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Modeling the Induced-Phase Modulation and
Compression of UV Laser Pulses

S. G. Dinev and A. A. Dreischuh

Abstract—The induced-phase modulation in a gas-filled hol-
low-core waveguide is modeled as a possible method for pulse
compression in the UV using grating pair. The method has been
applied to a number of excimer lasers and Raman-shifted
wavelengths, predicting compression coefficients from 15 to 700.
The limitations posed by system parameters, absorption, wave-
guide losses, and breakdown are discussed.

I. INTRODUCTION

LFANO and co-workers [1], [2] studied the spectral

broadening of the second harmonic of Nd: glass laser
in the presence of the primary pulse in BK-7 glass both
theoretically and experimentally. Since then, several
groups have been studying the cross-phase modulation
(XPM and IPM) effects [3]-[8].

In this paper we model the pulse-compression method
to the UV region using the effect of the induced-phase
modulation (IPM, also commonly called XPM) of a pump
pulse and a relatively weak signal pulse at resonance using
a grating pair. A gas-filled hollow-core waveguide is
modeled where the sum of the pump and signal frequency
is near a two-photon resonance. Several excimer laser
wavelengths are taken into account, and the system pa-
rameters, including capillary length, gas pressure, detun-
ing from resonance, absorption, waveguide losses, and
breakdown, are discussed. A large compression coeffi-
cients ranging from 15 to 700 are predicted for nanose-
cond pulses.

II. DESCRIPTION OF THE PROPOSED METHOD

Let us consider the propagation of two pulses, pump /»
and probe signal /5 in a waveguide with cubic nonlinear-
ity. The refractive index at the signal frequency can be
presented in the form [9]

n(ws) = ny(ws) + n§pas(ws) (As)? + nipiglws) (Ap)° (1)
where
3TNY S —ws: ws, —ws, ws)

no(ws)

NL
ngpm(ws) = (2a)
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and
6_7\, 3y ¢ BN s
TNX il — st ws, wp,

ny(ws)

—wp) b

() =
N is particle density. Our calculation of the nonlinear sus-
ceptibility for self-phase modulation x §hy in xenon in the
VUV and XUV is shown in Fig. 1. Using the existing
coherent sources [9]. [10] with relatively low peak pow-
ers, the bandwidth of the chirp obtained is not enough for
compression of pulses in the ns and ps range [11]. The
waveguide length usable in this part of the spectrum {12],
[13] is limited by technical reasons to several centimeters.
Therefore. high values of the nonlinear susceptibility are
required for pulse compression.
In the vicinity of ws + wp two-photon resonance x jp
is determined mostly by terms of the type

riar -2 -
GAT AF : {(“‘GA = wj) 1y (wGA _ U—’P) 2
(weg = wg — wp — 1)
+ [twgs — wp)(wgs — ws)] '} &)

where r); denotes the corresponding dipole matrix element
and I is the damping constant of the transition. Choosing
ws + wp > wgp and ws. wp < wgy. the nonlinear coefli-
cient x palaws) < 0. thus avoiding induced focusing. Fig.
2 shows the wavelength A dependence of xﬁ)fw for A\g =
193 nm in a part of the negative sign region of Xel.

The characteristic equation describing the evolution of
the slowly varying signal is the Schrédinger equation (SE)

3y 3y ) ,
P8 =5+ K™ wg [y s ()
ax ar

where

as = (1/2)(Ns/Q2reN)) (371 /3N, -y
is a coefficient, determined by the group velocity disper-
sion and

F™wg = =30°Nxiules) / snifws)
is a nonlinear coefficient. The Gaussian pulses ¥ and /p
are considered with complex amplitudes A (x) and Ap(x).
with the half-width at 1/e level as(x) and ap(x), respec-

tively. and frequency chirp parameter bs(x). The follow-
ing conditions are used:

1) The self-phase modulation is negligible.
2) Is << Ip. i.e.. the phase modulation. induced by
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Fig. 1. Nonlinear susceptibility x §iy versus wavelength for Xel.
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Fig. 2. (a) Nonlinear susceptibility x P\ (Ag = 193 nm) versus pump wave-
length A, for Xel (part of the region with negative sign only). (b) Simplified
energy-level diagram for Xel.

the signal on the pump wave, is not to be consid-
ered.

