
PHYSICAL REVIEW E 68, 026604 ~2003!
Tracking ultrashort pulses through dispersive media: Experiment and theory

H. Gersen,* J. P. Korterik, N. F. van Hulst, and L. Kuipers†

Applied Optics Group, Department of Science & Technology and MESA1 Research Institute, University of Twente, P.O. Box 217,
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~Received 19 March 2003; published 15 August 2003!

We report on the direct visualization of a femtosecond pulse propagating through a dispersive waveguide at
a telecom wavelength. The position of a propagating pulse is pinpointed at a particular point in space and time
using a scanning probe based measurement. The actual propagation of the pulse is visualized by changing the
reference time. Our phase-sensitive and time-resolved measurement provides local information on all proper-
ties of the light pulse as it propagates, in particular its phase and group velocity. Here, we show that the group
velocity dispersion can be retrieved from our measurement by developing an analytical model for the mea-
surements performed with a time-resolved photon scanning tunneling microscope. As a result, interesting and
useful effects, such as pulse compression, pulse spreading, and pulse reshaping, become accessible in the local
measurement.
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I. INTRODUCTION

Light as an electromagnetic wave is characterized b
combination of time varying electric and magnetic fiel
propagating through space. In the past decades the us
time varying optical fields in the form of ultrashort ligh
pulses has proven to be a valuable tool in the study of
trafast phenomena@1#. The attractiveness of ultrashort ligh
pulses not only lies in the possibility to trace processes
their ultrafast dynamics but also in the fact that one sim
can do things faster. Of primary importance are data tran
and data processing utilizing the large attainable bandwi
In this respect, probably one of the most spectacular goa
the creation of an all-optical computer.

Optical delay elements capable of transmitting ultrash
pulses will be one of the key ingredients for all-optical da
processing@2#. Photonic crystals~PhCs! in which photons
experience multiple reflections are one of the promising c
didates for this task, as the group velocity in PhCs can
several orders of magnitude lower than in bulk materi
with the same refractive index@3–5#. PhCs are materials
with spatial periodicity in their refractive index and hav
dispersion properties that can be tailor made by selec
their scale and geometry@6#. In this way it becomes possibl
to control the group and phase velocity of ultrashort lig
pulses in a unique way. The unique dispersion characteris
of PhCs may lead to a variety of interesting optical nonlin
phenomena such as gap solitons@7,8#, pulse splitting of gen-
erated second-harmonic pulses@9#, highly efficient wave-
length conversion, and can also be employed for disper
management in optical telecommunications.

To integrate ultrashort pulses with various evolving ph
tonic technologies, it is necessary to analyze the interac
of ultrashort optical pulses with these photonic devic
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Many investigations on dynamical effects in~non!linear dis-
persive media are based on numerical simulations@10–12#.
We intend to gain a better understanding of the interaction
light with ~sub!wavelength sized structures by experimen
means.

Experimental investigations on the propagation of
trashort pulses in~non!linear dispersive media have so fa
largely been limited to ‘‘black-box–type’’ characterization o
the medium@5,13–17#. The known incoming pulse and th
measured transmitted or reflected pulse are compared w
theoretical model. By cutting slices from the medium~‘‘cut-
back’’ method! it becomes possible to study aspects of t
internal pulse development@18#; yet this method is destruc
tive and has several other clear drawbacks. First, not ev
photonic structure can be arbitrarily changed in length wi
out affecting its properties. Second, if a disagreement
tween experiment and theory is found, it may be hard to fi
the underlying cause for the discrepancy. Third, it is imp
tant to realize that the black-box method integrates all
pulse propagation effects accumulated in the entire struct
If a structure has spatially varying optical properties, on
averaged information is obtained. To overcome these dr
backs and obtain fulllocal information on pulse propagatio
throughout a medium, local time-resolved measurements
crucial @15#. An experimental method enabling the observ
tion of dynamical effects directly inside a photonic structu
has only recently been demonstrated@19#.

In the last few years a so-called interferometric phot
scanning tunneling microscope~PSTM! has proven its
unique capacity to measure the amplitude and phase d
bution of the optical field locally inside photonic structur
@20–22#. Here, we report on the nondestructive visualizati
of a femtosecond pulse propagating through a linear dis
sive waveguide in space and time using an interferome
PSTM at infrared wavelengths. The ability to measure a
wavelength range relevant for telecommunications opens
the possibility to investigate local dynamic behavior of ph
tonic crystals and integrated optical circuits in the near
ture. An advantage of the short laser pulses applied is
different effects such as reflection at the end facets~Fabry-
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GERSENet al. PHYSICAL REVIEW E 68, 026604 ~2003!
FIG. 1. ~Color! Schematic representation of a pulse tracki
experiment. The evanescent field of the pulse traveling inside
waveguide is picked up by a fiber probe with subwavelength
mensions. The photon tunneling signal picked up by the prob
interferometrically mixed with part of the same pulse that h
propagated through the reference branch. The length of the r
ence branch, and thus the time taken by the reference pulse to t
through this branch, is controlled by an optical delay line. Ea
subsequent measurement shown in this paper is obtained by r
scanning the optical probe across the photonic structure while
height above the structure (,10 nm) is kept constant by a feedbac
mechanism. The simultaneous measurement of optics and topo
phy makes it possible to directly relate optical information to t
structural properties.
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Perot effect! and scattering out of the structure can be d
criminated in the time domain.

