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Absolute two-photon absorption coefficients at 35S and 266 nm
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The absolute two-photon absorption coefficients of uv-transmitting materials have been measured using well-

calibrated single picosecond pulses, at the third and fourth harmonic of a mode-locked YA16:Nd laser

system. Two-photon abosorption coefficients of the order of 10 ' cm/MW were measured for alkali halides,

and 10 cm/MW for harmonic-generating crystals. In materials with band gap greater than 2Rco, no

nonlinear absorption could be observed. Calculations based on the Keldysh theory with one adjustable

parameter agree quite well with the experimentally observed dispersions in the two-photon absorption

coefficients. The effect of multiphoton absorption on the conversion efficiency of harmonic generating crystals

and on the breakdown of uv window materials is also discussed.

I. INTRODUCTION

The first theoretical study on two-photon absorp-
tion (TPA) processes was corri. ed out by Goppert-
Mayer' in 1931. Kith the advent of the ruby lasers,
Kaiser and Garrett' observed TPA at optical fre-
quencies in 1961. Several techniques have subse-
quently been used to find TPA coefficients, for ex-
ample, by measuring the intensity-dependent
transmission through two-photon excitation. Sev-
eral comprehensive reviews of TPA are avail-
able. ' '

Absolute TPA coefficients can only be obtained
directly by well-calibrated lasers. However, rel-
ative measurements can be done quite simply by

the two-channel technique. ' The same technique
may also be used to obtain absolute TPA coeffi-
cients by utilizing known Baman cross sections. '
Since the TPA coefficient is related to the imagi-
nary part of the third-order nonlinear suscepti-
bility, parametric mixing experiments such as
three-wave mixing which are capable of measur-
ing the real and imaginary part of the third-order
nonlinear susceptibility have been used to find TPA
cross sections. '

TPA studies have both scientific and technologi-
cal interest. Because the TPA selection rules are
different in general from the linear spectroscopy
selection rules, TPA data may provide new' in-
formation about electronic wave functions and en-
ergy levels in the material. In particular, addi-
tional information on band structure in solids may
be obtained. Practically, the TPA process has
been used to excite bulk carriers in large semi-
conductor crystals and generate color centers in

some alkali halides. These effects have been used
for pumping semiconductor lasers' and distri-

buted-feedback tunable ir lasers. " The multi-
photon absorption provides a damage mecha-
nism, "'"and thus it may determine the damage
threshold of the material. This mechanism is es-
pecially important in uv windows. With the recent
development in high-power uv lasers, practical in-
terest has arisen in the absolute TPA coefficients
of the window materials in the uv region where
published data are quite limited. In harmonic-gen-
erating crystals, the limited conversion efficien-
cies have been assigned to nonlinear absorption, "
or to phase mismatch" by different authors. Ac-
curate measurement of the nonlinear absorption
coefficients is useful in resolving this issue.

In Sec. II, a brief review of pertinent theories
of TPA in solids is presented. The experimental
setup and procedure are discussed in Sec. III. In
Sec. IV, the results are presented and in Sec. V,
our results are compared with calculations based
on the Keldysh theory of high-frequency tunneling.

II. THEORY

In materials with band gap greater than one pho-
ton but smaller than the two-photon energy of an
interacting light, it is possible to have absorption
by simultaneously absorbing two or more photons
from a single laser beam. The two-photon transi-
tion rate per unit volume may be obtained by the
second-order perturbation theory

where
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no is the index of refraction, c is the velocity of
light in vacuum, m and e are the mass and charge
of the electron, respectively, and I is the intensity
of the laser. Summations are extended over final
states ~f) and intermediate states ~i). The initial
ground state is denoted by ~g). u is a umt vector
in the direction of the electric field. p, &

is the
matrix element of the momentum operator between
the states i and j. A+, &

is the energy difference
between the latter states.

