESD and PSD experiments on alkali halides, it has been shown that the
dominant channels through which energy is absorbed and localized lead to desorption of neutral
atoms and molecules; hence one must analyze the desorbing neutrals to obtain a picture of the
energy balance and the dynamics typical of photon-materials interactions.




-y

b SIS o

PR

bl

-

— e — B e

——y——

g,

R. F. Haglund, Jr. and N. H. Tolk: Final Technical Report on Contract N00014-86-K-0735

0
Attt

ATttt teta et
&

&

SR

RN 3 R RRBRARKD

e

%o

et

(X

EXCITATION EJECTION PARTICLE-SURFACE
ELECTRONIC INTERACTIONS

The detailed desorption mechanisms are linked to specific materials properties, because of the

“influence of material structure and bonding on both the initial absorption and the localization

phases, and because of the influence of both surface structure and surface composition on the final-
state particle-surface interactions. The differing behaviors of metals and insulators under photon
irradiation, for example, clearly arise because in metals the nearly -free electron gas prevents spatial
and temporal localization of the incident photon energy, while in insulators there exist a variety of
different mechanisms for storing and then re-emitting this electronic energy to produce defects,
structural reordering and desorption. Similar contrasts could be drawn between crystalline and
amorphous materials, where the orderly localization of electronic charge density in the former and
the random localization of electron density in the latter produce quite different radiation responses.

The key issues to be studied involved questions of threshold effects (both in the energy of
incoming photons and in the intensity of the incident beam), of specific mechanisms or pathways
for redistribution of energy, and of the links between microscopic atomic-scale events which occur
in conjunction with the energy flow and the macroscopic phenomena of large-scale materials
modification, surface erosion and damage. The unique experimental approach proposed here has
already been enormously productive in increasing our understanding of electronic interactions of
photons and electrons with one specific class of materials -- the alkali halides.

Scientific Background and Perspective

The study of Desorption Induced by Electronic Transitions (DIET) by means of electron-
and photon-stimulated desorption (ESD/PSD) has emerged in recent years as one of the most
fruitful directions in surface chemistry and physics. Interest in stimulated desorption was first
aroused in the 1960's with the pioneering work of Menzel, Gomer and Redhead.! In the late
1970's, this interest was stimulated by the development of the Knotek-Feibelman desorption
model.2 A link between the angular distribution of desorbing ions and the geometrical properties
of the surface chemical bonds predicted by this model was subsequently verified by the
experimental and theoretical research of Madey, Yates and their co-workers.3 This work has made
it possible to study both the static and dynamic properties of surface chemical bonds and to
contribute significantly to the understanding of technologically-important problems in catalysis,
interface formation, corrosion, passivation and surface chemistry in general.

During the years following the work of Knotek and Feibelman, most ESD and PSD studies
were dedicated to searching for desorbing ions. However, interest in the field has increasingly
focussed on studies of desorbing neutral species, by using optical radiation to detect and analyze
these species. In 1981, one of us (NHT) in collaboration with others, proposed and implemented
a new and efficient method for the detection of excired desorbed neutral atoms, by detecting the
optical radiation emitted by the Jdesorbing particles as they fly away from the surface.56.7 These
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early experiments on alkali atoms desorbed by photon (or electron) irradiation of LiF and NaCl
surfaces showed that excited-state desorbed neutrals are much more abundant than desorbing ions.
The recent use of tunable dye lasers for laser-induced fluorescence detection of the ground-state
neutrals desorbing from the alkali halides has shown that the dominant process in stimulated
desorption is ground-state neutral particle production.8

This discovery necessarily changes the perspective required for an understanding of this
problem, since no presently available theory correctly describes the desorption of neutrals. While
the Knotek-Feibelman theory is correct for ions, it must now be viewed as a special case of a more
general treatment of the problem whose outlines are not yet clearly in view. Moreover, the fact that
stimulated desorption yields for neutrals are orders of magnitude larger than those for ions means
that studies of the dynamical processes involved in radiation effects must deal with neutral
desorption, since the bulk of the incident energy is clearly redirected to neutral desorption
channels. Hence. stimulated desorption must now be re-considered seriously as a contributing
factor in technulogical problems where it formerly was neglected, e.g., in radiation-induced
damage in optical materials. In addition, the large yields of neutral adsorbed species -- such as
hydrogen -- are also highly significant in a wide variety of industrial and high-technology
applications, ranging from semiconductor fabrication to magnetic fusion.

It is now generally accepted that the most abundant products of desorption induced by electronic
transitions from the surface of ionic insulators are neutral atoms and molecules, regardless of
wheiher the desorption process is stimulated by energetic electrons or photons. Only a very few
results, however, had been published about neutral desorption previously.9-1! These early
experiments suggested the leading role of neutrals in the desorption process. Our initial PSD
studies of Li desorbed from LiF demonstrated by direct measurements that the yield of excited
neutrals was more than five orders of magnitude greater than the measured yield of desorbed ions.%
Moreover, the yields of excited-state desorbed neutral hydrogen obtained by looking at the Balmer
radiation indicate that this same neutral-desorption phenomenology is relevant to the
technologically important case of hydrogen on surfaces.3 Prior to the initiation of extensive studies
at Bell Laboratories and more “ecently at Vanderbilt, ground-state atomic and molecular neutrals
desorbed by electron impact had been studied in only a few cases.’-11

Our approach to the detection of desorbed neutrals is based on analysis of the optical radiation
which they emit during post-desorption decay. The experimental equipment includes an ultrahigh
vacuum chamber, the primary excitation source and an optical detection/analysis system with a
monochromator and computer-controlled data processing. For experiments in which neutral
excited-state desorption products are observed, only the characteristic atomic line radiation from
the excited neutrals enters the focusing optics of the spectrometer. For measurements of ground-
state neutral desorption processes, on the other hand, the tunable dye laser is used to identify and
characterize particular atomic states of the desorbing atoms by means of laser-induced
fluorescence. Through variations in photon collection geometries, it is possible to distinguish the
atomic emission line spectra of the desorbed neutrals from the broad-band cathodoluminescence at
the substrate. The dependence of desorption yield on the primary-beam intensity, the emission
spectral characteristics and several other features (such as correlations with core-hole and valence-
band excitation energies) can all be used to help discriminate against such processes as secondary
electron excitation of desorbed ground-state neutrals.

These studies of thresholds specific mechanisms for electron- and photon-stimulated
desorption are leading to an increasingly comprehensive picture of the dynamics which connect the
early, atomic-scale modifications to materials with large-scale materials modification and damage
which occur after prolonged or very high-intensity irradiation exposures. For example, it is
possible with this new picture of desorption dynamics to understand why short-wavelength
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illumination of materials at high intensities appears to produce a mixture of therma! and electronic
maodifications to the material, and why some materials are damaged much more readily than others.

For an ionically-bonded insulator, such as an alkali halide, in the early stages of irradiation,
the substrate is protected by a film of some sort (as yet uncharacterized, but probably rich in
hydrocarbons), which acts as a protective overlayer for the substrate. The mechanism by which
this film retards desorption is still under active investigation, but it probably occurs because the
film does not support the formation of self-trapped excitons, so any electronic excitation produced
in the film either results in immediate bond-breaking, releasing the hydrogen and hydroxide
observed in our spectra, or else simply a near-surface-bulk luminescence. (Increasing substrate
desorption yields are accompanied in our experiments by a decrease in the background
luminescence.) As the protective layer is eroded, substrate desorption begins and mobile defects
are "gettered" to the interface between the substrate and the film. As more and more free metal
begins to accumulate on the surface exposed to the radiation source, plasma generation begins and
the agglomerating metal to begin to act as a thermally-absorbing inclusion, which may fracture the
material surrounding it. However, even though this phase is the damage is thermal in nature, the
facilitating mechanism is in fact electronic.
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II. Significant Results from the Research Program

==

The goals for the proposed research program centered around the correlation of threshold effects
and specific photon-induced electronic desorption mechanisms with the electronic properties of
specific classes of materials. As mentioned above, the experimental evidence supports the key
role of neutral ground-state and excied-state desorption in DIET processes, particularly with
regard to dynamics, energy distribution and localization in the desorption process. These DIET
processes are capable ultimately of producing large-scale materials modification and damage in
optical materials, and can be initiated by uv photons and electrons produced in the acceleration
processes that leads to lasing in the FEL as well as by the FEL output photons. Moreover, they
clearly play a key role in the interaction of FEL laser light with materials ranging from crystalline
solids in UHV to "natural” materials produced through exposure to normal atmospheric conditions.

From the standpoint of experimental techniques, therefore, the research program we had proposed
was logically centered around the following key ideas:

¢ the use of frequency-doubled dye laser and synchrotron uv sources to study
the photon-energy and intensity dependence of DIET processes producing
ground-state and excited-state neutral atoms and molecules, with a particular eye
toward threshold effects and identification of the participating electronic states;

¢ the study of desorption yields as a function of the critical parameters such as
temperature and pulse-probe time delay, which together with threshold photon
energies will allow us to clarify the role played by electronically induced defects;
and

¢ the performance of kinematically complete experiments in which a// neutral
desorbing species are detected and velocity distributions measured, in order to
form a complete picture of the relative importance of competing energetic
pathways in the excited material.

In accordance with the Itoh taxonomy of materials which display efficient operation of DIET
processes, we proposed to carry out these measurements on: (1) a material which forms neither
permanent defects nor self-trapped excitons, and so is nominally immune to efficient neutral
desorption from purely electronic mechanisms; (2) a material which forms self-trapped excitons,
but not permanent defects; and (3) a material which both supports self-trapped excitons and allows
these to relax to form permanent electronic defects. The materials to be studied included
representatives of each type, and the experimental protocol consists of the three generic types of
experiments just mentioned.

The principal research accomplishments for the contract are listed below. Most of them have
already been published either in journals or in conference proceedings. Details will be found in the
attached copies of the publications and presentations.

- - e v~ ————
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Simul M F Several D ion, Channels on LiF

The detailed understanding of the way in which incoming photon 2nergy is absorbed, localized,
transformed and dissipated depends crucially on knowing all of the important exit channel particle
flux distributions. In the case of PSD on alkali halides, the channels include (in decreasing order
of production efficiency): ground-state neutral atoms, excited neutral atoms, secondary electrons
and alkali and halogen ions. We have made the first measurements ever carried out in PSD studies
on all these channels as a function of photon energy. The target used was LiF, and the photon
energies covered the range around the 1s core-hole resonance in Li. One group of typical results is

shown in the figure below.
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Figure 1. (Left) Yield of ground-state and excited-siate Li atoms desorbed by ultraviolet
photon irradiation as a function of photon energy. (Right) Yield spectra of excited lithium atoms,
lithium ions and secondary electrons as a function of incident ultraviolet photon energy in the
vicinity of the Is core hole energy for LiF. A spectrum of ground-state neutrals desorbed by
photons in this same energy range shows virtually no structure.

One of the key questions which has been raised by a number of authors in recent studies of the
desorption of excited-state atoms by both photons and electrons is whether or not the desorption of
excited-state atoms is purely a secondary process, in which the excited states are created by
secondary electron bombardment of desorbed ground-state neutral atoms. These data appear to
show plainly that the excited state desorption cannot be entirely due to secondary events, since the
excited-state yields do not track secondary electron production. Tkis question is to be examined in
detail in a forthcoming publication.

Apart from the question of mechanisms for excited-state desorption, these studies also hint at
interesting possibilities for using optical radiation to help quantify secondary electron emission
from the surface of insulators -- a difficult measurement under some circumstances because of the
photon- and electron-induced damage which occurs during the bombardment producing the
secondary electrons. This possibility of using neutral species desorption spectroscopy for surface
analysis is one of several interesting features of this work which remain to be explored.
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Ultraviolet of induced metallizarion of alkali halide surf

Rf-linac driven free-electron lasers, with their unique combination of high macropulse and mi-
cropulse peak power, high pulse repetition frequency, and wains of ultrashort pulses, deliver
photons in uniquely insulting ways to the components of the associated optical systems. For the
technology of free-electron lasers, the damage caused by these pulses in the FEL resonator optics
is a practical problem of utmost concern, since it is the limiting factor in the optical output of the
device and often imposes severe constraints on resonator optimization. Here the materials physics
of the photon-matter interaction, particularly for ultraviolet wavelengths, poses questions of great
scientific interest and enormous, direct technological relevance.

Studies at Vaaderbilt on the ways in which the electronic energy of photons is absorbed,
localized, transformed and ultimately dissipated are showing that there are many pathways leading
to surface and bulk damage to typical optical materials, such as alkali halides, alkaline earth
halides, metal oxides and fused silicas. This is particularly true if the photons are delivered, as is
the case with the FEL, on time scales comparable to or shorter than the thermal relaxation times.

Much of the previous work on the interactions of photons with matter has focused on thermal
models for the observed effects, because they were, in principle, easy io conceptualize and
calculate. But rate constants for processes like optical damage have proven difficult or impossible
to calculate because the initial rate-limiting steps are unknown. Indeed, in the picosecond laser
regime, it is quite likely that the thermal model must be entirely abandoned because the
preconditions for its validity -- namely, the establishment of a local thermodynamic equilibrium --
do not obtain. Electronic processes occur on the time scale of a single vibrational period and under
many circumstances are incapable of exciting anything more collective than a single molecular
vibration. These concerns underly the critical importance of using bright, tunable, ultrashort
probes -- of which the FEL appears to be the most promising -- to study electronic and other non-
thermal excitation processes in organic and inorganic materials.

During the past year, we have continued work on studies of photon-induced damage to model
wide band-gap optical materials, focusing particularly on modifications to surface composition,
surface electronic structure, and loss of surface and near-surface atoms due to atomic and
molecular desorption. These studies have included both laser-induced desorption and ultraviolet-
photon-stimulated desorption using the newly developed Vanderbilt-SRC partnership beam line at
the Aladdin Synchrotron Radiation Center at the University of Wisconsin, Madison.

We have found that even minute changes in surface chemical composition -- whether due to the
metallization of the surface stemming from the energetic photon-induced expulsion of the
nonmetallic component of a dielectric, or due to the adsorption of small quantities of gases -- can
inhibit or entirely close certain desorption channels. In addition, time-resolved studies have
provided new insight into the role played by the energetic decay of the self-trapped exciton (STE)
as the precursor to desorption events. The STE may be viewed as a phase transition of a photon-
created electron-hole pair in which the relevant scale parameter is the effective mass of the hole; the
temporary localization of the incident photon energy is made possible by this phase transition in an
ordinary Frenkel exciton. The lattice deformation caused by the STE, in turn, provides the kinetic
energy needed to expel an atom or atoms from the surface of the material, producing damage on an
atomic scale to the host lattice. '

These desorption-induced changes in the surface not only change the thermal properties of the
surface, but also its electronic properties. These effects have been demonstrated to occur for
photon energies below the bulk band-gap energy; hence, the surface metallization following
desorption of ground-state non-metallic atoms is expected to be important in pulsed laser irradiation
of surfaces, and may even, in the case of ultraviolet lasers, occur via single-photon transitions.
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We illustrate this effect with data from a recent experiment on photon-stimulated desorption of
LiF, showing the development of a layer of metallic Li on the surface of a pure LiF crystal
undergoing ultraviolet photon irradiation in an ultrahigh vacuum environment. The radiation
source was the first-order light from the Aladdin synchrotron light source of the University of

Wisconsin.

"White" Aladdin spectrum on LiF

UV off

Li (g.s.) Fluorescence (counts/s)

Elapsed Time (min)

Figure 2. Fluvrescence sigiwai from Li? desorbed by the "whize” ultraviolet photon spectrum
from the Aladdin synchrotron light source. At the beginning of the measurement, the LiF crystal
is illuminated for about a minute by the uv photons; then the uv irradiation is blocked by a beam
stop, and the crystal is heated, while the laser-induced fluorescence signal from desorbing Li° is

monitored.

The Figure shows the time evolution of the first resonance decay of the desorbed 1.i0 excited by
light from a tunable dye laser. Each peak in this spectrum represents a scan of the Coherent 599-
21 tunable dye laser lasting approximately ten seconds over the first resonance line of the Li atoms
at 6707 A. At the time indicated by the arrow, the synchrotron light was blocked, and the LiF
crystal was heated ballistically by turning on the heater block of the sample holder. As the sample
temperature increases, the yield of Li® increases at first, as metallic Li is desorbed thermally from
the surface. As this surface layer of neutral Li is depleted, the laser-induced fluorescence signal
gradually dies away. The fact that it does not decay completely is consistent with the long time
scales for F-center diffusion seen in previous experiments.

Effects of surf ition of ied- l .

The changes in surface composition inferred from the experiments described above lead to the
interesting possibility of using excited-atom desorption as a diagnostic of changes in surface
composition in an essentially non-destructive way. In the figure below, we show a composite of
the yields of Li* as a function of temperature under white-light irradiation from the Aladdin storage
ring at the Universitv of Wisconsin's Synchrotron Radiation Center. These data indicate tha: tiere

- 9 .
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is an increase of excited-state yield with temperature, probably corresponding to the secondary
electron excitation of desorbed ground-state neutral atoms as the thermal desorption of these
species increases with temperature.

It should be noted, however, that the Li* yield returns to its original value when a new spot is
irradiated, even at temperatures for which the ground-state neutral yield can be shown, from
separate measurements, to be negligibly small. Evidently, the Li* yield is extremely sensitive to
surface conditions, and may therefore be used as a probe of those conditions as the mechanisms of
desorption come to be more fully understood.

I\
Li

New Spot

Wavelength ( A )

Figure 3. Composite of the desorption yield of Li* from the surface of LiF irradiated by the white
light spectrum of the Aladdin Synchrotron Light Source. Note the return to a high yield when a
new spot is irradiated, even at a relatively low surface temperature.

Laser-stimulated desorption experiments in pure materials

Up to the present time, ESD and PSD experiments have been conducted in regimes for which
the intensities of the irradiating light were During the past year, the first experiments using
excimer-pumped dye laser to do wavelength and intensity dependent measurements of these kinds
of photon-induced damage studies were begun. The geometry was the same as the standard one
used in all of our neutral species desorption experiments.

Pure crystals of KCI were irradiated both by the fundamental 308 nm light from an excimer
laser and by the 600 nm output of an excimer-pumped tunable dye laser. Excited states of K were
observed using an optical multichannel analyzer, and neutral CI and K atoms were detected using a
mass spectrometer. These preliminary results were encouraging, in that they appeared to show
significant neutral species desorption yields even at intensities below the onset of significant laser
damage. At present, we are awaiting the imminent arrival of an ultrahigh vacuum chamber which
will be dedicated to this type of experiment.

- 10 --
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Work will continue in the coming year on laser-stimulated desorption from optical materials of
direct interest to the FEL materials problem under the sponsorship of the Vanderbilt Free-Electron
Laser Projert for Biomedical and Materials Research.

lication of PSD and ot fies to] fals d :

The experiments described above -- as well as other work with ion- and electron-stimulated
desorption -- are showing that even low-energy electrons, photons and ions can induce significant
changes in the surface composition and electronic structure of optical materials. These changes are
particularly relevant to questions of damage to intracavity laser optics, whether in ordinary laser
caviti=s or in such technologically demanding applications as ring laser gyroscopes. We have
made an initial attempt to summarize the potential effects for intracavity damage in a paper prepared
for a symposium on intracavity and extracavity laser optics. (See attached list of publications.)

The fundamental point of view which suggests itself from these experiments is that irradiation
by electrons, ions, and the ultraviolet photons present in many laser cavities makes of what began
life as a wide band-gap insulator a modified material which, at least in the near-surface bulk, looks
much more like a semiconductor or metal. This implies that the laser photons will likely induce
radiation damage characteristic of plasma formation (in the case of a metallized surface) or single-
photon electron-hole pair formation (in the case of a semiconducting surface). These changes in
surface composition, in turn, help to explain how thermal and plasma damage appears to be the
final culmination of the process, since the progressive changes in the surface lead to stronger
absorption and to direct acceleration of electrons and ions in the electric field of the laser.

We believe that this understanding of the damage process has significant implications for both
fundamental and applied aspects of the laser damage question, and will pursue these issues in
future research programs.

retical work on | ni

The proposal noted the current primitive state of desorption theory, and contemplated suppor
for theoretical effor's in this area. Collaborative efforts funded by this program have resulted in a
new set of cluster calculations of surface states in the alkali halides using the extended Hiickel
formalism. The results -- displayed in one of the appended preprints -- appear to indicate the
existence of well-defined surface states which could participate in single- or multiple-photon
excitations. We intend to search for these states experimentally in future experiments using voth
the synchrotron light source and our tunable dye laser to clarify the role which these states might
play in desorption, particularly of excited-state atoms.

Another study investigated the vibrational properties of chemisorbed hydrogen on the (100)
surface of aluminum, using the effective medium theory to treat this highly reactive system.

Purchase and construction of laboratory apparatus

Under this contract, significant expenditures were made for laboratory apparatus appropriate to
the research proposed under the contract. These included a portable ultrahigh vacuum chamber
which could be used for prototyping experiments at Vanderbilt and for remote experiments at FEL
sites; the purchase of a tunable dye laser and doubler that could be used with a large excimer laser
supported by another research contract; and a number of items of experimental equipment for data
acquisition, including an optical monochromator and a multichannel analyzer. These items were all
acquired and used in various portions of the work described above.

- 11 --
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Invited Paper

INTRACAVITY OPTICAL DAMAGE DUE TO ELECTRONS, IONS AND ULTRAVIOLET PHOTONS

Richard F. Haglund, Jr.

