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ABSTRACT 

This report presents the results of a 6-month effort on the develop- 
ment of an NDT method to predict surface damage on dielectric materials 
used in high power laser systems (such as those used in communication 
and ordnance).  The research in this program has three objectives:  in- 
vestigating exoelectron (EE) properties of laser optical materials after 
exposure to ionizing or laser radiation; correlating exoeleccron Images 
with laser surface damage characteristics; and determining the feasi- 
bility of exoelectron surface imaging as an NDT method of predicting 
the laser surface damage threshold. 

Results to date indicate that EE emission from laser glass is too 
weak and irreproducible to be of value.  Experiments on pyroelectric 
LiNb03 led to the discovery of thermally-stimulated field emission. 
This phenomenon is presently being attributed to a high electric field 
on the surface of a Liilb03 crystal resulting from a small change in the 
temperature of the material. 
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SECTION 1 

INTRODUCTION 

Previous vrork by the Bendix Research Laboratories established that 
thermally-stimulated exoelectron emission (TSEE) is observed from alkali 
halide crystals after the samples had been exposed to a single pulse of 
a high peak power Nd-glass laser.1 Conventional TSEE glow curves, i.e., 
the dependence of the electron emission on the sample temperature, were 
measured. Also, with the aid of a unique new imaging technique, the 
distribution of the emission current density on the surface was recorded.2 

Initial analysis of the observed phenomena indicated a relation 
between features of EE images and laser surface damage.  Based on this, 
a research program was planned with the following overall objectives 

• Investigation of exoelectron properties of a series of selected 
laser materials (glass, conventional nonlinear optical material, 
alkali halides) after exposure to ionizing radiation and high 
peak power laser radiation 

• Systematic study of the relation between exoelectron images of 
the surface obtained after exposure to intense laser radiation 
and surface damage 

• Investigation of the feasibility of establishing an NDT method 
for laser surface damage. 

The specific program development areas include 

(1) Screening experiments combined with a literature search to 
determine the types of optical laser materials that emit 
exoelectrons after exposure to ionizing radiation (e.g.. 
X-rays, electrons of several keV kinetic energy) 

(2) Extension of these experiments to laser-induced exoelectron 
emission. 

(3) Establishing the required experimental facilities such as a 
well characterized ruby and/or Nd-glass laser, possibly a 
pulsed TEA-CO2 laser, a test chamber, and improved exoelec- 
tron imaging devices, e.g., a suitable exoelectron micro- 
scope, in order to be able to use small laser diameters at 
high power density. 

(4) Correlation of EE images with specific laser surface damage 
phenomena for common optical laser materials. 

(5) Study of the abilities of the EE imaging technique to predict 
the surface damage threshold of such materials. 
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(6) Theoretical analysis of the physical processes involved in 
the formation of EE images after exposure of an optical 
material to a high peak power laser pulse. 

The program described in this report is part of an extensive re- 
search effort presently in progress at the Bendix Research Laboratories. 
Related contracts are: 

• "The Mechanism of Exoelectron Emission from Solid Surfaces," 
Air Force Office of Scientific Research, Arlington, Virginia, 
Contract No. F44620-72-C-0064. 

This project is mainly concerned with the exploitation of the 
Bendix exoelectron microscope as a tool in surface science. 
The goal is to better understand the mechanism of exoelectron 
emission from insulators and metals. 

• "Exoelectron Studies of Surface Damage of Laser Materials," 
National Science Foundation, Contract No. 011-32606, to the 
Wayne State University, and subcontracted with the Bendix 
Research Laboratories. 

This particular project is concerned mainly with the underlying 
physical phenomena of the interaction of high peak power laser 
pulses with the surface of insulators and their correlation 
with the formation of the exoelectron image observed after ex- 
posure of the sample to the laser pulse. 

It is relevant to the work described in this report inasmuch 
as it will directly contribute to the understanding of the pro- 
cesses involved in the NDT method to predict surface damage 
thresholds of laser optical materials. 

Related in-house programs are designed to support the above-mentioned 
efforts and to explore the possibilities of employing the exoelectron 
imaging technique for detection of structural damage associated with 
metal fatigue. 
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SECTION 2 

EXOELECTRON EMISSION FROM LASER MATERIALS - 
A LITERATURE REVIEW 

After successful demonstration of EE from pure LiF single crystals 
that had been exposed to high intensity laser pulses1 it became important 
to investigate the EE properties of a series of materials that are of 
interest in connection with their use as components in high power lasers. 
We have therefore planned a program that consists of a detailed experi- 
mental schedule. 

Even though EE properties of insulating solids have been, and con- 
tinue to be, the subject of intensive investigations,3 little is known 
about materials of laser interest and, except for the work by Bendix on 
LiF, nothing was reported on EE from those materials after laser 
exposure. 

The materials of interest include:  alkali halides (mostly for IR 
windows and other optical components;, laser glass; certain sulfides, 
tellurides and selenides; alkaline earth halides; IR transparent mixed 
crystals (alkali halide mixtures); and nonlinear optical materials such 
as LiNb03, BaaNaNbsOlS, KDP, LilOß, C1-HIO3, AgßAsSß and LiHCOzl^O.  This 
list is continuously growing as new laser optical materials are being 
developed.  No work is reported in the literature on EE from any of the 
nonlinear materials or laser glass.  Fairly extensive work has been 
reported on EE after excitation with ionizing radiation on alkali halides, 
some sulfides, and earth alkaline halides. 

