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Self-pulsed lasing in the form of a coherent solitary wave train from a periodically amplifying Bragg
structure is proposed. It is shown both analytically and numerically that the generated pulse train propagates in
the periodically amplifying Bragg structure chip with superluminal group velocity. Its stability and coherence
are in contrast with the inherent instability and chaoticity of self-pulsing from a uniform gain medium embed-
ded in a Bragg reflector. Bragg-periodic semiconductor quantum-well heterostructures are candidates for real-
izing the required periodically amplifying Bragg structure.
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Techniques for the generation and control of high-
repetition-rate ultrashort optical pulses play an increasingly
important role in a variety of applications, ranging from
high-speed optical communications, through optical comput-
ing to ultrafast signal processing. Among those, active �1� or
passive �2� mode-locking techniques are considered to be
very reliable for generating picosecond and subpicosecond
�subps� optical pulses with ultrahigh repetition rate. The set-
back of mode-locking techniques is that they require a very
long cavity to produce ultrashort optical pulses. In this Rapid
Communication, we put forward a very compact and simple
scheme for a laser chip that permits the generation of a train
of stable ultrashort optical pulses. Although the scheme pro-
posed here shares certain features with distributed feedback
�DFB� lasers �3,4�, its principles of operation and the result-
ing emission characteristics are essentially different.

Unlike cavity-mirror lasers, DFB lasers make use of op-
tical feedback that is distributed throughout the structure.
This feedback is via backward Bragg scattering from peri-
odic modulations of the refractive index and the gain of the
medium. Advantageous types of DFB lasers have been based
on photonic crystals �PCs�, i.e., structures with periodic
variation of the refractive index where light is Bragg re-
flected in the linear low intensity regime within frequency
bands corresponding to photonic band gaps �PBGs� �5�. In
such structures, nonlinear pulse propagation near the photo-
nic band edge gives rise to optical path length increase and
small group velocity, leading to low-threshold laser action
and DFB gain enhancement in both one-dimensional �1D�
�6� and 2D �7� Bragg reflectors or PCs.

Here, we put forward a regime of laser action in a hitherto
unexpected periodically amplifying Bragg structure �PABS�.
Analogously to the resonantly absorbing Bragg reflector
�RABR� model introduced by Kurizki and co-workers �8�,
the PABS described here consists of a periodic array of thin
layers of resonantly amplifying two-level systems �TLSs�
separated by half-wavelength, nonabsorbing, passive dielec-

tric layers, as shown in Fig. 1�a�. As opposed to RABR, the
TLSs are required to be inverted, i.e., predominantly pumped
to the excited state. The feedback mechanism in PABS dif-
fers from that of existing DFB lasers �6,7�, the essential in-
novation being that the active medium in PABS is arranged
in thin layers, rather than uniformly distributed throughout
the DFB structure. As shown below, it is this spatial gain
pattern that is capable of suppressing the intrinsic instabili-
ties of an ordinary gain medium, so as to stabilize the laser
pulses generated in PABS.

Our analytical and numerical solutions demonstrate that a
high-repetition-rate train of mutually coherent stable solitary
waves with a bandwidth up to 90.1 GHz and pulse duration
of few picoseconds �ps� can be generated in a PABS from a
small seed pulse or from spontaneous emission noise. Re-
markably, the solitary waves generated in the PABS exhibit
superluminal group and energy velocities, previously demon-
strated for weak-gain propagation �9,10�.

Let us consider the coherent buildup of a light field start-
ing from a weak signal or spontaneous emission noise in
PABS. The relevant time scale considered here is longer than
�c, the buildup time of a cooperative �superradiant� pulse
from spontaneous emission �8,11�. �c= n̄�0

−1��0� /2��0�0, n̄
being the mean refractive index of the structure and �0 the
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FIG. 1. �Color online� Schematic illustration of �a� propagation
in PABS �thin layer embedded in a Bragg reflector�; �b� pumping.
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TLS resonant frequency; �0 and �0 are the transition dipole
moment and density of the TLS, respectively. Under the
slowly varying envelope and rotating-wave approximations,
the semiclassical laser action in a PABS is then described by
the coupled-mode two wave Maxwell-Bloch equations �8,12�
in the dimensionless variables x=x� / lc and t= t� /�c, lc=c�c:

