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1 Introduction

A 2.5-year research program was undertaken with the main objective to initiate the develop-
ment of novel quantum devices for greatly improved fiber-optic communications in both local
network and long haul applications, systems that actually approach the theoretical limits
consistent with communication theory and the laws of physics. As part of the program, novel
devices involving gap solitons were also studied for high-speed optical switching, which are
generally applicable to optical computing as well as communication systems.

Long haul fiber optical communication is presently limited by loss and dispersion, while
the ultimate limit from quantum effects and quantum communication theory has not yet
been accurately assessed. To combat the effect of loss for maximizing repeater spacing,
optical amplifiers can be used. The recent development of erbium-doped fiber amplifier
is a major advance, which operates close to the ideal noise limit of a phase insensitive
linear quantum amplifier (PIA). For ordinary coherent-state laser sources, an ideal PIA
introduces a 3dB degradation in the signal-to-noise ratio (SNR) for both homodyne and
direct detection [1]. With the use of phase-sensitive linear amplifiers (PSA), which are
parametric amplifiers employed for single-field-quadrature amplification, there is no signal-
to-noise degradation at all for homodyne detection [1]. They are also 3dB better than PIA
for direct detection, and is in fact ideal for any source quantum state if phase coherence at
the amplifier input is maintained [2]. Such amplifiers in bulk form have been developed at
Northwestern University [3], with the goal of adapting them to a fiber-optic environment.
The advantage of PSA over PIA is actually much more significant than the 3 dB improvement
indicated above. In an amplifier-attenuator chain such as a long-distance fiber-amplifier line,
the direct-detection SNR of a PSA system can be a factor of 8 better than that of a PIA
line [2]. When the effect of gain saturation is taken into account, many more PSA’s can be
used in a single line compared to PIA’s because in a PSA, the total added quantum noise
power is only one fourth that of a PIA [2]. Solitons have been continuing to be developed for
combating the effect of dispersion. Very recently, a soliton erbium-amplifier line at 15 Gbits/s
and bit error rate < 107! has been observed over 25,000 km [4]. In such a system, the fiber
nonlinearity and amplifier spontaneous emission (ASE) noise interact to produce a major
limitation on the system. It has been estimated, for example, that a four-fold decrease in ASE
noise per unit length could enable a doubling of the system length or repeater spacing [5].
It turns out that the total amplified noise in a PSA amplifier-attenuator chain is also just
one-fourth that of a PIA chain [2]. Even more significantly, a PIA soliton line suffers from
the Gordon-Haus limitation [6] due to the accumulation of soliton timing error, which is

strongly suppressed in a PSA line by a factor of 2G? where G is the amplifier power gain.




Thus, the development and utilization of PSA is clearly a major advance over the erbium-
amplifier line. If photon-number amplifiers (PNA) are used, there is no degradation for
direct detection [1, 7] independently of the nature of the source. However, PNA is presently
a device concept without any experimental observation as yet.

These novel quantum amplifiers are also useful in a local network environment. The
number of waveguide taps that a passive optical fiber can accommodate is typically quite
low, say fewer than 20. One way to increase this number is to employ optical amplifiers.
The use of PIA is beset with the problems of ASE and gain saturation [8]. The novel
PSA and PNA are again significant in this regard. Furthermore, a waveguide tap has also
been proposed on the basis of such amplifiers [9], which is however still limited by noise
accumulation and the amount of gain one can employ so that the power in the main bus
remains below a threshold level. New device concepts, a photon-number duplicator (PND),
and similarly a single-quadrature duplicator (SQD), have been described via nonlinear optical
processes [10]. In particular, they can be used to realize the so-called qguantum nondemolition
detection (QND). The utilization of such duplicators could lead to a transparent local network
with an indefinitely large number of users, which is impossible with amplifiers [9]-[10].

Dispersion is not a problem for local networks except at ultra-high speeds. However,
it is still important to integrate the soliton propagation property with the amplifiers PSA
and PNA for long-haul applications. Eventually, soliton duplicators would also be needed
for ultra-high speed local networks. All the above discussions presume the use of ordinary
coherent-state sources. Finally, intensity and quadrature squeezed sources may be employed
to further enhance performance. For squeezed sources only PSA and PNA (or PND and
SQD) can be used because PIA destroys the squeezing [1].

The capability of a communication network is also limited by the switching speed. It is
therefore important to consider an all-optic mode of operation including both communica-
tion and switching. For example, when picosecond pulses are used in 100 Gbits/s system, the
switching rate would also have to be in the picosecond range. High speed optical switching
is of course also crucial in the realization of fast all-optical computers. The problem with
the attempt to realize a compact all-optical switch via optical nonlinearity is that very few
fast-response materials can achieve a m phase shift in less than one absorption length [11].
Optical fiber turns out to be one such material, and all-optical soliton switching with fibers
has been experimentally demonstrated [12]. The 0.5 picosecond time-domain switch in that
demonstration achieved complete (100%) switching with only 1pJ of switching energy be-
cause of the use of optical solitons to eliminate frequency chirping. However, a very long
fiber length ~ 1km is required due to the small fiber nonlinearity, which renders the device

impractical and noisy.




2 Glossary

ASE amplified spontaneous emission
ASK amplitude shift keying

FSK frequency shift keying

GAWBS  guided acoustic-wave Brillouin scattering
GVD group-velocity dispersion

LO local oscillator

OOK on-off keying

OPA optical parametric amplifier

PIA - phase-insensitive linear amplifier
PNA photon-number amplifier

PND photon-number duplicator

PSA phase-sensitive linear amplifier
PSK phase shift keying

QND quantum nondemolition detection
SNR signal-to-noise ratio

SPM self-phase modulation

SQD single-quadrature duplicator
WDM wavelength division multiplexing

XPM cross-phase modulation




3 Proposed Goals and Summary of
Research Performed

The research program consisted of the following three parts:
A) Analysis of Device and System Performance
B) Phase-Sensitive Amplification and Duplication of Solitons
C) Ultra-Fast All-Optical Switch, Gap Soliton, and Single-Quadrature Duplicator
Below we summarize the proposed goals and the research performed in each of the above
areas. A detailed account of the work performed is given in Sec. 4.
3.A Analysis of Device and System Performance
The goals of this part of the research were:
1. Theoretically investigate the physical phenomena uhderlying the quantum devices,
2. Analyse the operation of such devices in a sysfem environment, and

3. Determine the ultimate performance capabilities of optical communication and switch-

ing systems within the framework of standard quantum physics.
The following was accomplished:

1. We made a systematic calculation of the noise and timing-error performance of a long-

distance fiber link with lumped PSA’s for periodic compensation of the in-line loss.

2. We studied various possible realizations of a PNA. A scheme which uses a high-quantum
efficiency photodetector followed by a number-state semiconductor laser was found to

be promising.

3. We established the ultimate capacity of a power and bandwidth limited lossless optical

channel.

3.B Phase-Sensitive Amplification and Duplication of Solitons
The goals of this part of the research were:

1. to demonstrate phase-sensitive amplification of solitons and

2. to demonstrate that solitons can be duplicated.

8




Below we summarize the research performed towards achieving the above goals. Along the
way we also discovered some new properties of PSA’s, such as their ability to compensate

dispersion and their use in soliton storage rings.

3.B.1 Phase-Sensitive Amplification of Solitons

o We sytematically analyzed, first classically and then quantum mechanically, the evo-
lution of soliton-like pulses in a nonlinear fiber line in which linear loss is balanced by

a chain of periodically-spaced PSA’s.