2.1  ALKALI HALIDES 

Virtually all known alkali halides exhibit thermally-stimulated 
exoelectron emission (TSEE) or optically stimulated exoelectron emis- 
sion (OSEE) after exposure to X-ray, short wavelength uv, fast electrons, 
and a-, 6-, and y-particles.3 The glow peaks were observed in the range 
from liquid hydrogen temperature up to 600oC; most of the alkali halides 
emit quite intensely at temperatures above room temperature.3 They are 
therefore all candidates for EE after exposure to intense laser light. 
However, in view of the fact that ouch materials as ED-2 glass and cer- 
tain nonlinear crystals (e.g., LiiibOß) are of greater interest at the 
present time, we have postponed the study of laser-induced EE emission 
from alkali halides to a later period of this contract.  Experiments 
performed thus far on alkali halides were for the purpose of checking 
the performance ot our EE test facility. 

Of all alkali halides, LiF is the most intensely studied exoelectron 
emitter.  Bohun4 and Kramer5 reported the same single glow peak at about 
120oC that we observed after laser exposure.1  Occasionally peaks at 
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Higher temperatures were observed by various authors.  These peaks are 
apparently due to different impurities present in the bulk as well as in 
the surface layer. The main peak at about 120CC has been diagnosed as 
being duo to surface centers.  Extensive work has been done on Mn- and 
Ti-activated LiF powder, a material of particular interest to applications 
of EE to radiation dosimetry.  However, owing to the scope of this pro- 
ject, we are not interested in intentionally doped materials but only 
thosd which are nominally pure. Therefore, we will not make use of 
reported EE work dealing with the effects of dopants.  Of the remaining 
alkali halides, NaCl, KC1, and KBr have been studied.6 Glow peaks at 500 
to 5450K of all three materials have been found to be due to traps that 
were identified as F-centers.  Other peaks at temperatures below room 
temptrature have been found; they are, however, of no interest here be- 
cause any NDT method for laser surface damage should be based on EE peaks 
above 250C.  In the course of our test program, we have found that pure 
NaCl (obtained from Harshaw, Cleveland, Ohio) is a good EE emitter after 
bombardment with 3 keV electrons. 

2.2 ALKALINE EARTH HALIDES 

Three members of this group, namely, CaF2, SrF2, and BaF2 are of 
interest as laser optical materials and have been studied with respect 
to their exoelectron emission properties.  Nominally, pure CaF2 emits 
usually around 200 to 240oC.7»8 The thermal activation energy of the 
240oC peak was determined to be 1.03 eV.8 

BaF2 exhibits EE peaks at 1250C, 180oC, and 320oC, and the ±lov  peaks 
of SrF2 were found to be at 1180C, 2530C, and 3830C.9 

2.3 t-OMPLEX COMPOUNDS, SULFIDES AND SEMICONDUCTORS 

The materials comprise a large group of compounds whose exoelectron 
properties have been studied in some detail.3 Some of these are of laser 
interest such as calcite, ZnS, ZnSe, CdTe, special glasses, and some semi- 
conductors, as well as a group of compounds used in reflection or anti- 
reflection coatings.  However, aside from some results on semiconductors, 
all work reported is of rather limited value for o'^r purpose. The  reason 
for this lies in the fact that the exoelectron emission properties depend 
to a large extent on the method of preparation and on the impurity content. 
Since production methods for alkali halides, earth alkaline halides, and 
semiconductors are now standardized, fairly reproducible qualities of 
pure crystals can be readily obtained.  This is not the case, however, 
for most of the compounds considered in this subsection.  We therefore 
refrain at this point from a reivew of EE data reported in the literature. 
Most compounds are expected to be exoelectron emitters.  Laser glass, 
ferroelectric materials, and, most notably»pyroelectric materials play a 
special role among the complex compounds and are of particular interest 
with respect to their extensive use in high power laser applications. 
We therefore selected LiNbOß (representative of the pyroelectric- 
ferroelectric group) and ED-2 laser glass as the first materials for 
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our initial experimental studies.  The results of the work on glass and 
initial work on lithium niobate are reported in subsequent sections of 
this report. 
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SECTION 3 

TEST FACILITY FOR 11EASUREMENT OF GEIIERAL EXOELECTRON 
EMISSION PROPERTIES OF LASER MATERIALS 

A schematic of the test apparatus is given in Figure I. Figure 2 
shows a photograph of this system which was developed to facilitate the 
collection of data on laser malerial. As indicated in Figure 1, the 
system consists of a sample holder, an electron gun, a photostimulation 
system, and a channel electron multiplier. This system is mounted in a 
Balzer's oil diffusion pump high vacuum station. Typical operating 
pressures are in the low IG-'' Torr range. 

Samples are easily fastened to the holder with good thermal con- 
tact.  Beth heating and cooling capability are provided.  A thermocouple 
is used to monitor sample temperature.  The electron gun is a pentode 
configuration with two-dimensional deflection capability.  Its spot size, 
intensity, and energy are adjustable.  This gun permits us to outgas 
samples and fill traps under vacuum.  Thus, we are able to study general 
exoelectron phenomena on the samples without opening the system to air 
for X-ray treatment.  This procedure is both cost- and time-saving.  Of 
course, when necessary, samples irradiated by X-rays or the laser can 
also be studied.  The photostimulation system consists of a high inten- 
sity Bausch and Lomb monochromator, a window into the vacuum, and appro- 
priate optical collimation and focusing.  This capability permits us to 
investigate nonlinear optical materials without interference from high 
energy electrons produced by thermally induced field emission (see Sec- 
tion 6). 

The channel electron multiplier and detection electronics provide 
wide dynamic range capability for obtaining data on samples ranging from 
very weak emitters such as glass to strong emitters such as BeO.  In the 
scheme shown in Figure I, the electron multiplier is used in a pulse 
counting mode.  Each detected exoelectron gives rise to a high gain pulse 
which is integrated and displayed. 

