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We present experimental and theoretical results on the transit time of optical pulses propagating through bulk
media of finite length, specifically GaAs and silica. The transit time of the peak of the pulse varies with the
central wavelength due to theaton effects caused by the reflectivity at the air/medium boundaries. For
transform limited optical pulses, the transit time as a function of wavelength follows the transmittance spec-
trum, that is, the longest transit time occurs at the transmittance maxima where the cavity dwell time is the
longest and the shortest transit time occurs at the transmittance minima. The results are dramatically different
for chirped pulses obtained by modulating the injection current of a diode laser. The range in the transit times
for chirped pulses is a factor of four times larger compared with transform limited pulses. In addition, the
transit time for chirped pulses propagating through the GaAs sample is negative at certain wavelengths. Also,
the transmitted pulse is not distorted. Although modulating the injection current of a diode laser is the most
common method for generating optical pulses, to our knowledge this is the first reported observation of the
transit time of these chirped optical pulses propagating through a sirgitenestructure.
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[. INTRODUCTION of superluminal used in Reff3], a pulse propagation velocity
Propagation of electromagnetic pulses in a dispersive methat exceeds the group velocity in timear bulk medium.
dium has been a topic of scientific and practical interest follt is often implied that the group velocity is superluminal
over 100 years. The first controversy in the field took placeonly if the group velocity exceeds While the value ot is
shortly after the development of the theory of special relativ-an absolute reference point, nevertheless it is arbitrary. More
ity. It was known that the group velocity of an electromag-importantly, a reference of the group velocity in relation to
netic pulse(the velocity of the peak of the pulseould be the speed of light in vacuum gives the misleading impression
greater thart, the speed of light in vacuum, for the case of that something unusual is happening if the group velocity
anomalous dispersion. Within a short time, Sommerfeld wagxceed<.
able to show that a group velocity greater thamlid not In addition to anomalous dispersion, a pulse propagating
violate special relativity. The reason was that a group velocthrough a saturable gain medium can also be superluminal.
ity greater tharc was associated with a transmittance of lessin the case of saturable gain, the leading edge of the pulse
than unity. Therefore, the identification of the group velocitycan be amplified above the original peak height giving su-
with the energy velocity breaks down, and in all cases theperluminal behavior[3]. Therefore, as the pulse shape
velocity at which a signal propagates will never exceed evolves, the peak of the pulse propagates at superluminal
This implies that the leading edge of the transmitted pulse iselocities. Even in the case of a gain medium, the group
never ahead of the leading edge of a pulse that propagate@locity remains a very useful quantity because it correctly
through vacuum. This early work on propagation in a disperpredicts the speed at which the peak of the electromagnetic
sive medium is still highly relevant today and is summarizedpulse propagates. This also holds for the case of single pho-
in Brillouin’s book [1]. ton tunneling[4]. As long as all pertinent parameters are
In a later work by Garrett and McCumb¢®2] on the identified in conjunction with the group velocity, such as
propagation of a Gaussian light pulse through an absorptivelansmittance, reshaping of the original pulse, and its spectral
medium, it was shown that the classical expression for theontent, the group velocity description continues to be a
group velocity gives the correct result even in the case ofzalid tool.
group velocities greater thanor negative group velocities. A more recent result shows that the group velocity is
Also worthy of note was their result that if the spectral width equal to the energy velocity only if the transmittance is unity
of the input Gaussian pulse is much smaller than that of thg5]. For a transmittance of less than unity, the group velocity
absorption line, then the pulse remains substantially Gauss$s equal to the ratio of the energy velocity to the transmit-
ian and unchanged in width for many exponential absorptiotance,Vy=Ve/T. If we neglect the case of a gain medium,
depths. thenVg never exceeds, and group velocities greater than
Before proceeding further, we define a word that is inare only possible if energy is lost during the transit of the
common usage todaguperluminal We prefer the definition pulse.
Practical interest in the subject of electromagnetic pulse
propagation in a dispersive medium began with radio and
*Electronic address: Mark.Bloemer@ws.redstone.army.mil radar, and continues today for satellite communications and
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fiber optic networks. With the advent of microfabrication andfiguration more in keeping with the envisioned true time de-
nanofabrication techniques, areas such as photonic band gy device. We replaced the high peak power actively mode
(PBG) engineerind 6] have created a need to examine elec-locked erbium fiber laser with a simple injection current
tromagnetic pulse propagation in materials with strgeg-  modulated external cavity diode laser. Thus, we went from
metrical dispersionFor an electromagnetic wave propagat- Picosecond, transform limited pulses to nanosecond, chirped
ing through a uniform bulk medium, the refractive index andPulses. In the present experiment, the length of the optical
physical distance traversed determine the phase accumulatBH!S€ is much larger than the length of the samples, approxi-
by the field. For a wave propagating in a multilayer mediumMmately two orders of magnitude longer. Also, the laser wave-
composed of two materials with different indices of refrac-'€ngth is tunable by means of a grating in the external cavity.
tion, multiple reflections, and interference effects will affect Nitially, we discounted the effects of chirp on the transit
the phase accumulated upon transit. This is also true for HMe because the magnitude of the chirpl GHz, was
single material with end faces. For these cases, it is helpful t§0re than two orders of magnitude smaller than the spacing
assign an “effective index of refraction” to the composite. Of the transmittance maxima;-100 GHz for the GaAs
The variation of the effective index of refraction with wave- Sample used in this work. Also, the chirp was only a small
length is the geometrical dispersion. A recent example of th@€rturbation on the carrier frequency, the magnitude of the
useful application of geometrical dispersion is the ability tochirp being five orders of magnitude smaller than the carrier
achieve phase matching for second harmonic generation #eduency. _ _
multilayer structureg7]. In PBG materials, the dispersion ~ On calibrating our new time measurement system with
associated with the geometry of the composite dominates thgférence samples of bulk GaAs and silica, we found that
material dispersion of the constituents. Another complicatingt@lon effects were important because the transit time of the
factor with PBG materials is the finite size of the samples, inP€ak of the pulse varied with the wavelength. Calculations
some cases only a few lattice periods in extent. For theskased on transform limited pulses indicated that the range in