® We proposed a novel approach to combating the pulse broadening effect of group-
velocity dispersion (GVD) in a fiber-optic communication link. Our approach relies
on the use of PSA’s to amplify and shape the short pulses propagating in the fiber.
Since our scheme does not rely on the formation of solitons in the fiber, it can be
implemented in both the positive as well as the negative GVD regions of the fiber,
and it does not require a minimum peak power for the short pulses. Experiments to
demonstrate the dispersion compensation property of PSA’s could not be finished due

to excessive phase noise on our laser. Work is underway to phase stabilize the laser.

e We demonstrated the implementation of an all-fiber PSA at A = 1.5 pm using the
nonlinear index n, of fused-silica fiber. A picosecond saturable-absorber mode-locked

Er/YDb fiber laser was used as the source of solitons.

e We proposed long-term storage of a soliton bit stream in a fiber ring in which loss
is compensated by phase-sensitive amplification. We showed that the one’s (soliton
pulses) are asymptotically stable and the noise on the zero’s of the bit stream (absence
of a soliton) is bounded. Such storage devices will be useful as interchange and routing
buffers and will be compétible with wavelength division multiplexed (WDM) all-optical
soliton networks. Memory elements can be designed that will hold over 10 Mbits of

data for almost an indefinite period of time with access time as short as 1 ©s.

3.B.2 Photon Duplication of Solitons

We could not demonstrate photon duplication of solitons because of excessive scattering
from the CdTe samples used in the experiments. Work is currently underway to use other

semiconductor materials and to understand the physical nature of the scattering process.




3.C Ultra-Fast All-Optical Switch, Gap Soliton, and
Single-Quadrature Duplicator

The goals of this part of the program were:

1. to demonstrate semiconductor based compact ultrafast all-optical switch that ap-

proaches the practicality criterion,

2. to demonstrate improved switching using either birefringence or gap soliton propaga-

tion [13], and

3. to demonstrate a semiconductor n(¥ based optical parametric amplifier using either
AlGaAs or InGaP waveguide and to show that it is quantum-limited, and then to

demonstrate single-quadrature duplication with it.

3.C.1 Compact Ultrafast All-Optical Switch

e We successfully fabricated 1 cm long, low loss strongly-guided AlGaAs waveguides with
1.5um by 1.5um physical cross sectional area and 0.8um by 0.9um fundamental mode

cross sectional area.

o We successfully demonstrated ultrafast all-optical switching using AlGaAs waveguide
operating at 1.6um. For a lcm long microfabricated strongly guiding waveguide with
0.8um by 0.9um fundamental mode cross sectional area, switching is achieved with an
average power of 1.2mW for 82 MHz mode-locked 430 fsec pulses. The estimated peak
power and pulse energy inside the microfabricated waveguide were ~30 W and ~14.6
pJ, respectively, which is 5-10 times lower than the values needed with conventional
waveguides. For a conventional 9mm long rib waveguide with 4.5um by 2.7um mode

cross sectional area, switching is achieved at a much higher peak power of 550 W.

o We successfully developed and demonstrated a new experimental technique that allows
the simultaneous measurement of the nonlinear refractive index n(?) and the nonlin-
ear absorption coefficient o!? in waveguides. By performing minor changes in the

experimental setup, the four-wave mixing gain coefficient can also be measured.

3.C.2 Improved Ultrafast All-Optical Switch with Gap Soliton Propagation

o We successfully fabricated very broadband Bragg reflectors in microfabricated AlGaAs
optical waveguides with bandwidths as large as 5-10 nm. They could be used as
wavelength selective filters for short 100fsecs pulses in waveguides or for gap soliton

propagation.
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o We successfully investigated theoretically the propagation of coupled Bragg solitons

for all-optical switching.

e The experimental investigation of Bragg solitons has not been successful within the
term of the contract due to the needs for higher laser power to form gap solitons.

Ultimately, the formation of gap solitons may be limited by multi-photon absorption.

3.C.3 Single-Quadrature Duplicator

o We successfully investigated theoretically the generation of squeezed-state light in Al-

GaAs semiconductor waveguides.

o We successfully demonstrated degenerate optical parametric amplification in AlGaAs
semiconductor waveguides at 1.6um using a new single-pass pulsed delayed scheme
to filter out the pump intensity. A power gain of more than 8 was observed. This
demonstration shows the possibility of using the scheme for squeezed-state generation
via parametric deamplification of quantum noise, which is needed for single-quadrature
duplication. The degenerate optical parametric amplification demonstrated is however

potentially useful in optical communications.

o We successfully demonstrated frequency translation in AlGaAs semiconductor waveg-
uides at 1.6um using a single-pass scheme. The setup used was a slight variation of the
parametric amplifier setup. A four-wave-mixing gain of larger than unity was observed.

Frequency translation is potentially useful in optical communications.

e The experiment to generate squeezed state was not completed within the contract
period due to excess classical noise in our laser, which masked the quantum noise

reduction.
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4 Details of Research Performed and Outcomes

The research program comprised of three main parts, each directed by one of the three
co-principal investigators. Below we describe in detail the research performed under this

contract. A separate section is devoted to each of the three main parts.

4.A Analysis of Device and System Performance

The goals of this part of the research program directed by Yuen were:
1. to theoretically investigate the physical phenomena underlying the quantum devices,
2. to analyse the operation of such devices in a system environment, and

3. to determine within the framework of standard quantum physics the ultimate perfor-

mance capabilities of optical communication and switching systems.

Below we describe the research performed on each of the proposed items.

4.A.1 Performance of Systems that Utilize Novel Quantum Devices

We have made a systematic calculation of the noise and timing-error performance of a long-
distance fiber link with lumped phase-sensitive linear amplifiers (PSA) for periodic compen-
sation of the in-line loss. Let T be the loss coefficient per unit length, L the total length of
the link, S the transmitted signal photon level, G' the power gain of each of the identical
PSA’s, and A and Ny characteristics of the signal pulse amplitude and energy. The output

direct-detection signal-to-noise ratio and timing-error variance for a PSA chain are found to

be
_S_ lnG_S_ (1)
N)ps, ~ G-1TL
A L InG

(2)

612 ~ = .
(8¢ psa 6N, 2T G — 1

These can be compared to the standard results in the ordinary phase-insensitive linear am-

plifier (PIA) chain:

S InG S
(‘fv‘)m S TYA B
9AT .G —1
§t? ~ ? )
(6 )pra 9N, InG (4)
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Figure 1: Error exponents per signal photon as a function of number of amplifier stages with
gain G=10; g; applies to a PNA line and g, to a PIA line under the Gaussian approximation.

From Eqgs. (1)-(4) the signal-to-noise ratio for the PSA chain is enhanced by a factor of two

while the timing error is suppressed by a factor of E~! compared to a PIA chain,

B = 8(F3L)2 (CIJH—G1)2‘ ®)

For typical values L ~ 10* km, 2I" ~ 0.055 km™" (for 0.24 dB/km), G ~ 10 dB, the timing-
error At = /(6t?) is decreased by three orders of magnitude from Eq. (5). In terms of bit
rate R increase for the two kinds of chains, this translates into about a factor of seventy for
typical soliton pulses in binary signaling.

