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Abstract

A near infrared hybridly mode-locked dye laser system consisting of a femtosecond
oscillator and a high repetition rate dye amplifier was designed and built. This system was then
applied to the study of room temperature below-bandgap femtosecond switching and coherent

pulse propagation in GaAs/GaAlAs multiple quantum well waveguides.

The noise properties of the oscillator output were studied using radio frequency spectrum
analysis techniques. Two distinct modes of operation were identified: The first is characterized
by the shortest pulse duration and its real-time autocorrelation signal appears more strongly
modulated. The second mode of operation, which exhibits a slightly longer pulse duration and
a smoother real-time autocorrelation signal, is obtained for a relative cavity length detuning of
AL = -0.7 pum. Unexpectedly, the second mode features larger pulse duration fluctuations than
the first mode and self-pulsing, while the pulse repetition timing and pulse energy fluctuations
were found to be similar in both cases, making the first mode preferable for use in time-resolved

experiments.

Femtosecond all-optical switching under off-resonance room temperature excitation was
demonstrated in a passive GaAs/AlGaAs multiple quantum well directional coupler for the first
time. The required phase mismatch originates from an ultrafast refractive index change caused
by the optical Stark effect. The main obstacle regarding practical device applications is its low
transmission (less than 10 %). The use of electrically pumped semiconductor waveguides that

provide gain promises to remove this disadvantage.
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Below-resonance, coherent pulse breakup in a room temperature semiconductor
waveguide was observed for the first time. Numerical simulations of the coupled semiconductor
Maxwell-Bloch equations show that the light-matter interaction can induce enough chirp through
self-phase modulation during propagation in order to violate the initial adiabatic following regime
and cause pulse breakup. This coherent effect is distinctly different from self-induced
transparency, because it does not involve Rabi-oscillations at the start of propagation, from
temporal solitons, because it does not require group velocity dispersion, and from self-steepening.
However, it should be ubiquitous under off-resonance pulse propagation with a pulse duration

less than the polarization dephasing time.
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Introductory Remarks

Optical devices are very attractive for communication links due to three advantageous
features: Wide bandwidth, high signal propagation speed, and insensitivity to electrical
interference. A very good, if not the best, example for a technology that exploits these
advantages is the optical fiber combined with semiconductor lasers and optical amplifiers. These
communication systems, which have only recently reached maturity, have already replaced many

electronic long-distance transmission lines, greatly improving signal handling capabilities.

Researchers are now trying to develop integrated optical devices that are able to extend
the domain of optical communications down to the circuit board and microchip level. The
materials for such optical integrated circuits should ideally have low losses and large optical

nonlinearities, permitting easy fabrication of optically bistable devices.

The optical response in the energy range close to the bandedge of bulk semiconductors
and semiconductor microstructures has been known to give rise to a variety of nonlinear optical
phenomena. The recent progress in semiconductor fabrication techniques, which is driven by
a rapid growth in the computer industry, has made it possible to produce high purity
microstructures of these materials with atomic monolayer size control. These two, one, or even
zero dimensional structures promise to provide enhanced nonlinear response compared to bulk

material [see Peyghambarian and Koch, 1991, and references therein].

In waveguide devices, similar to the glass fiber, the nonlinear optical properties can be

utilized very efficiently due to the confinement of high intensity light beams in a small guiding
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volume throughout long propagation distances. If femtosecond light pulses are employed, not
only are high peak intensities available for the generation of a nonlinear response at low average
power, but the dynamics of the light-matter interaction may be studied in both time and frequency

domains.

After summarizing the motivation for this work a brief description of the content will
conclude the introduction. The dissertation can be divided into two main sections. The first
section, which comprises chapters 1 and 2, is dedicated to the description of the laser system that
has been built to study the properties of GaAs/AlGaAs multiple quantum wells (MQWs) and
MQW waveguide structures. The second section, which encompasses chapters 3 and 4, depicts

two significant experiments conducted with this laser system.
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CHAPTER 1

NEAR INFRARED FEMTOSECOND LASER FACILITY

1.1. Introduction

Before the arrival of the self-mode-locked Ti:sapphire technology [Spence et al., 1991]
only the hybridly mode-locked dye laser was available for femtosecond pulse generation with
wavelengths beyond 850 nm [Smith et al., 1984; Dobler et al., 1986; Dawson et al., 1987]. The
dye oscillator used throughout this work is designed following Dawson et al. [Dawson et al.,
1986]. Its mode-locked output wavelength range between 865 nm and 875 nm is close to the
bandedge of GaAs at room temperature, making it suitable for femtosecond spectroscopy of GaAs
and related materials, in particular the new quasi-two-dimensional quantum well or superlattice

structures.

Figure 1 gives an outline of the main components of the laser facility. A continuous-
wave, mode-locked, frequency doubled Nd:YAG laser serves as the pump source for the near-
infrared hybridly mode-locked dye oscillator. The mode-locker driver unit of this Nd:YAG laser
also serves as synchronization reference for the complete facility and part of its fundamental
frequency output feeds the regenerative Nd:YAG amplifier. The output of the dye laser is
amplified in dye flow cells that are pumped by the frequency doubled regenerative amplifier
emission. A continuouslyscanning background-free autocorrelator provides real-time information
about the dye laser pulse shape [Diels et al., 1985]). The box marked "experiment” in Figure 1

represents different experimental setups that will be described in detail in the chapters of this dissertation.
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Figure 1. Schematic of laser facility using the following abbreviations: Cw ml
2w Nd:YAG...frequency doubled cw mode-locked Nd:YAG laser, hybridly ml
dye...hybridly mode-locked dye laser, bkg-free AC...background-free autocorre-
lator, dye amp...dye amplifier, Nd:YAG regen amp...regenerative Nd:YAG

amplifier.

electrical connections.

1.2. Hybridly mode-locked femtosecond dye laser

Solid lines indicate optical connections, dashed lines indicate

Figure 2 schematically displays the dye laser cavity. Quartz Brewster prisms, in double

pass operation, provide for group velocity compensation and eftectively compress the pulse as

it circulates inside the cavity [Fork et al., 1984]. The T = 10 % output coupler is mounted on

a piezoelectrically adjustable translation stage for cavity length fine tuning with sub-micron

resolution. The gain dye is pumped with 650 mW average power by the frequency doubled
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Nd:YAG laser and the output pulse train consists of = 100 fs full-width-at-half-maximum
(FWHM) pulses of about 0.3 nJ pulse energy at 82 MHz repetition rate. Higher pump power

causes double pulsing and is therefore not desirable.

distances:
a=14cm
b=31cm
c=8cm .
d =65cm 0.8 mm thick 0.3 mm thick
e = 4rem absorber 9 \y ‘ pump beam
dye jet X Y-
ye | SN =
c N d N e i:
Brewster S%E
hf'laft\ prisms 5cm 10 cm fI:at :
fllgct radius radius ou plll
reflector high high coupler
3 reflectors reflectors on trans-
> ° lation
stage

Figure 2. Hybridly mode-locked dye laser cavity.

The output of the dye oscillator exhibits two different modes of operation which are
distinguished by slightly different cavity lengths, pulse and spectral widths, as well as noise
charateristics: The first is characterized by the shortest pulse duration and its real-time
autocorrelation signal (Figure 3 (a)) appears more strongly modulated. The second mode of

operation, which exhibits a slightly longer pulse duration and a smoother real-time autocorrelation
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signal (Figure 3 (b)), is obtained for a relative cavity length detuning of about AL = - 0.7 um.
The differences between these two modes are further investigated in chapter 2, exploiting their
noise characteristics. The small pulse duration increase from Figure 3 (a) to (b) is offset by a
spectral width decrease, leaving the time-bandwidth product constant at Av-At, = 0.2. This
shows that the pulses are approximately transform limited in both cases, i. e. the Fourier
transform of the temporal electric field envelope equals the spectral distribution of the electric
field. It further suggests an asymmetric pulse shape. While all common symmetric pulse shapes
have a time-bandwidth product exceeding 0.3, the introduction of asymmetry changes this number

to less than 0.3 [Diels et al., 1985].
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Figure 3. Background free intensity autocorrelations and laser spectra of the dye
oscillator for two slightly different cavity lengths very close to the pump laser

length.
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1.3. Regenerative Nd:YAG pumped dye amplifier

distances:
a=21cm
b=6cm

c=18cm _
d=10cm y out  BBO doubling crystal

e=27cm
f=11cm
g=7cm

uncoated window
aperture

a|b[—-—10ﬂd[\e\

f g’:
=

Nd:YAG rod 3:1 polarizer Pockels cell

1 m radius beam flat
high expander high
reflector reflector

Figure 4. Regenerative Nd:YAG amplifier cavity. Input (seed beam): 100 ps
FWHM pulses at 82 MHz, 200 mW average power, from cw mode-locked
Nd:YAG laser; output: 100 ps FWHM pulses at 1 kHz, 1 W average power.

Amplification of the dye oscillator output makes it possible to reach the threshold
intensities for most nonlinear optical effects including generation of broad new frequency bands
centered around the laser frequency, known as white light or continuum generation. The latter
is crucial for ultrafast time-resolved spectroscopy, because it allows for monitoring spectral

changes in materials of interest over a large bandwidth on a timescale of 100 fs or less.
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Continuum generation requires pulse energies on the order of 1 uJ, if visible light pulses are
focussed into an Ethylene Glycol jet. Thresholds have been measured to be three to four times
higher in the near infrared spectral region [Knox, 1987; Olbright and Hadley, 1988]. Various
schemes have been successfully used to reach these pulse energies [Knox, 1988]. We chose a
regenerative Nd:YAG based amplification scheme [Juhasz et al., 1988], because it avoids the
extreme maintenance problems asociated with copper vapor lasers while it still allows data

acquisition at a repetition rate of 1 kHz.

Figure 4 shows the regenerative Nd:YAG amplifier cavity. Part of the fundamental
frequency output of the cw mode-locked Nd:YAG laser serves as seed beam for the regenerative
amplifier. In the unactivated (no voltage applied) state the Pockels cell is oriented for
quarterwave retardation. This causes each seed pulse entering the regenerative amplifier cavity
to be ejected after one round trip. A single seed pulse can be picked out of the pulse train and
trapped inside the regenerative amplifier when the Pockels cell is switched (risetime < 5 ns) up
to quarterwave voltage while the pulse is to the left of the polarizer in Figure 4. At this voltage
level the Pockels cell acts as a halfwave plate. After the trapped pulse has depleted the available
gain, which takes several tens of roundtrips in arc lamp pumped Nd:YAG gain media, it is
ejected. This is achieved by switching the Pockels cell up to halfwave voltage which reduces its
retardation to the initial quarterwave value. The output pulse is frequency doubled (about 50 %
doubling efficiency without focussing the incident beam) in a second-harmonic generating crystal
(BBO). A dichroic beamsplitter separates the second harmonic from the fundamental frequency
and sends the A = 532 nm beam into an adjustable delay line which creates the necessary

temporal overlap between the regenerative amplifier output and the dye oscillator pulse train.