In the standard perturbation approach, the ma-
trix elements and the energy levels [see E&l. (1)]
are found from the solutions of the unperturbed
Hamiltonian. Another approach to attack the high-
order transition-rates problem was developed by

Keldysh, "who takes into account the main effect
of the electromagnetic field at the first step of
the calculations. In this formalism, the transi-
tion rate between the Stark-shifted states

0(r& t) = fbi&&)(r)

where

&& exp — p(t) r — 8(p(~)) d~
p

W= —e — - 4 2 —+1 —2—

xexp 2 —+1

~2E2 &a/ho)+1&

16'*~'E (3)

where

n = E + e'E'/4n& *&c' .
C(z) = e "f;e~'dy is the Dawson integral. E is
the peak field, m* is the effective reduced mass
of the electron and hole pair, ( ) denotes the in-
teger part of the argument.

The complex field dependence of this equation
may be simplified in the high-frequency limit. The
dominant field dependence is then given by the last

p(t) = p+ (eE/(u) sin(ut

is obtained. This approach is useful since it takes
into account all orders of the perturbation expan-
sion. Using this technique, the multiphoton ioni-
zation rate in both gases and solids had been cal-
culated by Keldysh" and others. " Keldysh's ex-
pression for the transition rate reduces to tunnel-
ing at low frequencies while at high frequencies
the result reduces to multiphoton absorption. In
a solid with fundamental energy-band gap &, us-
ing a simple parabolic energy-band structure, "
the multiphoton transition rate per unit volume is
given by the Keldysh formula

factor in the transition rate [E&l. (3)]. The tt-pho-
ton absorption coefficient z~ is defined by the ex-
pression

NA co — ' C&' 2N —2—

xexp 2Ã f. — (4)

which has only a very weak field dependence
through h. The cross sections may be obtained
by transmission versus laser-intensity measure-
ments. In the case of one- and two-photon absorb-
ing media one obtains, with y, = n and y, = P, for
the transmitted intensity

where / is the length of the sample, and 8 is the
ref lectivity. " Multiple reflections are neglected
in the derivation of the above equation.

Since we wish to compare in this paper multi-
photon transitions of different order, w'e have used
the Keldysh theory for estimations of multiphoton
cross sections. Because this theory is based on a
very simplified band structure, the present calcu-
lations are not expected to be accurate. Satisfac-
tory agreement, however, was achieved between
the dispersion of P measured here and the
Keldysh expression, using one adjustable param-
eter.

The TPA coefficient may also be expressed in
terms of the imaginary part of the third-order non-
linear susceptibility tensor X,.&JS„',(-ro, &c, &u, -&u).
For cubic crystals, with 432, 43m, or nz3rn sym-
metry and a single laser frequency, X"' has only
three independent elements. " These elements
may be obtained by the measurement of the TPA
cross section in three different polarization con-
ditions. First, it is convenient to measure the
diagonal element X„"„„„accordingto the relation

p=(32 ~/vn', )[3cX,"„„„(-&u,&u, &u, —~}],
which is derived in Appendix A. Here v is the
laser angular frequency, c is the speed of light
in vacuum, and n, is the index of refraction. We
are using the Maker and Terhune convention, "
with a degeneracy factor of 3, because there are
three distinct permutations of the positive and
negative frequency arguments. As shown in Ap-
pendix A, for linearly polarized light in the [110]
direction, the TPA coefficient is

0 = (167&'&u/n', c') [3X„"„„„(-z,u, m, -+)
+ 6Xx~xys(

+ 3X„(-~ ~ ~ -~)]
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+ 6)(gg~~(-(&1' &d q &d, -M)

—3$„„(-&d,(0, ld, -(d) ] . (6)

