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I. Research Objectives

The object of this research program is to carry out experimental and theoretical
studies of the detailed microscopic mechanisms by which electronic energy is absorbed,
transported and dissipated in and near insulator solids. The ultimate aim of this program is
to identify and characterize essential constituent elements of comprehensive models which
will quantitatively describe ‘radiation-induced electronic phenomena. The theoretical and
experimental aspects of the project has been carried out concurrently and interactively in
order to realize the greatest scientific benefit from the collaboration. Throughout this
project we haved employed (1) experimental techniques already developed to monitor bulk
and surface properties before, during, and after electron and photon irradiation and to
characterize time- and energy-dependent desorption phenomena, and (2) ab initio quantum-
theoretical approaches to develop and refine computational models for determining
properties of excited electronic states of relevant localized species. This research program
bears directly on a broad spectrum of questions germane to the long-term operation of
platforms in space, including structural, optical and electronic degradation of materials in
the ambient near-earth environment, survivability under and hardening against irradiation
from directed-energy weapons, vulnerability in disturbed nuclear atmospheres, and
discrimination and sensing techniques based on radiation (glow) signatures.

Much of scientific and technological significance has been accomplished during the
period covered by this AFOSR grant. In particular, we report on the following topics: (a)
on the basis of new measurements taken in our laboratory we have discovered an entirely
new mechanism for the desorption of excited neutral atoms from alkali halide crystal
surfaces due to photon- and electron- stimulated desorption; (b) our research shows
valence-band transitions as well as core-level transitions can initiate desorption of excited
alkali-metal atoms; (c) significant progress has been made onab initio theory of impurity
centers and defects in ionic lattices; and (d) work on gas-phase molecular electronic spectra
produced via electronic excitation of ionic solids has stimulated important advances in
spectral analysis. The facilities and experience aquired during the previous URI proved an
excellent base for carrying out this program.
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I1. Research Status

1. New Mechanism for the Desorption of Excited Atoms by Photon and
Electron Bombarment of Alkali Halide Crystals.

Measurements taken in our laboratory suggest an entirely new mechanism for the
desorption of excited neutral atoms from alkali halide crystal surfaces due to photon- and
electron- stimulated desorption (ref. 1). We propose that excited alkali atoms arise from the
reaction of alkali dimers with halogen atoms present on the surface. The reactants on the
surface are produced dynamically due to the migration of radiation induced defects created
in the near surface bulk.

The determination of the mechanism for the production of excited atoms and
molecules by photon-stimulated desorption (PSD) and electron-stimulated desorption
(ESD) has been a controversial issuc. Two prevailing models have been invoked to
account for the production of excited species. One is in analogy to the Knotek-Feibelman
mechanism of the ion desorption. Following the inter-atomic Auger decay of a core hole,
two holes on a single anion cause ion desorption. Neutralization of the desorbing ion into
an excited state would then account for the observed excited atom yield. This neutralization
model requires core hole creation. The other model assumes that the excited atoms are
produced by excitation of the ground state atoms arising from ESD or PSD in the gas phase
by secondary electrons. Both mechanisms have been found to be inadequate in interpreting
the existing data. Recent work shows that valence excitations can cause excited alkali atom
desorption, i.e., core hole creation is not required for the production of excited alkali atoms
(ref. 2). This work also shows that the excited alkali atom yield decreases with increasing
temperature while the total electron yield goes up, thus contradicting the secondary electron
excitation theory.

The new mechanism we propose is based on an exergic reaction of alkali dimers
and halogen atoms. The reaction was identified first in the gas phase by the observation of
the sodium D-lines when sodium vapor was mixed with chlorine, bromine, and iodine.
The reaction of interest Na; + Cl = Na* + NaCl was studied directly by molecular beam
experiments and later supported by theoretical calculations. Conceptually, the new model
can be described through use of one-electron pseudopotential surfaces for the Na;Cl
system for colinear configuration based on calculations in Struve's paper for this reaction.
The reaction goes through a postulated transition state, in which an electron from sodium
dimer jumps to the chlorine atom. For small impact parameters, the reaction leads to an
excited sodium atom. The gas phase reaction cross section is 10 — 100 A2 estimated by

3
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both experiments and theory.