Figure 5 shows the pulse energy distribution of the regenerative amplifier’s A = 532 nm
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output. The distribution width is AE = 0.17 E,., (FWHM), where E ., = 0.5 mJ is the pulse
energy at the peak of the distribution. These pulses are split by an 80 % transmitting and 20 %
reflecting beamsplitter into two parts to pump two dye amplifier stages as presented in Figure 6.
The less intense beam pumps the first (preamplifier) stage, the other beam pumps the second
amplifier stage. The regenerative ampiifier beams and the dye laser beams are both focussed by

the same lenses into each dye flow cell.

40

30

20

T

PULSES PER SECOND

o 1 Il 1 i ! L 1 ] 1 N
0.00 0.25 0.50 0.75

PULSE ENERGY (mJ)

Figure 5. Pulse energy distribution of the A = 532 nm
regenerative Nd:YAG amplifier output.

The transmitted (about 10 %) green pump light is blocked by irises behind each dye cell. After
the first amplifier stage the unamplified dye laser pulses are eliminated by a thin piece of bulk

GaAs which operates as a saturable absorber [Knox, 1987]. The leading edge of the amplified
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pulse saturates the absorption and allows the rest of the pulse to pass through almost
unattenuated. After the second amplifier stage, part of the amplified dye laser pulse can be split
off as a pump pulse that excites the material under study in pump - probe experiments. The
bigger portion of the amplified pulse is fed into a single mode optical fiber to generate a
frequency continuum. Group velocity dispersion in the fiber causes also temporal spreading,
which is compensated by a prism pulse compressor as shown in Figure 6 [Bor and Rdcz, 1985;

Kafka and Baer, 1987].

A =870 nm
dye laser input 7 um GaAs
_ saturable _ recompression
f=300mm  absorber f=500mm 5 cm fiber Brewster
_} / <\,_| AN A / <x.._~l GAY prisms
RS AR E R R
1cm 1cm
dye flow cell dye flow cell
beamsg’liﬂer amplified dye  continuum
R=20% T=80% laser output output

i = 532 nm regenerative Nd:YAG input

Figure 6. Schematic of dye amplifier.

Figure 7 shows a histogram of dye laser pulse energies after the first amplifier stage and

the saturable absorber. This distribution has a width of AE = 0.4 E,., (FWHM), where E,.,
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= 7.5 nJ, which is more than twice as large as the width of the regenerative amplifier histogram,
indicating significant pulse energy noise in the dye oscillator. This noise is described in detail

in the next chapter.

% LK "1

PULSES PER SECOND
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Figure 7. Pulse energy distribution of dye laser pulses
following the first amplification stage and the saturable
absorber.

The changes in dye laser spectrum and autocorrelation introduced by the amplification
process are small. This is due to the large gain bandwidth of the amplifier dye (LDS 867),
which provides spectrally uniform gain across the laser bandwidth. It also indicates that gain
depletion is avoided. Temporal pulse broadening due to group velocity dispersion in the
amplifier is offset by adjusting the intracavity prisms in the dye oscillator for the appropriate

amount of chirp, in order to obtain the shortest autocorrelation width after the amplifier.
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1.4. Data acquisition system

Time averaged and continuous wave spectral measurements are performed with the
combination of a Spex 0.34 m spectrometer and an EG&G OMA I1I silicon photodiode array.
Since the OMA data are MS-DOS compatible, they can be immediately processed on the
DECstation 333c personal computer, which controls most of the remaining laboratory data
instruments. The computer contains a digital-to-analog (D/A) and analog-to-digital (A/D)
conversion card, a frame-grabber for video camera image recording, and a GPIB interface.

Figure 8 illustrates the physical connections of the laboratory data acquisition system.

spectro-
meter
spectrum drive E:I(l:kels
analyzer ] driver
ste?per GPIB K laboratory | AIDD/A| | peak -
motor q 1 4 4 1 4 ¢ —r»jampiltiel
stage computer card detector
-
sampling T auto- 6 6
oscillo- r shutter corre-
scope frame- lator detectors
grabber
CCD camera

Figure 8. Data acquisition related physical connections between laboratory
instruments.
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The most frequently used data acquisition mode involves two detectors, usually one
photomultiplier tube for the signal of interest and one reference photodiode for the incident pulse
energy. The signals are converted from current to voltage by amplifiers that feed peak detectors,
which are read out by the computer controlled A/D board. Synchronization of the data readout,
the peak detector reset, and the shutter open and close cycles (for background subtraction) with

the amplified dye laser pulse train is supplied by the Pockels cell driver unit.
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CHAPTER 2

NOISE PROPERTIES OF THE DYE OSCILLATOR

2.1. Introduction

Hybridly mode-locked dye lasers have been used extensively in ultrafast spectroscopy
experiments. This is mainly due to the larger number of gain and saturable absorber dye
combinations available as compared to passively mode-locked systems and the ease of
synchronization with amplifiers and other lasers that are synchronously pumped in parallel.
Hybrid mode-locking introduces a saturable absorber assembly into a synchronously pumped laser
cavity, combining passive and active mode-locking mechanisms. The saturable absorber provides
an additional pulse shortening mechanism by cutting off the leading edge of the pulse. The
widespread use and the complexity of these systems have led to a number of different theoretical
and experimental approaches to characterize them [Ausschnitt et al., 1979; Casperson et al.,

1983; MacFarlane et al., 1990; Petrov et al., 1989].

One of the characteristics of this type of mode-locking is its extreme sensitivity to cavity
length mismatch between the pump laser and the dye laser. A previous study has established the
general dependence of pulse width and spectrum on the cavity detuning [Dawson, 1988]. We
have verified this general behavior for our laser. In addition, we observe in our experimental
set up two cavity length positions close to the optimum length that yield transform limited pulses
with durations of = 100 fs, while exhibiting quite different scanning intensity autocorrelations.

These small cavity length detuning regimes are of particular interest, because almost all hybridly
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mode-locked dye laser applications demand transform limited and stable femtosecond pulse trains.
The difference in operating characteristics between these two modes of operation is the object

of this study.

Autocorrelation measurements are generally insufficient for the characterization of the
laser output. In particular, they are not sufficient to uniquely determine a stable femtosecond
pulse train. For this reason the random fluctuations of pulse energy and pulse duration are
investigated employing the technique of radio frequency spectrum analysis [von der Linde, 1986;
Harten et al., 1992]. This technique is based on recording the power spectrum of the laser
intensity with the help of a fast photodiode and an electronic spectrum analyzer. The different
random contributions to the laser noise are identified by their characteristic spectral appearances.
Studies on similar laser systems using this technique have provided valuable insight into the noise
properties of those systems [MacFarlane et al., 1988; von der Linde, 1986; Kluge et al., 1988].
MacFarlane et al. investigated a hybridly mode-locked dye laser experimentally and theoretically
in terms of time of occurrence of the output pulses. They found that the time of occurrence
stabilizes for shorter pump pulses of higher power, reducing the repetition time jitter of their
laser system. Von der Linde’s study presented the theoretical foundations for radio frequency
spectrum analysis of continous mode-locked lasers. Applying this formalism he found that the
timing jitter of the pump laser is transferred directly to the dye laser in a synchronously mode-
locked system. The relative timing jitter between the pump laser and the dye laser can therefore
be very small. Kluge et al. found this to be true also for a hybridly mode-locked dye laser that

combined saturable absorber and gain dye in a single mixed dye jet.
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2.2. Theoretical concept

Following the treatment of von der Linde [von der Linde, 1986] the output intensity F(t)

of a perfectly mode-locked laser can be written

Fy® = Y f(z+nT), )
n

where f(t) is the temporal intensity profile of a single pulse, T is the repetition time of the pulses
in the train, and the integer n runs from -co to +o0. The output intensity of an imperfectly

mode-locked laser F(t),

F@t) = Y. (1+8f) f(t+nT+8T,) , @)
n

is characterized by random intensity fluctuations éf, and by random fluctuations in the repetition
time 6T, which are considered to be small compared to f(t) and T, respectively. With a Taylor

expansion of f(t+nT+6T,) to first order in 6T, around t+nT,

f(t+nT+8T,) = f(z+nT) + -;itf(nnr)zsrn , @)

and introducing two continuous random functions A(t) = 6f, and J(t) = 6T,/T, Equation 2 can

be recast into the form
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FO) = [1+AQF® + TIOSFO , @
where J(t) represents the timing jitter, and A(t) represents the intensity fluctuations of the pulse
train with time averages <A(t)> = <J(t)> = 0. This description is valid for random
fluctuations that vary slowly compared to the pulse intensity f(t). The quantity that can be
measured with an electronic spectrum analyzer is the power spectrum Pg(w) of the laser intensity.
It is defined as the ensemble average over the square of the absolute value of its Fourier

transform. In this case one obtains

P.(w) = PF(0) Y [8(w,)+P,(0,)+Q2rn)?P, (v, )] , ©)
n

with the envelope function

P (w) = @n/T)*|g(w)|?, (©6)

where g(w) denotes the Fourier transform of f(t), P,(w) is the power spectrum of A(t), P(w) is
the power spectrum of J(t), and w, = w - 27n/T. Centered around each multiple of the repetition
frequency one finds the same amplitude fluctuation power spectrum, P,(w), and, added to that,
the timing jitter noise power spectrum P,(w) multiplied by the square of the order number n. For
higher and higher order numbers the spectra will eventually decrease in magnitude due to the
limited frequency range of the detection system. The bandwidth of the detection system used
here is large enough to measure to at least n = 18. Therefore the amplitude noise can be
obtained from the lowest order spectra while the jitter noise, which is recognized by its
dependence on the order number, can be determined from the higher order spectra. The r.m.s.
deviations of the pulse energy AE and the repetition time AT are related to the power spectra by

[von der Linde, 1986]
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(AEJE)? = f P,(0)dw Q)
and
ATITY = [Py (w)do . ®

The integrals on the right hand sides of these equations are evaluated by integrating Equation 5
using several approximations. The first one relies on the assumption that | g(w) | ? is not varying
consideribly between the n = 1 and n = 18 noise spectra. Then the envelope function P™(w)
becomes a constant and can be pulled out of the integral. Each spectrum analyzer data point is
already a result of an automatic integration over its resolution bandwidth Af,,. Due to this fact
one can relate the power spectrum peak value of the nth measured order, p,,,,, to the envelope

function

PM(©) = Py M - ©)

Equation 7 may be easily solved with the further assumption that for the n = 1 order the
integral over the timing jitter term can be ignored, because it is much smaller than the integral
over the amplitude noise. Then an integral S, over Pe(w), encompassing the whole n = 1 noise
band with the exception of a small region around w, of the size + Af,,, yields the desired right

hand side of Equation 7 times the envelope function. In short

+ 00

Sl
f P(0)do = — 1 (10)
pmax,l Af;es

-0

One cannot neglect the timing jitter contribution in Equation 5 for high order numbers
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n. In the experimental section 2.3. it is shown that the n = 10 component contains considerable
timing noise contributions. In that case the timing jitter may be extracted by an additional similar
integration, as described above for the amplitude fluctuations. This additional integral, §,,,

covers the region around the n = 10 spectral peak in the same manner as before. Then

+00

S, -3
fP_,(m)dm o 1 1 !