3) The duration of the input pulses is approximately
equal and the delay between the pulses is approxi-
mately zero.

4) The group-velocity mismatch between Ag and Ap is
negligible and a single laboratory coordinate system
can be used.

5) The four-wave mixing efficiency and the efficiency
of the four-photon parametric processes is low, ie.,
the pulse energy does not change.

6) The nonlinearity is fast compared to the pulse du-
ration.
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It has been shown [14] that in the case of single-pulse
propagation in a waveguide both the variational method
and the method of the NLSE invariants lead to the same
characteristic equation describing the pulse evolution. Our
analysis is based on the variational functional, corre-
sponding to the SE [14]-[16]. Equation (4) can be re-
stated as a variational problem corresponding to the La-
grangian L given by

5

. s , 31’)5} s
L =(i/2) 42> — i —a |
(i/2) [M a7 ax 3,
+ k™M g) Yl el o)
and the Lagrange equation
oL a oL oL
9 —— == — 72 =0 (6)

is equivalent to the SE. Using this method we obtain a set
of ordinary differential equations for as(x) and bs(x):

db . .
as 5 = dasachi — 23+ 2k (ws) | 457
dx as
ap/as < ap >
e S Y (7a)
Nas + ap as + ap
da
Zf = —dagashs (7b)
I'b ) B B
dp (——P = 4ap(lpb;7 - a_f + kSPM(wP)~AF‘-/(2} -(lp)
dx ap
(7¢)
dap
g - davarbe (7d)

Equations (7¢) and (7d) describe the pump pulse prop-
agation in the waveguide [14]. In this way the pump pulse
evolution can be described. proving that the pump self-
modulation is negligible (condition 1)). The evolution of
the probe pulse is given by (7a) and (7b) [16].

Calculations are performed at some widely used UV Ns
sources: 157 nm, 193 nm, 193.4 nm, 248 nm excimer
laser: 206 nm — second anti-Stokes from 249 nm; 210
nm — first Stokes from 193 nm. Ag and Ap are chosen in
a way that ws + wp is near the two-photon resonance with
the transitions 5p°('S;] — 6p’ in Xel (see Fig. 2(a) and
(b)). The waveguide modeled is a hollow-core capillary
with a length [ = 16 c¢m and internal diameter 150 pm,
filled with 1 atm Xel. The signal and pump frequencies
ws and wp are far from single-photon resonances in Xel.
The xspy values are of the order of 10™* esu; therefore,
the self-phase modulation is negligible. The parameters
used in the model of the induced phase modulation are
presented in Table I(a)-(c). The nonlinear susceptibilities
are calculated according to the single-sided Feynman dia-
grams [17]. The respective matrix elements for bound-
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TABLE I

PARAMETERS FOR THE INDUCED-PHASE MODULATION AND COMPRESSION MODEL

Medium Xel: N = 2.5 x 10" cm ™

Wavelength (nm)
Pulse
duration (FWHM)
Pyax (W)
Resonance
Xiphr (esu)
X Spyt (esu)
aM(w) (em?)
b (dB/cm)
Confocal
parameter (cm)
ag (57 /cm)
ap (s3/cm)
kipy(ws) (esu)
kspa(wp) (esu)
P(Np) (W)
Compression
ratio F

Wavelength (nm)
Pulse
duration (FWHM)
PM.-\\' (W)
Resonance
XAt (esu)
Xg}l»l (esu)
o'"(w) (em?)
b (dB/cm)
Confocal
parameter (cm)
s (s*/cm)
ap (57 /cm)
kipa(ws) (esu)
kspumlwp) (esu)
P(Xp) (W)
Compression
ratio F