finite-size structures, the dispersion relation can be quite difthe transit times should vary about the static transit time

In this paper, we specifically refer to the tetransit time ~ S@mple, the theoretical transit time as a function of wave-

as the time required for the peak of the pulse to propagatingth should range from 2.7 ps to 9.2 ps. We actually mea-
through the length of the sample, or, more precisely, the tim§uréd transit times ranging from7 ps to+22 ps for the
interval between the peak of the pulse entering the sampl&aAs sample. As we will show, superluminal, zero, and
and the peak of the pulse exiting the sample. This assumé¥gative transit times are to .be expected'lf we consider all
that the peak is well defined and measurable. In our experthe parameters associated with the evolution of the pulse.
ment, we measure the time required for the pulse to propa-
gate through free space from the laser source to the detector.
Next, we place the sample in the optical path and record the
new time. The difference in these two measurements is the The samples used in the transit time measurements con-
delay time For most materials, even those having anomalousisted of a silica optical flat, 9.9 mm thick, and a polished
dispersion, the delay time is positive because the refractiv&aAs substrate 0.45 mm thick. The surfaces were not anti-
index of the material is greater than air and most values ofeflection coated and therefore had some residual reflection
anomalous dispersion are not large enough to offset the reesulting in ‘¢alon effects. The theoretical transmittance
fractive index. The determination of the experimental transitspectra for the two samples are shown in Fig. 1. The optical
time requires a measurement of the sample thickness whiatonstants for silica and GaAs were taken from Paflk
can be accurately measured to within a few micrometers witifransmittance maxima are separated by 0.085hinGH2
a vernier caliper. The actual transit time is then the measurefr the silica sample and 0.79 nf®9 GH2 for the GaAs
delay time pluD/c, whereD is the thickness of the sample. sample.

In our previous worK8], we measured the transit time of ~ The experimental arrangement for measuring the transit
a pulse propagating through a one-dimensional PBG sampléme of the optical pulses is shown in Fig. 2. The laser diode
of GaAs/AlGaAs. The group velocity was found to vary was tunable from 1505 to 1595 nm by means of an external
from 0.1c to 0.& in the vicinity of the photonic band edge. grating(New Focus, Inc., Tunable Laser, Model 6328he
In that work, the time calibration of the experimental appa-relatively small beam diameter did not permit tuning through
ratus was checked by measuring the transit time of a pulsthe transmission resonances by tilting the sample. Using an
propagating through a GaAs substrate. The longitudinal exeptical spectrum analyzer with a 15 GHz free spectral range
tent of each pulse was much less than the GaAs substratand a finesse of 150, we measured the laser wavelength sta-
thickness. In this situation talon effects are not important bility to be better than 0.004 nm over several minutes.
because the bandwidth of the pulse is much wider than the Optical pulses were obtained by applying a Gaussian volt-
spacing of the transmittance resonances. The measured groage pulse, 340 ps full width at half maximutRWHM),
velocity was found to be that of bulk GaAs. from a pulser(Avtech Electro Systems, Model AVM-1-C-D-

The motivation of our previous work was to explore the DSRCA). The repetition rate of the pulser was 10 MHz.
potential of PBG materials as compact, tunable optical delajach voltage pulse was split into two paths, one to trigger
lines. Based on the positive outcome of the delay measurghe wave form digitizer and the other to modulate the laser
ments we redesigned the measurement apparatus in a cafiede current to produce a fast optical pulse. For the sample