The majority desorbing species arising from PSD or ESD in alkali halide crystals
are neutral ground state halogen atoms and alkali atoms. The desorbed ground state
halogen and alkali atoms are believed to be related to H center and F center migration to the
surface. The incident photon or electron creates one or several holes in oecupied bands in
the near surface bulk. The holes are then self-trapped forming Vi centers. The Vg centers
capture electrons becoming self-trapped excitons (STE). The STE then decay either
emitting light or forming an F center - H center pair. An F center on the surface may
neutralize an alkali ion fon/ning a neutral alkali atom. At low temperatures, alkali atoms
may accumulate on the surface, resulting in a metal-rich surface. The accumulated neutral
alkali atoms may then form dimers, trimers,and larger clusters on the surface. Surface
metallization has been observed in many experiments at room temperature. Metal atoms
have been observed to form islands instead of uniform layers on surface. The diffusion of
F centers from the bulk to the surface is believed to be the main source of supply of F
centers required for the metallization. On the other hand, when an H center diffuses to or is
created on the surface it leaves a neutral halogen atom which then desorbs off the surface
with either thermal or hyperthermal velocities. Therefore, photon or electron bombardment
of alkali halide crystals produces the two reactants on surface necessary for the reaction
mentioned above to occur. At some temperature, the most favorable metal configuration
will be dimers.

In these experiments, the time dependent behavior we believe arises from the
instantaneous concentration of alkali dimers which depends on the degree of metallizaion of
the surface. At the beginning of the bombardment, there are few alkali dimers on the
surface. Although the halogen yield is large at this stage, the excited atom yield is small.
As the metallization increases, there is an optimized stage where many alkali dimers are
formed on the surface and the halogen atom concentration remains large. At this stage, the
excited alkali atom yield is at a maximum . The yield decreases in the later stage because
the dominant metal configuration with greater metallization results in cluster numbers
greater than two leading eventually to metal island formation and the consequent depletion
of halogen atoms in the surface region. The nonzero yield at the beginning of the
measurement is due to a metal rich surface even of the annealed samples.

These preliminary experiments provide strong evidence for the hypothesis that bulk
defects play a key central role in desorption and other material-modification processses. In
addition this technique provides an effective tool for elucidating bulk-mediated
mechanisms.
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2. Interactions of Ultraviolet Photons with Alkali Halides

The interactions of ultraviolet and vacuum ultraviolet light with dielectric surfaces is a
problem of critical importance to the survivability of spacecraft in low earth orbits. During
the period of the contract, we completed three critical studies in this area, showing that:

« Bulk fluorescence competes against excited-alkali-atom desorption for the
incident photon energy;[ref. 3]

» Photoelectron spectroscopy combined with fluorescence spectroscopy of
excited desorbing alkali atoms clearly shows that the desorption is driven by
excitonic processes; [ref. 4]

e Valence-band transitions as well as core-level transitions can initiate
desorption of excited alkali-metal atoms.(ref. 2]

The last cited results are particularly important in demonstrating that even relatively low-
energy photons can initiate the sequence of exciton formation and decay which culminates
in nuclear motion and desorption. Apart from the obvious consequences of this new
mechanism for the performance of insulators in the space environment, this also establishes
a critical link to the old and technologically critical problem of laser damage to
materials.[ref. 5]