The microscope used is based on the heterodyne inter
metric PSTM, recently developed by our group@23# and pro-
vides the full amplitude and phase information of a pu
traveling through a waveguide structure. From these tim
dependent and phase-sensitive measurements, both the
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group and the phase velocity can be determined direc
Comparison with an analytical model, developed in this p
per, shows excellent agreement. The model proves that e
the local group velocity dispersion~GVD! can be measured
inside a photonic structure. As a result effects such as p
broadening, pulse compression, and pulse reshaping ef
become accessible in the local measurement.
e

ave
FIG. 2. ~Color! A time-resolved heterodyne interference PSTM measurement on a Si3N4 channel waveguide for a fixed position of th
optical delay~image size of 290.539.38mm2). Linearly polarized light has been coupled in the waveguide to excite the TE00 mode.~a! The
topography of the waveguide. The measured height and width of the waveguide are 3963 nm and 1.1560.04mm. The slab thickness is
determined to be 17065 nm. ~b! The raw data from the lock-in amplifier, corresponding to the optical amplitudeA times the cosine of the
optical phase for a single tracked pulse as a function of the lateral position in the plane of the sample.~c! The optical field amplitude of the
pulse while propagating through the waveguide as derived from~b!. It is apparent that the amplitude is confined to the waveguide.~d! The
corresponding cosF of the optical field for the complete measurement.~e! A zoom-in on the boxed area given in~d! to clearly show the
individual wavefronts~image size: 72.639.38mm2). It is clear that the wave fronts in the image are straight, indicating plane w
propagation corresponding to the TE00 mode.
4-2



t i
an

t
e
0

en
p
e
o
a
p

ec
h
a
ea
u

pl
u
t

ch
A
lin
ll
a

e
h
th
4

r
e

as

n
nc
i

uls
th

er
n
g
ti
ve
m

38
e
un
of
th
f

ed

te
a

0
th a
the
by
the
ea-
un-

ide

en-
tor
te
t
can
as
n of
k-
s a

re-
is

e.
le
he
m-
ld

ter.
ntly
es

ude
lse

e
lf

ec-

.
ral
al

e
ion.
i-
the

s-
to
at-

TRACKING ULTRASHORT PULSES THROUGH . . . PHYSICAL REVIEW E68, 026604 ~2003!
II. EXPERIMENTAL ASPECTS

A schematic overview of the pulse tracking experimen
depicted in Fig. 1. Linearly polarized light is coupled into
integrated waveguide structure and propagates through
photonic structure. In the PSTM, the local evanescent fi
above the structure, with a decay length of typically 10–1
nm, is picked up by a fiber probe with subwavelength dim
sions. The evanescent field is locally converted into a pro
gating wave, which is coupled into the fiber probe, guid
through the fiber, and subsequently detected. For each p
tion on the photonic structure, the phase and time inform
tion of the evanescent field is the same as that of the pro
gating wave. By picking up the evanescent field, dir
information is therefore obtained on the propagating lig
field. By raster scanning the probe, using a height feedb
mechanism, the optical field distribution is probed in the n
field of the waveguide surface, while simultaneously the s
face topography is acquired.

As an electromagnetic field is characterized by an am
tude, a phase, and a polarization state, it is essential to
coherent detection methods. Therefore the sample and
PSTM have been integrated in one branch of a Ma
Zehnder–type interferometric setup as shown in Fig. 1.
each position on the sample surface, the photon tunne
signal picked up by the near-field probe is interferometrica
mixed with light split from the same laser source that h
propagated along the reference branch of the setup. Th
terference between light in the signal and reference branc
measured with a photodetector. The optical frequency of
reference beam is shifted with the difference frequency of
kHz between two acousto-optic~AO! modulators to allow
heterodyne detection of the photon tunneling signal. The
sulting signal, measured with a dual-output lock-in amplifi
~LIA !, contains both the optical amplitude and relative ph
of the local optical field within the sample@23#.

In order to visualize the propagation of a femtoseco
pulse, we incorporated an optical delay line in the refere
branch of the interferometric setup. Optical interference w
only occur when there is temporal overlap between the p
in the signal and the pulse in the reference branch at
point where the branches join again. In the current exp
ment the photon-tunneling signal and the reference sig
recombine in a 50/50 fiber coupler after propagating throu
different lengths of a single-mode fiber and other bulk op
cal glass components. The pulse in the signal branch tra
69.760.5 cm through dispersive fibers and other glass co
ponents~including the sample!, and 23.560.2 cm through
air. For the reference branch these distances are
60.5 cm and 75.660.5 cm, respectively. Note that in th
reference branch the path length in air is changed as a f
tion of the position of the optical delay line. The position
the optical delay determines the optical path length of
reference branch, and with this defines a reference time
the measurement.