Il. SAMPLES AND EXPERIMENTAL APPARATUS
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10 Y wavelength was-10 s. The stored wave form consisted of
y / \ 513 data points to provala 1 pstime resolution. The wave
! I form was fitted to a third order polynomial to determine the
08 h ‘ N peak position of the pulse in time.
= 'I ’,' \‘
g 0.6}~ ,' \ N ‘\ I1l. EXPERIMENTAL TIMING CORRECTIONS
s ! ' \
= - ‘\\ J \ The measurements required that the timing resolution of
§ 04k Y K . the system be on the order of 1 ps. Effects that were found to
= S . influence the transit time versus wavelength measurement
~ ~- include thermal drift of the oscilloscope time base, optical
02k feedback into the laser cavity, position of the focal spot on
the detector, detector rise time as a function of pulse inten-
i sity, interference effects of optical elements, and cavity dwell
0 Lo Lo P IR | time effects of the laser.
1550.0 15505 1551.0 1551.5 The ambient temperature of the laboratory was found to
affect the delay measurement at a rate of 3.5 ps per 1°C
Wavelength (nm) temperature change. The long electrical transmission lines

had a weak thermal dependence of 0.7 ps per 1 °C. The main

transmittance of the silica optical flat, 9.9 mm thick; dashed "ne:was remedied by maintaining a constant temperature in the
transmittance of the GaAs wafer, 0.45 mm thick.

measurements, the laser was idling in cw mode at 50(h2A
mA above thresholdand the voltage pulse was estimated to
drive the laser from 50 mA to a peak current of about 70 mA
The sample was positioned between the laser head and a
high speed detectgNew Focus, Model 1611 InGaAs detec-
tor with a 1 GHz bandwidth and a 400 ps rise tym&he
detector output was observed on a HP54750A digitizing os
cilloscope having a HP54751A, 20 GHz module with a com-
bined trigger and time base jitter ef2.5 ps. The total path

laboratory and recording data afte 2 hwarm up time.

Weak optical feedback into the laser caused power fluc-
tuations on the order of 10% resulting in timing jitter. An
optical isolator with 46 dB of isolation reduced the power
fluctuations below 1% and eliminated this problem.

The high speed detector had a lens mounted on the front
end to focus the beam. It was noticed that small position
changes of the laser beam on the detector resulted in large
timing variations. We also found that the laser beam position
oscillated slightly as the laser was tuned in wavelength. Sub-
sequently, we mounted the detector on a translation stage and

without the sample served as the baseline. The sample Wagermined the timing dependence on detector position to be
then inserted into the optical path and the time dlfferenceb_5 ps per 1um of translation. A fiber pigtailed detector

recorded. . . . :
. eliminated the timing dependence of the spatial beam posi-
The FWHM of the optical pulse was measured to be cons. m Iming dep pat post

siderably longer than the voltage pulse injected into the laser.
We checked the optical wave form using a 25 GHz detectoy,
(New Focus Model 1437and found no distortion resulting o
from the 1 GHz detector. We attributed the pulse broadenin
to the bandwidth of the laser modulation circuit itself, which
was only rated for a 300 MHz input. The optical pulse was
roughly a Gaussian wita 1 nsFWHM.

For the transit time measurements we recorded the centr
portion of the wave form spanning a 500 ps time interval.
The digitizing oscilloscope was set to average 16 wave formge
for each wavelength measurement. The acquisition time Pef,

The detector rise time and therefore the peak position of
e pulse were found to be dependent on the strength of the
ptical signal impinging on the detector. The time measure-
%hent varied by 4 ps if the detector signal doubled. This de-
pendence on signal strength was greatly reduced if the opti-
cal signal on the detector was modest. For the smaller signal
levels used in the experiment the power dependence could be
f glected.

A final source of timing error resulted from the laser it-
If. Baseline measurements of transit time without a sample
the optical path displayed strong wavelength dependence.
The measured transit time had oscillations on the order of 25

seee Cptioa soter ps with a period of 0.4 nntor 50 GHz at a wavelength of
73*;3;‘;;“' O " ﬂ onable 1550 nm). Therefore, the laser itself was a tunable delay line
Coteer) | |.| Laser with a range of 25 ps. Also, the laser delay was dependent on

the injected current, with larger timing variations for the
higher drive currents. The 0.4 nm periodicity was identical to

RF Pulse
Generator

Splitter

TRIGGER

INPUT

Repetitive Sampling
Oscilloscope

HP54750A

the periodicity observed in the laser power versus wave-
length spectrum which had power oscillations~0£0%. Ac-
cording to the manufacturer, the laser diode had one facet
coated with a high reflector and the other facet was antire-
flection (AR) coated. The AR coating is not perfect and re-

FIG. 2. Experimental apparatus for measuring the transit timessults in a small residual reflection. This weatalen effect
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FIG. 4. Experimental transit times for the silica sampdata
points. Also shown is the theoretical transit time spectr(solid
lines).
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FIG. 3. Experimental transit times for the GaAs samfuata

pointg. Also shown is the theoretical transit time spectr(solid o ) ) )
line). the transit times shown in Figs. 3 and 4 would be indepen-

