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Abstract. ‘I’'he nonlinear power limiting processes in silica and air are
investigated for picosecond pulses at the KrF wavelength. The two-photon
absorption coefficient and the nonlinear refractive index in silica are measured to
be 0:06 cm GW ™ ' and 1'7 x 10™ '* e.s.u. respectively. A mechanism for the rapid
spectral broadening in air based on Raman-enhanced four-wave mixing is
proposed. Experimental evidence supporting this hypothesis is presented.

1. Introduction

The current interest in excimer laser systems operating at terawatt power with
picosecond or subpicosecond pulse durations has required increasing attention to
the nonlinear processes occurring in materials through which the laser beam travels.
Ultimately the power and energy achievable from such systems is limited by these
nonlinear processes. The materials of interest for these lasers are fused silica, fluoride
crystal optics, the laser medium, air and other gases such as helium and Raman
media. Several nonlinear processes must be considered and the dominant mechan-
ism identified. This may vary from material to material and wavelength to
wavelength. We can identify the principal competing nonlinear effects for pico-
second pulses as: self-focusing, Raman generation, spectral broadening, extreme
spectral broadening or continuum generation, and nonlinear absorption. These
processes have been considered both theoretically and experimentally but there is
not sufficient experimental data in the ultraviolet, or sufficiently well understood
theory, to enable a proper optimisation of high-power excimer laser systems, or to
estimate the maximum achievable power from such a system.

This paper reports a number of measurements of the nonlinear properties of
silica and air at ultraviolet wavelengths using short-pulse lasers. Some measure-
ments have been reported by various groups [1-8, Y.P>. Kim and M. H. R,
Hutchinson, private communication] but the available information is not sufficiently
complete for many purposes. To add to the available data we have measured both the
nonlinear absorption coefhicient and 7, in silica at 249 nm. We have also measured
the threshold for nonlinear effects in air at this wavelength and have gained some
insight into the processes occurring at this threshold.

2. ‘Theoretical considerations

(@) Nonlinear absorption

T'here are a number of possible mechanisms for nonlinear absorption, the most
significant being two-photon absorption, three-photon absorption, single-photon
absorption due to induced solarization following one- or two-photon absorption, and
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excited state absorption followed two-photon absorption. It has been shown that it is
possible to differentiate these processes [3] using particularly well controlled
experimental techniques, but in silica at ultraviolet wavelengths it is sufficient to
assume a two-photon absorption process in which the absorption coefficient varies
linearly with intensity and the intensity transmission 7T is given by
1, 1
T’_10_1+10/31’ ()
where [, I; are the incident and transmitted intensities, f§ is the two-photon
absorption coefhicient and [ is the path length in the nonlinear medium.
As the usual experimental parameter is energy, the relation between energy
transmission T and two-photon absorption coeflicient § must be found:

A t
5 j f I,dtdA J J [Io/(1 +I,pl)]dt d A4
71_ = T
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T has been evaluated as a function of I! for (1) the pulse square in space and
Gaussian in time, (2) the pulse Gaussian in space and time, and the curves have been
plotted in figure 1.

T, (2)

(b) Self-focusing in the presence of nonlinear absorption
The refractive index at high intensity is given by
n=ny+n,(E*) =no+yl, (3)

where y=4-2 x 10° (s1,/n,) for I in GW cm ™~ 2 and 1, in e.s.u. The primary effect of n,
is to introduce an intensity dependent phase on the transmitted beam given by
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Figure 1. 'T'ransmission curves in the presence of two-photon absorption for two pulse
shapes. 1 =Square space, Gaussian time: 1 =Gaussian space, Gaussian time.
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) 2n
nonlinear phase = — f yIdl 4)
Ao Ju
This integral is usually designated B and called the B integral. In the presence of
nonlinear absorption only, we can substitute (1) into (4) to obtain

2n vy

B="T1n(t+1,p. (5)

Ao P
"T'hus, by time-resolved or time-integrated interferometry, the intensity dependent
phase can be measured and a value of n, obtained.