We have obtained the following result for the OOK error probability P, of a PNA line of
gain G for each amplifier. For n stages of amplification-attenuation of coherent-state input

with signal photon number n,
1
P, = _ée—ns(l—fn(G)), (6)

where the function f, obeys the recurrence relation
fen(@) = (1= G M+ £(6)(G - D/G°, (™)

with fo(G) = 0. In Fig. 1 we compare this error exponent 1 — f,(G) with that of the PIA
chain 1/8n obtained under the Gaussian approximation. The advantage of the PNA line

increases from a factor of ~ 5 for a single stage to a factor of ~ 20 for n > 50 stages. The

13




actual error exponent of a PIA chain has never been exactly determined, which may turn out
to be somewhat better than that of the Gaussian approximation. However, the advantage
of a PNA over PIA or even PSA goes far beyond the ideal-system error exponent. Because
no (or little, in a good but realistic implementation) noise is added to the communication
line, the flexibility of system design and implementation is greatly increased. For example,
nonlinear phase distortion in the line would be minimal. Similarly, we expect that PNA

action would not disturb soliton propagation in a long line.

4.A.1 Physics of the Novel Quantum Devices

We studied various possible realizations of a PNA. A scheme which uses a high-quantum
efficiency photodetector followed by a number-state semiconductor laser [14] was found to
be promising. We concluded that this realization of the PNA is not significantly limited by

the electronic amplifier noise or the laser quantum efficiency for input states that are nearly

classical.

4.A.2 Ultimate Quantum Limit Performance Study

We established the ultimate capacity of a power and bandwidth limited lossless optical chan-
nel [15]. The possible amount of information transfer between any source and any user via
a quantum system is bounded through the quantum entropy function. In contrast to the
classical case, this shows that an infinite information transfer implies infinite emtropy. The
entropy bound was applied to obtain the ultimate quantum information transmission capac-
ity of the free electromagnetic field unmder a power and bandwidth constraint. Extension

of our results to a lossy system is still under investigation.

4.B Phase-Sensitive Amplification and Duplication of Solitons

The goals of the experimental research undertaken by Kumar were:

1. to demonstrate phase-sensitive amplification of solitons and

2. to demonstrate that solitons can be duplicated.

Below we describe the research performed towards achieving the above goals. Along the
way we also discovered some new properties of PSA’s, such as their ability to compensate
dispersion and their use in soliton storage rings. Details of these discoveries are also given

in the following.
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4.B.1 Phase-Sensitive Amplification of Solitons

We investigated both the theoretical as well as experimental aspects of using PSA’s in ultra-
high speed communication systems and networks.

Yuen [2] was the first to point out the advantages of using PSA’s in optical communica-
tion systems (long haul or local network) that employ solitons as the carriers of information.
Solitons are pulses of light that balance the linear group-velocity dispersion of a single-mode
fiber with the Kerr-nonlinearity generated self-phase modulation. As a result of the balance,
solitons can propagate over long distances without changing their shape. The advantages of
such pulses as carriers of information are obvious as they avoid cross-talk between successive
bits [5, 16]. In both long haul and local network systems, however, solitons must be period-
ically amplified to compensate for the linear propagation loss. Recently erbium-doped fiber
amplifiers have been developed that operate very close to the ideal quantum-mechanical limit.
These amplifiers degrade the solitons upon repeated amplification, as would be required in
a realistic system, because of the added spontaneous emission noise. Yuen’s analysis showed
that if a PSA of gain G is used in place of a PIA (e.g., the erbium amplifier) of the same

gain, then the following advantages could be realized [2]:

i) The PSA reduces the total added quantum noise power by a factor of 4.
ii) The PSA reduces the homodyne noise variance by a factor of 2.

iii) The PSA reduces the photon-number variance by a factor of between 2 to 8 depending

upon the number of inline amplifiers.
iv) The PSA suppresses the Kerr-effect phase fluctuation variance by a factor of 2G2.

v) The PSA suppresses the Gordon-Haus soliton timing error by a factor of 2G2.

The above predictions of Yuen, however, were based on a single-mode quantum analysis
of the fiber/PSA line. Soliton evolution from one amplifier to the next was ignored. As part
of this contract we have sytematically analyzed, first classically [17, 18] and then quantum
mechanically [19], the evolution of soliton-like pulses in a nonlinear fiber line in which linear

loss is balanced by a chain of periodically-spaced PSA’s, as sketched in Fig. 2

4.B.2 Solitons in fiber lines with PSA’s

The use of lumped erbium-doped fiber amplifiers has been demonstrated as an effective
method for compensating loss in long-distance optical communications systems [20, 21, 22].

In addition, several filtering techniques [23] have been developed for soliton-based systems
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Figure 2: Schematic of a nonlinear optical fiber transmission line in which loss is balanced
by a chain of periodically-spaced, phase-sensitive amplifiers (PSA’s).

which decrease the Gordon-Haus jitter [5] — the random walk of solitons caused by sponta-
neous emission noise present in the erbium-doped amplifiers, or by acoustic perturbations [24]
— thereby increasing the maximum allowable bit rate.

As a possible alternative to erbium-doped fiber amplifiers, the use of lumped PSA’s has
been proposed [25] as a method for compensating loss. Because phase-sensitive amplifiers
are free of spontaneous emission noise [25] (they are ideal quantum-limited amplifiers with a
0 dB noise figure), they add no Gordon-Haus jitter to the propagating solitons and therefore
lead to a significant increase in the maximum bit rate [26]. A PSA can also be thought of as
a combination of an amplifier and a filter integrated into one device. In this sense, they are
analogous to the erbium amplifiers and passive filters used in the schemes mentioned above.
For PSA’s, however, the filtering is done in the signal’s optical phase, rather than only in the
frequency domain, since only one phase quadrature is amplified while the other quadrature
is attenuated (or filtered out) by the PSA’s.

In our analyses [17, 18] we considered the practically-encountered case in which the
amplifier spacing is much smaller than the dispersion length, i.e., the loss experienced by
the pulse due to the fiber and the gain associated with the PSA occur on a length scale
much shorter than that of the dispersion and nonlinearity. In our approach, we averaged
over the rapid fluctuations due to the loss and gain [21] and analyzed the averaged equation
governing the pulse evolution over distances much greater than the dispersion length. The
averaged envelope equation supports stable pulse propagation, and initial pulses were shown
to decay exponentially onto steady state solutions. This is in contrast with the case of a fiber
line with erbium amplifiers for which pulse stability is reached via the shedding of dispersive
radiation [21, 22]. ' _

Our analysis also showed that the length scale over which the pulse evolution occurs is
significantly increased beyond a soliton period. This is because of the attenuation of phase
variations across the pulse’s profile by the amplifiers. Analytical evidence was presented
which indicated that stable pulse evolution occurs on length scales much longer than the
soliton period. This was confirmed through extensive numerical simulation, and the region

of stable pulse propagation was found. The average evolution of such pulses is governed by a
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Figure 3: Evolution of initial pulses U(T,0) = sechT, (left), and U(T,0) = 1.8sechT,
(right), showing exponential decay onto the stable pulse solution of the fiber-PSA line.
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Figure 4: Initial pu.lse amplitudes A and widths Ty which give stable pulse solutions. The
initial conditions U(T,0) = Asech(T'/T,), with different values of A and Ty, were used. For
all initial conditions within the lined region the same final steady-state was reached.
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fourth-order nonlinear diffusion equation which describes the exponential decay of arbitrary
initial pulses onto stable, steady-state, soliton-like pulses.