dent of wavelength. For reference, the transit time of a pulse

changes the cavity) or dwell time and causes the laser Propagating a distance of 45am in bulk GaAs is 5.1 ps
power to oscillate on the order of 10% as the wavelength i§ieglecting material dispersion and 5.6 ps including the ef-
scanned. These power oscillations will shift in wavelengthfects of material dispersion. We measured transit times rang-
depending on the exact temperature of the diode and othdég from —7 psto+22 ps for the GaAs sample. The varia-
factors. To properly account for this, we recorded a baselin&on in transit times as a function of wavelength results from
scan before every set of measurements. the geometrical dispersion associated with reflections at the
We also corrected the transit time spectra for an error ifPoundaries. Transit times of less than 5.6 ps are superlumi-
the wavelength step precision of the laser. Software for scarff@l. For O ps transit times, the peak of the transmitted pulse
ning the laser’s wavelength over a specified range and agXits the sample at the same instant the incident pulse arrives
quiring the detector signal was developed to provide autoat the sample. Negative transit times indicate that the peak of
mated spectral measurement capability. The laser wavelengthe transmitted pulse has already exited the sample before
was stepped in 0.02 ni2.5 GH2 intervals and then a wave the peak of the incident pulse arrives at the sample. Another
form was recorded. This was the smallest interval for theunusual feature is that the minimum transit time7 ps,
tunable laser. Using an optical spectrum analyzer, we tracke@does not occur at the minimum in the transmittance, which is
the actual step interval to be on average 0.018 nm with 0%, but occurs at a transmittance of 55%.
standard deviation of 0.004 nm. The optical spectrum ana- For the silica sample, the transit times range from 36 ps to
lyzer was removed when recording the transit time spectra t§0 ps. The time required for a pulse to propagate 9.9 mm
reduce extraneous reflections, but we corrected the trangdiirough a material of index of refraction 1.4flica) is 47.7
time data for the overall wavelength scan error of 10%. ThePs if we neglect material dispersion. Adding the material
slight variation in sequential step size coupled with the in-dispersion of silica results in an additional 0.6 ps for a transit
herent time variation of the laser pulse with wavelength wadime of 48.3 ps(superluminal thresho)d
the major source of error in the transit time measurements. Both the GaAs and silica samples display superluminal
Based on the above analysis, we estimated the time deldyehavior at relatively high values of transmittance. In the

accuracy as a function of wavelength to be 1 to 2 ps. following section we will describe a theoretical model to
calculate the transit times for transform limited pulses and
IV EXPERIMENTAL TRANSIT TIMES chirped pulses and elucidate the actual impact of the chirp on

the transit times.

Figures 3 and 4 show the experimental results of the tran-
sit times for the chirped pulses propagating through the, \;qne) (NG THE CHIRP PROFILE OF THE INCIDENT
GaAs and silica samples, respectively. The experimental data PULSE
points are limited by the minimum wavelength step of the
laser, 0.018 nm, which means that the silica data are under- As we did not have a direct measure of the chirp, the
sampled. In spite of the limited number of data points for thesemiconductor rate equations were solved to determine the
silica sample, the measurements show the dynamic behavichirp profile of the laser pulse. These equations have been
of a pulse propagating through a linear medium with bound-extremely successful in describing the characteristics of di-
aries. If the samples had antireflection coatings or if the opede lasers. The rate equations for the complex fieldnd
tical pulse length was less than the thickness of the samplearrier densityn for the laser can be written as
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0 0 1 > 3 4 5 6 FIG. 6. Chirp profile derived from the laser rate equations for a
Time (ns) 1 ns long(FWHM) optical pulse, dashed line. Input parameters for

the rate equations are based on the operating parameters of the laser
FIG. 5. Comparison of the measured optical pulse profile andused in the transit time measurements. Xta&xis offset is arbitrary.
theoretical pulse profile calculated from the laser rate equations. The solid curve is the simplified chirp profile used in the calculation
of the transit time.

dE 1
ar -~ 2(IFie)Gn(n=ny)E, () was truncated and fitted to a Gaussian and the corresponding
chirp calculated. The chirp profiles for the full pulse and the
dn | n 1 truncated pulse are shown in Fig. 6. The most important
T ———| —+Gn(n— nth)) [E[%, (2)  feature of the chirp profile in relation to the transit time is the
eVy 75 \7p :
central slope of the chirp.
and the parameters, Gy, N, |, e Vi, 75, and 7, A graphic illustration of the relative size of the chirp is

represent the linewidth enhancement factor, differential gainShOWn in Fig. 7. In the figure are plotted the theoretical trans-

threshold carrier density, pump current, electron charge, aé’p(;tvaerlcse ;?::r;hgf SV%ASUEZOSI S'Il'lrzcean?i?rrg\?vlesovileornsg :::I':Pur:??s
tive volume, carrier lifetime, and photon lifetime of the laser, P P P ' P P

respectivel\{10]. We used parameters for a typical semicon{)Or a dl ns long(FWHM) trﬁnsfor:m limited plulsedwhllle the
ductor laser: a=5.0, Gy=2.6x10"% cn/s, ny=1.5 broe} elr gowerl]r spﬁctrum ﬂas tf e same pulse duration, 1 ns,
x10'® cm 3, 7,=700 ps, andr,=3 ps. The active vol- ut includes the chirp profile of Fig. 6.

umeV, is determined from the laser threshold currgpaind

the parameters given above. The rate equations were solved b - "~ J10
using a Gaussian pump current profilg), with the same - .
width measured for our optical pulse, 1 ns, and a peak cur- L . ‘\
rent of 20 mA, superimposed on a baseline current of 55.3 A
mA. The measured threshold current for our laser at the typi-
cal operating wavelength wdg,=46.1 mA. The change in
frequency of the laser, i.e., the chirp, is given KBw
=d¢(t)/dt.