QO0R)? P10 Mes

an

The integrations S, and S,, are numerically evaluated by summing the measured data points over

the specified range.

Given the pulse energy fluctuations at both the fundamental (subscript "fund") and the
second harmonic laser frequencies (subscript "sh"), and assuming a constant pulse shape, the
r.m.s. pulse duration fluctuations, At/t,, can be calculated [von der Linde, 1986]:

(Atp/tp)’- = (AEJE) 2% - 4(AE/E)W2 . (12)

sh

The special case of intensity fluctuations A(t) that vary on the timescale of the pulse or
faster with <A({t)> = 0 and <A?*t)> = 1 is known as the noise burst model [Pike and
Hercher, 1970]. In this case it is possible to derive an exact expression for the pulse energy
fluctuations [von der Linde, 1986] as AE/E = (t,/t,)""?, where t, is the width of the random pulse
substructure autocorrelation, and t, is the width of the pulse envelope autocorrelation. It is
straight forward to include a timing jitter term in the noise-burst model and then evaluate the
measured noise power spectra as summarized above in Equations 7 and 8. We will show,

however, that this model is not appropriate for noise analysis in our dye laser with small cavity
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length detunings, because it leads to a too large amplitude fluctuation value.

2.3. Noise power spectral measurements

It is convenient to label the two distinctly different regimes of operation that were defined
in chapter 1.2. by their cavity length mismatches as measured from some reference value. The
optimum dye laser cavity length, which by this definition will be labelled as AL = 0, is assumed
to correspond to the cavity length which yields the shortest pulses as measured by their
autocorrelation function. This cavity length does not, in general, correspond exactly to the pump
laser cavity length, nor does it necessarily coincide with the dye laser cavity length that yields
maximum second harmonic generation [Ausschnitt et al,, 1979; Dawson et al., 1988]. The first
mode of operation, which is characterized by larger peak second harmonic generation, shortest
pulses, and a somewhat "noisier" autocorrelation (Figure 3 (a), page 16), will then be labeled
AL = 0. The second mode of operation, which yields slightly longer pulses and a smoother

autocorrelation (Figure 3 (b)), will be referred to by AL = - 0.7 um.

The sensitivity of the dye oscillator to extremely small cavity Iength mismatches implies,
at least, that cavity length fluctuation induced noise is directly transferred from the pump laser
to the dye laser. These fluctuations can be identified by comparing the pump laser noise with
the dye laser noise. Figures 9 (b) and 9 (c) show power spectra of the frequency doubled
Nd:YAG output centered at 82 MHz and 822 MHz, respectively. The 0 dB level corresponds
to 10 dBm electrical power into the spectrum analyzer for all measured noise power spectra.
Since the pump laser behavior is expected to be strongly dependent on the mode-locker, a power

spectrum of the mode-locker “synch out” signal is also included as Figure 9 (a).
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Figure 9. Noise power spectra of (a) the mode-locker synch out signal and (b),
(c) the A = 532 nm intensity of the Nd:YAG pump laser. The resolution

bandwidth is 30 Hz.

This spectrum consists of distinct peaks at multiples of 500 Hz, which are direct consequences

of a phase detector in the frequency synthesizer of the mode-locker driver unit that compares and

adjusts the RF output signal to a precision reference oscillator signal at 500 Hz rate [Spectra

Physics, 1990]. The peaks result from the periodic adjustments of the RF signal driving the

mode-locker. These modulations bring about periodic cavity Q changes in the Nd:YAG laser,

causing the A = 532 nm output power spectra to duplicate the same sharply peaked structure.

It should be noted that the theoretical approach depicted in chapter 2.2. is valid for this type of
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noise. The only restrictions of the theory are the assumptions of a constant pulse shape and
fluctuations that are slowly varying compared to the pulse repetition time. The sinusoidal
modulations of the pump laser intensity, represented by the sharp sidebands in the noise spectra,
are sufficiently low in frequency to satisfy the assumptions. Betweenn = 1 (82 MHz) and n =
10 (822 MHz) the noise bands on both sides of the central peak increase strongly, indicating the
presence of a timing jitter. Figure 10 shows the square dependence of the pump laser jitter noise
on the order number n for the 1 kHz sidebands. The excellent agreement of the data points with
a quadratic function is emphasized by the very small diff_rence between the 6th order polynomial
best fit, which has been added for reference (dashed line), and the quadratic best fit (solid line).
Using Equation 11, a r.m.s. repetition rate fluctuation of AT/T = 0.12 % is obtained. At 82
MHz this is equivalent to AT = 15 ps. This result is supported by direct sampling oscilloscope
measurements by Spectra Physics, which showed a r.m.s. timing jitter of 25 ps. The r.m.s.
energy fluctuations of the green Nd:YAG pulses are AE/E = 3 % according to Equation 10.
In summary, the pump laser carries considerable timing jitter compared to its pulse duration,

while its amplitude fluctuations are small.

Next, the dye laser noise is examined. Figures 11 and 12 show the dye laser noise for
the AL = - 0.7 pum and AL = O cases, respectively, in the same frequency span of + 5 kHz
around the 82 MHz and 822 MHz peaks that contained all of the pump laser noise components.
Figure 12 exhibits an increase of the noise sidebands for n = 10 similar to the pump laser noise,
which indicates that the dye laser follows the pump laser in terms of timing jitter. When
evaluated in the same way as above, the r.m.s. jitter is AT = 12 ps for the AL = - 0.7 um case.
The AL = 0 case presents itself slightly differently, as shown in Figure 12, exhibiting a

broadband noise pedestal with the familiar narrow sidebands superimposed.
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Figure 10. Quadratic fit of the pump laser jitter noise data to the order number
n for the 1 kHz sidebands of Figure 9 (solid line). A 6th order polynomial best
fit (dashed line) does not agree better with the data, proving that the quadratic
fit is sufficient.

Although the 82 MHz and the 822 MHz noise spectra look similar, Equation 11 yields a r.m.s.
jitter of AT = 14 ps. Within the accuracy of these measurements the dye laser jitter can be
attributed to pump laser jitter in both cases. This explanation agrees with previously observed

behavior of synchronously pumped dye lasers [Kluge et al., 1988].

In order to estimate the energy fluctuations of the dye laser, a larger frequency span has
to be chosen. Unlike the pump laser noise, which is confined within a range of + 2.5 kHz from
each repetition rate multiple, the dye laser noise covers a much broader frequency range of +
300 kHz. Figure 13 shows a comparison of the amplitude fluctuations of the AL = 0 with the

AL = - 0.7 pm case.
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Applying Equation 10, one finds pulse energy fluctuations of AE/E = 9 % in both cases. Higher

order noise spectra do not exhibit any noise increase, signifying no additional timing jitter

contributions.
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Figure 13. Lower resolution, larger frequency span versions of Figures 12 (a)
and 11 (a). The resolution bandwidth is 100 Hz.

500

The noise burst model predicts pulse energy fluctuations of magnitude AE/E = (t,/t,)""2.

In both cavity detuning cases the autocorrelations are narrow without "coherence spikes" such
that t, = t,, yielding approximately 100 % pulse energy fluctuations. This result shows the
inadequacy of the noise burst model for modelling the laser output at small cavity length
detunings. Also no shifts between the &-parts and the centers of the noise bands are present in

the power spectra that could justify further consideration of the noise burst model. The absence
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of these shifts can be ascribed to the smallness of the cavity length detuning in both cases.

An interesting difference between the energy fluctuations in the two cases is seen better
in an intermediate frequency span as shown in Figure 14. The AL = - 0.7 pm spectrum has a
double-lobed structure with its peaks at about + 25 kHz away from the center and almost no

noise frequency components between them.
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Figure 14. Intermediate frequency span versions of Figures 12 (a) and 11 (a).
The resolution bandwidth is 100 Hz.

Similar distinct spectral features appear in the pump laser power spectra that are,

however, narrower and located at different frequencies. In this case the 25 kHz oscillation peaks
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are broader due to the presence of other noise sources. The side lobes are related to a sinusoidal
modulation of the laser output. This can be understood by considering the fact that a sinusoidal
amplitude modulation function has a power spectrum with two symmetrically located side peaks,
where the distance from the center to each peak equals the oscillation frequency. The detailed

structure of these sidepeaks is determined by the envelope of the sinusoidal modulation.

A simple model can explain this behavior as illustrated in Figure 15. Since we observe
oscillations of the AL = - 0.7 um pulse train directly in the time domain at the same frequency
of approximately 25 kHz, which are not present in the AL = 0 pulse train, we assume a
sinusoidal function for the random intensity fluctuation function A(t) as shown in Figure 15 (a).
Figure 15 (b) shows G,(t), the autocorrelation of A(t) and the resulting power spectrum
Log[PA(w)] is plotted in Figure 15 (c). The shape of Log[P,(w)] agrees very well with the
measured shape of Figure 15 (b), identifying a plausible explanation for the AL = - 0.7 um
power spectra. It should be noted that single sided negative exponential, as well as Gaussian and

triangular, envelope functions for A(t) did not give as good an agreement.

The good agreement between the data and our simple model suggests a sinusoidal
modulation A(t) which we attribute to self-pulsing [Kiihlke, 1985; New and Catherall, 1986] that
is interrupted by competing noise mechanisms, such as dye jet inhomogeneity. Self-pulsing
develops when a cavity length mismatch prevents the pulse shaping mechanism provided by the
gain and absorber media from fully compensating the temporal walk-off of the dye laser pulse
with respect to the pump pulse. Eventually the dye laser pulse moves out of the gain window
and collapses. Then a new pulse builds up from amplified spontaneous emission. This periodic

phenomenon carries random fluctuations due its dependence on spontaneous emission.
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Figure 15. (a) Sample time interval of modelled random amplitude fluctuation
function A(t). (b) Autocorrelation G,(t) of A(t). (c¢) Logarithm of the
normalized power spectrum P,(t) of A(t). The dashed line has been inserted to
mark the central frequency location.

New and Catherall distinguish between t, > 0 self-pulsing and t, < O self-pulsing,
where t,, = T, - T, is the difference between the cavity transit time T_, and the pump laser
repetition time T, [New and Catherall, 1986]. They obtain self-pulsing for t,, > 0 only when

the relaxation time of the laser medium is comparable to T, while this condition does not apply
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to t, < 0. The fluorescent lifetime of our laser dye has been measured to be less than 1 ns
[Smith et al., 1984] which is small compared to our T, = 12 ns. Therefore, we can exclude
the t;, > 0 case from consideration. This agrees with the fact that we have to shorten our cavity
slightly in order to observe the AL = - 0.7 um mode of operation. Self-pulsing is expected to
be perturbed by other noise sources in our laser that vary on the same time scale, e. g. dye jet
inhomogeneity. This effectively stops self-pulsing and proves reasonable the assumptions made

in our simple model explaining the shape of the observed power spectra.

