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Tracking ultrashort pulses through dispersive media: Experiment and theory
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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.
DOI: 10.1103/PhysReVvE.68.026604 PACS nuniderd2.25-p, 07.60.Ly, 07.79.Fc, 42.65.Tg
[. INTRODUCTION Many investigations on dynamical effects(imon)linear dis-

persive media are based on numerical simulatidts-12.
Light as an electromagnetic wave is characterized by &Ve intend to gain a better understanding of the interaction of
combination of time varying electric and magnetic fieldslight with (subwavelength sized structures by experimental
propagating through space. In the past decades the use wieans.
time varying optical fields in the form of ultrashort light  Experimental investigations on the propagation of ul-
pulses has proven to be a valuable tool in the study of ulirashort pulses ifnonlinear dispersive media have so far
trafast phenomenfl]. The attractiveness of ultrashort light largely been limited to “black-box—type” characterization of
pulses not only lies in the possibility to trace processes irthe medium[5,13—17. The known incoming pulse and the
their ultrafast dynamics but also in the fact that one simplymeasured transmitted or reflected pulse are compared with a
can do things faster. Of primary importance are data transfetheoretical model. By cutting slices from the medigtaut-
and data processing utilizing the large attainable bandwidthback” method it becomes possible to study aspects of the
In this respect, probably one of the most spectacular goals isiternal pulse developmeht8]; yet this method is destruc-
the creation of an all-optical computer. tive and has several other clear drawbacks. First, not every
Optical delay elements capable of transmitting ultrashorphotonic structure can be arbitrarily changed in length with-
pulses will be one of the key ingredients for all-optical dataout affecting its properties. Second, if a disagreement be-
processing2]. Photonic crystal§PhCs in which photons tween experiment and theory is found, it may be hard to find
experience multiple reflections are one of the promising canthe underlying cause for the discrepancy. Third, it is impor-
didates for this task, as the group velocity in PhCs can beant to realize that the black-box method integrates all the
several orders of magnitude lower than in bulk materialspulse propagation effects accumulated in the entire structure.
with the same refractive indej3—5]. PhCs are materials If a structure has spatially varying optical properties, only
with spatial periodicity in their refractive index and have averaged information is obtained. To overcome these draw-
dispersion properties that can be tailor made by selectingacks and obtain fulbcal information on pulse propagation
their scale and geometf$]. In this way it becomes possible throughout a medium, local time-resolved measurements are
to control the group and phase velocity of ultrashort lightcrucial[15]. An experimental method enabling the observa-
pulses in a unique way. The unique dispersion characteristiagon of dynamical effects directly inside a photonic structure
of PhCs may lead to a variety of interesting optical nonlineathas only recently been demonstrafé®@.
phenomena such as gap solit¢is3], pulse splitting of gen- In the last few years a so-called interferometric photon
erated second-harmonic pulsg®|, highly efficient wave- scanning tunneling microscopéPSTM) has proven its
length conversion, and can also be employed for dispersionnique capacity to measure the amplitude and phase distri-
management in optical telecommunications. bution of the optical field locally inside photonic structures
To integrate ultrashort pulses with various evolving pho-[20-22. Here, we report on the nondestructive visualization
tonic technologies, it is necessary to analyze the interactionf a femtosecond pulse propagating through a linear disper-
of ultrashort optical pulses with these photonic devicessive waveguide in space and time using an interferometric
PSTM at infrared wavelengths. The ability to measure at a
wavelength range relevant for telecommunications opens up
*Corresponding author. Email address: h.gersen@tnw.utwente.rthe possibility to investigate local dynamic behavior of pho-
"Present address: Nanophotonics Group, FOM-Institute fotonic crystals and integrated optical circuits in the near fu-
Atomic and Molecular PhysicéAMOLF), Kruislaan 407, 1098 SJ ture. An advantage of the short laser pulses applied is that
Amsterdam, The Netherlands. different effects such as reflection at the end fa¢Etbry-
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dellaylllne FIG. 1. (Colon Schematic representation of a pulse tracking
oty experiment. The evanescent field of the pulse traveling inside the
T Fiber waveguide is picked up by a fiber probe with subwavelength di-
probe mensions. The photon tunneling signal picked up by the probe is

interferometrically mixed with part of the same pulse that has
propagated through the reference branch. The length of the refer-

} ence branch, and thus the time taken by the reference pulse to travel
‘ L ____ ~10nm through this branch, is controlled by an optical delay line. Each
} constant gap subsequent measurement shown in this paper is obtained by raster
| scanning the optical probe across the photonic structure while the
\5\‘2’ height above the structure(10 nm) is kept constant by a feedback
3)6‘»0 mechanism. The simultaneous measurement of optics and topogra-

phy makes it possible to directly relate optical information to the
structural properties.