Since the most serious effect of n, is generally beam filamentation, a relevant but
indirect method of measuring n, is to observe the growth of intensity modulation on
an intense beam. For a small modulation depth the growth G in modulation at a
spatial frequency w has been shown [9] to be given by

271/2
Gzexp<J2nw |:y!_<iw> } dl). (6)
n 2

For
1 [ 291 |V?
) | n
there 1s maximum growth with
Gmax:exp< kpdl)zexp B. (7)

The presence of nonlinear absorption will inhibit self-focusing effects in two ways:
filamentation will be inhibited through a damping term and the absorptive heating
effect will lead to self-defocusing.

(1) Damping effect of nonlinear absorption

For the purposes of nonlinear beam propagation two-photon absorption can be
represented as the imaginary part of a complex nonlinear refractive index. We
replace 1, by n,(1 +14) where A= f/kyy. The simplest analysis of beam filamen-
tation takes a strong beam travelling down the 2z axis and a weak beam travelling at an
angle 0 to this z axis. The magnitude of the field vector is then given by:

E=FE,exp[itkz—wt)]=C(1 +b) exp [i(kz —wt)], (8)

where C =constant and b=a(z)exp (1k0x).
For such a beam the paraxial approximation to the wave-equation can be written:

OF,
V2E,+2ik 50 4 B2 ([Re B2 — C?)E,=0. (9)
Oz R

By substituting for E, from equation (8) into equation (9), we find the solution:

a(z)=ayexpgz, 10)

2 1/2
g=—(BD+ [(/31)2 N 4@2(“ - [12“’] )] .
n

where
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Figure 2 plots g for f=0 (no two-photon absorption) and for f=k,y. The effect on
the growth of filaments is clearly substantial.

1 /291\'?
w~—| -
A\ n

the gain i1s maximum and is given by

gmax:{7B+[B2+(k0'y)2]1/2}1' (11)

Thus the maximum growth in modulation is given by

WD _ exp ( f Eman dl) =exp (fB),

ag

At a spatial frequency

(12)

where
D _ _ koY
B =B integral= koyldl—lTln(l +1,p0),

f=—=Blkey) +[(Blkoy)* +11"2.

(11) Thermal self-focusing
Thermal heating due to the nonlinear absorption will result in a local reduction in
refractive index (dny) and hence to a self-defocusing of the beam. By comparing the
index changes due to this effect (dn,) and due to n, (dn;) we can estimate the
magnitude of this damping effect
dny dn dF/dl
—=— (13)
on, dT psyl
where dn/d T is the temperature coefhicient of the refractive index, p is the density, sis
the specific heat, and dF/d! is the absorbed fluence per unit depth in the material.
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Figure 2. Effect on the filamentary gain of two-photon absorption.
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For two-photon absorption

dr df [ 1 COPRdt
b = Jdel=| — "5,
ar a1\ 1y (14 IBIy

By using the maximum value of dF/dl, which occurs at /=0 and for t— oo we obtain

Ony :,dll /8' (14)
dn, dT J2yps
for a Gaussian pulse.
By inserting the values for silica we obtain

5
M _ 7R

ny
and in our experiments this effect is small since the intensities are about 10'°Wem™?
for a 4 ps pulse duration, which gives 6ny/on, =0-0238.

3. Measurement of nonlinear absorption at 249 nm

Figure 3 shows the arrangement used to measure the nonlincar absorption at
249 nm. A uniform circular beam of a few millijoules in 4 ps was used, the target
intensity being varied by axial movement of the sample in a long focus telescope. The
incident beam energy was monitored using an integrating photodiode and the
transmitted beam energy was measured using a calibrated calorimeter. The
amplified spontaneous emission energy was measured to be 5-10% of the short pulse
energy and a correction applied. Measurements of transmitted energy with and
without the test plate gave a number of values for the plate transmission as a function
of the incident energy. Thesc transmission values when corrected for the Fresnel
reflection loss were applied to the curve of figure 1 to obtain values of I,fi{ and hence
B. Figure 4 plots these values of § as a function of the intensity. The averaged value of
f for fused silica was 006 cmm GW ™', We also note from figure 4 the apparent
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Figure 3. Schematic layout of measurement of nonlinear absorption at 249 nm.
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Figure 4. Measured values of the two-photon absorption coefficient as a function of
intensity.

saturation of the absorption process at high intensity. T'he saturation of a nonlinear
process has also been observed and commented on by Corkum [4], but this may also
be caused by increasing competition with other loss processes.