Department of Physics and Astronomy and
Center for Atomic and Molecular Physics at Surfaces
Vanderbilt University, Nashwville, TN 37235

Abstract

Many of the damage problems experienced by intracavity laser optics, paniicularly for discharge-pumped and electron-beam-pumped laser
systems, arise from the electronic interactions of low-energy electrons, ions and ultraviolet photons with the surface and near-surface regions
of the optical material. We shall describe results of recent experiments which display some of the electronic mechanisms involved in these
processes, through which incident electronic energy is absorbed, localized, transformed and ultimately dissipated in ways which change the
surface composition and electronic structure of model wide bandgap optical materials. We consider discuss recent experimental results on
the metallization of dielectric surfaces, the effects of adsorbed overlayers in inhibiting desorption of excited neutral atoms, and the effects of
glass processing on response (o electron and ion irradiation. We also point out some of the ways in which the changes in the optical surfaces
wrought by the low-energy and low-intensity irradiation arising from the laser pumping mechanism can influence thermal, chemical and
plasma properties of the surface in ways which alter the surface response to intense laser radiation.

1. Introduction

The low damage resistance of intracavity laser optics is the
bane of laser designers and the primordial curse of the optical
fabrication houses. Intracavity damage assumes a bewildering
variety of forms: thermal stress cracking at the sites of optically
absorbing impurities, formation of color centers and other
optically active mobile electronic defects; chemical attack of both
oprical coatings and bare substrate surfaces; erosion, crazing and
ablation of the optical surfaces; and high-field laser-induced
electric discharges and electron avalanches. In many lasers, the
intrac .vity damage threshold is even lower than that for the
extracavity optics, forcing compromises in the laser design that
may require costly large-area optics or exotic coatings, lead to
suboptimal power system design, and increase the number of
elements {and hence the cost and complexity) in master-oscillator
power-amplifier trains. The money and effort devoted over the
years to engineering development of more reliable and damage-
resistant intracavity optics is itself the most eloquent testimonial
to the seriousness of the problem.

From the atomic or molecular point of view, the most complex
intracavity damage phenomenology is probably to be found in
electron-beam-excited and discharge-pumped gas lasers, where
laser photons, low-energy ions, excited metastable atoms, ultra-
violet light, and electrons all contribute to the problem. The
electrons, in particular, may cither be primaries from an exciting
or controlling electron beam, or secondary electrons created either
by electron-atom collisions or in the laser discharge. Moreover,
even where the intracavity laser photon intensities are too low to
produce non-linear effects (such as self-focusing) or damage
through plasma formation, the laser photons may act syner-
gistically with other species to damage intracavity optical
surfaces. Thus these laser systems offer a rich area for the study
of intracavity optical damage, from which it is possible to draw
lessons for laser types, such as those pumped by ultraviolet
flashlamps, with less complex damage problems.

In this review, we shall largely ignore the effects of the laser
photons, and concentrate primarily on the electronic mechanisms
through which those radiation species arising in the excitation
cycle of discharge-pumped gas lasers can change the surface
composition and electronic structure of model dielectric materials.
We shall begin by tring to define the link between the
microscopic mechanisms of interest and the macroscopic damage

phenomena. We then present the results of recent experiments in
our laboratory which show some of the changes in surface
composition, structure and radiation response induced by
electonic transitions: metallization of the surface under low-
energy UV photon bombardment: suppression of excited-state
atomic desorption channels by the presence of adsorbed
overlayers; and process-dependent response to ion and electron
irradiation of fused silica. Finallv, we comment briefly on the
chemical, thermal and plasma effects facilitated by these changes,
and on the additional complications in intracavity damage
processes one might expect to be introduced by the laser photons.

2. Relationship between macroscopic damage and
microscopic electronic mechanisms

In thinking about the pathways through which electron, ion
and photon interactions ultimately lead to intracavity damage, it is
uscful to have a zeroth order guide to sorting out the most
relevant dynamical properties. Here it is assumed that any
change which modifies the properties of the optica! surface or
substrate sufficiently to be detrimental to laser performance is
interesting. Among the phenomena of concem are: color-center
formation at a density sufficient to increase the bulk absorption;
chemical attack which changes the reflectance or absorptance of
the optcal element; sputtering, etching or erosion which removes
matenial from the surface on a scale comparable to or larger than
an optical wavelength; radiation-induced segregation of atornic
species which changes the chemical composition of the surface;
and migration of defects or impunities, which also may change
the surface composition and make it more vulnerable to damaging
chemical, prasma and thermal interactions.

Table 1 gives a summary of the various radiation species
which can be found in discharge- or electron-beam-pumped
lasers, along with their microphysical effects. For the sake of
clarity, we point out that we use the word "sputtering” as it has
historically been applied, to mean particle emission from surfaces
caused by momentum-changing collisions, as in the classical
collision cascade model.! On the other hand, "desorption” is
used here to mean desorption induced by electronic transitions
(DIET), where the particle emission is caused by the chain of
electronic interactions described in the next section. This usage
has greater generality than such terms as "chemical sputtering”
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or "electronic sputtering,”* since both of these latter phenomena
re-ult from transfers of electronic energy. rather than momentum

transfer.
Table 1: Sources of Intracavity Damage
Radiation Energy Damage Effects
UV photons 5-500eV Color center formation
(Discharge plasma) Desorption
Valence-band excitations
X-rays 500 - 5000 eV Color center formation

(E-beam Bremsstrahlung)

Core-leve! excitations
Secondary electrons

Electrons 10-10% eV Secondary electrons
(Secondary or Color center formation
discharge) Desorption
Valence-band excitations
Eiectrons 100-10%¢v  Sputering
(from E-beams) Secondary electrons
lons 10- 500 ¢V Sputtering
Surface Segregation
Desorption
Secondary electrons
Excited atoms 0-50eVv Sputtering

"Hot-atom” reactions

A second set of correlations can be constructed in which the
microscopic changes traceable to distinctive physical mechanisms
are linked to macroscopically observable changes in optical
properties -- such as changes in optical absorption, scatter, or
surface figure. These correlations are summarized in Table 2.

Table 2: Macroscopic Optical Effects of Irradiation

Microscopic
Radiation Effects

AfTected Macroscopic
Optical Properties

Color-center formation

Surface segregation

Defect-induced desorption

Sputtering

"Hot atom" interactions

Bulk transmittance

Surface reflectance and scatter
Surface chemical reactivity

Surface thermal properties
Optical figure

Surface reflectance and scatter
Surface chemical reactivity
Optical figure

Surface chemical reactivity
Optical figure

The experimental evidence shows that electronically induced
mobile defects play a special role in surface damage to virtually
all optical matenals irradiated by low-energy photons, electrons,
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ions and atoms. The alkali halides and fused silica adduced here
as model matenials are representative of a large class of optical
dielectrics used both as substrates and as optical coatings in
which irradiation leads to the formation of self-trapped excitons
that relax 1o form permanent, mobile electronic defects. This
class of optical materials includes many metallic oxides, meta)
fluorides (including the alkaline earth halides), and fused silica.”
The general features of these results can also be expected to hold
even for nominally metallic films and substrates, which under all
realistic conditions are completely covered with an oxide overcoat
which determines the surface properties. Indeed, it is quite
possible that the surface overlayer -- of oxides and whatever
other elements, such as hydrogen, that are readily bonded to the
surface -- is what really determines the often observed differences
between bulk and surface resistance to material modification and
damage.

3. Electronic Interactions of Electrons, lons, Atoms
and Photons with Solid Surfaces

It has long been understood that thermal, chemical and
plasma damage observed on the surfaces of intracavity laser
optics have their origins in electronic interactions of photons,
electrons and low-energy atoms, ions and molecules with the
optical surfaces -- simply because quantum mechanics teaches us
that the primary interaction in this case must be electronic;
thermal, chemical and plasma effects are, in a sense, the "trickle
down" effects of that primary interaction. However, the t0ols for
isolating the atomic or molecular consequences of those electronic
interactions in detail have not been available until quite recently.
Recent studies have begun to fill in the details of an integrated
picture of the damage process which suggests not only the
origins of the damage, but also hints at ways to overcome it.
This picture is providing an increasingly detailed and integraied
model within which one can account for the effects of differing
radiation species, of impunities and overlayers, and particularly of
the unique role played by the surface.

When low-energy photons, electrons, ions or neutral atoms
interact with atoms in the surface and near-surface lavers of
dielectric maternials, a complex response is set in motion. From
the microscopic point of view, it is convenient to characterize this
response as consisting of several stages, illustrated schemaucally
in Figure 1 for a surface with adsorbed molecules.
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FIGURE [. Stages in the interaction of photons, electrons
and heavy particles with dielectric surfaces.




During the excitation stage, which occurs on a time scale of
femtoseconds or less, energy from an electron, heavy parucle
(ion or atom), or photon is absorbed either through the transfer
of momentum or via an electronic excitation mechanism,
generally the creation of electron-hole pairs or the excitation of
individual atoms or molecules. A key question is whether or not
this excitation occurs in a statistical manner and is thus shared in
an equilibrium fashion with a great many surface atoms or
adsorbed species. Such a statistical rearrangement of energy is
typical of physical (i.e., momentum transferring) sputtering and
of photon and electron irradiation of some metals, but not of
DIET processes, particularly in dielectrics.

In the localization phase, the incident electronic energy is
spatially concentrated for a time on the order of 102 10 1013 s
-- roughly the timescale of a vibrational period. In pure metals,
of course, this kind of localization is not possible, because
energy is dissipated from the initial absorption site by rapid
electronic fluctuations on a time scale of order 10'¢s. In many
dielectrics, the localization occurs because of electrostatic fields
which stabilize an electron-hole pair, as in the case of self-trapped
excitons.

In the third, or transformation and dissipation, stage,
the absorbed incident energy is changed from an electronic
excitation into forms which we would generally label as
"chemical,” "kinetic” or "thermal.” The transformation from
electronic to kineric energy, for example, can occur because the
electron-hole pairs distort the crystal lattice, resulting in monon of
an atom away from its neighbors to form an interstitial or cause
desorption. The transformation that changes electronic to thermal
energy is electron-phonon coupling, which occurs on a time scale
approximately an order of magnitude slower than a vibrational
period ( 101710 1017 5). The time scales for dissipation of the
incident kinetic energy even in such simple matenals as the alkali
halides have been measured to be as long as tens of seconds!

During the final-state interaction phase, depicted in the
Figure by a surface atom and an adsorbed molecule desorbing
from the surface, particles moving near the surface may also
undergo other particle-surface electronic interactions, such as
charge exchange or de-excitation. These final-state electronic
interactions occur on the femtosecond to picosecond time scale,
and change the capacity of the desorbed species and the surface to
interact chemically with other species in the gas phase near the
surface.

One example of this kind of process was proposed
independently by Pooley and by Hersh in studies of bulk alkali
halides over two decades ago.® This mechanism has been shown
1o be responsible for the desorption of ground-state neutral alkali
atomns from the surfaces of alkali halides under both electron and
ultraviolet photon irradiation,” as well as for the neutral halogens,
which were observed much earlier by mass-spectrometric
techniques.!® The Pooley-Hersh model involves a specific
electronic excitation leading to preferential and energetic ejection
of halogens along the <110> directions. The electronic energy
from an incoming photon or electron is localized initially
through the creation of a self-trapped exciton, which relaxes in a
time on the order of picoseconds to form a V, center. The V,
center, a self-trapped hole on a transient dihalide molecular ion at
the normal site of a single halogen ion, relaxes in a few
nanoseconds to form metastable pairs of H-centers (the so-called
"crowdion” defects, consisting of singly-ionized dihalide ions on
a halogen site) and F-centers (electrons occupying halogen
vacancy sites). If formed sufficiently near the surface, the decay
of the H center results in energetic desorption of a halogen along
the halogen string directions, leaving behind an F center and a
defect (halogen interstitial). The F center provides the electron
needed for neutralization of the now under-coordinated alkali ion,
which then desorbs thermally; the rate-limiting step in the alkali
atom desorption is F-center diffusion !!

A similar concatenation of eveants has been shown to operate
in other desorption phenomena. For cxampls, in the pioneenny
work of Menzel and Gomer and of Redhead, !? the localization o
energy on a molecule adsorbed at a mertal surface may be
long-lasting enough to excite it to an antibonding orbital and lead
to molecular desorption. Knotek and Feibelman demonstrated
that a localization induced by pairing of holes in maximal valency
covalent solids following interatomic Auger decay is responsible
for the desorption of oxygen ions from such optical materials as
TiO,.!3 lioh has recently proposed'® that laser-induced
desorption in semiconductor matenals arises from localized holes
screened from each other by a dense, laser-excited electron-hole
plasma -- the so-called Anderson localization phenomenon.!® A
Pooleyv-Hersh mechanism has also been demonstrated by Schmid
and his coworkers to be responsible for efficient multiphotor
laser desorption of alkalis and halogens from KCl and NaCl ar
intensities well below the single-shot laser damage threshold !¢
In each case, absorption of electronic energy, followed by
localization, transformation and dissipation of that electronic
energy, precede the chemical, plasma, thermal and desorption
effects that are the precursors of macroscopic optical dam.age.

Moreover, these same electronic processes are observed (¢
occur in amorphous as well as in crystalline matenals, because
the propensity to absorb and localize electronic energy in a wuy
which allows redistribution of that energy into desorption o1
localized chemical reaction channels arises not so much from
long-range order as from the strongly localized electronic charge
distributions characteristic of dielectric materials. Of course, the
electronic charge distribution is spatially randomized ir
amorphous materials, because of the statistical variations in bonc
angles and bond lengths. 17 Hence, the spatial distribution of
electronic defects and the directions in which they can diffuse in
amorphous matenals will not be the same as in crystalline
dielectrics. However, the electronic mechanisms that produce the
defects will operate in much the same way, perhaps with slightls
lessened effictency.

4. Experimenta!l Arrangement for Optical
Spectroscopy of Radiation-Surface Interactions

The key insight underlying the experimental studies
presented below is that desorption from dielectric surfaces 1s
overwhelmingly dominated by the emission of neutral ground-
state and excited-state atoms and molecules.?!8:1% Therefore.
techniques for detection of neutral atoms and molecules borrowed
from opuical atomic and molecular spectroscopy are especially
valuable additions to the charged- particle spectroscopies typical
of many other surface analysis experiments. Details of the
experimental method have been presented elsewhere, 20 5o that
only the essential features of our neutral desorption spectroscopy
apparatus and technigues will be highlighted here.

The experimental layout of the experiments is shown
schematically in Fig. 2. The sample is mounted on a heated or
cooled micromanipulator in an ultrahigh vacuum (UHYV) system,
at a nominal base pressure of a few times 10710 torr or less. At
this pressure, the target surface remains free of adsorbed layers
for a period of an hour or more. The surface can be recleaned by
heating or sputtering as necessary. Surface analysis techniques
routinely employed include ion-scattering spectroscopy (ISS) and
detection of surface composition by analysis of neutrals from
jonizing impact radiation (SCANIIR).2!
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Radiation incident on the target produces surface and bulk
fluorescence, and desorbing atoms and molecules flying away
irom the surface toward the irradiation source, which in our
experiments was cither a low-energy, high-current electron gun,
a low-energy, mass-selected and highly collimated ion beam from
a Colutron electron-impact-ionization source, or the beam from
the Aladdin synchrotron storage ring at the University of
Wisconsin. De-excitation radiation from neutral atoms leaving
the surface of the target material was detected by an o?lical

. : R S
system arranged t¢ view a small volume (aboui 5x10~ cm?) out
in front of the target. Radiation emitted from this volume along a
line orthogonal to the irradiating source beam and parallel to the
exposed face of the sample was imaged by a lens system onto the
entance slit of a spectrometer-photomuluplier combination. The
optimum volume for observing desorbing species was selected
by translating the target with respect to the spectrometer in order
1o minimize the bulk luminescence signal from the sample.

The photomultiplier output was acquired through standard
CAMAUC instrumentation modules or a multichannel analyzer
(MCA) and stored for off-line analysis in a Macintosh SE
computer system which controlled the data acquisition via an
IEEE-488 CAMAC crate controller. The MCA was particularly
useful in obtaining time resolved data on relaxation rates.

In this experimental geometry, desorbing ground-state
neutral alkali atoms are illuminated from the rear of the sample by
the TEMg, (fundamental Gaussian) mode from a single-
frequency, actively-stabilized tunable dye laser. Alkali atoms
leaving the surface, for example, undergo resonant absorption at
the Doppler-shifted frequency appropriate to their rest frame and
radiate at the characteristic resonance transitions as they fly away
from the sample surface. This radiation is detected by the
spectrometer-photomultiplier combination and the results are
stored in a computer for off-line analysis. Excited-state neutral
alkalis, on the other hand, are detected from their charactenstic
de-excitation fluorescences lines when the tunable laser is turned
off. Desorbing halogen species are not observed in the pressnt
expenmental set-up, because their resonance lines are in the
ultraviolet. However, excited desorbing halogens should. in
principle, be observable with a uv spectrometer; ground-state
halogens could hkewise be observed by using a laser detection
technique -- such as resonant multiphoton ionization -- capable of
inducing sufficiently energetic transitions out of the ground state.
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FIGURE 2. Schematic of a radiation-surface interaction
experiment using optical spectroscopy to detect desorbing atoms
and molecules.

In the geometry shown, this experimental layout permits the
measurement of relative yields for different particle species,
desorption velocity distributions, and changes in emission
characteristics as a function of sample temperature, orientation
and surface preparation. Accurate yicld measurements for a
particular desorbing species, on the other hand, can be made in a
Doppler-free geometry, in which the laser is injected
perpendicular both to the incident electron or photon beam and to
the spectrometer line-of-sight. Desorbed ions and electrons can
also be measured by inserting, close to the point of electron or
photon impact, an electrostatic analyzer with an exit-plane
Channeltron detector. Neutral atoms and molecules can also be
detected in such experiments by the use of a sensitive quadrupole
mass analyzer. In this way, it is possible to measure essentally
all the desorption products relevant to the dynamics.

A sampler of the differences in electronic radiation-surface
interaction mechanisms which can be easily detected in this way
is shown in Figure 3. Here are displayed the optical spectra from
low-energy photon, ion and electron bombardment of an LiF
single crystal target.
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FIGURE 3. Comparison of photon, ion and electron-

bombardment-induced optical spectra on LiF .
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The variations in these three desorption spectra are
characteristic of the differing ways in which energy is absorbed,
localized, transformed and dissipated for the three different irrad-
iating species. By comparing desorption effects for variations in
the entrance-channel excitations, it is possible to make detailed
inferences about the electronic mechanisms that are at work.

5. Metallization of Irradiated Dielectric Surfaces by
Ultraviolet Photon Irradiation

Early experience with optics for Nd:YAG and Nd:glass lasers
showed the pivotal role played by thermally absorbing platinum
inclusions in damaging the laser material. The platinum particles,
an artifact of the crucibles in which the laser rods and disks were
being fabricated, were explosively heated by preferential absorp-
tion of the pulsed laser light at 1.06 um, and the sudden _heating
led to thermal fracture of the surrounding host material. 22 While
these impurity effects are certainly important in high-power laser
cavities, it is interesting that the electronic interactions of
photons, electrons and heavy particles can create a metal-rich
layer on an optical surface even in initially pure materials.

L. th electron- and photon-stimulated desorption (ESD/PSD)
expenments show that electronically stimulated desorption of
ground-state neutral alkali atoms from alkali halide crystal
surfaces exhibits features consistent with thermal desorption of
the alkali metal atoms at a temperature equal to the surface
temperature: a Maxwellian distribution of velocities, a yield vs.
bombarding energy characteristic which shows relatively few
structural features at the known locations of alkali core-level
energies; and a time dependence consistent with diffusion of
F-centers to the surface.”-1119 The differences between ESD
and PSD results for ground-state alkalis probably reflect either
the contrasting energy-deposition profiles or the fact that ESD
tends to be a one-step process where PSD can have multi- step
effects, including the production of secondary electrons. Or the
other hand, halogens desorbed from alkali halides under
low-energy electron bombardment have suprathermal energies
and are emitted preferentially along the halogen “strings™ in the
crystal. This suggests that the formaton and relaxation of V;
centers 1s a likely mechanism for the ejection of the halogens
from the surface and near-surface lavers of the bulk. The
combined effect of the halogen desorption and the F-center
migration is to make the surface alkali-rich and halogen-poar.
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FIGURE 5. Fluorescence signal from Li® desorbed by the
"white” ultraviolet photon spectrum from the Aladdin
synchrotron light source.

The metallization of the surfuce is important not only because
it changes the thermal properties of the surface, but also because
it changes its electronic properties, as demonstrated in recent
experirients on secondary electron-induced excitation of
desorbing neutral atoms in the ground state.23 It also has been
demonstrated to occur for photon encrgies below the bulk
band-gap energy of LiF;’ hence, the surface metallization
following desorption of ground-state alkali atoms is expected to
be important in pulsed laser irradiation of surfaces, and may
even, in the case of excimer lasers, occur via single-photon
transitions. The work of Schmiid er al. has shown that this
mechanism is also operative in multiple-photon laser-stimulated
desorption.

We illustrate this effect with two recent experiments on PSD
of LiF. The first shows the development of a layer of metallic Li
on the surface of a pure LiF crystal undergoing ultraviolet photon
irradiation in an ultrahigh vacuum environment. The radiation
source was the first-order light froin the Aladdin synchrotron
light source of the University of Wisconsin.

In Figure 5, we show the time evolution of the first resonance
decay of the desorbed Li® excited by light from a tunable dve
laser in the geometry of Figure 2. Each peak in this spectrum
represents a scan of the Coherent 599-21 tunable dye laser lasting
approximately ten seconds over the first resonance line of the L1
atoms at 6707 A. At the time indicated by the arrow, the
synchrotron light was blocked, and the LiF crystal was heated
ballistically by turning on the heater biock of the sample holder.
As the sample temperature increases, the yield of Li° increases
at first, as metallic Li is desorbed thermally from the surface. As
this surface layer of neutral Li ts depleted, the laser-induced
fluorescence signal gradually dies away. The fact that it does not
decay completely is consistent with the long_time scales for
F-center diffusion seen in previous experiments.
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FIGURE 6. Fluorescence spectra showing desorbed Li" as
a function of temperature. The temperature was decreasing as a
Sfunction of time. The final spectrum is taken at a previoisly
unirradiated spot on the LiF single-crystal targes.

