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Time-resolved nondegenerate four-wave mixing in a semiconductor amplifier
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The dynamics of copropagating femtosecond pulses with diferent carrier frequencies is modeled
for a semiconductor ampli6er. The propagation induced four-wave-mixing signal is studied as a
function of the pulse intensity and the spectral detuning between the pulses.
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The role of femtosecond pulse propagation dynamics
in semicondcutors is a problem of great current interest,
both for absorbing and amplifying, i.e., partially inverted
systems [1—7]. In this framework, single pulse propaga-
tion in semiconductor absorbers and ampli6ers has been
studied. In semiconductor absorbers temporal polariton
formation [4] as well as high-intensity pulse breakup [5]
has been observed and confirmed by theoretical calcula-
tions. For saturated ampli6ers the nonresonantly excited
states have been shown to yield important contributions
to the pulse shape due to the finite spectral overlap be-
tween the pulse spectrum and the dispersive line shape
[6]. Propagation effects have been shown to be important
not only for single pulse propagation but also in degener-
ate four-wave-mixing geometries with two input pulses.
Here polariton effects in the four-wave-mixing signal in
absorbers have been observed and theoretically explained
[7].

In this contribution, we study collinear pulse propa-
gation effects using two pulses with different carrier &e-
quencies in nondegenerate four-wave-mixing in semicon-
ductor ampli6ers. We use a microscopic theory based
on the full Maxwell-semiconductor-Bloch equations
(MSBEs) that allows a systexnatic study of pulse prop-
agation effects, including many-body Coulomb interac-
tions and nonequilibrium carrier population dynamics.
The MSBEs consist of two coupled sets of equations: the
sexniconductor-Bloch equations (SBEs) and the reduced
wave equation (RWE). The SBEs are the optical Bloch
equations for the interaction of light with a semiconduc-
tor medium [8]. They describe the generation of polar-
ization by a light 6eld under the inBuence of many-body
carrier-carrier interactions, while the RWE describes the
change of the light 6eld caused by this polarization. Be-
cause of its consistent formulation, the MSBE approach
provides signi6cant improvement in predictive capabil-
ity over earlier calculations based on rate equations and
phenomenological gain formulas [9—11].

This paper applies the MSBE approach to treat the
case of two copropagating pulses. Previous multi-
mode microscopic treatments of the semiconductor gain
medium, while accounting for Coulomb interactions, have
neglected the effects of propagation, temporal laser field
variations and the nonequilibrium population dynamics
of the individual electron and hole states [12,13].

The RWE for the propagation of the light field envelope
E is given by
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By working in terms of the gain medium polarization in-
stead of invoking the rate equation approximation, the
coherent light-semiconductor interactions are treated at
a level for superior to the rate equation approach. In
the SBE the Rabi &equency of the light is renormal-
ized by Coulomb many-body terms with Oq —

2 +
V3 Pg where V~ is the screened Coulomb poten-

tial in ourier space, which we treat with a quasistatical
screening model. Also, the energy dispersion is renormal-
ized by terms proportional to the electron and hole distri-
butions, i.e., E~ = e~ —

& P V- (f'+ f")—
& P-(V~—

V- ). This renormalization of the single-particle energies
is often called band-gap renormalization and, e.g. , ex-
plains the occurrence of gain below the unexcited semi-
conductor band gap in an inverted semiconductor.

where po is the permeability, uo is the optical carrier
frequency, V is the volume of the gain region, (rl
t —zic, ( = z) are the retarded time and space coor-
dinates obtained by using a traveling frame at the group
velocity c of the pulse, and the summation is over all
electron-hole momenta. We use the approximation of
slowly varying amplitudes, which is justified because our
investigation involves 150-fs pulses, whose pulse envelope
E varies slowly in comparison to an optical period. Also,
the transverse and lateral dependences of the 6eld are as-
sumed to be given by the guided modes of the ampli6er.
The source term on the right-hand side is determined
by the total polarization P P~, where each polarization
function Pq with electron wave number q obeys the SBEs
[8]
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Besides the terms that result from a time-dependent
statically screened Hartree-Fock approximation in the
equations of motion, carrier-carrier and carrier-phonon
collisions tend to drive the nonequilibrium distribution
functions into quasiequilibrium Fermi functions and yield
optical dephasing [8]. Within a microscopic description it
was shown that the scattering contributions for a certain
distribution function depend in general on the distribu-
tion and polarization functions of all other single-particle
states (non-Markovian behavior) and may show memory
effects for very short pulses (less than 100 fs) with re-
spect to the temporal development of the polarization
[8,14]. To describe this complicated response behavior,
various levels of sophistication have been developed. In
this paper, we focus on the propagation of short pulses
with relatively small peak power inside the gain region of
the amplifier, so that only small deviations of the Fermi
functions are caused. It was shown that in this limit,
where a reservoir of quasiequilibriurn carriers exists, the
scattering processes can be approximated within simple
relaxation rates [15]. Therefore, the collision terms in
our treatment are approximated in the relaxation rate
approximation using time constants of 60 fs [15].

To study nondegenerate four-wave-mixing efI'ects we
assume two pulses in the sample. We write the initial
field as a superposition of two pulses with diferent cen-
ter &equencies but with the same temporal shapes and
maxima. The temporal envelope of the input pulses
is chosen to be sech-like with a peak intensity of 4.5
MW/cm2 and a full width at half maximum of 150 fs.
The spectral width of the pulses is approximately 10
meV. The semiconductor is modeled with the material
parameters of GaAs with a total electron-hole density
that yields a semiconductor gain width of approximately
100 meV (Fig. 1). To study the inHuence of propagation
eKects, the pulses are propagated over ten small signal
gain lengths (after one gain length a weak pulse gains
e times its initial energy). Solving the above equations
numerically, we study the nondegenerate wave-mixing ef-
fects as a function of the detuning between the input
pulses.