III. EXPERIMENTAL SETUP AND PROCEDURE

The YAlG:Nd laser oscillator-amplifier system
is described in Ref. 17. Passive mode locking is
employed with a spark-triggered electro-optical
shutter to select a single pulse having energy up
to 10 mJ. The beam profile was measured care-
fully. It is Gaussian both in space and time. The
pulses have an average duration of 30 psec at full
width at half maximum. The fundamental laser
frequency is doubled by a temperature-tuned 90'
phase-matched cesium dihydrogen arsenate (CDA)
crystal [see Fig. 1(a)]. The energy conversion ef-
ficiency at 100-MW input is 50/o. The third har-
monic (355 nm) is generated by mixing the funda-
mental and the second-harmonic frequencies in an
angle tuned potassium dihydrogen phosphate (KDP)
crystal. The energy profile of the beam is mon-
itored by photodiode array A, and fitted with a
Gaussian curve with a 1/e radius d= 0.78 mm.
The fourth harmonic (266 nm) is generated by
frequency doubling the second harmonic in a tem-
perature-tuned 90' phase-matched ammonium di-
hydrogen phosphate (ADP) crystal. The beam is

and for circularly polarized light, with light prop-
agating along [001], it is

P= (16 v'&o/n', c') [3X„"„„„(-&u,w, &u, -u)

gout

in 27l t A
0

I(r, I, t) dt/I~sr'~'d'v'

At low intensity, we find

limT=(l -R)',
II,~ 0

x(1-e "'I *')dg,

(10)

lzmd— (12)

again fitted with a Gaussian of radius d= 0.68 mm.
The overall energy-conversion efficiency to 355
nm is 10%; to 266 nm it is 15/o. Unwanted fre-
quencies are filtered out by color filters as shown
in Fig. 1(a), or by a, dispersive prism used at min-
imum deviation in order not to distort the beam.

In order to determine the TPA cross section,
the energy-transmission coefficient through the
sample is measured. For a Gaussian beam with
a maximum on-axis input intensity I~, we may
write for the transmitted intensity

Ip(l - I)t' exp[-(r/d)' (t/7)']e "'
1+PI~(1 - It) exp[-(r/d)' —(tie)'](1 —e ') '

(9)
while the energy transmission coefficient is given
by

S S
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FIG. 1. (a) Schematic
diagram of the absolute
TPA experimental setup at
266 nm. ]3S: Fused silica
beam splitters; D: vacuum
photodiodes L: quartz
lenses; F: color filters
{Corning Glass 1-56, 7-54};
H: linear photodiode array;
S: scope or electronic in-
tegrator. tb) Schematic
diagram of the relative
measurement setup. G:
Gian prisms, FB: double
Fresnel rhomb, L: lens,
D: photodiodes.
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The approximation is good for I (1 —R)(1 —e ')p/
@&1 and o. «1, which is satisfied in all samples.
Thus, the slope of 1/T vs I~ at low intensities will
give the TPA coefficient. During the TPA mea-
surement a planar vacuum photodiode D, is used
with a fast oscilloscope to make sure that the beam
is a single pulse. The fluctuation in the pulse area
and duration is taken into account by monitoring
the energies of each pulse at 1.06 p, m and its har-
monics. ' A fundamental, Gaussian pulse

I,(r, I) = I, exp[ (rid)' (t-/r)'],

generates a second harmonic

I,„(r,I) =I„„I~2exp[ 2(rid)' —2-(t/7')'] .

technique provides a good correction from pulse
to pulse at the same nominal intensity. In Fig. 3
we show a set of data plotted with and without a
correction by the rA technique. This data clearly
demonstrate the above statement.

The 7A correction technique may introduce sys-
tematic error at high amplifier voltage setting
due to saturation. In the intensity range of the
TPA experiment performed here, we observed
that the average rA increases by 50% at the peak
power used (100 MW) using (7A), obtained from
the beam at 2& for intensity corrections. Vfe note
that the harmonic signals used for obtaining the

Here g,„is the conversion efficiency. The energy of
the fundamental is 8„=m

' 'I~7 A, whe re A = md '. The
second-harmonic energy is S,„=g,„vI~(&A)„
where (rA), = 2 ~'rA Simila. rly, the third and
fourth harmonics have h,„=g, v'~'I', (rA)„S,„
=g,„w'~'I~(&A)„, with (&A), =3 '"rA, ( A)„r=8 'rA-
For constant conversion efficiency, we may write