Perot effeck and scattering out of the structure can be dis-group and the phase velocity can be determined directly.
criminated in the time domain. Comparison with an analytical model, developed in this pa-

The microscope used is based on the heterodyne interferper, shows excellent agreement. The model proves that even
metric PSTM, recently developed by our grd@3] and pro- the local group velocity dispersioiGVD) can be measured
vides the full amplitude and phase information of a pulseinside a photonic structure. As a result effects such as pulse
traveling through a waveguide structure. From these timebroadening, pulse compression, and pulse reshaping effects
dependent and phase-sensitive measurements, both the lobalcome accessible in the local measurement.

R —...

T e it

FIG. 2. (Color) A time-resolved heterodyne interference PSTM measurement osNg 8hannel waveguide for a fixed position of the
optical delay(image size of 290.89.38 um?). Linearly polarized light has been coupled in the waveguide to excite thgriiéde.(a) The
topography of the waveguide. The measured height and width of the waveguideZaBer88 and 1.150.04 um. The slab thickness is
determined to be 1705 nm.(b) The raw data from the lock-in amplifier, corresponding to the optical amplitiienes the cosine of the
optical phase for a single tracked pulse as a function of the lateral position in the plane of the sanle.optical field amplitude of the
pulse while propagating through the waveguide as derived ftonit is apparent that the amplitude is confined to the waveguijeThe
corresponding co® of the optical field for the complete measuremést.A zoom-in on the boxed area given {d) to clearly show the
individual wavefronts(image size: 72.89.38 um?). It is clear that the wave fronts in the image are straight, indicating plane wave
propagation corresponding to the ghEnode.
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Il. EXPERIMENTAL ASPECTS 170+5 nm, 1.15-0.04um, and 3% 3 nm, respectively.
Linearly polarized light with a center wavelength of 1300
+2 nm has been coupled into the channel waveguide with a
j)eolarization parallel to the sample plane, such that only the

A schematic overview of the pulse tracking experiment is
depicted in Fig. 1. Linearly polarized light is coupled into an

integrated waveguide structure and propagates through t undamental Tk, mode is excited. This is, as determined by

photonic structure. In the PSTM, the local evanescent fiel L effective index method, the only mode supported by the

above the structure, with a decay length of typically 10_1OQNaveguide for the measured waveguide parameters. All mea-

nm, is picked up by a fiber probe with subwavelength Olimen'surements have been performed by raster scanning an un-

sions. The evanescent field is locally converted into a Propazgated fiber probe with the fast axis along the waveguide
gating wave, which is coupled into the fiber probe, guidedehannel (line frequency0.098 Hz), for a fixed position of
through the fiber, and subsequently detected. For each posjie optical delay line in the reference branch.

tion on the photonic structure, the phase and time informa- The pulses launched into the photonic structure are gen-
tion of the evanescent field is the same as that of the propasated by a Ti:sapphire—pumped optical parametric oscillator
gating wave. By picking up the evanescent field, directSpectra-Physics OpalThe laser system has a repetition rate
information is therefore obtained on the propagating lightof 80 MHz. The arrival time(12.5 n§ between subsequent
field. By raster scanning the probe, using a height feedbaclkaser pulses is such that the pulse picked up by the probe can
mechanism, the optical field distribution is probed in the neaonly interfere with part of the same laser pulse that has
field of the waveguide surface, while simultaneously the surpropagated along the reference branch. The pulse duration of