As a model system for our measurements, we have us
Si3N4 planar channel waveguide fabricated in a Si3N4 /SiO2
layer system on a Si substrate. The experimentally de
mined slab thickness, width, and height of the structure
02660
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17065 nm, 1.1560.04mm, and 3963 nm, respectively.
Linearly polarized light with a center wavelength of 130
62 nm has been coupled into the channel waveguide wi
polarization parallel to the sample plane, such that only
fundamental TE00 mode is excited. This is, as determined
an effective index method, the only mode supported by
waveguide for the measured waveguide parameters. All m
surements have been performed by raster scanning an
coated fiber probe with the fast axis along the wavegu
channel (line frequency50.098 Hz), for a fixed position of
the optical delay line in the reference branch.

The pulses launched into the photonic structure are g
erated by a Ti:sapphire–pumped optical parametric oscilla
~Spectra-Physics Opal!. The laser system has a repetition ra
of 80 MHz. The arrival time~12.5 ns! between subsequen
laser pulses is such that the pulse picked up by the probe
only interfere with part of the same laser pulse that h
propagated along the reference branch. The pulse duratio
the input field Ẽ(t) is measured by a conventional bac
ground free intensity autocorrelation technique and yield
FWHM of the pulse amplitude of 12363 fs @1#.

III. PULSE TRACKING IN A WAVEGUIDE

A local time-resolved heterodyne interference measu
ment of a short optical pulse inside our model system
presented in Fig. 2 for a fixed position of the delay lin
Figure 2~b! shows the raw data obtained with the LIA, whi
Fig. 2~a! shows the simultaneously acquired topography. T
signal from the LIA corresponds to the measured optical a
plitude A times the cosine of the phase of the optical fie
(cosF) of a single tracked pulse, as will be discussed la
Note that a scanning probe based technique is inhere
slow so that averaging over many individual laser puls
takes place. From this measurement the optical amplit
and the cosine of the phase of the optical field of the pu
can be separated, as given in Fig. 2~c! and 2~d!, respectively.
The pattern in Fig. 2~c! shows a roughly Gaussian shap
along the propagation direction with a full width at ha
maximum ~FWHM! of 66.8mm. The profile of the ampli-
tude in the direction perpendicular to the propagation dir
tion corresponds to the mode profile of an excited TE00
mode. The cosF term of the optical field as depicted in Fig
2~d! shows a clear fringe pattern as a function of the late
position in the plane of the sample. To show the individu
wavefronts, a zoom in on the boxed area in Fig. 2~d! is
depicted in Fig. 2~e!. It is clear that the wavefronts in th
image are straight, also indicating single-mode propagat
For multiple modes with different effective indices, the s
multaneous detection would lead to a beating pattern in
A cosF image@20,23#.

The line profile of Fig. 3~a! shows the measuredA cosF
along the dashed line in Fig. 2~b!. A zoom in on a part of the
line profile is depicted in Fig. 3~b!, which shows that indi-
vidual fringes are clearly resolved. A simple Fourier tran
form @Fig. 3~c!# of the data along the waveguide suffices
determine which wavelengths are contained in the fringe p
tern. We find a central wavelength of 87162 nm inside the
structure associated with the central optical frequencyv0 of
4-3
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GERSENet al. PHYSICAL REVIEW E 68, 026604 ~2003!
the spectrum of the femtosecond laser pulse. This wa
length corresponds to a phase velocityvf of 2.0160.02
3108 m/s (neff51.4960.01).

We directly measured the velocity at which the carri
frequency cycles move forward locally inside the wavegui
However, the envelope of the pulse moves with a differ
velocity. In Figs. 4~b!–~h! the measured optical amplitude
for seven subsequent measurements with increasing r
ence times are shown. For each reference time a Gaus
envelope is found, which reveals the position of the pu
thereby pinpointing the pulse position for each referen
time. As time passes, the pulse is found further along
waveguide. The speed at which the pulse envelope pro
gates can be directly determined from the positional cha
of the center of the pulse during the known time interv
Between each measurement, the reference time is sh
20062 fs by lengthening the reference branch by 60
60.6 mm. The linear dependence of the position of the pu
in the waveguide as a function of the reference time~Fig. 5!
shows that the pulse propagates locally with a constant gr
velocity. From the slope of the fitted straight line, we find
group velocityvg of 1.6760.033108 m/s.