186 SPIE Vol 895 Laser Optics for Intrecavity and Extracavity Applications (1988)



e s M,ww

A similar hysteresis effect resulting from thermat cycling 15
shown in the desorption of Li°, the second most numerous
product of electronically-induced desorption in alkali halides. In
Fig. 6, we show a composite photon-stimulated desorption
(PSD) spectrum of the yields of Li* as a function of temperature
under white-light irradiation from the Aladdiu storage ring
University of Wisconsin Synchrotron Radiation Center. These
data indicate an increase of yield with temperature, although the
rate of increase appears to be less than that observed for thg
ground-state yield. Curiously, 2 similar measurement of Na
desorbed by photon irradiation from NaCl shows preciselyv the
opposite behavior.

The resolution of this apparently contradictory behavior may
lie in the fact that the data of Figure 6 were obtained at incident
photon flux levels significantly (perhaps a factor of 100; in
excess of those available for the measurements of Ref. 24. In the
foremost spectrum in Fig. 6, it is apparent that the yield retumns to
its former value when a new spot is irradiated. Since the
near-surface bulk luminescence retains its general shape and yield
for all the spectra, we can infer that the absorption of the incident
energy in the near-surface bulk is not much affected by surface
radiation damage. what is changed is the surface, which is known
1o be the source of the excited L1 atoms. Thus it is likely that the
surface damage to the LiF was more extensive than earlier NaCl
results -- with an attendant change in the temperature dependence
of the excited alkali atom desorption.

Incidentally, these measurements also suggest that studies of
excited-neutral species may be a sensitive probe of surface
composition and electronic structure once the mechanisms of
desorption are well understood. Since most typical surface
analytical tools, such as low-energy electron diffraction (LEED)
and secondary ion mass spectrometry (SIMS), damage dielectric
substrates even dunng the analytical process, the great sensitivity
of the optical techniques employed here may vield significant
advantages.

7. Changes in Radiation-Surface Interaction Effects
from Adsorbed Surface Lavers

Surface overlayers play a critical role in desorption and other
radiation effects at surfaces, whether the lavers are antifacts of
surface preparation, are deliberately introduced, or are created by
diffusion from the subsurface bulk. These overlavers can
saterate dangling bonds influence surface composition and
chemistry, modify surface geometric or electronic structure, and
provide a non-vacuum interface which getters defects and
impurities from the bulk. In the experiments described below,
we have observed that surface overlayers may, when irradiated,
form molecular states not accessible either in gas phase or bulk
solids, thus opening new channels of chemical activity not
predictable from three-dimensional experience. Moreover, these
overlayers exhibit a dynamical response to incident electronic
energy which differs from bulk or gas-phase responses, thus
providing an energy reservorr or alternate decay channel for the
incident energy. As indicated panticularly by experiments in
hydrogen adsorption, this may allow the overlayer to inhibit
desorption of certain species, perhaps even to act as a protective
layer. for the substrate.

In a number of experiments going back a decade or more, it
has been found that low-energy electrons, heavy particles (atoms
or ions) and photons incident on a number of alkali halide
surfaces produce two distinguishable optical signals: a broad-
band bulk luminescence, and line radiation from excited atomic
and molecular species oﬁginggng both in the nominal substrate
surface and in the overlayer.!825 The bulk luminescence signal,
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a superposition of separately identifiable bands 1ens of nano-
meters wide, arises from the decay of electrons excited into the
conduction band to lower-lying defect states ("trap states”) whose
energics lie within the bulk band gap. The bulk luminescence is
relauvely structureless, and varies only a little from one material
to another. Its amplitude is, however, a stro~g functior of the
sample preparation; it can be considerably reduced, for instance,
by heating. =0

540 A photons on KC! at 20 C

He-Ne laser

Fluorescence Yield (arbitrary units)

| 1 \ | 1 1 |
2000 4000 6000 8000
Wavelength (A)

FIGURE 7. Spectrum of CN™ vibrational band radiation
observed under photon bombardment of KCI. The fundamenial
band is in the wWtraviolet, the second-order spectrum of the grating
appears in the visible. Note the He-Ne laser line for calibration

One feature of the spectrum which does change from material
to matenal is 2 molecular band system in the ultraviolet, shown in
Fig. 7. This striking radiation signature has been observed in a
number of experiments with electron, ion, and photon bombard-
ment of alkali halides, 18- - including. most recently, excitation
by the white-light spectrum of the Aladdin synchrotron light
source.“” The spacing of the bands in this system is approx
imately 0.25 eV, which is characteristic of the most strongly
bound diatoniic molecules and molecular jons, such as Hy, CG,
CN™ and NO*. ‘

The most frequently nominated candidate for the source of
the radiation has been CN7, because it is a pseudo-halide,® has
a size consistent with the Cl” ion in a normal alkali halide latice,
and because the bands match expectations for the A3 T7) --X(! )
ransition in CN". (The long lifetime of the transition argues in
favor of its being emission from the lowest triplet state to a
singlet ground-state; however, arguments can be adduced in
favor of either a /T or a7 X initial state in this case. A definitive
identification of the upper level would require determination of
the symmetry of the excited state.) However, some experimental
observations -- notably, the growth in intensity of the bands as
the sample is dosed with water vapor® -- are not consistent with
a simple picture of CN~ substitutional impurities. Moreover, it
remains unclear whether the bands originate from species in or
near the surface, and whether or not the sources of the radiation
are localized; previously there has been speculation tiat o Cin”
might be bound at the surface as a hindered rotor.  Also, the
threshhold energy required to initiate the radiation is exceptionally
low: synchrotron radiation experiments show that the CN-
radiation can be excited with ultraviolet photons as low as 7eV.
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Time-resolved measurements of this radiation have revealed a
number of interesting properties relating to the role of the
molecular luminescence in the dynamics of desorption from the
underlying substrate. This is illustrated in Fig. &, where the
behavior of the bulk fluorescence is contrasted with that of the
CN". The KCI sample was irradiated with a pulsed electron
beam at low energy (200 eV), while the output of the
spectrometer detecting the radiation was fed into a multichannel
cnalyzer. The bulk fluorescence turns on and off synchronously
with the electron pulse (1o within the 10-ps time resolution of the
multichannel anlyzer), while the CN™ radiation is astonishingly
long-lived, with a lifetime of ~ 80 ms. This means that the
incident electronic energy is "stored” as it strikes the surface, then
released for a long period of time after the radiation source is
tumed off, probably because the upper state in the radiative decay
sequence is formed through a forbidden triplet-singlet transition.
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FIGURE 8. Time dependence of the fluorescence associated
with the CN™ bands (solid curves s and with the bilk fluorescence
tcross-haiched curves).

There 1s evidence that the presence of these bands iy
correlated with the absence of excited-state radiation from
substrate atoms -- thus showing that the CN™ radiation acts as a
kind of reservoir for the incident electronic energy, competing
with excited-state desorption for the available encrgy. Whether
or not this indicates the presence of a “protective overlayer.”
barring surface erosion through desorption of ground-state
neutrals as well, remains to be established.

In excitation functions looking At the CN” radiation as a
function of ultraviolet photon cnergy.‘7 there is a sharp and very
intense peak at 7 eV in addition to a broad emission band (with
significant superimposed fine structure) which develops at
synchrotron photon energies above 12 eV. The 7 eV peak is a
barely resolved doublet, and matches the position of a transition
kuown from molecular computations. However, this particular
transition cannot be studied in gas phase, because it is above the
autoionization limit; it is also impossible to see the transition in
the bulk, because electron-phonon coupling to the crystal lattice
quenches the excitation before a radiative transition occurs. From
the fundamental scientific point of view, this result is intniguing
because it suggest the possibility for a kind of two-dimensional
matrix isolation spectroscopy, in which the binding energy
effects of the surface are just sufficient to depress (othewise
unobservable) high-lying excited states below the conduction
band. From the point of view of intracavity optical damage, it
means that there are also surface states of adsorbates ditfenng
from those found in the gas phase which may have sigmificant
effects on surface chemistry, either because of providing new
energy states or storing the incident photon or electron energy for
periods of time long enough for chemical reactions to occur
which might otherwise be forbidden.

The nouon of a reservoir of surface ciectronic states which
preferentially absorb incident electronic energy is clearly an
interesting one, especially if the energy is released "harmlessly’
through radiatiave transitions tnstead of through desorption. We
have found that the physisorption of hydrogen on KC! ic
correlated with the disappearance of excited-state potassium
atoms desorbed from the clean KCI surface at room temperature,
as shown in Fig. 9; the potassium doublet at 766-770 nm
disappears from the spectrum with the addition of a partial
pressure of Hy amouiting to only 2 108 torr. (The small size
of the K' peak results from the relatively inefficient desorption of
ground-state neutrals from the surface at this temperature, as in
Fig. 4. The surface was maintained at room temperature in order
to prevent thermal desorption of the weakly adsorbed layer of
hydrogen.) This shows that hydrogen has inhibited the
otherwise efficient electron-stimulated desorption of excited
potassium atoms from the substrate, and thus effectively closed a
particular electronic mechanism for energy absorption.
transformation and dissipativi, presumauly through :he alteration
of the surface electronic structure.
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FIGURE 9. Fluorescence yield from atoms and molecules
desorbed by electron bombardment from KCl for a clean surface
(foreground spectrum) and for a surfuce dosed with hvdrogern
The K line disappears in the hydrogen-dosing measurement

Whether or not the hydrogen might be functioning as a hind
of “protective barrier” against macroscopic erosion can only be
conjectured for now, since simultaneous measurements of the
desorbing ground-state potassium atoms -- which should be by
far the more numerous species -- have not vet been undertaken
In any case, other measurements made with hydrogen on KCl
indicate that the physisorbed hydrogen dissociates to form strong
surface bonds, and this "chemical" interaction has a strong eftect
on the electronic channels available for electron-induced
desorpuon.

Both of these examples illustrate the importance of surface
overlayers not only in influencing surface chemistry, but also in
controlling the flow of energy deposited by electrons, ions and
photons in the surface and near-surface bulk regions of
dielectrics. The CN- radiation, for example, appears tc be a
result of a mechanism for storing incident energy for long peniods
of time and then releasing it through non-desorptive channels. In
contrast io the bulk luminescence, the incoming energy appears to
be localized on a particular molecular species. and to be
exceedingly long-lived (on the time scale of typical molecular
excitation lifetimes) -- but the initial excitation does not give nise
1o the localized distortion of the surface lattice that could produce
desorption.

188 7 SPIE Vol 895 Laser Optics for Intracavity and Extracavity Applications (1988)




3

7. Process-dependent Response of Fused Silicas to
Low-Energy Electron and Ton Bombardment

Fused silica is to glasses what the alkali halides are to wide
bandgap diclectric solids: 2 much-studied mode! material which
can be prepared with some reproducibility, Wide variations in
damage thresholds reported in the literature for various fused
stlicas suggest that process chemistry may have a significant
impact on the response of the material to Jow-energy 10nizing
radiation. In the experiments summarized here, we used optical
techniques to charactenize two particular radiation damage effects
-- atomic desorption and radiation-induced luminescence --
occunng in damaged regions within 20 nm of irradiated surfaces.
The correlation between damage phenomenology and OH content
suggests that electronic damage processes can be strongly
influenced by surprisingly small impurity concentrations.

In our experiments, an electron or ion beam (see Figure 2)
was incident along the surface normal of clean, optically
transparent silica samples maintained under ultrahigh vacuum
(nominai base pressure 107 Torr) at room temperature.
Fluorescence decay signals from the desorbing ground-state and
excited-state atoms were detected by a spectrometer and
photomultiplier. Wicre the focal volume intersected the sample
surface, luminescent emission from the irradiated volume was
detected. The normal beam current of 1 pA corresponds to a fiux
of about § x 1013 particles/em® -- about 0.01 jons/surface site/s.
with a beam cross-sectional area of approximately 0.13 cm?. No
special precautions were taken against sample charging, however,
the intensity of the bulk luminescence remained essentially
constant over a period of two hours, indicating negligible Coul-
omb repulsion on the incoming ions from charge accumulation in
the samples. This lack of charging 1s indeed puzzling; it appears
that the electric ficld induced by the deposited 10nas must reach
equilibrium within it short ime atter the start of irradiation.

Four different Kinds of high-punty silica glasses have been
used a3 model muuerials in our radiation-damage studies:
Spectrosil, Spectrost-WFE. Suprasil-1 and Suprasil W-1. These
glasses can be convenmently categorized into two subgroups
based on methad of nreparation and principal impunty content.

Table 3. Synthetic Silica Characteristics

Sample Preparation OH (ppm) Ct (ppm)
Material (Glass Type)

Spectrosi) Flame hydrolvsis 200 50
Suprasil-1 (Type 11D 1200 130-180
Spectrosil WF Plasma-CVD <2 180
Suprasil-W1 (Type 1V) <5 230-280

Optically polished silica discs approximately 30 mm in
diameter and | mm thick, were supplied by Thermal American
Fused Quartz Company. The disks may have had a residual
modified surface layer {rom the polishing process which has been
reported to affect various surface properties.’” Our samples were
cut to shape with a diamond blade, chemically cleaned by
acetone, methanol and deionized water, etched in hydrofluonc
acid, and then washed again in deionized water and air dryed.
Samples were subsequently handled with clean tweezers. This
cleaning procedure appears to yield a reproducible surface with
minimum contamination. A single HF ewch removes about 150 A
of the surface; of course, the ion bombardment in the experiment
provides continuous sputter cleaning of the irradiated area.

In these studies, as in electron- and 10n-bombardment studies
of the alkali halides, we have observed two principal generic
features in the optical spectra from the near-surface regions of
ton- and electron-irradiated silicas: atomic emission lines from
desorbing species, and bulk luminescence. In general, the
former are indicative of damage through desorption [surface
erosion] processes, while the latter result from radiative decay of
electronic excitations siemming from electron-hole pair
production, exciton formation, and so on. Thus the two
processes can be studied i ascertain the relative efficiency of
competing energy-absorptio. and -dissipation mechanisms in the
irradiated materials, to look for changes in the damage
mechanisms, and to make spectroscopic identifications of the
electronic states involved.

In one set of experiments, we compared the near-surface
damage susceptibility of the four silica samples by bombarding
them with argon, nitrogen and hydrogen ions while monitoring
the optical emissions from excited atoms ejected from the surface
and near surface region. These optical emissions typically
consist of broad maxima, identified with the bulk luminescence.
punctuated by sharp peaks corresponding to characteristic
emission lines of excited atoms leaving the surface region. The
wavelength scale of the spectrometer was calibrated from Hg
emission lines. The relative yields of substrate and impurity atoms
are obtained by integration of the emission lines; Figures 10 and
11 show spectra from the four glasses bombarded by Ar* ions at
an incident energy of 9 keV. Comparison of the total optical
yields going into bulk fluorescence vis & vis emission lines are
one possible indicator of the total energy diverted into
non-desorptive channels,
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FIGURE 10. Oprical fluorescence yields (in countses™!) as a
function of wavelength for Suprasil "(top of figure] and for
Suprasil-W1 (bottom of figure) bombarded by 9-keV Ar ions at a
current density of 9x10°° Ascm'<. Some of the excited Si
emission lines are identified.

Inspection of tt2 figure will show that the total yields are
about an order of magnitude larger for the irradiated Suprasi] 1.
Of perhaps greater interest is the fact that relatively more yield is
in the line radiation compared 1o the bulk fluorescence for the ion-
bombarded Suprasil W1. Another clear signature of electronic
processes at work is the enormous variation in the shape of the
bulk fluorescence spectrum in the two cases; since the lumines-
cence is believed to come from de-excitation of shallow traps in
the glass, this variation is an indication that the reduced OH
content in the Suprasil W1 has a huge impact on the formation
and de-excitation of those trap states.
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FIGURE 11. Oprical fluorescence yields (in countses’!) as a
function of wavelength for Spectrosil (top of figure) and
Spectrosil-WF (bottom of figure) bombarded by 9-keV’ Ar ions at
a current density of 9x10°° Aecm’<.

In the case of Ar* irradiated Spectrosil and Spectrosil-WF,
the overall difference in vields betwcen the OH-rich and OH-poor
silicas 1s only about a factor of 3, and the change in the shape of
the bulk fluorescence is less pronounced. However, the St and
other line radiation is clearly more promunent, relative to the bulk
fluorescence amplitude, for the irradiated Spectrosil-WF. The
collision-cascade mode! of heavy-particle sputtering -- which
should be vahd for incident panticles in this energy range -- offers
no explanation for such dramatic changes from one glass sample
to another where the only difference in the glasses is the impurity
concentrations. Such effects cry out instead for an interpretation
based on electronic bond-breaking mechantsms.”

A critical point here is that the excited silicon atoms may not
be the dominant desorbing species. In experiments involving
alkali halides which exhibit a gencrically similar desorption
mechanism, the dominant desorption channel involves ground
state neutral atoms and molecules.!¥ Nevertheless, excited state
neutral desorption is generally correlated with the desorption of
ground state neutrals, and their appearance in the spectrum
signals the onset of at least one form of surface damage, which
typically has an efficiency of a few per cent in alkali halides.

To compare the radiation damage induced by a combination
of collision cascade and electronic transitions with desorption
atributable purely to electronic mechanisms, we also bombarded
the surfaces of the Spectrosil (S) and Spectrosil-WF (SWF)
samples by low-energy electrons. Figure 12 shows a typical
spectrum of SWF sample irradiated by 320 eV electrons at
normal incidence, using the same experimental arrangement
described for the ion bombardment experiments. The electron
current was maintained at approximately 1.0 pA/cm? on both
samples. Four luminescence bands, located near 290 nm, 450
nm, 560 nm and 640 nm, appear during the electron irradiation of
both S and SWF at room temperature. The integrated intensity of
the 450 nm (2.7 eV) bulk luminescence band on S (see Figure
12) was invariably smaller than that from SWF. An important
spectral feature from the ion experiments was conspicuous by its
absence here: in most cases, we observed no sharp emission lines
from desorbing excited atoms or ions for cither of these silicas.
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FIGURE 12. Fluorescence spectrum (countsss™' ) observed
for a Spectrosil sample irradiated by 320-eV electrons at normal
incidence.

For the electron-irradiated samples, we measured the
temporal decay time t of the different fluorescence bands by
setting the spectrometer to the center of one band, chopping the
electron beam, and monitoring, with a multichannel analyzer
connected to the photo-multiplier of the spectrometer, the decay
of the luminescence signal after the electron beam was turned off.
Figure 13 shows the lifetime measurements for the 290 nm and
450 nm bands; t (450 nm) = 20 ms, while T (290) < 10 us, this
being the lower limit of the dwell time for the multichannel
analyzer. Measured decay times for the fluorescence signals at
560 and 640 nm were likewise less than 10 us.
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FIGURE 13. Fluorescence decayv signals plotted as a

function of time for beam-off-beam-on measuremenis of electron-
irradiated Spectrosil. The upper spectrum, with a decay time on
the order of 20 ms, is measured at 450 nm (see Fig. 12}, while
the lower curve is the fluorescence decay of the 290 nm band.

To correlate the optical observations with the large body of
previous work identifying point electronic defects induced by ion
and electron irradiation, electron paramagnetic resonance (EPR)
measurements were carried out on irradiated samples at X band
frequencies, using an IBM-Bruker spectrometer. The EPR
spectrum of the irradiated samples shows a characteristic peak for
the E,’ center (a singly-charged oxygen vacancy in the glass
network), but with a lineshape broadened by defect-defect or
dipole-dipole interactions.”> The measured signal strength for
the E' center implies large densities even for low ion and electron
energics; near the surface, this defect is likely to produce under-
coordinated Si atoms in much the same way that Pooley- Hersh
desorption of halogens via the focused collision sequence leads to
undercoordinated surface alkali atoms in irradiated alkali halides.
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8. Thermat, Chemical and Plasma Effects on
Intracavity Optical Surfaces

The expenments described in the preceding sections indicate
that even low-energy electrons, photons and ions can induce
significant changes in the surface composition and electronic
structure of optical materials typical of those employed in laser
cavities. In fact, for intracavity optical elements in gas lasers, the
energies of these irradiating species are such that the primary
energy deposition occurs in a thin layer (less than 30 - 50 nm)
near the surface, and hence a significant coupling to the surface
atomic or molecular layers. These compositional and structural
changes, whether induced by momentum-changing collisions or
electronic transitions, change the thermal, optical and chemical
properties of intracavity optical surfaces. When laser photons
are combined with intracavity radiation species, there are
significant additional effects, some linear and some probably
noniinear or even synergistic. We now consider in a qualitative
way some of the consequences for inracavity damage processes.

In alkali halides, surface irradiation leads to ejection of the
halogen component and subsequent enrichment of the metallic
component at the surface. This metallization of the surtace,
which apparently occurs in many dielectrics and proceeds via the
creation of mobile, permanent electronic defects, modifies both
the thermal and optical properties. Alkali ions at the surface of an
alkali halide undergoing electron or photon bombardment, for
example, are replaced by neutral alkali atoms unless the tempera-
ture is high enough to produce thermal desorption. Because the
atoms are more likely to be bound to each other by weak Van der
Waals forces than 10 ionic partners in the lattice, it is quite likely
that there is some "islanding” of metal on the surface, leading to
changes in thermal conductivity of the surface layers and to
changes 1n the surface absorption spectrum. In fused silica, on
the other hand, the measured increases in the E’ center concen-
tration suggest a loss of oxygen in the near-surface material and a
consequent enrichment in silicon. As in the case of the alkali
halides, these changes inevitably lead to modifications of surface
optical absorption and of surface thermal conductivity.