��+

�t
+

��+

�x
= i	�− + P + K�x,t� ,

��−

�t
−

��−

�x
= i	�+ + P + K�x,t� ,

�P

�t
= − �i
 +

1

T2
�P + ��+ + �−�w ,

�w

�t
= −

1

T1
�w − 1� − Re���+ + �−�P*� . �1�

Here ��= �2�c�0 /��E�; E� are the smooth field envelopes
of the forward and backward Bloch waves; 	=n1�0�c /4 is
the Bragg reflectivity with the modulation depth of refractive
index n1; K�x , t� is either an input signal �probe� or a random
spontaneous-emission noise field that initiates the laser ac-
tion; P and w are the spatially dependent polarization and
density of population inversion, respectively; 
 is the detun-
ing from the exact Bragg condition; T1,2 are the effective
relaxation times of the �0	↔ �3	 transition in Fig. 1�b�, given
by T1,2=�pump+�1,2, where �pump is the pumping rate and
�1,2 are the relevant longitudinal and transverse relaxation
times. Population inversion on the lasing transition �2	↔ �1	
can be realized using the standard four-level configuration.
As depicted in Fig. 1�b�, the lowest state �0	 population is
excited to the highest state �3	 through optical pumping, and
then rapidly relaxes to state �2	, thereby achieving population
inversion between states �2	 and �1	.

We assume that at t=0 there is no polarization in the
PABS and the TLS population is inverted about the periodic
positions of the active layers �labeled by index j�, with spa-
tial profile f�x−xj�. The initial and boundary conditions are
then given by

�+�x = 0,t� = �−�x = L,t� = 0,

���x,t = 0� = 0, P�x,t = 0� = 0,

w�x,t = 0� = w0

j

f�x − x� . �2�

The analytical ansatz for the output field that solves Eqs.
�1� and �2� upon taking T1,2→
, the active layers infinitely
thin �8� f�x−xj�→
�x−xj�, and the seed term as K�x=0, t�
=A0 sec h�t�, is then found to be a periodic, phase-coherent
train of sech solitons,

�+�x = L,t� = �c��+ + �−�

= A

n=1

N

ei�0�t−nt0� sec h�v�t − nt0�/tp� . �3�

Here, all the solitary wave-pulse amplitudes A are the same,
�0 is the phase shift of each pulse, v its group velocity, and tp
its pulse width. The corresponding population inversion
yields

w = − 1 −
�0

2�	 − 
�
A2


n=1

N
1

cosh2�v�t − nt0�/tp�
. �4�

Using these explicit expressions, we can relate their param-
eters as follows:
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2
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�/�p
2
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2

. �5�

To compare this solitary wave train solution to numerical
simulations, we have used an implicit fourth-order Runge-
Kutta numerical method �13� to solve the Maxwell-Bloch
equations �1� with the initial and boundary condition �2� and
noise as input. Very good agreement has been obtained for
ultrashort laser-pulse generation between Eq. �3� and our nu-
merical simulation �Fig. 2� which illustrates the output pulse
train. It is seen from the picture that the shape of the pulses
generated in the PABS differs only slightly from that of the
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FIG. 2. �a� Solitary wave train amplitudes as a function of time
�in units of �c� for forward ��+� and backward ��−� generated pulses
with various pulse areas for �c=200 fs, structure length L=20lc, and
the longitudinal and transverse relaxation times T1=104�c and T2

=5�c, respectively. �b� Zoom-in view on a single solitary wave
pulse within the train: pulse form �solid� in comparison with sech
pulse �dashed�. �c� Left: repetition rate �18.3 GHz� and full width at
half maximum �4 ps� of the output pulse train in a PABS with
infinitely thin active layers. Right: same, in a PABS with active
layers of 20-nm atomic width.
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sech soliton of the exact sine-Gordon equation �14�. Remark-
ably, the output sech pulse area can be much smaller than
2�, as opposed to self-induced transparency �SIT� solitons in
bulk media �9,14�. The multiple reflections in the structure
compensate for this pulse weakness.

Whereas analytically we have assumed that the TLS ac-
tive layers are infinitely thin, we have also numerically mod-
eled a more realistic PABS by taking into account the finite
width of active layers �8�. Numerical checks prove that the
ultrashort pulses can be generated in a PABS even when the
layer width is up to 20 nm, as shown in Fig. 2�c�.

