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Phase mapping of ultrashort pulses in bimodal photonic structures:
A window on local group velocity dispersion
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The amplitude and phase evolution of ultrashort pulses in a bimodal waveguide structure has been studied
with a time-resolved photon scanning tunneling microsa®#TM). When waveguide modes overlap in time
intriguing phase patterns are observed. Phase singularities, arising from interference between different modes,
are normally expected at equidistant intervals determined by the difference in effective index for the two
modes. However, in the pulsed experiments the distance between individual singularities is found to change not
only within one measurement frame, but even depends strongly on the reference time. To understand this
observation it is necessary to take into account that the actual pulses generating the interference signal change
shape upon propagation through a dispersive medium. This implies that the spatial distribution of phase
singularities contains direct information on local dispersion characteristics. At the same time also the mode
profiles, wave vectors, pulse lengths, and group velocities of all excited modes in the waveguide are directly
measured. The combination of these parameters with an analytical model for the time-resolved PSTM mea-
surements shows that the unique spatial phase information indeed gives a direct measure for the group velocity
dispersion of individual modes. As a result interesting and useful effects, such as pulse compression, pulse
spreading, and pulse reshaping become accessible in a local measurement.
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[. INTRODUCTION Direct determination of the GVD of an optical pulse
Dispersion is the phenomenon that the refractive index oP'oP2gating in a PhC device is crucial to the demonstration
a medium varies with frequencil]. Vacuum exhibits no Of useful dispersive properties of PhC devices. So far, many
dispersion, so that the phase velocity and the group velocitj?vestigations on dynamical effects (nonllinear dispersive
of a wave packet centered at frequenayare both constant Media are based on numerical simulatigns10. However,
and equal toc. In all other optical media, the presence of €xperimental verification of the dispersive properties of
resonances modifies this dispersion relation so that the pha§&1C’s is still a difficult and demanding issue. Several groups
and group velocities are different, even in regions far awayhave indirectly extracted the dispersive properties from the
from resonancg2]. An important consequence is that both phase of Fabry-Perot oscillations between a PhC section and
velocities are functions of frequency, having the effect that ssample facetgwhich are superimposed on emission spectra
short optical pulse changes shape as it propadai8s from their samples [11-13. Time-resolved experiments
Besides the material properties, dispersion is also influhave been reported which give insight into the group velocity
enced by interference of waves in periodic and waveguidingipon propagation through two-dimension@D) photonic
structures. As the dispersion depends on the periodicity irystal waveguides either by optical Kerr gatiiigl] or by a
the structure it can therefore be tuned over a wide rangesross-correlation methofl5]. These methods, however, in-
including regions of negative dispersi¢2]. Recently, pho-  tegrate all the pulse propagation effects accumulated along
tonic crystalgPhC’s have shown that the dispersion relation the entire structure. If a structure has spatially varying optical
itself can be engineered in a unique fashfdh PhC’s are properties, only averaged information is obtained. By cutting
periodic optical structures on the length scale of the electros|ices from the mediunt“cut-back” method, it becomes
magnetic wavelength aimed at controlling the generation an@ossible to study aspects of the internal pulse development
propagation of lighf5]. PhC's are extremely attractive for [16]; yet this method is destructive and it is obvious that a
integrated Optical circuits as different functionalities can Sim'photonic structure as a Phc cannot be arbitrar“y Changed in
ply be introduced by modifying the local symmetry and ge-|ength without affecting its properties. Furthermore, if a dis-
ometry of the PhC latticg6]. This corresponds to a modifi- agreement is found between experiment and theory it may be
cation of the photon dispersion relation and ultimately leadard to find the underlying cause for the discrepancy. To
to tailoring of group velocity dispersiofGVD), photonic  gyercome these drawbacks and obtain koiial information
band gaps, and localized states. on pulse propagation throughout a medium, local time-
resolved measurements are crucial.
In the last years, near-field scanning optical microscopy
*Corresponding author. Present address: Center for Atomic-ScaldNSOM) has proven to be a powerful method to analyze
Materials Physics, University of Aarhus, DK-8000 Arhus C, Den- local electromagnetic field distributions in fabricated nano-
mark. Electronic address: h.gersen@alumnus.utwente.nl photonic structure$17-23. It has been demonstrated that
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amplitude and phase distribution of the optical field locally

inside the structurg24—28. Extension of this approach to- Optical

wards femtosecond pulses enables the observation of dy delay line _—
namical effects directly inside a photonic structure as we «> o
recently have demonstrat¢#9,30.

Here, we report on the nondestructive visualization of
pulses as they propagate through bi-modal photonic struc
tures at infrared wavelengths. Unlike most measurement:
which reconstruct the group velocity from interferometric
measurement, we directly measure the phase and group ve
locity for individual modes locally inside the waveguide.
When the waveguide modes overlap in time, unexpectec
phase patterns are observed. Phase singularities were e
pected at equidistant intervals determined by the difference
in effective index for the two modes. However, we observe
that the distance between individual singularities not only
changes within one measurement frame, but also depend
strongly on the reference time. It is necessary to take into
account the fact that the actual pulses generating the interfer
ence signal are no longer Fourier limited due to changes in
shape resulting from propagation through the dispersive me- FIG. 1. (Color) Schematic representation of a pulse tracking
dia. Consequently, it is expected that the location of phasgxperiment. The evanescent field of the pulse traveling inside a
singularities yields direct information on the local dispersionWaveguide is picked up by a fiber probe with subwavelength dimen-
characteristics. In the following, we will show how the SioOns. The photqn tunn_ellng signal picked up by the probe is inter-
spatial distribution of phase singularities allows the retrievalfférometrically mixed with part of the same pulse that has propa-
of the GVD for the individual modes by means of an ana-9ated through the refgrence b.ranch. The length of the reference
lytical model of the time-resolved photon scanning tunnel_branch, an_d thus the Flme that it takes the reference pul_se to travel
ing microscope (PSTM) measurementg30]. With this through this branch, is controlled_by an optlca_l delay_ line. Each
method propagation effects, such as pulse CompressioﬁUbseguem mea§urement shown in this paper is obtained by raster

. . - . stanning the optical probe across the photonic structure while the
pulse spreading, and pulse reshaping, become accessible i
local measurement.

the combination of NSOM with coherent methods yields the I

Interference
signal

Fiber
probe

~10 nm
constant gap

rﬂ@}ght above the structufe<10 nm) is kept constant by a feedback
mechanism. The simultaneous measurement of optics and topogra-
phy makes it possible to directly relate optical information to the

Il. EXPERIMENTAL ASPECTS structural properties.