Finally, the pulse duration fluctuations are extracted from the noise spectra of dye laser
second harmonic as displayed in Figure 16, utilizing Equation 12. The results are At /t, = 21
% (AL = 0) and At/t, = 52 % (AL = - 0.7 pm). Examination of higher order noise spectra
shows no timing jitter contributions on this frequency scale. The pulse duration fluctuations are
about twice as large in the AL = - 0.7 um case. This agrees with the lower autocorrelation
peak: An average over pulses of different duration, but roughly the same pulse energy yields
a reduced peak intensity and a broader shape compared to an average over the shortest pulses.
The larger pulse width fluctuations in the AL = - 0.7 um case are another piece of evidence for
the presence of self-pulsing. The calculations of New and Catherall [New and Catherall, 1986}

clearly show such large fluctuations.

2.4. Conclusion

Two distinct modes of operation of a femtosecond synch-pumped dye laser under study

have been identified and characterized. Timing jitter, pulse energy and pulse duration
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Figure 16. Noise power spectra of dye laser second harmonic intensity. The
resolution bandwidth is 100 Hz.

fluctuations have been investigated. The timing jitter has been ascribed to the timing jitter of the
pump laser, which, in turn, has been linked to electrical noise in the mode-locker driver. The
pulse energy fluctuations are similar in both modes of operation, whereas the shapes of the
respective noise spectra differ distinctly. The AL = - 0.7 um case has distinct noise peaks at
+ 25 kHz off center and shows corresponding oscillations in its pulse train envelope. In
addition, it exhibits pulse duration fluctuations that are twice as strong as in the AL = 0 case.
The noise power spectrum can be explained by a simple model based on chopped sinusoidal

modulations. This evidence points toward a form of self-pulsing that is interrupted by competing
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noise mechanisms, such as dye jet inhomogeneity.

Contrary to a naive interpretation of the autocorrelation measurements, it seems that the
AL = - 0.7 pm case is less useful for time resolved ultrafast experiments, because its pulse
duration is not well defined. In general, the stability of this laser system leaves much to be
desired, unless sophisticated active stabilization schemes are employed. Fortunately in many
cases, these systems may be replaced by much simpler mode-locked Ti:Sapphire lasers [Spence
et al., 1991] that promise to deliver more stable femtosecond pulses in the near infrared and,

frequency doubled, in the blue spectral region.
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CHAPTER 3

NONLINEAR DIRECTIONAL COUPLER

3.1. Introduction

All-optical switching in nonlinear optical devices is of considerable interest for very high
bandwidth optical communication applications. These devices would be very useful at the input
and output ends of the now common fiber-optic transmission systems. If nonlinear materials with
sub-picosecond response times were utilized, all-optical devices could surpass the signal
processing speed of electronic switches. Then photonic devices could be competitive with
electronics even for transmission and connection tasks involving signal propagation distances as

short as 1 cm [Kogelnik, 1992].

Picosecond all-optical switching, based on bandgap resonant nonlinearities, has been
demonstrated in semicoductor doped glass [Finlayson et al., 1988] and GaAs/AlGaAs multiple
quantum well directional couplers [Jin et al., 1988; LiKamWa et al., 1990] using pump-probe
techniques. These devices all relied on the generation of a high enough charge carrier
concentration to bleach the exciton absorption peaks. The recovery times were therefore
determined by the recombination time of these carriers. LiKamWa et al. recently improved the
recovery time of their "zero gap" waveguide switch to 130 ps by the application of an electric
field to accelerate the carrier sweep-out [LiKamWa et al., 1991). The zero gap structure is
single mode in the quantum well growth direction, but supports two lowest lateral modes in the

transverse direction perpendicular to the growth direction. These modes beat with each other
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during propagation, behaving similar to the two separate waveguides of a directional coupler, if
the output is detected close to the end facet. This near field output pattern was switched from

an initial ratio of 7:1 between the peak intensities of the two modes to 1:7.

Femtosecond all-optical switching has been shown in a fused quartz dual-core optical
fibers [Friberg et al., 1988} and GaAs/AlGaAs multiple quantum well waveguides [LaGasse et
al., 1989; Sokoloff et al., 1989; Lee et al., 1991]. The nonlinearity exploited in the dual-core
fiber directional coupler switch of Friberg et al. is the Kerr effect, as evidenced by the accurate
theoretical simulation of the output vs. input power characteristic and the observation of the
expected pulse breakup due to the Kerr effect. For a single input pulse with a peak power that
exceeds the switching threshold only the most intense, central portion switches, leaving the less
intense leading and trailing edges behind. One output port then transmits the peak of the pulse,
while the other delivers the leading and trailing edges, generating the triple-peaked
autocorrelation functions that were measured. The autocorrelations of the switched transmitted
pulse peaks were almost identical to those of the input pulses. La Gasse et al. studied all-optical
switching in a single AlGaAs ridge waveguide using time division interferometry. This extension
of the pump-probe technique employs a third (reference) pulse that is temporally advanced with
respect to the pump and probe pulses before entering the waveguide. After passage through the
sample the delay between reference and the probe pulses is removed and the resulting
interference signal is detected. This permits measurements of amplitude and phase of the
transmitted probe pulses. The femtosecond switching results, obtained under below-resonance
excitation, showed a transient reponse that followed the pulse duration of about 400 fs and a
long-lived response, which was attributed to the presence of charge carriers. Two-photon
absorption was identified as the dominant carrier generation mechanism by a transient absorption

measurement that showed a decrease in the probe transmission only during the pump pulse.
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The rest of this chapter describes in detail the all-optical switching results in quantum

well directional couplers identical to the ones of Jin et al. [Jin et al., 1988}, but using
femtosecond pulses [Harten et al., 1990]. The necessary ultrafast refractive index modulation
is identified as a property of the optical Stark effect [Frohlich et al., 1986; Mysyrowicz et al.,
1986; Peyghambarian et al., 1989]. This interpretation is supported by an increase of the total
transmission through the device, which arises from the transient shift and bleaching of the exciton

resonance during the presence of the pump pulse.

3.2. The directional coupler device

A directional coupler comprises a pair of closely spaced waveguides. The spacing
between them and their respective mode structure determine how much of the evanescent tails
of the light electromagnetic fields propagating along each waveguide can penetrate into the other.
This evanescent coupling can initiate a periodic light exchange between the guides which is very
similar to the periodic energy exchange between two coupled pendula. Following Lee’s treatment
of the coupled mode formalism [Lee, 1986] the electromagnetic fields in a directional coupler
can be expanded in terms of the modes of each waveguide, when it is isolated from the other
waveguide. For waveguides which each support single transverse modes this approximation

yields:

E(P) = a,@) E,xy)e™ + ay@) Eytxy)e ™ . (13)

H(P) = a,@ B xy)e™ + ayz) Hxy)e ™ (14)
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Here E and H arethe electromagnetic fields in the directional coupler, EA , I_I'A , and

E

B > I?B , are the single mode transverse electromagnetic field distributions in waveguide A

and B without interaction, respectively, k,, = (2w/AJcosf, and k,z = (2w/Ag)cosby are the
projections of the wavevectors onto the z axis (the angles 6, and 5 are measured from the z axis
to the wavevectors) in guide A and B, respectively, and the expansion coefficients a, and ag

remain to be determined by the following set of coupled differential equations

da .

—27 = ~iay Cp et | (15)
d

da ) ;

- it 16

where Ak = k,, - k,5; Cap and Cg, are overlap integrals that involve EA . EB , and the
dielectric constant differences between the guiding regions and the cladding material. Under
phase-matched conditions (k,, = k,3), which are satisfied for identical waveguides, the problem
collapses into that of simple harmonic oscillators. Then the overlap integrals C,; and Cy,

become identical
CAB = CBA =C-= % ffAeIEA(x’y)'EB(x9y)|2 dxdy . an

where w is the angular light frequency, and Ae is the dielectric constant difference between core

and cladding. The set of differential equations for the coupling coefficients now becomes
24 - iy, 8)

By inserting Equation 18 into Equation 19 the harmonic oscillator equation is obtained:
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dag .
— = -ia,C . (19)
dz
f
% . cta, =0 0)
dz?

The resulting sinusoidal dependence of the electromagnetic fields on the propagation distance z
yields the periodic energy exchange between the waveguides. If the light is initially coupled only

into waveguide B, the guided optical powers P, and P; are

P, = sin’(C2) , @1
Pyz) = cos*(Cz) . (22)

The propagation distance z, = w/(2C) of complete power transfer from the initial
waveguide into the other, which determines the size of the actual device, is called coupling
length. Practical implementations rely on externally or internally perturbing the material in one
of the waveguides to generate a nonlinear electric polarization, which creates a nonlinear phase-
mismatch between the waveguides, and prevents the light transfer after a propagation distance
Z,. In the present case the directional coupler consists of a 1.2 um thick nonlinear guiding region
of 100 A GaAs/100 A AlGaAs multiple quantum wells that is sandwiched between two AlGaAs
cladding layers of lower refractive index for vertical confinement of the guided light. Horizontal
confinement is achieved by ridges formed in the top cladding layer by reactive ion etching. The
device length is 1.24 mm, close to the theoretically estimated coupling length of about z, = 1

mm [Chuang, 1991]. The dielectric constant is perturbed here by an intense, below-resonance,
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light pulse that temporarily modifies the optical properties of the semiconductor bandedge. In
the unperturbed state most of the light transfers over from the initial into the adjacent waveguide.
In the perturbed, nonlinear state the coupling length is extended so much that most of the light

stays in the initial waveguide. A cross sectional view of the sample is shown in Figure 17.
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Figure 17. Cross section of nonlinear directional coupler design.

3.3. Experimetal setup

For this experiment the unamplified dye laser beam is acousto-optically chopped to avoid
heat-induced, slow-response-time, thermal nonlinearities in the waveguides. The pulses are

temporally broadened, mainly by the acousto-optic modulator, from a 100 fs FWHM at the dye
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oscillator to a 300 fs FWHM at the waveguide. A half-wave plate with a polarizing beamsplitter
(PBS) provides two beams with orthogonal polarizations and adjustable intensity ratio. The more
intense, vertically polarized pulses serve as pump beam, generating the main portion of the
nonlinear effect, while the less intense, horizontally polarized pulses act as probe beam. The
time delay At = t,, - thun, i adjusted by‘a stepper-motor-controlled delay line that varies the
optical path length of the pump pulse. Both beams are collinearly endfire-coupled into the same
waveguide input channel. The probe pulses, which monitor the pump-induced changes in the
device, are detected at the output end, where the pump beam is diverted. The experiment is

schematically pictured in Figure 18.

acousto- ] dye laser input

optic
s-pol.
modulator I pu'?rc\)p CCD camera
e pump
A2 plate delay dump ((,) NLA
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pBs |  NLDC ey
N 089
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V\ p-pol. probe PBS
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Figure 18. Configuration of nonlinear directional coupler (NLDC) all-optical
switching experiment. PBS: Polarizing beam splitter.
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The distinct polarization dependence of the optical response of multiple quantum well
structures [Weiner et al., 1980] is employed in this experiment to optimize the effectiveness of
pump and probe pulses in their respective assignments. The polarizations of the pump and the
probe beams are chosen perpendicular and parallel to the multiple quantum well planes,
respectively. As a result of this choice, the detuning of the pump pulse from the onset of
absorption (light-hole exciton transition in this case) is 37 meV. The detuning of the probe from
the absorption edge (heavy-hole exciton in this case) is only 28 meV, although pump and probe
have identical wavelengths. The larger detuning of the pump pulse reduces the number of real
carriers generated by absorption and, therefore, minimizes the unwanted nonlinearities due to an
electron-hole plasma with a recombination time of several nanoseconds [Chuang, 1991; Jin et al.,
1988]. The magnitude of the absorption coefficient is roughly 26 cm™ in the spectral band of

interest around A = 870 nm [Jin et al., 1990].