The measured group and phase velocity can be comp
to the values calculated by an effective index method. Th
calculations are based on measured refractive indices fo
Si3N4 and SiO2 layers grown in our institute in the wave
length range 600–1600 nm. The calculations use the loc
measured width and height of the ridge of 1.1560.04mm

FIG. 3. ~a! The optical amplitude times the cosine of the optic
phase for a pulse as measured through the heart of the wave
for the entire scan range@Fig. 2~a!#. ~b! A zoom-in on a part of the
line profile of ~a! from which a period of 87162 nm can be deter-
mined by a simple Fourier transform as seen in~c!. The periodicity
of the wave fronts yields the wavelength inside the structure a
ciated with the optical carrier-frequency cycles. This wavelen
corresponds to a phase velocityvf of 2.0160.023108 m/s.
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and 3963 nm, respectively. The calculated effective refra
tive indicesne f f for the TE00 mode at the wavelength rang
600–1600 nm has been fitted by a quadratic function. T
derivative of this function at 1300 nm then gives a reas
able approximation to the group velocity vg
51.563108 m/s, while the refractive index itself yields
phase velocityvf51.953108 m/s, both in reasonable agree
ment with the measured values.

l
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h

FIG. 4. ~Color! Pulse tracking experiment for different referen
times. Linearly polarized light has been coupled in the wavegu
to excite the TE00 mode.~a! The simultaneously measured topogr
phy ~image size: 262.238.45mm2). ~b!–~h! The optical field am-
plitude as measured by the instrument for different positions of
optical delay line. From~b! to ~h! the optical path length of the
reference branch is increased in steps of 6060.6 mm. This results
in steps of the reference time of 20062 fs. The measuremen
shows that the position of the pulse at a reference time can
pinpointed in space. The pulses can be seen to propagate thr
the structure as a function of time giving a direct local measurem
of the group velocity.

FIG. 5. Measured position of the pulse as a function of
position of the optical delay line~crosses!. The letters correspond to
the subsequent measurements as given in Fig. 4. The solid str
line represents a least-squares fit to the measured points. The
of the line shows a local value of the group velocityvg for the pulse
of 1.6760.033108 m/s.
4-4
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TRACKING ULTRASHORT PULSES THROUGH . . . PHYSICAL REVIEW E68, 026604 ~2003!
IV. THE EFFECT OF DISPERSION

In the preceding section we have demonstrated how
can locally measure the group and phase velocity of a pro
gating ultrashort pulse. However, we must take into acco
that the temporal shape of a femtosecond optical puls
altered while it propagates through a dispersive sample.
‘‘dispersive’’ in this context we mean any linear system
which the propagation constantb(v) as a function of fre-
quency has any form other than a straight line through
origin, i.e., b5v/c. Hereb(v) represents the propagatio
characteristics of the guided mode in the channel waveg
and can be written as a Taylor expansion about its valu
v0 with the derivativesb8[db/dv and b9[d2b/dv2

evaluated atv5v0.
This b(v), which defines the dispersion characteristics

exactly the property we would like to measure locally. Qu
naturally, we can write vg(v0)[1/b8(v0) and vf
[v0 /b(v0) for the locally measured group and phase v
locity, respectively. In the following, we will show that als
the GVD b9 can be retrieved from our measurement by d
veloping an analytical model for the measurements p
formed with a time-resolved PSTM. As a result, interest
and useful effects such as pulse compression, pulse sp
ing, and pulse reshaping become accessible in the local m
surement.

Dispersive broadening of optical pulses is a well-stud
subject found in text books@24#. Here, we will discuss the
effects of dispersion to have a starting point for modelli
the measurements performed with a time-resolved PS
The interferometric PSTM is modeled~see Fig. 6! as a het-
erodyne Mach-Zehnder interferometer consisting of t
single-mode fibers of unequal lengths and an air path in
arm to compensate the unequal lengths, while the phot
structure under study is present in the other path. In this,

FIG. 6. Mach-Zehnder model for the time-resolved photon sc
ning tunneling microscope. The fiber length differenceDzf iber be-
tween the two arms is compensated by the air path length differe
Dzair . Heterodyne detection is applied, using acousto-optic mo
lation of the light in the reference branch. The resulting interfere
signal is measured with a LIA and allows one to extract the am
tude and phase of the local optical field: AO stands for acou
optic modulator; and LIA for lock-in amplifier.
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photonic structure is a dispersive element which can h
dispersive properties different from the single mode fibe
By incorporating the single-mode fibers into the model,
take into account that dispersive components other than
sample are present in both the signal and reference branc

A. Heterodyne detection

To begin, let us consider a Mach-Zehnder interferome
with heterodyne detection. The input fieldẼ(t) is split by the
beam splitter into the fields that travel through the two ar
of the interferometer. The field through the sample is des
nated Ẽs(z,t), and the delayed field through the referen
branch is calledẼr(t2t). In this thez dependence is in-
cluded to represent the fact that the near-field probe is m
ing along the sample, and thus includes additional disper
medium as a function of position, whilet represents the
optical delay in the reference branch in the usual fashion.
use a complex representation of the fields and separate
two interfering pulses into their respective amplitudesA and
phasesB,

Ẽs~zs ,t !5As~zs ,t !exp@ iBs~zs ,t !#,

Ẽr~ t,t!5Ar~ t,t!exp~ iDvt !exp@ iBr~ t,t!#, ~1!

where the term exp(iDvt) is introduced to account for the
frequency shift in the reference branch due to the AO mo
lators. At the output of the interferometer the interference
the two fields is averaged over the response timeTresp of the
detector,

I ~zs ,t!}
1

Tresp
E

2Tresp/2

Tresp/2

@Ar
2~ t2t!1As

2~zs ,t !12Ar~ t2t!