Figure 3 shows exoelectron emission intensity as a function of 
temperature for BeO.  The traps were filled by bombardment with 3 keV 
electrons.  The integrator output and sample temperatures as measured 
by a theromcouple are displayed on a two-channel strip chart recorder. 
Similar data have been collected for ED-2 Nd-doped glass and NaCl crystals. 
In the situation where the emission intensity is very weak, the electron 
multiplier output pulses can be counted and stored in a 400-channel analy- 
zer.  The log amplifier and divider shown in Figure 1 enable us to record 
directly the log of the emission intensity as a function of 1/T on an 
x-y recorder so that activation energies can be readily determined. 
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SECTION 4 

INVESTIJATIONS OF LASER GLASS 

It was deemed important to study Nd-doped glass because of its use 
in laser systems. Also, nothing is known about exoelectron emission from 
glassy compounds except for some work by Becker11 and Gourge.12»13 Becker11 

observed that radiation-induced thermally-stimulated exoelectron emissiois 
was much stronger from crystalline than from glassy lithium borate.  Ther- 
mally-stimulated emission from quartz glass and from silver activated phos- 
phate glass was measured by Gourge.12»^3 

Because of Becker's work,11 it was expected that there would be 
little or no emission from glass.  Accordingly, the detection system was 
designed to measure weak emission. The system shown in Figure 4 was used 

THERMOCOUPLEv 
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Figure 4 - Exoelectron Imaging System 

11 

MMlHMiHIBMaMIMilliitaBHIIkMMNMIMMMMMMiMHMMkMau^HiMllMIIMhui ^           - ■ 

i 

.       . 



JS''50"«»»-S*I™JW51*I5HS^^ 

■ 
5; 

In early work.  It consisted of a raicrochannel electron multiplier and 
phosphor screen which could be read out visually or by means of a photo- 
multiplier.  More recently, the channel electron multiplier scheme shown 
in Figure 1 was used. 

ED-2 Nd-doped glass samples (1/2" x 1/2" x 1 mm) were ordered from 
Owens-Illinois.  These samples were of optical quality and prepared 
(polished and cleaned) ly Owens-Illinois.  Six of these samples were 
then exposed to the Owens-Illinois high intensity Nd-glass laser oper- 
ated in the TEMQO mode.  Each sample was exposed to a different laser 
intensity.  The intensities ranged from slightly above the threshold 
for damage [110 J/cmz  for 25 ns (FWHM) pulse] to about 10 percent 
of damage threshold.  These irradiated samples were then packaged in 
dry ice in order to minimize depopulation of traps (if any) and brought 
to the Research Lai oratories for measurement.  Care was exercised in the 
handling of the samples to prevent possible bleaching by ambient light. 
Figure 5 shows the results of exoelectron measurement for these samples; 
the percents indicated on these curves denote the percent of the threshold 
intensity for damage.  The system shown in Figure 4 was used to obtain 
these data.  The detector was operated at very high gain.  The exoelec- 
tron emission from these samples above room temperature was very weak. 
Furthermore, as evident for the glow-curves of Figure 5, the emission 
cannot be correlated with previous exposure of the sample to high peak 
powers of laser light. 

Other tests were then conducted to further investigate the exoelec- 
tron properties of ED-2 Nd-doped glass.  A sample from the original Owens- 
Illinois batch was measured for emission.  This sample was of the same 
quality and was prepared in the same way as those discussed above, ex- 
cept that it was not exposed to laser light.  The exoelectron intensity 
is shown in Figure 6 as a function of temperature during the first heat- 
ing of this sample.  Also shown is the background which was obtained 
during a second heating.  This sample was then irradiated with X-rays 
(65 kV - 15 mA) and again measured (third heating - Figure 6).  In 
another test, four samples from the original batch and not irradiated 
with laser light were exposed to X-rays and then measured.  The glow 
curves are shown in Figure 7.  These results again point up the diffi- 
culties encountered with glass. 

Further tests on this original batch from Owens-Illinois included 
laser irradiation with the Bendix Korad (K-l) focused ruby laser oper- 
ated Q-switched in a multi-transverse mode.  Laser intensities ranging 
from below to well above damage were used.  Uo exoelectron emission was 
observed either visually (imaging) or with photomultiplier readout. 

A second batch of samples was obtained and exposed to laser light 
by Owens-Illinois. The results were as irreproducible and uncorrelated 
as before.  Finally, a sample from this second batch was inserted into 
the system shown schematically in Figure 1.  The exoelectron emission 
was measured as a function of temperature after electron bombardment. 
It was not possible to obtain reproducible results. 
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Irradiated ED-2 Nd-doped glass samples 
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SECTION 5 

THE LASER SURFACE DAMAGE TEST FACILITY 

The (experimental techniques which are employed in the study of 
the precursors of laser surface damage were described in References 1 
and 14.  The so-called exoelectron imaging technique permits the investi- 
gation ot" the spatial distribution of electrons that are emitted from 
the irradiated surface upon heating or by optical stimulation.  These 
electrons are released from electron traps in a thin surface layer.  The 
exoelectron emitting surface is imaged directly with the aid of a multi- 
channel electron multiplier of high spatial resolution, or an electron 
immersion lens (exoelectron microscope) can be used in order to obtain 
magnified images.14 Direct imaging is employed whenever the laser 
power density is sufficiently high over a spot size of several millimeters 
in diameter.  Since the ruby and Nd-glass lasers available in our labora- 
tory permit spot sizes up to about 100 ym in the TEMQO transverse mode, 
the exoelectron microscope is required in most of our studies. 

In the reporting period we have concentrated on the design and 
construction of an electron microscope that is suitable for the intended 
studies.  This microscope is an improved version of the simple instrument 
described in Reference 14.  Furthermore, we have redesigned our laser 
system in order to obtain Q-switched pulses of TEI-IQO mode.  A major por- 
tion of our effort was devoted to the construction of a clean high vacuum 
chamber and a sample holder that is appropriate for the complex sample 
manipulation which will be required.  In addition, an alignment system 
based on a He-lie laser was established.  In the following sections we 
describe the experimental setup in more detail. 

