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High-intensity super-radiance pulses generated by an active
medium placed in a two-dimensional Bragg structure

V.R. Baryshev, N.S. Ginzburg

Abstract. The possibility is shown of using two-dimensional
Bragg structures for generating short super-radiance (SR)
pulses of high intensity. The structures provide spatial
synchronisation of the radiation in two orthogonal directions
in the active medium with large Fresnel parameters. In
contrast to the SR effects without Bragg structure, an
efficient generation of SR arises in an active medium with the
dimensions not exceeding the inverse increment with the
intensity by several orders of magnitude greater than the SR
intensity of the same medium in a free space.
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1. Introduction

In [1-3], the possibility is studied of generating a high-
power spatially coherent radiation in lasers with the two-
dimensional distributed feedback (2D DF), which is realised
by wusing two-dimensional Bragg structures. In such
structures, unlike traditional one-dimensional (single-peri-
odic) Bragg structures, the coupling and mutual scattering
of four, rather than two, wave fluxes arises, which
propagate in the directions +z and 4x. Thus, it becomes
possible to synchronise radiation of planar two-dimensional
active media characterised by large Fresnel parameters in
the orthogonal directions. In preceding works, the dynam-
ics of 2D DF lasers was studied in the balance
approximation under the assumption that the phase
relaxation times of the active medium are short in the
scale of the times of energy release and relaxation of
inversion. In this case, at a constant pump intensity, a
stationary single-frequency regime of generation is formed
in a wide range of parameters.

However, presently, a number of active media are
known in which a spectrally narrow optical or IR radiation
is amplified many-fold per single pass. These media are used
in various types of injection quantum-well heterolasers and
in fibre lasers with doped active centres under the conditions
of a balanced regime of stationary generation. Nevertheless,
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at a sufficiently weak relaxation of polarisation, such media
operate in the regimes typical for Dicke super-radiance
(SR), in which short (with the duration in the range from
nanoseconds to sub-picoseconds) light pulses are generated
[4-8].

It worth noting that in a series of theoretical and
experimental studies the possibility of initiating SR proc-
esses by traditional single-periodic Bragg structures was
investigated [4, 9]. The transversal dimensions of an active
medium and, respectively, the power of radiation in the case
of its quasi-single-dimension propagation are limited by the
necessity of transversal synchronisation of generated radi-
ation. This synchronisation can be provided due to the
natural diffraction spreading of a wave packet at small
values of the Fresnel parameter: /2 /(1.A) < 1 (L is the length
of the active sample, /, is its width, and 4 is the wavelength).

In the present study we investigate the possibility of
increasing the integral (with respect to the spatial coor-
dinates x and z) power of SR pulses in the active media with
lf/(l_,i) > 1. In this case, the spatial synchronisation is
provided due to employment of two-dimensional Bragg
structures.

2. Model and principal equations

Let us consider the simple model of an inverted active
medium placed in a two-dimensional Bragg structure, in
which the active medium in the y direction is assumed
homogeneous and infinite, whereas in the x and z directions
it occupies a rectangular area with the dimensions /, and /.,
respectively (see Fig. 1). The Bragg structure is a dielectric
with a double-periodic modulation of the real part of the
dielectric constant:

e(x,z) =gy + %' {cos[h(x — z)] + cos[h(x + )]}, (1

where ¢, is the average permittivity of the medium; &, is the
amplitude of modulation; 4 = 2rn/D; D is the period of
modulation in the x and z directions. In the Bragg
resonance conditions s =/ (h is the wavenumber), two-
dimensional Bragg structure (1) provides coupling and
mutual scattering of the four partial wave fluxes propagat-
ing in the directions £z and +x of the vector-potential A of
an electromagnetic field:

A= RC[(C;C —ihz + Cz—eihz + Cje —ihx + C;eilzx) eiwr]. (2)

Interaction of the field with an active two-level medium
will be describe in the framework of semi-classical approx-



High-intensity super-radiance pulses generated by an active medium

35

Figure 1. Model of two-dimensional Bragg structure filled by inverted
active medium.

imation [10], in which electromagnetic fields are described
by the Maxwell equations, and the Bloch equations are used
for representing the active medium:
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Here, P is the polarisation of the medium; p is the
population difference; u is the dipole moment; 7 and T,
are the inversion and polarisation relaxation times of the
active medium, respectively. We assume that the transition
frequency w, coincides with the Bragg resonance frequency:
Wy = /;C.