3.4. Observation of femtosecond all-optical switching

In Figure 19 the complete switching characteristic of the device is displayed by plotting
probe beam transmission profiles through the directional coupler as a function of time delay At.
These transverse spatial profiles are recorded by imaging the output facet onto a linear
photodiode array. The insert in Figure 19 diagrams the two routes a pulse can take throughout
the device: If it is injected into one waveguide it may then either shift over into the other (linear
propagation) or stay in the initial channel (nonlinear regime). The main segment of Figure 19
starts at negative time delays At < 0, where the probe pulse precedes the pump pulse. At At
= - 500 fs the probe pulse crosses over from the input waveguide (channel 2) to the other

(channel 1). Around At = 0 both pulses overlap temporally and the probe switches back to the
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input channel 2. A close inspection reveals that the total probe transmission, integrated over the

whole transmission profile (both channels), increases. For At > 0 the transmission profile

almost returns to its initial shape, indicating ultrafast recovery within about 300 fs.
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Figure 19. Transmitted probe beam profiles as a function of time delay At.
The profiles are intensity scans across the image of the output facet of the
nonlinear directional coupler. The inset schematically shows how the light is

inserted into and propagates through the device with and without nonlinearly
modified coupling between the waveguides.
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In Figure 20 the first half of the switching characteristic of Figure 19 is displayed

differently by plotting the normalized transmissions of the probe beam through both channels of
the device as functions of the pump intensity for the time delay range At = - 500 fs to At = 0.
In calculating the pump intensities the pulse duration increase from about 100 fs at the oscillator
to about 300 fs at the position of the nonlinear directional coupler has been taken into account.
The relative transmission of a directional coupler channel is defined here as its transmission
divided by the total transmission of both channels. The cross-over point between the relative
transmissions of the two channels provides a lower limit for the pump intensity required to switch

I,. This cross-over occurs at I, = 2 GW/cm? in Figure 20.
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Figure 20. Relative probe transmission as a function of
pump intensity for both coupler channels. Pump and probe
beams are injected into channel 2. The dashed lines are
guides to the eye.
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Figure 21 displays the total probe beam transmission versus time delay At as defined

earlier in this chapter, and normalized to its peak value. An extremely fast transmission increase
around At = 0 is clearly noticeable. Most of this inrease recovers quickly with a decay time of
about 200 fs. The small remaining component which recovers slowly on this time scale can be
explained by the presence of a real charge carrier population. The lifetime of this electron-hole
plasma is approximately 4 ns, limited by recombination [Chuang, 1991]. During this time the
exciton resonance will remain somewhat bleached, keeping the transmission at the observed,
slightly increased level [Park et al., 1988]. The rapid oscillations in Figure 21 are caused by
interference of a very small portion of the pump beam that is polarized in the probe beam

polarization direction due to imperfections in the polarizing optics.
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Figure 21. Total probe beam transmission, normalized to
its peak value, versus time delay At.
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The real carrier population can in principle originate from either one-photon absorption
associated with the tail of the exciton line or two-photon absorption of conduction band states.
The dependence of the slowly recovering feature on the pump intensity may help distinguishing
between these two excitation mechanisms. For this purpose consider the output peaks of each
channel in Figure 19 at large negative and large positive time delays. It is possible to define the
lack of recovery for a directional coupler channel as the difference between its relative
transmissions at At = - 1 ps and at At = + 1 ps. In Figure 22 the lack of recovery is plotted

against the pump intensity.
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Figure 22. (a) Relative probe beam transmission as a function of time delay At.
In contrast to Figure 19, where spatial profiles are plotted at discrete time
intervals, here the spatially integrated outputs are plotted as continous functions
of time for each channel. (b) Lack of recovery, as explained in the text and
shown in part (a) of this figure, versus pump intensity. The dashed lines are
guides to the eye.
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Figures 19, 21, and 22 (a) evidence that the lack of recovery is much smaller than the
ultrafast part of the switching characteristic. This implies that the absolute number of real
carriers generated here is small compared to the number of carriers required for real carrier-
induced switching, which has been demonstrated first by Jin et al. in this device, using
picosecond light pulses [Jin et al., 1988]. The relative probe transmission curves as a function
of pump intensity measured by Jin et al. may be approximated as straight lines in the limit of
small carrier densities. Then the lack of recovery should depend linearly on the pump intensity
for one-photon absorption, but quadratically for two-photon absorption. Figure 22 (b) contradicts
the two-photon absorption hypothesis by displaying a linear increase and even saturation for high

intensities, making two-photon absorption irrelevant under these circumstances.

3.5. Adiabatic following and optical Stark effect in semiconductors

The recent progress in semiconductor physics makes it possible to theoretically model
the microscopic dynamics of optical excitations in these materials [Schmitt-Rink et al., 1985;
Fluegel et al., 1987; Koch et al., 1988; Schmitt-Rink et al., 1989; Haug and Koch, 1990].
Under certain approximations, namely the two-band model for the semiconductor electron-hole
system and the Hartree-Fock approximation for the coupling to the quantized electromagnetic
field, one can derive a set of coupled equations, known as the semiconductor Bloch equations
[Lindberg and Koch, 1988]. Analogous in formal structure and in substance to the Bloch
equations for atomic systems the semiconductor Bloch equations describe the interaction between

light and matter.
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where e = E, + h’%*(2m) - he,, E, + h’%k?%(2m) is the energy of an electron in the
conduction band, and hew, is the center energy of the light. Here T, is the polarization dephasing
time, V is the Coulomb potential, f is the electron density, dcy is the dipole interband matrix
element, P is the interband polarization, and E is the electric field amplitude in the rotating
frame. These equations describe coherent processes that take place within the polarization
dephasing time of the material, as well as incoherent, quasi-equilibrium processes that occur after
the excited particles have relaxed within their bands from the initial nonthermal energy
distributions into quasi-Fermi distributions. The polarization dephasing times are very short in
semiconductors, e. g. its upper limit in GaAs at room temperature is given by the exciton
ionization time of 400 fs [Peyghambarian et al., 1984; Schmitt-Rink et al., 1989]. Therefore,
coherent effects at room temperature require femtosecond light pulses with a FWHM duration

of less than 400 fs.

In the present experiment the excitation is below-resonance with respect to the
semiconductor bandgap. This regime is known in atomic physics as adiabatic following [see, e.
g., Allen and Eberly, 1975] and has recently been identified in semiconductors [Binder et al.,

1990a; Binder et al., 1991]. Under adiabatic following excitation conditions the light pulse varies
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sufficiently slowly so that the induced changes in the medium duplicate its time dependence. A
more quantitative condition for this regime is the following [Binder et al., 1991]. Adiabatic
following arises, whenever the frequency detuning with respect to the closest resonance is larger
than the frequency given by the inverse of the characteristic time of the light-induced changes
in the medium. This definition is consistent with the one given by Allen and Eberly [Allen and

Eberly, 1975].

The same excitation conditions can also been described in the framework of the optical
Stark effect [Joffre et al., 1988; Binder et al., 1991]. Similar to the Stark effect in atomic
systems the presence of a strong electric field, in this case the electromagnetic light wave,
perturbs the energy level structure of the medium. For the present case the semiconductor Bloch
equations that describe the light-matter interaction are of course invariant under the label change
from "adiabatic following" to "optical Stark effect”. In general, however, the optical Stark effect
is not limited to the adiabatic following conditions, but can also occur under resonant excitation

[Hirlimann et al., 1989].

Since its first experimental observation in semiconductors [Fréhlich et al., 1986] this
effect has attracted much attention due to its potential applications in ultrafast optical switching
devices [Mysyrowicz et al., 1986; Von Lehmen et al., 1986; Frohlich et al., 1987,
Peyghambarian et al., 1989; Joffre et al., 1989; Knox et al., 1989; Lee et al., 1991; Binder et
al., 1991]. Under off-resonance excitation, a transient, so-called virtual charge carrier population
is created that exists only during the presence of the optical pulse. A small number of real
carriers remains after the pulse, which is due to Coulomb effects and the finite polarization
dephasing time. The characteristics of the optical Stark effect, which follow directly from

numerical evaluation of the semiconductor Bloch equations [Lee et al., 1991], also include a
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transient shift of the excitonic absorption feature to shorter wavelenghts (blue-shift) and a
transient loss of oscillator strength (bleaching). The results of section 3.4. are well explained
based on these properties; i. e. the rapid energy transfer between the waveguides, as seen in
Figure 19, is completed within the duration of the pump pulse, indicating an ultrafast refractive
index modulation. Such a refractive index change can be linked to the blue-shift of the excitonic
absorption feature predicted for the optical Stark effect. The transient transmission increase of
the directional coupler, displayed in Figure 21, is consistent with the temporary blue-shift and
bleaching of the exciton, providing further evidence for the optical Stark effect hypothesis. The
almost complete recovery of the device within the cross-correlation time of pump and probe
pulses is also compatible with the calculations of the adiabatic following/optical Stark effect in
semiconductors, which predict that the majority of the excited carriers are virtual, and only a

small number of real carriers remain.

The results of such a calculation using the semiconductor Bloch equations (Equations 23
and 24) are shown in Figure 23 [Binder et al., 1990b]. In this example, a 50 A multiple
quantum well with an exciton linewidth of 1.2 E;, a pump detuning of 10 E;, and a Gaussian
pump pulse with a peak intensity of 1 GW/cm?® have been assumed, where Ej is the exciton
Rydberg energy. Figure 23 (a) displays the shape of the exciton absorption for different time
delays At; Figure 23 (b) depicts the corresponding carrier density and pump pulse intensity
temporal profiles. The At = - 250 fs (short-dashed) curve in Figure 23 (a) exhibits a the blue-
shift of the exciton peak with respect to the linear absorption (solid line). At At = 0 (dotted
line), while the exciton peak is still blue-shifted, it is also bleached. The At = 250 fs curve
(long-dashed line) closely resembles the linear absorption, signifying an almost complete
recovery. The carrier density evolution (solid line) in Figure 23 (b) underscores this point,

showing that only a negligible amount of real carriers remains following the pump pulse (dashed
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Figure 23. (a) Calculated dynamic change of the excitonic absorption in a 50

multiple quantum well under intense (1 GW/cm?), below-resonance,
femtosecond excitation. Solid line: linear absorption (no pump), short-dashed
line: At = - 250 fs, dotted line: At = 0, long-dashed line: At = 250 fs. (b)
Temporal profiles of the carrier density (solid line) and the pump pulse (dashed
line. Ej is the exciton Rydberg energy, E, is the bandgap energy.