5.1  VACUUM SYSTEM 

After an unsuccessful attempt to use existing vacuum equipment, we 
obtained a Balzer's pump system which was disassembled, cleaned, reassem- 
bled, and then isolated to eliminate mechanical vibration.  We also con- 
structed an experimental chamber.  In order to keep this chamber oil- 
free, a double cryopump system was connected for rough pumping.  A liquid 
N2 trapped diffusion pump produces a working pressure 5 x 10"' Torr or 
better. 

5.2 LASER SYSTEM 

Since the optical table laser system and the pump experimental 
chamber system are independent, an alignment system had to be developed 
in order to provide a precise location of the high power laser beam with 
respect to the sample.  The chamber is fixed on a three-stage table which 
permits linear movement in two directions normal to the incident beam and 
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rotation around a vertical axis normal to the beam. Close tolerances of 
0.001 inch or less in the dimensions guarantee accurate movement and ad- 
justment (Figures 8 and 9). 

There are several lasers available for our project: 

• He-Ne Laser:  This laser serves as an alignment tool which 
simulates the beam of the high power laser. 

• Korad Laser (type K-l):  This laser, Q-switched with the 
aid of a bleachable dye, may be operated with a Nd-glass 
rod or a ruby rod emitting in excess of 100 IIW power (multi- 
mode) .  For the experiments we tuned the plane-mirror cavity 
in order to achieve a TEMQQ mode operation of about 5 MW 
power output. 

5.3  LASER BEAM MONITOR SYSTEM 

(1) Temporal Distribution of the Beam: A fast photodiodt (ITT 
4000) with a rise time of 0.65 ns and a fast oscilloscope 
(Tektronix 519) are used to measure the time distribution 
of our O-switched pulses. 

(2) Spatial Distribution:  The spatial distribution is measured 
in a photometric manner.  The beam is divided by a beam split- 
ter.  The split beams are focused by identical lenses.  One 
beam is focused onto the sample and the other onto a micro- 
scope lens operating as a projector lens.  The microscope 
lens produces an enlarged image of the focal spot on a photo- 
graphic plate.  Curves of equal intensity will be traced ^y 
a microdensitometer. 

5.4  THE ELECTROSTATIC EMISSION MICROSCOPE 

We will now describe briefly the simple electrostatic microscope, 
which is similar in design to the one described by K. Kanaya et al.15 

At present, our instrument is used as a one-stage system consisting only 
of the objective lens.  However, the mechanical parts are constructed so 
that a projector lens can be added with little effort if the requirement 
arises.  The magnification of the instrument using the objective lens 
alone is on the order of 100 X, which is sufficient for most of the work 
Planned for this instrument. Those factors which determine the image 
quality, particularly the focal properties, spherical and chromatic aber- 
rations, are analytically derived from theoretical models of the three- 
electrode lens introduced by Glaser and Schiske,16 Lippert and Pohlit17 

and Kanaya et al.18 

For the design of the specimen manipulator, we took into considera- 
tion the fact that the vacuum chamber and the sample holder must permit 
imaging as well as proximity imaging.  This feature required a specimen 
manipulator which is independent of the microscope. Up to four samples 
can be heated simultaneously up to 300oC with our manipulator.  The 

18 

MM mu^, -     -   - i.-._.„ .'- ■ 'ir'ilfrliirt 



T^.WV^WmJIIJJWAVWWlljJ,WljpW^|?iBJ|H^U^|lJW   (      ,LllI).ippUJL5W|flW,Wl;>W».ut!»lASV^ «■I^BpW^wnwwf^^^^^mpffffBiwwH^iPR»^!^ - -. .,^-^»J 

p 4i ;jor) 3 

u 
d fa 
^J 

X 
ü 

r^ 

(U 
oc 
rj 

n 
1- 
aj 
w -. 
J 

l~ 

c 

4J 

a; 
E 
aj 
M 
c 
^ 
1- 
< 

C13 
.-J -- 
".i 

E 
)_ 
n 

u 
S-i 

3 

L9 

mmmm*m*m^m—m—^»m,—*m~*mdtmmmtt* -MHM. «.Ml-     »..■. 





if^,mm'v^pmmmmmrmntP^'^*"^"'l"V''l'^"''^'mmi'"i-',""^-mm"w'-" u '•   •,*111 'wwn mmiwmmmm*^*m'>^m'i**^*m*5**ii** ^m^tmm 

sample holder can be cooled with air, liquid I^.or water.  The samples 
can be moved simultaneously in two directions perpendicular to the opti- 
cal axis. 

5.A.1  Optical System 

Considering the bell-shaped potential distribution of the 
three-electrode lens developed by Glaser and Schiske,16 one can derive 
all optical parameters simply as functions of two characteristic param- 
eters, the half-width d of the bell-shaped potential and the ratio k2 of 
the center potential of the lens to the accelerating potential [Fig- 
ure 10(a)].  Both are functions of the lens dimensions.  In order to 
simplify the construction, a lens type was chosen where all electrodes 
have apertures of equal diameter.  The central electrode is considered 
to be thin compared to the distance between the outer electrodes.  To 
match the parameters d and k2 with these initial conditions', one starts 
out with a formula by Regenstreif19 

V - V 
*(z) = V1 + 

2 B 
1 

z + z. 
B' - (z + z„) arc tan 

(3) 

■■■ 

where 

. 2z, 
B = B' - 2z arc tan . ,, 

B* = (z + z„) arc tan 

+ 2z arc tan 

Zl + Z2 
R2 

, Zl " Z2 + (Zj^ - z2) arc tan  1+ 2R 

(4) 

(5) 
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Figure 10(a) - Potential Distribution in Electrostatic EE Microscope 
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For an aperture diameter (R^ = R2) of R = 0.050 inch and an electrode 
distance of Z2 = 0.1 inch, one obtains values for 

k2 = ^Y^ = 0-75 and d = 0.068 inch 
o 

z  = 0.012 inch 

The voltage ratio ^il^l  ^-s  assumed to be 2.25. 