In view of the representation of the radiation field as
four partial wave fluxes (2) we will represent the polarisation
and inversion of the medium in the following way:

P = Re[l( Pte —ihz +Pz—eiﬁ:_’_P;re—il?x_"_Px—eil{\-)eiu)oz}’
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where sz, Po> Paya-. and p_, . are the amplitudes slowly
varying in time and space.

In the case of large Fresnel parameters (liz [ 7)) > 1),
we will describe propagation of partial wave fluxes (2) in the
geometrical optics approximation neglecting their diffrac-
tion spreading. We also omit the summands describing
relaxation of medium inversion because in the SR regime
this process should be substantially slower in the time scale
of electromagnetic filed evolution. Under these assumptions,
the amplification of wave fluxes (2) in an active medium and
their mutual scattering on the Bragg lattice (1) and on the
nonlinear lattice induced due to the modulation of inversion
(see [11]) may be described by the combined averaged
equations comprising the coupled wave equations
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and by the combined equations for the amplitudes of
spatial harmonics of polarisation and inversion of the active
medium:
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C\i,(2nc pah/anO\/_) V20 Ty = w.Ts: X = we\/e0x/c;
Z = w/eyz/c; T = o t; o = g1wy /8w, is the coupling factor
for the partial WdVGS on the two dimensional Bragg
structure; . = [npd|,u| /(heg/eg )] is the cooperative
frequency; p, is the initial density of inverted atoms.

Assuming that there are no fluxes of electromagnetic
energy passing to the system outside and no considerable
partial wave reflections from the boundaries of the Bragg
structure, the boundary conditions to Eqns (5) can be
presented in the form

=0, =0, 7)

At
CX ’X:IL,\./Z z -/2

where L. = w¢/gly./c. In order to describe a super-
radiant regime we assume that the initial homogeneous
inversion of the medium is prescribed (an external pumping
is absent)

ﬁO'r:O =1, la2xa2:.zj:x|r:0 =0, ®)
and there are also the fluctuations of polarisation in the
medium

j)i

X,Z [1=0

=Po eXp[i(pO (X’ Z)]v (9)

which have a small initial amplitude p, < 1 and random
phase distribution ¢q(X,Z). Initial electromagnetic fields
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are absent: C‘f —o =0. The linear (specific) radiation
power (the power per unit thickness of the system in the
coordinate y) in the directions +x and 4z can be presented
in the form

Joge?

St = Zw—"w_os;, (10)
where

A Lj2 R
§x :J G (£L,/2,. Z.7)dZ,
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are normalised integral radiation powers with respect to the
corresponding coordinates.

3. Results of modelling

In Fig. 2, the results of modelling super-radiant operation
regime are shown based on combined equations (5) and (6)
at various values of the normalised time of phase relaxation
T,. One can see that at greater relaxation constant, the SR
pulse formation time and duration reduce, and the peak
power increases. In these conditions, after emitting a pulse
the inversion averaged over the sample takes a negative
value, which is typical for the SR regime. From Fig. 3 it
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Figure 2. Time evolution of radiation power (a) and average inversion of
medium (b) at various rates of polarisation relaxation; L, = 0.25,
L.=0.50=10,7,=10 (1), 1(2)and 0.5 (3).

follows that there is the optimal value of the coupling
coefficient o, at which for the given geometrical dimensions
of the active sample L, =0.25, L. = 0.5 the pulse peak
power reaches a maximum. It is important that at a
sufficiently small, in the scale of the inverse increment,
length of the sample, introduction of the Bragg structure
increases the pulse intensity by several orders of magnitude.
At the same parameters of the active medium and initial
noises, the maximum SR pulse amplitude C." in the regime
of single-pass amplification without two-dimensional Bragg
structure is 2 x 107% and the delay t increases to 50.
Correspondingly, introduction of the Bragg lattice lowers
requirements to the rates of phase relaxation in an active
medium, at which the SR pulse is formed.