Near-field optics provides a powerful method to circum-UP by the near-field probe at each position on the sample
vent the diffraction limit[31]. Instead of imaging with a surface is interferometrically mixed with light split from the
system of lenses, a glass fiber with a subwavelength sizegfMe laser source that has propagated along the reference
end facet can be used to probe the light fields close to dranch of the setupFig. 1). Heterodyne detection of the
sample surface. By making the distance between fiber probugterference signal, established by acousto-optical modula-
and sample much smaller then the wavelength of ligi- tion in the reference branch, then enables a separation of
cally <10 nm), nonpropagating light fields that are bound to amplitude and phase information by a dual-output lock-in

the sample surface can be detected as schematically depict8@Plifier (LIA) [27]. As the phase and time information of
in Fig. 1. These “evanescent’ fields decay in magnitudéhe evanescent field, at each position on the sample, is the

within a fraction of the wavelength when moving away from S&Me as that of the propagating wave we obtain direct infor-
the surface, and carry information about sample feature@1ation on the propagating light field.
smaller than the value set by the diffraction limit. Owing to 10 Visualize dynamic effects, we launch femtosecond
their nonpropagating character, evanescent fields can only B/IS€S(\=1300£2 nm, generated by a Ti:sapphire-pumped
detected by a local probe immersed into the near-field of th@Ptical parametric oscillataiSpectra-Physics Opgalinto our
sample[32]. The evanescent field is locally converted into amModel system. The arrival timel2.5 ng between subse-
propagating wave, which is coupled into the fiber probeduent laser pulses is long enough so that the pulse picked up
guided through the fiber and subsequently detected. The copY the probe can only interfere with part of the same laser
responding experimental device is called a near-field opticaPulse that has propagated along the reference branch. The
microscope in collection mode, hereafter called a photorpulse duration of the input fiel&(t) is measured by a con-
scanning tunneling microscogeSTM). ventional background free intensity autocorrelation tech-
Interferometric detection of the optical signal from the nique and yields a full width at half maximug®WHM) of
fiber probe provides an additional source of information bythe pulse amplitude of 123+3 {8]. Note that when using
providing access to both the amplitude and phase of theltrashort pulses optical interference will only occur when
probed field[24,27,28. The photon tunneling signal picked temporal overlap exists between the pulse in the signal and
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the pulse in the reference branch at the point where thesasonable agreement with the calculated values of 1.56 and
branches are brought together. An optical delay line in thel.53. The slight difference in accuracy between the experi-
reference branch completes the pulse tracking setup. Bagirental values results from the large difference in the ampli-
cally the position of the optical delay line determines thetudes of the T, and TE,; modes.
length of the reference branch and thus defines a reference In the optical amplitude in Fig.(®) it is visible that the
time for the measurement. More details regarding the experf€ating pattern occurs only towards the right side of the im-
mental setubcan be found elsewhef@7,3q. age. An inverse Fourier tra_nsf_or_m of the rele\_/ant peaks of
As a model system for our measurements we have usedtgli_? Eoufnertr?pe'l%ra fo(rj t_:]% mdw(;dual modes y|e|I:o_Is t?; am-
Si;N, planar channel waveguide fabricated in g\gi'Si0, ~ Plltude Tor the Tigo an 1 MOdEs as given In Fgs.{d
layer system on a Si substrate. The experimentally dete@"d 2€), respectively. We observe that the iEnode is in
mined slab thickness, width, and height of the structure ar{"gt‘té)i];féhrgrlg’rﬁéggge{nTglspﬁgfoar:ﬁ“gﬂJﬁﬁgﬁgg g;ﬁef?ecr:t
+ + + - L. ..
é;ﬂ; gorl];i'zgtljlli_g%tmh?s’ k;ie n:n igaslen drr:n tgetshpeegﬂ\;ilr{élblv;v group velocities. The origin of the fact that the_{)lih“s found
) ) R o have a larger group velocity can be found in the fact that
guide with a polarization parallel to the sample plane, sucq

. his mode is further extended into the air and therefore has a
that the Tk, and TEy; mode are excited. These are the Onlylarger group velocity.

two TE polarized modes supported by the waveguide for the " ryom the Fourier filtered amplitudes presented in Figs.
measured waveguide parameters, as determined by an effegy) and 2e) we can directly retrieve the mode profiles, as
tive index method. The TM polarized mode, which is in prin- gepicted in Fig. @). Figure 3c) shows the simultaneously
ciple supported by the waveguide, is not excited. All mea-gptained topography information along such a cross section.
surements are performed at a distance of 12+0.5 mm awayne arrows in Fig. @) indicate the FWHM for the indi-
from the incoupling facet. All data collection has been per-yijual mode profiles, which are 2.08+0.g#n and
formed by raster scanning an uncoated fiber probe whilg 00+0.12um for the TR, and TE, modes, respectively.
keeping the probe-sample distance constant with the fast axighe maximum amplitude of the TF mode is 11.8+0.5
along the waveguide channeline frequency=0.098 Hz  times higher than the amplitude of the Enode. Further-
with a fixed position of the optical delay line in the referencemgre, a line trace along the waveguide for the individual

branch for each image. modes shows the shape of the pulses, as depicted in Fig.
3(d). Fitting a Gaussian distribution, as shown by the black
IIl. PULSE TRACKING IN A BIMODAL WAVEGUIDE and red line, yields a pulse length as 58.9+0r&@ and

