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ARSTRALTY

I1n this report the reeuits of s nunber of eaporinents
ore prosented as well s & sumary of the tiacoreticei work.
Bula damage thresnolds for severel ruby anrd se iro samples
trom different sources arv prescnled. The preblon of surface
darage 1s discussc:, and gqualitative comparirons betwesn
entrance ¢nd exit surface damage are made. UVifferences
between the gross characteristics of bLulk damagu in ruby
and sapphire are preseanted and discussed. The dependence
of damage threshold on Ti0; doping and opticael pumping is
presented. The unexpected results are discussed and further
experiments proposed. The theoretical troatsent deals with
processes by which “cold® conduction electrons may damage
the lattice before they jain enough energy to ionize their
surroundings. It is shown that the energy that the con-
duction electrons absorb linearly from the optical beam is
deposited almost immediately in the lattice and is of suffi-
cient magnitude to form a rupturing shock wave. It is also
shown that the photoexcitation of impurity levels is enhanced
by the presence of conduction electrons. The presence of
conduction electrons and excited impurities is likely to
alter the refractive index significently and affect the
focusing (self- or external) in & complicated way. Impli-
cations of these results for reising damage thresholds are
discussed.
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3 Lot foduction ond Symmaig of Ses.ite

The copetinmsria wolts Jutirg thoe foputling
peti il has Lectr dsvaoled to 8 nanbet of 3iflctort sicae
Me have madified and ifploved Lhe fulry intcs ou thatl U ageet:
ates vory tellebiy (938 i o sitngie made. (hie hae Leed
sccanpliohed by the e of & tempetratste Gunlto, ol tesongnt
reflector - 2 M apettute and @ dye g-owiltlch, Cateheive
energy celibtations heve Leen cerrlied out wei d1fferont
Calibreted detectlors Qiving us o ADle feesohable wesure aof
the uncertaintly in our output. Buld damrege thisehold ame-
surements have been cerried oul for & number of ruby end
sapphire sasples obtained from different sources. ba:::-
ot both entrance and exit suffaces has been @ashihed
certain comparisons afe made. The differences Letween the
groes characteristics of bulk damage iIn ruby and sapphire
are presented and discussed. The effect on damege Lhreshold
of Ti0; doping has been studied for both ruby and sapphire,
and a pronosnced loworing of threshr!d ves found (contrary
to previously reported results). We have carried out a few
experiments in which the damage threshold vas messured as o
function of optical pumping for both ruby and sapphire. The
unexpected results ara discussed and further experiments

proposed.

B. Experimental Apparatus

The apparatus used in the dannx: threshold
experiments is essentially the same as that described in

the previous report (Semi-Annual Report No. 1), and only

the modifications will be described. A schematic represen-
tation of the apparatus is shown in Pig. 1. The main differ-
ence between this apparatus and that shown previously is the
use of a dye Q-switch in place of the rotating prisa in

the laser. We use a solution of cryptocyanine in methanol

in a 1 mm pathlength cell the optical transmission of which
is 308 at 6943 A. Another feature not shown in the first
apparatus is the MgO diffuser placed after the sample and

the associated monitoring 4detector. The signals from chis
detector and the one which detects the light reflected from
beamsplitter B, are integrated and displayed on a Tektronix
555 dual-beam oscilloscope. In addition, beam splitter B,
has been rotated so that the light is incident much closer
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we se® wi.h ogt Mo loting catwis, and Fig ! showe @ tiew
ttas ol the ja0ct oulpul lLehoh witlh photodiode No. | end
Svapiayed on the Veslgorie 319 ocecijloscops. Figure Jlal
showe Uihe stwnotlh lompatai shape seen about 930 of the time,
whilec Fig. 2ib' ahuwe 3h esttenw csample of multimode oscill-
ticvh, In this cose two Mmudse afe ancCilleting vith o fre-
guency 2epatatios of %0 MMe. Thie (reguency corresponds
te Ue apacditg Letlvesn the end ol the fuby and the resonant
tof.oct ¢t The owvetiapping specttal rfenges of the 7»3-
Petot ittotlotomwiet® and the 319 oscillioscope i1nsure that
the oecilliaticn of anything other then & single longitudinal
mades will be Jolectoed,

the amplitior is esiontially the same as that de-
scribed In the pteovious tepoft escept that a modification
it the lany design ver nade. The feason for this is that
the Imgela ¢ mat“h Letucer Lhe lamp and the pulse-forming
network i1s not optinus., Thie results In some reflection
in the trasenisaior line s0 Lhat the sample is not pumped
as coffoctively as it could Le. The new lamp which has not
yet Loen tested should improve the impedance match and per-
mt more efficient punping. The maxisus gain obtained with
the anplilicer is st 10 dB. The characteristics of our
lasor are summnarized in Table 1.

C. Powet and Lnergy Measurements

Ltasly in this reporting period we Jdiscovered that the
primary tefercnce used as a power standard in the first
measurerents (a3 Korad Liplanar photodiode) showed a drastic
change in photoresponse The reason for this is not known,
As & recault some doubt was cast on the initial power calibra-
tion figur-3, We proccded to obtain three separate “"cali-
brated® dotoctors and used them to establish a new standard
for photodiode No. 2, our energy monitor. Of these three
dotect 12, two were TRG calibrated thermopiles and the third
wes a { . ! ‘diode which had been checked against a number of
other calil'rated detectors from different sources.

¥The Falry-Perot interforometer ha! a 1.17 mm spacer giving
a frec spectrs]l range of 1.58 cm™ %, have measured the
resolution to be better than 0.06 cm™* or 1.8 GHs.
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NRL 268-7

Fig. 2.

Typical paoto moni-
toring Fabry-Perot
interferogram, near-
field, and far-field
beam patterns. The
difference in optical
density between the
two halves of the
picture is N.D. 0.6.
The free spectral
range of the inter-
ferometer is 1.6 cm™*.

HRL 265-5

Fig. 3. Tektronix 519 oscilloscope traces
of laser output with 20 nsec/divi-
sion sweep rate. (a) Smooth pulse
observed “v95% of the time.

(b) Modulated pulse (v750 MHz).

5



TABLE I

Characteristics of Ruby Laser

Energy Output 12 - 15 mJ
Pulse Length \ 20 nsec
Peak Power 0.6 - 0.8 MW
Beam Radius (l/e for E 1l mm (£10%)
field)
Beam Divergence 0.6 t 0.1 mrad (full angle)
Calculated Beam Divergence 0.44 mrad (full angle)

T30

In these experiments the laser and amplifier were
fired and signals from the calibrated detectors were compared
with that from photodiode No. 2 (Fig. 1l). A series of mea-
surements was also taken in which the amplifier was not in
place and where both photodiodes No. 1 and No. 2 were com-
pared with the standard detector. 1In these cases the 519
traces from photodiode No. 1 were integrated, and the inte-
gral v.c compared with the other signals.

The precision of these measurements was very good
(v5%) for each standard detector taken by itself but the
three calibrations were not in agreement, the two extremes
differing by about 30%. Since our precision is much better
than this, we can expect a more accurate power calibration
than we obtained at that time. The two thermopiles were sent
back to TRG for recalibration. When they return the measure-
ment will be repeated.

D. Gross Characteristics of Damage

We now wish to point out some of the qualitative
features of the damage we have observed in ruby and sapphire,
and point out the various differences seen in bulk and sur-

face damage.

When we place these samples in the beam we often
see some plasma formation at the entrance and exit surfaces;
this is shown in Fig. 4(a). In this shot no internal damage
was formed, but a small pit was visible at the exit surface.



We wish to emphasize here that exit surface damage is the
first to appear in most of our measurements and that the
threshold for exit surface damage is about an order of
magnitude lower than that for bulk damage. We also notice
that the plasma formed at the exit surface is often irregu-
lar, sometimes with a pointed appearance in the direction
of light propagation; the plasma formed at the entrance
surface is more rounded in appearance. Figure 4 (b) shows

a photograph of another sample in which internal as well

as exit surface damage was formed. Here we see a damage
track beginning about a third of the way in from the entrance
surface. Notice also the flaring out of the beam past the
damage track. This blowing up of the beam, discussed briefly
in the last report, could be caused by a scattering of
light from the damage sites or perhaps by self-focusing and
subgsequent diffraction. If we assume that the fanning out
of the beam is caused by diffraction from a self-focused
spot, we can determine roughly the spot size by measuring
the angle of the fanned out part of the beam. A crude mea-
surement gives 7 x 102 rad for the half-angle, which corre-
sponds to a self-focused spot whose diameter is 6.3 um.

This is not an unrealistically small spot size for self-
focusing, and thus the flared out beam could arise from
that. On the other hand, we notice that the flared out part
of the beam is not very uniform in that the center part

has much more light than the outer portions. This would
suggest scattering from the damage sites in which a small
part Lf the beam is deflected while most of it continues
along the same path.

1. Surface Damage

The difference in the qualitative features
of entrance and exit surfaces will be discussed briefly
in this section. Figure 5 shows photographs of both the
entrance and exit faces of a ruby rod subjected to varying
amounts of laser radiation. Note the difference in the
kind of damage seen. The exit surface generally shows defi-
nite crater formation as was discussed in the last report
and illustrated with a number of scanning electron micro-
graphs. The entrance surface or the other hand shows rela-
tively little material lost frowm the surface.

