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Coherent effects in the generation of femto-
second pulses in semiconductor lasers

P P Vasil'ev

Coherence is one of the most basic physical concepts. The
property of coherence may be inherent not only in the state of
an electromagnetic field (an ensemble of photons), but also to
groups of bosons or fermions residing in a condensed state.
One glowing example is the coherent state of an ensemble of
Cooper pairs in a superconductor. In addition, coherence is
strongly manifested in the interaction of an electromagnetic
field with a medium in quantum optical phenomena, like self-
induced transparency, free induction decay, photon echo,
superradiance, and some others [1]. In this case, the medium
in the interaction with the field possesses a `phase memory'
and its state is determined not only by the current state of the
electromagnetic field, but by its characteristics at preceding
instants of time.

The phase relaxation time T2 is the characteristic time
scale in all the above dynamic processes. To make possible
the observation of coherent electromagnetic field ±medium
interaction, the temporal characteristics of the electromag-
netic field (for instance, the pulse durations or the delay
between the pulses) should be shorter than this time.
Semiconductor media exhibit extremely short times T2 not
exceeding 10ÿ13 s (100 fs) at room temperature. The
coherence of electromagnetic field±semiconductor interac-

tion would therefore be expected to reveal itself only on the
femtosecond time scale.

In this report the results of an experimental investigation
of the coherent interaction of a light field with GaAs/
AlGaAs-based semiconductor media are outlined. All mea-
surements were conducted at room temperature. A detailed
description of the samples was published elsewhere [2 ± 4]. To
prevent lasing and obtain a high (> 2� 1018 cmÿ3) density of
electron ± hole (e ± h) pairs, a saturable absorber was pro-
duced in the semiconductor structures to which a blocking
voltage was applied. By varying this voltage, it was possible to
vary the initial e ± h pair density and exert control on the
characteristics of the cooperative (superradiant) e ± h state.

Superradiance occurred in the samples when high-power
nanosecond current pulses with an amplitude of 0.4 ± 2.0 A
were applied to the amplifying structure sections and when
the blocking voltage imposed across the absorber lay in the
range from ÿ3 to ÿ10 V. The superradiance pulses had a
wavelength of about 885 nm (1.40 eV), a typical duration of
300 ± 400 fs, and a peak power of over 20 W (a power density
of about 109 W cmÿ2). The radiation was linearly polarized,
with the electric field vector lying in the plane of the
heterostructure layers (the TE mode). Our attention was
engaged by the instability of the pulse shapes and the large
scatter in the instants of pulse origination which was many
times larger than their duration. Strong coherent beats were
observed in 90 ± 100 mm long samples, which were caused by
the coherent interaction of the optical field with the medium
and by the existence of two spatial regions of cooperative state
of electrons and holes. These two regions measured 20 ±
30 mm by 5 mm by 0.2 mm each and were located near the
sample faces. The coherent oscillations of the optical field
lasted for over 10 ps, which was several times the double
passage of light between the faces of the semiconductor [2].
Depending on the excitation conditions and the sample
length, the frequency of coherent oscillations was 1 ± 3 times
the intermode frequency of the resonator formed by the
crystal faces. The maximum oscillation frequency was
1.1 THz. In this case, the optical spectrum was a doublet,
the separation of the components being equal to the
reciprocal of the period of coherent oscillations. These
temporal and spectral dynamics correspond to the situation
in which the field amplitude changes its sign (the phase
changes by p in a jumpwise manner), which is indicative of
the coherence of field ±medium interaction. The coherence in
the semiconductor medium was retained throughout periods
many times longer than the T2 time. In our view, this is due to
the cooperative properties of the ensemble of e ± h pairs,
which reside in a correlated state induced by the electro-
magnetic field.

As shown in Ref. [4], the superradiance in a semiconduc-
tor medium arises any time the optical gain coefficient
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(proportional to the density of e ± h pairs) is high enough. The
criterion for the magnitude of the gain coefficient a is the
inequality

caT2 > 1 ; �1�

where c is the velocity of light in the medium. For parameter
values typical of a volume GaAs at room temperature,
inequality (1) yields an a value greater than 1:3� 103 cmÿ1.
This value far exceeds typical gain coefficients in lasers, which
range from 50 to 300 cmÿ1, depending on the losses in the
resonator. That is why up to now superradiance has not been
observed in semiconductor laser structures. To attain the
needed gain coefficient to satisfy inequality (1), it is requisite,
first, that currents with an amplitude many times the laser
oscillation threshold are applied to the semiconductor
structure and, second, that the development of laser oscilla-
tion in the sample is suppressed. These conditions are
necessary to accumulate a sufficiently large number of e ± h
pairs required for their transition to the cooperative state
prior to the onset of radiative recombination.