E NE RGY (ARB IT RA R Y UN) TS)
1 2 3
i 1 I

a ~

CA

3.0

8'/8 (8'/8 )'t' (S'/8, „)'~'~ vA . (14)

However, as is shown in Fig. 2, the experimental
ratio of (8o/S, )'t'/(80/8, ) depends somewhat
on the input intensity. This deviation from a hori-
zontal line indicates that some saturation effects
in the harmonics conversion efficiency and/or a
change in the laser pulse shape occurs as the laser
intensity is enhanced by increasing the voltage on
the laser amplifiers. For a constant voltage, how-
ever, the ratio (~o/'~3 ~ /'~~0/'~2

stant while the intensity is varied with attenuators.
The latter effect and the narrowly distributed data
shown in Fig. 2 show that the main fluctuation is
coming from the fundamental beam and that rA
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FIG. 4. (a) PJ.ot.of the reciprocal energy transmission
vs maximum incident intensity for NaBr. Sample thick-
ness is 0.74 cm, laser electric field is in the [100j di-
rection. The drawn theoretical line is generated using
Eq. (10) with P= 2.5 && 10 3 cm/M%. (b) Typical plot of
inverse energy transmission vs the input intensity for
materials with band gap greater than 25(d. Note the dif-
ferences in the horizontal and vertical scales in parts
(a) and (b).

various wA were obtained from the same harmon-
ic beams utilized in the TPA experiments. The
generation of 3', which is done in an angle tuned
crystal, critically depends on the preceding sec-
ond-harmonic generation step which is done in a
90 CDA crystal. Because of the nature of the
mixing process, it is clear that the value of TA.

obtained from the energy of the beam at 2w is
more reliable than the value obtained from the
beam at 3&. Therefore, we analyzed our data us-
ing (7A), for the correction.

The laser energy is measured with the diode D3
which is calibrated w'ith respect to a thermopile
and a pyroelectric energy meter. The outputs of
all photodiodes were recorded by oscillograms or
by homemade peak detect-amplifier-holding cir-
cuits" which give the reading on digital displays.
For analyzing the TPA experimental data, the ap-
proximate value of P is found using Eg. (12) and
then a set of curves are generated using Eq. (10)
with different values of P close to the approximate
value. The TPA coefficient P is then chosen by
the best fit curve as represented by the line in

Fig. 4(a).
Because the TPA cross sections are rather

small, a lens [see Fig. 1(a)] is used to increase
the effective nonlinear absorption by increasing
the intensity of the beam at the sample. Since the
geometry is critical in the determination of P, the
focal length of this lens (Ll) is mea. sured care-
fully. This is done at each wavelength used be-
cause the dispersion is quite large in the spectral
region of the measurement.

The samples are put behind the focal point of
the lens (Ll) to avoid damage caused by the effect
of self-focusing. Reflections from the back sur-
face of the beam splitter BS8 [Fig. 1(a)] and the
front surface of BS5 are used to avoid error in-
troduced by TPA in the beam splitters themselves.

In order to eliminate any possible accumulated
effects on the TPA measurement (such as E-cen-
ter generation), each transmission da, ta point was
performed at a fresh site in the sample. This w'as

done by translating the sample after each laser
shot.

The circularly polarized beam used to probe
the anisotropy of X"' is generated by passing the
beam through a Fresnel rhomb, with proper beam
polarization. The circularity is checked by a Gian
prism analyzer.

The uncertainty of the relative value of P mea-
sured here is quite small. The main contribution
to this uncertainty is the uncertainty in the ex-
perimental value of 7A. On the average this in-
troduces an uncertainty of +15%. The scattering
of the data points gives on the average another
+10%. The individual uncertainty for each sample
is listed in Tables I and II. The systematic error
in the absolute determination of P, an uncertainty
which should be added to the previous one, is +7%
in absolute energy calibration, +28% in the aver-
age value of 7A at low intensity, and +8% caused
by the +1.5-mm uncertainty in the determination
of the focal length of the lens (I-1). Thus, the ab-