The influence of entrance surface damage on the
apparent threshold for bulk damage has come to our attention
during this reporting period. It is possible that one rea-
son for the large fluctuation (see Section I-E) observed in
the bulk damage threshold is the generation of damage at
the entrance surface and subsequent scattering of light
from this damage site (or absorption by the plasma), which

7



(a) No internal damage.

(b) Internal damage plus flaring of beam.

Fig. 4. Photographs of ruby samples while
being subjected to laser radiation.
Note surface plasma formation. The

light is traveling from left to
right.
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ENTRANCE EXIT

Fig. 5. Exit (right) and entrance (left)
surfaces of damaged ruby sample
(1/4 in. square) after a number
of shots. The regions A,B, and
C are relevant to the discussion
in the text.



could result in a much lower power density in the interior

of the sample than expected. It has been observed that once
this entrance surface damage has been formed it is very dif-
ficult, if not impossible, to create bulk damage with subse-
quent shots in the same place. For example, when the same
region of the sample is repeatedly irradiated with the laser,
each time with increasing power, the bulk damage threshold
often cannot be reached; however, the damage on both surfaces
generally increases from shot to shot. The problem of surface
damage varies considerably from sample to sample and from
place to place in a given sample. No substantial difference
in this behavior is seen when the surfaces are cleaned with
hot nitric acid and rinsed thoroughly with deionized water.
(Generally all surfaces are cleaned with ethyl alcohol.)

The photographs in Fig. 5 are presented so that there
is a spatial correspondence between the entrance and exit
surfaces. As an example of the variation in results for
different parts of the sample, let us compare the different
regions marked on the photographs. In region A, for example,
both entrance and exit damage are observed in a location
subjected to several shots from the laser. This region was
not damaged internally, even though the power incident on
the sample far exceeded that for which internal damage was
created in other regions (e.g., region B). Region B is
one in which both internal damage and exit surface damage
were generated (in this case with one shot), with barely
noticeable entrance surface damage. Regiun C shows a loca-
tion subjected to a single shot of less than half the total
energy as in B. In this case no internal damage was formed
but the exit crater is considerably larger than that seen
in B. Figure 6 shows entrance and exit surfaces of another
sample, where we again see the qualitative features of the
different kinds of damage formed. Note the general anticor-
relation between the extent of entrance and exit damage
as exemplified in Regions A and B. 1In one case (B) we see
exit damage with little or no entrance damage, and in the
other we see just the opposite. Next let us compare the
entrance and exit surface damage at somewhat higher magnifi-
cation. Figure 7 shows a magnified view of one of the damage
sites seer on the entrance surface of the sample shown in
Fig. 6. Here we wish to point out the crazed appearance
of the surface. There appears to be a general direction
to the crazing on the surface that is the same for all the
damage sites examined on that crystal. Other crystals also
show this type of linear crazing, but it is not seen on
all the samples examined. Figure 8 shows magnified views

10
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ENTRANCE EXIT

2]

]
wy

o

Exit (right) and entrance (left) surfaces
of damaged ruby sample (3/8 in. square).
The regions A and B are discussed in the
text.
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HRL 265-4

Fig. 7. Magnified view of entrance
surface damage such as seen
in Figs. 5 and 6.
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HRL 265-6

(a) End view.

(b) Side view.

Fig. 8. Photomicrographs of exit surface damage pits and
crazing.
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rig. 9.

Scoaning electron aicro-
graph of exit surface
damage in ruby showing
crazed region and surface
itting. Marker length
s 13 um.

14



of eait surfece . In the last report we presented a
aunber of plotures of exit surfece damage taken with a scan-
ning electron maicroscope. e reproduce one of those at this
time in Flg. 9 for the purposes of the present discussion.
Note that the exit surface damage consists of pitting or
crater focmation, a8 well es the crating similar to that
seen 02 the entrance surface.

l. Sulk Demege

During theee studies ve have noticed & differ-
ence between the qualitative festurss of the bulk damage
in . cOmpatred vith s ife. This is 1llustrated in
Figs. 10 and 1]1. 1In Plg. 10 we see some typical danage
trechs seen In a ruby sample. These tracks appear to be
6 series of bubbles or small frectured regions of variable
spacing: they are more densely packed at the beginning of
the track and opnod out tovard the end, 30 thet in some
cases t!'ere is an ncublo p between damage sites in
o given danege tr . beginning of the track generally
shows s more densely duuqod region that is usually much
wider than the rest of the track. 1In contrast, the bulk
damage in sapphire appears to be Qqualitatively different.
In Pig. 1l wve see an example of typicel damage tracks cbserved
in sepphire. These are generally more continuous (fewer
interrupt.: s) than those seen in ruby, and often contain
s *hollow® core with fractured regions at the periphery (see
s in Fig. 11).

In this particular sample there were a fev irregular

tracks such a¢ that shown in b of Pig. 11). It is curious

to note that these tracks occurred there vas appreciable
tenporal modulation 3n the .aser pulse. When these measure-
asnts vere made there vas an unuwsually high percentage of
modul sted shots. It vas noud that frregular damage
oocurred ml{.‘ tnose shrts vhea the pulse was modulated
(abcut six ¢t ). We oftes no interpretation of this obser-
vation, but merely point it out as s curious occurrence.

This section may be sum.arised with the following
statements concerning the qualitative features of the damage

in rudby and sapphire.

There are three distinctly different types of damage:
bulk, entrance surfece, and exit surface damage. The surface
demage apprare to be similar in both ruby and sapphire
while the bulk damage differs as described above.

19



HRL 265-2

Fig. 10. Photomicrograph of damage
tracks in ruby (see text
for discussion).

HRL 265-1R1

Fig. 11. Photomicrograph of damage
tracks in sapphire (see text
for discussion).

16



Entrance and exit surface damage are similar in two
respects and differ in a third. They are similar in that
plasmas occur at both surfaces and both show some crazing
at the damage site. They differ in that a fracture crater
occurs on the exit and not on the entrance surface. We
suspect that the crazing is connected with and perhaps caused
by the plasma that is seen at both surfaces, whereas the
crater, which is unique to the exit surface, is generated
by a phenomenon that takes place in the bulk of the material
and manifests itself at the surface.

The threshold for exit surface damage is about an
order of magnitude lower than that for bulk damage. It
is more difficult to make a definitive statement concerning
the relative thresholds for entrance surface damage and
internal damage. The ease of plasma formation at the entrance
appears to be a function of undetermined surface parameters,
the most likely of which are adsorbed substances and surface
finish.* Therefore, the state of the entrance surface defi-
nitely determines what occurs inside the crystal and at
the exit surface. in the extreme case all of the light
could be dissipated in the entrance plasma.

Finally, let us assume that a hypothetical sample
is subjected to a series of shots with increasing energy,
each time striking a different spot, and assume that the
power density is uniform over the length of the sample.
We will first observe exit surface damage at some threshold.
As the energy is increased, the extent of the exit surface
damage will increase to give a larger crater than on the
previous shot. At an order of magnitude higher input we
reach the threshold for bulk damage, at which point a short
damage track will appear; at the same time, we will probably
observe a decrease in the size of the exit pit relative to
what it was just below bulk damage threshold. As we increase
the energy further we will generally observe more extensive
internal damage and perhaps begin to see some entrance surface
damage, depending on the condition of the entrance surface.
At still higher incident energy the extent of entrance sur-
face damage (or absorption by the plasma) can be so great
that it precludes the formation of bulk damage simply be-
cause not enough light gets inside to cause damage.

*Tt 1s definitely known that a substantial plasma will form
on a dirty entrance surface. 1In addition, in our limited ob-
servations it appears that those crystals with more sur-
face scratches are more easily damaged at the entrance
surface.



E. Damage Threshold Experiments

In this section we present the results of damage
threshold experiments for internal damage in a number of
different materials from various sources. In all the cases
presented the data represent a large number of shots for
a given sample. There was a large amount of scatter in the
data, as mentioned earlier; we believe this results in part
from the varying amount of plasma formed at the entrance
surface. It is also reasonable to believe that there is
an intrinsic variation in damage threshold from place to
place in the same sample. As a result, there is a range
of incident energies over which one may or may not see in-
ternal damage, depending on the particular location in the
crystal. For example, at a particular location in the sample
no damage is seen at a given incident energy, while exten-
sive damage may be seen in another part of the sample for
a lower energy in another shot. The data presented in Fig.
12 reflect this fact. The dashed line corresponds to a
range of power densities where damage was not observed at
some locations in a given sample and is terminated on the
high end by the highest power for which internal damage
was not created. The solid line corresponds to 1nput ener-
gies where damage was observed at some locations in the
same sample and is terminated on the low end by the smallest
input energy for which damage was observed. For example,
let us examine the data presented for Cz Ruby L104 in Figqg.
12, The dashed line shows that certain regions og the sample
were subjected to power densities up to 7.1 GW/cm“ without
damage. The solid line shows that damage was observed in
some other parts of_the sample at input power densities
as low as 6.3 GW/cm?, Thus, the amount of overlep gives
a measure of the definability of damage threshold for a
given sample.