70.6x7.1um for the TRy and TK; modes, respectively.
Obtaining an accurate fit for the TEmode for this specific
easurement is difficult due to the relatively low optical
amplitude of this signal that results in a relatively low signal
to noise ratio. Nevertheless, the presented Fourier filtered

. : ; ) amplitude data clearly demonstrate that all relevant param-
the measured optical amplitudgl) times the cosine of the eters for the optical amplitude of an individual mode can still

phase of the optical interference sigiabs®). From this be retrieved.
measurement th_e opFicaI amplitude and the cosine of thg In Figs. 4b)—4(j) the measured optical amplitudes on the
phase of the optical S|gna! can be separated, as presemedv!/éveguide depicted in Fig.(@ are shown for nine subse-
Figs. 2b) anq 20), _resp_ectlvely[27]. . quent measurements with increasing reference times. Be-
The amplitude in Fig. @) shows a roughly Gaussian wyeen each measurement, the reference time is shifted
shape with a clear spatial beating pattern at the pulse fronbgg 4o f5 by lengthening the reference branch by
The appearance of this beating is easily explained by the fagp 01+.0.64m. For each reference time a similar pattern as in
that the Tk, and TE; modes have different propagation rig 2 is found, but further along the waveguide. Note that
constants Iead'ng to a spatial mode be"’.‘t' A Four_|er transf_orr{he beating between the two modes prevents a pinpointing of
of the A cos® signal along the waveguide, as given in Fig. ihe position of the individual pulses directly in these images
3(a), reveals a periodicity of the fringes of 858+3 nm and 29 3. However, by applying a Fourier filter to the raw data
8755 nm corresponding to the §gand TRy modes, re-  or the entire time sequence, we can separate the contribution
spectively. These measured wavelengths inside the structugg ne TE,, mode in time as depicted in Fig. 5. The linear
immediately yield the phase velocity of the light in the wave- yenendence of the position of the pulse in the waveguide as
guide and thus the effective indices of refraction. In this way, fnction of the reference time yields a group velocity of
we obtain effective indices of 1.52+0.02 and 1.49+0.03 for{ 46+0.04x 108 m/s.

the TEy and TE; modes, respectively. These values are in  a similar approach for the T yields a lower group ve-
locity than for the Tk, mode, which is obviously not cor-

Uin the current experiment the optical powers in the signal and€Ct. It turns out that the reduced spatial resolution used to
reference branch are approximately 1 nW anad\i. As a result we  Obtain the time sequence results in a reduced spectral sepa-
operate several orders of magnitude above the detection limit of theation of the modes. As a result a large part of theglieode
instrument. More details regarding experimental sensitivity and reis mixed in the Tk; amplitude, which makes the determina-
lated issues are beyond the scope of this paper and will be publishdtbn of the group velocity for the Tg& mode inaccurate.
elsewhere. However, we know that upon propagation of 12+0.5 mm

A local time resolved heterodyne interference measure
ment on a bimodal waveguide is presented in Fig. 2 for
fixed position of the optical delay line. Figuréa® shows the
topography, which is collected simultaneously with the opti-
cal information. The detected LIA signal is proportional to
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FIG. 2. (Color) A time resolved heterodyne interference PSTM measurement on a bimgialchiannel waveguide for a fixed position
of the optical delayimage size: 253.8 10.2 um?). Linear polarized light has been coupled in the waveguide such that only theame
TEp; modes are exciteda) The topography of the waveguide. The measured height and width of the waveguide are 39+3 nm, and
3.1+0.2um. The slab thickness is determined to be 170+5 tm.The optical amplitude of the pulse while propagating through the
waveguide as derived from the measured LIA signal as a function of the lateral position in the plane of the sample. It is apparent that the
amplitude is confined to the waveguide. A clear beating pattern due to multiple propagating modes is observed at the right side of the image.
(c) The corresponding ceB of the optical interference. The red dotted line depicts the center of the waveguide. As a result of the beating
between different modes phase singularities occur at the position of zero amplitude. These singularities consist of pairs with opposite
topological chargg¢indicated by arrows It is striking to observe that the distance between the singularities is not constant, in sharp contrast
to measurements performed with continuous wavelength laser sodr&se optical amplitude of the Tz as retrieved from the LIA data
through Fourier filtering(e) Optical amplitude of the T mode. We observe that the §Hs clearly in front of the Ty mode, which
demonstrates that the FEmode travels faster in the waveguide structure.