. solute uncertainty sums up to +43%.
The experimental setup for the relative mea-

surement with the two-channel normalization
technique' is shown in Fig. 1(b). A double Fresnel
rhomb is used here to vary in an efficient way the
intensities going to the sample and reference chan-
nels. The ratio of the energy transmitted through
the sample and the reference is given by

h, ae ~'~(1 ff ) 1 —e ~'~ PZ„1—e ~s's o„e ™"r'r(1 —A„) P,
ln 1+~I, 1-R, 1 —e ~~'8 e""' dx

8

00
px ln 1+~I (1-ft„)(1—e ~~'~)e "' dx

0 Qy
(15)
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F=2

= 2.72 && 10."cm'/erg. Anisotropy of the tetragonal
crystal deuterated CDA was also observed. The
value of P with the beam pola. rized in the x-y plane
is larger, by a factor of 1.8, than that obtained
when the E field is parallel to z axis. Although
some second-harmonic generation may occur in
the former case, this radiation is not phase
matched. The power-conversion efficiency at an
input intensity of 10 GW/cm' is est;imated to be
10"' and therefore the measured value of P is not
Rffected.

In addition to the absolute determination of P,
we measured the relative values of P in Hbar vs
KI and RbI vs KI a.s described a,bove. The ratios

FIG. 5. Hatio of energy transmitted through the sam-
ple and the reference vs the energy transmitted through
the reference in the relative measurement. Data mere
taken with KI vs KI vrith different filter factors I"=1
(dots), F=2 (circles).

At proper filter factorF= I,/I„, the integrands
in Eq. (15) are equal and the ratio p will be inde-
pendent of intensity. %6 have then

P,/P„= n, (1-B„)(1—e '~'~)/En, (l -R,)(l e' '
e-) ~e

(16)

To check the reliability of the setup for this ex-
periment we used identica. l sa.mples of KI as sam-
ple and reference. Figure 5 shows clearly that the
expected value of I = 1 was obtained.

At 355 nm, we measured the Rbsolute TPA co-
efficients in three alkali halides, as well as in
KDP and 10 other harmonic-generating crystals.
These are all listed in Table I. Upper limits for
P in the commonly used uv window materials,
sapphire and fused silica, with band gape greater
than 2h&u (7.02 eV) are also tabulated. For the
materials measured with band gape greater than

M+, the transmission T is practically constant
to intensity up to 20 GW/cm'. Figure 4(b) shows
a typical transmission plot for material with large
band gap. Higher beam intensities could not be
used due to the onset of surface damage.

The anisotropy of the TPA was measured in RbI.
Linear polarized light in the [100] and [110] di-
rections show the same value of P. According to
Eqs. (6) and (7), this suggests the isotropy condi-
tion

Pf I'I It
~xÃp$ Xxggx ~xÃxx '

The circularly polarized beam showed a smaller
TPA. The ratio for the three elements of X~'~ cal-
culated from Eqs. (6)-(6) are X„"„„„:y„"„„:y„"„„
=1:O.455:O.O9, wit the a~so~u~e value X„"„„„

obtained p(Rbar)/p(KL) = 0.$06 and p(Rbf)/p(K&)
= 0.668 a,gree within 10%with the absolute values in
TRble I. This agreement between the two meR-
surements suggests that the uncertainty estimation
presented in Sec. III is quite conservative.

At 266 nm, we measured the TPA in eight alkali
halides with band gap l.ess than 2k&v (9.26 eV), and
in KDP, ADP, calcite, sapphire, and SiO, . The
window materials I iF and CaF, in which no TPA.
is expected a~e also measured. The measured
values are li.sted in Table II. For alkali halides
the P values measured are of the order of 10"'
cm/MW, while for KDP, ADP, calcite, and sap-
phire, they are of the order of 10 ' cm/MW. For
the materials with band gape greater tha. n 25(d, an
upper limit for P is given. It is important to note
that fused silica and quartz have quite small TPA
at this wavelength.