face topography is acquired. the input field E(t) is measured by a conventional back-
As an electromagnetic field is characterized by an ampliground free intensity autocorrelation technique and yields a
tude, a phase, and a polarization state, it is essential to u$B\vHM of the pulse amplitude of 1233 fs[1].
coherent detection methods. Therefore the sample and the
PSTM have been integrated in one branch of a Mach- IIl. PULSE TRACKING IN A WAVEGUIDE
Zehnder—type interferometric setup as shown in Fig. 1. At
each position on the sample surface, the photon tunneling A local time-resolved heterodyne interference measure-
signal picked up by the near-field probe is interferometricallyment of a short optical pulse inside our model system is
mixed with light split from the same laser source that hagpresented in Fig. 2 for a fixed position of the delay line.
propagated along the reference branch of the setup. The ifrigure 2b) shows the raw data obtained with the LIA, while
terference between light in the signal and reference branch #sig. 2(a) shows the simultaneously acquired topography. The
measured with a photodetector. The optical frequency of theignal from the LIA corresponds to the measured optical am-
reference beam is shifted with the difference frequency of 4@litude A times the cosine of the phase of the optical field
kHz between two acousto-optidO) modulators to allow (cos®) of a single tracked pulse, as will be discussed later.
heterodyne detection of the photon tunneling signal. The reNote that a scanning probe based technique is inherently
sulting signal, measured with a dual-output lock-in amplifierslow so that averaging over many individual laser pulses
(LIA), contains both the optical amplitude and relative phaséakes place. From this measurement the optical amplitude
of the local optical field within the samp[&3]. and the cosine of the phase of the optical field of the pulse
In order to visualize the propagation of a femtosecondcan be separated, as given in Fi¢c)2and 2d), respectively.
pulse, we incorporated an optical delay line in the referencdhe pattern in Fig. @) shows a roughly Gaussian shape
branch of the interferometric setup. Optical interference willalong the propagation direction with a full width at half
only occur when there is temporal overlap between the pulssnaximum (FWHM) of 66.8 um. The profile of the ampli-
in the signal and the pulse in the reference branch at thtude in the direction perpendicular to the propagation direc-
point where the branches join again. In the current experition corresponds to the mode profile of an excitedylE
ment the photon-tunneling signal and the reference signahode. The co® term of the optical field as depicted in Fig.
recombine in a 50/50 fiber coupler after propagating througl2(d) shows a clear fringe pattern as a function of the lateral
different lengths of a single-mode fiber and other bulk opti-position in the plane of the sample. To show the individual
cal glass components. The pulse in the signal branch travelsavefronts, a zoom in on the boxed area in Figd)2s
69.7+ 0.5 cm through dispersive fibers and other glass comeepicted in Fig. ). It is clear that the wavefronts in the
ponents(including the sample and 23.5-0.2 cm through image are straight, also indicating single-mode propagation.
air. For the reference branch these distances are 38Bor multiple modes with different effective indices, the si-
+0.5 cm and 75.60.5 cm, respectively. Note that in the multaneous detection would lead to a beating pattern in the
reference branch the path length in air is changed as a funcd cos® image[20,23].
tion of the position of the optical delay line. The position of  The line profile of Fig. 8 shows the measured cos®
the optical delay determines the optical path length of thealong the dashed line in Fig(I®. A zoom in on a part of the
reference branch, and with this defines a reference time fdine profile is depicted in Fig. ®), which shows that indi-
the measurement. vidual fringes are clearly resolved. A simple Fourier trans-
As a model system for our measurements, we have usedfarm [Fig. 3(c)] of the data along the waveguide suffices to
SizN, planar channel waveguide fabricated in gh\gi/SiO,  determine which wavelengths are contained in the fringe pat-
layer system on a Si substrate. The experimentally detetern. We find a central wavelength of 822 nm inside the
mined slab thickness, width, and height of the structure arstructure associated with the central optical frequeng\of
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FIG. 4. (Color) Pulse tracking experiment for different reference
FIG. 3. (a) The optical amplitude times the cosine of the optical times. Linearly polarized light has been coupled in the waveguide
phase for a pulse as measured through the heart of the waveguigg excite the T, mode.(a) The simultaneously measured topogra-
for the entire scan rand&ig. 2a)]. (b) A zoom-in on a part of the  phy (image size: 262.28.45 um?). (b)—(h) The optical field am-
line profile of (@ from which a period of 87+ 2 nm can be deter- plitude as measured by the instrument for different positions of the
mined by a simple Fourier transform as seetidn The periodicity  optical delay line. Fronb) to (h) the optical path length of the
of the wave fronts yields the wavelength inside the structure assqeference branch is increased in steps af606 wm. This results
ciated with the optical carrier-frequency cycles. This wavelengthip steps of the reference time of 20@ fs. The measurement
corresponds to a phase velocity of 2.01+0.02< 10° m/s. shows that the position of the pulse at a reference time can be
pinpointed in space. The pulses can be seen to propagate through

the spectrum of the femtosecond laser pulse. This wavdhe structure asaf_unction of time giving a direct local measurement
length corresponds to a phase velocity of 2.01:+0.02 of the group velocity.
X 10% m/s (= 1.49+0.01).