3As~zs ,t !cos$Br~ t2t!2Bs~zs ,t !1Dvt%#dt.

~2!
We see that the local intensity on the detector will conta

in addition to the average intensitiesuAr u2 and uAsu2 associ-
ated with the two beams separately, an interference term
portional to the product of the amplitudes in the respect
branches. To measure this interference term, the detected
nal I (zs ,t) is passed through a dual output lock-in amplifie
with a phase delay of 90° between both outputs, using
AO frequency shift ofDv as a reference. The phase vari
tion due to this frequency shift is very small compared to
response time of the detector, in other wordsTrespDv
!2p, so thatDv can be considered constant when evalu
ing the integral. This, combined with the fact that for sho
pulsesTresp@tp holds, yields

V1~zs ,t!}E
2`

`

2Ar~ t,t!As~zs ,t !cos@Br~ t,t!2Bs~zs ,t !#dt,

V2~zs ,t!}E
2`

`

2Ar~ t,t!As~zs ,t !sin@Br~ t,t!2Bs~zs ,t !#dt,

~3!
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GERSENet al. PHYSICAL REVIEW E 68, 026604 ~2003!
for the two LIA output signals. These two signals are used
extract both the amplitude and the phase of the local opt
field independently, as will be discussed in Sec. IV C. N
that although not explicitly stated above, a train of puls
arrives on the detector during the integration time of
lock-in amplifier, which as a whole generates the signal a
frequency ofDv. As a result, averaging takes place ov
many individual laser pulses that are assumed to be ident

B. Pulse propagation through a dispersive medium

We will analyze some of the effects that can arise in pu
propagation through linear systems in terms of Gauss
pulses. Such pulses are simple, mathematically tractable,
clearly exhibit all the essential physical features@24#. We
start with an optical pulse with a carrier frequencyv0 and a
complex Gaussian envelope written in the form

Ẽ0~ t !5e2G̃0t21 iv0t⇔Ẽ0~v!5Ap

G̃0

e2(v2v0)2/4G̃0, ~4!

where G̃05a2 ib is related to the initial pulse widthtp
5@2ln(2)/a#1/2 through the parametera, while the parameter
b is a measure for the frequency chirp on the pulse.

The effect of dispersion is best described in the freque
domain to ensure that the total spectral content of the p
remains the same. The pulse intensities used in the ex
ment are low enough to prevent nonlinear processes suc
self-phase modulation. Effects of frequency-dependent g
or loss in the medium will be neglected in this analysis. A
result, the spectral content of the pulses does not chang
either of the branches of the interferometer. The output pu
spectrumẼ(v) after propagating a distancez through a dis-
persive medium will be the input spectrumẼ0(v) multiplied
by the frequency-dependent propagation constantb(v)
through the system

Ẽ~z,v!5Ẽ0~v!exp@2 ib~v!z#. ~5!

Note that in our case different dispersive media~sample and
fiber! are present in the sample arm of the interferome
This can simply be included in the model by multiplying th
original spectrum with the different frequency-depend
propagation constants for the respective media. The resu
simply a summation over the different propagation consta
which is not explicitly written down in the following analy
sis.

In order to allow for an analytical calculation of th
propagation effects, the propagation constantb(v) is written
as a Taylor expansion about its value atv0. With this expan-
sion the pulse spectrum can be written as

Ẽ~z,v!5Ap

G̃0

expF2 ib~v0!z2 ib8z~v2v0!

2H 1

4G̃0

1
ib9z

2 J ~v2v0!2G . ~6!
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The inverse Fourier transform of Eq.~6! describes the time
evolution of the electric field of the pulse as a function of t
length of the dispersive medium@24#. We carry out this
transformation explicitly and obtain the output pulse af
traveling an arbitrary distancez through a dispersive medium

Ẽ~z,t !5AG̃~z!

G̃0

expF iv0S t2
z

vf
D2G̃~z!S t2

z

vg
D 2G ,

~7!

where 1/G̃(z)51/G̃012ib9z is an altered pulse propagatio
parameter. The output pulse is still a Gaussian pulse, but

an altered pulse propagation parameterG̃(z) at the output of
the system. From Eq.~7! it is clear that the carrier-frequenc
cycles within the pulse propagate at the phase velocityvf ,
while the pulse envelope itself propagates at the group
locity vg evaluated at the center of the pulse spectrum. T
pulse envelope changes in shape with distance because o
GVD b9, which is basically a variation of group velocit
with frequency.