The power densities in Fig. 12 are calculated power
densities at the beam waist. Mode propagation equations
described previously were used to compute beam radius and
divergence at various locations. The energy incident on
the focusing lens first is measured by photodiode No. 2
(Fig. 1) . This is converted to power by dividing by the
appropriate pulse width (FWHM) as determined by the Tektronix
519 oscillograms. The power density at the lens is computed
by dividing this power by the area of the beam at the lens.
This gives a spatial average for the power density or energy
density. The energy density at the peak of the gaussian
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Bulk damage thresholds for a number of ruby
and sapphire samples. The power density and
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distribution is twice the spatial average.* The power
density at the focus of the lens is obtained by computing
the beam size at the focus.

We wish to emphasize tliat these power and energy
densities are based on the following assumptions: (1) The
spatial profile of the output is gaussian with a 1 mm radius
(1/e radius for the electric field.) (2) the spreading
of the beam is by diffraction only, and the beam suffers
no distortion, focusing, or defocusing in passing through
the ruby amplifier. (3) The diffraction limited spot size
is reached at the focal plane of the focusing lens. The
degree to which these assumptions reflect the reality of
the physical situation can only be estimated at present,
pending further measurements. Measurements of the near
field spot size at the oscillator output mirror give a 1
mm radius for the 1l/e points of the electric field (assuming
a gaussian distribution). This was done both by photograph-
ing a pair of spots on a ground glass screen with a known
attenuation difference and by measuring the sizes of burn
patterns on Polaroid film, with the relative energies of
successive shots known. The measurements by both techniques
agree to better than 15%. Measurements of the far-field
divergence of the oscillator give values that are higher
than that expected for a gaussian, although the measurements
are not highly accurate. We obtain 0.6 * 0.1 mrad (full
angle) from relative spot size measurements in the focal
plane of the 1 m focal length camera.? The calculated
beam divergence gives 0.44 mrad (6 = (2))/(mwg): £full angle);

*The gaussian beam radius w is defined as the radius for
which the electric field reaches l/e of its peak value.
This is the radius for which the intcnsity or the energy
density reaches l/ec of its peak value. If we define a
beam area A = mw? and divide this into the total energy
E¢ots We have a kind of average energy density. It is
easy to show that the energy density at the peak of the
gaussian distribution is 2Et°t/ﬂw2. In most of the
reports in the literature the power densities or energy
densities refer to a kind of average. That is, the total
energy is divided by the "beam size" determined by some
means or other. This method is convenient when the spatial
power distribution is not known.

"It is easy that the l/e diameter for the intensity
1s Dy = v/df - d5/v4n o, where d) and d; are the measured

spt diameters and o is the ratio of the intensities
(tor density 0.6, a = 4). The 1l/e diameter for the field
is DE = ‘/EDI.
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this is appreciably lower than that observed but is almost
within the uncertainty of measurement. Even though we are
well below the satura%ion flux for the amplifier (43/cm?
compared with 15 J/cm¢), the uncertainty in the effect on
the beam properties of the amplifier is probably the largest
and most difficult to estimate. Characterization of the
beam after passing through the amplifier will be carried out
soon.

F. Dependence of Damage Threshold on Added TiO;

Recent work of Nath and Walda1 reported a striking
increase (40x) in the damage threshold in sapphire when small
amounts (20 to 100 ppm) of TiO, were added. We decided to
check these results and extend them to ruby as well. We
purchased Verneuil ruby and sapphire samples from the same
source used by the above workers (Djeva in Switzerland via
Adolf Meller Co.), both undoped and doped with nominally
30 ppm TiO,;. The thresholds for internal damage were mea-
sured, and the results were found to be essentially opposite
those reported previously. Table II shows the results of
these measurements. The numbers in the table are given
in pairs. As discussed in connection with the data in Fig.
12, the numbers reflect the variation of threshold from
place to place in the sample. Of the two numbers quoted,
that on the left is the highest value for which damage was
not observed in the sample, and that on the right is the
lowest value for which damage was found in the same sample.
We see from Table II that the thresholds for the titanium
doped samples are at least an order of magnitude lower* than
those for undoped samples. The reason for this discrepancy
with the results of Nath and wWalda is not known. In addi-
tion, contrary to the results of Nath and Walda, we found
that the ultraviolet absorption edge for the Tio2 doped
samples occurred at a shorter wavelength than that for the
undoped sapphire (2600 versus 2300 &). This is shown in
Fig. 13.

—
G. Nath and G. Walda, "Strong Radiation of Laser Produced

Damage in Sapphire and Ruby by Doping with Tio,," 2.
Naturforsch. 23a, 624-625 (1968).

*Thgse titanium doped samples are examples of ruby and sap-
phire for which the bulk damage threshold is so low that
surface damage does not form.
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TABLE II

Effect of TiO, Doping on Damage Threshold

2

Power Density for Internal
Damage, GW/cm2

Without TiO2 With 30 ppm TiO2
Verneuil Ruby 5.4, 9.9 0.94, 0.70
Verneuil Sapphire 12.1, 9.4 0.36, 0.52

T40

Because of these discrepancies it is reasonable to sus-
pect that we may in fact have different material from that
studied by Nath and Walda. The future course of this work
is at present uncertain.

G. Optical Pumping Experiments

During this reporting period we have carried out a
few experiments in which we optically pumped the samples
while subjecting them to the laser radiation. Figure 14
shows the apparatus used for optically pumping. It was
designed so that the sample could be examined closely between
shots without the need for removal from the apparatus. The
experiments were carried out on two ruby samples and one
sapphire sample.

The samples were pumped with a power supply similar
to that used for pumping the amplifier flash lamp. In these
experiments we pumped at two different levels (123u J and
3700 J) into the flash lamp (model FX60 by E.G.&G.). As
in the previous experiments we fired a number of shots
(generally 10 to 20) at each pumping level for a given
sample.

The results of the threshold versus pumping experiments
are shown in Fig. 15. Here the results are depicted in
a manner similar to that of Fig. 12, where the dashed line
refers to the powers where no damage was seen in some parts
of the crystal and the solid line to powers where damage
was seen in other parts. The scatter in the data is rela-
tively high, but nevertheless we can confidently sav that
there is no appreciable lowering of the threshold with
optical pumping and, if anything, there may be a slight
increase.
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One reason for the scatter in this case is the use
of a shorter focal length lens than has been generally
used (19 cm compared with 48 cm). We used this lens be-
cause the output from our system was somewhat lower than
previously and we were not quite able to reach damage thres-
hold with the long focal length lens. A more extensive
plasma was formed at the entrance surface at times when
the 19 cm lens was used, and an appreciable fraction of
the light undoubtedly was absorbed by the plasma. The ex-
periments will be repeated with the sample in a different
position so that this will not occur as readily.

We observed another interesting phenomenon in these
pumping experiments related :o0 the location of the damage
in the crystal as a function of pumping. In ruby that is
not externally pumped, we see damage tracks whose beginning
is usually uniquely located in the sample. That is, for
a number of shots at different powers we find that the
damage tracks begin at roughly the same distance from the
entrance surface. The length of a given track generally
will be longer for higher power.

When the ruby samples are optically pumped, we see
damage tracks that begin at an appreciably different loca-
tion "downstream" from the tracks for the unpumped sample.
Harder pumping shifts the tracks even more. This phenomenon
is revers .ble; results for a sequence of nonpumping, pumping,
nonpumpinyg, pumping are reproducible.

Tae results of these experiments are shown in PFig. 16,
where the location ¢f the beginning of the damage track
is plctted as a functioa of energy discharged into the
flash lamp. The lengths of the bars on the plot reflect
the variaticn in position from shot to shut of the beginning
of the damage track.

This effect of apparent defocusing of the light cannot
be explained as a sort of thermal focusing due to the opticai
pumping; it is much too large for that. For example, if
we were to assume that the ruby has somehow become a negative
lens, we might ask what the effective focal length would
be. Taking into account the distance of the entrance surface
of the ruby from the lens and assuming that the shift in
the location of the damage track corresponds to a shift
in focus, we compute that the ruby would have to act as
a negative lens of *20 cm focal length, which corresponds
to a radius of curvature of the end of the rod of *7 cm.
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Alternatively, we can compute the apparent change
in refractive index with pumping to account for the shift
in the position of the damage track. The relative shift
in the distance from the entrance surface to the focus
1s directly proportional to the relative change in refractive
index. This then corresponds to an apparent inccx change
of 40 to 50%, a very large effect!

It is difficult to account for this effect by postulat-
ing any change in the linear refractive index. A decrease
in nonlinear index that somehow depends on the degree of
optical pumping is a possible explanation, but this should
result in a higher damage threshold for pumping than for
nonpumping. This may be the case, but there is too much
scatter in the data to confirm this (Fig. 15). We also
mentioned that in the pumping experiments there was a sub-
stantial amount of plasma formation at the entrance surface.
It is conceivable that optical pumping of the surface plasma
could lead to some defocusing effect. It is clear that more
enxveriments in this area are needed, especially w.th regard
to the relative damage thresholds.

A corrcla 1on for sapphire similar to those seen
for ruby in Fig. 16 does not exist. The location of the
beginning of the damage tracks in unpumped sapphire varies
over a much wider range, depending on the incident energy
from the laser, and any c¢ffect of optical pumping is obscured
by this variation.