We directly measured the velocity at which the carrier-and 333 nm, respectively. The calculated effective refrac-
frequency cycles move forward locally inside the waveguidetive indicesn.ss for the Tk, mode at the wavelength range
However, the envelope of the pulse moves with a differen600—-1600 nm has been fitted by a quadratic function. The
velocity. In Figs. 4b)—(h) the measured optical amplitudes derivative of this function at 1300 nm then gives a reason-
for seven subsequent measurements with increasing refemble approximation to the group velocityv,
ence times are shown. For each reference time a Gaussianl.56x 10° m/s, while the refractive index itself yields a
envelope is found, which reveals the position of the pulsephase velocity ,=1.95X 16® m/s, both in reasonable agree-
thereby pinpointing the pulse position for each referencament with the measured values.
time. As time passes, the pulse is found further along the
waveguide. The speed at which the pulse envelope propa-

. : o 250, h
gates can be directly determined from the positional change £ %0
of the center of the pulse during the known time interval. 3 2001
Between each measurement, the reference time is shifted 4 450
200+ 2 fs by lengthening the reference branch by 60.0 a

. " o 100+
+0.6 um. The linear dependence of the position of the pulse 2 X pulse center
in the waveguide as a function of the reference tiiFig. 5 a 504 — linear fit
shows that the pulse propagates locally with a constant group 0

velocity. From the slope of the fitted straight line, we find a 0 200 400 68()' 3?0 1000 1200 1400
group velocityv 4 of 1.67+0.03X 10% mis. elay (fs)

The measured group and phase velocity can be compared g1 5. Measured position of the pulse as a function of the
to the values calculated by an effective index method. Thesgosition of the optical delay lincrosses The letters correspond to
calculations are based on measured refractive indices for thfie subsequent measurements as given in Fig. 4. The solid straight
SizN, and SiQ layers grown in our institute in the wave- |ine represents a least-squares fit to the measured points. The slope
length range 600—-1600 nm. The calculations use the locallgf the line shows a local value of the group veloaityfor the pulse
measured width and height of the ridge of 21604 um  of 1.67+0.03< 10° m/s.
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photonic structure is a dispersive element which can have
dispersive properties different from the single mode fibers.
Detector By incorporating the single-mode fibers into the model, we

take into account that dispersive components other than the
sample are present in both the signal and reference branches.
> V.i(2,7)
LIA
+2 > VA(2,7) A. Heterodyne detection
N | To begin, let us consider a Mach-Zehnder interferometer

"Aw = 40 KHz with heterodyne detection. The input fidt) is split by the
beam splitter into the fields that travel through the two arms
of the interferometer. The field through the sample is desig-

Laser i — natedE4(z,t), arld the delayed field through the reference
J_N._) branch is calledE,(t— 7). In this thez dependence is in-
Zar  Zsampie cluded to represent the fact that the near-field probe is mov-

i i iti ispersive
FIG. 6. Mach-Zehnder model for the time-resolved photon scan-Ing along the sample, and thus includes additional disp

ning tunneling microscope. The fiber length differenks;,., be- medium as a function of position, while represents the

tween the two arms is compensated by the air path length differenc%ptlcal delay in the reference branch in the usual fashion. We

Az,;, . Heterodyne detection is applied, using acousto-optic modu¥S¢€ 2 complex representation of the fields and separate the

lation of the light in the reference branch. The resulting interferencd WO INterfering pulses into their respective amplitudeand
signal is measured with a LIA and allows one to extract the ampli-phaseSB*

tude and phase of the local optical field: AO stands for acousto- ~ .

optic modulator; and LIA for lock-in amplifier. Es(zs.t) =As(zs . ) exd iBg(zs,1)],

IV. THE EFFECT OF DISPERSION E,(t,7)=A(t,expiAwt)exdiB,(t,7)], 1)

In the preceding section we have demonstrated how Wihere the term explwt) is introduced to account for the

can locally measure the group and phase velocit_y ofa IorOIOE?Fequency shift in the reference branch due to the AO modu-
gating ultrashort pulse. However, we must take into accountators. At the output of the interferometer the interference of

e two fields is averaged over the response fifgg, of the
etector,

that the temporal shape of a femtosecond optical pulse [}

altered while it propagates through a dispersive sample. B&

“dispersive” in this context we mean any linear system in

which the propagation constap{w) as a function of fre-

guency has any form other than a straight line through the |(zg,7)

origin, i.e., B=w/c. Here B(w) represents the propagation resp

characteristics of the guided mode in the channel waveguide

and can be written as a Taylor expansion about its value at X As(Z5,1)CO8Br(1=7) — By(z5,1) + Awt}]dL.

wo with the derivatives'=dp/dw and B"=d?B/dw? (2)

evaluated atv= w,. We see that the local intensity on the detector will contain,
This B(w), which defines the dispersion characteristics, isin addition to the average intensitips,|? and|A4? associ-

exactly the property we would like to measure locally. Quiteated with the two beams separately, an interference term pro-

naturally, we can write vg(wo)=1/8"(wo) and vy portional to the product of the amplitudes in the respective