C. Analytical model of a time-resolved PSTM

In this section we derive an analytical model for the u
of coherent detection methods to locally measure the t
evolution of a short light pulse. In our experiment unchirp

Fourier limited pulses are coming from the laser, so thatG̃0
PR. To write the signal measured by the lock-in amplifi
@Eq. ~3!# in terms of short laser pulses, we start the analy
by separating Eq.~7! for a pulse propagating through a di
persive medium in its respective amplitude and phase,

Ẽ~z,t !5
1

A4 11~2b9zG0!2
expF2

G0

11~2b9zG0!2

3S t2
z

vg
D 2GexpF i

2
arctan~22b9zG0!

1 iv0S t2
z

vf
D1

2ib9zG0
2

11~2b9zG0!2 S t2
z

vg
D 2G .

~8!

From this equation it can clearly be seen that as a resu
the GVD, the pulse is broadened upon propagation thro
the dispersive medium. In fact, the factor@1
1(2b9zGo)2#1/2 corresponds to the broadening of th
FWHM of pulses upon propagation through a dispersive m
dium. The phase, i.e., the imaginary part in Eq.~8!, contains
a quadratic time dependence which corresponds to a lin
frequency chirp in the pulse due to the GVD. Note that

contrast to Eq.~7! the above equation is only valid forG̃0
PR as this simplifies the mathematics considerably;
though Eq.~8! could as well be derived for a complexG0,
this is not needed for our unchirped input pulses.
4-6
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By substituting the expression for a pulse propagat
through a dispersive medium in Eq.~3! for the respective
branches of the interferometer, we obtain

V1~zs ,t!}AE
2`

`

exp@2G r~ t2j r !
22Gs~ t2js!

2#

3cos$Y1k rG r~ t2j r !
21ksGs~ t2js!

2%dt,

~9a!

where

k r52b r9zrG0 , ks522bs9zsG0 ,

G r5
G0

11~k r !
2

, Gs5
G0

11~ks!
2

, ~9b!

A5
ArAs

AG0

A4 G rGs,

j r5t1
zr

vgr
, js5

zs

vgs
,

and

Y52
arctan~k r !1arctan~ks!

2
2v0S t1

zr

vfr
2

zs

vfs
D .

Here, A corresponds to an amplitude withAr and As con-
stants that correct for the different optical power density
the two branches,G r ,Gs to the real part of a modified puls
propagation parameter,j r ,js to an optical path length,k r ,ks
to a GVD dependent parameter, andY is simply a time-
independent variable in the optical phase. To interpret
mathematical result, we carry out the integration explici
using the following standard integral@25#:

E
2`

`

exp@2~ax212bx1c!#cos~px212qx1r !dx

5
Ap

A4 a21p2
expFa~b22ac!2~aq222bpq1cp2!

a21p2 G
3cosH arctan~p/a!

2

2
p~q22pr !2~b2p22abq1a2r !

a21p2 J @a.0#. ~10!

For the other channel of the LIA, the cosine in Eqs.~9a! and
~10! can simply be replaced by the sine term@25#. For our
purposes it is convenient to write this equation directly
terms of its respective magnitudeA and phaseF in the
following manner:
02660
g

is

A5AV1~zs ,t!21V2~zs ,t!2

5
Ap

A4 a21p2
expFa~b22ac!2~aq222bpq1cp2!

a21p2 G ,

~11!

and

F5arccosFV1~zs ,t!

A G
5H arctan~p/a!

2
2

p~q22pr !2~b2p22abq1a2r !

a21p2 J ,

~12!

where theV1(zs ,t),V2(zs ,t) are the two LIA output chan-
nels and show the relation with the measured signals. S
stituting

a5G r1Gs , b52G rj r2Gsjs ,

c5G rj r
21Gsjs

2 , p5G rk r1Gsks , ~13!

q52G rj rk r2Gsjsks , r 5G rj r
2k r1Gsjs

2ks1Y

in Eqs. ~11! and ~12! and some minor rewriting yields th
expressions for the amplitude and phase of the pulse as m
sured by the time-resolved PSTM,

A~zs ,t!5
ArAsAp/G0

A4 41~k r1ks!
2

expF22G0~j r2js!
2

41~k r1ks!
2 G ~14!

and

F~zs ,t!5Y1
1

2
arctanH G rk r1Gsks

G r1Gs
J

2H G0~j r2js!
2@k r1ks#

41~k r1ks!
2 J , ~15!

where the variables with the subscripts are the ones tha
change as a function of the position of the probe. Note t
the optical delay line is kept at a fixed position for ea
individual measurement, so thatt is, in fact, constant.