When the incident laser power is close to threshold
the damaye 1s found farther “"downstream"; as the incident
energy incrcases, the location of the beginning of the track
moves "upstrcam" toward the source. This is illustrated
in Fig. i7, where we plot the distance of the beginning
of the damage tracks from the entrance surface versus laser
power incident on the focusing lens.

H. Plans for Next Period

One of the first tasks to carry out will be the mea-
surement of the beam characteristics after the amplifier.
Dependence of damage threshold on the size of the focal spot
will be studied, and the optical pumping experiments will be
repeated in an attempt to cobtain better reproducibility in
the data. The evolution in time of the damage track will be
studied using an image converter camera.
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II. THEORETICAL STUDIES ON OPTICAL DAMAGE

A. Introduction

In the theoretical studies conducted for this project
we have first established a broad outline or "scenario" of
optical damage as it is caused in the best quality ruby and
sapphire by laser pulses of order 20 nsec duration and
shorter. This general examination then led us to a concen-
trated study of a previously unexplored class of mechanisms
which we thought might play a central role in the break-
down of sapphire and ruby. These mechanisms involved the
ability of a relatively low-density (1016 cm~3) of cold
photoexcited conduction electrons (l) to transfer energy
rapidly and efficiently from the optical beam to the lattice
and (2) to accelerate the excitation of even more conduc-
tion electrons, thus aiding further in the energy transfer
of (1). 1In subsection B we review the general damage pic-
ture as we see it, and then in subsection C the results of
our studies of photoelectron dynamics in strong optical
fields are presented. For details pertinent to these sec-
tions, the reader will be referred to a paper which is
reproduced here as an Appendix.

B. A Proposed General Outline of the Process of Optical
Damage 1n Sapphire and Ruby

We have found it useful to view in five stages the
over-all damage process in ruby or sapphire (often referred
to as "the crystal"). These stages are as follows:

(1) Before actual physical rupture of the lattice
occurs, a certain spatial and temporal distribution of
optical fields that is able to initiate the damage process
is reached or exceeded in the crystal. A comprehensive
description of the threshold beam conditions for short
pulses is far from being complete, being dependent on the
outcome of researches on all the phases of the damage
process. Roughly sgeaking3 it ig believed that if the beam
can deposit from 104 to 10° J/cm” in a small region of the
crystal in less time than it takes heat to diffuse out of
the region, then a rupturing shock wave will develop. Ai
a working rule of thumb, a pulse of duration 10-8 to 10-10
sec and ff order 1072 cm in diameter cannot exceed several
times 1010 w/cm peak intensity without initiating damage
in ruby or sapphire. However, several remarks are in order.
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First, the visual appearance of damage tracks sug-
gests that self-focusing of the optical beam is instrumental
in increasing the beam intensities into the damaging regime.
This is not definitely established and is under investigation
in this project and elsewhere. However, if self-focusing
is aiding ir the 1nitiation of damage, then the above numbers
have grown out of some probably incorrect interpretations of
data and may require modification. To better establish the
degree of self-focusing, a definitive measurement of the
"fast-responding" part of the nonlinear index of sapphire
and ruby would be helpful. Early in this project, we
examined the possibility that transient electrostriction
could produce self-focusing at observed damage power thres-
holds and found it to be extremely remote. Whether or not
self-focusing is occurring from other mechanisms we view the
subsequent stages of damage roughly as follows.

(2) The intenie optical beam next promotes a num-
ber density of order 10 electrons/cc from impurity levels
into the conduction band. This can happen by the direct or
"linear" photoexcitation process observed by Hochuli

(Ref. i of the Appendix) at low optical intensities

(5 W/cme) More likely, this excitation is produced by
complex multlstage, or even "bootstrap" avalanche, processes
that resulted in the haighly nonlinear photoconductivity ob-
served by Belikova, et al. (Refs. 28] of Appendix), at
high optical intensities (~1010 w/cm®) The studies of some
new processes of the latter kind made under this project are
discussed in subsection C.

(3) The strong optical field seen by electrons
reaching the conduction band imparts to them some added ran-
dom motion (heating) and some coherent oscillatory motion.
Previous workers have concentrated on the heating effect
(Refs. [1-4] of Appendix), supposing that the electrons
might gain enough random energy to ionize the lattice, pro-
moting other electrons across the band gap (v 8 eV) in an
avalanche process. We have examined this possibility in de-
tail starting, as did previous workers, from Frohlich's well-
known model for electron-lattice interactions. We found
to be negligibly small the probability of an electron's gain-
ing even one eV af random energy at nominal damage intensi-
ties (~1010 w/cm However, when we examined the effects
of the low-energy coherent motion (v107° eV) of a "cold"
electron 1n the intense field superposed on the small thermal
motions (appropriate to a temperature not much above the
ambient lattice temperature), we found a potentially damag-
ing situation. These oscillating electrons spontaneously
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radiate longitudinal optical (LO) phonons at a significant
rate, much as an electromagnetic antenna radiates photons.
(We also calculated the rate of stimulated emission of
phonons by the oscillating electrons but found this to be
negligible.) Our efforts in assessing this phonon radiation
rate are described in subsection C.

(4) The LO phonons radiated by the conduction elec-
trons have a nearly vanishing group velocity and do not carry
their energy out of the region of the beam rapidly. Although
direct measurements of the lifetimes of the most important
phonons (which do not have a small wavevector) are unavail-
able, we believe that they decay rapidly into acoustic
phonons in a time short compared to laser pulse lengths, in
essence depositing a certain thermal energy very close to
the electrons that radiated them. This means that there is
an equivalent heat source formed in the irradiated parts of
the crystal.

(5) In the final stage of damage, the large ran-
dom acoustic (heat) energy generated from the LO phonons
forms shock waves which then rupture the crystal, generally
some time after the optical pulse has passed. It is not
beyond the theory of shock waves in solids to estimate the
strains developed as they propagate away from the heated
region., However, it would be a formidable computing task
and we have not attempted it. Other efforts in the pro-
ject have been concentrated as outlined in the following
section. Before discussing these efforts, however, we might
make a few critical remarks about the above review of damage.

There are various potentially damaging processes
which lie outside the foregoing outlines. We have examined
all of those known to us and have found them to be probably
less important than those outlined, or at best only occur-
ring in a final holocaust when they are not needed, if in-
deed they would still be identifiable. Among the most
prominent of these are stimulated Brillouin, Rayleigh, and
Raman scattering. In the first two instances, we have in-
vestigated the degree of stimulation of density waves for
purely electrostrictive and for absorptive (thermal) coupl-
ing. It seems very unlikely from existing electrostrictive
data that significant stimulated Brillouin waves would
develop. Significant gain from absorptive coupling exists
if some mechanism (such as our conduction electron mechanism)
can produce optical absorption of order one cm™*. But at
this level of absorption, damage from other effects of the
heating will certainly obscure any stimulated effects.
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Raman scattering cross sections are not well known, but
there has never been observed at damage the distinctive
strong Stokes and anti-Stokes sidebands that accompany
stimulated Raman scattering.

cC. The Role of Photoelectrons in Crystal Damage

In this project we have examined two of the many
questions surrounding the roles of photoelectrons in the
various stages of the damage process which we outlined in the
preceding section. First, we have studied the rate at which
a single conduction electron transfers energy from the opti-
cal field to the LO phonons. Second, we have estimated how
the presenci of conduction electrons at densities of the
order of 10 6/cc affects the rates at which electrons ini-
tially bound to impurities (dislocations, foreign ions, etc.)
make transitions to higher energy impurity levels, both
bound and unbound.

The first question has been answered with the most
surety. Foirtunately, sapphire and ruby are polar crystals,
and in polar crystals the interactions of cold electrons
with the LO phonons dominate their interact:ions with other
phonons; and a particularly simple model of this interaction
derived first by Frohlich (Ref. [10] of Appendix) has
proven to give remarkably accurate predictions of mobilities,
effective masses, and even cyclotron level shifts in a w:de
variety of materials. The only parameters in this model
are the static and optical dielectric constants, the LO
phonon frequency (or its average), and the effective band
mass of the conduction electron. Unfortunately, the last is
not known for sapphire, but experience with other ionic,
high band gap materials indicates it is easily within order
of magnitude of the free electron mass. More fortunately,
the rates we seek do not depend too strongly on the effective
band mass, typically varying as its square root. A further
complication is that the electron-phonon interactions in
sapphire and ruby cannot be treated by quantum perturbation
theory. The dimensionless perturbation expansion parameter
a defined by Frohlich is roughly three in this case, and
only for a << 1 is perturbation theory accurate. The
author, with others, has previ . usly developed a method for
treating such cases of "intermediate coupling" (Ref. [6] of
Appendix). This method is based on a minimum-variational
principle. Long experience with a certain two-parameter
variational function has indicated that, used in computing
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the electron response in the manner prescribed in Ref. [6]

of the Appendix, this function will yield an optical absorp-
tion rate for a conduction electron accurate to within *10%.
The uncertainty in the band mass contributes much more un-
certainty in our final results, so refinements of the varia-
tion function, or in other approximations in its use, are not
warranted. The numerical details of this calculation of the
optical response, and from it the phonon radiation rate, of
an electron in sapphire or ruby are given in Section 4 of

the paper reproduced as the Appendix.