=wq/B(wg) for the locally measured group and phase ve-branches. To measure this interference term, the detected sig-

locity, respectively. In the following, we will show that also nall(zg,7) is passed through a dual output lock-in amplifier,

the GVD B” can be retrieved from our measurement by de-with a phase delay of 90° between both outputs, using the

veloping an analytical model for the measurements perAO frequency shift ofAw as a reference. The phase varia-

formed with a time-resolved PSTM. As a result, interestingtion due to this frequency shift is very small compared to the

and useful effects such as pulse compression, pulse spreagsponse time of the detector, in other worllg,s A @

ing, and pulse reshaping become accessible in the local me&2, so thatA » can be considered constant when evaluat-

surement. ing the integral. This, combined with the fact that for short
Dispersive broadening of optical pulses is a well-studiedpulsesT s> 7, holds, yields

subject found in text bookg24]. Here, we will discuss the

effects of dispersion to have a starting point for modelling o

the measurements performed with a time-resolved PSTM\./I(ZS!T)OCJ’ 2A(t,7)A4(Zs,1)cog B, (t,7) — Bg(zs,1)]dlt,

The interferometric PSTM is modelddee Fig. 6 as a het- o

erodyne Mach-Zehnder interferometer consisting of two .

single-mode fibers of unequal lengths and an air path in on ; _

arm to compensate the unequal lengths, while the photoni?Z(zs’T)(xfocZAr(t’T)AS(ZS’I)SIr{Br(t’T) Bs(zs,0)]dt,

structure under study is present in the other path. In this, the (3)

Tresp/2
f [AZ(t— 1)+ A%(zg,t)+ 2A,(t— 7)

*Tresplz
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for the two LIA output signals. These two signals are used torhe inverse Fourier transform of E() describes the time
extract both the amplitude and the phase of the local opticatvolution of the electric field of the pulse as a function of the
field independently, as will be discussed in Sec. IV C. Notelength of the dispersive mediuf24]. We carry out this
that although not explicitly stated above, a train of pulsedransformation explicitly and obtain the output pulse after
arrives on the detector during the integration time of thetraveling an arbitrary distancethrough a dispersive medium
lock-in amplifier, which as a whole generates the signal at a

frequency ofAw. As a result, averaging takes place over = ,
many individual laser pulses that are assumed to be identical. ~ I'(z) | z) ~ z
E(z,t)= —exXgioglt——|-T(2)|t——] |,
Iy Ug
B. Pulse propagation through a dispersive medium )

We will analyze some of the effects that can arise in pulse
propagation through linear systems in terms of Gaussian(Jq

pulses. Such pulses are simple, mathematically tractable, and "€ [(2) =1/ + 215"z is an altered pulse propagation

clearly exhibit all the essential physical featufiesl]. We parameter. The output pulse is still a~Gaussian pulse, but with
start with an optical pulse with a carrier frequenoy and a ~ @n altered pulse propagation paramdtez) at the output of
complex Gaussian envelope written in the form the system. From Ed7) it is clear that the carrier-frequency
cycles within the pulse propagate at the phase velacjty
5 — 5 - e while the pulse envelope itself propagates at the group ve-
Eo(t)y=e o ool Eg(w)= \/=—e (" @070, (4)  Jocity v, evaluated at the center of the pulse spectrum. The
Lo pulse envelope changes in shape with distance because of the
_ GVD B", which is basically a variation of group velocity
where I'y=a—ib is related to the initial pulse widthr,  with frequency.
=[2In(2)/a]"? through the parametex, while the parameter
b is a measure for the frequency chirp on the pulse.

The effect of dispersion is best described in the frequency
domain to ensure that the total spectral content of the pulse In this section we derive an analytical model for the use
remains the same. The pulse intensities used in the expewf coherent detection methods to locally measure the time
ment are low enough to prevent nonlinear processes such agolution of a short light pulse. In our experiment unchirped
self-phase modulation. Effects of frequency-dependent gaig, rier jimited pulses are coming from the laser, so That
or loss in the medium will be neglected in this analysis. As a_p 14 write the signal measured by the lock-in amplifier

result, the spectral content of the pulses does not change E%q. (3)] in terms of short laser pulses, we start the analysis
y separating Eq(7) for a pulse propagating through a dis-

C. Analytical model of a time-resolved PSTM

either of the branches of the interferometer. The output puls

spectrumE(w) after propagating a distanzethrough a dis-  persive medium in its respective amplitude and phase,
persive medium will be the input spectrufg( ) multiplied

by the frequency-dependent propagation constgfb) ~ 1 Lo
through the system E(zt)= A1+ (2821 )2 exr{ - 1+ (28"2T )2
0 0
E(z,0)=Eq(w)exd ~iB(w)z]. (5) z2\2] i