With Eq. ~14!, we have an analytical expression for th
measured pulse amplitude. It can be seen that the meas
length of the pulse~see Fig. 2! in the waveguide is influ-
enced by both the original pulse length as well as by
GVD in the two branches of the interferometer. To get
more qualitative feeling for the influence of the GVD on th
measured FWHM, we depicted the optical amplitudes cal
lated by Eq.~14! for different values of the GVD ranging
from 0 to 150 ps2/km in Fig. 7. In this calculation the mea
sured fiber lengths in both branches, as given earlier, w
used as an input. In Fig. 7 we see Gaussian pulse envelo
for which the FWHM increases as function of the amount
GVD in the system. From the resulting Gaussian shape
can conclude that the pulse shape is almost completely
4-7
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termined by the exponent in Eq.~14!. Therefore, we can
write the following for the FWHM of the Gaussian pulse:

tpulse~zs!5vgsAln 2@41~k r1ks!
2#

G0
, ~16!

measured along the propagation direction. From this exp
sion it is clear that the measured FWHM is given by t
original pulse length corrected for the GVD in the tw
branches of the interferometer. Note that thek r and ks as
given by Eq.~9b! are opposite in sign. So if the optical fibe
in the two branches are equal in length and have the s
GVD, their effect on the measured FWHM of the amplitu
and phase cancels, as is obvious from Eqs.~14! and~15!. The
term in front of the exponential in Eq.~14! is found to induce
a slight asymmetry in the Gaussian shape, only visible w
very large values for the GVD are used as input for
calculations. In the experimental setup, an additional inc
sion of 300mm equivalent to the total scanrange in t
sample branch yields a negligible reduction of the prefac
of only 0.0395% for a GVD of 75 ps2/km.

However, as can be seen in Fig. 7, the maximum visi
amplitude of the pulses reduces as a function of the G
due to this prefactor. To get a feeling for this dependen
Fig. 8 shows the calculated visibility of the fringe pattern f
the fiber length difference between the two branches us
different values of the GVD ranging from 0 to 300 ps2/km.
The amplitude at the center of the pulse when no disper
medium is present in either of the two branches is define
100% visibility. Plotted is the amplitude at the center of t
pulse for different amounts of dispersive medium. It is cle
that the stretching of the pulses in the two branches ha
strong influence on the visibility of the fringes. Note that
equal amount of dispersive medium in both branches ha

FIG. 7. ~Color! Calculated optical amplitude@Eq. ~14!# for our
experimental setup for different values of the GVD in our syste
The GVD parameter ranges from 0 to 150 ps2/km in steps of
25 ps2/km. Other experimental parameters used in this calcula
are given in the text. A Gaussian pulse shape can be observed
which the FWHM strongly depends on the group velocity disp
sion in the two branches of the interferometer.
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influence on the detected signal. For optimal detection e
ciency, the dispersive media in the two branches sho
clearly be balanced.

As we are interested in the local optical properties of
photonic structure, we started this discussion with the f
that the photonic structure is present in the sample arm of
interferometer. The different material contributions due
the b(v) can simply be added as can be seen from Eq.~5!.
So if the two fibers and other dispersive elements~excluding
the sample itself! are equal in the two branches, then the on

.

n
for
-

FIG. 8. ~Color! The imbalance between the amount of dispers
media in the two branches of the interferometer has a strong in
ence on the visibility of the fringe pattern as can be seen in
calculation. Depicted is the calculated visibility of the fringe patte
as a function ofDzf iber ~see Fig. 6!, using values of the GVD
ranging from 0 to 300 ps2/km. For optimal detection efficiency, th
dispersive media in the two branches should clearly be balanc

FIG. 9. ~Color! Direct comparison between the measured~solid
black line! and calculated~red line! optical amplitude. An excellent
agreement is obtained for a GVD parameter of 72.4 ps2/km as can
be seen here. The calculated phase@Eq. ~15!# neglecting the rapid
oscillating term aroundv0 for this GVD parameter shows that
small chirp in the fringes is to be expected in the measurement.
right axis represents the amount of periods changed due to the
ear chirp. This expected chirp is small compared to the curr
nonlinearity in the probe movement.
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TRACKING ULTRASHORT PULSES THROUGH . . . PHYSICAL REVIEW E68, 026604 ~2003!
remaining contribution due to the GVD is from the samp
itself. Therefore, the GVD of the structure under study c
directly and locally be determined from the locally measu
amplitude and optical phase of the pulse. Even if branc
are not compensated~excluding the sample!, a reference
measurement without the sample would yield the dispers
characteristics of the setup such that a direct fit using
~14! would yield the local group velocity dispersion of th
sample.