The second question studied in ghis project sought to
determine whether the presence of ~v101® conduction electrons/
cc could significantly affect the rate in which impurity
electrons made up their ladder of levels and hence contribute
to the very nonlinear behavior of the dc photoconductivity
observed by Belikova, et al. (Refs. [7,8] of Appendix),
in what are probably the only high-intensity experiments re-
ported to date which avoided many spurious effects of surface
conductivity. The impurity level structure of sapphire and
ruby is seen to be very weak but very complex from existing
infrared absorption and luminescence data. Unfortunately,
the densities of impurities of different types are completely
unknown as is the structure of any given type. One can make
crude estimates, however, with various physical models, of
the transition matrix elements required in a simple Born
approximation or dipole approximation treatment of optical
field-electron-impurity interactions. Using what we felt
were conservative guesses, we ifound that the impurity transi-
tion rates could be affected in an important way by the
conduction electrons. This is especially true for the
majority of bound-bound transitions normally not resonant
with the optical beam, for these transitions become allowed
when the conduction electrons can carry away the excess
transition energy. Optical cross sections for such elec%fon-
enhanced transitions are found to be of th ordgr of 10~ cm?
Therefore, impurity densities of order 10+ cm™ might bring
these processes into contention, if not dominance, over
direct photoexcitation. The details of these calculations
are given in Section 5 of the Appendix.

Many other questions surrounding the role of photo-
electrons in damage have been or are currently under study
(see, for example, the Appendix). However, without much
more reliable and wider range of experimental data on the
impurity level structure and conduction band characteristics
in optical materials of interest, definitive answers cannot
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be found for what causes damage, how to prevent it, and how
to detect damage-prone crystals before use. Fortunately,
laser sources provide an unprecedentedly powerful tool (that
has as yet been little used) for studying photoconductivity,
photo-tiall effect, luminescence, and other properties of
very weakly photoconductive materials, such as ruby and
sapphire. Progress in controlling optical damage may be

anticipated from knowledge gained from such studies in the
future.
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Previous workers have discussed the possibility that electrons photo-
excited into the conduction band of a polar crystal by a high-intensity, short
optical pulsc may gain enough energy to damage the lattice by imitiating an
ionizing avalanche. We discuss herce other processes by which these
conduction clectrons may damage the lattice even before they gain enough
energy to ionize their surroundings, specializing our calculations to the case
of sapphirc and ruby. First, we show that the cnergy that the conduction
electrons absorb lincarly from the optical beam is deposited almost
immediately in the lattice without significant heating of the electrons. At
electron densitics ( ~ 101® ¢m=3) and optical intensities (~ 1010 W/cm2)
likely to cxist at sapphire damage thresholds, this deposited energy is found
to be of the order of what one might expect would be required to form a
rupturing shock wave. We also show that the photo-excitation of both bound
and unbound impurity levels is ecnhanced by the presence of conduction
electrons, so markedly so for the former that the promotion of electrons
into the conduction band may be significantly ''bootstrapped,' thereby
increasing the optical absorption. The presence of conduction electrons and
excited impuritics in the expected numbers is likely to alter the refractive
index significantly and affect thereby the focusing (self- or external) of the
beam in a complicated way. For the simplest model these nonlincar index
contributions would tend to produce repeated focal regions along the beam.
Implications of these results for raising damage thresholds are discussed.

Key words: Crystals, electrons, optical damage, photo-absorption,
photo-conductivity, photo-electrons, polar crystals,
ruby, sapphire, self-focusing.

1. Introduction

The physical processcs responsible for the bulk damage causcd in various transparent crystals
by short optical pulses (causing negligible clecirostriction) have not yet all been identified. Here we
arguc that several processes not considered previously arc likely to be important in the optical
damage of inclusion-frec polar crystals, especially sapphire and ruby. For their initiation, these
processcs would all scem to require on the order of 1016 conduction clectrons per cc to be present at
the point of maxiimum optical intensity, a number widely suspected to be present in sapphire and ruby
at peak intensitics ~ 1010 W/cm? just below damage threshold. We will argue here that such densitics
of cold electrons can a) transfer damaging amounts of heat from the beam to the lattice; b) accelerate
the rates of photo-cxcitation of bound and freec impurity electron states, thus significantly increasing
the supply of conduction vlectrons, possibly even in "avalanche''; and c) significantly change the local
refractive index, possibly in a way which, in conjunction with the normal nonlinear index, could cause
repeated beam focusing along its axis. In none of these prucesses do the electrons become hot enough
(~ 8 eV) to ionizec the lattice, in contradistinction to the process suggested by previous workers [1-4])2.

l\Vork supported in part by the Joint Services Electronics Program (U. S. Army, Navy, and Air Force),
under Grant No. AF-AFOSR-69-1622A, and in part by the Advanced Rescarch Projects Agency through
Air Force Cambridge Rescarch Laboratorics.

2., . N . g
Figures in brackets indicate the literature references at the end of this paper.

Y
Presonted at the ASTM Symposium on Laser Damage, Boulder, Colorado. 24-25
June 1970 and will be published iu the Proceedings.
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Hence, we will reter to them as ''cold” canduction electrons  llow the danvge processcs discussed
herc depend on crystal teniperature, optical wavetength and pulse duration 1s a complex function of the
encrgics and wavefunction of the states of the impuritics supplying and trapping conduction ¢lectrons,
the eledtrons’ cttective mans(es), the longitudinal optical (1.0) phunon structure. and the eloctron.
phonon coupling  Although only the latter two arc tairly well known for ruby and sapplure, plausible
hypotheses about the tarnier Tead one to single out the proccesses we propose as potentially imiportant
to damnage It would aopear thee redacmg donor concentrations or increasing tlreir eleciron binding
encrgies might produce more datnage-resistant crystals {lowever, 1t the condpction clectron density
were proportional to optical intensity (wWhtch appears not 1o be the case at such high intensitees), it
would tend to peduce sell-tocusing (or produce o net defocusag) ind thereby lower dantage thresholds
Other conclusions and sucvested caperimiental chechs of el «ctron processes arc mentioned in the final
Section. In the wllowite Section 2 we sununarize the patamcters synd phiy acal regimes we encounter
in ruby and sapplire and we ouatline our rourli crvteria tor when damage 1s expected  {n Section 3 we
define the approah we tabhe tor evaluating * e required paranicters and discuss difticalties with
previous calculations ot the conditions unc- r which hot 1onizmp clectrons inneht be produced  he
calculations of the enhancement by conduction clectrons of lattice heating and photo-excitation follow
in Scctions 4 and 5 Uefore proceeding, we first summarize our assessment of often-conflicting
reports on photocondudtivity in ruby and sapphire

Hochuli 5’ has measured the low-frequency photoconductivity at various wavelengths and temper-
atures of ruby «nd sapphree at optical mtensitios 1~0.2t0 5 W/em? and using applied voltages ai
frequencies zero 1z, 100 {12, and 9 39 GHz lle found no ¢ssential differences in results for the two
crystals Il obscrved conductivities (at 5 W/em®) were 4 x 1013, 10-1', and 4 2 x 10-8 ()= !,
respectively, at the above frequencics  Since all these frequencies are well below the electron col-
hision frequency (whreh from the theory of Section 4 we estimate to be ~ 1014 rps), the wide variations
in results indicate the maunitude of experimental pitiails in any attempt to micasure such low hulk
conductivities  Anomalies at the two lower frequencies probably arise from surtace effects, from the
inability of clectric contacts to inject charges into the crystal, and {rom space charge buildup. There-
fore, the 9 39 Gliz valuc, obtained in a microwave cavity with a small clectron drift cxcursion
amplitude (of the order of an Anstrom),i1s probably the most reliable.  This conductivity was {inear in
the optical intensity within the range of obscrvations. Its wavelength dependence suggested that the
electrons were supplied from donor levels between 0 6 and 1.2 eV beluw the conduc on band, 1n
agrecment with what one would conclude by studying the normal hulk conductivity vari tion with
temperature at higher temperatures. The wavelength dependence also suggested niore donor levels
appearing around ; c¢V. Althoupgh Hochveli was able to observe a 1lall voltage, it did not vary when the
light was turned on or off  The nominal Hall mobility value u = 0 052 cmé/V svc. derived therefrom
has nevertheless been used without question by other workers whenever a value was required in
calculations. This value corresponds to a collision time - of 4 x 10°!17 s¢c . or an clectron mcan path
of the order 1010 cmy, and must be considered unphysical, corroborating the ditficulty of mmaking
electrodes on sapphtre  Using the standard Frohlich theory of a conduction clectron in a polar crystal
adapted to the larpe « oupl.‘m:‘couu!an! of sapphire 6", one cstimates - (at room temmperature) to be
between 10714 4 4 1015 4 go, depending on where the cffective band mass lics between 1/10 and 15
electron masses  Assumin: a free clectron mass for which - = 7 x 10-15 gec (and = 12 em2/V sec),
one would infcr from {fochnli's mrcrowave observations that he produced ~ 2 x 108 photo-elcectrons per
cc with § W/cm? of broadband 1lg lamp exciting intensity. We sce from this that 1016 elcctrons per cc
would very likely be excited near damage thresholds of 1010 w/cme provided that 1016 donor levels rer
cc were occupted, a provision which is unknown

Except possibly for the experiments of Belikova, et al 77,8), other reported obscrvations of
photoconducttvity in ruby appear to be plagucd by surface and contact effects. Belikova, ct al.,
obscrved the photoconductivity to be highly nonlinear with the (6943 I§) optical intensity 1 for intensitics
near 1010 w/ecme '7°  Onc can use our value of - above with their data to estiinate very crudely (since
their beam geometry was unspecified) that they werc observing well over 1016 Licctrons/cc at
1010 W/cm¢ (provided that tlre electron recombination time Wwas short compared with the optical pulse
length) Belikova, et al., also obscrved optical emission bands ncar 2, 2.7, and 3 cV (they could net
scc belnw 2 ¢V) which are suggestive of some impurity level transitions. The foregoing is about all
onc can conclude about photo-cicctrons froin existing data for ruby and sapphire.