The pulse duration was measured before the final amplification stage by a cross-
correlation technique [10] in which the 249 nm pulse was mixed with the 324 nm
pulse in a potassium dihydrogen orthophosphate (KDP) crystal to give a cross-
correlation signal at 1064 nm. Assuming a Gaussian temporal profile, a mean pulse
duration of 4 ps was calculated and this value was used in calculating intensities from
measured values of fluence.

Errors in the measurements are almost entirely a result of the non-transform-
limited nature of the pulses available from our laser source. The time—bandwidth
product was about three times the transform-limited value for a Gaussian pulse.
"T'his resulted in increased uncertainty in determining the pulse duration from the
average cross-correlation curve, since the half-intensity width is relevant for a
transform-limited pulse while the quarter-intensity is appropriate for a noise burst.
Using an intermediate width we estimate a +25% uncertainty in the pulse duration
for a Gaussian pulse. The pulse-to-pulse variation in duration and shape caused the
large scatter in points in figure 4. The r.m.s. error in determining the mean from this
scatter was £ 20%,. Some error is also incurred by taking this mean value (not quite
correct for a nonlinear process) and by assuming a Gaussian time profile in
determing the pulse duration from the correlation curve and in calculating the curves
of figure 1. Other errors are small. The error in our value for f§ is estimated to be
+35%,

Jo-
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4. Measurement of nonlinear refractive index of silica at 249nm

T'wo spatial techniques have been employed to make measurements of the
nonlinear refractive index (n,) of silica at 249 nm. A direct technique measuring the
intensity-dependent phase-change and an indirect technique measuring the ampli-
fication of spatial intensity ripples on the beam. Although indirect, the latter is very
relevant in that it measures directly the most serious effect of n,. QOur methods follow
previously developed techniques for visible and infrared wavelengths [3].

(a) TFigure 5 shows a ‘common path’ interferometer designed to give good
contrast fringes of controllable spacing for broadband radiation at 249 nm. Figure
6 (a) shows the fringe pattern recorded using the broadband amplified spontaneous
emission output of the excimer amplifier. The interferometer is designed so that only
one of the two counter-propagating beams is at a high intensity in silica. All other
beams are reduced to the 4% level by Fresnel reflections. Figure 6 (b) shows the
fringe pattern for a low intensity beam and figure 6 (¢) the fringe pattern at high
intensity. The fringes can be seen to change in phase according to the local intensity.
Measured values of this time-averaged phase change were inserted into equation (5)
toderive a value for n,. A correction factor to convert the time averaged to peak phase
change was applied, assuming a Gaussian time profile, and peak intensities were
derived from the measured fluences and the measured pulse duration. A mean value
of 220 x 10” 'Y e.s.u. was obtained for n,. Uncertainties in the measurement of the
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Figure 5. Schematic layout for common path interferometer for the measurement of
nonlinear refractive index.
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pulse duration, which were due to the assumption of a Gaussian time profile were
similar to those of the nonlinear absorption measurement. There was a larger
uncertainty resulting from the measurement of the small fringe shifts. Hence we
estimate the error in the measurement of n, to be +40%.

() 'The second technique is illustrated in figure 7. Fringes of variable spacing
and modulation depth were generated on the beam using Fresnel diffraction at a
straight edge. Both front and back reflections from the test sample block were imaged
onto film and simultaneously recorded. Figure 8 shows densitometer traces across
images recorded in this way, demonstrating the enhancement of some spatial
frequencies. Measurement of the spatial frequency showing maximum enhancement
and measurement of the magnitude of this enhancement enabled two values of n, to
be derived using equation (12) and the two values obtained were 1:0 and
1-:3 x 10~ 3 e.s.u. respectively. The uncertainties in these values are similar to those
of the previous section.

(¢) A spectral technique may also be used to estimate n,. The spectral width of a
pulse is broadened as a result of the self-phase-modulation effect of n,. The amount
of broadening increases with increasing n, and can be calculated to obtain a
quantitative value of n, from a measurement of the spectral broadening.