3.6. Conclusion

A GaAs/AlGaAs multiple quantum well directional coupler has been demonstrated to
exhibit femtosecond all-optical switching under off-resonance room temperature excitation in a

pump-probe experimental configuration. The ultrafast refractive index change necessary for all-
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optical switching in this device is identified as a result of the optical Stark effect. The main
obstacle regarding practical applications is the relatively low throughput: The absorption
coefficient-propagation length product for this experiment is oL = 3. Studies with electrically
pumped semiconductor waveguides (laser diode amplifiers) to improve throughput have so far

not yielded satisfactory results [Chuang, 1991], but are still in progress.
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CHAPTER 4

SINGLE WAVEGUIDE COHERENT PULSE PROPAGATION

4.1. Introduction

The nonlinear directional coupler experiment of chapter 3 demonstrates femtosecond
switching limited by the cross-correlation time of the pump and the probe pulses, but provides
no information about the detailed temporal shape of those pulses. In particular, a possible pulse
breakup could have considerable impact on the practical usefulness of such a device. Friberg
et al. observed Kerr effect-induced pulse breakup in their dual-core fiber nonlinear directional
coupler, as described in chapter 3. In semiconductor directional couplers irradiated with photon
energies close to the bandgap energy pulse breakup could occur in a similar way, if the
nonlinearity is instantaneous and governed only by the light intensity. If, however, the
dependence of the nonlinearity on the light field is more complicated, no such simple prediction
can be made. Since pulse breakup in semiconductor waveguides had not been investigated
experimentally before, we decided to study the propagation effects of near-resonant, femtosecond
light pulses first without the additional complication of evanescent coupling between adjacent

waveguides. This situation is examined in the present chapter.

For the experiments considered here the pulse duration is shorter than the polarization
dephasing time of the medium. Then the interaction is coherent in the sense that the induced
polarization of the material remains in a well-defined phase relationship with the inducing light

field during the presence of the pulse. Coherent pulse propagation including self-induced
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transparency and pulse breakup in passive atomic media have been studied extensively [McCall
and Hahn, 1967 and 1969; Slusher and Gibbs, 1972; Grischkowsky et al., 1973]. However,
such coherent processes have only recently been considered for semiconductors where the phase
relaxation times are very short and the band structure often prevents the study of a single isolated
electronic transition [Becker et al. (1988), Watanabe et al., 1989]. Becker et al. had to use 6
fs pulses to resolve the polarization dephasing times of GaAs band-to-band transitions that ranged
between 14 fs and 44 fs, depending on the electron-hole plasma density. Under the experimental
conditions of chapter 3 with a detuning of ten bulk exciton Rydberg energies between the light
and the closest (1s) exciton the optical Stark effect should produce an ultrafast change in the
nonlinear refractive index with a response time (i. e. recovery time) limited only by the
polarization dephasing time. This intensity dependent refractive index change is negative and
could, in principle, serve to compensate the normal dispersion in this spectral region, allowing

a soliton-like pulse propagation.

4.2. Experimental setup

With the experimental setup shown in Figure 24 information can be acquired about the
temporal, as well as the spectral shapes of the transmitted pulses. The temporal resolution is
provided by a standard cross-correlator, as described by Rothenberg and Grischkowsky
[Rothenberg and Grischkowsky, 1989]. In the cross-correlator the incoming amplified dye laser
beam is split into a specimen beam and a reference beam. The specimen beam passes through
the waveguide while the reference beam travels directly to the nonlinear crystal that provides the
cross-correlation signal by sum-frequency generation. The reference beam path includes a

telescope which ensures complete spatial overlap between the reference beam and the specimen
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beam focal spots. The waveguide output can be directed into a spectrometer for spectral
measurements by means of a removable mirror. Figure 25 displays the sample design which is
identical to the directional coupler. Note that by supporting a single transverse guided mode this

structure performs an automatic spatial filtering operation on the specimen beam.
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Figure 24. Cross-correlator setup.

The properties of the input pulse train are depicted in Figure 26. Graph 26 (a) is an
autocorrelation of the amplified dye laser pulse train before it enters the optics used to couple into
the waveguide. The spiked character of the trace originates from the fact that it is sampled by

separate pulses. At 1 kHz pulse repetition rate and about 10 Hz autocorrelation recording rate
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this sampling is time resolved and shows each pulse. The 150 fs FWHM translates into a
FWHM pulse duration of about t, = 100 fs. Together with the spectral FWHM of AN = 5 nm

of Figure 26 (c) this yields a time-bandwidth product Ap-t, = 0.2.
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Figure 25. Cross section of single waveguide design.

As discussed previously in chapter 2, a time-bandwidth product of less than 0.3 indicates
transform-limited, temporally asymmetric pulses. Since the time-bandwidth product is an
absolute minimum for transform-limited pulses, and only asymmetric pulses have a time-
bandwidth product of less than 0.3, this combination has the unique property of reducing the
product below 0.3. This asymmetry is confirmed by a cross-correlation measurement using the
cross-correlator without any sample as shown in Figure 26 (b). The trailing edge of the cross-

correlation trace of Figure 26 (b) is noticeably sharper than the rising edge. The two thick lens
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systems (microscope objectives) in the specimen beam cause a larger dispersive pulse spread than
the thin telescope lenses in the reference beam such that the shorter reference pulses can

effectively sample the stretched specimen pulses and detect the asymmetry.
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Figure 26. (a) Autocorrelation of the amplified dye laser pulse train. (b) Cross-
correlation of the setup without the waveguide. (c) Spectral intensity of the
amplified dye laser pulse train.
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4.3. Experimental observation of coherent pulse breakup

Figures 27 (a) and 27 (b) show the experimentally measured cross-correlations of the
transmitted pulses for both low and high intensity, respectively. Figures 27 (c) and (d) show the
corresponding spectral intensities. These results were obtained using a 0.37 mm long waveguide,
and peak intensities of 8.5 GW/cm? (Figure 27 (b)) and 0.8 GW/cm? (Figure 27 (a)). The At
= 4.5 ps delay observed upon transmission, and which was measured relative to the peak signal
without waveguide, is the result of group-velocity delay. Given At, the propagation speed v can
be calculated using v = L/t, where L is the sample length and t is the time of flight through the
sample. The time of flight t is the sum of two contributions, the time of flight without sample
to = L/c (c is the speed of light in air), and the measured time delay At. Then v = L/(t, + At)
= 1/(1/c + At/L) = 0.21 ¢, using L = 0.37 mm and ¢ = 3 X 10® m/s. In comparison to the
input pulse the transmitted low intensity pulse in Figure 27 (a) has a 300 fs FWHM, but does
not otherwise show any significant distortion. This temporal spread compared to a 100 fs input
pulse can be attributed to linear dispersion mainly in the waveguide coupling optics which
stretches the pulse to a 150 fs FWHM even without the waveguide, and the spread inherent in
the cross-correlation process using a reference pulse of finite duration. In contrast, pulse breakup
is clearly seen in Figure 27 (b) for the high intensity pulse. The main peak of the transmitted
pulse still has approximately a 300 fs FWHM, but now a secondary peak appears on the trailing
edge of the pulse. Compared to the low intensity spectrum of Figure 27 (c) the high intensity
spectral output of Figure 27 (d) features a small shift to the long wavelength side (red-shift) and

a shoulder shaped broadening at the long wavelength end of the distribution.
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Figure 27. Measured transmitted pulse shapes and spectra of a 0.37 mm long
waveguide: (a) is the low intensity (0.8 GW/cm?) and (b) the high intensity (8.5
GW/cm?) cross-correlation, (c) and (d) are the spectral intensity distributions that
correspond to (a) and (b), respectively.
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This series of experiments was also repeated in a slightly longer (0.41 mm) waveguide

with transform-limited picosecond pulses of t, = 5 ps FWHM (time-bandwidth product Av-t, =

0.31) that were generated by modifying the dye oscillator. A birefringent filter set with a 1:4:16

thickness ratio (0.25 in. thickness of thickest plate) was inserted [Stix et al., 1986] and the

saturable absorber jet was turned off. The results are displayed in Figure 28: The cross-
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correlation without sample of Figure 28 (a) determines the time delay origin and verifies the input
pulse duration. The transmitted pulses through a 0.41 mm long waveguide exhibit no breakup
even at 1.1 GW/cm? incident peak intensity as shown in Figure 28 (b). Compared to the input
spectrum, Figure 28 (c), the transmitted spectral intensity, Figure 28 (d), is slightly broader and
shifted to the shorter wavelength side (blue-shift). The input spectrum approaches the resolution

of the spectrometer, which explains the pointed curve shape of Figure 28 (c).
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Figure 28. Picosecond pulse cross-correlations of (a) the cross-correlator
without waveguide and (b) the output of a 0.41 mm long waveguide at 1.1
GW/cm® incident peak intensity. (c) and (d) are the spectral intensity
distributions corresponding to (a) and (b), respectively.
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Further experimental results obtained with a longer (1.5 mm) waveguide and femtosecond

pulses are shown in Figure 29. For the same incident peak intensities as in Figure 27 the
transmitted pulse shapes appear very similar to the shorter waveguide output. The low intensity
curve, Figure 29 (a), again follows the input pulse shape with no significant distortion, and the

high intensity curve, Figure 29 (b), has again acquired a distinct secondary peak on the trailing

edge.
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Figure 29. Measured transmitted pulse shapes and spectra of a 1.5 mm long
waveguide with the same incident light parameters as Figure 27. (a) and (b) are
low and high input intensity cross-correlations, respectively, (c) and (d) are the
corresponding spectral intensity distributions.
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The increased pulse duration compared to the 0.37 mm waveguide results stems from the effects
of group velocity dispersion and light-semiconductor interaction accumulated along an
approximately four times longer propagation distance. The spectral shape of the long waveguide
output, however, is different compared to the short waveguide output. The low intensity
spectrum of Figure 29 (c) already shows a red-shift and broadening at the long wavelength end.
The high intensity spectrum of Figure 29 (d) shows strong spectral modulation, or spectral

breakup, combined with a large red-shift.