Thus intracavity irradiation by electrons, ultra-violet photons
and heavy particles process makes of what initially had been a
good optical dielectric a modified matenial which, at least in the
surface presented to future irradiation, more nearly resembles a
semiconductor or even a metal. This implies, in particular, that
radiation damage by laser photons will more likely proceed either
through the formation of electron-hole pairs (in the case of a
semi-conductor-like surface), or through the excitation and
acceleration of free electrons and ions by intense laser fields.

Of what consequence is the metallization? Calculations have
shown that even a monolayer of alkali atoms is sufficient to create
most of the essential features_ of the metallic state, including an
appropriate band structure. Thus we may expect that the
thermal propenies of the irradiated surface quickly cease to
resemble the bulk material and rapidly begin 10 assume the
characteristics of the metal. It has long been suspected, and
recent work in laser-induced optical damage has confirmed, that
the thermodynamic properties of thin films are an important
diagnostic for susceptibility to damagc.35 Also, recent work on
pulsed laser damage in metals suggests that a variety of
mechanisms, such as has been called "hydrodynamic sputtering,”
operate for lasers incident on metals but not on their oxides.

Chemical effects which would be observable at radiation-
damaged surfaces include reactive etching -- a synergistic effect
which ogeurs when reactive ions are present with electrons or
photons*”; laser-induced surface chemistry, including &assr-
induced or laser-enhanced adsorption, catalysis and etching3®. 39;
“hot atom” chemistry which uses the kinetic energy of slow
atoms and ions to get over Langmuir-Hinshelwood barriers that
inhibit certain kinds of chemical reactions*Y: and modification of

by electronic mechanisms leading to changes in the surface
chemical properues or the creation of new molecular species
which cannot exist in the bulk or gas phase. The defect-induced
desorption processes which modify the thermal properties of the
surface also change 1ts chemical properties. Thus, in the laser
envircnment typical of many gas lasers, especially excimers with
their mixtures of fluorine, noble-gas ions and residual oxygen,
this change makes the surfaces more prone to chemical attack. In
addition, the diffusion of electronic defects such as F-centers 10
the surface -- which in pure alkali halides is apparently the
rate-limiting step in electron- and photon- stimulated desorption
of neutral alkali atoms'! - can also lead to recombination
reactions with surface adsorbates.

Plasma effects in inracavity optical damage occur primarily
as a result of or in connection with laser photons. In one sense,
of course, laser photons are no difierent than other photons in
their electronic interactions with surfaces. When a laser photon
interacts with a surface or near-surface atom, the same generic
kinds of energy absorption, localization, transformation and
dissipation occur in all optical materials. But significant effects
arise from the enormous photon fluxes typical of lasers in
general and high-power pulsed lasers in particular, and from the
temporal coherence and spectral purity inherent in the laser.
These unique features of laser light have both physical and
chemical consequences, particularly when combined with the
effects of the low-intensity but longer-lasting wradiation from
intracavity electrons, photons, ions or atoms.

The physics of surface damage with laser photons depends
strongly on whether or not one is dealing with a nearly metallic, a
semiconducting. or dielectric surface. In the case of a metal. a
single monolaver of metal atoms -- say, Li atoms on the surtace
of LiF -- has an areal density of about 10}% atomsecm-
Suppose now that one has a pylsed laser with an intracavity
irradiance of order 10® Wecm™~ not a particularly impressive
intensity. Treating the laser as a plane wave, one finds that this
wrradiance is accompanied by an elecinc field of some 2 kVecmy I
quite adequate to impart significant energies to the free electrons
in the metallic monolayer and produce significant electron
damage, including desorpuon. In the cage of the semi-conductor,
the deposition of a few hundred mJ+cm™< of visible light has been
calculated to produce a carrier-concentration of order 10~ cm™ in
the absorpuon depth of Si,*! and the electron-phonon collision
rate is high enough to achieve rapid thermalization to the lattice.
For a dielectric. on the other hand, the deposition of the laser
light may create a dense electron-hole plasma where the screentng
lengths are sufficient to allow the so-called "Anderson
localization™ to occur, allowing electronic energy to be localized
long enough to cause desorption and damage by yet another
mechanism. 413 In all of these cases. the laser-induced damage
is based on some catastrophic breakdown in the integrity of the
material, this time one which is caused by radiation-induced
changes in the material rather than by deficiencies in tlc
manufacturing process.??

In a recent review of lasers in materials processing -- an
environment similar in many rcggocts to that found in laser
cavities -- Osgood has pointed out”” that lasers play a number of
different roles in the chemistry at interfaces: because of their
spectral purity laser photons have a high degree of specificity in
the chemical reactions they can induce; particularly, in the light of
pulsed-laser multiphoton excitation, lasers are excellent catalyzers
of excited-atom-surface reactions; and laser-induced chemical
reactions may proceed at substantially higher rates than nominally
identical reactions on undifferentiated, “planar” surfaces under
conventional conditions. The degree of chemical reactivity and
specificity are also dependent on the laser intensity in a way
which is still not well understood. Further progress in this area
almost cenainly depends on continued microscopic physical and
chemical studies that will elucidate specific mechanisms and pin
down reaction rates.
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Morcover, although we have made a sort of artificial
separation here for purposes of discussion, the laser in fact mixes
“chemical” and "physical™ processes in a unique way because of
the way the laser can alter the solid-state properties of the material
with which the laser interacts. For example, Schafer and Lyon
observed an enhanced thermal oxidation rate in Si which they
attribute partly to strong local heating of the Si substrate by the
laser and partly to electronic excitation of the Si-SiO, interface;
this latter step could come about by transfer of an electron from
the conduction band of the Si into the conduction band of the
$i04.%3 In that sense the laser-induced chemistry would depend
on the detailed band structure at an evolving interface -- a
complicated chemical physics problem indeed! However, once
the unifying role of electronic ¢xcitation mechanisms has been
recognized, even this kind of problem can be reduced to more
manageable details, for precisely such interesting electronic
transfers are also seen in low-energy ion-surface reactions at
energies typical of 1ons in laser cavities.

9. Summary and Conclusions

In a sense, the focus on electronic mechanisms in inTacavity
optical damage only reinforces the impression of enormous
complexity associated with this problem. a complexity which has
been only too well known to the optical design and fabrication
community for many vears. On the other hand, the voncept of
ciectronic transitions as the fundamental damage mechanism 1s
also unifying and simphfying, since it leads both 1o the correct
fundamental physics of the dumage process(es) and to the crucial
emphasis on the damage process as a question of thedvnamica!
interaction of radiation and mutter, rather than the static properties
of matenials -- this latter neing the trap into which one eastly fulis
by considering evervthing from a thermal, equilibrium
perspective. It also appears to be the one perspective that can
encompass such diverse elements as changes in surface structure
and composition due to irradiation, the eftects of overlavers and
adsorbate, and processing-related changes in radiation response.

In the foregoing discussion, we have largely concentrated on
the damage process 1n pure materials in ultrahigh vacuum, since
that allows one to be maximally specitic about the conditions of
the irradiated surface. It s ¢lear that, in the real world of laser
cavities, this picture must be modificd to include gas-surface and
plasma-surface nteractions, once again with an emphasis on the
dyvnamical rather than the static equilibnum which must be
considered when the interaction nmes are comparable to the
characteristic time scales of electron-phonon, electron-plasmon
and electron-electron collisions. Expenmental evidence is clearly
accumulating in support of the idea that it is possible to influence
the ways in which the energy of incident radiation is absorbed,
localized, transformed and dissipated by an optical matenial. The
fact that these dynamical pathways share cenain genenic features
in a large class of optical materials -- namely, those which form
self-trapped excitons that relax to permanent, mobile defects --
means, it would appear, that continued, detailed study of simple
model materials is likely to produce new insights which are not
only interesting from the standpoint of fundamental physics, but
which are also likely to produce practical guidance for laser
optical design, processing and fabrication.
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The usc of optical techniques to study the dvnamies of neutral alkali emission from alkali halides in electron- and photon-stiu-
lated desorption (ESDPSD) has produced sigmificant new ansights into the wavs in which incident electronic energs is comverted
e kinete energy of desorbing neatral atems In this paper, we show that the threshold for efficient PSD of Li from Lit lies helow
the band-gap energy, Jower than those obtained from carher £SD threshold measurements on NaCl Time-resolved measurements of
around-state and excited-state Ly desorption from LiF under both electron and photon irradiauon exhibit a clear distinction hetween
the spatial and physical originy of these twa desorpuion products The data suggest a possible wdentification of exaited-state neutral
desorption with surface-spectlic processes: on the ather hand. a defect-diffusion model for ground-siate desorption 1s more consistent
with the data than are carhier thermal drift models We also discuss briefls the imphcations of this work for technological problems as
diverse as high-power laser optical damage and the production of intense lithium 1on beams (or fusion applications

1. Introduction and motivation

Recent expeniments in electron- and photon-sumu-
lated desorption (ESD/PSD) on pure alkali halide
crvstaly have confirmed early conjectures (1.2] of the
dominant role plaved by sell-trapped excitons and the
migration of permanent defects to the surface in elec-
tronically stimulated desorption of ground-state neutral
alkalis [3.4]. However, the wealth of detailed dyna-ical
information in these new experiments has also revealed
a nch phenomenology, with a correspondingly greater
opportunity to separate ESD/PSD mechanisms belong-
ing to vanous entrance and exit channels in desorption
induced by electrome transitions (DIET). In particular,
carclul study of the mechanism(s) for ESD and PSD of
excited-state alkali atoms now seems to differentiate
quite clearly between surface and  near-surface-bulk
processes

We have recently completed a series of ESD,/PSD

Rescarchy performed at Vanderoilt University: was parually
supperted by the Sandia Nanonal Laboratones under con
tract 652377 Poruons of the work reported here were also
performed at the Sandia National Laboratories which s
supported by the 1S Department of gnergy under Con-
tract Number DC-ACO4-76DPOOTRY

OL68-SK3IX /87 /$03.50 © Elsevier Science Publishers BV,
(North-Holland Physics Publishing Division)

measurements - primanly in LiF  which have outlined
in startling relief certain previously undiscovered fea-
turcs of the desorption process. These measurements
have shown that ground-state and excited-state neutral
vields dominate both ion and electron vields by orders
of magnitude at electron and photon encrgies 1n the
vicinity of the first core exciton peak. However,
threshold measurements have shown that the onsets for
cfficient neutral alkali desorption occur at verv low
photon and electron energles, quite possibly within reach
even of tunable lasers. This opens the wav not only to
new techniques for studying particularly the resonant
excitation of certain modes, but also has significant
implications for radiation damage effects in the wide-
band-gap dielectrics typical of optical matenals for
short-wavelength, high-power laser systems.

The time-dependent measurements. on the other
hand, have shown a dramatc difference in the be-
haviour of the ESD/PSD vields of ground-state and
excited-state alkal neutrals as a function of tme follow.
ing irradiation. The experimental data have also proven
to be stringent tests for model calculation of defect
diffusion from the near-surface bulk following irradia-
ton. In particular, it has been possible to correctly
describe within this model the effccts of the differing
energy-deposition profiles of clectrons and photons on

VI ELECTRON /TON ATOM EMISSION
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ground-state neutral alkaly desorpuon These timie-de-
pendent measurements have sigmificant impheations for
the production of intense Li ions beams for particle-
beam fusion systems. as we shall discuss bdefly in
section 5 below.

2. Experimental layout and procedures

Details of the experimental method have been pre-
sented elsewhere (5], so that onlyv the essential features
of our neutral desorption spectroscopy apparatus and
technique will be highlighted here. The lavout of the
ESD_/PSD experiments is shown schematically in fig. 1.
The sample - a cleaved, single-crystal alkali halide -
was mounted on a heated precision micromanipulator
in an ultrahigh vacuum (UHV) system, at a nominal
base pressure of 3-4 x 10 !° Torr Radiation incident
on the target produces desorption products emerging
toward the irradiation source, which in our experiments
was either a low-energy, high-current electron gun or
the beam from t ¢ Tantalus synchrotron storage ring at
the University of Wisconsin. Deexcitation radiation
from neutral atoms leaving the surface of the target
material was detected by an optical svstem arranged to
view a small volume {about 5 x 10 ' c¢m') out in front
of the target. Radiation emitted from this volume along
a line orthogonal to the irradiating source beam and
parallel to the exposed face of the sample was 1maged
by a lens svstem onto the entrance slit of a spectrome-
ter-photomultiplier combination. The optimum obser-
vation volume was selected by manipulating the target
to minimize background from the bulk luminescence of
the sample.

In this experimental geometry, desorbing ground-
state neutral alkali atoms (M") are illuminated from the
rear of the sample by the TEM,,, (fundamental Gaus-
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Fig 1. Schematic of electron- and photon-stmulated desorp-
tion experiments using optical spectroscopy Lo identify desorb-
ing neutral ground- and excited-state alkah atoms

stan) mode from a single-frequency. actinvely -stabilized
tunable dye laser. Alkali atoms leaving the surface
undergo resonant absorption at the Doppler-shified
frequency appropnate to their rest frame and radiate at
the characteristic first resonance transition (3p 1o 2s) as
they fly away from the sample surface. This radiation is
detected by the spectrometer-photomultiplier combina-
tion and the results are stored in a PDP-11 /73 com-
puter for off-line analysis. Excited-state neutral alkalis
(M*), on the other hand, are dctected from their char-
acteristic deexcitation fluorescences lines when the
tunable laser is turned off. Desorbing halogen specics
(X° X*, X*) are not observed in the present experi-
mental setup.

In the geometry shown, this experimental layout
permits the measurement of comparative yields for dif-
ferent particle specie<, desorption velocity distnbutions,
and changes in emission characteristics as a function of
sample temperature, onentation and surface prepara-
tion. Accurate yield measurements for a particular de-
sorbing species, on the other hand, can be made in a
Doppler-free geometry, in which the laser is injected
perpendicular both to the incident electron or photon
beam and to the spectrometer line-of-sight. Desorbed
ions and electrons can also be measured by inserting,
close to the point of electron or photon impact, an
electrostatic analyzer with an exit-plane Channeltron
detector. In this way, it is possible to measure essen-
tially all the desorption products of interest and to
ascertain their relative importance in the dynamics of
DIET processes.

3. ESD /PSD threshold measurements in alkali halides

As Townsend pointed out in his pioneering papers
on ESD from alkali halides {1]. if the creation of a

ESD of Na® from NaCl
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Fig 2 Desorption vield as a function of energy for ground-state
(Na") sodium atoms desorbed from a single-crvstal (100) NaCl
‘surface
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Fig 3 Desorption vield as a function of energy for excited-state
sodium (Na*) desorbing from a single-crystal (100) NaCl
surface.

self-trapped exciton is the first step in electronically
stimulated desorption, one needs only the energy re-
quired to create the exciton on the dihalide molecule
(X5)* to initiate the process. However, ncarly all mea-
surements of the stimulated desorption process to date
have relied on electrons or photons of significantly
higher energies than the few electron volts mandated by
this requirement. Morcover, until the development of
the sensitive optical techniques necessary for tracking
neutral desorption, it was not necessarily casy to look
for the onset of desorption yields.

L
LiF  Filter Al Filter "White Light”
Ivie 10ceV 20V o Fv- S0 eV by < 200 eV

Fig 4 Relatve vields of ground-state hihium (10°) desorbed
from LaF for photons in the indicated energy bins. The “white
spectrum™ of the Tantalus svnchrotron hight source extends to
approximately 200 ¢V for the toroidal grating monochromator

We have recently measured the thresholds for ESD
of Na" and Na* from NuaCl, and for PSD of Li" from
LiF and found them indeed to be very low in energy.
The low-energy clectron gun (0-100 eV) used for the
threshold measurements produced several microam-
peres of current even at the lowest measured energies
while maintaining a reasonably focused beam. Target
charging problems were avoided in these measurements
because they were made at temperatures high enough
both to thermally desorb neutrals and to produce ther-
mionic emission of excess electrons.

The threshold measurements made on NaCl are il-
lustrated in figs. 2 and 3. It is clear from both figures
that the onsct of significant neutral desorption is cer-
tainly not more than 10-15 eV for both ground-state
neutrals and for excited-state atoms. The curves in both
cases are relatively featureless, although the desorption
yvield for Na* does show some minor structure at ¢n-
ergies corresponding to the Na core-hole excitation
energies. As pointed out in ref. [3], this is apparently a
quite general property of DIET processes in the alkali
halides, arising from the relatively low mobility of de-
fects produced by core excitations compared to those
anising from valence band holes.

The PSD threshold measurements of desorbing Li
from LiF were made with filters to ascertain the relative
viclds in different regions of the incident UV photon
spectrum. As shown in the bar graph representation in
fig. 4, the three spectral bins were from 0 to 133 eV
(LiF filter), from 20 to 90 eV (Al filter), and from 0 to
200 eV (full zeroth order spectrum transmitted through
the toroidal grating monochromator (TGM) used in this
set of measurements). The relative yields shown in fig. 4
for the Al and LiF filters were calibrated by the con-
volution of the raw yield with a trapezoidai-rule integra-
tion of the measured spectral response of a gold photo-
diode to the light transmitted through of the TGM (6].

There is some uncertainty about the upper-end cutoff
of photon energies transmitted through the LiF filter,
since 1t showed signs of significant radiation damage
(color centers) which would have lowered the cutoff
below the nominal value given by the bandgap energy.
However, it is cvident that approximately 25% of the
total Li® vield is produced by photons from the lowest
energy bin. The low value of this neutral emission
threshold is consistent with results obtained by Schmid
ct al. almost a decade ago using four-phaton excitation
from a pulsed ruby laser {7]. This is not surpnsing. since
the DIET mechanism producing ground-state neutrals
will be valid for excitation pulses which are long com-
pared to the enecrgy localization time required to pro-
duce the defect. Recent anecdotal evidence in the subpi-
cosecond laser community suggests that at ultrashort
time scales, the threshold for photon-induced desorp-
tion, both in photon energy and in local photon inten-
sity, may well be different.

VI ELECTRON /ION /ATOM EMISSION
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4. Time-resolved ESP / PSD of ground- and excited-state
alkalis

Time-resolved measurements of defect-induced de-
sorption by Overeijnder et al. [8] using velocity sclector
techniques showed that the ground-state neutral alkals
desorbed from NaCl, Rbl and RbBr by electron
bombardment at 540 eV were produced with a time
delay less than 0.0001 s following irradiation. However,
it was possible with this technique only to identify
prompt (nonthermal) and delayed (thermal) halogen
and alkali emissions. Our recent measurements have
had sufficiently greater time resolution to resolve the
distinctive differences between the temporal behavior of
the laser-induced fluorescence yield from neutral
ground-state alkalis, and the fluorescence decay of ex-
cited-state alkali atoms desorbed at comparable electron
bombarding energies.

This is fortunate because, from the beginning, opti-
cal spectroscopy of excited-state neutrals showed fea-
tures differing sharply from the results of studies on
ground-state neutral desorption. Mcasurements of rela-
tive ESD yields of Li from LiF as a function of temper-
ature, for example, showed that the excited-state neu-
trals had a sharply lower temperature threshold for
desorption and had a distinctly non-thermal behavior
{4). while the ground-state neutrals exhibited an Arrhe-
nius-like desorption characteristic as a function of tem-
perature and a charactenistic Maxwellian velocity distri-
bution at the temperature of the sample surface [9].
Measurements of excited-state fluorescence vyields as a
function of distance from the sample surface for ESD of
Na from NaCl have generally been consistent with a
kinetic energy of several eV [4]. All of these data.
together with other experimental results on desorbing
ncutral hydrogen, indicate that the difference in mecha-

ESD of Li® from LiF
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Fig 5 Time-resolved vield of ground-state neutral Li atoms

desarbed from LiF by electron irradiation at 200 eV, at

a sample temperature of 400°C. The time scale 1s 10 ° </
channel.
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Fig. 6. Time-resolved yicld of excited-state neutral Li atoms

desorbed by electron irradiation of LiF under the same energy
and temperature conditions as the data of fig. S

nisms between M° and M* from alkali halide crystals
should provide key insights into the nature of the dv-
narmucs underlying DIET processes.

We have now completed a series of measurements
which indicate unequivocally that one of the differences
between ground-state and excited-state neutral alkali
desorption is that the former results from a combina-
tion of surface and near-surface-bulk excitations
mediated by diffusion of electronic defects from the
near-surface bulk - whereas the latter appears to be
produced at the crystal surface. This fact is significant
not only for what it reveals about DIET processes, but
also as an indicator of the power of neutral species
desorption spectroscopy as an analytical tool. However,
it should be noted that the question of surface excita-
tions in excited-state desorption cannot now be re-
garded as settled; there is evidence that the charactens-
tics of excited-state neutrals desorbed under ESD are
influenced by electron energy, electron-beam current,
sample temperature and previous history of the sample.