To enable an estimate of n, to be made, we assume an ideal (transform-limited)
pulse with a Gaussian time envelope and a square spatial envelope given by

A= Agexp [—3(1/1)*] exp [i(kox —vot — $)],

where 7 is the intensity half-width at e " ! points; ¢ is the nonlinear phase change; v,
is the centre frequency; and A is the amplitude.

In the presence of self-phase-modulation (and in the absence of significant
dispersion)

¢ =B integral = By exp — (t/1)°.
The spectral intensity can now be calculated using the Fourier transform to give

G(v)=gg*,
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Figure 7. Arrangement for measuring filamentation.
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where

+ a0
£=%&o j exp [—3(1/1)*Texp {i[27(0 — Vo)t — By exp —(¢/71)*]} dt.
G(v) has been evaluated as a function of v for different values of B, [13].

Figure 9 shows how the spectral width increases with the B integral and so
provides the link for n, to be calculated from a measured spectral broadening. A
useful analytical approximation to this curve for 0 <B < ~2 is given by the formula

Broadened linewidth
roadened e 1 +0-04B2 + 0-006B. (15)

Input linewidth

Figure 10 shows two spectra recorded from front and back reflections of a 20 mm
thick sample of silica. The ratio of spectral widths gave a B-integral value of 1-8.
Hence we obtained a value for n,=2-8x 10~ '?e.s.u. The uncertainty in this
measurement is high and is not easily quantified for a non-transform-limited pulse as
in our case. The fair agreement with our other measurements is consequently better
than expected. This technique can, however, be recommended if transform-limited
pulses are available.

5. Nonlinear refractive index for air at 249nm

This refractive index for air at 249 nm may be estimated by observing the
threshold power at which a spatially coherent focused beam will exhibit spectral
broadening. This power should then be close to the ‘critical power’ for self-focusing
(Pcr) which is approximated by

/12
Pp~—MW (16)
ny

for A in micrometres and n, in e.s.u. x 1013, Experimentally Pz was measured by
reducing an iris diaphragm in the focusing beam until spectral broadening was no
longer observed and at this point the energy transmitted through the focus was
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Figure 9. Calculated dependence of spectral broadening on B integral arising from self-
phase-modulation.
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Figure 10. Spectral broadening in silica at 249 nm due to self-phase modulation.

measured on a calorimeter. An energy threshold of 0-:2m] was observed giving
Per =50 MW and hence (using equation (16)) a value for n, of 1-2x 107 '®e.s.u.

Earlier measurements of n, for air [12] gave
n,=2x10" "% e.s.u. for A=694nm.

Because the above estimate is based on an observable change, it will give an
overestimate of the true threshold power. Hence it will give a lower limit for n,. We
will use the value of 2x 10~ "®e.s.u. for n, at 249 nm in subsequent calculations.

6. Broadband generation

Nonlinear spectral change can, under some conditions, be the dominant process
and, even if it is not the dominant process, it may well affect beam propagation. The
two principal spectral effects for short pulses are the generation of Stokes spectral
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sidebands due to stimulated Raman scattering, and spectral broadening due to self-
phase modulation, which is itself due to the nonlinear refractive index. The
dominant process of the two is that which requires the lower value of ]]d[ at the
‘threshold’.

The threshold for significant Raman generation is given by

y,JIdlzZS, (17)

where ¥, is the transient Raman gain coeflicientx /(14 527,/1) see {13].

1307\ 1
j[dl=(25+ t2> , (18)
Vs

where 7, is the steady state gain coefficient; T, is the dephasing time (1/x Avg); Avg is
the Raman linewidth; and ¢ is the pulse length.

The self-focusing or self-phase modulation threshold taken to be at B=11s given
by

Jl d!/=604/n,, (19)

where 4 is the wavelength in micrometres, and 7, is the nonlincar index in e.s.u.
x 1013,

Figure 11 plots the ‘threshold’ value of intensity length product obtained by
inserting published values of material parameters for nitrogen into the above
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IFigure 11, Dependence of threshold values ()fj I d/ on pulse duration for self-focusing beam
degradation and Raman losses. I, self-focusing: II, vibrational Raman; and 111,
rotational Raman.
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equations. 'T'his shows, for nitrogen, how the dominant nonlinear process depends
on the duration of the pulse.