through the waveguide the modes are separated only hbhe waveguide. At positions with equal amplitude, but oppo-
8315 um. As a result we have a direct measure for g  site phase, these two modes give rise to destructive interfer-
between the two modes. Therefore the average group veloence explaining the appearance of the singularj2é Sin-
ity for the TE;; mode is estimated to be 1.47+0.04 gularities with a topological charge of +1 are observed on
X 108 m/s, which is 0.7% larger than the measured speed abne side of the red dotted line in Figc2, while at the other
the Tk, mode. Note, however, that the value for the,JE side a charge of -1 is found. Note that the assignment of the
mode is an averaged value for the whole waveguide fronsign of the topological charge for this geometry is arbitrary,
incoupling to the pulse position and not a locally determinedbut it needs to be opposite for singularities that are each
velocity. other’s mirror image. The two interfering modes both consist
The observed beating pattern as is visible in Figh)2 of a two-dimensional Gaussian-Hermitian distribution as is
leads to several interesting effects. For example, a closesisible in Figs. 3b) and 3d) for the directions perpendicular
look at the optical phase presented in Figz)2eveals phase to and along the waveguide, respectively. Be aware that the
singularities at positions where the field amplitude vanishesbsolute amplitude for the TjEis depicted in Fig. @), so
in Fig. 2(b), as indicated by the arrows in Fig(c2 The that the normal peak-dip shape of the first order mode shows
vanishing optical amplitude at these positions is a direct reup as two peaks. By using these two-dimensional distribu-
sult of the interference between the ghand TKy; modes in  tions it is easily understood why the singularities move to-
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FIG. 3. (Colon (a) A Fourier transform of thed cos® signal along the waveguide. The positions of the maxima immediately yield the
phase velocity for the respective modes and hence the effective indices of 1.52+0.02 and 1.49+0.03 fog,thrdTHR; modes,
respectively. Note that the Tfis very weak compared to the jEmode.(b) The mode profile for each individual mode measured by taking
a cross section through the waveguide at the maximum amplitude of the individual modes in(&Bigan@® 2e), respectively.(c) The
simultaneously acquired topography along such a cross se@tipA.line trace along the waveguide which shows the pulse shape for the
respective modes. The FWHM of the pulse profile is determined by the GVD in both the signal and reference branch. Fitting a Gaussian line
shape(black and red lingfor the respective modes therefore allows a retrieval of the difference in GVD between the two modes.

wards the center of the waveguide as indicated by the red, where the distance between subsequent phase singularities
dotted line in Fig. 2c). This is schematically illustrated in is plotted as a function of the reference time. In this graph,
Fig. 6(@) by depicting the amplitude of both a j&and Tk;  the letter assignment corresponds to the images presented in
mode in an isoline representation. Positions where the antig. 4. On the horizontal axis the number of a singularity is
plitude of both modes is equal are indicated by the red lineplotted. In this the first singularity visible in Fig.(), as
which clearly move towards the center of the waveguideindicated by the arrow, is used as the reference point and
The first requirement for singularities is that they only occurnumbered as 1. Note that for subsequent singularities the
at location of equal amplitude. As a result the singularitiesphase difference between the two modes increases or de-
clearly move towards the center of the waveguide. creases byr. Based on the measured center wavelengths of
The other requirement for a singularity is that the inter-858+3 nm and 8755 nm for the FEand Tk, a phase
fering waves have opposite phase. This is schematically ilsingularity separation of 2am is therefore expected.
lustrated for a Fourier limited pulse, which has a single carClearly, separations that are both longer and shorter than
rier wavelength in Fig. @). Depicted are lines where the 22 um are observed in the measurement. From Fig. 7 it is
phase for the modes is @olid lineg and 7 (dotted lines. clear that the distance between individual singularities not
Green is used for the Tg mode, while blue represents the only changes within one measurement frame, but also de-
TEy; mode which has a longer wavelength. Note that at thgpends strongly on the reference time. These effects are in
center of the waveguide, depicted by the black line, a phassharp contrast with results obtained for continuous wave-
jump of 7r occurs for the Th;. At regular intervals the dotted length sources where these distances are only determined by
and solid lines for the respective modes coincide, as indithe effective wavelengths of the modes and therefore con-
cated by the depicted arrows, representing lines of oppositstant[25]. The difference is directly related to the observa-
phase. By depicting schematically the red line from Fig) 6 tion of the propagation of ultrashort pulses with a resulting
for locations of equal amplitude in this figure, we see that thdinite bandwidth. Pulses experience group velocity dispersion
crosses define a location where both requirements for th€GVD) upon propagation through a dispersive medium
occurrence of a phase singularity are met. It is important tavhich is the origin of this observation.
realize that in discussing the phase singularities the ampli-

tude and_ phase inforr_nation can br—; considered separately. IV. EEFECT OF DISPERSION
Along a line of opposite phase we just have to look for a
location where the amplitudes are equal. To understand the observed beating patterns we have to

Based on the explanation given in Fig. 6 the phase singuaccount for pulses with a finite bandwidth. In the case of a
larities might be expected at equidistant intervals determineéfourier limited pulse only the central wavelength would con-
by the difference in effective index for the two modes. It istribute to the interference. As a result regularly spaced sin-
therefore striking to observe that the distance between indigularities would be observed which is clearly not the case.
vidual singularities is not constant in the measured data a#/e need to take into account the fact that the actual pulses
can be seen in Fig.(®). This is shown in more detail in Fig. generating the interference signal are no longer Fourier lim-
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FIG. 4. (Color) Pulse tracking experi-
ment for different reference times. Lin-
ear polarized light has been coupled in
the waveguide to excite the g and
TEg; modes. (8) The simultaneously
measured topography(image size:
253.8x 10.2 um?). [(0)—j)] The optical
field amplitude as measured by the in-
strument for nine different positions of
the optical delay line. Fronib)—(j) the
optical path length of the reference
branch is increased in steps of
60+0.6 um. This results in steps of the
reference time of 200+2 fs. For each
frame a similar pattern as in Fig(l® is
found, but further along the waveguide.
Note that the occurrence of a beating be-
tween the modes prevents direct pin-
pointing of the position of the individual
pulses in these images.

ited due to changes in shape resulting from propagatiotocally. Quite naturally we can writey(wo) =1/8'(wg) and
through a dispersive medium. Consequently, it might be exp ,= wy/ B(wy) for the locally measured group and phase ve-
pected that the measurement of the phase singularities yielgiscity, respectively. We recently published an analytical
direct information on the local dispersion characteristics. Inmodel to interpret the results obtained with a time-resolved
the following, we will show how this allows the retrieval of psT)M in the case of single mode propagatjg6]. By ex-

the GVD for the individual modes by means of a refinementenging this model we will show how the different GVD of
of our analytical model of the time-resolved PSTM measurey,q individual modes can be retrieved from the observed
ments[30). beating pattern.