Photon-induced surface decomposition and desorption in alkali halides have been
studied extensively for one-photon band-to-band transitions initiated by synchrotron
radiation. For core-level transitions, localization of the well-screened core hole initiates
desorption of both ions and neutrals by a mechanism widely agreed to be initiated by the
decay of the self-trapped exciton (STE) into an Fcenter-H-center pair. The dissociation of
the H-center (an X3" molecule) near the surface produces a desorbing X©° and a bound X-,
while the recombination of an F-center with a surface alkali-metal ion leads to thermal
desorption of a neutral alkali atom, usually in the ground state. The role of the metallized
surface in the production of excited alkali atoms is still an open question; progressive
radiation damage may eventually extinguish emission from excited atoms by resonant
ionization as the Fermi level of the metallized surface rises into the insulator bulk band gap.
However, there is no reason to doubt the fundamental correctness of this picture.
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One important result published during the contract period concems the competition
for incident photon energy by the various relaxation modes available in the alkali halide
crystal. By measuring both the bulk fluorescence and the fluorescence from excited
sodium atoms desorbed from NaCl, using ultraviolet photons on and off excitonic
transition energies, we showed that bulk fluorescence is associated with non-specific
excitations of the crystal while desorption and secondary electron emission are associated
with excitonic band-to-band transitions.

During the period of the contract, we completed another critical experimental study in
which for the first time fluorescence spectroscopy of desorbing atoms was combined with a
simple measurement of the photoelectron emission to show that desorption occurs by a
localized two-hole excitation in the valence band following the decay of the core excitation.
By comparing the lineshapes of the secondary electron and excited-atom fluorescence
yields obtained as a function of incident photon energy, it was possible to resolve an earlier
question about the number of valence holes required for desorption to take place. The data
also support a tentative conclusion that the excited atom is created by the relaxation of a
highly excited quasi-molecular configuration of the halogen ion and its nearest neighbors.

In our most recent synchrotron light-source experiments, we have shown that
valence-band transitions can also trigger photon-stimulated desorption of excited alkali
metal atoms. This is a particularly important finding, because it is inconsistent with all
known mechanisms for photon-stimulated desorption from insulators. By demonstrating
that excited-atom and secondary-electron yields are uncorrelated, this experiment also dealt
the death-blow to a widely accepted theory that excited-atom desorption is a simple
consequence of secondary electron excitation of desorbing ground-state atoms.

We note in conclusion the interesting connection between valence-band-initiated
desorption and laser-induced damage to dielectric materials. Core-level transitions are not
accessible for any reasonable laser, even by means of multiphoton excitations, because the
energics are simply too high. Thus, one might think that the laser-induced desorption
mechanism for the halides would be fundamentally different from that inferred from the
low-intensity synchrotron experiments, where the photon flux is only of order 1012
photons/s over a larger beamn spot. However, for the laser parameters in our experiments
with KCl, with peak laser intensities of order 1014 W.m"2, the local density of electronic
excitation is low because the creation of the self-trapped exciton whose decay initiates the

expulsion of a halogen atom requires a two-photon excitation. This connection has since
6
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been confirmed qualitatively,[ref. 6] and further experiments are expected to elucidate this
connection in quantitative fashion.

3. Theory and Data Analysis

In this low-budget extension of the Vanderbilt URI project, "Surface Reactions in
the Space Environment," our primary aim was the completion of ongoing work on (A) ab
initio theory of impurity centers and defects in ionic lattices, and (B) the analysis of gas-
phase molecular electronic spectra produced via electronic excitation of ionic solids. Major
aspects of these projects have now been completed. At the same time, most of the new
work proposed in the original request for extension of the URI project was not initiated for
lack of resources. This means that the work under (A) was confined mainly to completion
of computations on the anionic impurity center O~ in point-ion lattices, and on the F-center
in LiF. The efforts conducted under (B) centered on further development of the least-
squares computational methods for extracting information from congested spectra, with
application to CN B—X emission and OH A-»X emission. In addition we applied similar
techniques to some peripherally related problems in halogen spectroscopy, done in
collaboration with Prof. M. C. Heaven's group at Emory University.