X t——) ex Earctarq—ZB”zFO)
Note that in our case different dispersive me@ample and Vg
fiber) are present in the sample arm of the interferometer. . 2i g 212 ,\2
This can simply be included in the model by multiplying the Fiwo| t— _) + —O(t__) 1
original spectrum with the different frequency-dependent Vg  1+(2B"zl)? Ug
propagation constants for the respective media. The result is %)

simply a summation over the different propagation constants,

which is not explicitly written down in the following analy-

sis. From this equation it can clearly be seen that as a result of
In order to allow for an analytical calculation of the the GVD, the pulse is broadened upon propagation through

propagation effects, the propagation consgafw) is written  the dispersive medium. In fact, the factof1l

as a Taylor expansion about its valuexgt With this expan-  +(28"zI',)?]*? corresponds to the broadening of the

sion the pulse spectrum can be written as FWHM of pulses upon propagation through a dispersive me-

dium. The phase, i.e., the imaginary part in E8), contains

~ . a quadratic time dependence which corresponds to a linear
E(z,w)= 'f_ex —iB(wp)z—iB'z(w— wp) frequency chirp in the pulse due to the GVD. Note that in
0 contrast to Eq(7) the above equation is only valid fdr
1 ig'z eR as this simplifies the mathematics considerably; al-
=t (w—wg)?|. (6)  though Eq.(8) could as well be derived for a compld,
4T’ this is not needed for our unchirped input pulses.

026604-6



TRACKING ULTRASHORT PULSES THROUGH . .. PHYSICAL REVIEW E8, 026604 (2003

By substituting the expression for a pulse propagating 4— Wi(zg,7)2+ Vy(zg,7)2
through a dispersive medium in E¢) for the respective
branches of the interferometer, we obtain

Jr . F{a(bz—ac)—(aq2—2bpq+cp2)1
= X ,

. /a?+p? a’+p?
Vl(251T)OCAJ7 exq_rr(t_ér)z_rs(t_gs)z] (12
X cogY + 1, Ty (t— &)+ kel (1 — £ 2}dt, and
9 Vi(zs,7
3 d)zarcco%%
where
_ | arctarip/a)  p(g®—pr)—(b’p—2abqg+a’r)
K, =2B/z.Tg, ks=—2B2zl, N 2 a2+ p? '
12
ry ry (12)
r:—1+(K )2’ S:—1+(K )2’ (OB where theVy(z,,7),V,(zs,7) are the two LIA output chan-
' s nels and show the relation with the measured signals. Sub-
stituting
B ArAS‘{/_
A= I L, a=I'+Ig, b=-T,§{-T&,
0
c=T,2+4T42, p=T,k+Tks, (13
-t Z _ Zs
G=T vg,’ gs_vgs’ q=—I'1&k—Tsésks, r:Frngr+Fs§§Ks+Y
and in Egs. (11) and (12) and some minor rewriting yields the
expressions for the amplitude and phase of the pulse as mea-
arctarix,) + arctar x.) . 2z, ) sured by the time-resolved PSTM,
- - —Wo| TT —— ——|.
2 Vgr Ugs AANTIT g —2To(&—&5)?
Alzg,7)= ‘t/—zex | (19
Here, A corresponds to an amplitude with, and A con- A4t (st Ks) 4t (rr ¥ Ks)
stants that correct for the different optical power density ingp,q
the two branched;, ,I'g to the real part of a modified pulse
propagation parametef, , &g to an optical path length, , « 1 [+ ks
to a GVD dependent parameter, adis simply a time- ®(z5, 1) =Y+ zarctan ———
independent variable in the optical phase. To interpret this tos
ma_lthematical rgsult, we carry out the integration explicitly To(é— Q2 K+ k]
using the following standard integri25]: - 5 : (15
A+ (K, + Kg)
fm exf — (ax?+ 2bx+c)]cod px2+ 2qx+r)dx where the variables with the subscriptare the ones that
— change as a function of the position of the probe. Note that

the optical delay line is kept at a fixed position for each
individual measurement, so thatis, in fact, constant.
W ex a2+ p? With Eq. (14), we have an analytical expression for the
measured pulse amplitude. It can be seen that the measured
{arctamp/a) length of the pulsgsee Fig. 2 in the waveguide is influ-
oy ——% enced by both the original pulse length as well as by the
GVD in the two branches of the interferometer. To get a
more qualitative feeling for the influence of the GVD on the
measured FWHM, we depicted the optical amplitudes calcu-
lated by Eq.(14) for different values of the GVD ranging
from 0 to 150 p&km in Fig. 7. In this calculation the mea-
For the other channel of the LIA, the cosine in E(a) and  sured fiber lengths in both branches, as given earlier, were
(10) can simply be replaced by the sine tef@b]. For our  used as an input. In Fig. 7 we see Gaussian pulse envelopes,
purposes it is convenient to write this equation directly infor which the FWHM increases as function of the amount of

_ p{a(bz—ac>—<ao|2—2b|oq+cpz>l

~ p(g®=pr)—(b’p—2abg+a’r)
a’+p?