Figs. 5 and 6 display the results of ESD experiments
on LiF which contrast the desorption charactenstics of
Li" and Li* for the same electron-gun and tempcrature
parameters. In this case, the temperature of the LiF
surface was maintained at 400°C, and the gun was
chopped at a rate of a few kHz. The laser-induced-fluo-
rescence (LIF) yield was measured for the ground-state
Li, and then the laser was turned off to measure the
vields of Li*. In fig. 5. the LIF yield for Li" is shown ax
a function of nme for a pair of electron gun pulses. The
yield chimbs sharply at first, and then shows a gradual
saturation as the contribution from near-surface bulk
lavers increases. When the electron gun is turned off,
the LIF yield is observed to drop sharply at first, and
then fall quite slowly until the next electron-gun pulse is
turned on. In fig. 6, on the other hand, the behavior of
the Li* vyield on the icading edge of the incident elec-
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Fig. 7. Time-resolved desorption vicld of Li" (rom LiF under
irradiation by the “white spectrum™ from a synchrotron hight
source. following shutting off the beam.

tron pulse is the same as that for Li", while the trailing-
edge behavior shows that the Li* turns off instanta-
neously when the exciting source is removed. Indeed, a
measurement of this traihng edge of the Li* fluores-
cence pulse with the best time resolution possible with
our multichanne! analvzer (1077 s) showed that the
vield decreases from (.9 to 0.1 of its maximum value
within 0.1 gs. This means that while the sowree of Li for
excited-state Li is the same as that for the ground state
Li. the excitation mechanim vielding Li* is distine-
tively different. The ground-state data are well de-
scribed by a diffusion model base¢ on realistic
electron-energy depostion profiles [10.11]: preliminary
indications are that such a model will be appropriate for
describing ground-state PSD of alkalis from alkah
halides as well.
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Similar behavior is observed for PSD of 1" and 1=,
as shownin figs. 7and & In fig. 7, we display the results
of PSD experiments using the full, “white light” spec-
trum of the Tantalus storage ring to produce desorption
in a LiF crystal. The incident light source was ““chopped™
by inserting a beam stop at the entrance to the TGM
ahead of the UHV chamber, consuming approximately
a millisecond. As in the case of the ESD measurements
of the Li? yield from LiF, there is a long decay of the
LiF signal, indicating (see below) that there is a contn-
bution to the ground-state neutral yield from near-
surface bulk of the crystal. In this case, however, the
decay constant is a matter of seconds, rather than
milliseconds; we believe this is a result of the deeper
energy deposition profile of the UV photons when
compared with the electrons. The yield of excited-state
Li once again shows a significant difference from the
Li®, but in this case the length of the exciting photon
pulse is also significantly different: Here we have used
the 5.6 ns puise of the Tantalus storage ring itself to
provide a fast excitation source for Li*. The fluores-
cence signal from the photomultiplier (sce fig. 1) was in
this case fed into a time-to-amplitude converter (TAC),
allowing a measurement to be made on a ns time scale,
stored in a multichannel analyzer, and then dumped to
a computer. Fig. 8 shows the superposition of four
distinct signals: that from the svnchrotron pulse itself,
that from the synchrotron pulse plus background
luminescence, that from both of these sources plus the
desorbed Li*, and, finally, that from the ground-state-
neutral fluorescence decay. The excited-state Li signal
appears to be turning on and offl - with a response time
of less than 1 ns - in synchronism with the excitng
ultraviolet light pulse.

This may be evidence for a direct surface electronic
excitation leading to desorption. Indeed, recent pre-
liminary results for very short electron pulses have
produced similar results on a microsecond time scale -
without the contribution from necar-surface Li produced
by diffusion from the bulk. However, the critical point
i<, once again, that the time-resolved measurement 1ndi-
cates no such short-time-scale behavior in the ground-
state neutral vield, indicating that the process creating
ground-state neutrals is clearly distinct from that pro-
ducing the Li*. While it 15 possible to produce Li* from
gas-phasc excitation of desorbed Li" under certain cir
cumstances {12], we believe that those particular condi-
tions are not obtained in the present experiments.

5. Discussion and conclusions

Defect-induced desorption produced by formauon of
a sclf-trapped exciton, relaxation to a permanent defect
and migration of that defect to the surface of a large-
band-gap insulator is now a firmly established concept

VI, ELECTRON/ION/ATOM EMISSION
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in the radiation damage community. However, this con-
cept 15 also interesting from a fundamental point of
view because it represents the limiting case of an exci-
ton so strongly coupled to (in more modern parlance
“dressed by™) neighboring phonons that it is immobile,
and therefore has to decay by giving up its energy in a
manner which is highly localized in space and time.
Desorption - induced by the initia} electronic transition
- is one such possible event. In the case of ground-state
neutral alkali desorption in the alkali halides, this elec-
tronic excitation mechanism affects only the halogen
sublattice directly, but does so with great efficiency and
can even be calculated with reasonable accuracy.

In the case of excited-state neutral alkali desorption,
on the other hand, no such simple explanation has yet
been found. One reason may well be that a surface
exciton is not so easily sell-trapped, so that its energy
does not remain localized following the turning off of
the irradiating electron or photon pulse. The assump-
tion that the fundamental mechanism for excited-state
ncutral desorption was hinked to the 1s core exciton in
Li was based on the similanty between optical absorp-
tion measurements and the structure of PSD measure-
ments of Li" {13] This same general excitonic structure
has also been observed in PSD vields of Li® from LiF
and. in preliminary mecasurements, for electrons pro-
duced in the PSD) process. It is likely that further
detailed measurements of desorbing halogens wiil be
necessary to fullv map out the kinetics of the excited-
state DIET mechanisms.

The technological implications of this line of re-
search are manifold and interesting. In a general way,
LiF is an ideal model matenal for studies of the generic
class of materials 1n which electron- and photon-stimu-
lated desorption produces self-trapped excitons which
relax to form permanent defects. This category of
materials includes many of the wide-bandgap dielectrics
used as optical coatings and optical substrate materials
[14). Here, the threshold measurements have an obvious
application to the problem of surface damage induced
by high-power, short-wavelength laser pulses. The pre-
sent results show that the electronc mechansim for
laser-induced damage in transparent dielectrics is obvi-
ously no intrinsically a multiphoton process. Therefore,
the 1dea that macroscopic damage can originate with
DIET processes - suitably modificd to take account of
the role of surface overlavers [15] s clearly a viable
one

Another more specific application centers on the use
of lithium-loaded diclectrics 1o senve as anode materials
in high-current alkali jon sources for particle-beam fu-
sion apphcations. From the time-dependent measure-
ments presented here, it seems clear that high vields can
be produced by very short pulses provided that some

conditioning occurs to produce the required free-metal
overlayer at the surface Indeed, recent prelinunary
measurements at even shorter pulse lengths (as short as
10 us) show that ground-state ncutral desorption can
occur elficiently for short excitations, indicating the
possibility of a very rapid, surface-specific process. Fur-
ther work on even shorter excitation pulses - of both
electrons and photons - would thus seem to be a
fruitful area for further study.

It is a pleasure to thank the staff of the Synchrotron
Radiation Center, Umversity of Wisconsin, for their
expert help in providing UV photons and technical
assistance in the PSD experiments.
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ABSTRACT

Studies of surface effects arising from electron, heavy particle or photon irradiation of dielectric
surfaces are increasingly focusing on the electronic interactions by which energy is absorbed,
localized, and transformed or transferred prior to the ultimate dissipation of the incident energy --
through, for example, ejection of atoms or molecules from the dielectric. Recent experiments in
our laboratories illustrate the varied roles played by electronic transitions in determining the flow of
electronic energy during the bombardment of dielectric surfaces by photons, electrons and heavy
particles. Specific examples include: the effects of surface overlayers and adsorbed hydrogen in
retarding substrate desorption; substrate-temperature- and energy-resolved studies of photon-
stimulated desorption from alkali halides; and electronic level-hybridization effects in the sputtering
of metal oxides by argon ions. These simple model systems are a critical testing ground for
studying the mechanisms of surface radiation damage in more complex materials because of the
wealth of information available about their electronic and geometric structure, and because the
character and modes of formation of their permanent electronic defects are well understood.

* Supported in part by the Office of Naval Research {Contract Number N0O0014-86-K-0735), the
Air Force Office of Scientific Research (Contract Numbers 86-0150 and F49620-86-C-0125),
Sandia National Laboratories (Contracts 65-2377 and 53-6681), Acurex Corporation (Contract
RC-6331), and the National Science Foundation (Grant Number INT-8512674).
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1. Introduction

The phenomenology of radiation effects at dielectric surfaces exhibits a remarkable richness
and complexity, ranging from luminescence to desorption of individual atoms or molecules, and on
to rapid, efficient etching of large surface areas and macroscopic track formation. Scientifically,
surface radiation effects in dielectrics are interesting because the large band-gap of these materials
creates many channels through which incident energy can be absorbed, localized and transformed
into the kinetic energy necessary to break a bond in a solid lattice or network. In technology,
dielectric surface damage plays a critical role in such diverse areas as microelectronics fabrication
and reliability, damage to high-power laser optical elements, and the development of optical

elements for high-power tunable ultraviolet and X-ray light sources.

Studies of desorption, ablation, erosion and etching induced by energetic photons, electrons
and heavy particles are increasingly emphasizing the microscopic details of the electronic
mechanisms responsible for these phenomena. This concern for electronic rather than thermal
mechanisms is particularly appropriate for dielectrics, because electronic features play significant
roles in virtually all radiation effects, including those accompanying low-energy sputtered particles
moving adiabatically with respect to electronic velocities in the solid; low-energy (primary or
secondary) electrons or ultraviolet photons which are absorbed in thin layers near the surface; and
laser photons for which the broken spatial symmetry at the surface allows non-linear or resonant
interactions which are forbidden in the bulk. Moreover, in many instances -- as in intracavity
optical damage in gas lasers or reactive ion etching -- simultaneous irradiation by photons and/or
electrons and/or heavy particles produces synergistic effects which cannot be explained as a linear
superposition of individual processes. Hence, a detailed understanding of the available electronic

channels through which encigy can be absorbed, localized, transformed and dissipated is a sine qua
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non for understanding the immense variety of radiation effects.

Conversely, the need for identifying the specific material characteristics that play the decisive
roles in enhancing or inhibiting damage is pushing us beyond older models of desorption (or
sputtering), particularly at low energies, because it is becoming increasingly apparent that energy is
often not shared in a statistical (thermal or collisional) way among all the atoms in the zone where
energy is deposited. This makes it necessary to move beyond pictures of equipartition of energy
among competing degrees of freedom, to a more sophisticated picture in which the flow of energy
into and out of the surface is tracked within the framework of models which are faithful both to the
fundamental interaction physics of particles or photons with the surface, and to the electronic

properties of those materials.

In particle-, electron- and photon-induced radiation damage, electronic mechanisms are
manifested in several generically distinct ways, including: excitation of electrons into the
conduction band and excitation of atomic and molecular species on and near the surface; creation of
bound electron-hole pairs, possibly with subsequent relaxation into permanent electronic defects
and atomic/molecular excitations in surface overlayers; competition between "direct” desorption
and desorption fellowing diffusion of radiation-induced defects to the surface; and effects of the
energy-level structure of a particle-surface system on the internal quantum states of desorbed

particles. In this review, we shall illustrate these general considerations with several examples.

* optical radiation from electron- and photon-irradiated surface overlayers;
» photon-stimulated desorption of alkali metals from alkali halides; and

* velocity distributions of excited metal atoms sputtered from a metal and its oxide.

The emphasis in the experiments is on measurements of quantum states of desorbed particles,

including their temporal evolution, with the ultimate goal of inferring the details of the potentials
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which give rise to the observed states.

2. Experimental apparatus and procedure

The key insight underlying the dynamical studies presented here is that desorption from
dielectric surfaces is overwhelmingly dominated by the emission of neutral ground-state and
excited-state atoms and molecules. Therefore, the techniques of gas-phase atomic and molecular
optical spectroscopy are the critical tools, rather than the charged-particle spectroscopies typical of
surface analysis experiments. Details of the experimental method have been presented elsewhere
[1, 2], so that only the essential features of our neutral desorption spectroscopy apparatus and

techniques will be highlighted here.

The experimental layout of the ESD/PSD experiments is shown schematically in Fig. 1. The
sample -- typically a cleaved, single-crystal alkali halide -- is mounted on a heated micromanipulator
in an ultrahigh vacuum (UHV) system, at a nominal base pressure of a few times 1C-10 torr.
Radiation incident on the target produces desorption products emerging toward the irradiation
source, which in our experiments was either a low-energy, high-current electron gun or the beam
from the Aladdin synchrotron storage ring at the Undiversity of Wisconsin. De-excitation radiation
from neutral atoms leaving the surface of the target material was detected by an optical system
arranged to view a small volume (about 5x103 cm3) out in front of the target. Radiation emitted
from this volume along a line orthogonal to the irradiating source beam and parallel to the exposed
face of the sample was imaged by a lens system onto the entrance slit of a
spectrometer-photomultiplier combination. The optimum observation volume was selected by

manipulating the target to minimize background from the bulk luminescence of the sample.

In this experimental geometry, desorbing ground-state neutral alkali atoms are illuminated

from the rear of the sample by the TEMy, (fundamental Gaussian) mode from a single-frequency,
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actively-stabilized nable dye laser. Alkali atoms leaving the surface undergo resonant absorption
at the Doppler-shifted frequency appropriate to their rest frame and radiate at the characteristic first
resonance transition (3p to 2s) as they fly away from the sample surface. This radiation is detected
by the spectrometer-photomultiplier combination and the results are stored in a computer for
off-line analysis. Excited-state neutral alkalis, on the other hand, are detected from their
characteristic de-excitation fluorescences lines when the tunable laser is tumed off. Desorbing
halogen species are not observed in the present experimental set-up, because their resonance lines
are in the ultraviolet. However, excited desorbing halogens should, in principle, be observable
with a uv spectrometer; ground-state halogens could likewise be observed by using a laser detection
technique -- such as resonant multiphoton ionization -- capable of inducing sufficiently energetic

transitions out of the ground state.

In the geometry shown, this experimental layout permits the measurement of relative yields
for different particlc species, desorption velocity distributions, and changes in emission
characteristics as a function of sample temperature, orientation and surface preparation. Accurate
yield measurements for a particular desorbing species, on the other hand, can be maae in a
Doppler-free geometry, in which the laser is injected perpendicular both to the incident electron or
photon beam and to the spectrometer line-of-sight. Desorbed ions and electrons can also be
measured by inserting, close to the point of electron or photon impact, an electrostatic analyzer with
an exit-plane Channeltron detector. In this way, it is possible to measure essentially all the

desorption products relevant to the dynamics.

In the sputtering experiments described in Section 5, the geometry is similar, but the
spectrometer views the desorbing particles at an angle to the surface normal in order to measure
their velocity distribution. Connecting the observed laser-induced fluorescence with the velocity

distribution requires the choice of a model for the sputtering process, in order to deconvolute the
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contributions of excited-state radiation from atoms traveling in different directions; in this case, we
assume the validity of the collision cascade and calculate the velocity distribution for a given
spectrometer angle using the Thompson formula. That this is a reasonable choice has been shown
in a great many experiments, provided the direct knock-on contribution remains insignificant --

which requires using the incident sputtering beam at near-normal incidence.

3. EXPERIMENTS: Iluminescence and desorption from surface overlayers

Surface overlayers play a critical role in understanding desorption phenomena at surfaces,
whether they are artifacts of surface preparation, are deliberately introduced or are created by
diffusion from the subsurface bulk. These overlayers can saturate dangling bonds, influence
surface composition and chemistry, modify surface geometric or electronic structure, and provide a
non-vacuum interface which getters defects and impurities from the bulk. In the experiments
described below, we shall discuss results suggesting that surface overlayers may also inhibit

desorption, thus acting as an energy reservoir, or even a protective med:um, {or the subszate.

Experimentally, it is found that low-energy electrons, heavy particles (atoms or ions) and
photons incident on dielectric surfaces produce two readily distinguishable optical signals: a
broad-band bulk luminescence, and line radiation from excited atomic and molecular species
originating both in the nominal substrate surface and in the overlayer. The bulk luminescence,
which is frequently considered as a superposition of separately identifiable bands tens of
nanometers wide, arises from the decay of electrons excited into the conduction band to lower-lying
defect states ("“trap states") whose energies lie within the bulk band gap. The bulk luminescence is
relatively structureless, and varies only a little from one material to another. Its amplitude is,

however, a strong function of the sample preparation; it can be considerably reduced, for instance,
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by heating.

One feature of the spectrum in which does change from material to material is a molecular
band system in the ultraviolet, shown in Fig. 3. This striking radiation signature has been
observed in a number of experiments with electron, ion, and photon bombardment of alkali halides
[4-7], including excitation by the white-light spectrum of the Aladdin synchrotron light source [5].
The spacing of the bands in this system is approximately 0.25 eV, which is characteristic of the

most strongly bound diatomic molecules and molecular ions, such as H,", CO, CN™ and NO*.

The most frequently nominated candidate for the source of the radiation has been CN-,
because it is a pseudo-halide [5,6], has a size consistent with the CI” ion in a normal alkali halide
lattice, and because the bands match expectations for the A --X(! %) transition in CN~. (The
long lifetime of the transition argues in favor of its being emission from the lowest triplet state to a
singlet ground-state; however, arguments can be adduced in favor of either a 3IT or a 3X initial
state in this case. A definitive identification of the upper level would require determination of the
symmetry of the excited state.) However, some experimental observations -- notably, the growth
in intensity of the bands as the sample is dosed with water vapor [6] -- are not consistent with a
simple picture of CN~ substitutional impurities. Moreover, it remains unclear whether the bands
originate from species in or near the surface, and whether or not the sources of the radiation are
localized; previously there has been speculation that the CN™ might be bound at the surface as a
hindered rotor.  Also, the threshhold energy required to initiate the radiation is exceptionally low:
synchrotron radiation experiments show that the CN- radiation can be excited with 8.5 eV

ultraviolet photons. These issues are a matter of continuing investigation [7].

Time-resolved measurements of this radiation have revealed a number of interesting
properties relating to the role of the molecular luminescence in the dynamics of desorption from the

nnderlying substrate. This is illustrated in Fig. 4, where the behavior of the bulk fluorescence is
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contrasted with that of the CN™. The KCI sample was irradiated with a pulsed electron beamn at low
energy (200 eV), while the output of the spectrometer detecting the radiation was fed into a
multichannel analyzer. The bulk fluorescence turns on and off synchronously with the electron
pulse (to within the 10-ps time resolution of the multichannel anlyzer), while the CN~ radiation is
astonishingly long-lived, with a lifetime of ~ 80 ms. This means that the incident electronic energy
is "stored" as it strikes the surface, then released for a long period of time after the radiation source
is turned off, probably because it arises from a forbidden triplet-singlet transition leading to the

formation of the upper state.

There is evidence that the presence of these bands is correlated with the absence of
excited-state radiation from substrate atoms -- thus showing that the CN™ radiation acts as a kind of
reservoir for the incident electronic energy, competing with excited-state desorption for the
available energy. Whether or not this indicates the presence of a "protective overlayer” barring

surface erosion through desorption remains to be established.

However, the notion of a surface reservoir of electronic states which preferentially absorb
incident electronic energy is clearly an interesting one, for both scientific and technological reasons.
We have found that the physisorption of hydrogen on KClI is correlated with the disappearance of
excited-state potassium atoms desorbed from the clean KCl surface at room temperature, as shown
in Fig. 5; the potassium peak at 680.6 nm disappears from the spectrum with the addition of a
partial pressure of H, amounting to only 2 » 10-8 torr. This shows that hydrogen has inhibited the
otherwise efficient electron-stimulated desorption of ¢xcited potassium atoms from the substrate,
and thus effectively closed a particular electronic mechanism for energy absorption, transformation
adn dissipation, presumably through the alteration of the surface electronic structure. Whether or
not the hydrogen might be functioning as a kind of "protective barrier” against macroscopic erosion

can only be conjectured for now, since simultaneous measurements of the desorbing ground-state
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potassium atoms -- which should be by far the more numerous species -- have not yet been
undertaken. In any case, other measurements made with hydrogen on KCl indicate that the
physisorbed hydrogen dissociates to form strong surface bonds, and this "chemical” interaction has

a strong effect on the electronic channels available for electron-induced desorption.

Both of these examples illustrate the importance of surface overlayers not only in influencing
surface chemistry, but also in controlling the flow of energy deposited by electrons, ions and
photons in the surface and near-surface bulk regions of dielectrics. The CN~ radiation, for
example, appears to be a result of a mechanism for storing incident energy for long periods of time
and then releasing it through non-desorptive channels. In contrast to the bulk luminescence, the
incoming energy appears to be localized on a particular molecular species, and to be exceedingly
long-lived (on the time scale of typical molecular excitation lifetimes) -- but the initial excitation

does not give rise to the localized distortion of the su..uce lattice that could produce desorption.

4. EXPERIMENTS: Surface effects in photon-stimulated desorption

A large number of experiments conducted over some two decades [8, 9] has shown that the
electron- and photon-stimulated desorption (ESD/PSD) of halogen atoms from alkali halides is a
result of the formation of mobile H centers (the so-called "crowdion,” neutral halogen atoms
compressed into interstices along the <110> crystal directions). Systematic studies of alkali metal
atoms desorbed by photon irradiation of sodium halides showed that the velocity distributions of
the ground-state alkalis were Maxwellian with a temperature equal to that of the surface (10},
leading to the conclusion that the desorption of the alkalis was essentially a thermal process.
However, more recent ESD studies [11] of Li® desorbed from LiF have shown that at high

temperatures, the rate-limiting time scale in the ESD process is that of F-center diffusion from the
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near-surface bulk to the surface.

Experiments in both the electron- and photon-stimulated desorption of excited and
ground-state neutral alkalis from alkali halides showed that, where the ground state neutral alkalis
are desorbed thermally, following the diffusion of radiation-induced F-center to the surface, the
excited states exhibited a more complex behavior {12, 13]. In recent experiments using
synchrotron radiation, we have measured the behavior of the desorbed excited-state lithium atoms
in the vicinity of the 1s core exciton . In Fig. 5, yields of both the desorbed ground-state { Li®) and
excited-state (Li") atoms are shown as a function of incident photon energy. The clear signature of
an electronic excitation mechanism is the large resonant yield of Li* shown. Such a large yield
could, of course, be evidence of the excitation of gas-phase Li° already desorbed from the surface
but not yet outside the collection solid angle of the spectrometer (see Fig. 1), as has already been
proposed as a mechanism for creating Na* by electron bombardment of NaCl {14]. However,
recent measurements in which Li% Li*, Li* and secondary-electron yields were measured
simultaneously as a function of photon energy in this region show no corresponding rise in
secondary-electron production in the vicinity of the core exciton, and the secondary electron
spectrum is too soft in energy to account for the observed increase in fluorescence yield {15]. The
virtually instantaneous desorption of the Li* compared to the slow, diffusion-dominated desorption
of Li® indicates that a specific electronic mechanism -- a core-hole excitation, in this case -- is

directly correlated with the desorption phenomenon.