The standard way in which dispersion is measured is via L : - :
interferometry[3] In%/nterferometrypthe “dispersive” system A Gaussian light pulse after traveling an arbitrary distance
: ! & through a dispersive medium can be written[380]

of which the dispersion is to be measured is placed in on

arm of the interferometer exactly as in the time resolved

experiments presented in this paper. By dispersive in this —

context we mean any linear system in which the propagation ~ I'(2) . z\ ~ z\?

constant8(w) is a function of frequency. It is assumed that ~ E(ZD=\/ =~ eXp{'wO(t - v_) - F(Z)(t - v_) }

the dispersive effects are adequately described in terms of To ¢ ¢

phase and group velocity and the group velocity dispersion. 1)

ThereforeB(w) is written as a second order Taylor expansion

about its value atwy with the derivativesg’ =dg/dw and _

B'=d?B/dw? evaluated atv= wy, where the pulse propagation paramdtera—ib is related to
This B(w), which defines the dispersion characteristics forthe pulse width through the paramegewhile the parameter

a mode, is exactly the property we would like to measureb is a measure for the frequency chirp on the pulse. The input
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253.8 x 10.2 um’

FIG. 5. (Color) The optical amplitude
for the TEyy mode as derived by apply-
ing a Fourier filter on the raw data of
Figs. 4d)-4(j). This result shows that
the position of the Tk pulse at a refer-
ence time can be pinpointed in space.
The pulses can be seen to propagate
through the structure as a function of
time giving a direct local measurement
of the group velocity for this mode. By
determining the “center of mass” for
each frame a local value of the group
velocity vgy for the pulse of 1.46+0.04
X 10° m/s is found.

[

exp{— Fr(t - gr)2 - Fs(t - gs)z]

pulse paramete'f‘o is related to the initial pulse duratior v A
=[2 In(2)/a]*?, while b=0 as we use unchirped Fourier lim- 1(z57)

ited input pulses{'l:O e R). Upon propagation through a dis- 2 2
. . o X + - + ke y(t - ,

persive medium of length the output pulse is still a Gauss- CORY + st = )"+ sl (t = £t

ian pulse, but the pulse propagation paramdi€r) is (2a)

changed as 17(z)=1/T'y+2iB"z due to the GVD. From Eq. where

(1) it is clear that the carrier frequency within the pulse

propagates at the phase veloaity while the pulse envelope K =2B;zLo;  Ks==2p:zl,
itself propagates at the group velocity, evaluated at the
center of the pulse spectrum. The pulse envelope changes in = o | — Iy (2b)
shape with distance and develops a chirp due to the GVD. Tl+(k)? % 1+ (kg)?
The time-resolved PSTM is considered as a Mach-
Zehnder type interferometer with heterodyne detection as A AA, T
== Vllyg

schematically shown in Fig. 8. The input fieﬁcﬂt), assuming
an unchirped input pulsd’y € R), is split by the beam split-
ter into fields that travel through the two arms of the inter- Z Z

T

ferometer. The field through the sample is design&ga, t), G=TH Vg &= Vgs

gnd the delayed field through the reference branch is callegnd

E,(t- 7). Thez dependence is explicitly included to represent

the fact that the near-field probe is moving along the sample _ arctari,) + arctarxy) _ ( + 4 Zs)
and thus includes additional dispersive medium as a function B 2 @o\ T Ugr  Ugs ’

of position, whiler represents the optical delay through air in (20
the reference branch in the usual fashion. Note that the in-
clusion of additional dispersive medium as a function of theHere, theA corresponds to an amplitude wify constants
probe movement is the crucial difference with conventionalthat are proportional to the different optical power density in
phase sensitive time-resolved interferometry where the delathe two branched,; corresponds to the real part of a modi-
line moves in vacuuni3,33,34. fied pulse propagation parametef, represents an optical
By using Eq.(1) for a pulse propagating through the dis- path length,x; is a GVD dependent parameter, aidis
persive media in the respective branches of the interferomsimply a time-independent variable in the optical phase. The
eter, we obtained for the measured LIA sigfia0] subscript denotes the reference and signal branches, respec-
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@! I [ 11
FIG. 6. (Color) (a) Schematic draw-
TE01 ing of the amplitude of both a Tfgand a
TEp; mode in an isoline representation.
Positions where the amplitude for both
modes is equal are indicated by the red
lines. Singularities can only occur at lo-
cations where the amplitude is equal.
— Therefore it is clear that singularities
move to the center of the waveguidb)
For a Fourier limited pulse the two inter-
fering modes consist of two discrete pe-
riods. Green is used for the FEmode,
while blue represents the FE mode
which has a longer wavelength. Depicted
positions of equal =% are lines where the phase for the modes
|amplitude| is 0 (solid lineg and 7 (dotted lines.
| | I | | | I | Note that at the center of the waveguide,
depicted by the black line, a phase jump
of 7 occurs for the Tl mode. At regu-
lar intervals the dotted and solid lines for
the respective modes coincide, as indi-
cated by the depicted arrows, represent-
ing lines of opposite phase. Depicting
the red line for locations of equal abso-
! lute amplitude shows that a phase singu-
i larity will occur at the locations indi-
| cated by the crosses. Note that the phase
: singularities occur at equidistant inter-
vals when the phase differenced be-
f tween the modes is equal ta

(b)y

tively. Thez represents the total length of dispersive mediumexperiment onlyz; and = are varied. However, the optical
in either branch. delay line is kept at a fixed position for each individual mea-
In our case different dispersive media are present in theurement, so thatis in fact constantboth & andY depend
respective branches of the interferometer. Although not writon 7).
ten down explicitly, this is included in the model by multi-  With Egs.(3) and(4), we have analytical expressions for
plying the original spectrum with the different frequency de-both the measured pulse phase and amplitude as a function
pendent propagation constants for the respective media. Tto# position for the case of single mode behavior. For the case
result is simply a summation over the different propagationof multimode devices the present model has to be extended
constants. By solving integral equatig®a), we obtain the to incorporate multimode propagation to fully understand the
following expressions for the amplitude and phase of theesults measured with the time-resolved PSTM. This is done
interference signal as it is measured by the time-resolvetly replacing the electromagnetic field in the sample branch