The single-pass time spent by the solitary wave pulse cor-
responds to a group velocity of the solitary waves that is 2.5
times larger than the vacuum speed of light. This superlumi-
nal �fast light� effect is characteristic of propagation in a gain
medium �9,15�. This conforms to the linearized dispersion
relation in PABS �fixing w=1�, which has the form

�
 − ���k2 + 	2 − ��2 + 2�� − 2�	 − 
� = 0· �6�

As seen from Fig. 3, this dispersion relation has branches
corresponding to superluminal propagation whenever
d� /dk�1.

To investigate the mechanism of a self-pulse generation in

the PABS, we have plotted the spatiotemporal evolution pro-
cess in Fig. 4. The internal DFB effect causes the spontane-
ous emission noise to grow fast into a certain laser mode. As
described in Fig. 4�c�, this process can be repeated many
times whenever the threshold of relaxation oscillation is
crossed, allowing us to observe the output of the solitary
wave train pulses. This formation process is seen �Fig. 4�a��
to be analogous to superradiant buildup of the output �11�,
but the spatially periodic inversion imposed here makes it
unique. As can be seen in Fig. 4�c�, the threshold inversion is
very small because of the very weak loss in a PABS. The
unique feature of the PABS is that the field intensities in
different layers of the gain medium is correlated due to in-
terlayer coupling, giving rise to a well determined cavity
lifetime �16�. This results in an increased repetition rate as
well as improved stability of the laser output by relaxation
oscillation �17�. The inversion periodicity acts as a spatial
mode filter that regularizes the output pulses. Consequently,
the system is robust, i.e., insensitive to the initial noise in-
tensity, as shown in Fig. 4�d�.

For comparison, we investigated the laser behavior in a
conventional PC �Bragg reflector� structure—uniformly
doped by active gain material �12�. Equations �1� are then
modified as follows:

w,P → w1,2,P1,2,

where P1 and P2 are slowly varying envelope components of
the TLS polarization driving �+ and �−, respectively; w1 is
the density of the inverted population, and w2 is its modula-
tion depth of population. The numerical simulation of the
output intensity of laser pulse generation in a uniformly
doped PC is presented in Fig. 4�e�, which shows that self-
pulsing instability can occur. This comes about since in the
uniformly doped structure, the internal gain DFB stimulates

FIG. 4. �Color online� �a� The
coherent superradiant emission
pattern prior to the formation of
solitary wave train pulses. �b�
Emission intensity of solitary
wave pulses at the middle
�dashed� and the end �solid� of the
PABS length. �c� The spatiotem-
poral evolution process of the
solitary wave pulse in a PABS. �d�
Effects of additive noise on the
output pulses. �e� Emission inten-
sity of pulse generation in a uni-
formly doped nonlinear PBG
material.

FIG. 3. The dispersion relation in Eq. �4� for �a� 	=0.1, 
=0,
�b� 	=2, 
=0, and �c� 	=2, 
=1.
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the self-pulsing and leads to the chaotic behavior of the
pulse. As we have described above, it is the spatially periodic
gain pattern in PABS that is capable of suppressing these
intrinsic instabilities. Thus, the PABS lasing structure de-
scribed here is a highly advantageous source of stable, mu-
tually coherent, ultrashort laser pulses.

We have considered the realization of such multiple laser
pulses using longitudinal and transverse relaxation times for
doped semiconductor heterostructures �18�. For many kinds
of dopants, we have numerically checked that ultrashort
multiple-pulse generation can be obtained. Remarkably, rep-
etition rates up to 90.1 GHz and full width at half maximum
�FWHM� of 1.84 picoseconds can be directly obtained from
our numerical simulation of a PABS based on a quantum-
well semiconductor structure. The corresponding parameter
values are as follows: longitudinal and transverse relaxation
times T1=103�c and T2=5�c, respectively; mean refractive
index n̄=3.6, angular frequency �0=2.26�1015 s−1, transi-
tion dipole moment �0=4.5�10−29 C m, and two-level sys-
tem �exciton� density �0=1�1018 cm−3, respectively. Then

the corresponding characteristic absorption time is �c

=200 fs. With the development of crystal growth and micro-
fabrication techniques, this PABS device can be fabricated
as a Bragg-periodic semiconductor quantum-well structure
�19�.

In conclusion, we have demonstrated analytically and nu-
merically a lasing regime: the generation of highly stable
high-repetition-rate picosecond solitary wave pulse train in a
PABS chip. In contrast, the generation of ultrashort laser
pulses in uniformly doped gain media tends to be chaotic
because of the existence of instabilities. Bragg-reflecting
periodic semiconductor quantum-well heterostructures are
shown to be viable candidates for realizing these effects.
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