(@) Experiments at 249 nm in air

A linearly polarised 4 ps pulse at 249 nm was focused in air using a 1 m focal
length lens. A reflective grating working in third order dispersed the spectrum and
gave a resolution of <1cm ™! for the full beam aperture. Figure 12 shows typical
spectra at various beam intensities.

It can be seen from figure 11 that for these very short pulses vibrational Raman
scattering should be stronger than rotational Raman scattering by virtue of its very
short T', time (&7 ps) and that self-focusing effects dominate. We would not expect
to see the Raman-Stokes line in air with our short pulses and no evidence of its
presence was found. The dominant effect in air, as shown by figure 12, is spectral
broadening, which increased rapidly above a threshold value for _f]dl of
15TWem™ !

Since there is a possibility of four-wave-mixing processes contributing to the
observed broadening, and since these have phase matching requirements that can
make them dependent on the angular content of the beam, a second experiment was
conducted in which the beam was not focused but propagated collimated over a long
distance. Figure 13 shows the spectral broadening under these conditions. The
threshold value for Ildl was measured at 10 TW cm ™! and this lower value does
suggest that effects with phase matching requirements must be considered as
possible mechanisms for spectral broadening. Figure 13 also shows very much less
broadening for longer pulses (40 ps). The reason for this may be due to the 40 ps
pulses being of a much narrower spectral bandwidth (0-2ecm™ ') and having time--
bandwidth products which were much closer to the transform limit.

Figure 12 shows rapid broadening of the spectrum at increasing intensities.
Figure 12 (a) shows a typical double line spectrum at low intensity. Figure 12 (b)
shows that the spectral broadening is associated with sideband generation. Our
interpretation of this process first suggested by Penzkofer et al. [14] is that there are
efficient four-wave-mixing processes which enable pairs of wavelengths in the
original spectrum to produce sidebands. This process should depend upon the third-
order polarisabilities and be closely linked to similar processes such as self-focusing
and self-phase-modulation. The observed thresholds are close to those expected for
n, cffects and some spectral broadening due to self-phase-modulation is generally
seen as a precursor to ‘continuum generation’.

The dominance of continuum generation over other processes including self-
focusing depends upon a strong enhancement of the four-wave-mixing process and
this can come from the close proximity of rotational Raman transitions. This ‘off-
resonant’ Raman enhancement of four-wave-mixing has been considered by Dangor
etal [15]inadifferent context. They show that for the generation of a 10%, side-band
from a two-component spectrum

1 Y
ffffffff J[dlz(()-])”z, (20)

where y, 1s the steady state Raman gain coeflicient, Y is the Raman half-linewidth,
and Aw is the off-resonant displacement.
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Figure 13.  Spectral broadening in air at 249 nm at low and high intensity for collimated
beams and for two pulse durations.

This is to be compared with the threshold for Raman generation of
Vs f]dl% 25(1452T,/H=130T,.

The large difference in threshold is at once apparent under conditions for which the
Stokes shift is not a large multiple of the pulse bandwidth.

Equation (20) applies to a single rotational transition. Inserting the values for the
strongest rotational line in nitrogen (S [7]) together with our pulse parameters, the
threshold condition, equation (20), reduces to j[ dl~80 TWcm™!. Since there are a
number of rotational Raman transitions with appreciable gain, it is necessary to sum
the gain over all these lines. Thus our threshold condition now becomes

12
1dl — B =063. 21
j “Z (Y> +Aw?)'? 1)

Making use of published data (see {16]), this summation has been evaluated over the
rotational lines in nitrogen. The threshold conditions (equation (21)) reduce to

Jldl:()TWcml,

which compares well with the experimentally determined threshold value for f Idlof
10TWem ™.