2 Description of Electron Interactions

In studying the rolc of photo-excited clectrons in crystal damage, we will constantly apply our
formulac to the case of sapphire «nd ruby. The phonon structure of these two crystals arc essen'ial.v
identical, as arce the low -intensity photoconductivities.  Althungh distinct diifcrences in damage
behavior have been observed, the wross damage thresholds arc statistically indistinguishable for
sapphire and ruby Therefore, inost pertinent aspects of these two crystals can be studied topcether
FYor Lrevity, we shall reicr hercafter only to sapphire, but shall intend our remarks to apply alsv 1o
ruby unicss stated otherwisce. We shall also assuine throughout that the optical beam wavelength 1s
6943 1, that of the room temperature ruby laser.
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A {roe clectroun gas of density 1016 cm-) has a plasma lro? ency u%~6 x1012 rps that is much
lower than a) the optical beam frequency of interest » (2. 71 x 1012 rps), b) the phonon {requencies w,
(~1014 rps), and c) typical clectronic excitation frequencies ( ~ 1016 rps).

We shall call a conduction ele:tron “cold" when its energy is much less than interband energies
and its wavelength is much longer tan the scale of potential variations of the field lattice. Other
electrons we will refer to as “"hot "' The time for cold electrons in the 1/40 to 3 volt range to equili-
briate among cach other by collisiois at a denssty 1016 cin-3 is of the order of 1071010 10-13 gec 9],
much longer than the inverse electrin-lattice collision tinie (~ 10714 gec in ruby). Therefore, at
Jeast beforc any large 1omziny avalanche occurs, the cold conduction electrons may bc studied as
independent particles, nout interacting among themselves but interacting only with the ficlds and other
particles in the crystal.

When a cold clectron inoves in a polar crystal such as ruby or sapphire, it is often called a
“polaron.” Its interactions with the crystal phonons arc known to be well-described at room temper-
ature and abov« by 1the llammltonian derived by Frohlich (10 and used by all previous workers in
calculating clectron niotions lcading to damaye:

Hp = h ¢ vp (1
where
h, = #(p - A%+ £y .E ’ (2a)
and
vg * I Gy % RIS S, (2b)

H"eF is the clectron’s momentum, and x the electron's position coordinates, a, is the annihilation
operation for a LO phonon of frequency w.. Optical wavelengths are long enoughi®so that the vector
potential A(t) inay be taken as a function ¥f time only oscillating at a frequency ». We use dimension-
less "'polaton' units in which the effective band mass of the electron my, is unity as is Planck's constant
8. All encrgics are measurced in units of an effective LO phonon energy &w, (680 cm-! or 980°K for
sapphire and ruby). Frequencies arc mcasured in units of Wy (= 1.6 x lO“orpl) so that vy = 17 for a
6943 } beam in sapphire. Lengths are measured in units of (4/my, wy)® which is 8.5 x 10-8 cm for ruby
if we take mp to be the frce electron mass Mg fro}\lich howed that in these units the coupling
coefficicnts Ck are wcell approximated by V°© 33/ ]r’ a k™! where V is the crystal volume, a is the
dimensionlcss polaron coupling constant (¢~! - ¢;!) (Ryd'/aw )t. Here Ryd' is the Rydberg for an
electron with niass mgy, and ¢ and ¢g are the optical and static dielectric constants (3.1 and 10). For
mp = Mg, a ~ 3 for ruby. In ruby an electron is not if k is of order 10 or more (in polaron units). Hot
conduction electrons have ncither the simple forins of kinetic energy or lattice interaction energies
found in ey (1) but obcy comnlex equations in which exchange must be accounted for and which have
never satisfactorily been approximated in usable form for a dynamic lattice. There would scem to be
no way at present to make a reliablec cstiniate of how strong an optical field would be required to
produce enough interband electronic transitions (i. e., lattice ionization) to cause damage.

From the discussion of the prcvious section, it is evident that the electrons photo-excited (below
damage thresholds) in ruby and sapphire crystals come from donor impurities to which they are bound
initially withh niuch less encrgy than the valence-conduction band gap energy (~ 8 eV). The effccts of
these impuritics on the supply and motions of conduction clectrons, as well as on the excitation of the
donors by conduction clectrons, can be studied by considering the Coulomb interactions v, between a
conduction electron at x and the ith particle of the ath finpurity having charge eqf and located at .fﬂ‘

vrele)! Zi 9 / 1z - £l (3)
+Q

where the electronic charge e is 4 in our polaron units, and is screened by the dielectric constant €g
appropriate to the frequencics of niotions under consideration.

To deal with the elastic scattering of the electrons, one needs only the matrix clement of eq (3)
diagonal in the impurity'. ground state. This gives an effcctive classical scattering potential seen by
the conduction clectron. T'o study inelastic scattering, we will assume that the impurities may be
described by an unperturbed Hamiltonian hy = £ hy, with "ionized" or unbound as well as bound
electronic eigenstates. Calculations will't erclorc start from a total Hamiltonian H comprised of
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\ Approaches to the ( glculation of Danage Thresholde

Previous teeatmente of the sole of clectrones in damage 1,4 otaried teain Frohlich'e Hlantlionian
eq (1) and sonpht to o doubete she nptcal intensity at whick elevirons would gain cnough ¢nvegy u to
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where Ry, 19 the averae eate at which the aptiu al field decs work on the cledtron and R, te the
aAverapge Pate o' whie' te oni o) cleciror ratiates phonone, 1 e, iranstiers ite encrgy 10 the
lattice.  Hrovicas ‘reatmonts v all taben tar Ry, the usual hincar comluc tivity loge per electiron with
reasonable order of g cmitade 2oamates fran oq (1] for the opitcal conducitvity {or  clectron
collissnm rate ) Jheoaevor, they have made approsaations for, or stalerients about, I, that are nu,
directly basedd cn g oontar ascrage of the apitopriate operatar Was crman | touk (e W, the rote
at which an “lectran haone o Masaelliian disceihution would luse energy to & conler lattiie e in the
abscnce of the oti ) el TN 01 He predicted hreatdoun intenetttes orders of magnitwle abave
those avtually chaernat Sveres, ot al 3, used for R . the approri=ate ratec at which an cledtiron
would bose eror,y o e Taty CATNRE from 4 e Mty cigenstate (1 tar which ip" u alew in the
ahsence of the e sl b i This predicted theesholds alee cxcecded obsurvad throshalde by nuer tun
orders of magrntale S teel 1o quite probable that 3 prectse evaluation of the epeciral encegy
distribution 5t wc ol cren ohey ne cq (HY woild shnw that the clicirons do i fact rematn oo cnol o
ontze Inparitis « or e battiee o opnical foeldas helow daniage theesholds  In the neat sectton we show
that, tndeed, « e s ath phanons doinate an clectror s mudion We have checkod that 1t fiillowe
rigorously froce v 1Y that, tal west arcer an the aplical intensity and coupling parameter a, an
electron’'s expe o d sty ener, v 1e camnly the qum of tte Cohorently oscillading cnergy plus W T/2
ahere T ae the amibaen® Pt e ratnure the coherent encegy 18 very much smaller than ¢+ T foe
optical inensitio s o intorast Therdtore, we row pencedd ta exannne whether cald clectrons may not
mediate the doepoesite o dtalaraieg ctewnte ot crergy in a sapphier latttee

AS we ne ianeg in the previoue sevtion, out approach will he to ralculate the beam tntenetty at
which the eneryy 1 conanited per wnst valame an the Jatticr from the optical ficld via the clectrone
excends o threah bt vglue ° 0 I the inasitnum optical beam cnergy per unit arca is S, then

U:.-n 8 (7

where w18 the haneption per anit Yength of an aptical beans of frequency 5 Following FUIIP 1), we
write the quanturis capos tabion valae of the ancditnds of an clectron's cnordinate at frequency o 39

Re bed't/(.- --'-.,)) whrn the elestron 19 in an sptical electric ficld Re Eet?t. With thie definitinn we
hav,
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.'l . (u: ! ¢) lm[ol . xv]d (8)

where d 10 the wavelenygth of the Light in the crystal ¢ 2« and w_ 18 the electron plasma {requency (in
units of w1 In cpe unite “p v --llmb with 2 being the numblr density of electrons.