] [a>0]. (10)

terms of its respective magnitudéd and phased in the
following manner:

GVD in the system. From the resulting Gaussian shape we
can conclude that the pulse shape is almost completely de-
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FIG. 7. (Color) Calculated optical amplitudgEq. (14)] for our FIG. 8. (Color) The imbalance between the amount of dispersive

experimental setup for different values of the GVD in our system.media in the two branches of the interferometer has a strong influ-
The GVD parameter ranges from 0 to 15@/sn in steps of ence on the visibility of the fringe pattern as can be seen in this
25 p</km. Other experimental parameters used in this calculatiorcalculation. Depicted is the calculated visibility of the fringe pattern
are given in the text. A Gaussian pulse shape can be observed, fes a function ofAz;,., (see Fig. 8, using values of the GVD
which the FWHM strongly depends on the group velocity disper-ranging from 0 to 300 ggkm. For optimal detection efficiency, the
sion in the two branches of the interferometer. dispersive media in the two branches should clearly be balanced.

termined by the exponent in Eq14). Therefore, we can jnfluence on the detected signal. For optimal detection effi-
write the following for the FWHM of the Gaussian pulse: ciency, the dispersive media in the two branches should
clearly be balanced.
IN2[4+ (K, + ks)?] As we are interested in the local optical properties of the
Tpulse(Zs):Ugs\/ T : (16)  photonic structure, we started this discussion with the fact
0 that the photonic structure is present in the sample arm of the
interferometer. The different material contributions due to
measured along the propagation direction. From this expreshe g(w) can simply be added as can be seen from(Bj.
sion it is clear that the measured FWHM is given by thegg if the two fibers and other dispersive elemegteluding

original pulse length corrected for the GVD in the two the sample itselfare equal in the two branches, then the only
branches of the interferometer. Note that theand x5 as

given by Eq.(9b) are opposite in sign. So if the optical fibers

in the two branches are equal in length and have the same  ,440] — preampliuce | 29
GVD, their effect on the measured FWHM of the amplitude — Linear chirp
and phase cancels, as is obvious from Et) and(15). The & 19000 1240
term in front of the exponential in E¢14) is found to induce S 10000/ 3
a slight asymmetry in the Gaussian shape, only visible when g 115 3
very large values for the GVD are used as input for the % Sy =
calculations. In the experimental setup, an additional inclu- 8 ggg0l i 1_03;
sion of 300um equivalent to the total scanrange in the & N
sample branch yields a negligible reduction of the prefactor £ 40901 | 053’
of only 0.0395% for a GVD of 75 [Fgkm. 2000 '
However, as can be seen in Fig. 7, the maximum visible
amplitude of the pulses reduces as a function of the GVD A T M T N T e
due to this prefactor. To get a feeling for this dependence, Position along waveguide (um)

Fig. 8 shows the calculated visibility of the fringe pattern for
the fiber length difference between the two branches using FIG. 9. (Colon Direct comparison between the measufsalid

different values of the GVD ranging from 0 to 300245_6“' _ black line and calculatedred ling optical amplitude. An excellent
The amplitude at the center of the pulse when no dispersivgy eement is obtained for a GVD parameter of 72%kps as can
medium is present in either of the two branches is defined age seen here. The calculated phfEg. (15)] neglecting the rapid
100% visibility. Plotted is the amplitude at the center of theosci”aﬁng term aroundo, for this GVD parameter shows that a
pulse for different amounts of dispersive medium. It is clearsmall chirp in the fringes is to be expected in the measurement. The
that the stretching of the pulses in the two branches has @ght axis represents the amount of periods changed due to the lin-
strong influence on the visibility of the fringes. Note that anear chirp. This expected chirp is small compared to the current
equal amount of dispersive medium in both branches has neonlinearity in the probe movement.
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remaining contribution due to the GVD is from the sampleterm aroundw, from Y [see Eq.(9b)]. The total phase
itself. Therefore, the GVD of the structure under study carnchange within the pulse duration for the experimental con-
directly and locally be determined from the locally measurediguration is roughly 0.1 periods over the measured FWHM
amplitude and optical phase of the pulse. Even if branchegf 66.8 »m which corresponds to 77 periods of the optical
are not compensatetexcluding the sample a reference field. In other words, the periodicity in the center of the pulse
measurement without the sample would yield the dispersioRith respect to the wings would differ by only 2—4 nm. To

characteristics of the setup such that a direct fit using Eqjrectly measure the linear chirp on the optical pulse, a small
(14) would yield the local group velocity dispersion of the yitterence of 0.1-0.3% in the periodicity must be resolved.