Figure 3 shows two representative numerical simulations of pulse propagation. Figure 3a
is for an initial pulse.U(T,O) = sechT and Fig. 3b for U(T,0) = 1.8sechT. In both cases
the pulse exponentially approaches a stable steady state as it evolves. The parameters used
in this computation correspond to an amplifier spacing and gain of roughly 36 km and 2.72,
respectively. The pulses in these simulations propagate 10 units in the dimensionless units,
which corresponds physically to a pulse traveling through 2,750 amplifiers for a total distance
of roughly 105,696 km. Such a long distance was chosen to explicitly show the stability of
the pulses.

Figure 4 shows that a wide range of initial pulse amplitudes and widths can lead to
stable pulse evolution. This data was obtained by simulating the propagation for many
different initial pulses of the form U(T,0) = Asech(T/T,) with different values of A and Tp
and recording the cases in which the stable steady-state pulse solution was reached. Note
that all initial pulses within the shaded region asymptote to the same stable steady state.
The numerical simulations were done using the same parameter values as in Fig. 3, Similar
numerical runs indicate that stable pulse solutions are also obtained for a wide range of
amplifier spacings, such as 72km. Further details of the analysis and numerical simulations
can be found in Ref. [18]. _

Our analysis also provides a physical explanation for the above results. Upon propagation
through a segment of the fiber, the pulse is attenuated by the loss and develops a quadratic
phase sweep across its profile since group-velocity dispersion and self-phase modulation do
not exactly balance one another as the pulse decays. The phase-sensitive amplifiers, however,
work to produce an output pulse that is uniform in phase; the phase sweep induced in
the pulse is therefore attenuated by the PSA’s, canceling the effects of the dispersion and
self-phase modulation. Thus, the PSA’s act as phase-sensitive filters (analogously to lock-
in amplifiers) that fight dispersion and other pulse-deforming effects. The argument also
implies that the cancellation effect does not necessarily depend on self-phase modulation
being present. As a result, phase-sensitive amplifiers can be used to compensate dispersion
in fiber optic communication systems where the nonlinearity of the fiber plays no role. As
part of this contract, we have studied the dispersion compensation property of PSA’s in

great detail [27, 28]. In the following, we provide a summary of this work.

4.B.3 Dispersion compensation with PSA’s

An important limitation to the bit-rate distance product achievable in a fiber-optic commu-

nication link arises because of the group-velocity dispersion (GVD) in the fiber [29, 30]. At
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Figure 5: Magnitude of a Gaussian input pulse (dashed curves) propagating through the
fiber/PSA line with £ = 0.08 [plots (a) through (c)] and £ = 0.2 [plots (d) through (f)]. Here
£ is the ratio of the amplifier spacing to the dispersion length. In each plot the thick solid
curve shows the pulse at the output of the nth amplifier with n as indicated in the plots and
the thin solid curve shows the pulse that would result if phase-insensitive amplifiers (such
as EDFA’s for the 1.55 pm link) are used. In plots (a) through (c) the amplifier spacing is
2.4km and in plots (d) through (f) it is 40 km.
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higher bit rates, the dispersion-induced broadening of short pulses propagating in the fiber
causes cross-talk between the adjacent time slots, leading to errors when the communication
distance increases beyond the dispersion length 2 of the fiber. Here z, = t2/|k"|, where to
is the width of the short pulses, k" = 3°k/0w? evaluated at the carrier frequency wo, and k
is the propagation constant in the fiber.

Several approaches have been followed to push the bit-rate-distance product to higher
values. One approach is to use solitons as the information bits [31]. Solitons, which are
nonlinear pulses that preserve their shape upon propagation through the fiber, are formed
when the carrier frequency lies in the negative GVD region of the fiber—i.e., k" < 0. In
this region the positive Kerr nonlinearity of the fiber works to cancel the broadening caused
by the negative GVD. However, in fused silica fibers, the negative GVD region occurs for
wavelengths longer than 1.3 ym. In this wavelength region, convenient semiconductor short-
pulse lasers are still not widely available for use as soliton sources, especially when one
pushes the bit rates to increasingly higher values which would require shorter pulses with
correspondingly higher peak powers to form solitons [32].

Many other approaches that have recently been proposed and demonstrated include the
use of various forms of inline optical filters [33, 34], prechirping of the transmitting laser [35],
use of inline equalizing fiber [36], and nondegenerate four-wave mixing [37, 38]. The most
successful among these various techniques uses periodically-spaced segments of a two-mode
fiber operated near cut-off [39] that provide positive (negative) GVD to the propagating
pulse to compensate the negative (positive) GVD that occurs in the single-mode fiber spans.
This technique, however, requires the use of spatial mode converters between the single-mode
and the two-mode fiber segments.

We have proposed a novel approach to combating the pulse broadening effect of GVD
in a fiber-optic communication link [27]. Our approach relies on the use of phase-dependent
amplifiers to amplify and shape the short pulses propagating in the fiber. Moreover, our
scheme does not rely on the formation of solitons in the fiber. Therefore, it can be imple-
mented in both the positive as well as the negative GVD regions, and it does not require a
minimum peak power for the short pulses.

In our scheme linear loss in the fiber is balanced by a chain of periodically-spaced, phase-
sensitive, optical amplifiers. We presented detailed analysis of pulse propagation in such
a fiber line showing that due to attenuation in the quadrature orthogonal to the amplified
quadrature it is possible for a pulse to propagate without significant broadening over lengths
many times longer than the usual dispersion length of the fiber [28].

To demonstrate that the spreading of the pulse is curtailed with use of the PSA’s, we nu-

merically simulated with our theory the propagation of short Gaussian pulses in a fiber/PSA
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line. As a first example, we considered a communication link that operates at 0.8 pm wave-
length. At this wavelength, the loss and GVD coefficients of a typical fused silica fiber are
2.0dB/km and 30ps?/km, respectively. If 30 ps pulses are used, then the dispersion length of
such a fiber is 30 km [30]. Placing PSA’s of 4.8 dB gain every 2.4 km will result in a lossless
fiber line. In Fig. 5, plots (a) through (c), we show the amplitude of the propagating pulse at
different locations in such a fiber/PSA line. Also shown in each case are the amplitudes of the
original Gaussian pulse (dashed curves) and the pulse that would result if phase-insensitive
amplifiers are used (thin solid curves). As is evident in Fig. 5¢c, at the output of the 1,000th
amplifier—a distance of 2,400 km in this case (80 dispersion lengths)—the pulse shape, apart
from developing small oscillations in the wings, is pretty much unchanged. For the case of
phase-insensitive amplifiers, on the other hand, the pulse is completely flattened out.

Our second example was a communication link operating at 1.55 pm wavelength. At
this wavelength, the loss and GVD coefficients of a typical dispersion-shifted fused silica
fiber are 0.2 dB/km and —2 ps?/km, respectively [30]. If 20 ps pulses are used, then the
~ dispersion length of such a fiber is 200 km. Placing PSA’s of 8dB gain every 40km will
result in a lossless fiber line. In Fig. 5, plots (d) through (f), we show the amplitude of the
propagating pulse at different locations in this fiber/PSA line. Once again, at the output of
the 400th amplifier—a distance of 16,000 km in this case (80 dispersion lengths)—the pulse
shape, apart from developing small oscillations in the wings, is pretty much unchanged.

We also derived an averaged equation for pulse evolution over distances longer than the
amplifier spacing. The effect of optical-phase fluctuations between the propagating pulse
and the amplifiers was also considered. Further details can be found in Ref. [28].

