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CMK3  Fig. 2. Result of impulsive stinulated
Raman scatiering on phonon-polariton in Gal”,
On the main figure the sharp peak with an
IWHM of 36 fs has electronic origin. "The signal
caused by the polariton is displayed on extended
vertical scale in the nset,

Ray tracing calculationindicates that for the
set-up shown in Fig, 1, the crror originating
from the tilt {and curvature) of the pulse fronts
of the inlersecting pump beams is four times
smaller than for a configuration using a con-
ventional beam-splitice for creating the two
pump beams. In addition, the compact combi-
nation of the transmission grating and the re-
ective microscope objective results in an im-
proved mechanical  stability ol the
cxperimental set-up. Furiher oplimization as-
ing ray tracing is carrently underway.
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Nonlinear spectroscopy in the single
optical cycle regime

M.S. Pshenichnikov, A. Ballugka,
D.A. Wiersia, Ultrafust Laser and
Spectroscopy Lab., Univ, of Groningen,
Nijenborgh 4, 9747 AG Groningen, The
Netherlands; B-mail:

M.S. Pshenichuikov@chen.rug.nl

The use of extremely short sub-5-fs pulses
that hecame available recently!'=* provides
obvious advantages Lo a speclroscopic ex-
periment, Next to the very high temporaf
resolation, the broad bandwidth allows cov-
ering an impressive spectral window at once.
tlowever, the standard description appli-
cable to multi-cycle pulses becomes ques-
tionable for the pulses that consist merely off
a couple of optical fringes. The convention-
ally employed slowly varying envelope ap-
proximalion,” implying that the change of
the pulse amplitude on the duration of an
optical cycle is negligible compared to the
maguitude of the amplitude itself, can no
longer be maintained.” Furthermore, the
phase-matching bandwidth that is limited
duce to dispersion in the nonlinear medium
rapidly gains importance with the breaden-
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CMR4  Fig. 1. Spectral filtering effect in pho-
ton echo experiment in water. The spectral tilter
calculated for two-pulse photon echo is shown by
a dashed curve while the dotled curve depicts the
typical spectral seusitivily of a silicon photodiode.
The total spectral filter is given by a solid curve.
The thickness of the water layer is taken 100 pun
and the intersection angles of the beams are 4°,
Shaded contour represents the specttum of 4.5-(s
pulses for a comparison. Note that the overall
spectral filtet is nearly Aatup to 900 min due to the
photo-detector sensitivity balancing oft the more
cefficient generation of the nonlinear signal at
higher frequencics.

ing of the pulse spectrum. Another point of
serious concern is the frequency-dependent
variation in the sensitivity of the photode-
tector employed to register the signal gener-
ated in the nonlinear process. In combina-
tion, the above lsted features of an
experiment with broadband pulses result in
what is known as a spectral-filter effect.® On
1op of that, artificial lengthening of the ob-
served time dependencies 1s a direct conse-
quence of the noncollinear geomelry cm-
ployed in experiments.

Lo this contribution we present a theorctical
analysis in which (he frequency- and time-
domain formalism of wltrafast nonlinear spec-
troscopy is thoroughly recxamined. The com-
plete expressions valid even for single-cycle-
pulse applications are derived for the
nonlinear signal in the {requency and time do-

mains. We also assert that the influence of

geowetrical delay simearing does not introduce
a significant distortion of the observed traces
provided that the geometry is carclully opti-
mized. The derived formalism is applied to
photon-echo spectroscopy on the hydrated
electron with 5-ts pulses.

We consider the case ol noncotlinear geom-
etry in whicl three beams intersect at a small
angle innonlincar medium. A typical equation
that governs propagation of the fourth, signal,
field can be oblained directly from Maxwell’s
cquations:
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where [ stands for clectric fields, § P 45 the
1hirdfur(lm susceptibility, the phase mismiatch
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CMEKA  Fig. 2. Results of two-pulse photon
ccho experiments on water alone (a) and hy-
drated clectrons (h). Circles represent experi-
mental data points and solid curves show fils to
the data.

fey (") + k(€ - " 1 o) - k80, 1y, and
15 are delays between pulses 1 -1, and 17,-14,
respectively. Tiquation (1) is valid for opiical
pulses clectric field of which consists ofa single
cydle at the optical frequency.?#

“The spectral filtering effect in the case of
iwo-pulse photon echo cxperiment (4,, = 0) is
iltustrated in lig. | where the frequency-
dependent conversion efliciency is shown
against the spectral content of the pulse. The
spectral window is mostly delermined by the
self-steepening eftect (£-term in Lg. (1). The
taking into account of a typical spectral seusi-
tivity of a silicon photodiode results in nearly
[recquency-independent dependence through-
out most of the specirum ol a 4,5-fs pulse. This
is practically important to justify the use of less
cumbersonie spectrally unresolved detection
of photon echo signals. Note that similar cal-
culations shonld be employed to oplimize the
experimental configuration for any third-
order spectroscopic experiment that utilizes
laser pulses shorter than 10 {s.

w e —w +w)