(b) Polarisation dependence
If the broadening mechanism is associated with stimulated rotational Raman
scattering then there should be a strong polarisation dependence. In the case in
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question we are concerned with the Raman gain for a beam with the same
polarisation as the pump beam, then [17]

y (circular)

—_ =0-25. (22)
¥ (linear)

Thus we would expect the threshold to increase by a factor of four to give a threshold
value for § [dlof 60’ TW cm ™!, Figure 14 shows spectral broadening for both linearly
and circularly polarised beams. The suppression of this mechanism for circularly

e

(a)
Jk’,
D)
A
M
1
A -
(¢)

Figurce 14, Spectral broadening in air at 249 nm for linear and circular polarisation of the
beam. (a) l.inear polarisation, j]dl: 145 TWem ', (b)) circular polarisation,
jld/z 130°TWem ™!, () circular polarisation jle: 190 TWem ™', 1= Input spec-
trum, [T =output spectrum, 111 =ASE spectrum.
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polarised beams is immediately apparent and demonstrated a threshold ratio of
about six, which was even higher than expected. The suppression is so strong that the
threshold for generation of rotational Stokes lines can be reached (figure 14) before
large spectral broadening severely depletes the beam.

7. Discussion of results

A number of measurements have been made of nonlinear optical effects which
limit the peak power of ultraviolet lasers. These measurements have yielded values of
the nonlinear absorption coefficient and the nonlinear refractive index and are
included in the table. Limiting values of intensity length product are also given and it
is these which determine the power limits of the laser.

At 249 nm, nonlinear absorption is the limiting effect in silica to the extent that
effects resulting from n, can be disregarded. There was no detectable loss, within the
intensity range available, to stimulated Raman scattering. This limit for silica is so
restrictive that it is necessary to use crystal optics such as CaF, of MgF, wherever
possible. These crystals can support intensities very much higher than that for silica.
At 268 nm, which corresponds to the Raman-Stokes shifted line for a pump
wavelength of 249 nm in methane, there is evidence [1] to suggest that silica can
support very much higher values of del. This 1s significant for laser systems
utilising KrF-pumped Raman lasers. At this wavelength it is possible to work at
significant values of B-integral. However, as discussed in section 2(b), the
deleterious effects of a B-integral are less severe in the presence of nonlinear
absorption. At 293 nm, severe spectral broadening has been observed as the limiting
process, while at 308 nm, and from this wavelength to beyond 1pum, it is self-
focusing which sets the design limit on laser power.

The consensus of the measurements of 7, in silica at 249 nm leads to a value of
15 220x 10" 3 es.u. This is to be compared with measured values of about
1:0 x 10" P e.s.u. from 308 nm to 1064 nm. Since n, can be regarded as a nonlinear
four-wave-mixing process, with no change of frequency (i.e. w+w—w—-w), it is
apparent that two-photon absorption (o + w) will exert a strong influence and that n,
will significantly increase at wavelengths with significant two-photon absorption.

It has been shown that in air the dominant nonlinear process is dependent on
pulse duration and that for short pulses the effects of n, dominate. No rotational or
vibrational Raman spectra were observed, in agreement with this result. The
threshold for spectral broadening was expected to be the same as that for self-
focusing and this was observed. The value of n, obtained from this observation
substantiated the value of 2x 107 %¢.s.u. taken from the literature [14].

Summary of measurements on silica. TPA =two-photon absorption, SB=spectral
broadening, SF =self-focusing.

Wavelength 249 nm 266/268nm  293nm 308 nm
TPA coefficient § (RAL) em GW ™! 0-06 0-06 0-008
B (other labs) em GW ™! 0-045-0-06 0-02 0-007
n;x 10 e, 1-5-2-0 11
B integral at 209, loss from TPA 0-6 1-5 30 30
j[dl limit in GWem ™! 6 18 15 45

(himiting process) (TPA) (TPA) (SB) (SF)
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The process of rapid spectral broadening occurring above the threshold is not
explicable on the basis of self-phase-modulation. A possible explanation is proposed,
which is based on the enhancement of four-wave-mixing eflects due to the off-
resonant gain from rotation Raman lines in nitrogen. This has been shown to match
experimental observations of the threshold values of intensity length product (_[ldl)
and of the polarisation dependence of this threshold intensity length product.
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