A further indication that the yield of excited alkalis is, to a significant degree, influenced by
electronic excitation mechanisms and surface electronic structure rather than thermally-driven
processes, such as diffusion, comes from studies of excited atom yields as a function of
temperature. In an earlier experiment, photon-stimulated desorption of Na* was measured as a
function of temperature [16], and there were indications that the yield of Na* decreased with

temperature, while the yield of Na® increased. Corresponding measurements in
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electron-stimulated desorption of Li* from LiF showed that Li* emission yields remained
essentially constant throughout a temperature range in which the yield of Li® increased from zero to

its saturation value [12].

However, the opposite trend as a function of substrate temperature has been measured as
well. In Fig. 7, we show a composite of the yields of Li* as a function of temperature under
white-light irradiation from the Aladdin storage ring University of Wisconsin Synchrotron
Radiation Center. These data were obtained at incident flux levels significantly (perhaps a factor of
100) in excess of those available for the measurements of Ref. [14]. They indicate an increase of
yield with temperature, although the rate of increase appears to be less than that observed for the

ground-state yield.

The resolution of this apparently contradictory behavior may lie, perhaps, in the foremost
spectrum in Fig. 7, which shows that the yield returns to its former value when a new spot is
irradiated. Since the near-surface bulk luminescence retains its general shape and yield for all the
spectra, we can infer that the absorption of the incident energy in the near-surface bulk is not much
affected by surface radiation damage. But the Li* yield is evidently extremely sensitive to surface
conditions, and it is difficult to imagine a thermally activated process with that degree of sensitivity
unless it involves the interaction of thermally-driven defects with the surface. The measurements of
Ref. [14] were taken using the Tantalus storage ring as the ultraviolet photon source, while those
shown above were measured on Aladdin -- a source with both significantly higher brightness and a
higher endpoint energy than the photon flux from Tantalus. The fact that opposing trends in
excited atom yields can be observed in experiments differing only in the state of the surface
suggests that excited-neutral species desorption may be a sensitive probe of surface composition

and electronic structure once the mechanisms of desorption are understood.

10
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5. EXPERIMENT: final-state particle-surface interactions in sputtering

The collision-cascade theory of sputtering [17] has been applied with significant success to the
prediction of yields and energy distributions of substrate atoms desorbed by energetic ions from
both metals and insulators [18]. However, the study of more detailed dynamical characteristics
of desorbed excited atoms -- such as their velocity distributions -- has remained an active and even
controversial field of inquiry, because the statistical distributions of excited states predicted by the
cascade model fail to agree with experimental data. Resonant tunneling models [19] by themselves
also apparently do not give a complete picture. We have found in recent experiments that the
electronic properties of the sputtered solid can have significant effects on velocity distributions, and
may hold the key to a more complete understanding of internal quantum states of desorbed excited
atoms. Indeed, these recent results suggest that neither the simple resonant tunneling model nor the
static bulk band theory is adequate to explain the distribution of excited states of particles sputtered

from either metals or dielectrics.

The final states of atoms sputtered from a solid surface may be determined in several different
ways: (1) through the time evolution of hybridized particle-surface states created in the interaction
of (internal) collision products with the surface; (2) through charge-exchange processes (such as
Auger decay and tunneling) in the final (external) interaction with the surface; (3) from the inflight
decay of molecules created in pre-dissociative states via collisions with surface atoms; and (4)
through secondary electron impact on desorbed ground-state atoms and molecules. In all of these
processes, it is assumed that the relevant quantum numbers are to bz found from an examination of
the band structure of the sputtered solid (modified as appropriate at the surface) and the electronic
structure of the desorbed atom. However, both the band structure and the atomic structure are
modified spatially and temporally in a dynamical way by the interaction, and it is necessary to

consider those madifications to the static picture if we are to understand the sputtering process.

11
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The model we have in mind is sketched in Fig. 7; to simplify matters, we deal only with the
first resonance level of the desorbing atom. For an atom desorbed from the surface, we are dealing
with a bond-breaking process made possible by collisional processes, and we assume in general
that the desorbing particle exists as an ion inside the solid. As is well known, the atoms escaping
from the surface have energies which are typically much less than the Bohr velocity (corresponding
to an energy of a few electron volts), so we can assume that the adiabatic condition is satisfied. In
our experiments, where the velocity distributions of only the excited atoms are observed, the
changes in velocity distribution from metal to oxide can only be interpreted as arising from loss of
flux in the excited-atom exit channel; since we have no information about other desorbing species,

we can only guess at the most likely mechanism(s).

Now two separate kinds of experimental observations need to be reconciled: First, the yield of
sputtered excited neutral atoms always appears to increase in comparing desorption (sputtering)
from a metal to desorption from its corresponding oxide; in the present work, changes of factors of
two to ten in the total intensity of the observed atomic emission line were observed. Second, the
velocities and the velocity distribution of the desorbing particle appears to be strongly influenced by
the ability to lose excitation through resonant tunneling. That is, the flux of excited slow atoms can
be reduced by tunneling deexcitation (or resonant neutralization), thus preferentially preserving the
fast excited neutrals. As we shall show, even a consistent, qualitative treatment of this process
requires an understanding of the dynamical relationships between atomic or ionic levels and the

solid state electronic structure.

It has been known for a long time that the flux of excited sputtered atoms increases from a
metal to its corresponding oxide. The classic picture of resonance tunneling {20] used to explain
this effect assumed that, if the excited atomic level were in the unoccupied region of states above

the metal Fermi level, resonance ionization would occur due to tunneling into an unoccupied

12
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metallic electron state -- thus preferentially removing an electron from slow-moving atoms near the
surface. In the case of the oxide, on the other hand, it was assumed that no such tunneling would
be possible since the excited atomic state would lie in the forbidden band gap of the oxide,
permitting the excited atoms to survive long enough to escape from the surface. Such a picture
would support both a broadening of the velocity distribution of excited atoms sputtered from a

metal, and the increased yield in excited states for sputtering from the corresponding oxide.

Our recent experiments on Al and Al,04, however, show precisely the opposite result: the
yield of Al" is higher from the oxide, but the velocity distribution for the oxide is broader than that
observed for Al* desorbed from the metal surface, indicating a preferential destruction of slower
moving excited Al atoms for the oxide, rather than for the metal where resonant tunneling should be
easier. This suggests that the simple resonant-tunneling model, which explains both the change in
yield and the change in velocity distribution as manifestations of the same mechanism, is
inadequate. We suggest that, in fact, the higher excited-state yield on oxides may reflect nothing
more complicated than the fact that sputtering from insulators and from metals takes place on a time
scale of a vibrational period, 10713-10-12 5. On this time scale, there are some 103 electronic
fluctuations in the neighborhood of a given atom desorbing from a metal, giving many possible
deexcitation interactions for the excited desorbing atom. For at atom desorbed from an insulator,
on the other hand, the desorption lifetime is comparable with the significantly slower hopping rate

for electrons in an insulator, and hence the possibility of deexcitation for any given atom is less.

If electronic tunneling is a significant contributor to the diffcrpnccs in desorption between
metals and oxides, however, the measured velocity distributions will also be very sensitive not only
to the velocity with which the excited atoms leave the surface, but also to the relative positions of
the excited atomic level and the Fermi surface. If there are surface states in the band gap of the

oxide -- well-known to be the case in aluminum oxide -- those states represent available channels
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for the excited electron to tunnel into; if, in addition, the excited atomic level is depressed with
respect to the Fermi suiiace of the metal, the numbe. of accessible tunneling states will also be
reduced. Thus, the velocity distribution of sputtered excited atoms will be sensitive not simply to
the perpendicular velocity of escape from the surface [19] -- which is determined by the properties
of the collision cascade in the cases we have studied -- but also to the relative positions of the
excited level vis a vis the Fermi surface of the metal and any band-gap states in the oxide. We are
continuing the investigation of these phenomena by comparing a variety of metals and their oxides
in order to determine how differing band structures and the presence or absence of surface states

affects the velocity distributions.

6. Conclusions

Both the maternial surface and the near-surface bulk play significant roles, particularly in
low-energy radiation effects in dielectrics. The surface, with its exposed network of bonds,
respects the fragile, reactive interface which acts to influence the transfer of energy from external
sources and the rates at which substrate atoms and molecules can be ejected, as well as providing
the final-state interactions determining the asymptotic quantum states of the ejecta. The properties
of this "nominal” surface can be strongly influenced by (deliberately or unintentionally) adsorbed
layers, even to the point, as will become apparent, of retarding desorption from the nominal
surface. The subsurface atomic layers contribute as well, by generating the band structure of the
material and thus determining the channels through which electronic excitation or de-excitation can
occur. Also, radiation-induced changes in surface composition can influence on desorption
dynamics, overcoming even the effects of radiation-induced defects migrating from the near-surface
bulk. In the long run, understanding the mechanisms of surface and near-surface radiation damage

will require a more or less complete description of all of these effects.
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From the point of view of surface dynamics, the problem of desorption and other radiation
more or less well-known microscopic (i.e., atomic scale) character, There is an inifial state of the
system, consisting of the probing particles or photons in known energy, momentum and internal
quantum states, and a well-characterized surface with a given set of energy bands and constituents.
The radiation effects begin with an interaction phase, described by the microscopic physics of the
probe-surface interaction; this interaction may be a photon-electron interaction, creating excited
states of atoms or molecules, or electron-hole pairs; for incident heavy particles, it may be a
collision cascade, producing a shower of particles internal to the solid, jarred loose by the
momentum transferred by an energetic ion. In any case, this interaction is likely to be much better
known and understood than the phases of localization, transformation, and dissipation, during
which the initial electronic energy deposited by the probes is converted into electronic energy of
desorbing particles, localized electronic defects and restructured surface and subsurface bonds.
The final state is once again composed of desorbing particles and a well-characterized surface,
either or both of which may be be different states than the initial state of the system. The challenge
to the experimenter consists in elucidating the localization, transformation and dissipation
mechanisms in such a way as to account for the observed yields and, one hopes, to provide

information on the microscopic potentials responsible for the observed interaction products.

In recent years, methods of atomic and molecular spectroscopy -- such as laser-induced
fluorescence and other optical techniques -- have been employed with increasing success to
determine the quantum states of desorbing or sputtered particles. However, these particles are only
part of the final state of the system, of course; thus, the next stage in fully characterizing the
dynamical processes involved in radiation effects is perhaps dependent more on an enhanced
understanding of the initial and final states of the insulator surface than any other single

experimental variable. For example, understanding the structural and compositional evolution of an

v T W T e e .~ —



R.F. Haglund, Jr. et al. -- "Electronic Transitions in ... Surface Radiation Effects" 2]

alkali halide surface undergoing ultraviolet photon bombardment is vital to resolving the nature of
the precurenr steps in photon-stimulated decorption, because knowing whether the surface is
stoichiometric or metal-enriched determines the kinds of surface excitations or surface states which
may be present, as well as the nature of the solid lattice or network whose distortion results in the

ejection of a particle.

This knowledge of the composition and structure of the surface is not easily obtained for
insulators, since typical surface analytic tools -- such as low-energy electron diffraction and
secondary ion mass spectroscopy -- work well for metals and even semiconductors, but are known
to cause radiation damage in dielectrics. However, studies of desorption dynamics are themselves
hinting at ways in which desorption provides spectroscopic clues about the state of the surface. In
addition, a continuing focus on the electronic mechanisms of particle-, electron- and photon-
surface interactions will make it possible to use the specific clues available from solid-state physics
about the initial and final states of the surface and near-surface regions of differing materials. As
long as one treats the irradiated material as an undifferentiated aggregation of particles characterized
by thermal or collisional properties, it is not possible to use the more differentiated electronic
characteristics -- such as band structure -- to help solve the dynamical problem by selectively
emphasizing certain reaction pathways. Experiments emphasizing the electronic mechanisms
involved in desorption and other radiation effects in insulators are thus both part of the problem

and, very likely, a key ingredient in the solution.
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FIGURE CAPTIONS

Schematic of experimental apparatus for measuring the properties of neutral atoms and
molecules desorbed from solid surfaces by electron, ion or photon impact. Radiation from
the desorbed particles is detected in a spectrometer arranged to view them in flight from the

surface; the tunable laser is used to induce fluorescence in selected ground-state species.

Broadband luminescence in the form of molecular vibrational bands observed during photon
bombardment of a single crystal of KCl in ultrahigh vacuum; the source is the first-order
light from the Aladdin synchrotron light source. The ultraviolet light spectrum in the region
between 230 and 300 nm is the fundamental; the visible bands come from the second order
of the diffraction grating in the spectrometer. Note the He-Ne laser line used for wavelength

calibration at 632.8 nm.

Comparison of the time dependence of the radiation from the vibrational bands opf CN"
(measured lifetime 80 ms) and from the bulk luminescence created by electron bombardment
of KCI ("instantaneous” decay on this time scale). The long lifetime of the CN™ radiation is

characteristic of a triplet-singlet transition.

Optical emission spectra of excited atoms emitted from the surface of clean KCl and from

KCl in a low ambient pressure of hydrogen gas, under low-energy electron bombardment.
Note the disappearance of the excited potassium line when the hydrogen is admitted to the
ultrahigh vacuum chamber. The KCl sample was at room te&xperaturc. so the hydrogen is

presumed to be weakly physisorbed.
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Comparison of ground-state with excited-state lithium atom yield from the photon-irradiated
surface of LiF, measured as a function of bombarding photon energy. The "off-resonance”
points were taken by shifting the tunable dye laser (see Fig. 1) off the first resonance line of

the lithium atoms at 670.7 nm.

Temperature dependence of the radiation from excited-state lithium atoms desorbed from the
surface of LiF under ultraviolet photon irradiation. Note that the final (foremost) spectrum is
taken with the photon beam striking a previously unirradiated spot on the crystal surface, but

is taken at virtually the same temperature as the spectrum just preceding it.

Schematic energy-level diagram showing the relative positions of (from left) the density of
states in a metal; the spectrum of a two-level atom as a function of distance from the metal,
and the spectrum of bands and surface states in a metal oxide. Note the shifting and

broadening of the atomic levels very close to the metal surface, which may have the effect
either of raising the excited level E; above the Fermi surface (case (a), typical of transition

metals) or of lowering it below the Fermi level (case (b), as calculations show to be the
situation for the 4s level of Al for example). The existence and the spectrum of the surface
states for the oxide is extremely sensitive to the type of material and the condition of the

surface.

Measured Doppler-shifted laser-induced emission spectra for excited Al atoms sputtered from
the surfaces of clean Al and aluminum oxide, as indicated. The emission line shown is the
first resonance line. The hollow-cathode lamp spectrum gives a calibration for thermal
velocity atoms. Velocity distributions are inferred by convoluting the emission spectra with

the Thompson form of the sputtered atom energy distribution.
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Extended Huckel theory for ionic molecules and solids,

an application to alkali halides
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The Center for Atomic and Molecular Physics at Surfaces,
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Abstract

We present a simple method to incorporate electrostatic forees into the Extended Huckel scheme,
thereby extending its range of application to tonic systems. A series of applications to alkali halide
molecules and clusters show the importance of including the Madelung energy 1 such caleulations.
The amount of charge transfer, the position of the valence levels and the bandgap are found to
depend on the inclusion of the electrostatic potential. The calculated bulk and surface electronic

structure compares well with experimental findings.

* Permanent address: Department of Nuclear Science, Fudan University, Shanghai,

People’'s Republic of China




1, Introduction

The study of ionic crystals plays an important role in physics. Both from the technological
applications of these materials as insulators and from their role as prototype systems for elucidating
various physical phcnorﬁena. The physical properties of ionic crystals, dominated to a large extent
by the electrostatic Madelung potential and the interatomic interaction potentials as well as the
crystal fields, can be reasonably well described by purely electrostatic potentials which are
relatively easy to model. This fact has stimulated a large number of theoretical and experimental
studies. Recently, interest in studying such insulators have been intensified since they have been
shown to exhibit a large number of interesting desorption and sputtering phenomcnal. This is also
the stimulation for the present work. Our intention is to develop a formalism whereby a qualitative
understanding of how the electronic structure of alkali halides are influenced by surface defects and
impurities in the bulk und on the surface. In this first paper we will present the elements of the
method and illustrate its accuracy b, & app'icetion to alkali halide molecules and large alkali halide
clusters.

Central to the understanding of the properties of matter is a knowledge of the electronic
structure. Numerous methods have been developed to calculate the electronic structure of crystals.
Among the methods one can distinguish ab-initio methods and empirical methods. In the ab-initio
methods, the Schrodinger equation is solved with basically no other input than the atomic number
of the atoms that constitute the solid. Such calculations are however very extensive and their
applications to low symmetry situations such as surfaces or impurities result in very time
consuming and complicated calculations. In the so-called empirical methods, one introduces certain
parameters and then attempts to model the crystal in terms of these parameters. The justification for
the empirical methods can come from agreement with experiment or. after ab-initio methods have

been applied to similar systems so that a comparison can be made.




There exists in the literature several calculations of the electron structure of the alkali halides.
The bandstructure for perfectly periodic alkali halides have been calculated?> and compared
favourably with experimental photoemission results.”? Applications to systems with defects,
such as surfaces and impurities are very rare. The electronic structure arising from such defects can
be strongly modified compared to the bulk bandstructure. 10

In order to properly model the system onc need to incorporate both the extended nature of a
solid and the local nature of the defect. It is the conflict between those two aspects of a defect in a
solid that complicates the description. Furthermore, in the desorption of alkali halides it has been
shown that the mobility of certain defects such as F-centers play a crucial role for the yield of
particles.1 ! In describing a diffusing defect or atom it is crucial to include the surrounding lattice
relaxation. To properly estimate the diffusion barriers it is therefore necessary to minimize the total
energy over a multi-dimensional coordinate space involving the coordinates of the lattice atoms as
well as the diffusing particle. It would be impossible presently to undertake such calculations using
ab-initio methods.  Instead we propose an empirical method based on the Extended Huckel Theory
(EHT) introduced originally by Hoffman.}”

The EHT method has been used extensively to study both molecules and solids. In particular for
covalent and metallic systems the method has been shown to provide quite accurate results. It was
pointed out earlier that the EHT method fails to adequately describe ionic molecules due to the

13

negiect of electrostatic forces.* - Earlier attempts to solved this problem involved the introduction

of extra parame:ters.14

In the present paper we suggest a very simple method of incorporating Madelung forces into the
EHT scheme. The Madelung forces are calculated within the scheme and no extra parameters are
needed. While still an empirical method. the application to alkali halides in the present paper shows
that a large number of experimental results can be simultaneously reproduced with only one single
parameter. This fact justifies the use of the EHT for ionic molecules and crystals and in our

opinion gives sufficient credibility to the method to apply it to situations where there is insufficient

expenimental information.




In the next section the EHT will be briefly reviewed and the proposed theoretical improvements
elaborated. Section 3. is divided in two parts. In section 3.1 we show how an application to
diatomic molecules and subsequent comparison with experimental results allows the single
parameter in the model to be unambiguosly determined. We are able to reproduce experimentally
obtained equilibrium properties such as the binding energy, the bond length and the vibration
frequencies. In section 3.2 we perform calculations of a NaCl clusters of different sizes. We
calculate the local and the total density of states. An application to a series of different clusters show
good cluster size convergence and that both the bulk and the surface electronic structure can be
extracted. Our calculated bandgap and widths of the valence band for the bulk crystal compares
well with experimental photoemission results. In section 4. we discuss the implications of our

calculation on the interpretation of recent ESD experiments on NaCl

2. Theorv

Extended Hucke! theory was proposed as o semiempirical method to obtiin reasonable
A t

A g . . . .
L2 The idea behind the method is to approximate the
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electronic structure for molecules.
self-consistent Hartree-Fock matrix with a simplified one-electron Hamiltonian®~ that contains
certain atomic parameters, such as ionization potentials. Subsequent sophistication of the method
has taken into account the effects of charge transfer on the ionisation potentials with the requirement

that the calculations had to be made self-consistent in the charge transfers. 16

In EHT the total wave function is expanded in terms of busis functions
v=2.C, 1, A
P
A LCAQO basis set with Slater type orbitals
X, = Al e Y, (6.0) (2)

is used in the present calculations. The values of the parameters are listed in table 1. The

coefficients C; p satisfies the secular equation




- = =17 n=17
Db €S IC=0j=12 L ip=l2 3)
q

and the energies can straightforwardly be obtained from the determinantal equation

{ hpq- esmn =0 4

The matrix element of the Hanmulwonian pq and the overlap Spq are given by

3 -
hpq—'[d rpoxq

3¢ c
S = Jd r) 5
P4 XpXyq ©)
In EHT the fundamental assumption is that the matrix elements of the Hamiltonian can be

approximated as
H =K L1953 (6)

where the nondidconal elements are approsimated using the Wolfsberg-Helmboliz formula,!7 and

lp is the ionisation potential of the atomic orbital p. The factor K , entering the nondiagonal part

PY

of the Hamiltonian is the only free parameter that enters the EHT scheme. Usually K is given a

Pq
value of 1.75 but since there is no rigorous motivation for such a choice, we will regard qu asa
free parameter. In the result section we will show how an estimate of K, , can be obtained from an

Pq

application to diatomic molecules. Ip 1s normally taken to be dependent on the charge present i,

the orbital so that
0 0
Q=1 +7,Q,- Q) M

where Qp is the actual amount of charge in orbital p and Q,)0 is the corresponding amount of
i

charge in the atomic limit.