Fluorescence is observed in all the alkali halides
along the path of the beam. "'" Coloring can be
seen with the bare eye after a few shots. In KCl
the absorption of a monitoring beam at 532 nm by
the color track is observed and can be explained
by the spectral position of the absorption band of
the I center. ' The physical, process invokes the
generation of electron-hole pa, i.rs by two photon
excitation. The pa, irs recombine to form excitons
with the emission of Quorescent light. The exci-
ton energy. is given up to form V~ and I" centers. "
%6 have found that the E centers, generated by
several hundred shots of the la,ser at the same
site of the crystal, did not influence the trans-
mission of the crystal at the laser frequency after
they had relaxed in few seconds.

Since the power used in the TPA experiment is
much higher than the critical power for self-focus-
ing, ""' it is important to look for any change in
beam size due to self-focusing. The checks have
been done with different sample thickness, also
by observing the stable color track formed in a
U-center-doped KCl under microscope. An attempt
was made to record a single-shot beam profile in
three dimensions by the TPA-generated color cen-
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ters in KCl,"but the coloring effect is not strong
enough to be observed after a single shot. No
evidence of self-focusing has been observed, as
discussed further in Appendix B.

Our values of P are about a factor of 5 smaller
than those obtained more than a decade ago by
Frohlich and Park. '"" With the less-well-con-
trolled beams, nominal values for the intensity
are probably considerably lower than the actual
intensity in hot spots due to spatial and temporal
fluctuations. This could explain their systerhat-
ically high value of P. A more recent measurement
of TPA coefficient p=2. 36x 10 ' cm/MW, by Mol-
lenauer et a/. ,

" in KCl is more in line with our
data. Reintjes" has very recently reported very
low values of the TPA coefficients in ADP and
deuterated KDP. His value for deuterated KDP

p = (2.7+0.7) x 10 ' cm/MW is an order of magni-
tude lower than our value for the undeuterated
KDP. His value for ADP p= (1.1+0.3) x 10 ~ cm/
MW is a factor of 2.2 lower than ours. The large
deviation of the results in the two latter crystals
may be explained by differences in impurity con-
centration in the sample used. It is interesting
to note that for the alkali halides, we measured at
both uv frequencies, the TPA coefficients at 355
nm are of the same order but somewhat larger than
those at 266 nm.
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FIG. 6. Log&0 of the multiphoton absorption coefficients
in NaCl as given by the Keldysh formula vs photon ener-
gy (m*/m= 1 was used). The steps indicate transitions
from four- to three- and to two-photon process. The
arrows indicate the photon energy as fraction of the en-
ergy band gap E~.

V. COMPARISON WITH THE KEI.DYSH THEORY

The magnitudes for four-photon, three-photon,
and two-photon absorption coefficients of NaCl
derived from the Keldysh theory [Eq. (4)] are
plotted as a function of photon energy in Fig. 6.
For a fixed N, y~ goes through a very shallow
maximum as a function of photon energy. The
maximum occurs at an energy just before the next
lower-order photon process becomes possible.
The band-gap dependence and the effective-mass
dependence of y„which represent the material
dependence in the Keldysh theory, are shown in
Flg. 7.

The observed values of P in Table II with the
known band gap for each material can all be fitted
with the Keldysh theory, by adjusting m* in each
case. These adjusted values of m* are listed in
Table II. It should not be expected that these val-
ues correspond to those determined by transport
properties from carriers near the bottom of the
conduction band. In fact, rn~ in the Keldysh theory
i.s largely a measure for the average strength of
the dipole matrix element.

Using the rn~ found at 266 nm for KI, RbBr,
and RbI, the frequency dependence of P in each of
these materials was calculated. The results are
plotted in Fig. 8, along with the experimental
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FIG. 7. Theoretical value of p vs the effective mass
(dashed curve) and vs the band gap (continuous line).
The parameters used in the calculation are m*/m
= 5.3 && 10 3 in the upper curve and E~= 6.36 eg in the
lower curve.

points. It is interesting to see that the Keldysh
theory does predict a decrease of 18 with increas-
ing photon energy in qualitative agreement with
the experimental trend.