The evaluation of »  (alls naturally into two parte: (srst, the determination of the rate at which a
single conduc tion vloctrod tab e encegy (rom ihe Nicld (and delivers 1t 1o the lattice) by a calculation of
v, and second, the catimation of the number donsity ¢ of these clectrons  We consider these two
questions, respectivelyin the following two scctions

4. Optical Response of Single tlcctron

We caamine first an clectron's optica! recoponse in the casce that 1t 18 affected only by electron-
phonon irteraciions e d.sctibed by Prohlich's Hlamiltonian eq (1) with coupling parameters appropriate
10 sapphire: We thin Hind that, at lvast at room temperatures ang above, collisions with impuritics
arc relabively less ttoportant . When the clectron response 18 lincar in the applied field for a given
Jattice Lumperature, we thay use the determination of 4, by FHIP who calculated the quantum expected
valur of the ¢ lectron suatiton to (1est order in the optical (ield. Their oapression is exact for all
temperaturcs at small coupling (a < 11 and gives an accurate solution even whena ~ 3 as for rub In
this casc it shows Hhat, tor ; 17, both the rcal and imaginary parts of 4 are much less than y¢ so
that we necd only calculate ling | 1o estimate the absorption constant. (The Re v, can of course be
determined troin Im by Kramors - Kronig relations. )

'-0 Y2

Imy, Ze P.uiﬁé‘"h‘n'“l( !; )3 IO ,:o..‘“! cosu dy 9
o [

a® - b coslvu)]

Here v and w are g.nmeleu to k¢ chosen from a varlational principle. .l . pzld ¢ RA cothipv/2);
Re (v2 - wl) / (wl vl and b e RP sinh(pv/2)

In the weak coupling limit v : wr 3, R+ bsOandac* p/2. Then the integral can be evaluaied
exactly in terms of muxiticd lessel functions. At temperatures much lower than the Debye temperature
(8 large) this pesull reduces to

lmx'-lo(v-n‘l):.<l. g>>1, vw> 1. (10)

Fora: Yand s 17 thisis 8. The lecading correction to eq (10) for {inite tamperatures multiplies 1t
by (1 ¢ p"). incrcasing it by 30% at room tempcerature (8§ » 3. 3).

When a ¢ 3, the variational principle gives v « 3.4 and w = 2. 95 in the zero emperature limit (6.
Using these parameters withd r 3.3 glves R r 0.22° a:1.866andb 5 83 x 10-3. We have evalu-
ated eq (9 numcrically (nr these parameters and have obtained Im ¢, 2 19  We have also evaluated oq
(9) at frequencies in the acighborhood of 2 = 17 and found that, as tn eq (°), Im \, varies slowly with -
Therefore, cloectron transicnts assoctated with the rise and fall of even picosecond optical pulses are
very small, and i1t 1n 4 ood approximation in practice 10 assume that at any inctant the electron's
motion s the same as for 4 purcly sinusoidal field of amplitude appropriate to the intensily at that
instant  The fast evspunse of the clectron’s motion, as evidenced by the nonresonant character of ¢, ,
together with the knowlede: that, at imntensities of interest, the electron is gaining negligible energy
(staying ‘cold ), 1mplice that the absorbed energy 18 being pasecd on essentially instantancously 1o the
phonons via the coupling oq (2b). Therelore, it is valid 10 obtain the rate of deposition of encrygy in the
lattice by deteenmuning: the rate at which the electrons absord energy (rom the optical beam, and we
return to this probilen.

When a room temiperature correction is made to v and w, we guess that, as for small a, the
result 1s ratscd by arvund 30% so that the Frohlich model may be taken to yield
Im X, ~ 20 ()

for a ruby lascr beam ariving an electron of band mass eqQiaal to a free electron mass in ruby or
sapphirc at room temperature. The main uncertaint }n eq (11) comes from the uncertainty in the
effeciive band mass ny,. Im x, varles roughly as 23
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I the temperature goes higher than the phonon cnergy but is still small ompared with v, then eq
(9) yiclds

Imy, - 4a Vl/"/(lﬂ) i ac<<l, l<<ﬂ.l<<\'. (12)

showing that the Leated lattice causcs the clectrons to absorb cven more light.  Note that the 'Q'" of the
electron's oscilletion, +</(2 Ini\,), 18 of order 7 for our estimate eq (11), showln that indecd the
optical frequency 1s thuch larger than the effcctive clectron collision frequency as we assumed.

One can sec at this rc.:m that absorption by conductlon elcctrons may cause damage, for, if the
electron density were 101 cem*d at an optical intenstty of 1010 w/eme (which thg cvidence outlined in
Sectton | sugpcests as 4 conservative estimate), and of oq (11) were valid, then @ ~ 10° Y and eq (H)
gives x  ~ 0012 cmi’!. Fora 30 nac pulsc this absorption would deposit 401 pet cc in the lattice,
somewhat less tuan the vatlue U expected to cause damage. lHowcever, lelikova, vt al 7. gave
convincing cvidence that the electron density is increasing very rapidly with optical intensity at these
levels, an occurrence which we eapect for rcasons given in the following scction. Before considering
factors which affect the clectron density, however, we conslder contributions other than those of the
linear responsc cq (3) 10 clectron damping.

First, the question arlses as to whether there are significant intensity-dependent corrections to
the electron respuensc at the optical frcequency as represented by ¢q (9). (Responses at harmonic
frequercy multiples do not contribute to the average work done by the optical field on the electr ons and
so we need not consiler these here. ) There are two types of nonlinear corrections to eq (9): first,
those arising frum the nonlincar reactions of the phonons on the clectron, and, second, those arlsing
from the intenstty -dependent deviations of the momentum distribution of clectrons frown a thermal
distribution. We have estimated buh effects by expanding the quanium expression for the expected
electron position {and velocity) to the tiiird order in the electric field. We have found that both cffects
tend to ditninish the uptical absorption from i1ts linear rceponsc value, a result expected on the physical
grounds that clectrons of high energy interact less with the optical phonons than do low-enerpy
electrons. ('or both corrections the natural dimensionless expansion paramcter is (k, ro)z where kg
is the wavevoctor of an clectron having energy 4v and r, is the classical amphiyudce of a (rec clectron
oscillating tn the applicd optical field. In our case this paramcter is ~ (W/em®) x 101}, Since
optical intensittes have not yet been observed to approach even 101! w/emé uefore damage, wc con-
cludc that the nonlinear corrections to eq (9) are too small to be of importanc: in present considerations.

Next, we see why, under conditions of interest here, phonon scattering of conduction elcctrons
dominates scattering by 1onized and un-ionized lattice impuritles. For each conduction elcctron there
ts in the lattice a heavy positive 1on whose charge is shielded roughly by the static diclectric constant of
the lattice (-, ~ 10) lhe lincar absorption by 1010 electrons per cc in such a two-component plasma
at room temporature s ~ 10°0 per cT 11.. Thie is so small compared with phonon effects that one
can readily apprectate that even sf 10 9 per cm? of electrically ncutral scattering conters were added
to the lattice, one would not expect them to scatter electrons as cffectively as do phonons at room
temperature and above  This predomtnance of phonon scattering at or above room temperaturc has
been obscerved 1n various ways even in crystals whose electron-phonon coupling is much smaller than in
ruby and sapphire 12 liaving estimated the optical responsc of a single conduction clectron, we now
procecd to consider how their numbers are affected by their intcractions with latttce tmpurities.

S. Conduction Blectron Interactions with Impurities

From tacoinpletc existing absorption '13; and luminesécncc “8] data, it 18 evident that sapphire
has a comple. impurity level structure with encrgy differences ranging up to at lcast 3 eV. Light of
any single optacal wavelength, such as 6943 1. wlll not be rcsonant with a significant {raction of the
bound - bound transitiens and, of coursc, will only cxctte transitions to the conduction band from bound
levels within 1 8 ¢V of the bantt «dge. I, however, the light became effective In exciting a large frac-
tion of the buund-buund tr.nsi ions, then cascade transitions of clectrons into the conduction band from
levels lying more than 1. 8 +% below the band edge mithl do;mnnlc direct photo-cexcitation. We shall
now show that, at conduction clectron densitics ~ 1016 cm®?, the light does become so effective in
exciting bound-bound trarsitions wtth which it ts not rosonant that cascadc photo-uxcitation may become
important i1n increasing the conduction clectron density ncar optical damage intensities. Thest non-
resonant transitions «fe possible brcause the conduction electrons readily absordb the difference tn
encrgy @ - wha betwceen an absorbid photon and the cnergy of transition between the upper and lower
statcs | b)Y and la\. v« now show that the rate R.p for a typical impurity to make such a transition,
multiplied by a reasonable 1impurity density ( ~ | em-J), may excecd the total direct photo-
excitation rate, and therceby instiate cascade tonization of impuritics.