We carried out an experiment to demonstrate the dispersion compensation property of
the PSA’s. This experiment, however, was not successful because of the excessive phase noise
on our laser. As described in the following section, large PSA gain could be observed when
both the signal and pump pulses were derived from the same laser pulse. To demonstrate
dispersion compensation, however, the signal pulse must be repetitively amplified with suc-
cessive pump pulses. In our experiment, no PSA gain could be observed when the pump
pulse was derived from a laser pulse that is 25 pulses down stream from the signal pulse.
This lack of observation of the PSA gain is a direct manifestation of the phase noise on our
laser. Work is currently underway to phase stabilize our laser so that we could repeat the

dispersion compensation experiment.

4.B.4 Fiber PSA’s

As part of this contract we have also demonstrated the implementation of an all-fiber PSA

at A = 1.5 um using the nonlinear index n, of fused-silica fiber. This work was performed
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Figure 6: Schematic diagram of the 1.5 ym picosecond-pulse fiber PSA.

in collaboration with Dr. K. V. Reddy of Amoco Technology Company. 8.3ps pulses were
amplified in a phase-sensitive way using a Sagnac interferometer as shown in Fig. 6. For

non-zero input signal power I, and pump power I, the gain of such an amplifier is found to

be [40]

G = cos’(A®ng) + (I/ 1) sin?(A®nr)
— (I,/I,)"*sin(2A®p ) sin é, (8)

where A®np = KL(I,[,IS)I/2 cos 8, k = 2wng/AAeg With Aeg as the effective fiber-core area, L
is the length of the fiber, and é is the phase difference between the pump and signal fields.
For fused-silica fiber ny = 3.2 x 1072 m?/W.

In the experiment of Fig. 6 we used 100 m of polarization-preserving fiber in the Sagnac
interferometer. The laser source was a 1.5 um mode-locked Er-fiber laser with a pulse width
of 8.3 ps at a pulse repetition rate of 23.4 MHz, amplified by a fiber amplifier to generate an
average power up to 11.0mW in the pump arm. We used a series of polarization controllers
to maximize the pump light along one axis of the fiber. Also a translating retroreflector was
used in the signal arm for pump/signal pulse synchronization. The signal beam was launched
into the Sagnac loop with the same polarization as the pump so that phase-sensitive self-
phase modulation due to the superposition of the pump and signal pulses would occur,

which is our gain mechanism. We used a variable fiber coupler in the Sagnac interferometer
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Figure 7: Phase dependence of the signal amplification for I,=40 yW and I,=2mW.

to ensure exact 50/50 coupling along the two directions, and thus, maintained good isolation
of the pump beam from the signal arm.

After the signal and pump pulses were aligned, we observed the reflected signal light at
port D for average input signal powers up to 300 uW. Without phase locking, the amplified
signal pulse modulated from a deamplified minimum to a highly amplified maximum due to
fluctuations in the path lengths of the signal and pump pulses from the laser to the Sagnac
interferometer, as shown in Fig. 7. The observed amplification and deamplification of the
reflected signal was consistent with the theory presented in Eq. (8). Figure 8 shows one set of
experimental data taken at port D, with pump leakage into the signal arm (indistinguishable
from the background noise), the signal pulse, and the amplified pulse resulting from the
interaction of the pump and signal. Here the average pump and signal powers were 3.0 mW
and 40 uW, respectively. The amplified signal pulse is 6.5 times larger than the input signal
pulse, for a gain of 8.2dB. We have observed gains as high as 10dB.

This gain is clearly the result of amplification of the signal as it is much higher than
what would be expected from interference of the reflected signal and the leakage pump in
the signal arm. We observed that the gain for different signal powers (much smaller than
the pump) with the same pump power given above remained constant. This is consistent
with our expectations from Eq. (8) since the pump power is much greater than the signal
power; hence amplification is dependent only on the pump power. In Fig. 9 we show the
dependence of the gain on the pump power. The measured gain (squares) is consistent
with the predictions of Eq. (8) (solid curve) based on self-phase modulation in the Sagnac

interferometer. An increase in the pump power will lead to an increase in the gain and we
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Figure 8: Phase-sensitive amplification of 8.3 ps pulses at 1.5 um. The signals were monitored
using a 45 GHz photodiode and a 50 GHz sampling oscilloscope.
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Figure 10: Left — Schematic of a fiber ring in which loss is compensated by phase-sensitive
amplification. Right — A physically realizable optical storage ring using a fiber PSA [41].
Note that the storage ring can be loaded without keeping track of the optical phase of the
data stream on the network.

expect to observe up to 30dB of gain.
Our observations lead us to believe that a 1.5 um fiber/PSA line can be implemented

with high gain, low noise, and negligible dispersion.

4.B.5 Storage of soliton bit streams using PSA’s

We proposed long-term storage of a soliton bit stream in a fiber ring in which loss is com-
pensated by phase-sensitive amplification [19]. We showed that the one’s (soliton pulses) are
asymptotically stable and the noise on the zero’s of the bit stream (absence of a soliton) is
bounded. Moreover, the soliton-soliton interaction is efficiently suppressed by the PSA’s.

Such storage devices will be useful as interchange and routing buffers and will be com-
patible with wavelength division multiplexed (WDM) all-optical soliton networks. Memory
elements can be designed that will hold over 10 Mbits of data for almost an indefinite period
of time with access time as short as 1 us.

Consider an optical fiber ring with a PSA as shown in Fig. 10(Left). Since the PSA
is a unidirectional device, pulses traveling only in one direction (counter-clockwise in the
case shown) around the loop see the linear loss compensated by the amplifier. A 3km-long
loop made out of a dispersion-shifted fiber having |8”| = 0.2ps?/km and v = 0.017km™
(0.15dB power loss per km) would serve the purpose. If such a ring is used to store streams
of bits with a period of 10 ps [bit rate of 100 Gbits/s with 1’s represented by 3.5 ps (FWHM)
pulses and 0’s by the absence of pulses|, then the dispersion and loss lengths would be
zo = 72/|f"| = 20km and z, = 1/2y = 29.4km, respectively. For these parameters, our
analysis and numerical simulations showed that the data could be stored indefinitely in such

a ring [19]. The ring would have a storage capacity of 1.5 Mbits and it can be built using a
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fiber PSA [41] as shown schematically in Fig. 10(Right). Figure 10(Right) also shows how
the storage ring can be loaded without keeping track of the optical phase of the data stream
on the network. The 1’s of the incoming data stream imbalance the Sagnac loop of the PSA
through cross-phase modulation. Consequently, a pulse is injected into the storage loop that
is phase coherent with the pump laser driving the PSA. The incoming 0’s, however, do not
cause cross-phase modulation, and hence, no pulse is injected into the storage loop. Since
there is no phase coherence between the network and the storage ring, such a device is thus

intrinsically WDM compatible.

4.B.6 Photon Duplication of Solitons

We could not demonstrate photon duplication of solitons because of excessive scattering
from the CdTe samples. At high pump intensities where photon duplication is expected to
occur, linear scattering of the pump photons in the direction of the signal and conjugate
beams prevented the observation of the duplication phenomenon. These results were pre-
sented at the 1994 OSA annual meeting in Dallas. Work is currently underway to use other

semiconductor materials and to understand the physical nature of the scattering process.

4.C Ultra-Fast All-Optical Switch, Gap Socliton, and
Single-Quadrature Duplicator ’

The basic program of research proposed by Ho consisted of work:

1. to demonstrate semiconductor based compact ultrafast all-optical switch that ap-

proaches the practicality criterion,

9. to demonstrate improved switching using either birefringence or gap soliton propaga-

tion, and

3. to demonstrate a semiconductor n(? based optical parametric amplifier using either
AlGaAs or InGaP waveguide and to show that it is quantum-limited, and then to

demonstrate single-quadrature duplication with it.