sample. In principle, such small differences can be directly measured,

however, a highly linear scan system is required. At this

V. DISCUSSION stage the linearity of the probe movement in our setup, which
has a position feedback system to compensate for the non-

In the experiment the 1283 fs pulse travels through dis- jinearity of the piezoelectric scanner, is of the same order of
persive fibers and other glass components in the two arms agnitude(less than 0.2%)

ﬂ}e interferometer. In EJ16) We'hav'e seen th;\t the FWHM. It is tempting to consider the information obtained by the
of the pulse along the waveguide is determined _by the dlf:[ime-resolved measurements performed in this paper as a
ferences between the two branches and the original pUISc(:eonventional cross correlation of the optical fields in the ref-
length. In the experiment we have measured a FWMH alon% b h and the photonic struct imilar t i
the propagation direction of 66,8m [see Fig. 2c)]. Under rence branch and the photonic structure, simrar to earier
the assumption of a homogeneous GVD in our system, give ork using phasg-sens_mvg tlme-_resqlvgd interferometry
the difference in fiber length of30 cm, we can reproduce 1,15]. I_—|owever, this _not|on is too simplistic. The.pulse en-
the measured results with a GVD value of 72.4/ks. A velope in the wavegwde propagates at a spe.e.d different from
direct comparison for the measured and calculated pulse arif?€ Phase information, and therefore the position on the pho-
plitude is given in Fig. 9. The black line in this graph shows fonic structure cannot be translated to a single time delay
the measured optical amplitude through the heart of thdor the cross-correlation function. This is in contrast to pulse
waveguide given in Fig. @), while the red line represents Propagation in air, for which both the group and phase ve-
the calculated amplitude. It is clear that an excellent agregocities are the same. The difference between moving the
ment is obtained between experiment and theory. The megrobe or the optical delay can also be seen in the theoretical
sured GVD value is in the range expected for single-modanodel in Eqs(14) and(15). A movement of the probe move-
fibers for infrared wavelengths, although the value appears tment leads to an increase ©f. However, by moving only
be high, as typical values are smaller then 28/lgm [26].  the optical delay linex, will remain constant as no addi-
This high value could be explained by the fact that othertional dispersion is included as a function of the movement.
optical components with unknown dispersion characteristicShis clearly demonstrates the effect of including additional
are also presents in both the branches. dispersive medium on the measured optical signal as a func-
As a result of the GVD, the pulses in the reference andion of the probe movement with respect to the measure-

sample branches have been stretched considerably. The cglgnts performed by moving the optical delay line in air, i.e.,

culated value for the GVD shows that the nearly Fourierchangingr as in conventional phase-sensitive time-resolved
limited 123+ 3 fs laser pulses have lengthened to a 1144 f

Snterferometry.
signal pulse and a 640 fs reference pulse by the time they y

interfere with each other in the fiber coupler of the interfero-
metric PSTM. The stretching of the pulses has a large influ-
ence on the visibility of the signal as demonstrated by Fig. 8.
In the experiment the pulses propagate through 69.7 ) o )
+0.5 cm and 38.50.5 cm of dispersive fibers and other In conclusion, the propagation in time of a nearly Fourier
glass components in the two branches, respectively. Based dfnited laser pulse propagating through a channel waveguide
the theoretical model, the visibility in the experiment washas been visualized by an interferometric PSTM. The local
therefore reduced to about 65% at the time of measurementdmplitude and phase of the pulse have been retrieved so that
Balancing the dispersive media in the two branches willboth the phase and group velocity could be measured locally.
clearly lead to an increase of the visibility. The observed length of the measured pulse envelope is ex-
Until now, we have mostly discussed the measured ampliplained by comparison with an analytical model derived in
tude of the pulses. However, our detection scheme is fullyhis paper. The observed FWHM of the measured pulse
interferometric, so information about both amplitude and op-shape can be attributed to the group velocity dispersion in
tical phase is obtained. As demonstrated, the distance béhe fibers that are unequal in length for the two branches of
tween the fringes is a direct measure for the local wavelengtthe interferometer.
and therefore yields the phase velocity. The expresdion The model shows that by balancing the amount of disper-
(15)] for the optical phase of the pulse, however, contains aive medium in the two branches of the interferometer it
quadratic term corresponding to a linear frequency chirp irbecomes possible to locally measure the GVD of the struc-
the pulse. In Fig. 9 we also plotted the calculated pligsge  ture under study. Even if branches are not compensated, a
(15)] divided by 27 while neglecting the rapid oscillating reference measurement makes it possible to measure group

VI. CONCLUSION
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