Wavelength (nm)
Pulse
duration (FWHM)
Pyax (W)
Resonance
Xiphs (€5U)
X §i (esu)
¢'V(w) (cm?)
b (dB/cm)
Confocal
parameter (cm)
ag (s7/cm)
ap (s°/cm)
kipyilwg) (esu)
kspu(wp) (esu)
P(Np) (W)
Compression
ratio £

As = 157 \p = 404.75 ¢ = 193 Ap = 262.69
6 ns 9 ns Il ns 18 ns
540 2.4 x 10° 250 1.7 x 10°

5p% — 6p'(3/2), 5pt — 6p'(3/2),
-7.8 x 107" —8.1 x 107*

11 x 107% 3.5 x 107 24 x 107" 2.7 x 107
6.14 x 1072 2.73 x 1077 443 x 107 8.79 x 107
1.08 x 107° 7.18 x 1077 1.63 x 1077 31 x 1077

9.2 3.6 7.5 5.4
9.9 x 107 ~1.46 x 107
—2.55 x 1077 ~4.66 x 107 °F
3.7 x 107° 1.7 x 107°
~-29 x 10 " —-3.0 x 107"
10° 1.7 x 10°
766 664
As = 193.4 Ap = 266 A = 248 Np = 207.99
11 ns 11 ns 20 ns 15 ns
1550 1.2 x 10° 4.4 % 10° 3.1 x 10"
5pt = 6p'(1/2), 5p° = 6p'(3/2),
-2.0 x 107+ —1.49 x 107

2.4 x 1077 3.1 x 107 -6.6 x 10°°* 14 x 10"
4.44 x 107 8.66 x 10 ** 7.37 x 1077 5.07 x 107
1.64 x 1077 310 x 1071 270 x 1077 1.90 x 107°

7.5 5.4 5.8 6.9
-1.47 x 107" —3.57 x 107°°
—4.56 x 107 -1.95 x 10°%
7.7 x 1077 44 x 107
-43 x 107" 26 x 107"
1.2 x 10° 10*
26 18

Xs = 206 Ap = 241.91 Ay = 210 Ap = 239.92
15 ns 13 ns 14 ns 13 ns
10* 1.4 x 10° 2 x 10° 1.3 x 10°

5p" = 6p'(1/2), 5p" = 6p'(1/2),
~1.1 x 107* —-53 x 107
—-1.4 x 107% -2.3 x 107 —-1.5 x 107" -1.9 x 107%

4.98 x 107 6.97 x 107 5.16 x 107+ 6.84 x 107"

1.86 x 107° 2.57 x 1077 1.93 x 10 * 252 %1077
7.0 6.0 6.9 6.0
~1.89 x 10" ~2.02 x 107
~3.28 x 1077 -3.19 x 107

4.0 x 1077 1.9 x 10°°

36 x 107" 29 x 107"

1.4 x 10° 1.3 x 10°
15 69

bound transitions [18] are corrected for sign [19]. [20].
The matrix elements for the bound-free transitions are
from [21]. With the accuracy of the matrix elements used,
the accuracy in the calculation of the nonlinear suscepti-
bility is estimated to be 40%. In the vicinity of resonance
we have taken into account the collision (~6.9 - 10° Hz)
and Doppler (~2.3 X 10" — 4.3 x 10'"° Hz) broadening
of the transitions. The upper limit for the signal power,

maximum pump power is restricted by multiphoton ioni-
zation and breakdown in the gas (Pp, = 1.7 - 10° W
for Ap = 262.69 nm—Table I). The maximum signal
power Ps,,, is limited by the ionization (A = 157, 193.4,
and 248 nm) or by the approximation used (As = 193,
206, and 210 nm).