In thxs case, the focal length f turns out to be f = 0.2 
inch using the calculation method suggested by Kanaya et al. ^ 

5.4.2  Mechanical Layout [Figure 10(b)] 

The design of the instrument was governed mainly by two 
considerations:  the microscope should be (a) usable in a UHV-system with- 
out modifications, and (b) easy to disassemble and reassemble. 

In order to minimize outgassing, all parts were made of 
stainless steel; pump-out holes were provided wherever possible and 
necessary.  The lens structure was made of soft iron for magnetic shield- 
ing purposes.  For the same reason, a "Mu-IIetal" shielding is used for 
the field-free shift region between the lens and the detector.  Since the 
sample holder is fixed in the direction parallel to the optical axis, it 
is necessary that the lens move to permit optimal focusing.  The transla- 
tional movement is accomplished by a rack and pinion gear combination 
which is connected to a rotatable vacuum feedthrough.  The lens structure 
moves in a high-precision oil-free ball bearing which permits one to take 
out the lens chamber and reassemble the microscope again without serious 
realignment. 
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SECTION 6 

EXOELECTRON EMISSION FROM PYROELECTRIC MATERIALS 

Pyroelectric crystals change their spontaneous polarization Pg 
when their temperature changes.  The resulting electric fields are known 
to influence exoelectron emission.20  Optically-stimulated exoelectron 
emission from TGS (triglycine sulfate) and Rochelle salt was found to be 
affected by the ferroelectric polarization of these materials.2  In air, 
field-induced electron emission from Seignette salt and ceramic barium 
titanate was observed21 and explained by localized high electric fields 
on the surface which resulted in the ionization of the nitrogen in the 
air.  These experiments indicate that ferroelectric and most notably 
pyroelectric materials constitute a special class of materials with re- 
spect to their exoelectron emission properties. Any work that aims at 
understanding of the mechanism of exoelectron emission from insulators 
must pay special attention to these materials. 

All experiments reported so far on ferroelectric and pyroelectric 
crystals were done in air and they are therefore not reproducible. 
For this reason, we have performed a series of experiments in vacuum 
(IG-6 Torr). We selected LiNbOß single crystals which were poled in an 
electric field and theretoLr? consisted of a single domain or revealed, 
after etching in HF, a well defined domain structure.  All surfaces 
examined were perpendicular to the c-axis, the axis of polarization. 
The crystals were nominally pure.  As a result of this investigation, 
we now understand exoelectron emission from pyroelectric materials.  By 
slowly heating the crystals from room temperature to about 100oC, we 
measured electron emission current densities of lO-10 to 10"y A/cm2 

(averaged over the sample surface).  Depending on the direction of the 
c-axis (either c+ or c"), a similar effect was observed upon cooling. 
Multidomain samples (nearly circular domain boundaries in the crystal 
surface perpendicular to the c-axis) emitted upon cooling, as well 
as upon heating.  This type of exoelectron emission, observed for the 
first time, may be called thermally-stimulated field emission of elec- 
trons (TSFE). A typical emission curve is shown in Figure 11.  The tem- 
perature of the sample wcs varied according to the curve shown at the 
top of this figure; the corresponding electron emission current is shown 

on the botton. 

TSFE turned out to be a useful means for imaging the surface of 
the crystal. We have obtained simple proximity images with the aid of 
a closely packed bundle of electron multipliers, each 50 ym in diameter. 
The emitted electrons are multiplied in this device and projected onto 
a phosphor screen. The spatial variations in emist-ion current density 
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Figure 11 - Thermally-Stimulated Electron Emission from a Multidomain 
LiNbüß Crystal 
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could be easily displayed in this manner with a resolution of about 
300 pm. The image obtained when the front of the multiplier bundle was 
only 2 mm above the crystal surface showed quite clearly the structure 
of the ferroelectric domain. Typical TSFE images of a multidomain 
LiNbOß crystal are shown in Figures 12 and 13.  Figure 14 is a photo- 
graph of the same crystal after etching in HF. 

Because of the strong emission of charged particles upon heating 
or cooling of a pyroelectric crystal such as LiNbOß, conventional ther- 
mally-stimulated exoelectron emission after exposure of the sample to 
ionizing radiation could not be observed.  Therefore, in order to study 
traps in such materials, optically-stimulated exoelectron emission has 
to be used. 

As indicated above, the mechanism of TSFE from LiNb03 is field 
emission of electrons. The theory of this effect has to explain the 
existence of electric fields that are strong enough C>10' V/cm) to cause 
such emission. 

Pyroelectric crystals have a spontaneous polarization Pg below the 
Curie temperature Tc.  In the case of LiNbOß, Ps = 0.7 C/m

2 at room tem- 
perature and Tc ^ 1200

oC (see Figure 15).  Due to this polarization, the 
c-faces of the crystal are charged with a surface charge of density n^, 
and we have the relation Ps = m»  The resulting field is IEJ = 4TT m 
= 4TT |Ps| [Figure 16(a)]. 