PSTM[30]: E4(t) by a summation over independent orthogonal modes. It

arrows show positions
of opposite phase

[y _ a2 is then straightforward to show that the integral in E2p) is
Aoy = AP p[ 2o~ &) ] (3 tansformed into
Q‘/4+(Kr+,<s)2 4+ (K + Ko
d » N=N AS .
o Vg a3 AT er-r -6
- n=0 Vlg

[ix + ks
Fr + FS - an(t - gsn)z]cqun + Krrr(t - §f)2
) Tol& = &) K, + kg @ + kgl orft = £t (5)
4+ (K + KS)Z '

1
d(z, =Y+ 5 arctar{

Here, then represents the mode number whiedefines the
where the variables with the subscriptare the ones that total number of modes present. The variables with the sub-
change as a function of the position of the probe. In thescriptsn are defined corresponding to the definitions in Eq.
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N
[e ]
]

all solutions. In other words: we can use the equations for the
amplitude and optical phase as given in E@.and (4) for

retrieved from the experimental data. In the experiment the
2 3 4 5 6 7 8 photon-tunneling signal and the reference signal recombine
Number of singularity in a 50/50 fiber coupler after propagating through different
_ lengths of single mode fibers and other bulk optical glass

FIG. 7. (Color) Measured distance between subsequent phaSEOmponents. The pulse in the signal branch travels
singularities as a function of reference time. The horizontal axis12+0 5 mm through the sample and 68.5+0.5 cm through
depicts the number of a singularity, which corresponds to an Eﬁecdisg)e;sive fibers and other glass .co_mbonents and

tive phase difference between the two modesras illustrated in 55 5, 5 oy through air. For the reference branch these dis-
Fig. 6b). The first singularity visible in Fig. @) (see arrowis used 385405 d 75.6+05 for th . d
as the reference point and numbered as 1. Subsequent measu?nCes 'are ) '_I. cm an' | e ﬁm .orh € ?Ir an

ments are lettered corresponding to the frames used in Fig. 4. It i Ispersive materials, respectively. Note that in the reference

striking to observe that the distance between individual singularitie®r@nch the path length in air can be changed as a function of
varies within one measurement frame in sharp contrast with théN® position of the optical delay linfelelay 7, Eq.(2)], while
expectation put forward in Fig. 6. Furthermore, this separation bell the sample arm the length of thdispersivg samplez

tween singularities also shows a dependence on the reference tinfelanges as a function of the probe position. '
In order to detect the interference signal the optical path

(2b) for each individual mode separately. The single integralengths in the respective branches have to be made equal.
in Eq. (2a) is replaced by an integration over a sum of or- Therefore the fiber length differenc&z;,., between the
thogonal modes. As integrating is a linear operation the sebranches is balanced by adding an extra air gaf} in the
guence of integrating and summation can be interchanged foeference branch of the interferometer as depicted in Fig. 8.
the typically continuous functions representing electricalThis air path is also dispersive, but the dispersion of air is so
fields. Therefore we can solve the integral for each individuasmall compared to the dispersion of fibers at these wave-
mode and subsequently perform a coherent summation ovéngths that it can be neglected. If we consider the interfer-
ometer as a linear system, we can simply replace the differ-
(_5 | ent dispersive elements, excluding the sarfiplen either
Ziver Detector brqnch by a single effective dispersive element, ind_icate'd as
a fiber. As a result the system can be modeled using single
_ dispersive elements in both branches together with a disper-
& N:g >\, (z,,7) sive sample in the signal branch as schematically depicted in
Dy < | LA Fig. 8. With this the amplitude and phase maps can be cal-
+ +5
N

€

gl - ’ each individual mode. A coherent summation over the solu-
€ 24 A\ o . tions for all modes present in the photonic structure using
3 A\ these equations will subsequently give the solution for the
@ N % resulting optical amplitude and phase as observed by the
z . A time-resolved PSTM.

§ 204 A

E B Y

% .\ V. RETRIEVAL OF THE GVD FOR INDIVIDUAL MODES

0] ——Y L] —m—b

E v, y— A —gr=c IN BIMODAL STRUCTURES

2 16 - X / —a—d

S N d - In this section we will use the presented analytical model
] 4

® < \

a v

o iy to show how the local GVD for individual modes can be

-
N

N
N
o
N

> Viz.0) culated using the experimentally obtained parameters. Al-
j though Eqs(3) and(4) describe propagation in one dimen-
0 EEERERRRER] RN sion, two dimensional maps can be calculated by using the
modal distribution as depicted in Fig(t8 for each horizon-
tal line as input. This approach is valid for systems where the
I different modes are sufficiently far separated in Fourier space
Lasar @E to allow retrieval of the individual mode profiles.
—Z >z Time-resolved PSTM allows a direct determination of the
oo central wavelength and the group velocity for individual