4.4, Propagation-induced escape from adiabatic following

In order to analyze the experimental results the semiconductor Bloch equations [Lindberg
and Koch, 1988] are solved self-consistently in combination with Maxwell’s equations using
fourth order Runge-Kutta numerical integration and fast Fourier transform techniques [see, e.g.,
Press et al., 1986]. Maxwell’s equations for linearly polarized plane waves traveling in the z-
direction, which closely approximate the propagating single waveguide mode, yield the wave

equation
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Here c is the vacuum speed of light and p, is the vacuum magnetic susceptibility. The dispersion

in the vicinity of the laser center frequency w, below the semiconductor bandedge is sufficiently

smooth so that the propagation constant k is well approximated by an expansion to second order
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The derivatives, which are to be evaluated at the laser frequency w,, determine the group
velocity, v, = 1/k' = 1/(dk/dw), and the group velocity dispersion, k" = 8%/dw?. The total
medium polarization can be written as P(z,t) = P,(z,t) + P_(z,t). The first part, P,(z,t), results
from the background nonresonant light-matter interaction involving those bands of higher band-
index than the conduction band. The second part, P_(z,t), accounts for the near-resonant
interaction between the laser field and conduction and valence bands. For wave packets with
several tens of optical cycles and spatial dimensions of several tens of wavelengths the slowly

varying envelope approximation is justified. It can symbolically be written as

2 2
.._a_ < ko._a_ s _Q_. < wo_a_ . (27)
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After inserting the second order dispersion, the polarization separation, and applying the slowly
varying envelope approximation, the wave equation becomes [Rudolph and Wilhelmi, 1989]
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where k, = k(w,), E(z,t) and P_(z,t) denote the envelopes of the electric field and the near-
resonant part of the polarization. Finally the wave equation is transformed into a coordinate
system (£,7) = (z, t - z/v,) that travels at the group velocity v,. Then
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The semiconductor Bloch equations are coupled to the wave equation through the polarization
P,.(¢,1). Inorder to keep the numerical effort within reasonable limits P, is derived in the two-

band approximation. Exchange effects are neglected since the experiment is performed in the
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off-resonance, low-excitation-density regime for which the k-space electron and hole distributions
obey n.; + n,;, < 1. The semiconductor Bloch equations [Lindberg and Koch, 1988] then take

the form
2 -ia, + HYyPEm = - -20) d EEGn), 6O
on Aot TR 2h P

e = g Ga PEDEEM - e 6

The energy dispersion of the semiconductor material is contained in A, = w, - w,, where
A labels the discrete exciton energy states as well as the continuum states, and w, is the laser
center frequency. Here the excitation density in the Ath state is denoted by n, and d, is the
dipole transition moment. The phenomenological polarization dephasing time 7 is an approximate
average over the dephasing times of the different excitations N\, which has provided good
agreement between experiment and theory in the case of the optical Stark effect [Lee et al.,
1991]. Due to the extremely short pulses used here, the decay of the excitation densities n, can
be neglected. The desired polarization P,(¢,7) for Equation 29 is obtained as a sum over the
relevant polarizations P,(£,7) from Equations 30 and 31, weighted by the appropriate density

| ¥,(0)|?, and multiplied by the dipole moment d, [Haug and Koch, 1990]

P,(En) = 2? d., v, P,En) , 32)

In the propagation simulations the semiconductor Bloch equations, Equations 30 and 31,
including the polarization 32 and the electromagnetic wave equation 29, are solved self-
consistently for each small slice of material with the initial values P,(¢,7 = -0) = 0 and n,(¢,7
= -o0) = (. The electric field resulting from each propagation step serves as the input field for

the next. The asymmetry of the pulse entering the waveguide is also included in the model. The
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strength of the coherent interaction between light and semiconductor in this two-band model may
be quantified by introducing the pulse area A [McCall and Hahn, 1967] with respect to an

intraband electron-hole pair state

dcv +w— 4+
4= | fm EQpdt| = f.,. Q0,0 dt . 33)

The quantity 0(z,t) = d_E(z,t)/h is known from atomic physics as the Rabi frequency.
The numerical values in the calculation are d., = 4.8 X 10% C:m, 7 = 200 fs, hA,, = 10 E,,
where E; is the bulk exciton Rydberg energy, and A,, = w,, - w, is the frequency detuning of
the laser from the 1s exciton. The peak Rabi frequency for the high intensity (8.5 GW/cm? peak
intensity) femtosecond input is @, = 10" Hz, which corresponds to a pulse of area A = 7.5,
under the assumption that the input pulse has slightly spread to about 150 fs FWHM through the
input coupling lens system. The group refractive index, which is defined as the ratio of the
vacuum speed of light to the group velocity, n* = c/v,, is determined in our experiment by
replacing v, with the propagation speed v, yielding n® = c/v = 4.76. This value is consistent
with a group index measurement in GaAs double heterostructure lasers at similar detuning from
the bandedge [van der Ziel and Logan, 1983]. The amounts of group velocity dispersion
assumed to simulate the semiconductor medium and the output coupling lens system together
spread the incident pulse by a factor of 1.33 under linear propagation through the short (0.37

mm) waveguide.

Figure 30, corresponding to the experimental results in Figure 27, shows the calculated
cross-correlations and spectral intensity distributions of the transmitted pulses obtained by
numerically integrating the coupled semiconductor Maxwell-Bloch equations, Equations 29-32

using the above parameters. Very good agreement between theoretical cross-correlations, Figures
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30 (a) and (b), and experimental cross-correlations, Figures 27 (a) and (b), is obtained with pulse

breakup clearly evident only for the high intensity, large area (7.5«) pulses in Figures 27 (b) and
30 ().
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Figure 30. Theoretical pulse shape and spectral results for the 0.37 mm long
waveguide: (a) is the low intensity, small area (2m) and (b) the high intensity,
large area (7.5w) cross-correlation, (c) and (d) are the spectral intensity
distributions that correspond to (a) and (b), respectively.
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The labels "high intensity” and "low intensity" are used here in a relative sense similar

to the digital "high" and "low" states. "Low intensity" does not imply a regime of negligible
light-semiconductor interaction. The low intensity regime is here defined as pulse propagation

that satisfies the adiabatic following conditions at every point within the waveguide.

The theoretical spectra, Figures 30 (c) and (d), and the experimental data, Figures 27 (c)
and (d), agree qualitatively. The low intensity, small area curve, Figure 30 (c), undergoes no
spectral modulation while the high intensity, large area case, depicted in Figure 30 (d), confirms
the experimentally observed features, namely the red-shift and the broadening toward the long

wavelength side.

The simulations of the 1.5 mm waveguide propagation, shown in Figure 31, qualitatively
reproduce the dominant experimentally measured features of Figure 29. These are the following:
no significant temporal distortion in the low intensity, small area cross-correlations of Figure 31
(a), red-shift and long wavelength shoulder development in the low intensity, small area spectrum
of Figure 31 (c), and finally, temporal, as well as spectral breakup accompanied by a large red-
shift for the high intensity, large area input pulse cross-correlation and spectrum of Figures 31
(b) and (d), respectively. For distances longer than about z = ¢ = 300 pm the propagation is
controlled by the linear properties of the medium, since the pulse amplitude has decayed
significantly due to absorption. In this regime the difference in absorption between the short
wavelength side of the transmitted light (closer to the bandedge) and the long wavelength side
(further away from the bandedge) causes a red-shift of the spectrum. The larger red-shift for the

longer sample is consistent with this argument.
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Figure 31. Theoretical pulse shapes and spectral results for the 1.5 mm long
waveguide with the same incident light parameters as Figure 30. (a) and (b) are
low and high intensity cross-correlations, respectively, (c) and (d) are the
corresponding spectral intensity distributions.

The limitations of the theoretical simulations become apparent in the merely qualitative

agreement of the calculated spectra of Figures 30 (d) and 31 (d) and the calculated cross-

correlation of Figure 31 (b) with the experimental results of Figures 27 (d), 29 (d) and (b),

respectively. The predominant restrictions of the theory are these:
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Firstly, the excitonic resonance is approximated by a homogeneously broadened
Lorentzian absorption curve. This does not conform with the experimentally determined
Gaussian shape [Chemla et al., 1984]. A Lorentzian line shape over-estimates the absorption far
away from line center. It also misrepresents the variation of absorption with wavelength, which
decreases the accuracy of the longer propagation distance simulations. Haug and Koch [Haug
and Koch, 1990] point out that a better theoretical model would incorporate a light frequency
dependent damping parameter in the Lorentzian absorption. In this case, however, the

computation time would escalate to impractical values.

Secondly, the dephasing times of all band states, including the excitonic states, are
replaced by the single average value 7 = 200 fs. This approximation has yielded good results
in the case of the optical Stark effect. However, pulse propagation calculations that attempt to
reproduce the detailed temporal and spectral pulse shapes are more sensitive to an inaccurate,

average dephasing time superposition of the induced coherent polarizations.

Thirdly, the simulations disregard waveguiding effects. Wavelength dependent loss due
to the waveguide design causes an estimated intensity loss for a 1 mm long waveguide of about
40 % in the spectral band of interest. This loss reduces the peak intensity of the propagating
pulse, adding to the effect of intrinsic absorption in the semiconductor medium. This further
decreases the nonlinear interaction at longer propagation distances. The wavelength dependent
guiding loss contributes to the dispersive parameters of the problem that govern pulse spreading
and propagation delay. The main feature of the simulated cross-correlations, i. e. pulse breakup
for large area pulses, has, however, proven remarkably insensitive to the magnitude of the group
velocity dispersion constant. The transverse (x,y) dimensions are not included in our model,

neglecting the possibility of spatial pulse breakup and coupling into higher order transverse modes.
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To obtain a deeper physical understanding of what is reponsible for the pulse breakup
an extensive series of diagnostic tests involving the calculated excitation density N =
2% |¢A(0)|2nx and the pulse shape at different locations ¢ within the waveguide has been
performed. In Figure 32 at z = £ = 0 um the excitation density N is seen to closely follow the
input intensity with no oscillations. As discussed in chapter 3.5. this is consistent with the
adiabatic following hypothesis [Allen and Eberly 1975] and the optical Stark effect, though a
residual density remains after the pulse due to the finite polarization dephasing time. Thus the
pulse breakup can not be simply ascribed to off-resonance Rabi-oscillations in the excitation
density as found in self-induced transparency: The effective Rabi-frequency can only decrease
with propagation distance since the field amplitude is decaying, excluding the possibility of Rabi-
oscillations downstream. Also note that, in comparison to the work of Grischkowsky et al. in
Rb vapor [Grischkowsky et al., 1973], the temporal pulse profile does not show a significant
increase in the slope of its leading edge, ruling out pulse-steepening as a possible explanation.
However, the calculations of Figures 32 (a) and (b) show at z = ¢ = 120 pum that oscillations
in the excitation density have already fully unfolded while the light intensity merely shows a
small shoulder. The origin of the pulse breakup can therefore be attributed to the preceding
excitation density oscillations. To make this clearer, if the effects of group velocity dispersion
are neglected in Equation 29, the combined Equations 29-32 yield the exact result