When the crystal is placed between the grounded heating block 
[Figure 16(b)] and the microchannel plate, a field Eg develops such that 
we might consider the surface charge n^ to be induced by that field. 
The relation between n^ and |EQ| is 

n. = 
i 

£ - 1 
4Tr e 

(6) 

To derive this relation, we assume that the surface charges n^ originate 
from the difference between EQ in front of the crystal and a field Ee  in- 
side it such that EQ -  Ez =  4^ ru.  The dielectric displacement vectors 
inside and in front of the crystals are equal, and therefore we have the 
additional relation eEe = EQ.  Equation (6) is readily obtained from this 
and we finally have 

4TT 
e - 1 

4TT P, (7) 

(e  =  50  for  LillbOß along  the c-axis). 
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[1200oC] 

Figure 15 - Schematic Dependence of the Spontaneous Polarization 
Pg on Temperature 

•■ 

The field Ei causes compensation of the surface charges ru in any 
real crystal because of its finite conductivity a.  In air, additional 
compensation occurs by ions that move from the surrounding atmosphere 
onto the crystal surface.  In vacuum, the decay of m is given by 

Hi = Hi (T = o) exp (-et/a). As a result, the surface charge of a py- 
roelectric crystal is compensated completely after t >> a/e. 

Experimentally, one can observe pyroelectric properties only by 
changing the crystal temperature at a rate that is characterized by a 
time constant smaller than a/e.  In our experiments, a/e was typically 
30 minutes or more. We started with a compensated crystal and, by chang- 
ing its temperature, generated a change in spontaneous polarization APC 
(Figure 15).  This results in a field E0 % 4TT APS. Assuming that we 
changed Ps by only 1 percent, that is, APS = 0.01, Ps = 7 x lO"3 C/m2 

we obtain, using the relation 1 C = 9 x 1011 V cm, a field perpen-  ' 
dicular to the surface of the crystal E0 = 7.9 x 10

6 V/cm, which is 
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Figure 16 - Polarization of a Single Domain LiNbOß Crystal Upon 
Temperature Change 
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sufficient to cause field emission of electrons.  Fields of this strength 
will also exist between different domains (regions of opposite orienta- 
tion of the c-axis at the surface). The microchannel plate intercepts 
part of the emitted electrons, and the typical images of Figures 12 and 13 
are formed. 

The observations made on LiNbOß appear to be of some significance in 
explaining certain aspects of laser surface damage of pyroelectric crystals 
as well as in the experimental methods to be employed in our further 
investigations. 

The observation of TSEE after laser exposure of pyroeJ.ectric mate- 
rials is not possible because TSFE will, in general, be a much stronger 
effect not only when c-faces are investigated, but the srrong fields gen- 
erated will make the observation of TSEE from other crystal faces diffi- 
cult if not impossible.  For the release of trapped carriers, photons 
have to be used (OSEE). A uniform light beam of low power density will 
be employed in the work on pyroelectric materials planned for the remain- 
ing contract period. 

The implications of TSFE and the associated electric field, which 
is sufficiently strong to modify the surface by emission of charged par- 
ticles, are of particular interest. We will focus on this aspect of laser 
surface damage in future investigations. We expect the generation of 
strong electric fields to be due not only to free carriers (photo- 
excitation),  but also to a rise in temperature upon exposure of the 
crystal to high peak power laser pulses.  This is especially true for 
imperfect" surfaces.  Small increases in temperature will cause suffi- 

cient changes in polarization to generate strong electric fields.  In 
initial experiments, we have observed electron emission from the spot of 
the crystal that was exposed to one pulse from a ruby laser having a power 
density sufficient for surface damage. The c-face of a single domain 
Lii^bOß crystal was viewed through the imaging device (microchannel plate 
plus phosphor screen) a few seconds after exposure. The emission was 
clearly visible for about 30 s.  Problems encountered with the imaging 
device delayed these experiments somewhat.  However, we were able to 
overcome these difficulties, and our experimental program is proceeding 
again according to the planned schedule. 
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SECTION 7 

OUTLINE OF A THEORY OF EXOELECTRON EMISSION 
FROM NONPYROELECTRIC MATERIALS 

Exoelectron emission measurements constitute an excellent means 
for probing traps at or near the surfaces of solids.  The basis for prob- 
ing traps is the expectation that the one or more links exist between 
laser-generated free carriers and the traps.  The carriers, produced by 
multiphoton processes, are free to absorb laser energy and accelerate to 
energies capable of avalanche ionization.  Evidence for this free carrier 
generation comes Urom photoemission and photoconductivity measurements. 
The link between the traps and the laser-generated free carriers is that 
the traps act to "freeze out" a portion of the free carriers.23 This 
portion is then measured by thermal or optical stimulation of the traps. 
Exoelectron images obtained in LiF at laser power densities above and 
somewhat below the surface damage threshold feature a characteristic 
ring shape.1 

In addition to a "freezing out" of free carriers, the traps may 
act as intermediate levels for multiphoton generation of the carriers 
and, in the case of resonance, increase the cross sections for the pro- 
cesses.  Another possibility for trap involvement is that populated traps 
may act as electron donors for ensuing avalanche processes. 

The theory of exoelectron emission from an insulating solid exposed 
to intense laser radiation has to describe the features of the exoelectron 
images obtained in such experiments.  Each experiment consists of two 
distinctly different phases: 

(1) The exposure of the sample to the laser pulse:  The solid 
interacts with the photon field.  Electrons are redistributed 
over available electron levels by such processes as multi- 
photon ionization, recombination, trapping, photoemission, 
avalanche ionization, and thermal transitions.  In this phase, 
a small number of electrons are trapped in metastable levels. 
Only those traps that are in a thin surface layer have to be 
considered for exoelectron studies.  The spatial distribution 
of the trapped electrons is a map of the spatial distribution 
of the conduction electrons which were generated during the 
laser pulse. 