We begin with two input pulses that are strongly de-
tuned with respect to each other. They are centered
at +20 meV about the unrenormalized band-gap energy.
Figures 1(a) and 1(b) show the temporal envelopes and
corresponding pulse spectra at different positions in the
amplifier. The temporal envelopes show a regular mod-
ulation, which is caused by interference efI'ects. In Fig.
1(b), the solid curves show basically equal ampliHcation
of both pulses, with negligible change in the spectral
shape of each pulse. The small differences in amplifi-
cation can be attributed to both gain dispersion and dif-
ferences in the intensities at which the gain is saturated.
For comparison, the dashed lines in the figure show sin-
gle (i.e. , noncopropagating) pulse results. The similarity
between the solid and dashed curves proves that there
is negliglible interaction between both pulses under the
conditions considered, i.e., detuning of 40 meV. DifFer-
ences arise because of the increased power density with
propagation distance and are not due to cross satura-
tion. There is a redshift in both pulses that increases
with propagation distance. This shift, which is small
relative to the pulse width, is due to dispersion in the
carrier-induced re&active index.

Figure 2 shows the pulse profiles and spectra when the
detuning is reduced to 15 meV. The temporal pulse pro-
files now show strong departures &om the regular mod-
ulations of the noninteracting case of Fig. 1. Noticeable
differences in the amplification of the two pulses appear
after a propagation distance of approximately six gain
lengths. Distortion of the field spectrum can be noticed
after a propagation distance of approximately eight gain
lengths. The shoulders on both sides of the two-pulse
spectrum are due to the side-mode gain generated by
four-wave mixing. They evolve into distinct peaks with
further propagation as shown in the spectrum for ten gain
lengths. The dominance of the lower-&equency pulse is
partially due to gain dispersion, but is also accentuated
by mode competition, in the form of spectral hole burn-
ing and population pulsation. This conclusion is drawn
&om comparison with the single pulse propagation stud-
ies at detunings of 5 meV and 20 meV &om the unexcited
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FIG. 1. (a) Pulse temporal profiles and (b) corresponding
spectral intensities of two copropagating femtosecond pulses
with a total detuning of 40 meV. Dashed lines show results of
propagating individual pulses for comparison.

FIG. 2. (a) Pulse temporal profiles and (b) spectral inten-
sities of two copropagating femtosecond pulses with a total
detuning of 15 meV. Dashed lines show results of propagat-
ing individual pulses for comparison.
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FIG. 4. Normalized signal and sideband intensities (s, at
vq, +, at v2, D, at the lower sideband; Q, at the upper side-
band) as a function of pulse detuning after propagating ten
gain lengths. The signal intensities are normalized with re-
spect to the single pulse intensities at v2.
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FIG. 3. Distribution of electrons (solid) and holes (dashed)
at the pulse peak measured after propagating ten gain lengths.

bulk GaAs band gap and &om plots of the carrier distri-
butions. Figure 3 shows the spectral holes in the carrier
distributions at the end of the amplifier. The spectral
holes in each distribution (electrons and holes) associ-
ated with the strongly detuned individual pulses merge
together around a detuning of 15 meV, signifying direct
competition for gain with subsequent degradation of each
pulse identity.

To understand the coherent saturation efFects (i.e. ,
those not due to spectral hole burning), we consider the
interaction of the two pulses as mediated by the nonlinear
amplifier medium. For optical pulses that are sufficiently
intense to saturate the gain medium, the nonlinear in-
teraction of light and semiconductor generates density
pulsations that are driven by the product of the fields:
EqE2 cos(At), where A is the detuning between the two
pulses. These density oscillations generate polarizations
oscillating at vq 6 4 and v2 + 4, where vq (v2) is the
frequency of the lower- (higher-) frequency pulse. The
v~ + L and v2 —4 polarizations enhance or deplete the
gain at v2 and vq, respectively, depending on their phases
relative to those of the pulses. Together with spectral
hole burning, these polarizations due to population pul-
sations contribute to cross-mode saturation. The four-
wave-mixing contributions come &om the polarizations
at the new frequencies vq —A and v2 + A [16].

Finally, Fig. 4 plots the normalized output intensities
at v~, v2, v~ —4, and v2 + L as a function of detuning,

M. The figure shows a significant decrease in the output
intensity for v = v2 and an increase in side-mode out-
puts for detuning less than half the gain bandwidth. For
higher detuning, the spectral holes of the pulses do not
overlap and the gain bandwidth is not suKciently broad
to provide gain to the side modes. Consequently, there
is negligible distortion of the input pulse spectrum. The
situation drastically changes when the detuning between
the pulses is decreased so that the side-mode &equencies
fall inside the gain region.

In summary, our analysis shows multimode gain non-
linearities in an amplifying semiconductor medium in the
transient regime. The nonlinearities appear in the form
of cross-mode saturation via spectra hole burning and
population pulsations, and &equency conversion via non-
degenerate four-wave mixing. The microscopic treatment
of the gain medium allows the self-consistent description
of the efFects of the band structure, many-body Coulomb
interactions, and the nonequilibrium carrier dynamics.
We show that by changing the &equency difFerence be-
tween two copropagating laser pulses, the strength of the
optical nonlinearities may be varied. This allows sys-
tematic investigations of their behaviors, which may be
helpful in understanding the physical limitations of semi-
conductor lasers and amplifiers in applications such as
multichannel optical communications.
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