The chirp profile, and therefore the transit time spectrum,
will be most sensitive to the linewidth enhancement factor
since it determines the strength of the coupling between the
phase and the amplitude of the field. Typical values for the
linewidth enhancement factor range from 4 to 6. We chose a &~
value of 5 for the calculation. For other values of the line- "
width enhancement factor, the fit to the experimental transit -
times is slightly worse. o—r—t 1

Figure 5 shows the comparison of the measured optical 1560.3
pulse profile and the theoretical pulse profile obtained from
the laser rate equations. The pulse ringing observed in Fig. 5
is due to relaxation oscillations associated with the fluctua- F|G. 7. Theoretical power spectrum of a transform limited, 1 ns
tions in the electron density. long (FWHM) Gaussian pulsésolid ling) and the same pulse with

The relaxation oscillations in the optical pulse profile re-chirp (dashed ling The chirp profile is shown in Fig. 6. Superim-
sult in a ringing of the chirp profile. To simplify the calcula- posed above the power spectrum are the transmittance of the GaAs
tions of the transit time, the optical pulse shown in Fig. 5sample and the silica sample.
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VI. TRANSIT TIME CALCULATIONS hence insight into the group velocity and the transit time.

The effective index point of view is also helpful for other

We now outline th? procedure that we use to calc.ulate .th%pplications such as phase matching in photonic band gap
transmissive properties of the structure under ConS'derat'OQ:'rystals for second harmonic generat[ai

The method is based on the matrix transfer method. The'”, " oo 100 ihe effective index, we use the pro-

transmission is generally defined as the ratio of the transmit- . . . S
ted to incident field$11], that s, cedure outlined in Ref.7]. With the effective index we can

use the standard expression for group velocity to determine
TN A the transit time spectra. The group velocity is related to
t(@) = Eou @)/Ein(). ©® the phase velocity/, and dispersiomin/d\ by

We can recast E(3) as follows:

V—Vl)\dn 7
g_p+ﬁan ()

Eou(®) :Y(W)Ein(w)- (4)

The functionT(w) can be viewed as a propagator that iswhere\ is the wavelength in the medium. In terms of the
calculated using the matrix transfer method. Taking the Foulr€® space wavelengiky,

rier transform, it follows that Ao dn]-?

g (8)

+ o0 Vg: Vp{ 1—
Eout(t):J T(w)Ein(w)eiiwtdwa 5)

- Thus, the highly dispersive regions in the effective index
spectra correspond to the extremes in the transit times.

As we will see, an evaluation using the effective index
field. Therefore, once the transmission function has been ¢ __pproach is adequate to pr_edlct transit imes for transform
culated by the matrix transfer method, all relevant informa—'mIted pulses bUt_ not for chlrp_ed pulses. The correct eyalu-
tion about the transmitted field can be extracted. ation of the transit time for chirped pulses is done by inte-

In the current experiment, the incident field is of the form grating Eq.(5), where the input field is taken to be a chirped
Gaussian pulse. The picture that emerges is that chirping the

t2 input field causes additional effects that modify the transit

Ein(t) =Eo ex;{— F—iwt—hﬁ(t)} (6)  time, leading to a fourfold increase in the range of transit
7o times as well as negative transit times. Also, surprisingly,

there is no distortion in the shape of the transmitted pulse.
We note that the matrix transfer method is a steady-state
approach. Although it is for plane waves, one can always do

A Fourier decomposition of a pulse. Since we are in a linear
regime the method has no approximations. We also checked
éhe matrix transfer method against a beam propagation
odel (BPM) and obtained identical transit times.

The effective index model is an approximation when ap-
Sﬁ_)lied to pulses and requires the spectral content of the pulse
&0 be smaller than the features in the transmittance. This is a
reasonable approximation for our experimental conditions.

whereE, (t) is the temporal profile of the transmitted field,
andE;,(w) is the Fourier transform of aarbitrary incident

whereg(t) is a Gaussian chirp introduced by modulating the
injection current of the laser diode ang is related to the
Tewnm Of the pulse intensity byro= rrwnm/ (241N 2). To
determine the transit time, we calculate the output field fo
free space propagation of distanibeand then calculate the
output field for propagation through the sample of thicknes
D. The time difference between the two peaks of the outpu[n
field is the delay time. Addindd/c to the delay time gives
the actual transit time for the pulse. We calculated the tran
time for transform limited pulses as well as chirped pulses t
elucidate the effect of the chirp.