2
oo N 34)
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So temporal oscillations in N are converted to temporal oscillations in the pulse intensity
profile | E(¢,7)|? through propagation, |E(¢ + d¢,9)|% - |E@,m)|? o« 8N/3y. This
approximate result gains significance in light of the fact that the calculations continue to produce

pulse breakup even without group velocity dispersion (k," = 0).
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Figure 32. (a) Calculated pulse intensity and (b) total carrier density profiles as
a function of propagation distance. Local time refers to the coordinate n of the
moving frame that travels with group-velocity v,. a, is the exciton Bohr radius.
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The oscillations in the excitation density that trigger the pulse breakup are a direct
consequence of the coherent nature of the light-matter interaction in this case. To see this, one

first formally integrates Equation 30 to obtain

ey id, ’ o=y i(w,-wg)-1/tl(n-
PEm) = -5 [ (1-2n,(&,n) B(gn "0 HHO “dy! . 69

The coherent character of the interaction is implicit in the fact that the polarization
depends on the prior temporal history of the electric field. Inserting Equation 35 into 31 we see
that the excitation density n, is driven by interference terms of the form E(¢,7)E (¢,7'), between
the field at retarded time 5 and earlier times 5’. The dominant contributions to these terms come
from times obeying 7 - 9 < 7. For t, > 7, on the other hand, the exponent exp(-(y - 1')/7)
becomes strongly damped; the polarization then adiabatically follows the field (time history
erased), and the interference terms vanish [Allen and Eberly, 1975]. Note that this is in perfect
accord with the experimental and numerical results for long pulses (t, = 5ps », 7 = 200 fs) for
which pulse breakup was absent. If in the coherent case (t, < 7) the propagating field is
sufficiently frequency chirped by self-phase modulation, i. e. the instantaneous frequency of the
pulse w(t) = d¢/dt develops a dominant term that is linear in time t, then the phase ¢ of the
electric field can vary rapidly enough to escape from the adiabatic following regime. Self-phase
modulation refers to the phenomenon in which an intense light field induces an appreciable
refractive index change. The medium then reacts back, imposing a phase modulation on the
incident beam [see Shen and Yang, 1989, and references therein]. Note that not only rapid
electric field envelope changes, but also rapid electric field phase changes can violate the
adiabatic following approximation. The resulting interference terms that drive oscillations in the

excitation density then, in turn, cause pulse breakup.
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In order to test this mechanism for pulse breakup consider the numerically calculated

field at £ = 120 pm, which can be written in terms of its real amplitude & and phase ¢, E(t
= 120 um,n) = &n)exp(id(n)). As seen in Figure 33, while the amplitude &) merely shows
a small modulation (dashed curve in Figure 33 (a)) the density N (solid curve in Figure 33 (b))
is already oscillating, driven by the large frequency chirp of the instantaneous light frequency,
Aw(y) = -9¢/dn. A fit of the phase curve to the function ¢(n) = ¢ + ¢m* around 3 = 0,
with frequency chirping being represented by the second term, reveals that the chirp term really
is the most important. Figure 33 (b) shows the solution of the semiconductor Bloch equations
at ¢ = 120 um for the cases (I) exact numerical solution, (II) ¢(n) = ¢,3, and (III) ¢(n) = ¢,
+ ¢m% It is clear that the approximate simulation including frequency chirping (curve III) is
in much better agreement with the exact numerical solution, thus demonstrating that frequency
chirping due to self-phase modulation indeed results in interference terms that drive the excitation

density oscillations.

In a Bloch-vector representation one can describe the light-semiconductor interaction at
¢ = 0 by adiabatic following, i.e., the rate of change of E (= 1/100 fs) is slow compared with
the precession frequency ((? + A,2)"2, and the Bloch-vector p follows the torque vector. But
by ¢ = 120 pum, d¢/dn instantaneously reaches A,/2. This violates the adiabatic following
criterion since dE/dn = i 3¢/dy E, when d¢/dy is large. This is true according to the definition
of Allen and Eberly used so far [Allen and Eberly, 1975], but adiabatic following is also violated
in a frame rotating at w, + 9d¢/0t as in Grischkowsky’s definition [Grischkowsky, 1970]. In
Bloch-vector jargon the effective field moves too fast for p to follow; with a component of the

effective field perpendicular to p, D is rotated, giving oscillations in the carrier density N.
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Figure 33. (a) Calculated frequency chirp d¢/dn (solid line) at ¢ = 120 pm.
The pulse intensity (dashed line) is plotted for reference. (b) Temporal profiles
of the carrier density N at £ = 120 um resulting from solving the semiconductor
Bloch equations with the exact numerical phase solution ¢(») (I, solid line), a
first order fit ¢(n) = ¢,n (1, long dashed line), and a second order fit ¢(y) =
¢ + ¢ (11, short dashed line).

4.5. Conclusion

Below-resonance, coherent pulse breakup has been observed for the first time in a room

temperature semiconductor waveguide. Detailed numerical simulations of pulse propagation
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using the coupled semiconductor Maxwell-Bloch equations reproduce these results well and yield
pulse breakup even in the absence of group velocity dispersion revealing the coherent nature of
the effect. The interaction between a light pulse with a duration less than the polarization
dephasing time of the material is shown to accumulate enough self-phase modulation induced
chirp during propagation in order to escape from the initial adiabatic following regime, thus the
name of section 4.4., propagation-induced escape from adiabatic following. This coherent effect
is distinctly different from self-induced transparency, because it does not involve Rabi-oscillations
at the start of propagation, from temporal solitons, because it does not require group velocity
dispersion, and from self-steepening, because no steepening of the leading edge of the pulse is
observed. However, it should be ubiquitous under off-resonance pulse propagation with a pulse

duration less than the polarization dephasing time.
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CHAPTER 5

DIRECTIONAL COUPLER COHERENT PULSE PROPAGATION AND FUTURE
EXPERIMENTS

5.1. Preliminary coherent pulse propagation results in directional couplers

The measurements of the previous chapter have been repeated with a 0.88 mm long
directional coupler of the same design that is shown in chapter 3, page 47, Figure 17. Again low
intensity and high intensity transmitted pulse shapes and spectral shapes have been recorded using
the cross-correlator setup of chapter 4, page 62, Figure 24. The incident pulse cross-correlation
and spectral distribution were inspected before the experiment, ensuring that they are transform-
limited as shown in chapter 4, page 64, Figure 26. The input peak intensities in this single beam
experiment were chosen above (high intensity, 3.5 GW/cm?) and below (low intensity, 0.85
GW/cm?) the switching peak intensity of 2 GW/cm? that had been determined in chapter 3, page
51, Figure 20. The time-integrated spatial intensity distributions of the directional coupler output
ports are shown in Figure 34 for the above peak intensities. The pulses are initially injected into
channel 2. The difference between the low intensity (Figure 34 (a)) and the high intensity
(Figure 34 (b)) profiles demonstrates switching from a situation, where most of the light exits
channel 1, to a situation, where most of it leaves channel 2. For all Figures in this section the

labels “1" and "2" denote channel 1 and channel 2, respectively.

Figures 35 (a) and (b) depict high intensity and low intensity cross-correlations of both

channels, respectively, corresponding to Figures 34 (a) and (b). Surprisingly, the low intensity
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curves (Figure 35 (a)), which look almost identical for both channels, exhibit pulse breakup,
although pulses of the same peak intensity have not shown any coherent pulse breakup in the
single waveguide experiments of chapter 4 (see Figures 27, page 66, and 29, page 68). This
clearly reveals that the evanescent coupling between the waveguides modifies the coherent
interaction between light and semiconductor in each waveguide. The detailed physical
mechanisms involved require further research. A theoretical description of this experiment will
have to include the transverse (x,y) coordinates, because the coupling between the waveguides
is itself a transverse effect. The propagation delay difference for the two channels in Figure 35
(a) suggests different effective propagation distances. The light that emerges from channel 1 had
to couple over into the other waveguide, while the light emerging from channel 2 remained in

the input waveguide.

(@) 1 (b) 2

OUTPUT INTENSITY (a.u.)
QUTPUT INTENSITY (a.u.)

OUTPUT FACET POSITION (a.u.) OUTPUT FACET POSITION (a.u.)

Figure 34. (a) Low intensity (0.85 GW/cm? and (b) high intensity (3.5 GW/cm?)
time-integrated intensity distribution between the two channels of a 0.88 mm long
directional coupler for single pulses injected into channel 2.
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Figure 35. (a) Low intensity cross-correlations corresponding to Figure 34 (a), (b) high intensity
cross-correlations corresponding to Figure 34 (b); solid curves: channel 1, dashed curves:
channel 2.

The high intensity cross-correlations of Figure 35 (b) also show pulse breakup, but differ
in shape from the low intensity curves of Figure 35 (a) and from each other. In this case most
of the light is assumed to stay in the input waveguide, channel 2, under the influence of strong
nonlinear perturbation. The pulses in both waveguides break up into a smaller leading portion

followed by a larger trailing component.
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The spectral intensities that correspond to Figures 34 and 35 are depicted in Figure 36,

Figure 36 (a) showing the low intensity case, and Figure 36 (b) showing the high intensity case.

~ @ =i| ~|® =
3 3 {
o o 3.
= < o
- = itz
] n
pd pd
(8] Lt
— =
= =
— -
é <
3 o
= Hi =
O Uy O
& B &
@ VA A i N A -
840 850 860 870 880 890 840 850 860 870 880 890
WAVELENGTH (nm) WAVELENGTH (nm)

Figure 36. Transmitted spectral intensities of the 0.88 mm directional coupler, corresponding
to Figures 34 and 35; (a) low intensity, (b) high intensity; solid lines: channel 1, dashed lines:
channel 2.

The low intensity curves (Figure 36 (a)) show large spectral broadening towards the long
wavelength side, particularly the channel 1 output, which carries most of the light in this case.
The high intensity curves (Figure 36 (b)) exhibit less spectral broadening toward the long

wavelength side, but the peak spectral emission of the two channels occurs at different
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wavelengths. All spectra appear to be strongly modulated in a common sinusoidal way. At this

time the described temporal and spectral features are not well explained.

5.2. Suggestions for Future Experiments

It would be helpful to repeat the measurements of section 5.1. with pulse durations that
are much longer than the polarization dephasing time of the medium (t, > 200 fs). If the pulse
breakup in the directional coupler persists under these circumstances, the breakup is, at least in
part, due to incoherent effects. If not, the coherent interaction is identified as the reason for the
breakup. Once the properties and roles of the involved coherent and incoherent processes are
recognized, strategies for breakup prevention can be devised. In the case of a Kerr nonlinearity,
as described in chapter 3, page 44, the breakup would be caused by the intensity dependence of
the induced phase change. The peak of the pump pulse would generate the largest phase change
and switch only the central portion of the probe, leaving its leading and trailing edges behind.

This could be overcome by using a pump pulse of much longer duration than the probe.

As indicated in the conclusion of chapter 3, further in-depth studies are needed to explore
the posssibility of supplying the directional coupler with gain. The first objective, regarding
practical device applications, would be to increase the throughput to at least the 50 % level. The
optical properties of the semiconductor medium completely change during the transition from
absorption to gain. This could give rise to new, interesting, and useful effects, e. g. soliton-like
pulse propagation. One possible scenario for a soliton-like behavior is found, when the pulse is

spectrally centered at the crossing point between gain and absorption [Kesler and Ippen, 1987].
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In this case one half of the pulse experiences amplification, while the other half experiences

absorption, facilitating unattenuated passage through the medium.

The arrival of the tunable femtosecond Ti:sapphire laser provides the opportunity to
perform these measurements as a function of wavelength. Taking cross-correlations for different
wavelengths the dependence of propagation delay on frequency detuning could be determined.

This method produces very accurate data for the group refractive index n”.

These two directions of further experimental research could be well complemented by
theoretical studies that extend the existing model based on the coupled semiconductor Maxwell-

Bloch equations by incorporating evanescent coupling between waveguides and gain.
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