FIG. 8. Mach-zehnder model for the time resolved photon scan/Modes. As a result, thg and g’ are also known for both
ning tunneling microscope. The fiber length differents;,., be- ~ Modes. However, it may be expected that the pattern of
tween the two arms is compensated by the air path length differendahase singularities and its time dependence as presented in
Az,;,. Heterodyne detection is applied, using acousto-optic modulaFig. 7 yield direct information on the GVD. The positions at
tion of the light in the reference branch. The resulting interferencavhich singularities occur are a direct measure for the phase
signal is measured with a LIA and allows one to extract the ampli-difference between the modes. Be aware that the exact ex-
tude and phase of the local optical field: AO, acousto-optic moduperimental configuration influences the observed optical
lator; and LIA, lock-in amplifier. phase and as such determines which of the terms in4&g.
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are dominant. Insertion of our experimental parameters into 600 1 1157
Eqg. (4) shows that in our experiment the observed phase is 158
dominated by the last term of E¢2c) and the last term of 500 =
Eq. (4), respectively. As a result we can write & 19 g
B 400 160 £
z 7\ | To& - &)+« < s
D(zgn)=-—wo| 7T+ — —— | — 5 , S 00 161 2
Ugr  Ugs 4+ (K + Ko 3 v
5 162 8
©  Zao 3
- i 8 163 8
for the observed optical phase from the individual modes.© o
Note the similarity between the second term in this equation 164
and the exponent in E@3). Clearly, this second term can be * Pos. singularity 1165
fully defin_ed with Fhe parameters_rgcovered from the mea- N 50 100 150 200 250
sured optical amplitude for the individual modes. As a result, Position along waveguide (um)
the measured phase fringes give complete information about _
the dispersion relation as can be seen when writing ®dn FIG. 9. (3 Calculated optical phad&qg. (4)] for the two modes
terms of 3. This yields present in our measurement as a function of position on the wave-
guide. Experimental parameters used in this calculation are given in
D(z,7) = - wor— BZ + BZs the text. The Tk (solid line) and Tk, (dashed lingmodes show

| 2ri(r+ Blz, - Biz)Bl7, — Bz

4+[2To(Biz = Bz
. . . singularities occutindicated by crossg¢she change foA® has to
for the individual modes. From this equation we see that thge exactly equal tor. The shape of thdd curve depends only on

first terms give a linear dependence of the phase, which onlye g's for the individual modes. Therefore adjusting these param-

depends on the central frequency of the interfering pulses iBters in the calculation so that the phase difference at the measured
the respective branches. The term between brackets, howgcations of the singularities is equal toallows a direct determi-

ever, introduces a deviation from this linear behavior on theation of the GVD for the individual modes.
measured phase due to the GVD in the dispersive media.
Note that almost all parameters in this term are known, asffset in the phase and therefore does not affect the curva-
they can be derived from the measured amplitude as giveture. Thus it has no effect on the separation between the
by Eq.(3) by simply fitting a Gaussian to the pulse envelope.singularities. As thes”s are the only free parameters that
The individual 85 are known for the different modes in the can be adjusted to fih® to the phase differences obtained
sample as a result of a Fourier transform. The tgm is of  from the measured location of the phase singularities, it is
course not exactly known, but drops out when comparinglear that the GVD for individual modes can be retrieved
subsequent time frames due to the fact that the dispersion filom this measurement. Note that the linear offset has to be
the reference branch stays constant. However, the GVD, i.eadjusted at the same time to define the location of the first
the g"’s, are unknown in Eq(7). Note that the measured singularity, but this does not affect the separation between
amplitude for each mode directly gives a measure #pr the individual singularities as mentioned before.
+ ks for that specific modésee Eq(3)]. This results from the Figure 9 qualitatively explains the nonconstant distance
fact thatl'y is a known constant. Subtraction of the obtainedbetween singularities like the measured variation presented
K+ kg for the different modes therefore directly yields the in Fig. 7. In Fig. 9 we can clearly see that the phase differ-
relative differencexs oo kste01/- From Eq.(2b) it can also  ence is nonlinear in position. If the slope of thé is steep,
be seen that this difference corresponds|A®=0—Bieoils  the phase changes rapidly and therefore the beat length be-
which is a direct measure for the difference in GVD betweencomes short. Based on our experimental observation as indi-
the modes. Therefore we do know the relative differencecated by the crosses we expected to see a shallow slope at the
between thes"’s for the individual modes. left side (tail of the pulsg@ which becomes steeper towards
We can therefore depict the phase of the individual modeshe center of the image and then decreases again at the right
by plotting Eq.(7) using the experimentally determined pa- side of the imagefront of the puls¢ However, in the cal-
rameters as a function of position on the sample. This is doneulation we do not observe the decreasing slope at larger
in Fig. 9. At the same time the phase differerce between positions/distances for the current experimental parameters.
the modes as a function of position is plotted. Note that theThis is apparent from the deviation between the measured
phase of the individual modes shows only a very small decrosses and the theoretical curve. Setting slightly different
viation from linearity. Nevertheless, this deviation from lin- values indicates that the model includes the observed behav-
earity clearly shows up in the plotted phase difference beior as is also apparent from E¢7). Note that the time de-
tween the modegdotted line Fig. 9. By plotting the pendence, i.e., as a function ofis is measured in successive
measured position of the phase singularities in this graplframes, is to first approximation linear inas can be seen in
(indicated by crossgst is exactly defined for which position Eq. (7). As a result theA®, as depicted in Fig. 9, to first
the change oAd should be equal ter. Note that the un- approximation shifts towards the right, linearly dependent on
known B,z for the phase information only gives a linear 7. And this immediately shows how the beating length

vious when plotting the phase differendeb between those two
modes(dotted ling. Note that between subsequent locations where