While the above procedure provides the required data on
the transit times, it is not very helpful in understanding the VIIl. THEORETICAL RESULTS

physical processes leading to the delay. For better insight itis e theoretical results for the GaAs and silica samples are

helpful to calculate theeffectiveindex of refraction for the  ghown in Figs. 8 and 9, respectively. Four curves are plotted:

samples. When light propagates through the GaAs or silicg,e transmittance, the effective index of refraction, the transit
sample, some of the energy is lost due to reflection and, ime for a transform limited pulse, and the transit time for a
addition, the transmitted field accumulates a phase upon traf&hirped pulse.

sit. We treat the sample as a black box and ask, “What is the
effective index of refraction that will provide the proper
phase and amplitude of the transmitted field?” The effective
index is complex and has a real component to account for the We want to point out that the effective indices for the two
phase and an imaginary component to account for the lossamples amount to a very small oscillation about the bulk
For example, we treat the silica sample, which has only andex of refraction of the material. For the GaAs the effec-
real index of refraction and lengfb, as an effective material tive index varies by %10 4 and for silica the effective in-
with a complex index of refraction and lengih Hence, the  dex varies by X 10 °. At first glance this seems to be an
sample is transformed into an absorptive material that has niasignificant perturbation on the bulk index, but when com-
reflections at the boundaries. The effective index provides ubined with the fact that the effective index oscillates with
with the geometrical dispersion relation for the sample andsuch a small period, the effect on the dispersion is huge. As

A. Effective index of refraction
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3.3730f ' ' ' ] the material dispersion had a negligible effect on the overall
8 results.
GEJ s5757 Note that, at the minima and maxima in the transmittance
= spectra of Figs. 8 and 9, the magnitude of the dispersion is
§ largest. In these regions we expect the largest deviations in
® 33735 . . . , transit time compared with a bulk medium having antireflec-

tion coatings. Also note that the points of inflection in the
transmittance spectra are the points corresponding to the
maximum and minimum values of the effective index of the
samples. If the points of inflection are not spaced at equal
wavelength intervals, the result is an asymmetry in the effec-
tive index spectra. This asymmetry can be seen in the GaAs
effective index spectrum of Fig. 8, which has a sawtooth
profile. The silica sample has an effective index spectrum
more sinusoidal in nature.

transit time (ps)
Transmittance

-10-....|....|....l....l..
1550.0 1550.5 15851.0 1551.5 1552.0

B. Transit times of transform limited pulses

Wavelength (nm) The solid curve in Figs. 8 and 9 show the theoretical
transit times for a transform limited pulse propagating
fhrough the samples. The transit times calculated from Eq.
(5) (matrix transfer methodand Eq.(8) (standard expression
for group velocity using the geometrical dispersigield the
same results.

We first note that transmittance maxima correspond to the
ongest transit times and transmittance minima correspond to
e shortest transit times. For unity transmittance, we have a
sonant cavity and an associated long dwell time.

FIG. 8. Theoretical results for the GaAs sample. Plotted are th
transmittance(long-short dashes effective index(upper figure,
transit time for the transform limited pulgsolid ling), and transit
time for the chirped pulséashed ling

shown in Table I, the geometrical dispersion due the reflec
tions at the air/medium interfaces can easily be a factor of
larger than the bulk material dispersion and can be of 0pPPO7,

site sign. Because the material dispersion is much smaller \y.. a0 now see the strong influence of geometrical dis-

than the _geomet_rlcal dispersion, the m_atenal dls_per5|on V\_’aﬁersion on the transit time of the transform limited pulses. In
not conS|de(ed in any of the calculatlor_ls of_th|s PAPEr IMysth the GaAs and silica samples, the material dispersion
prder to clarify the .effeqt of the g_eometncal c_ilspersmn. Wecausesw 0.5 ps increase in the transit time, while the geo-
included the material dispersion in the transit time calcula- i

i o test th lidity of thi imati d found th tmetrical dispersion causes the transit time to vary by about 6
lons 1o test the validity of this approximation and found tha ps into subluminal and superluminal regimes.

C. Transit times of chirped pulses

1 The chirped pulse transit times were calculated from Eq.
NN (3) using the chirp profile generated by the laser rate equa-
1 tions. The theoretical transit times for chirped pulses, the
T dashed curve in Figs. 8 and 9, are very different from trans-
form limited pulses. The obvious differences are the much

efft-.:gtnLe |ﬂdex

O~ T T ——r<—1.0 larger transit time ranges for chirped pulses and a wave-
4 \~/ \-/ \,/ \,/ N length shift in the maximum and minimum transit times. In
r 108 both the GaAs and the silica samples, the range in transit

8

times increases fourfold, from 6 ps to 24 ps, for the chirped
pulses compared with transform limited pulses. The modifi-
cations in the transit times are due to the wavelength depen-
dence of the transmittance and the chirp profile of the pulse.
In calculating the transit time for various chirp profiles we
find that the most significant feature is the strength of the
T chirp at the center of the pulse, Fig. 6. In fact, approximating
?250_0 15504 156502 15503 1558_4 the chirp profile near the center of the pulse with a linear
chirp across the entire pulse yields the same theoretical tran-
Wavglength () sit times._ As the magnitude of the chirp tends 'gov_vard zero,
the transit times approach that of the transform limited pulse.
FIG. 9. Theoretical results for the silica sample. Plotted are théAt the transmittance maxima and minima, the initial chirp of
transmittance(long-short dashes effective index(upper figurg,  the incident pulse has no effect on the transit time.
transit time for the transform limited pulgsolid ling), and transit In previous work by D’Aguannet al.[12], it was shown
time for the chirped pulsédashed ling that the transit time for chirped pulses depends on the prod-

Transit Time (ps)
3
Transmittance

o
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TABLE |. Summary of the sample parameters and transit times.