To calculate the rates R,p it is convenient to re-express the interaction of eq (3) a. a Fourier
transforin (the impurity index a ts now omitted since we sre cunsidering only one impurity):
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N ik x
vt-zkvhe~~ (13)
c;l Klg,

where vy is the impurity operator 4wez \I'l i expik r; and Vis a fiducial interaction volume.
The sum ts confined to the bound impurity electrons as only clectronic transitions will be considercd.
For the transitions of intrrest we may take €4 to be the optical diclectric constant ¢.  With the form eq
(13) 1t 18 a straightforward matter to re-derive the quantum ""Golden Rule'' foy calculating transition
rates but with an unperturbed llamiltonian ho = Q(g - A, r'out)Z instead of bp . To lowest order in the
electron-unpurity interaction, the rate for an electron to catter from momentum state IB) to |B + kY
while the imipurity goes from la) to |b) is ~

27 % .2 2
T ~ptkia<b) = 2r|(blv |a)] Z 8(k“/2 4+ prk 4wy 4 )« (T (ko)) (14)
~ n=-co

where we have retained the terms for n-photon emission and absorption for future comparison with the
n = 1 term that we are now cgnsidering.  In the polaron units used here the classical electron oscilla-
tion amplitude rg cquals E/9¢, whepe the real amplitude E of the optical electric field cquals the
amplitudc in esu divided by E_ = (vg/e) (# myp/w,)?.  For our paramcters E equals (the field in V/cm) =
(1. 24 x 106). The UBesscel function cocfficients Jy, in eq {14) are the exact amplitudes for absorbing (or
emitting) n optical photons in the process. Their arguments are of order 10~ (W /cm?) and so the
approximation J_(x) ~ (x/2)"/n! is accurate here. Consider now the rate r,p for the impurity inter-
acting with onc electron in the optical field to make a transition from a state Il) to a state |b), for
which @, < In terms of the rate cq (14)

r.bzigkl(g) rp=~p+kia-b (15)

where {(p) is the initial conduction electron distribution and only the n = | term inl is nceded. To
evaluate r,y, it remains to estimate the dependence of the matrix elements of vk on k. We shall use the
“dipole approximation” in which (b|expik- r;|a) ~ ik- (bl ri|a). FO{ dgfiniteness we will assume that
the impurity is spherically symmetric 8o that |T ke (b‘;‘]’n)iz = k€ X, where Xpq is the dipole matrix
elemient of the impurity transition. F‘imlly2 befére evnl\()ating eq (20), we average over all directions
of F so that the le terms becomes (kE/2v)¢/3. Then = | contribution to the sum over 1(_ in eq (15) is

then
rp * V' 16w el o x2, zp L(p) (p) (16a)
where
Km*P 2n-1
Lip) = J' dx k2" 1. (16b)
Km-p

Generally K ,, = [pz +2(r - %')]’ is much larger than the magnitude of p allowed in {(p). In this case,
it is sufficicntly accurate to approximate eq (16b) by

L~ 202w - «\n)]i (an

and we aec that the impurity excitation rate is essentially independent of the initial small conduction
elcctron monientum p.  Since l:p f(p) = 1, this fact makes the sum in cq (16a) trivial. The total rate i
R,p for an impurity to absorb a photon is r,p, times the number of conduction clectrons in the interaction

volume VIt is convenicnt to cxpress Rgp in terms of a photon absorption cross-scction =,y which

equals Ryp + (the incident photon flux). Recalling that 2y rg is numerically 10713 YW /ecm2), we have

from cq (15) for sapphire !

-2

~7s x 107 axd 2yt gt (18)

%ab

in polaron units where the clectron densityo, is 6.15 x lO'ZZ times the number of electrons per cc 0.
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To se¢e the importance of the transition cross-section eq (18) relative to direct photo-excitation,
we estinate the density of impurities Nj em- 3 that would be required to attenuate the optical beam more
than dovs the direct photo-excitation process. Of course, the latter attenuation is not known, but it
must be less than the total attenuation 1n sapphire, and that is less than 107¢ per em.  For argument,
supposc that direct photo-cexeitation causes less than 103 per cm optical attenuation (it probably causes
much Iv.-n{. For our e¢stumate, let us assume 1in eq (18) that X*:b ~ 1/w.y, wap~8 and I = 1010w /cm
and 2 = 1010 as 1 previous examples.  This gives +p ~ 1022 cin? so that N; ~ 1019 impuritics per cc
would be required to make these conduction-cele tron-mediated unpurity transitions attenuate the
optical beam by 1077 per ¢ Consadering all the kinds of dislocations and foreipn ions which nught
take part «s impuritics inthis process, we feel that it is not unreasonable that such an impurity
density could exist. Of course, there arce so many order-of-magnitude estimates of unknown quantitics
in the forepomg that the result can only be considered as suggestive of a kind of process that must be
considered as competihive with other possibilities at this tune. ilowever, the experimental observation
of a rapidly increwsing de photoconductivety near datmage thresholds 771 does suggest a "bootstrap'”
process such as the above by which conduction electrons can create more of their kind, even before
they beconie so encerygetic as to tonize the lattice.

We have examined the enhancement of the single-photon bound- free photo-excitation transitions
that arisce from eq (14), and have estimated that excitation cross-scction also to be of order 10-22 ¢l
under the same conditions. This is probably less than the cross-section for direct photo -excitation.

If multi-photon excitation 1s important in produzing electrons, then the higher nterims of eq (14)
probably dominate direct absorption near damage levels. The expansion parameter in eq (14) is of
order 10-!3 I(W/ecm2), whereas it is «~ 10°)7 i for di: :ct mulii-photon absorption.

6. Focusiung Fffects

In a region of the crystal in which conduction clectrons have been excited there is a change in the
refractive index 8a given by

bn = .u";/uz. (19)

At a density 1016 cm'l. clectrons (with free electron band mass) have a plasma frequency of 10lz 1z,
which gives w /+ ~ 0.0923 and 6n ~ 5.3 x 10-6.  This index change is comparable to that required to
sclf-focus a one rrulliradian gaussian beam. If the clectron density were proportional to the optical
intensity 1, and this tndex change were produced when I = 1610 W/cm2, then the index change would
constitute a secomed ordor nonlinear index (often written ny E€) whose non'inear coefficient .np would be
-2 x 107" 7 ¢su. Lhis 1s nepative and an order of magnitude larger than wh..t onc would gucss is the
intrinsic nonlincar index of the bound electrons in sapphire. llowever, we suspect that the clectron
density 1s increasany much more rapidly than | at high intensities 7] and so the effect of the index ot
eq (19) 18 not simple. Furthermore, impurity electrons which are excited to bound states morc than -
below the bund edge, such as by the process discussed in the previous section, have an increasced
polarizability and would tend to cancel the effect eq (19) of conduction clectrons.

Supposc the net cffect of impurity transitions were to produce a negative and highly nonlincar
refractive index chanpe, as would be the case if the conduction clectron cffect eq (19) dominated, 1t :-
there would be strong s~lf-defocusing of a beam in regions of very high intensity, out only the intrins:.
self-focusiug index would He operative in regions of smaller intensity, This would ¢vidently result 1
successive regions of higch intensity along the beam as cach cffect produces in turn a focusing tendeio-
that brings the other effect into dominance. Damage tracks in sapphire and other materials consis: -
a scquence of damage bubbles that are suggestive of such a frocess. llowever, we have not calcula: -
the spacing of the successive high-intensity regions on the basis of some rcasonable model to see
whether there is any possible correspondence between these speculations and observation.

7. Discussion

Although there are alternate explanations for the behavior of damage tracks observed in sa;™
f14], it scems hikely that self-focusing 1s occurring and playing a role in the damage. (It is curic.»
that the apprarance, tengths, and positions of damage tracks differ between ruby and sapphire | -
self-focusing is occurrinpg, it makes cspecially difficult the determination of the actual optical 2 - s -
at which the material ruptures, and this in turn lends an extra uncertainty to the paratacters we ®
used in discassine the role of conduction clectrons in damage. Probably the most promising wa. -
determine more preciscly what the electrons' role may be is to determine the parameters of thes -
conducticn clectrons below damacge intensities. It would be especially desirable to have reliable .
photoconductivity micasurements between the intensitics 5 W/cmé, the highest used by Hochuli ~° s
1010 W/ m?, the towest used by Delikova, et al. 7., in their measurements. With the high lig*
intensitics avatlable with lisers, it may now Bc possible to cxcite enough clectrons to obtain a
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meaningful Hall effect. Pcerhaps the time decay of pliotoconductivity and lumnescence after an exciting

pulsc could be observed and yicld information on carricer lifetimes, trapping times, cote. Unfortunately,
the important and pervading parameter — the effective rass in the conduction band (and its anisotropy) ~
appcars to be extremiely difficult to determine experimentally.

Should the photo-c¢xcited electrons be found to play significant roles in damage, such as those we
have discussed, then it may be possible to fabricate more damage-resistant sapphire and ruby. |'or
example, if sclf-focusing is presently instrumental in damage, then it might be reduced by adding
donor impuritics that produce a lincar photoconductivity at high intensities and thus reduce the totatl
nonlincar index via the index change of eq (19). On the other hand, those donors that give a highly
nonlincar photoconductivity and a sudden production of high electron densities that result in rupture by
photo-absorption may perhaps be eliminated from the crystals or compensated by other additives. In
any case, 1t is cvident that the availability of high-intensity laser sources will greatly facilitate the
study of the conduction bands and impurity levels in very weakly photoconducting materials such as
sapphirec and ruby.
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