4.C.1 Compact Ultrafast All-Optical Switch

As mentioned in the introduction, the capability of a communication network—be it a local
network or long haul fiber network—is limited by the switching speed. All-optical switching
has been demonstrated in various configurations such as the nonlinear directional coupler [42]
and the asymmetric Mach-Zehnder interferometer [43]. However, for an optical switch to be

practical, it is necessary for the device to be operated at low peak power and also be compact
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in size, which requires nonlinear materials with high nonlinearity and low loss. A measure of
a material’s usefulness for optical switching applications is given by a figure of merit [42, 44]
defined as F' = n@I/(a)), where n(? is the second order nonlinear refractive index, a
is the total (linear and nonlinear) absorption coefficient, I is the laser intensity needed to
achieve optical switching (determined by n(® and the medium’s length), and X is the free
space optical wavelength. In order for a material to be usable for all-optical switching,
it is necessary that F > 1. In particular, F' is fundamentally limited by the two-photon
absorption component in a given by o(¥1, resulting in an intensity independent contribution
to F, i.e., its effect cannot be reduced by varying the length of the medium. Recently, Ho et
al. [42, 45] demonstrated that in AlGaAs the two photon-absorption is drastically reduced in
the region below half the energy gap (~1.6 pm), enabling the material to meet the figure of
merit requirement described above. Another important parameter to consider is the power
required to operate the device. For the Mach-Zehnder configuration described in this work,
the power required is the power needed to provide a = phase shift within the length of the
nonlinear medium. For practical applications, it is reasonable to aim for optical peak power
in the order of watts, which is the peak power that can be achieved with currently available
pulsed semiconductor lasers. In addition, the compactness of a device is another important
practical factor and devices with dimensions of the order of centimeters are desirable.

In this Report, we show that by using a 1 cm long microfabricated strongly-guided waveg-
uide with 0.8 um by 0.9 um fundamental mode cross sectional area, ultrafast all-optical
switching can be achieved at a peak power of 30 W, which is not too far from the power
requirement for practical applications. We also show that for a conventional 9 mm long rib
waveguide with 4.5 gm by 2.7 um mode cross sectional area, switching is achieved at a much
higher peak power of 550 W.

The AlGaAs epitaxial layers were grown by MBE and consisted of a Alg.93Gag.77As guiding
region on top of a AlggoGag0As lower cladding layer grown on a semi-insulating GaAs
substrate. The conventional rib waveguide had a 5 um thick guiding region, a 2 um thick
cladding layer, a rib height of 2 ym and rib width of 4 um. The microfabricated waveguide
had a 1.5 um thick guiding layer, a 2.5 pm thick lower cladding layer, and its height and width
were both around 1.5 ym. The 9 mm long rib waveguide was fabricated using a conventional
photolithography procedure and a chemical etching using H3PO4:H,04:H,0 (1:1:35 volume
ratios) as etchant. The 1 cm long microfabricated waveguide was patterned via conventional
photolithography, but etched via chemically assisted ion beam etching (CAIBE) with chlorine
gas in conjunction with an argon-ion beam. Figure 11 shows a SEM picture of the 1 cm long
microfabricated strongly-guided waveguide with 1.5 um by 1.5 um physical cross sectional

area and 0.8 um by 0.9 um mode cross sectional area. This fabrication procedure gives
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Figure 11: SEM picture of the microfabricated strongly-guided AlGaAs waveguide.

smooth waveguide side walls, which 1s essential for minimizing waveguide propagation losses.

Figure 12 shows the experimental setup for the all-optical switching using the above
described AlGaAs waveguides in the Mach-Zehnder configuration, where the portion com-
prising the Mach-Zehnder interferometer is indicated by the dotted lines. The details of the
all-optical switching experiment are as follows.

An additive pulse mode-locked (APM) color center laser (NaCl:OH) is used to generate
high peak intensity pulses with pulse width of 430 fs and a pulse repetition rate of 82 MHz at
A=1.6 um. Asshown in F'ig. 12, the output of the color center laser is split at the polarization
beam splitter PBS1 into a strong pump beam and a weak signal beam with intensity ratio 9
to 1, which can be adjusted by the half-wave plate HWP1. The weak signal beam is further
split at PBS2 into Sy, and S; beams which propagate through the nonlinear and linear arms
of the Mach-Zehnder interferometer. respectively. Here we refer to the arm containing the

AlGaAs waveguide as the nonlinear arm of the interferometer. The orthogonally polarized
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Figure 12: Experimental set up of the Mach-Zehnder configuration for all-optical switching
using AlGaAs waveguides.
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Figure 13: The botton trace (solid curve) shows the modulated output signal at port A of
the switch as function of time, while the top trace (dotted line) shows the pump on and off.
When the pump is on the output signal increases showing the signal being switched from

output port A to B.

pump and Sy, signal beams are then combined at the polarization beam splitter PBS3
(i.e. spatially overlapped but still orthogonally polarized) and coupled into the waveguide.
The optical coupling into and out of the waveguide was done by the end-firing coupling
method using 40x microscope objective lenses with a numerical aperture of 0.6. To minimize
losses, both the front and back facets of the waveguide were antireflection coated. After going
through the waveguide, the pump beam is separated from the signal beam by the polarization
beam splitter PBS4. The pump beam 1s then detected at detector D2, whose output gives the
pump beam intensity after the waveguide. The Sy, signal, generated at PBS2, is recombined
at the polarization beam splitter PB54 with the orthogonally polarized Sy signal from the
waveguide. The polarizations of Sy, and Syr beams after PBS4 are rotated by 45 degrees
with a half wave plate (HWP4) and the resulting beam passes through another polarization
beam splitter PBS5, where the interference between the Sy and Sy, signal beams occurs
(the combination of PBS54, HWP4, and PBS5 is equivalent to a polarization insensitive 50/50
beam splitter). The resulting interference signal beam exits at either port A or B of PBS5,
depending on whether there 1s constructive or destructive interference. To demonstrate all-

optical switching, the phase of the Sy signal pulse is adjusted by a piezoelectric transducer
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(PZT1) and its intensity adjusted by the combination of HWP2 and PBS2 so that in the
absence of the strong pump beam, the combined signal pulses exit from port A of PBSS.
When the strong pump pulse overlaps the signal pulse inside the waveguide causing a =
phase shift of the Syr, signal pulse via cross-phase modulation, the output signal pulses at
PBS5 are switched from port A to port B.