GaAs Silica
Sample length 0.45 mm 9.9 mm
Refractive indexat A o= 1.55um) 3.3737 1.444
Transmittance resonance widtRWHM) 0.25 nm(31 GH2 0.041 nm(5.1 GH2
Transmittance minimum 30% 88%
Bulk material dispersionAn/A\,) -0.19 um™? -0.012 um™?
Transit time for bulk material 5.6 ps 48.3 ps
Geometrical dispersionAn/A\g) -1.8t0+1.0 um™?! —0.06 to+0.06 um™?!
Transit time for transform limited pulse 2.7t09.2 ps 45 to 51 ps
Transit time for chirped pulse —6.5t0+18.5 ps 36 to 60 ps

uct of the slope of the transmittance spectrum, the strength dhrough the medium, assuming that the spectral content of
the chirp, and the square of the pulse duration. Surprisinglythe pulse is much smaller than the width of the absorption
the pulse remains Gaussian, at least to a first order approxine [2]. The only change in the pulse envelope is the ampli-
mation. tude. Surprisingly, the same conditions hold for chirped pulse
We point out that the changes in the chirp profile of thepropagation. The transmitted pulse envelopes calculated
pulse due to the transit through the medium are quite smalfrom Eg. (5) show no distortion when compared to the
A plot of the chirp profile for the incident and transmitted Gaussian input pulse. The only change in the pulse is the
pulse shows the two to be identical, that is, much smalleamplitude. We also calculated wave forms using the entire
than a 1% change. pulse including the relaxation oscillations to see if other than
While the differences in chirped pulse transit times of theGaussian pulses might show some distortion. The result was
GaAs and silica samples appear profound, such as negatitiee same: no pulse distortion was evident for the transmitted
transit times, there are similarities. For example, the range gbulse.
transit times is nearly identical for the two samples. The A comparison of the experimental output pulse and input
explanation for this similarity can be traced to the slope ofpulse is shown in Fig. 10. If distortion is present, we expect
the transmittance spectrum. As seen in Fig. 1, the maximunt to occur where the transit time deviates most from the
rate of change in the transmittance is about the same in botihansform limited pulses. The particular case plotted in Fig.
samples. Looking at the phenomenon from this point ofl0 is at a wavelength in the vicinity of the longest transit
view, the main difference in the behavior of the two samplegime. The only noticeable distortion is in the wings of the
is due to the length of the sample and the bulk refractivegpulse. We attribute this to the fact that the laser is strongly
index, which set the average transit time. A slightly deepeioverdriven. The laser head is packaged for a maximum input
transmittance minimum in the GaAs sample would providemodulation frequency of 300 MHz, and we are applying a
negative transit times even for transform limited pulses. 340 ps voltage pulse in order to obtain the shortest laser

VIIl. COMPARISON OF THEORY AND EXPERIMENT:
TRANSIT TIMES AND PULSE DISTORTION

Figures 3 and 4 show the experimental and theoretical 0081~

results of the transit times for the chirped pulses propagating
through the GaAs and silica, respectively. The theoretical®
data are basednoa 1 nslong pulse with the chirp profile
shown in Fig. 6. The predicted fourfold increase in the transit
time range for chirped pulses agrees quite well with the ex-
perimental results. The experimental superluminal and negag
tive transit times also agree with the theoretical predictions.  o.02
In the GaAs spectrum, a sawtooth transit time spectrum is
observed as predicted by the theory. The primary discrep-
ancy with theoretical predictions in the GaAs spectrum is
that the longest measured transit times are about 4 ps longe 0
than predicted by theory.
Up to this point we have focused on the transit time of the
peak of the pulse and demonstrated that a chirped pulse has |G, 10. Comparison of experimental input and output pulses at
an increased transit time range compared with transform lima wavelength in the region of longest transit time. The measured
ited pulses. For a transform limited Gaussian pulse, the fresutput pulsedashed lingwas scaled in amplitude and translated in
guency components are spread uniformly throughout th@me in order to better compare it with the input pulselid line).
pulse and the pulse remains Gaussian after propagatinthe output pulse is also shown before the scaling procedure.