The overall losses can be taken into account {21] by

including a damping nonlinear coupling in the SE (4):
IPM

according to assumption 1), is P < ((AsA)/(xny"'L)),

where A4 is the core area. According to our estimation, the

Kag) = klws. x) = k(ws) exp [—2yx] (8)
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Sig. 3. Dependence of the compression facter on the length for different
duensities of the Xel- gas.

vhere ~ is the decay constant. In this constant we have
nciuded the single-photon absorption in the medium
+"Mw), the multiphoton ionization and the waveguide
osses of the beam b, taking » = (e/g) " < 2.02 [13].
Zig. 3illustrates the importance of choosing a proper me-
tium density. Due to the stronger absorption at higher
iensity, the bandwidth of the chirp is narrower, and the
ompression ratio 15 lower in g higher pressure gas wave-
e,

In & possible experiment. the synchronization of pulses

would be relatively simple in a double-channel excimer
aser {e.g., EMG 150E). The pulses of the first ane to be
sompressed Ay (157, 193, and 248 nm) and the second one
sumping a dye laser { hpyp = 2heh More difficult seems
‘o be the synchronization of an AsF and Y AG lasers. The
jitter will negatively aftect the compression of the probe
sipnal [4], [6]. In the example considerad (see Tahle It Ay
is tuned near a two-photon resonzance via wy + wp within
AL Fig. 4 shows the strong dependence of iy (re-
spectively, compression ratio F = a; Aw™ /2, where
aw™ is the chirp bandwidth) on the detening from the
resonance. As seen from Table 1, the compression ratio ¥
predicted is between 15 and 700, If & narrowband tunzble
ArF laser is used (e.g.. EMG 150 MSC) with & 1 nm
tuning range and a bandwidth of 0.005 nm FWHM. higher
compression coefficients seem to be obtainzble.

The calculation shows that the group-velocity mis-
match between Ag and Ap is less than 20 ps/matp = 3
alm, which is negligible, compared to the nanosecond du-
ration and capillary length vsed (condition 431,

An important condition for a successful pulse compres-
sion by a pair of gratings is the absence of a nonlinear
frequency chirp. In all ceses considered. the rulio
(1723 4, /(01 /4™ 4,0 is higher than 10°, Tn our
considerations we have neglected the change in the pulses
shapes, described by the term (1™ /¢) [3(] 4,40 /371 (0.
| = &, p): however, the dependence of the group velocity
on the intensity of the pulses may play an important role
in the spectral broadening of the signal pulse [22]. Since
kypn < 0, the signal pulse compression should be obtain-
able with a grating compressor with pasitive group veloc-
ity dispersion [23].
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of on Ml Y AG laser versus by,

Condition 4). i.e., low efficiency of the four-wave mix-
ing and the four-photon parametric processes, is impor-
tant in deriving (Ta) and (7b). The dependence of the sum-
frequency signal from the bandwidth. Doppler, and col-
lision broadening and detuning from resonance of the
pump lascr has been mvestigated [24], however, for the
ease considered, a special study is needed.

It is imeresting to cvaluate the range of applicability of
the IPM approach in the short wavelength region. The
higher values of y by are due to the vicinity of ws + wpe
to a two-phaton resonance. 1t seems. that the method
would be applicable in inert gases for Ag in the region
between XUY and the soft X-ray. The inherent limitation
of the resonance hecome significant by a detuning of the
order of the chip bandwidth, Therefore. the induced
wavelength shift from the carrier frequency [14] of the
signal pulse at different delays has to be considered care-
fully. Our estimation has shown that the method will be
applicable to compressed-pulsewidths of the order of sev-
eral picoseconds. aking into account the limitations im-
posed on the pump power. waveguide length ~ 10 cm,
and ¥ ~ 1077 esu.

I, CoxcrLusms

An approach i proposed for extension of the method
tor pulse compression i the UV, based on the induced-
phase modulation. In the caleulations we have used the
variational methed for solving the Schrodinger equation
for propagation of two pulses in a waveguide filled with
a low pressurc inent gas as a nonlinear medium. High
compression coefficients using grating pair scem to be at-
tainable for the widely uscd nanosecond excimer laser
pulses. The peak power limits ranging from 2.5 - 10° to
4 - 10° W are posed by multiphaton ionization and plasma
formation. A study is under way to evaluate the influence
af the induced phase modulation on the process of four-
wWiEve TNing.
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