The ab initio theoretical work on O~ (ref. 8 below) completes our work on a triad
of diatomic anions of varying polarity — O2-, CN-, and OH~. In agreement with
anticipation, the results obtained for the least polar Oy~ species showed the greatest
insensitivity to its lattice environment. In fact the potential curves and spectroscopic
constants obtained for the several electronic states under investigation — mainly the ground
state, X 2[1, , and the excited states, A 211, and a 4Z,” — varied only weakly with
orientation within the lattice. In another surprise, the X and A states proved stable against
"computational autodetachment” in vacuo, even though in some regions of internuclear
distance both lic energetically above the ground state of the parent neutral molecule.
Furthermore the i1n vacuo spectroscopic constants for these two states are very close to the
“in lattio" results. Our previous experience with excited states energetically capable of
autodetachment in CN—- and OH- led us to expect the II states of O2~to be energetically
unstable with respect to variation of diffuse functions in the basis set, and at present we are
unable to account for the stability of these states in our calculations. One feature of the
lattice calculations which does not occur in vacuo is crystal field splitting of the IT states.
However, it appears that our point-ion model can yield only a very rough picture of this
effect; a more realistic "real ion" model will be required.

Most of our theoretical work on anionic molecular impurity centers has employed

7
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the ultrasimple point-ion model but has nonetheless yielded surprisingly good agreement
with experiment, where unambiguous comparisons could be made. This agreement is
evidently testament to the validity of the “local” description of the bonding extant in the
ground and low-lying excited electronic states of these species. On the other hand, with
increasing excitation energy one or more of the valence electrons on the impurity center
must move into progressively more diffuse orbitals, necessitating a more sophisticated
treatment of the lattice. To probe our ability to handle this situation computationally, we
have turned our attention to an age-old, clearly non-local problem — the F-center in LiF.
For over 30 years the F-center has been treated with apparent success by various simple
one-electron models. One might thus anticipate that its ab initio treatment would be
straightforward. Yet in our recently published study of this problem (ref. 8), it was
necessary to use quite large basis sets — minimal sets on the first three shells of
neighboring ions (6 Li*, 12 F-, 8 Li+) plus diffuse functions on the F~ ions — to achieve
reasonable agreement with the experimental Ty, ¢ A1y transition energy. Coincidentally,
our very simplest basis set, consisting of just minimal functions on the neighboring Li*,
also gave fairly good agreement with experiment. This perhaps illustrates the deceptive
simplicity in the F-center problem.

Our work reporting the first observation of excited CN produced via ESD on alkali
halides has now been published (ref. 9). At the time this work was originally prepared for
publication the observations of the CN B — X emission were preliminary in nature. These
observations have now been substantiated and extended in further work by Jun Xu (refs.
10-14). In connection with the interpretation of the spectra first obtained, we devised a
nonlinear Jeast-squares procedure for extracting information about population distributions
from congested spectra. (The initial CN B — X spectra were rotationally unresolved.) In
the CN case the spectral line positions were well known from earlier work, leaving only
population and lineshape parameters to be obtained from the fit. However, shortly after
completion of the CN study, we encountered "congested spectra" problems of a more
complex nature, in which neither the line positions nor the lineshape and population
parameters could be established at the outset. These spectra were obtained by Prof. M. C.
Heaven's group at Emory University in studies of metastable excited electronic states of I»
produced by ArF laser photolysis of Ip/Ar mixtures in a free-jet expansion. Using a
variation of the nonlinear routine developed for the CN problem, we have been very
successful in analyzing these congested I2 spectra (refs. 14, 16, 17) and are currently
expanding to similar work on IBr and Bry. In related work, we have described a nonlinear
least-squares procedure for reliable intensity calibration for that oldest of detectors, the

photographic emulsion (ref. 15).
8
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Work on the analysis of OH A—X emission is being continued in conjunction with
the development and testing of a promising new hybrid photodiode/CCD 1-dimensional
array detector assembled by Marcus Mendenhall. Using least-squares procedures like
those used to analyze CN and halogen spectra, we have been able to represent the multiline
OH spectrum obtained from a Tesla discharge of H20 in Ar very well in‘terms of a two-
temperature rotational distribution function. Yet the statistics of this fit are still far from our
estimates of the statistics of the raw data from the detector, and so we are still trying to
understand the sources of error in the experiment. We hope to prepare for publication a
report of this work in the ne;ct few months (ref. 18).
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