0.04

sity (arb. un|

e

time (ns)
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1.0 for pulses having a leading edge in the form of a step func-
C tion. Unfortunately, for Gaussian pulses these terms are not
08 well defined. What we can say is that, for the same input
C \ pulse, the leading edge of a pulse that was transmitted
L % through the sample always lags behind the leading edge of a
o O8[ \ pulse that propagated an equal physical distance through the
= C \ vacuum. Therefore, neither the signal velocity nor the front
T 04 ‘\\ velocity exceeds the speed of light in vacuum and the mea-
i \ sured transit times apply to the group velocity.
0.2 L \\
L 4 \\
o L /’: | | R IX. SUMMARY AND CONCLUSIONS
-200 -100 0 100 200 We have demonstrated that the transit times of electro-
time (ps) magnetic pulses propagating through a medium of finite

length are strongly influenced by geometrical dispersion.
FIG. 11. Comparison_ofalOO ps duration input puIs:_—:' a_nd outputyen in the simple case of a pulse propagating through a

pulse at a wavelength in the region of longest transit time. Thejic4 flat having reflectivities of only 3.3% per interface, the
output pulsgdashed linpwas scaled in amplitude and translated in y - it time variations as a function of wavelength are large.
time in order to better compare it with the input pulselid line). o . -

For a transform limited pulse the effects of geometrical dis-

persion cause the transit time to be anywhere from 45 to 51
pulse duration. As shown in Fig. 5, which compares the pulsgs depending on the specific wavelength. If the electromag-
profile predicted from the laser rate equations and the experhetic pulse is generated by modulating the injection current
mental pulse profile, the discrepancies are most obvious igf a laser diode, then the transit time range is 36 to 60 ps due
the wings of the pulse and in the relaxation oscillations. Wepo the chirp on the incident pulse. Thus, the geometrical dis-
expect that pulses from lasers packaged for high speed oprersion and associated transmittance spectrum cause a 50%
eration would not display distortion in the pulse wings.  variation in the transit time of the chirped pulses compared

For applications as time delay devices, we should conyith the static transit time for material dispersion alone.

sider the range of transit times with respect to the duration ofhese are significant variations considering that the transmit-
the pulse or, in other words, how much can we vary the pulsgance spectrum varies only 12%, from a minimum of 88% to
in time in terms of its FWHM. In our measurements, the 3 maximum of 100%.
ratio of the transit time range to the pulse duration(25 The transit time variations appear more dramatic in the
ps/1000 p52.5%. The next question would be, “How much case of GaAs, which has a geometrical dispersion more than
can we increase this ratio without significant pulse distor-an order of magnitude larger than sili€gable ). The geo-
tion?” As an illustration we calculated the transit times andmetrical dispersion results in a transit time range of 2.7 to 9.2
pulse shapes for a 100 ps long pulse transmitted through thgs for transform limited pulses anet7 to +22 ps for
GaAs sample. The chirp was adjusted to maintain the 25 pghirped pulses. In the case of the chirped pulse, this is a
transit time range. Since the pulse was shortened by a factai0, variation in the transit time relative to the static transit
of 10, the chirp was increased by 100. The resulting powefime with material dispersion. For the transform limited
spectrum for the 100 ps pulse had a FWHM of 12 GHz. Thispulse, it is a 100% variation about the transit time value
is quite a broad spectrum since the transmittance resonanegsulting from material dispersion alone. In GaAs, the geo-
of the GaAs samples has a 31 GHz FWHM. Figure 11 showsnetrical dispersion and associated transmittance spectrum
the comparison of the 100 ps long input pulse and outputan provide negative transit times depending on the specific
pulse in the vicinity of the longest transit time. Here we canwavelength while providing relatively high values of trans-
just begin to see the effects of pulse shaping by the interagnittance.
tion of the chirp profile and the transmittance spectrum. The A final point with regard to the tuning range: to achieve
high frequency components of the leading edge of the pu|sthe full tuning range for the transform limited pulse, the cor-
are slightly attenuated, while the low frequency componentsesponding transmittance would be 100% for the longest
on the tra“ing edge have a h|gher transmittance. A pu'séransit t|me and the minimum Vallue Of transmittance fOI’ the
tuned to the minimum transit time shows similar distortionShortest transit time. For the chirped pulse, the full tuning
but in reverse. Considering that the frequency content of thénge can be achieved with much higher values of transmit-
pulse is 40% of the width of the transmittance resonance, thi&c€ due to the shift in the transit time spectra compared

distortion is unexpectedly small. With this simple system ofith the transform limited pul_se. The_ entire _tu_ning range O.f
a chirped pulse and aftaton, it is possible to achieve a the GaAs sample can be achieved with a minimum transmit-

. . . tance of 55% instead of the 30% for a transform limited
tuning range of 25% of the width of the input pulse. ulse. Thus, with the simple system of a laser diode source
As noted in a recent article by Kuzmiddt al. [13] the P ' ! pie Sy

. firont veloci dsianal velocit be defined and a GaAs substrate we can show superluminal and nega-
meaning offront velocityandsignal velocitycan be defined 6 ransit times at greater than 50% transmittance without
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any distortion in the shape of the transmitted pulse. Active control of the transit time can be achieved by
The large increase in the transit time range for chirpedcchanging the wavelength of the laser source, the thermo-
pulses may prove useful for applications in optical phaseaptic effect, or in the case of GaAs by the electro-optic ef-
arrays, optical control of microwaves, and control of polar-fect. A GaAs waveguide 45Q:m long would require an
ization modal dispersion in high bit rate optical fiber net-index change of only 10 # to span the full transit time

works. range.
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