Figure 13 demonstrates ultrafast all-optical switching using the microfabricated AlGaAs
waveguide. The interferometer was set so that the output signal at port A has maximum
intensity. The solid curve represents the signal at port A of the switch, while the dotted
curve shows the pump on and off. When the pump is on the output signal decreases showing
the signal being switched from the output port A to B. From the figure we see that there
is about 60% switching, limited by the nonlinear cross-phase modulation due to the non-
square intensity profile of the pump pulses and by the mode matching efficiency between the
interfering signals at PBS5. When the pump and Sy signal pulses in the waveguide are
delayed from each other by one or more pulse widths, the amount of switching reduces to
zero, demonstrating that the switching speed is faster than 430 fs. From our experimental
measurement, we conclude that the 7 nonlinear phase shift needed for optical switching
was achieved with a 1.2mW average power in the waveguide for 82 MHz mode-locked 430
fs pulses at 1.6 um wavelength. The estimated peak pump power and pulse energy inside
the microfabricated waveguide were ~30 W and ~14.6 pJ, respectively. Currently, the net
coupling efficiency in and out of the microfabricated waveguide is about 10%, which could
be improved in the future by tapered waveguides or coupling lenses with larger numerical
aperture. The propagation loss in the 1 ¢cm long waveguide is estimated to be less than 10%
using the cut-back method. For the 9mm long conventional rib waveguide, switching was
achieved with 22mW average power and the estimated peak power and pulse energy inside
the waveguide were ~550 W and ~270pJ, respectively. Note that the peak pump power
necessary for m nonlinear phase shift can be smaller by a factor of 2/3 if the pump and probe
beams have the same polarization. This is because cross-phase modulation (XPM) is 2/3 as
strong as self-phase modulation (SPM) for an isotropic material like AlGaAs [45]. Hence,
for the case where the pump and probe beams have the same polarization, the switching
peak pump power and pulse energy for the microfabricated waveguide can be reduced to
20 W and 10 pJ, respectively. Since the switching pump power p is inversely proportional to
the length of the waveguide ¢, the product p * £ for a given nonlinear waveguide medium is
a constant and can be used as a practicality index for the realization of compact ultrafast
all-optical switching devices. Based on the discussion in the introductory paragraph, we
propose that practical devices should have p* £ around unity or smaller, where p is in watts

and /¢ in centimeters. Our microfabricated waveguide, for the case where the pump and
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probe beams have the same polarization, has p * {= 20 W-cm which is lower than the value
recently reported for an optical nonlinear directional coupler [46] with p+£ = 130 W-cm (this
directional coupler has material composition similar to our waveguide, but larger waveguide
mode structure). For comparison purposes, it is useful to note that the p = £ value for the
usual single-mode silica fiber is around 300,000 W-cm. However, optical fibers have the
advantage that their lengths can be very long without incurring much loss, while waveguides

cannot.

4.C.2 TImproved Ultrafast All-Optical Switch with Gap Soliton Propagation

We investigated both the theoretical and the experimental aspects of Bragg soliton propaga-
tion for all-optical switching applications. In this Report we describe the design, fabrication
and characterization of broad band Bragg reflectors in AlGaAs optical waveguides and we
also present the results of our theoretical calculations on the propagation of coupled Bragg
solitons for all-optical switching applications.

Broad band Bragg reflectors represent an important element for both linear and nonlinear
applications. In the linear case, they can be used as filters in wavelength-division multiplexing
(WDM) applications, while in the nonlinear case they can be used for nonlinear optical
switching. Recently, broad band Bragg reflectors in both polymeric channel waveguides [47]
and silica on silicon waveguides [48] have been reported, with reflection bandwidth of 8
nm and 20 nm, respectively. We now describe the fabrication and characterization of broad
band Bragg reflectors in micro-fabricated AlGaAs optical waveguides. These Bragg reflectors
exhibited a maximum FWHM reflection band of about 15nm centered about 1.6 pm with a
reflectivity of over 90%.

Bragg reflectors in waveguides are characterized by the center wavelength and bandwidth
of the reflection band. The center wavelength of the reflector is determined by the period
of the Bragg gratings via the relation Ap = on.;;A, where Ap is the center wavelength of
the reflector, n.ysy is the effective refractive index of the guided mode, and A is the period
of the Bragg gratings. In this description we assume only first-order Bragg gratings and a
guided-mode propagation in the direction perpendicular to the gratings. The bandwidth of
the Bragg reflector A is proportional to the effective refractive index modulation Angs
and can be shown to be approximately given by® AMX ~ Anggg/ness, where this relation
is stricly valid only when Ancr; << nesp. As can be seen from the last relation, broad
band Bragg reflectors require a sizable Anyy. For example, a Bragg reflector with a 10 nm
bandwidth at 1.6 pm requires about a 0.6% refractive index modulation. The large index
modulation in waveguides can only be obtained by fabricating relatively deep gratings on

the guiding layer.
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Figure 14: Experimental set up for measuring the Bragg reflector bandwidth.

The AlGaAs Bragg reflector waveguides were fabricated using a multi-step photolitho-
graphic technique, by first fabricating the gratings and then the waveguides. The AlGaAs
wafer was first coated with polymethylmethacrylate (PMMA) resist and then baked at 170°C
for one hour. A 0.8mm long grating pattern was then written on the PMMA using a JEOL
JBX 5DIIU electron beam system and after the appropriate processing the PMMA was de-
veloped. The resist image was then transferred to the AlGaAs wafer by chemically assisted
ion-beam etching (CAIBE) using chlorine gas in conjunction with argon ion beam. The
PMMA resist was then stripped using the appropriate solvents and the resulting grating was
measured to have a depth of about 0.3um. After the grating fabrication, waveguides were
patterned perpendicular to the gratings and etched down the cladding to form strongly-
guided one-dimensional optical waveguides. The waveguides were 1.5ym wide, 1 mm long
and there was a 0.1 mm waveguiding region between the input of the waveguide and the
beginning of the Bragg reflector.

The bandwidth of the Bragg reflectors was determined by coupling spectrally broad
femtosecond pulses into the waveguides and measuring the transmitted pulse spectrum. A
schematic of the experimental setup is shown in Fig. 14. The laser source used in this
experiment is the same as described in the previous section, but with 150 fs pulses. The
bandwidth of the 150 fs pulses was measured to be 18.2 nm using a spectrometer, giving a
time-bandwidth product of about 0.32. This value is close to the transform limit of 0.315 for

sech? pulse envelope. The pulse center wavelength was set using a birefringent filter at about
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Figure 15: Reflectivity espectrum as function of wavelength for: (a) 1.2um thick Bragg
reflector waveguide, and (b) 1.0 pm thick Bragg reflector waveguide.

1.6pm in order to coincide with the center wavelength of the Bragg reflector. The pulses
were coupled into the waveguide by the end-firing method using 40x microscope objective
lenses with a 0.6 numerical aperture. By a careful alignment of the input beam, only the
lowest order mode of the waveguide was excited. To minimize losses both the front and back
facets of the waveguide were antireflection coated. The transmitted spectrum was measured
using a computer controlled Spex 270M scanning spectrometer (maximum resolution of 0.1
nm) together with a liquid nitrogen cooled germanium detector and a lock-in amplifier. The
power coupled into the waveguide was sufficiently low to minimize self-phase modulation of
the transmitted pulses.

Figure 15(a) shows the reflectivity spectrum versus wavelength for the 1.2 ym thick Bragg
reflector waveguide. The reflectivity spectrum was obained by normalizing the transmitted
pulse spectrum with the input pulse spectrum. As can be seen from the figure, the reflectivity
spectrum is centered at 1595 nm, has a FWHM bandwidth of about 11 nm, and has maximum
reflectivity of about 95%. Figure 15(b) shows the reflectivity spectrum versus wavelength
for the 1.0 pm thick Bragg reflector waveguide. For this case, the reflectivity spectrum is
centered at about 1593 nm, has a bandwidth of about 15 nm, and has maximum reflectivity
of 98%. |

The above described grating structures were used to experimentally investigate Bragg
soliton propagation. In performing this experiment we found that the pulse intensity of our

color center laser was not high enough to propagate Bragg solitons due to optical coupling
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and propagation losses. To obtain higher intensity pulses, we built an optical amplifier system
that allows us to amplify the intensity of the color center laser pulses by a factor of 100 or
better. In addition to the pulse intensity needed we found that pico-second pulses were more
appropriate for this experiment than femtosecond pulses. Our initial trials, however, indicate
that multi-photon absorption could be substantial at the power region for the formation of
gap solitons and may impose a problem.