} an almost linear behavior. Deviation from linearity is however ob-
(1)
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should change in Fig. 7 as a function of measurement frameéaoth the phase and group velocity could be measured locally
Note that the dependence &fon 7 introduces the deviation for both the Tk and TE); modes.
from this linear dependence as can be seen in(Bq. The measured optical amplitude shows a clear beating
In the current experimental data the accuracy for deterpattern as a function of position along the propagation direc-
mining the amplitude of the T is limited due to its rela- tion as a result of the interference between the two modes in
tively weak amplitude combined with the limited spectral the waveguide. This beating pattern arises from the wave-
resolution of the time sequences. As a result the accuracy fdength difference between both modes. We observe intriguing
determining the GVD for the individual modes is limited as phase singularities arising from the interference. The dis-
certain parameters have large error margins, which also exance between singularities is not constant and is even de-
plains the deviation between the expected and measured ppendent on the reference time. This observation is a direct
sition of the phase singularities. It is, however, clear that inresult of the different group velocity dispersig&VD) ex-
principle the demonstrated method allows the retrieval of theperienced by the propagating modes. Extending an earlier
amplitude information of individual modes, provided that theanalytical model to incorporate multi-mode propagation
modes are sufficiently separated in the Fourier domain. As ahows that it is possible to locally measure the GVD of the
result we can directly measure the phase and group velocitstructure for individual modes. As a result, interesting and
for individual modes. From a comparison of the measurediseful effects, such as pulse compression, pulse spreading,
pulse length along the waveguide, the relative difference beand pulse reshaping, now become accessible in local mea-
tween the GVD for the modes is determined. The position okurements. It is expected that the time resolved interferomet-
the phase singularities are a direct measure for the relativec PSTM will in the near future be used for the local experi-
phase difference between the interfering modes. It is theranental investigation of physical phenomena inside
fore clear that when both modes can be accurately retrieveghonlinear dispersive media, like integrated waveguide
from the measurement, it will be possible to retrieve thestructures and photonic crystals.
GVD for individual modes more accurately by the demon-
strated method.

ACKNOWLEDGMENTS

This research is part of the strategic Research Orientation
on Advanced Photonic Structures of the MESResearch

In conclusion, the propagation in time of a nearly FourierInstitute. Furthermore, this work is part of the research pro-
limited laser pulse propagating through a bimodal waveguidgram of the Stichting voor Fundamenteel Onderzoek der Ma-
has been visualized by an interferometric PSTM. The locaterie [FOM, financially supported by the Nederlandse Or-
amplitude and phase of the pulses has been retrieved so thgdnisatie voor Wetenschappelijk OnderzgbkVO)].

VI. CONCLUSION

[1] M. Born and E. Wolf,Principles of Optics(Cambridge Uni-  [14] M.C. Netti et al,, Appl. Phys. Lett.81, 3927(2002.

versity Press, Cambridge, England, 199%. 14-24. [15] K. Inoueet al, Phys. Rev. B65, 121308(2002.

[2] I. Walmsley, L. Waxer, and C. Dorrer, Rev. Sci. Instrui, 1 [16] For a classical example, see K. Smith and L.F. Mollenauer,
(2001). Opt. Lett. 14, 1284(1989.

[3] J.C. Diels and R.W. Wolfgand/ltrashort Laser Pulse Phe- [17] G.H. Vander Rhodest al, IEEE J. Sel. Top. Quantum
nomena(Academic, San Diego, 1996 Electron. 6, 46 (2000.

[4] J.D. Joannopoulos, R.D. Meade, and J.N. WiRhotonic  [18] J.R. Krennet al, Phys. Rev. Lett82, 2590(1999.
Crystals: Molding the Flow of LightPrinceton University [19] M.L.M. Balistreri et al,, Opt. Lett. 24, 1829(1999.
Press, Princeton, NJ, 1905 [20] P.L. Phillipset al, J. Appl. Phys.85, 6337(1999.

[5] Photonic Crystals and Light Localization in the 21st Cenfury [21] C. Chicanneet al, Phys. Rev. Lett.88, 097402(2002.
edited by C.M. Soukoulis, NATO Advanced Studies Institute [22] S.I. Bozhevolnyiet al, Phys. Rev. B66, 235204(2002.
C: Mathematical and Physical Scienc@€uwer Academic, [23] K. Okamotoet al, Appl. Phys. Lett.82, 1676(2003.

Dordrecht, The Netherlands, 20030l. 563. [24] M. Vaez-Iravani and R. Toledo-Crow, Appl. Phys. Le@2,
[6] S.G. Johnson, P.R. Villeneuve, S. Fan, and J.D. Joannopoulos, 1044(1992.
Phys. Rev. B62, 8212(2000. [25] M.L.M. Balistreri, J.P. Korterik, L. Kuipers, and N.F. van
[7] W. Nakagaweet al, J. Opt. Soc. Am. A18, 1072(2001). Hulst, Phys. Rev. Lett85, 294 (2000.
[8] M. Scaloraet al, Phys. Rev. A52, 726 (1995. [26] E. Flicket al, J. Microsc. 202 104 (2001).
[9] W. Chen and D.L. Mills, Phys. Rev. Letb8, 160 (1987%). [27] M.L.M. Balistreri, J.P. Korterik, L. Kuipers, and N.F. van
[10] S. Yamada, Y. Watanabe, Y. Katayama, and J.B. Cole, J. Appl.  Hulst, J. Lightwave Technol19, 1169(2001).
Phys. 93, 1859(2003. [28] A. Nesci, R. Dandliker, M. Salt, and H.P. Herzig, Opt.
[11] X. Letartreet al, Appl. Phys. Lett.79, 2312(2003). Commun. 205, 229 (2002.
[12] M. Notomi et al, Phys. Rev. Lett.87, 253902(2001). [29] M.L.M. Balistreri et al, Science294, 1080(2001).
[13] E. Schwooket al,, J. Opt. Soc. Am. B19, 2403(2002. [30] H. Gersen, J.P. Korterik, N.F. van Hulst, and L. Kuipers, Phys.

066609-11



GERSENEet al. PHYSICAL REVIEW E 70, 066609(2004)

Rev. E 68, 026604(2003. [32] J.R. Krenn, Nat. Mater2, 210(2003.

[31] Near-Field Optics edited by D.W. Pohl and C. Courjon, [33] R.H.J. Kop and R. Sprik, Rev. Sci. Instrur6, 5459(1995),
NATO Advanced Studies Institute, Series E: Applied Sci- and references therein.
ences(Kluwer Academic, Dordrecht, The Netherlands, 1993 [34] A. Imhof, W.L. Vos, R. Sprik, and A. Lagendijk, Phys. Rev.
Vol. 242. Lett. 83, 2942(1999.

066609-12