V. DISCUSSION

In the experiment the 12363 fs pulse travels through dis
persive fibers and other glass components in the two arm
the interferometer. In Eq.~16! we have seen that the FWHM
of the pulse along the waveguide is determined by the
ferences between the two branches and the original p
length. In the experiment we have measured a FWMH al
the propagation direction of 66.8mm @see Fig. 2~c!#. Under
the assumption of a homogeneous GVD in our system, gi
the difference in fiber length of'30 cm, we can reproduc
the measured results with a GVD value of 72.4 ps2/km. A
direct comparison for the measured and calculated pulse
plitude is given in Fig. 9. The black line in this graph show
the measured optical amplitude through the heart of
waveguide given in Fig. 2~c!, while the red line represent
the calculated amplitude. It is clear that an excellent agr
ment is obtained between experiment and theory. The m
sured GVD value is in the range expected for single-mo
fibers for infrared wavelengths, although the value appear
be high, as typical values are smaller then 20 ps2/km @26#.
This high value could be explained by the fact that oth
optical components with unknown dispersion characteris
are also presents in both the branches.

As a result of the GVD, the pulses in the reference a
sample branches have been stretched considerably. The
culated value for the GVD shows that the nearly Four
limited 12363 fs laser pulses have lengthened to a 1144
signal pulse and a 640 fs reference pulse by the time t
interfere with each other in the fiber coupler of the interfe
metric PSTM. The stretching of the pulses has a large in
ence on the visibility of the signal as demonstrated by Fig
In the experiment the pulses propagate through 6
60.5 cm and 38.560.5 cm of dispersive fibers and othe
glass components in the two branches, respectively. Base
the theoretical model, the visibility in the experiment w
therefore reduced to about 65% at the time of measureme
Balancing the dispersive media in the two branches w
clearly lead to an increase of the visibility.

Until now, we have mostly discussed the measured am
tude of the pulses. However, our detection scheme is f
interferometric, so information about both amplitude and o
tical phase is obtained. As demonstrated, the distance
tween the fringes is a direct measure for the local wavelen
and therefore yields the phase velocity. The expression@Eq.
~15!# for the optical phase of the pulse, however, contain
quadratic term corresponding to a linear frequency chirp
the pulse. In Fig. 9 we also plotted the calculated phase@Eq.
~15!# divided by 2p while neglecting the rapid oscillating
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term aroundv0 from Y @see Eq.~9b!#. The total phase
change within the pulse duration for the experimental c
figuration is roughly 0.1 periods over the measured FWH
of 66.8mm which corresponds to 77 periods of the optic
field. In other words, the periodicity in the center of the pu
with respect to the wings would differ by only 2–4 nm. T
directly measure the linear chirp on the optical pulse, a sm
difference of 0.1–0.3 % in the periodicity must be resolve
In principle, such small differences can be directly measur
however, a highly linear scan system is required. At t
stage the linearity of the probe movement in our setup, wh
has a position feedback system to compensate for the
linearity of the piezoelectric scanner, is of the same orde
magnitude~less than 0.2%).

It is tempting to consider the information obtained by t
time-resolved measurements performed in this paper a
conventional cross correlation of the optical fields in the r
erence branch and the photonic structure, similar to ea
work using phase-sensitive time-resolved interferome
@1,15#. However, this notion is too simplistic. The pulse e
velope in the waveguide propagates at a speed different f
the phase information, and therefore the position on the p
tonic structure cannot be translated to a single time delat
for the cross-correlation function. This is in contrast to pu
propagation in air, for which both the group and phase
locities are the same. The difference between moving
probe or the optical delay can also be seen in the theore
model in Eqs.~14! and~15!. A movement of the probe move
ment leads to an increase ofks . However, by moving only
the optical delay line,k r will remain constant as no addi
tional dispersion is included as a function of the moveme
This clearly demonstrates the effect of including addition
dispersive medium on the measured optical signal as a fu
tion of the probe movement with respect to the measu
ments performed by moving the optical delay line in air, i.
changingt as in conventional phase-sensitive time-resolv
interferometry.

VI. CONCLUSION

In conclusion, the propagation in time of a nearly Four
limited laser pulse propagating through a channel wavegu
has been visualized by an interferometric PSTM. The lo
amplitude and phase of the pulse have been retrieved so
both the phase and group velocity could be measured loc
The observed length of the measured pulse envelope is
plained by comparison with an analytical model derived
this paper. The observed FWHM of the measured pu
shape can be attributed to the group velocity dispersion
the fibers that are unequal in length for the two branches
the interferometer.

The model shows that by balancing the amount of disp
sive medium in the two branches of the interferometer
becomes possible to locally measure the GVD of the str
ture under study. Even if branches are not compensate
reference measurement makes it possible to measure g
4-9
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velocity dispersion locally in a sample. As a result, intere
ing and useful effects such as pulse compression, p
spreading, and pulse reshaping become accessible in th
cal measurement.

It is expected that the time-resolved interferomet
PSTM will, in the near future, be used for the local expe
mental investigation of predicted physical phenomena ins
~non!linear dispersive media, such as integrated wavegu
structures and photonic crystals.
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