As part of this task we also performed some theoretical studies and found that Bragg
solitons can have potential use in realizing all-optical switches. According to our recent
theoretical calculations, we find that due to cross-coupling x(® between pulses of different
polarizations in a nonlinear optical waveguide, two orthogonally polarized pulses can co-
propagate through a nonlinear periodic grating waveguide structure as coupled Bragg solitons
provided their intensities are high enough. It turns out that the intensity of each pulse needed
to propagate coupled Bragg solitons is lower than that needed to propagate one single Bragg
soliton. Thus, if one pulse is blocked, then the other pulse will not be able to go through
the grating. This scheme could allow us to use one pulse to control the other pulse, thereby

achieving all-optical switching.

4.C.3 Single-Quadrature Duplicator

We performed a theoretical investigation to examine in detail the feasibility of using a short
AlGaAs semiconductor waveguide with x(®-nonlinearity [45] to generate squeezing. Com-
pared with fiber, the unique feature of the AlGaAs semiconductor waveguide is that substan-
tial amount of squeezing can be achieved in centimeter-long AlGaAs semiconductor waveg-
uides with negligible guided acoustic-wave Brillouin scattering noise (GAWBS noise) [49].
This makes it possible to build a compact and simple scheme with AlGaAs semiconductor
waveguide to generate squeezing. It tuns out that with the same pump power, the waveg-
uide length needed to generate large amounts of squeezing in an AlGaAs semiconductor
waveguide is approximately 10? times less than that in a silica fiber. The reason is two-fold.
First, the nonlinear four-wave mixing gain coefficient of AlGaAs is 100 times that of typical
optical fibers. Second, the mode cross-sectional area of a single-mode AlGaAs rib waveg-
uide is approximately 100 times smaller than that of a single-mode fiber. The much smaller
cross-sectional area is because of a higher material refractive index and stronger optical con-
finement found in AlGaAs semiconductor waveguides compared to optical fibers. Because of
the short length of the semiconductor waveguide, GAWBS noise will be negligible. This elim-
inates the additional apparatus and techniques needed to combat GAWBS noise and further
simplifies the experimental set up for generating squeezing in semiconductor waveguides.

Our theoretical analysis takes into account the various effects that potentially limit the
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amount of squeezing achievable. They include: (i) nonlinear pump-probe phase mismatch,
(ii) nonlinear absorption, and (iii) squeezed-state detection (SSD) phase mismatch. The
effects of pump-probe phase mismatch and nonlinear absorption exist for any type of pump
pulses including CW pump. The effect of SSD phase mismatch is present for either Gaussian
pulses or any other pulses without uniform intensity profile when a uniform-phase local
oscillator (LO) pulse is used. We now present the results of our numerical analysis when
these three effects are included. In our calculations we used the parameters for AlGaAs
as given in Ref. [45]. These are, for AlGaAs waveguide at wavelength A=1.55um, two-
photon absorption coefficient aP=0.26x10"*cm /MW, three-photon absorption coeflicient
o®=(3.640.5)x 10" **cm?/W. When the pump and probe beams have the same polarization,
ks = (4 /A)n® and v = 2(a'® + a®1,)1,. In all the calculations we choose a typical pump
pulse peak intensity of 4.5GW/em?, which can be achieved in a laboratory.

We first present the case in which the nonlinear absorption 1s neglected. To see the
effect of pump-probe phase mismatch Ax only, we choose a square pulse as the pump pulse
because it does not have SSD phase mismatch. Figure 16 shows the results of our numerical

calculations, with curve (a) describing the effect of pump-probe phase mismatch, while in
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respectively. Curve (e) illustrates the square pump pulse case as a comparison.

curve (b) Ak was set to zero.

Comparing these two curves, one can see that in the short waveguide region the amount
of squeezing is reduced by less than 5% due to pump-probe phase mismatch, while for long
waveguide length the maximum amount of squeezing approaches 100% on both cases with
no apparent difference between them. Hence, the pump-probe phase mismatch reduces the
effective interaction strength but does not limit the amount of squeezing achievable.

We now present the results on the amount of squeezing achievable using a Gaussian pump
pulse, which describes more closely the pulses obtained experimentally in the laboratory. As
mentioned earlier, a Gaussian pump pulse with a uniform-phase LO pulse will result in SSD
phase mismatch. To take into account the effect of SSD phase mismatch, our numerical
analysis was carried out by dividing the Gaussian pulse into many slices, and each slice was
approximated by a square pulse. We first consider the case in which the LO pulse is also

chosen to be a Gaussian pulse with the same pulse width as the pump, but with uniform
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phase ¢. The maximum amount of squeezing achievable as function of waveguide length is
obtained by varying the LO phase. Figure 17 shows that in this case the maximum amount of
squeezing achievable is about 50% as illustrated by curve 17(a), and as the waveguide length
increases, the effect of SSD phase mismatch is so strong that the amount of squeezing goes to
zero. By choosing either a narrow or a matched LO pulse it is possible to improve the amount
of squeezing achievable. We repeated our calculation using a narrow LO pulse with pulse
width narrower than that of squeezed vacuum pulse and overlap the center of the LO pulse
with that of the squeezed vacuum pulse. In this case, the SSD phase matching condition
can be satisfied in the neighborhood of the pulse center. Squeezing will be detected in this
region and noise will be ignored at all other places. Curves 8(b), 8(c), and 8(d) show the
results for a uniform-phase Gaussian LO pulse with a pulse width 1/2, 1/4, and 1/8 of that
of the Gaussian purmnp pulse, respectively. In the case illustrated by curve 8(d), we see that

for short waveguide length the maximum amount of squeezing is close to 95%, approaching
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the ideal square pump pulse case, which is illustrated in curve 7(a). For long propagation
medium length, the amount of squeezing decreases, departing from the asymptote observed
for the square pulse case, possibly due to the fact that the LO pulse begins to pick up the
anti-squeezed components as the pump undergoes further self-phase modulation. We also
investigated the effect of nonlinear absorption on the amount of squeezing achievable. For
very small nonlinear absorption, which corresponds to a x(®-medium with small nonlinear
absorption coeflicient or relatively short x(*-medium, the results are illustrated in Figure 18.
Figure 18(a)-18(d) are results of Gaussian pump pulse with different LO pulse. Figure 18(a)
is for the nearly matched LO pulse. In Fig. 18(b), LO pulse is reused pump pulse. In
Fig. 18(c), LO pulse is a uniform-phase Gaussian pulse with pulse width narrower than that
of the pump pulse (1.8 the pump pulse width). In Fig. 18(d), LO pulse is simply a Gaussian
pulse with uniform phase and same pulse width as the pump pulse. Figure 18(e) is the
result of a square pump pulse. We see that even with nonlinear absorption included, for
the case of a Gaussiam pump pulse about 85% squeezing can be achieved when a narrow or
nearly-matched LO pulse is used.

For the experimental observation of squeezed state generation we have fabricated waveg-
uides using AlGaAs grown by MBE, as described in Section 3.1 of this report. We obtained
some initial results indicating classical noise squeezing. The noise level was still too high
to observe quantum noise squeezing. The difficulties with the noise level were traced to the

detection system and also to our mode-locked femtosecond laser pulses.
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