_ 0
Y=(A-1) (3)




where Ap denotes the affinity of level p. This form of Ip(Q) then approximates the intra atomic

correlation effects with a linear relation between the affinity and the ionisation potential. The charge
Q is determined from a Mulliken charge population analysis. The equations (3) - (7) need to be
solved self-consistently in the charge transfer and the procedure is sometimes refered to as "self
consistent EHT". By populating the lowest orbitals with the available electrons and adding up their

energies one arrives at an energy Egyr .
N

Egyir(R) = min Z e(R) 9)

p=1
In order to get the total energy one must add an electrostatic term containing the interaction energies

of the nuclei.
-~ (R)=E(R)+E_ (R) (10)
)T N EHT

It has been shown 13 that for diatomic molecules, the nuclear repulsion term takes the form

Z PR(T)

. B B
ERy=2Z [ — -
A RAH RA-rI

dr] (11)

(that 1s electrostatic energy for the interaction of nucleus A with neutral atom B.)
For 1onic systems, this term vsually gives a small repulsive contribution to the energy.

In order *~ get accurate potential energy surtaces it is important to include the repusive closed
shell interaction between the inner shells of the atoms. This effect can conveniently be treated
within the EHT by including inner shell orbitals.!® Such a procedure leads to strong repulsive
forces at small distances. This repulsion is usually much larger than Ey;.

The above method does not include ¢lectrostatic forces on the electrons. In ionic molecules
such Madelung fields can be large. The primary effect of the inclusion of these electrostatic forces
is that the total energy of the system will be lowered. Another effect is that the Madelung energy
will increase the amount of charge transfer in a molecule. A simple and straightforward way of
incorporating such electrostatic forces on the electrons is by adding the Madelung fields to the

effective ionisation potentials. This procedure can be justified since the electrons taken from the less
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electronegative constituent not will be placed at infinity but at a neighbouring atom. Therefore, the
tonisation potentials must be reduced. Similar methods have previously been suggested.m'19 The
Madelung fields can be calculated from the wavefunctions. If a point charge model is assumed for

the electrons, the ionisation potential for an orbital p centered on atom A thus take the form

" o 0 _( )QB QB (12
K@= 4 1Q Q)+ 3Q Q)
where (Qp- QBO) is the actual ionic charge on atom B. The above equation can be
straightforwardly generalized to clusters of atoms.

In the application to large NaCl clusters, a central property of interest is the total density of states

(TDOS) and the local density of states (LDOS). These functions can be obtained from the solutions

to eq. (3) and the following expression

e

vzz C S X (E—E)ﬁ) (13)

o

For the TDOS the summation is over all orbitals p and . For the LDOS the summation over p is
restricted to the orbitals centered on the particlular atom. The ¢ 1s a small damping tactor that is
added 1n order to get a smoother curve. In the present calculation =025 eV.

This simple approximation of electrostatic energies preserve the extreme simplicity of the EHT
scheme and incorporates the desired physical effect. The etfects of the Madelung potential can be
incorporated into the self-consistency scheme at no extra computational expense. In the next section

we will give examples of the importance of including this term.

3.1 Results for diatomic molecules

In this section we will apply EHT to alkali halide molecules. The reason for this is twofold.
The potential energy curves and the equilibrium properties for these molecules are relatively well

known. It is thus possible to test the quality of our calculation by comparing quantities such as
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bond lengths, binding energies and vibration frequencies. We also want to determine the
parameters qu defined in eq. (6) above. In principle the form of eq. (6) allows the use of as
many parameter as there are orbitals. In order to reduce the number of parameters we make the
basic assumption that the parameters qu only depend on the types of atom that are involved.
Thus, for an alkali halide AH, we need three parameters, Ka o, Ka g and Kygyg . During the
calculations for alkali halides we have, however, observed that it is only the parameter K 4 1y that
influences the results, so for simplicity we will assnme that Ky o = Kyy= Kayg =K. These
assumptions leave us with only one parameter, K.

In fig. 1, we show how the potential energy varies with internuclear separation. We also show
the contribution from the different factors thatenter the total energy. The full curve is the total
energy for a NaCl molecule including the Madelung corrections and the core repusion from the
inner shells. The dush-dotted curve is the result 1t the Muadelung corrections are omitted as was
done mret. 130 The dashed curve shows the contribution trom the Epygr term as defined by eq.
(Y. We pote that the bare EHT term does not provide any repulsion for small intramolecular
distances and that i the region of typical bond distances 1t varies almost lineariv with distance. The
core tepulsion provides u sharp repulsive wall and can be paramerrized in an (’.xp(uzcnu'a[form,m
EctR) = Ce kR (For NaClwe have townd that C=1.2<1r o\ and k=278 au.! accurately
describes the core repudsion. ). The effect of the Madelung potential is to lower the total energy and
to provide an extra barrier preventing lurge intenuclear separations. It can be seen in the fig. 2 that
the dashed curve slowly approaches the solid line for large distances. The difference between the
two curves decreases inversely with distance as can be expected from pure electrostatics.

The calculated equilibrium properties depend on the parameter K. In order to illustrate how K
can be determined for the alkal halides, we list in table 2 the calculated equilibrium properties for
some different values of K. The bond distance is simply chosen as the separation for which the
potential energy is minimum. The binding energy is simply taken as the energy at this position

(the zero point energy 1s neglected). The vibration frequencies have been obtained by numernically




integrating the Scrodinger equation for the relevant ions. The potential energy curves are
anharmonic and we also give the anharmonic corrections. The experimental values are also
indicated in the table.

It can be seen that, in particular, the vibration frequency is very sensitive to K. In order to
understand the dependence of the calculated equilibrium properties on K we recall that the binding
of the molecule basically is due to three different physical effects. There is a repulsive part that
comes from the core repulsion. This energy contribution vanes strongly (exponentially) with
inramolecular separation. The Egpy term is due to the covalent interaction between the two atoms
in the molecule. This term vanes almost linearly with distance in the region around a tvpical bond
distance. Finally the electrostatic contribution to the energy is attractive and varies inversely
proportional to the atomic separation. This energy contribution depends on the charge of the ions in
the molecule and vanes quadratically with the charge transfer. It can be seen from table 2 that an
increase in K leads to a decrease in the charge transfer in the molecule. For small K, this decrease
in the ionicity reduces the attractive electrostatic contribution to the total energy resulting in a longer
bond length and smaller binding energy. The vibration frequency of the molecule mainly depends
on the curvature of the potential energy around the equilibrium position. The increase in bond
length means that both the curvature of the inner repulsive wall due to the core repulsion and the
curvature of the potential due to the electrostatic potential at distances larger than the equilibnum
point will be smaller. This is why the molecular vibration frequency decreases with K. As K
becomes larger, due to the lower ionicity, the Madelung contribution to the energy is reduced, and
the change of the potential energy is determined by a balance betwecn the core repulsion and the
EHT term. The core repulsion is roughly proportional to K, but the magnitude of the Egyyr term
increases slightly faster than linear. This means that the binding energy will start to increase and
the bond length saturates or starts to decrease with K.

Our procedure for choosing K is to obtain as good binding energy as possible. It can be seen

from table 2, that we are able to reproduce all the experimental binding energies, vibration
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tfrequencies and bond lengths. The accuracy is within 2% for NaCl. In view of the extreme
simplicity of the method this is a very encouraging result.

In the above applications it has been important to include the Madelung potential. As can be
seen from table 2, the charge transfers are large and the Madelung potential therefore plays a
significant role. In order to illustrate the effects of the electrostatic potential we have also
calculated the equilibrium properties for a NaCl without the Madelung potential. The results are
shown in table 3 for some different K. For K=1.8 we see that the charge transfer in the molecule is
considerably smaller. The charge left on the Na is 0.21 instead of (.13. We also observe that the
bond length is larger due to the absence of the ionic attraction. The binding energy and the vibration
frequency are also smaller as we pointed out in the discussion of WR fig.1. In order to get
reasonable equilibrium properties without the electrostatic force. a rather large K must be chosen.
For K=2.10 the calculated equilibrium properties lie within 1077 of the experimental values. Such a
large K does, however, imply & binding of covalent nature. The overlap charge is 0.47 and only
0.57 electrons is transferred from Na 1o Clo Such o smud! charge wansfer seems unrealistic,
We have found no experimental informution about the churce densities of NaCl molecules but
there are experimental results tor the charge density distribution of bulk NaCl2U-21 These results
suggest a much larger charge transfer and will be commented upon in the next section.

1N

3.2 Results for NaCl clusters

The previous section showed that we were able to determine the parameters K that enter the
EHT scheme. Using the obtained parameters we can now study alkali halide clusters.

For simplicity and computational ease we have only considered perfectly cubic clusters. The
crystal facets are thus <100> planes. The smallest cluster we have used contains 2x2x2 atoms .
These atoms are all equivalent and there are of course no difference between bulk or surface effects.
The second cluster we have used contains 4x4x4 atoms and here we can distinguish both bulk and

surface atoms. The largest cluster we have used contain 6x6x6 atoms and here both the bulk and
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the surface atoms can be well defined. The 8 atoms in the center of the cluster are considered as
bulk atoms and the 4 atoms at the center of the surface are considered as surface atoms. The
Madelung fields in a crystal are long range, and for finite cluster sizes it is impossible to reproduce
the true Madelung potential. The calculations do however show a convergence in the Madelung
potential with increasing cluster size. For our largest cluster (216 atoms), the Madelung potential at
the position of a bulk or surface atom lies within 90% of what would have been the case if the
cluster would have been intinite using the same charge transfers as for the bulk and surface atoms.
This cluster thus gives a good description of both the bulk and the surface Madelung fields.

Even for the largest clusters that we consider, most of the atoms lies in the surface region. The
calculated TDOS therefore tend to underestimate the bulk features and should not be taken as the
TDOS of a macrocopic NaCl crvstal. By also calculating the LDOS for bulk and surface atoms it is
however possible to determine the origin and the relative importiance of the spectral peaks.

In the fig. 2-4, we show the TDOS and LDOS from bulk Na, bulk Cl, surface Na and surface
Cl for the different clusters. The calculuted TDOS for our different clusters basically contains three
different features. At around -25 e\’ the Cl(3s) Ievels form a very narrow band. At an energy
around -12 eV there is a large peak which derives from the Cl(3p) levels. This is the valence band
ot NaCl. The Cl(3s) band and Cl(3p) band are separate. This is because there is a large difference
in the 1onization potentials for these stutes, so that there is only small hybridization. The conduction
band starts at an energy of -5 eV, This band is essentially formed from the atomic Na(3s) and
Na(3p) levels which hybridize strongly. The lower energy part of the conduction band is formed by
surface states. This can be seen by comparing the calculated LDOS for Na in the bulk and the
surface position. The bulk LDOS starts at around the vacuum level. The surface LDOS starts at -5
eV. An analysis of wave function shows that the surface states are predominantly derived from the
Na(3s) states.

By comparing the LDOS from bulk Cl atom and surface Cl atom, it can be seen that the surface

valence band lies about 0.25 eV higher in energy. This shift arises because the Madelung potential
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is slightly smaller at the surface and because the surface atoms have smaller ionicity. From a
comparison of figs. 2-4, it can be seen the bas._ {caiuscs of tiic calculaied density of states show
relatively small changes as the cluster size is increased. For instance, the bulk bandgap in fig. 3
lies around 9 eV and for the 6x6x6 cluster it has the value 10.3 eV. The width of the valence band
is around 2.0 eV for all three clusters. These values are in good agreement with experimental
results and will be discussed below. We also find a band of surface states starting at around -5 eV
below the vacuum level. There are also experimental indications of such surface states in the
b;mdgap.10 There are, of course, several properties that depend strongly on the cluster. In
particular, the electronic structure of the conduction band above the vacuum level is very sensitive
to the size of the cluster. This makes anv detailed comparison with experimental data meaningless.
For the two largest clusters however, there is a relativelv sharp peak at an energy of 3.5 eV above
the vacuum level. This feature comes from the bulk, as can be seen from the butk LDOS and
would, therefore, be much more pronounced for an infinite crystal. There dare some experimental
indications of such a state.”

In ble 4 we compare the caleulated values for the bund gap and valence band widths with
experimental data and other theoretcu! calculations. It can be seen that the present caleulation give
results that agree very well with both other theoretical methods and with experiments. We
emphasize that the parameter K that we have used was determined independently from the
application to an isolated NaCl molecule.

In table 5 we present results of a calculations without the Madelung effects for the largest
cluster. Here we must chose K=2.1 in order to reproduce the equilibrium properties for the NaCl
molecule. Such a large K implies a larger conduction band witdh, 3.0 eV instead of 2.0 eV, and a
slighly larger bandgap, 11.5 rather than the 10.3 obtained when Madelung corrections were
included. These numbers agree less well with the experimental values. A more serious deficiency
of the EHT without the electrostatic corrections is the calculated charge transfers are small. It can be

seen from the table that the omission of the Madelung potential, decreases the charge transfer from
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(0.74 10 0.42 electrons and increases the overlap charge from 0.08 to 0.16 electrons. Experimental
x-ray diffraction results do however indicate that the charge wansfers is larger than about 0.65 and
overlap charge is smaller than 0.10 electrons.20-21 These values are totally inconsistent with the
results for the EHT method without the Madelung corrections and show the importance of

including this term.

4, Discussion and Conclusions

By using the calculated results for the electronic structure of NaCl crystal, we can qualitatively
explain some experimental results from low energy ESD experiments for neutral ground state Nal
and excited state Na™ 22

The experiments show that Nal desorb with a thermal velocity distribution. The desorption
threshold is very low and there are very few pronounced features in the vield versus incident
photon energy. The absence of core excitation thresholds have been taken as an indication that the
primary desorption mechanism is & valence excitation. Our calculated TDOS shows that this is a
reasonable interpretation. The valence band is derived from Cl(3p) states. The lower part of the
conduction band and the surface states derive primarily from Na(3s) states. A valence excitation
removes an electron from a Cl ion and places it at a Nu(3s) state. The Ni atom formed is thus
neutral and could in principle desorb with a low (thermal) velocity. Since the surface states fill at
least the upper part of the bandgap we would expect a very small threshold for this excitation.

The desorption of Na™ show a completely different behaviour than the ground state Na. The
velocity distribution is ivperthermal and there are pronounced thresholds at the Na(2s) and Na(2p)
core level energies. The fact that Na™ desorb with high velocities and that the thresholds correlate
with Na core excitations has been taken as evidence for the desorp:ion mechanism for excited atoms
is through a core-hole Auger decay.zzv23 The present calculations show that the Na atoms are
almost ionic. The core excitation will thus create a doubly ionized Na. The core-hole can decay

with the emission of an Auger electron from a neighbouring Cl atom. This process creates a Na*




14

and a CI* ions at neighbouring positions on the surface. The Na™ may be ejected by electrostatic
repulsion. As this ion passes through the surface region 1t can be easily neutralised either by
electrons from occupied surface states or by possible curve crossing transitions in the vicinity of a
Cl™ ions.22

We have presented an simple procedure to include the effect of the electrostatic potential into
the extended Huckel scheme. We have shown that molecular, bulk and surface properties can be
obtained and that they compare well with experimental results. This agreement would have been
impossible without the inclusion of the Madelung potential in the calculation. The proposed
procedure is very simple and can be incorporated into the EHT self-consistent scheme without any

extra computational effort.
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Figure captions

Figure 1. Potential energy as function of distance for NaCl. The solid line is the total potential
energy with the proposed Madelung corrections. The dashed line is contribution from
only the Egpyt term. The dash-dotted line is the potential if only the Egpyr term and the
core repulsions are used (No Madelung). The horizontal axis is the intra-molecular

separation measured 1n a.u. and the vertical axis is the energy in eV,

Figure 2. Calculated TDOS and LDOS for the 2x2x2 cluster illustrated in the upper left corner. The
horizontal scale is the energy measured from the vacuum level. The vertical scale is

omitted since only the relative peak heights are of interest.

Figure 3. Calculated TDOS and LDOS for the 4x4x4 cluster indicated in the upper left corner. The
horizontal axizis the energy in eV measuwred from the vacuum level and the vertical axis
18 in arbitrary units and different in the difterent situations. Note that the valence and core

peaks in the TDOS 1nset have been scaled down by factor of 3.

Figure 4. Caleulated TDOS and LDOS for the 6x6x6 cluster indicated in the upper left corner. The

horizontal and vertical axis are defined as in fig. 3.

h Note that the valence and core peaks in the TDOS inset have been scaled down by a factor of 5.




Table 1. Atomic wavefunctions and orbital energy parameters.

STO

Element Orbital g[.] Ig V) (bl Y;C]

1S 2.6906 59.84 0
Li 28 0.6396 5.392 4.774
2P 0.6012 3.542 3.542

28 3.2857 64.26 0

Na 2P 3.4009 36.30 0
3S 0.8358 5.139 4.591
3P 0.8253 3.036 3.036

38 2.8933 40.17 0

K 3p 2.5752 23.58 0
4S 0.8738 4.341 3.840
4P 0.7701 2.731 2.731

F 28 2.5638 35.850 0
2P 2.5500 17.423 14.023

a 3S 2.3561 24.64 0
3p 2.0387 12.968 9.348

(a] From E.Clementi , C.Roetti , At.Data Nucl. Data Tables 14,177 (1974).

(b] From A.A.Radzig, B.m.Smimov , Reference Data on Atoms,Molecules,
and Ions, 1985 by Springer-Verlag Berlin Heidelberg and F.Herman ,
S.Skiliman , Atomic Structure Calculations , 1963 by Prentice-Hall ,Inc.
Englewood Cliffs New Jersey.

[c] Affinity Potental . Ap are from [b] .

'Yp= 0 is for the orbital without charge transfer .

Ap =0 for unoccurpied P orbitals .




Table 2.  The calculated equilibnum properties for different K.

K  Ryau) EgeV) o@m') Xoem')" Qalkal) Qhalide) Qoverlap)

1.70 4.10 6.62 443 3.5 0.06 094  0.058

1.80 4.30 6.41 375 2.9 0.13 0.87 0.17
NaCl

1.90 4.40 6.46 345 2.6 0.19 0.81 0.26

Expt  4.46 5.72 366 2.1

1.80 5.10 5.17 298 2.3 0.05 0.95  0.055

1.90 520  5.10 269 1.8 0.090 0.91 0.12
KCl

2.00 5.30 5.14 255 1.7 0.12 0.88 0.17

Exp*  5.04 5.02 281 1.3

2.00 2.85 8.29 1172 17.5 0.10 0.90 0.15

2.10 2.90 8.17 1117 15.3 0.14 0.86 0.20
LiF

2.20 2.95 8.20 1107 16.3 0.17 0.83 0.25

Expt 296 791 910 7.9

*X @ is obtained from fitting E = c(n + 1/2) -X @ (n + 1/2) to the lowest vibrationa!
levels.

+
From reference [b] in table 1.




Table 3. A companson of calculatiuns with and without

the Madelung correction.

K R.(au) Eg(eV) w(em ) QNa) Q(Cl) Q(overlap)
with Madelung g 4.30 6.41 375 0.13 0.87 0.17
correction
1.80 4.80 3.75 208 0.21 0.79 0.21
no Madelung
cotrection 1.90 4.50 4.31 246 0.28 0.72 0.30
2.10 4.15 5.81 386 0.43 0.57 0.47
Exp® 4.46 572 366

*

From reference [b] in table 1.
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Table 4. A comparison of calculated properties of NaCl crystal
with other methods ..

Theoretical method

Expt.
EHT LDA? HFbd APWS OPWS MBS EMPC
9.0d 8.97
Band gap : 10.3 5.6 10.0 8.4 7.4 996 (8.97)
22+02°
widh  24+02f 20 177 30 163 135 438 15
31203F
a LDA - local density approximation, Ref 8.
b HFC - Hatree-FFock with correlation correction, Ret.7.
¢ APW - uusnienied plune wave, Refl6.

Y

OPW - erimogonahized-plane wave, Ref.6.
MB - nonrelsavistic mixed-basis, Ref.6 . .
EMP - emipinicul pseudopotentall, Ref.6 (8.97) is obtained by fitting expt. dita.

Retf 2.
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Table 5. A comparison of calculations with and without the
Madelung correction for 6x6x6 cluster.

bulk (6x6x6)
K
; Q(Na) Q(CI) Q(overlap) E g E,
i ith Madel
wi elung
correction 1.80 0.26 7.74 0.08 2.0 10.3
no Madelung
comection 2.10 0.58 7.42 0.16 3.0 11.5
Surface (6x6x6)
K
; Q(Na) Q(CD) Q(overlap)
2 with Madc]ung 1 80 0.2x 772 0.10
correction : - e At
no Madelung
cofrection 2.10 0.54 7.41 0.18
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PSD of Excited Hydrogen from KCl Ate.

L.T. Hudson, A. V. Barnes, N. J. Halas, R. F. Haglund, M. H. Mendenhall,
P. Nordlander, N. H. Tolk, and Y. Wang

Center for Atomic and Molecular Physics at Surfaces
Department of Physics and Astronomy, Vanderbilt University
Nashville, TN 37235, USA

R. A. Rosenberg .
Synchrotron Radiaton Center, U. of Wisconsin-Madison
3731 Schneider Dr., Stoughton, WI 53589

1. Introduction

The electronic interaction of hydrogen with surfaces is of fundamental interest in the
study of DIET processes. The hydrogen-surface model system provides important
information on bond-breaking mechanisms at surfaces which lead to excitaton and
charge transfer processes and desorption. The ejection of protons from surfaces has
been studied previously [1-3]. We present first measurements of fluorescence
radiation from excited hydrogen neutrals desorbed from KCl under photon
bombardment. The observed temperature and time dependences of the Balmer
alpha (Hy) radiation cast light upon the nature and strength of the hydrogen bond on
alkali halide surfaces. In addition, the introduction of hydrogen is also seen to
dramatically affect the desorption yield of excited-state substrate potassium atoms.
This work is an extension of and complementary to that presented in DIET I [4] on
the electron stimulated desorption of hydrogen neutrals from alkali halide substrates.
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Fig. 1 Fluorescence spectrum upon photon bombardment of KCl dosed with Hy

2. Balmer Radiation from Photon-Stimulat ion of Excited Hydrogen

These experiments were performed at the University of Wisconsin's Synchrotron
Radiation Center on a beamline equipped with a grazing incidence
Brown-lien-Pruett grating monochromator (20-1200 eV). The photon beam was




incident along the normal of a single crystal KCl sample whict had been cleaved in
air and baked in vacuum at 400 °C. Fluorescence radiation was f811e,cted 90° from
the surface normal. The ambient pressure was less than 3 x 10°*" Torr throughout
these experiments.