(2) The subsequent heating of the exposed sample (thermally-stimu- 
lated exoelectron emission):  The probability for thermal re- 
lease of the trapped electrons increases with increasing temp- 
erature.  A small portion of the electrons released from the 
traps overcomes the work function barrier and is emitted as 
exoelectrons into the vacuum. 
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The theory to be developed has to provide the link between the processes 
occurring during the tine of the laser exposure and the intensity dis- 
tribution of the exoelectron emission inage. 

At higii laser power densities, the physical processes involved are 
identical to the processes occurring during laser surface damage.  The 
investigation of exoelectron emission after exposure of the sample to in- 
tense laser light below the surface damage threshold is of importance 
because it deals with processes that apparently are precursors of laser 
surface damage and therefore are likely to shed light on laser breakdown 
of transparent material. 

The seemingly impossibJe task to analyze these various processes 
has been simplified considerably by recently published quantitative work 
on multiphoton excitation of conduction electrons2^ and on the nature of 
laser breakdown in alkali halides,?'J one of the more important classes of 
materials to be considered in this research project. 

Multiphoton absorption must be considered the most important source 
of conduction electrons during the duration of the laser pulsed and 
avalanche ionization has now been identified as the prevailing mechanism 
of laser breakdown in alkali halides2!j at laser power densities above 
the damage threshold.  Aside from this, it is now established that the 
theory of dc dielectric breakdown26 of these materials is applicable 
without major modification to ac electric fields of optical frequency. 

In the following we will use an electron kinetics  approach to 
describe the spatio-temporal behavior of the density of conduction elec- 
trons in both experimental phases described above.  The parameters, 
entering the set of electron rate equations that will be developed, will 
be discussed.  Our goal is to either measure these parameters in the 
course of the experimental work or to obtain them from the literature 
and to compare the experimental results with theoretical values.  Rate 
equations of the type to be discussed here can be found in an article by 
Franz.27 

The energy levels of an insulating solid are, in the simplest case, 
described by a band model.  In thermal equilibrium and in the absence of 
radiation, the electrons occupy the completely filled valence band.  All 
trap levels and the conduction band can be assumed empty.  Denoting the 
concentration of conduction electrons as nc, the concentration of trapped 
electrons in N traps as nt, and the concentration of electrons in the 
valence band as nv, and neglecting for the time being diffusion of elec- 
trons and any dc electric fields, v/e can write 

dn 
= n    uj.  + n dt c     1 v  ^vc   + nt   -tc  -  nc   (nc +  V   "cv   "  "c   (:; -  V   "ct        (8) 

nt 
[£ =  %   (N  "   V    vc   + nc   (N -  V   'et   -   nt   (nc + V    ■ tv-nt-tc     (9) 
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where the w^^'s are the transition probabilities in appropriate units. 
The subscripts designate the transitions (e.g., ucv is the transition 
probability for an electron in the conduction band to reach the valence 
band, etc.); ui^ is the avalanche ionization probability. 

Charge neutrality is required and therefore the nunber of holes in 
the valence band is equal to nc + nt.  A correction for enitted electrons 
fron a thin surface layer is neglected at this point.  It is important 
to point out that all electron concentrations and transition probabilities 
are functions of the coordinates z (along the axis of the laser bean and 
perpendicular to the entry surface of the sample) and r (the radial dis- 
tance from the beam axis),as well as the time t. 

The avalanche ionization rate c^ pertains only to the ionization 
of valence electrons and does not include ionization of filled traps. 
Franz does not consider this process.26' / We will come back later to 
this important question. 

Only traps that are in a surface layer of thickness 6 (escape depth 
of the exoelectrons) participate in the formation of the exoelectron 
image in the phase 2 experiment.  The goal of the theory is therefore to 
calculate nt (tp, r, 0 £ z _< 6), where tp is the time duration of the 
laser pulse.  In order to do this, we must know the transition probabili- 
ties OJJ^, all of which depend on the spatio-temporal characteristics of 
the laser beam, that is the dependence of the laser photon flux on t, r, 
and z.  Furthermore, the temperature T of the sample enters as an import- 
ant parameter and it also will be a function of these variables. 

Transitions of electrons between  the bands and the impurity levels 
(traps) are due to different processes.  The avalanche ionization rate 
mi  has been the subject of several theoretical calculations27 and, in a 
recent paper by Yablonovitch and Bloenbergen,2b it was shown that the 
theory of dc-avalanche ionization is applicable also to laser photon 
fields by staightforwardly converting the photon flux density to the 
equivalent ms field strength E.  The authors report the field dependence 
of wi in the case of NaCl for laser frequencies from the infrared to the 
frequency of the ruby laser.  Their calculations can be extended to 
other alkali halides as well.  All other remaining transitions are of 
either thermal origin or are caused by recombination and single or multi- 
photon absorption. 

Field emission of electrons from the valence band or the traps, 
an important process in dc-dielectric breakdown, is of course absent in 
electric fields of optical frequencies. 

The transition probabilities ojik in Equations (8) and (9) contain 
contributions from optical transitions and thermal transitions.  Using 
the superscripts o and th to distinguish between these two processes, we 
have 

th ,  o 
tc   tc   tc (10) 
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vc 

vt 

tn ,  o 
vc   vc 

th ,  o 
vt   vt 

(11) 

(12) 

Since, in our case, the traps are expected to be at most 2 eV below the 
lower edge of the conduction band, the energy difference between the 
upper edge of the valence band and the traps is large in wide band gap 
materials such as alkali halides.  Vie nay therefore safely neglect OJ^J? 

and w^J at laser photon fluxes below the onset of catastrophic avalanche 
ionization.  The thermal transition probabilities uay be expressed in 
terms of the spontaneous recombination probabilities.  Of importance is 
the relation 

th 
Jtc 

= 2 
m*kT 

0 »   —ö 1— ct  2TT -fi 

i3/2 
exp (-E/k T) (13) 

where E is the trap depth and u* the effective electron mass at the 
bottom of the conduction band, 
the lifetime of free carriers. 