@ @'} exp (iAk, (G0 o)z

— i, — i - o + o)de de’ (1)

Tigures 2(a) and 2{b) present the two-pulse
photon echo signals obtained from the water
and electrons solvated in water,® respectively,
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A minute difference in the widths of these two
traces suggests that the electronic dephasing of
the hydrated electrons is extremely fast. The
finite population lifetime of the clectrons in
the excited state causes the dclay of the echo
trace in Fig, 2(b). The best fit to the experimen-
tal data yields the dephasing time of 1, = L6 fs,
With this value, we successfully modeled the
absorption spectrum of the hydrated clectrons
by an extended Lorentzian line shape,® which
indicates the breakdown of the rotating wave
approximation (RWA).4
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Polarization mode dispersion in optical
communication systems

Curtis R Menyuak, Usniv. of Maryland—
Baitimore Campus, 1000 Hilltop Cir.,
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Polarization mode dispersion (PMD) has
become one of the major barriers to achiev-
ing single-channel data rates of 10 Gbits/sec
and beyond in optical communications sys-
tems. In this tutorial, the physical ovigins of
birefringence and PMD are first reviewed.
The cffects of first-, second-, and higher-
order PMD are next elucidated. Finally,
PMD compensators and emulators are de-
scribed. In particular, the need for physically
realistic emulators in order to realistically
evaluate the cffects due to PMD and com-
pensators is emphasized.
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PMD probability distribution for arbitrary
distances
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Polarization mode dispersion {PMD] is caused
by the random bivefringence present in optical
{ibers. It can lead to pulse spreading and depo-
larization, and is detrimental to system perfor-
mance, As transmission rates continue to in-
crease, PMID has become o major impairment,
thus motivating extensive experimental and
theoretical study over the past few years,

PMD 15 characterized Dby a three-
component dispersion vector {3, Its nagni-
tude [€}] gives the differential group delay
(DGD) between the principle states, and its
direction gives the orientation of the principle
states of polarization on the Poincaré spherc at
the output. For short distances, PMD is deter-
ministic, and the DGD distribution is a
d-function. For long distances, previous work
assuming weak or completely randomizing bi-
refringence models has led to a Maxwellian
DG distribution.*2 This long-distance resnlt
has been confirmed by numerous numerical
and experimental studies. However, there has
been as yet no analytic demoustration of this
fact assuming a realistic model of the birefrin-
gence variation in the fiber. More importantly,
there have been no careful studies of how long
it takes to rcach the asymptotic distribution.
This may be important for calculating the pen-
alties due to PMD) in the transient regime,
because the usual assumption that the distri-
bution is Maxwellian may be erroneous.

In this work, we calculate the DG distri-
bution in the intermediate distance regime.
We begin with the basic dynamical equation
{or dispersion vector £

f)!l(z,m) B i)W(zla))
iz e
X Q(zm), (1

+ W(z,w)

where the vector W represents the local bire-
fringence in the fiber, We choose a simple re-
alistic birefringence model (the first model of
Waiand Menyuk?), where the fiber is assumed
to have lincar birefringence of fixed strength
2b, but where the birelringence orientation is
assunied to be driven by a white noise process.
In other words, W = (2b cos 0, 2b sin 0,0), and
d0/dz = gy(z), where {g,(2)) = 0, and
{go(2) go(2')) = 08z — 2'). l'he parameter ¢
is related to the fiber correlation length kg, by
the cquation o = 2/l .. To help simplify the
analysis, we etaploy two variable transforina-
tions, O = R ()€1, and @ = R,(2)Q. Here
the matrix R, represents a rotation through an
angle 0 in the (2, {1,) plane, while R; is a
rotation through an angle 2bz in the ({),, )
planc. Physically, £ is the dispersion vector
measured in terms of local birefringence axes,
and Q is the dispersion vector measured rela-
tive to axes rotated by the birefringence. Note
that |[€2] is invariant under these rotations.
We restrict ourselves to the physically im-
portant casc where the fiber correlation length
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CML2 Fig, 1. Probability distribution p of the
differential group delay at various distances. Here
Z = | corresponds to one fiber correlation length,
and the DGD unit 1s 1/4b" g, .. The dotted lincs
in (b) and (¢) arc Maxwellian distributions for
comparison.

Fgipee 18 much larger than the beat length w/b.
Tn this case, the Fokker-Planck for £ can be
averaged over the rapid birefringence rotation,
and the probability density function P for O
satisfies the following reduced equation®®:

a1 a a o 9 2‘ o @
az 20 a0, TTaby, "aQ,

0.0 : o LoP 5

a8, 2080, 2)
Here £ = afhyp,., and (Y, = Q14b by, (k=1,
2, 3) arc dimensionless variables, and the de-
rivativein &' is with respect to frequency. Fora
typical PMD coefficient 1ps/Vkm and fiber
correlation length 50 m, the DGD unit
(4b' hg..) 1s approximately 0.32 ps. It is im-
portant to note, however, that Eq. (2) no
longer has any free parameters. Thus, the
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