Before Hy was introduced, a spectral scan with incident zero order
(undispersed) f‘nght showed KCl! bulk fluorescence [5], but no hydrogen or
potassium line radiatio:}. The sample was then dosed continuously at room
temperature at 2.4 x 10°/ Torr hydrogen partial pressure. To eliminate scattered
light in the 2000 A - 8000 A region of detection, an aluminum filter was placed in
the zero order beam, thereby passing only photons in the range of = 16 - 70 eV.
The fluorescence spectrum is shown in Fig. 1. Our ESD spectra taken under the
same conditions exhibit similar features: bulk fluorescence, the Balmer lines of
hydrogen, and emission from the hydroxyl radical OH. The precursor surface state
of desorbed excited state hydrogen continues to be the subject of ongoing
investigations. Apparently some incident H, dissociates on the surface to form OH.
Other possibilities include HCl, KH, H and H, diffusing from the bulk, and
hydrogen at defect sites.

The first order (monochromatic) photon "current” through the monochromator was
less than 0.1 gA. Using dispersed wavelengths, we detected no hydrogen Balmer
radiation. This is consistent with our ESD studies of hydrogen; the H signal
decreases with electron current and is barely above background at 0.1 pA.

3. Temperature Studies and the Supression of Excited Potassium
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Fig.2 Comparison of Hy and excited potassium PSD yields vs. temperature.

Figure 2 compares the temperature dependences of the Balmer alpha and excited
potassium yields. In each case off-line background was subtracted and then the
signal normalized to synchrotron beam flux. The two signals do not share a
common absolute ordinate axis, but each signal was pursued until barely above
background. The intensity of the H‘é line decreases rapidly with temperature and at
temperatures over 200°C it was not discernible under these experimental condition
We interpret this behavior as an effect of hydrogen coverage. Hydrogen is expected




to bind very weakly to the surface and therefore at elevated temperatures can be
entirely removed. The K line, however, in~reases with temperature exhibiting an
Arrhenius type behavior. We note that the potassium line only appears after the
disappearance of the hydrogen signal. Our ESD studies have further suggested that
K~ may be quenched by hydrogen coverage at low temperatures. This is seen in the
two spectra of Fig. 3, taken only five minutes apart. The front spectrum resulted
from 22 pA of electrons incident on clean KCI at 34° C. The potassiurg doublet at
7665/7699 A is clearly visible. JHydrogen was introduced at 2.0 x 10°® Torr, and,
as the rear spectrum reflects, K~ was quenched. Both spectra are plotted with the
same ordinate scaling.
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Fig. 3 ESD spectra from KCl before (front) and after (back) dosing with hydrogen.
The electron beam was chopped at 100 Hz. On-counts minus off-counts are plotted.

4. Timing Studies

When photons or electrons are first incident on a hydrogen dosed alkali halide
sample, we observe a turn-on transient of the Balmer hydrogen fluorescence signal.
An example is shown in Fig. 4. It shows the yield of H as incident synchrotron
radiation is opened to and blocked from the sample. In measurements of this type,
the signal generally decays to some nonzero constant value. This corresponds to a
steady state between all sources and sinks of hydrogen, the level of which is a
sensitive function of H, dosing pressure and incident photon flux. The absence of a
marked turn-on at T=78 s in Fig. 4 is due to the brief time between the second and
third exposures of the sample to synchrotron radiation. These measurements
indicate that the equilibration of H; on the surface is a slow process (> 2s ).

5. Summary and Future Work

We present first measurements of fluorescence spectra, temperature and timing
dependences of excited hydrogen desorbed from an alkali halide surface. H was
not detected with the Jow fluxes of first order light. We also found hydrogen
coverage to supress K emission at room temperature. Each of the PSD results
agrees with our earlier ESD work. This suggests the involvement of common
electronic desorption mechanisms. One primary concem is the precursor statc of the
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desorbing hydrogen. To this end, future studies shall include the dependence of
excited and ground state hydrogen yields upon incident photon and electron energies
and from substrates with different electronic structure.
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Fig. 4 Turn on transient of H,. SR = synchrotron radiation.
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Optical Radiation trom Electron, Photon and Heavy Particle Bombardment of
Lithium Fluoride and Lithium-dosed Surfaces

N. H. Tolk, R. G. Albridge, A. V. Bames, R. F. Haglund Jr,, L. T. Hudson,
M. H. Mendenhall, D. P. Russell, J. Sarnthein, P. M. Savundararaj and P. W. Wang

Department of Physics and Astronomy
Center for Atomic and Molecular Physics at Surfaces
Vanderbilt University, Nashville, TN 37235, USA.

1. Introduction

Comparative studies of electron, photon and ion bombardment of the same sample surface
probe the various channels through which incident particle energy is dissipated, often leading
to desorption. Electron or photon irradiation of alkali halides results in the swift ejection of
halide atoms, leaving behind an enriched alkali metal surface from which the alkali atoms
thermally desorb. lon bombardment involves momentum transfer as well as electronic
mechanisms, which results in a different surface stoichiometry at the time of desorption.
This study explores how the degree of surface metallization influences the choice of the final
excitation state of the desorbing particle. An important way to study the desorption products
is to monitor the characteristic spectral radiation from the de-excitation of ejected species [1].
In this paper we report recent results of this type. Measurements were made to compare the
desorption of excited state neutral lithium from lithium fluoride by electron, photon and ion
bombardment and from lithium-dosed tungsten and lithium-dosed glass by electron and
photon bombardment.

2. Experimental Results
A. PSD of Li* from Lithium Fluoride

Photon irradiation studies were performed at the University of Wisconsin's Synchrotron
Radiation Center at Stoughton, Wisconsin. Zero order visible and ultraviolet photons from
the two meter grazing incidence Brown-Lien-Pruett monochromator (20 - 1200 eV) were
incideni along the surface normal upon a LiF crystal which was previously cleaved in air
and baked under UHV conditions at 600°C.

The photon detection system included a 0.3 meter McPherson 218 monochromator which
has a resolution of 26.5 A at 1 mm slit width, a photo-multiplier in a cooled heusing, and a
multi-channel analyzer or CAMAC crate for data acquisition. We scanned the spectral region
of 2000-7000 A using a 1200 lines/mm grating blazed at 5000 A. Fluorescence radiation
was measured at 90° to the surface normal. The base pressure in the experimental chamber
was less than 3 x 10°1° Torr throughout these experiments.

The spectrum obtained from irradiation of lithium fluoride (Fig.1) at room temperature
shows the first resonance line of lithium at 6708 A and two broad continua centered at about
3200 A and 5600 A. These continua are due to bulk luminescence and scattered light from
the irradiating zero order photon beam. No other line radiation was detected above the
background noise. We estimate that other spectral lines have maximum intensities that are at
least a factor of 100 less intense than the intensity of the observed resonance line.
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Fig.1 Fluorescence spectrum from photon irradiation of lithium fluoride

B. Ion Bombardment of Lithium Fluoride

In further studies, we irradiated a similarly prepared lithium fluoride sample with a 9 keV
H,* beam from a Colutron ion source. The de-excitation of the desorbed species from the
surface and the bulk luminescence were monitored by the signal detectior. scheme discussed
in part A. The ion bombardment was performed at room temperature. Note that in addition
to the first resonanc2 line of lithium 6708 A (2p-2s) there are lithium lines at 3233 A (3p-2s),
4603 A (4d-2p) and 6104 A (3d-2p). The relative intensities of the excitations originating at
n23 after correcting for detection system efficency are greatly enhanced compared to arc
discharge data. This indicates a preferential population of these higher excited states via
some unknown mechanism.
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Fig 2. Fluorescence specirum from 9 keV H2+ bombardment of lithium fluoride




C. ESD of Li* from Lithium Fluoride

It is well known that electron bombardment of alkali halides can desorb generous amounrs of
excited alkali atoms [2]. A typical optical spectrum taken at room temperature is shown in
Fig. 3. Here, a 300 eV electron beam was incident along the surface normal on a single
crystal LiF sample which had been cleaved in air and baked under UHV conditions at 600°C.
Fluorescence radiation was collected at 90° from the surface normal; the ambient pressure
was less than 107 Torr. The 6708 A lithium resonance line is clearly visible as well as a
trace signal of hydrogen Balmer alpha at 6563 A. As in the photon irradiation. studies, no
other excited lithium lines were observed above the background noise and would have to be
at least a factor of 100 weaker than the observed line.
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Fig 3. Fluorescence spectrum of LiF bombarded with 300 eV electrons

D. Lithium Metal Studies

We have observed energetic electron and photon induced desorption of excited lithium
neutrals from a thickly dosed lithium film, which was possibly contaminated with oxygen.
The experimental setup was similar to that described above. In vacuum we dosed a soda-
lime glass plate by means of a SAES lithium getter. Since the dosed film was opaque (it
appeared shiny gray), we conclude from the attenuation length of light in lithium that it had a
thickness of at least 1000 A. At a pressure of 10" Torr we observed electron stimulated
desorption of Li* (6708 A) within 5 minutes of deposition. The electron beam current was
80 LA and energy 300 eV. Figure 4 shows a fluorescence spectrum taken with the sample at
room temperature. The spectrum represents 200 signal integrations over five minutes at 1
mm slit width. Previously observed bulk fluorescence of the glass plate had vanished; the
plate is viewed as a mechanical support only. The power density of the electron beam was
110 mW/mm? which does not cause appreciable heating or thermal evaporation of the lithium
ayer.

In another study, we used a tungsten substrate. The base pressure was 107!! Torr, thus
the environment was much "cleaner” than that for the study described above. The lithium
resonance line was not seen until several hours after the dosing. Subsequently, zero order
Synchrotron radiation was used to desorb Li*. The results show exactly the same
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Fig 4, ESD of Li* from a lithium layer dosed on glass
3. Discussion

In the DIET experiments ( Figs. 1, 3 and 4 ), we observe only the first lithium resonance
line. These contrast with the ion sputtering results of Fig. 2, where emissions from higher
excited states are observed. We therefore propose the following picture.

It has been well established that the surface does not remain stoichiometric during electron
or photon induced desorption of alkali halides at room temperature. The halide atoms desorb
much faster leaving behind an alkali enriched surface {3]. In our ESD and PSD studies of
LiF, we thus expect to have excited lithium atoms desorbing from a surface enriched with
lithium metal by a previously discussed mechanism {4]. In the desorption studies of dosed
lithium, excited lithium is also desorbing in the presence of a metallic lithium surface. In this
case, contamination provides centers of localization for the electronic energy deposited by the
incoming electrons or photons leading to desorption of lithium.

We now account for the fact that only the 2p-2s transition is observed in the DI=T
experiments: as Li* leaves the surface it interacts with the band structure of lithium metal
surrounding the desorption site (Fig. 5). Electrons in the 2p level cannot resonantly tunnel to
the filled levels of the metal below the Fermi energy. Excitations of Li* to the n > 3 levels
may resonantly ionize ( 10"!%s ) faster than de-excitation ( 10-%). Hence, higher transitions
are supressed and we observe only the single 2p-2s line in our spectra.

In contrast to this, we do see higher excited states of lithium upon ion bombardment of
LiF. lon sputtering is much more violent than desorption induced by electronic transitions
and proceeds through momentum exchange processes. Under jon bombardment, the surface
is more rugose and a lithium metal band structure will be much less deveioped. The
desorbing Li* Jeparts with a higher velocity and resonant de-excitation of higher excited
states by interaction with the band structure is less probable. Consequently, we are able to
observe radiative transitions from the higher excited states of lithium.
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Fig. 5. Schematic energy level diagram of a lithium atom near lithium metal.

4. Conclusions

In conclusion, it is clear that desorption induced by electrons and photons proceeds by
different mechanisms than does desorption induced by ion bombardment. For the ESD and
PSD processes occuring at LiF and lithium-dosed surfaces at room tcmperaturc, the presence
of a metallic rich surface provides a channel for de-excitation of excited lithium states which
are above the lithium metal Fermi energy. This quenching of the higher excited lithium lines
is less likely when the sample is excited by ions. Further studies will include careful surface
analysis of the stoichiometry of lithium fluoride during ion, electron and photon irradiation.
The ultimate aim of these studies is to characterize the final states of all the desorption
products and the extent to which they are influenced by the surface, exciting beam and
secondary processes.

This work was supported in part by the Office of Naval Research under contract no.
N00014-86-K-0735, by the Air Force Office of Scientific Research under contract no.
AFOSR-86-0150 and by an AFOSR University Research Initiative contract no.
F49620-86-C-0125DEF.
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pfoduct 1echniques dealing in vector ~matrix -vec-
tor multiplication and triple matrix multiphication A
microcomputer-based oplicai prouessing system
tor digital-optical computation is utitized Program-
mabie magnetooptic spatial light modulators
(MOSLMs) are used 10 generate the time sequence
input signals and the bilinear systolic engagerent
matrix. A CCD detector 1s in the output plane as a
tume integrator for the systolic processing The
proposed hybrid optical architectures offer high-
data-rate and high-accuracy processing capabili-
ties

Experimental demonstrations for the bilinear
transformations and multiple matrix multiphcation
are also given (12 min)

THI4  Optical phase conjugation-based ultratast
digital computation

YAQ L1, GEORGE EICHMANN, ROGER DORSIN-
VILLE. ROBERT R ALFANO. CUNY-City College.
Department of Electrical Engineering, New York.
NY 10031

An ultratast paraliel optical phase conjugation
{OPC) eftect tor the use of optical digital comouta-
tion 15 Jescribed.  Using spatiatty encoded logic
values, symbols. optical binary, muitiple-varied
logic. symbolic. as well as interconnect operations
are performed.  The proposed processors are ex-
perimentally verified with a 32-ps pulse Nd**:YAG
laser. Based on these efemental processors, an
OPC-based optical digital computer architecture is
proposed Using this architecture, iterative arith-
metic and symbokc computation examples are
presented  Some of the OPC computer pertor-
mance tactors. such as real-ime encoding. signal
amplitication, etc are also discussed (12 min)

THI5S  Noise in optical matrix~vector multipliers:
experiments

§ G BATSELL. T L JONG. JOHN F WALKUP,
THOMAS F KRILE. Texas Tech U, Department of
Electrical Engineering Lubbock. TX 79409

Considerable interest has been expressed in the
use of oplical matrix-vector multiphers  The ac-
curacy of these processors ts imited by sources of
deterministic ang random error  We measure
both the component and system nosse levels asso-
Cidted with various impiementations. These are
compared with earher theoretical calculations. We
then use these results to determine the accuracy
hirmts of the processors {12 min)

1T L Jong. J F. Watkup. T F. Knie. and |
Suzuki, "Noise Etfects in Optical Linear Alge-
bra Processors, in Technical Digest. Optical
Socrety of America Annuai Meeting. (Optical
Socety of America. Washington. DC. 1986).
paper MU3

THI6 Programmable logic array design using

polarization P | shad: ]

M A KARIM, A A S AWWAL, U Dayton. Electri-
cal Enginesring Department, Dayton, OH 45469-
0001

An etficient optical computing system may in-
volve the use of a programmable logic array (PLA)
where only ON outputs ars stored in locations ad-
dressable by the inputs The lensless opucal
shadow-casting (OSC) system’ using LEDs pro-
vides an easier and reliable means to generate
logic operations  This schema hac haan rarant?,
avtended’ ¢ 10 include polarized sowrces. masks,
and encoding codes, thus inCreasing the . «sign
flexibibty  In an OSC, sach LED produces a shad-
ow of the input overiap pattern, which along with
the other similarly produced shadows give an out-
put overlap pattern which is subsequently cecoded

THURSDAY MORNINC

by means of decoding masks The originat' and
polarization-encoded®® optical shadow-casting
systems explored so far are designed to generate
only one output atatime  Wae report the design of
a polarization-encoded PLA device where multiple
outputs are generated simuitaneously for all the
nput pixeis without switching either LEDs or mask
The proposed algorithm is thereatter employed to
design an optimal muttiple-output binary muhtipli-
cation unit {12 min)

1. J. Tanida and Y. ichioka, J. Opt. Soc. Am. T3,
800 (1983)

2 Y.Li. G. Eichmann, and R. R. Alfano, Appl. Opt.
25, 2636 (1986)

3 M A Karim, A K. Cherri, A. A. S. Awwal, af
A Basit, Appl. Opt. 28, 2446 (1987).
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10:00 Symposlum on Laser-induced
Desorption

Norman H. Tolk, Vanderbilt University,

Presider
—

THJ1  Molecular dynamics of laser-induced de-
sorption

JOHN C. TULLY, ATAT Bell Laboratories, Murray
Hill, N3 07974

Molecular dynamics techniques have been de-
veioped 1o simuiate accurately laser-induces
chemistry at surfaces with the tull complexity of
multidimensional interactions Equations of mo-
tion are integrated explicitly for a slab of about fifty
atoms with gdditional adsorbate molecuies Sto-
chastic boundary conditions incorporate energy
flow to the remaining bulk atoms and permit tran-
sient heating effects to be included correctly  in-
frared laser excitation is described by an appiied
oscillatory external force that drives the dipole
moment o! the system. The simultations reveal
directly the extent of disequilibrium achieved by
short-pulse laser excilation. Predictions are
made of situations where selective (nonthermal)
desorplion may be possible.

(invited paper, 25 min)

THJ2 EHect of near-surface gas-phase colli-
sions on desorption measwements

ROGER KELLY, R. W. DREYFUS, IBM T. 4. Watgor
Research Center, Yorktown Heights, NY 10598,

it desorbed particles have & sufficiently low
number density they disperse collisionlessly. This
means that if, tor axample, the mechanism is ther-
mally activated, a time-of-flight spectrum yields
the surface temperature through the relation k7 =
£/2, £ being the most probable kinetic energy. and
the signal is proportional to cosf. if, on the other
hand. the number density is high enough for a few
(estimates range from 3 to 20) collisions to occur,
a so-called Knudsen layer is formed. We first
show how this problem can be solved anaiytically
and then expiore #ts consequences to thermally
1ctivared desorplicn  in particutar, wher there 1s
a Knudsen layer, (1) 18-24% of the desorbed
particles are found to recondense, (2) the tempera-
ture falls to 70-90% of the value at the surface,
but this is more than compensated by a center-of-
mass velocity, (3] the relation between kT and £
changes significantly, and (4) the anguiar distribu-

107

tion becomes strongly torward peaked (~cos’#)
Wa finally consider the etfect of a Knudsen layer
0n an electronic desorption process, especially on
the energy spectrum and on the angutar distribu-
tion {invited paper, 25 min)

THJ3  Electronic transitions in photon-stimaulat-
ed desorption

R F. HAGLUND, Jr.. A. V.BARNES, N HALAS M
H. MENDENHALL, NORMAN H. TOLK, Vanderbilt
U., Department of Physics & Astronomy, Nashvilie,
TN 37235

discovery that neutral excited-state atoms
were desorbed by UV photons with orders of mag-
nitude greater etficiency than ions from aikali-ha-
lide surfaces has wrought a fundamental change in
owr approach to the study of photon-surface inter-
actions, both with synctrotron and laser light
sources. in particular, laser-surtace interactions
in general and laser-induced material damage in
particular—once considered primarity due 1o the
absorption of thermal energy from the incident
photons—now appear to be linked to electronic
meractions potl: at the surface and in the near-
surtace butk, even for photon energies below the
bulk band gap Thus it is appropriate to consider
even laser-surface interactions as generically re-
lated to the process of desorption induced by elec-
tronic transittons (DIETs), a class of energy-sur-
face interactions triggered in exemplary fashion by
photons and electrons

In recent DIET experiments. we focused ow
attention on the mechanisms through which inci-
dent electronic energy is absorbed, iocalized, anc
ultimately transformed into kinetic energy of the
desorbing atoms or molecules. While specific
electromc delect-formation channels can be iden-
tified as the precursors of efficient photon-stimu-
lated desorption of ground-state neutra! atr.=«
from alkali haides, the desorption of excited-state
aioms appears 10 be correlated with specitic core-
tevel excitations of the desorbing species.  Simi-
lar mechanisms, characterized by the creation of
excitons which reiax to form permanent, mobile
electronic defects, appear 10 be operative in virtu-
ally all wide-band-gap optical dielectrics  tn many
semiconductors, on the other hand. the smaller
band gap allows tor the creation of a dense slec-
tron-hole plasma under UV photon or laser irradia-
tion, and a different class of energy localization
mechanism due to electron—-electron correlations
must be invoked to account for photon-induced
desorption (Invited paper, 25 min)

THJ4  Creating a total flux scale from the spec-
tral irradiance standard

YOSHIHIRO ONO, Matsushita Electric industry Co.,
Ltd.. Lighting Research Laboratory, 3-15 Yakumo-
nakamachi, Moriguchi, Osaka 570, Japan; DON-
ALD A. MCSPARRON, U.S National Bureau of
Standards. Radiometric Physics Division, Gaithers-
burg, MD 20760

As an alternate method of creating a totat tlux
scale, a method using an integrating sphere with an
opening and two baffles and the spectral irradiance
standard placed outside the sphere is proposed
Theoretical analysis was made by computer simu-
lation on several modeis of the above-mentioned
integrating sphere whose geomaetry was not axially
symmetric. The window illuminance was ana-
lyzed for varying conditions of sphere geometry
suchi @s size and iocation ot the baffles, imernal
source, and wall reflectance. and an optimum ge-
ometry was predicted Based on the resuits of the
theoretical analysis, an integrating sphere of 20-in
diameter was actually built. and measurements
were made in varied conditions, and the experi-
mentat resutts were compared with the resufts of