The transition rate IJJCV is known from 

In wide band gap insulators, w^c is a multi-photon transition and 
requires special consideration.  The most recent description of multi- 
photon absorption in various alkali halides was given by Catalano et 
al.24  They give a summary of theoretical and experimental results which 
we will use in the course of this research project.  The transition prob- 
ability per unit time for N-photon absorption is given by 

to  = a., f (z)J 
vc   N 

(14) 

where ojj is the cross section for N-photon absorption, measured in cm 2N 

sec H-J-, and f(z) a function which describes the z-dependence of the laser 
photon flux. 

Assuming that single photon absorption from impurity levels is a 
process that is much weaker than multiphoton absorption, the z-dependence 
of the laser flux is calculated from the equation 

d f (z) = - a f (z)IJ d z (15) 
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The absorption coefficient a^  is given by 

a,, = o../n (16) 

The concentration of valence electrons nv is equal to the density of 
active atoms in the solid.  The solution of Equation  (15) is 

f (z) = F 1 + (N - 1) F 
N-l 

1/(1-10 
II > 1 (17) 

Equation (7) is correct only for a laser flux that is not sufficient 
to initiate avalanche ionization.  The absorption coefficient changes as 
soon as avalanche ionization is initiated.  The absorption coefficient 
a^  due to free carrier absorption was given by Yablonovitch and 
Bloenbergen:25 

a. = 4 TT e 
i 

n m» 
r 

a + (iß) 

where 

e = electron charge 

T. = collision tine 
i 

oj = frequency of the laser light 

n = linear refractive index of the sample 
r 
c = velocity of light 

Even though the role of free carrier absorption (csj) is generally acknow- 
ledged to be a dominant one in laser induced breakdown of transparent 
dielectrics, it is at the moment still uncertain whether an avalanche 
ionization is required or not.  Kellworth28 argues that enough energy can 
be absorbed before electrons gain the kinetic: energy required for ioniza- 
tion.  Assuming the ionization avalanche is launched, the free carrier 
concentration nc grows exponentially with time and we have 

n n  (o) exp 

r t 
r 

j 
LO 

dt (20) 

as one can see from Equation (8) 
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Due to the absorption of laser photons, the temperature of the sam- 
ple will change and influence all the thermal transition probabilities, 
especially w|c» which determines the concentration of electrons remain- 
ing in the traps after the laser pulse has hit the sample. To come back 
to the importance of trap ionization by electrons, this process appears 
to be present. However, up to this point, we have not been able to find 
relevant information on this effect. The knowledge of it is of course 
necessary in order for us to evaluate the characteristic exoelectron 
images that are obtained after the sample was subjected to a high power 
laser pulse. 

In the forthcoming report period, we will attempt Lo include such 
effects as carrier diffusion, temperature effects, and trap ionization 
by electron collision in order to complete the set of rate equations (0) 
and (9) and to solve them for nt (tp, r, 0 _^ z <_ <S) . 

The exoelectron experiment (phase 2) involves simply heating the 
sample with a linear heating rate and the detection of exoelectrons ne(r) 
emitted from the sample with high spatial resolution (exoelectron image). 
The theory of thermally stimulated exoelectron emission will then be 
used to find the connection between ne(r) and n^   (tp, r, z). 
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SECTION 8 

FUTURE WORK 

The research program for the next six-month contract period is as 
follows: 

(1) Continuation of screening experiments on general exoelectron 
properties of selected laser optical materials. 

(2) Measurement of optically stimulated exoelectron emission from 
LiNbOß and possibly one or two other nonlinear optical mate- 
rials after exposure to ionizing radiation (electrons or X-rays) 
and/or high peak power laser radiation. 

(3) Completion of tests on thermally^-stimulated field emission 
from LiNb03 subsequent to exposure to high peak power laser 
pulses. 

(A) Continuation of exoelectron imagery of surfaces of optical 
materials that had been subjected to high peak power laser 
pulses. 

(5)  Continued development and improvement of experimental tech- 
niques for nondestructive prediction of laser surface damage 
of optical materials. 
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SECTION 10 

TECHNICAL REPORT SUIQ1ARY 

This is the first semiannual report for a program that is directed 
toward the development of a nondestructive method to predict laser surface 
damage of transparent dielectric materials used in high power laser sys- 
tems. Very high peak power laser systems are being developed for appli- 
cation in ordnance, communication, and thermonuclear fusion.  The test 
program includes (1) investigation of exoelectron properties of a series 
of selected laser optical materials after exposure to ionizing radiation 
or to high peak power laser pulses, (2) correlation of exoelectron images, 
obtained after exposure of the surface to laser pulses, with laser sur- 
face damage characteristics of these surfaces, and (3) study of the feasi- 
bility of using exoelectron surface imaging as a technique to nondestruc- 
tively predict the laser surface damage threshold of laser optical materials, 

All test facilities required for this program were developed.  Our 
work on EE emission from laser glass indicated that exoelectron emission 
from this type of material is too weak and irreproducible to be of any 
value.  Experiments performed on pyroelectric LiNbOß resulted in the dis- 
covery of thermally-stimulated field emission (TSFE).  A theoretical 
analysis of TSFE revealed that a very high electric field could exist 
on the surface of LiNbOß due to a small temperature change in the mate- 
rial. A small temperature increase is easily produced by high peak power 
laser pulses.  The fields produced in this way are capable of contribu- 
ting significantly to laser surface damage.  Therefore, it is important 
to further investigate this phenomenonon with the goal of understanding 
the damage mechanism more completely. 
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