The effect of multiphoton absorption on break-
down can also be calculated by the Keldysh form-
ula. In order to compare this model with the ex-
perimental data observed by Smith et al. ,

'""we
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calculated the threshold electric fieM needed to
generate enough free electrons by multiphoton ab-
sorption alone, and melt the sample by plasma
heating. Assuming no recombinations during a
square picosecond laser pulse, the temperature
rise by the free.-electron absorption is given by

Here c is the specific heat, m is the free-electron
mass, 7' is the momentum-transfer collision time,
4t is the pulse duration, E is the peak electric
field strength, & is the angular frequency of the
light, and W is given by the Keldysh formula [Eq.
(3)]. Using Eq. (18) with nz* obtained from the
theoretical fjt of the TPA measurements at 266
nm and a relaxation time T= 5 && 10""sec,"the elec-
tric field threshold for breakdown is calculated.
The results for KDP and fused silica are presented
along with the available experimental data in Fig. 9.

As discussed in Ref. 12, the breakdown threshold
at low frequency is determined by an avalanche
multiplication process. In this case, a monotonic
increase in the breakdown threshold is expected
with increasing laser frequency. This is reflected
by the experimental data on fused silica, but the
contribution to the breakdown from the three-pho-
ton absorption process at the highest frequency is
appreciable.

In KDP the measured breakdow'n thresholds at
1.06 p, m and 532 nm are almost equal. An in-
crease by a factor of 2 occurs at 355 nm. The
Keldysh theory gives breakdown threshold values
close to the experimental data at 1.06 p, m and

532 nm. In this region the relative contributions

I l

4
PHOTON ENERGY Atu (eV)

FIG. 8. Input-photon energy dependence of P. The ex-
perimental results are shown by k for IG, X for PbBr,
and o for HbI. The error bar represents only the rela-
tive uncertainty. Theoretical dispersion curves are cal-
culated by Eq. (4) using the values of the effective mass
found at 266 nm.
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FIG. 9. Theoretical calculation according to Eq. (17)
(open points) and experimental data (filled points) of the
threshold peak electric field for breakdown in KDP
(squares) and fused silica (triangles). The dashed
curves are used to aid in reading the figure. The break-
down in silica is apparently determined by avalanche
ionization, and not by multiphoton absorption.

of the avalanche ionization and the multiphoton
process to the carriers generation have to be con-
sidered as discussed by Braunlich et al." The
larger experimental threshold observed at 355 nm
might reflect the nonlinear loss in the sample,
which was not taken into account in the determina-
tion of the breakdown threshold reported in Ref.
31. For example, with TPA coefficient P = 6 && 10"'
cm/MW and tightly focused input beam with inten-
sity I=2X10"W/cm', the percentage loss per
100 pm is as high as 12/o. Therefore, nonlinear
losses which are not negligible at the high laser
intensity used should be carefully considered. In
fused silica, the expected nonlinear loss at 355 nm
(three-photon absorption) is quite smalL There-
fore, the threshold measured is reliable.

For materials in which the damage threshold is
determined mainly by the avalanche mechanism,
the multiphoton absorption before the focal region
w'here breakdown would eventually occur, is an
advantage. It lowers the laser intensity at hot
spots in the beam, and therefore, the possibility
of self-focusing and damage is reduced.

In conclusion, we have measured the absolute
TPA coefficients of several commonly used uv
materials and harmonic-generating crystals" 3' at
two frequencies. The frequency dependence is ade-
quately described by the Keldysh theory. TPA
has no appreciable effect on the conversion effi-
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ciency in KDP and its isomorphs. We concur in
this conclusion reached by Reintjes et al. '~
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APPENDIX A

The relations between the TPA coefficient in dif-
ferent polarization conditions and the correspond-
ing components of y"'(-~, w, z, -&u) are obtained
by defining the third-order nonlinear polarization.
In cubic materials only four components of X"'
are independent. By using the general permuta-
tion rules for p"' and the additional symmetry
because we are dealing with only a single laser
frequency, we get for the following three cases:
(i) the electric field parallel to the crystal x axis
with amplitude E„