0.02

0.01

0

Figure 3. Emitted power versus time and various values of the wave
coupling parameter. Solid line — power emitted in the x direction, dashed
line — in the z direction; L, = 0.25, L. = 0.5, T, =10,00=10 (1), 5 2),3
(3) and 2 (4).

It is also interesting to juxtapose the radiation intensities
in the orthogonal directions Z and X for the Bragg
structures with various values of the coupling parameter
o. At sufficiently small o, the greater part of energy is
emitted in the direction +Z, i.e., from the ‘narrow’ faces of
the active sample. However, with an increase in the wave
coupling coefficient, the fluxes in those directions become
equal and near the optimal value of o actually all the energy
is emitted in the directions £X, i.e., from the wide faces.

In Fig. 4, evolution of the amplitude spatial distribution
for the partial waves C;fz is shown at the optimal value of
the coupling parameter «. At the initial stage (r < 3), the
mentioned distributions are random in character, in which
case the scale of field inhomogeneity corresponds to the
prescribed initial fluctuations of polarisation. After several
wave passes across the Bragg cavity (t =4) on the linear
interaction stage, the spatial distribution of partial wave
fields is formed, whose structure is close to the fundamental
mode of the two-dimensional Bragg cavity [2, 12]. The
spatial scale of field inhomogeneity in this case becomes
comparable with the characteristic dimensions of the active
medium, i.e., a spatial synchronisation of radiation occurs.
In transferring to the nonlinear stage (¢t > 8), at which a
maximum intensity is reached, the field distribution is
somewhat distorted, but the characteristic inhomogeneity
scale remains the same. It worth noting that the field
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Figure ft Evo{ution of spatial amplitude distribution for the partial
waves Cy and C' in the active volume at L, = 0.25, L. = 0.5, T, = 10,
o = 10.

distribution in Fig. 4 is normalised to the maximum value at
the current moment. Hence, a sufficiently intricate profile at
the instant 7 = 15 is actually observed after the main pulse
has been emitted and the absolute values of fields have
become small.

One should also pay attention to a considerable influ-
ence of secondary nonlinear lattices induced due to the
modulation of inversion. If the lattices are excluded [the
terms P, 5. .1, in (6) are neglected], the peak intensity of SR
pulses increases several times as compared to that presented
in Figs 2 and 3.

In Fig. 5, the phase fronts of wave fluxes CA'f are shown
at the instant corresponding to the maximal intensity of the
SR pulse, which, obviously, exhibit deterministic character.
A phase correlation of partial wave fluxes emitted in the +x
and +z directions from the corresponding sample faces also
occurs in this case.
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Figure 5. Phase front of SR pulseat L, =0.25, L. = 0.5, T, = 10 for the
partial waves Cy (a) and C.* (b).

4. Conclusion

Thus, the possibility of efficient employment of two-
dimensional Bragg structures for generating short-duration
high-intensity super-radiance pulses in a super-radiant
regime through a spatial synchronisation of radiation in
the two-dimensional active media characterised by large
Fresnel parameter values. Note that we investigated here
the simplest regimel, in which the two-dimensional Bragg
structure is a dielectric with a double-periodic modulation
of the real part of permittivity. Similarly to the case of one-
dimensional Bragg structures, such a modulation can be
realised in a medium with reactive nonlinearity by using
crossed laser beams propagating in the orthogonal direc-
tions along the vectors of a reciprocal lattice of the two-
dimensional Bragg structure. In this case, the orthogonality
of polarisation of the beams gives a chance to exclude the
additional induced lattice caused by a mutual influence of
the beams. In addition, two-dimensional Bragg structures
can be realised by means of thin (in the wavelength scale)
dielectric plates, in which one or two surfaces are
corrugated according to formula (1); a sinusoidal crimping
can be changed to staggered one [2, 3]. By using similar
planar two-dimensional Bragg structures, it is possible to
couple waves of the TM—TM or TM-TE polarisations
and at the corresponding relationships between the
relaxation times and gains obtain the super-radiance
from various types of active media with different polar-
isations of amplified waves.
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