0

(ii) the electric field in the [110] direction with same amplitude E„

(A1)

P" (~) =

(iii) the electric field is circularly polarized, E = E,(x+iy),

L
(A3)

The TPA work done on the material is given by ze

=Re(~P E*). The TPA coefficient is defined by

(A4)

Using the expression for the laser intensity for
linearly polarized light

I = (n,c/8w) E,',
and for circularly polarized light

I = (n,c/4v)E,',
with the nonlinear polarizations given above, Eqs.
(6)-(8) given in the text are easily obtained.

APPENMX 8

As mentioned in Sec. III, a fused silica (24.7-
cm focal length at 355 nm) lens was used to in-
crease the intensity per unit energy of our pulses
in the sample, and a second lens after the sample
was used to recollimate the pulses for final energy
detection. The samples were always placed be-

hind the focal point of the first lens by at least 2

cm, i.e. , many Rayleigh lengths. There are two
advantages to this placement.

First, since the sample positions were well into
the region describable by geometrical optics, the
calculation of the area of the pulses in the sample
is less susceptible to error arising from lens ab-
erration. In these experiments the pulse area was
measured at the focusing lens plane by a photodiode
array with 50-p.m resolution. This measured area
was used along with the carefully measured (+0.6/0)
focal length of the focusing lens to calculate, using
diffraction-limited theory, the pulse area in the
samples. The area at the sample plane could not
be measured with the photodiode array due to in-
sufficient resolution and susceptibility to damage
of the detector array.

Second, the placement of the samples far beyond
the lens focal point has an advantage for the re-
duction of harmful self-focusing effects in the ex-
periment. If a high-power experiment is conducted
in a medium at, or within a Rayleigh length of, the
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focal point of a lens, then strict attention must be
given to whole-beam self-focusing. " The input
power must be kept well below the self-focusing
critical power for each material in order to pre-
vent nonlinear focal area shrinkage. However,
far away from a focal region and in thin samples
such as were used in these experiments, a pulse
with many times the critical power may be propa-
gated through the sample without catastrophic self-
focusing. In the unfocused thin sample geometry,
small-scale self-focusing" is the phenomenon to
be avoided. In a medium of length / with a non-
linear refractive index n„spatial profile modula-
tion (noise) of the input beam is augmented in in-
tensity during propagation at most by a factor e~.
The so-called 8 integral" is

(8 && 10')w'n, (esu)

0

Values of n, are obtainable from the literature"
for several of the materials used in this study.
Calculations using Eq. (Bl) confirm that in these
experiments it was possible, with only two excep-
tions, to obtain sufficient absorption and measure
accurately the TPA coefficients without incurring
appreciable noise enhancement and concomitant

error from small-scale self-focusing (SSSF). This
conclusion was verified by the measurement of the
TPA coefficient in samples of the same material
and orientation but different length l. The coeffi-
cients showed no variation with l greater than the
experimental uncertainty (from all sources other
than SSSF) in P.

In Sio, at 355 nm and in LiF at 266 nm, the TPA
coefficients were so small that considerably higher
intensity was passed through the samples in an
attempt to get measureable TPA. In these two
cases, noise fluctuations of the worst-case spatial
frequency may have undergone intensity growth by
as much as a factor e', or about 3. Nevertheless,
TPA coefficients were not large enough to be mea-
sured in these two cases and upper bounds only
were determined. The reader should note that the
n, values employed in the above discussion were
measured" at 1.06 p, m. At the shorter wave-
lengths of 355 and 266 nm, the true n, values may
be somewhat different due to positive or negative
contributions due to the nearby resonant two-pho-
ton energy bands. Resolution of that question
must await n, measurements in the uv. From this
discussion and the absence of any visual evidence,
it may be concluded that self-focusing effects were
not important in the evaluation of our data.
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