The properties of e ± h pairs which reside in the coopera-
tive state are indeed remarkable. We note some of them. It is
known that electrons and holes in semiconductors can pair
and, under specific conditions, make up condensates [5 ± 7].
For low temperatures and low densities of electrons and
holes, this is a Bose exciton condensate [6]. For high
densities, the pairing of electrons and holes in the semicon-
ductor may result in a collective state resembling the
condensate of Cooper pairs in a superconductor [7]. In our
experiments, an investigation was made of the recombination
spectra of electrons and holes residing in a cooperative state in
GaAs in relation to their density �2ÿ6� � 1018 cmÿ3. The
average distance between electrons and holes for such
densities is many times shorter than the exciton radius (the
dimensionless parameter rs lies in the range 0.27 ± 0.47), which
corresponds to the regime of high densities. It turned out that
the cooperative e ± h recombination line is 15 ± 20 meV lower
in energy than the conventional spontaneous recombination
line and the laser line in the same structure. Figure 1 shows a
typical e ± h recombination spectrum in the cooperative state.
One can see that the line center in this case is shifted to the red
spectral domain by 20 meV relative to the edge of the
unrenormalized forbidden band of GaAs for T � 300 K
(1.424 eV). The line width is determined in effect by the

lifetime of the cooperative e ± h state. Also given in Fig. 1 is an
approximation of the spectrum by the convolution of the
density of states �� ����

E
p � and the Fermi function for the

occupancy of electron and hole states in the bands, made by
the formula

I��ho� � I0

��ho

Eg

rc�E �rv��hoÿ Eg ÿ E �

� fe�E � fh��hoÿ Eg ÿ E � dE :

This approximation provides a very good description of
the recombination line everywhere over the region, with the
exception of the long-wavelength tail, where the density of
states is not described by a simple square-root dependence
and needs to be modified [8]. By taking advantage of the
approximation, it is possible to estimate the density of
electron ± hole pairs and their effective temperature, which is
a conventional technique in the investigation of the e ± h
plasma radiation and the e ± h condensate. The recombina-
tion spectra were studied experimentally for different e±h pair
densities and the effective e ± h temperature was plotted as a
function of the density. This dependence is depicted in Fig. 2.

Our attention was engaged by the very low magnitude of
the effective temperature of 7 ± 25K, which corresponds to an
energy gap in the e ± h spectrum of 1.5 ± 2.5 meV. Moreover,
the temperature decrease with density is typical for an
electron ± hole condensate [9, 10], unlike the temperature
increase characteristic of an e ± h plasma. The experiments
lent support to the view that the cooperative e ± h state is
characterized by a very low temperature. It turned out that
the electrons and holes that persisted in the crystal after the
superradiance pulse and had not directly participated in it are
characterized by an elevated temperature exceeding the lattice
temperature. The center of spontaneous recombination line
of this overheated part of the e ± h subsystem (1.451 eV) is
shifted towards the short-wavelength spectral region by 15 ±
18 meV relative to the center of conventional spontaneous
emission line.

The pairing of electrons and holes in the cooperative state
is favored not only by the existence of a common electro-
magnetic field and exchange of photons, which produce and
cancel in pairs the electrons and holes possessing oppositely
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Figure 1. Recombination spectrum of the e ± h cooperative state ��� and
its approximation.
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Figure 2.Density dependence of the effective temperature of electrons and

holes in the cooperative state.
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directed momenta of equal amplitude, but also by the
existence of an electric field in the p ± n junction of the laser
structure, which is responsible for electron and hole currents
whereby electrons and holes have oppositely sensed
momenta.

Therefore, for the first time observations were made of the
superradiance of electrons and holes in a bulk semiconductor
at room temperature. The coherent interaction of the optical
field with an e ± h system was attended with oscillations at a
frequency of over 1 THz with a change of sign of the field
amplitude. The superradiance mode in the semiconductor
was accompanied by the formation of a cooperative e ± h state
(the domains of macroscopic polarization). The lifetime of
this cooperative state is shorter than 1 ps. In this case, the
coherence of interaction of the electromagnetic field with the
e ± h system is retained throughout periods much longer than
the T2 time. This may be caused by the pairing of electrons
and holes residing in the cooperative state, their condensa-
tion, and the formation of a state similar to the BCS state of
Cooper pairs in superconductors. In this case, the scattering
of the pairs by each other does not result in a loss of
coherence.
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Bose condensate from the standpoint
of laser physics

A N Oraevski|̄

1. Coherence of Bose condensates
and the inversion condition
Bose condensate has long been the object of keen interest of
researchers. It has drawn their attention primarily in the
context of the problems of superconductivity and super-
fluidity [1, 2]. The coherent state of a laser-generated
electromagnetic field with a specific frequency and spatial
configuration can also be considered as a Bose condensate of
photons. Relatively recently, a new wave of interest in Bose
condensate research was generated in connection with the
pursuance of successful experiments to cool atoms to record
breaking low temperatures of the order of 10ÿ7 K [3 ± 5]. For
so low a temperature it has been possible to obtain a Bose

condensate of atoms captured in a trap [6]. ABose condensate
of atoms is primarily of general physical interest. In the state
of a Bose condensate, the wave nature of matter is much
pronounced and an ensemble of particles large enough in
number behaves like a classical field which possesses an
amplitude and a phase.

The Bose condensate of particles has always a priori been
assumed to be a coherent state ofmatter. In this case, the Bose
condensation of particles was silently implied to form this
coherent state automatically. But for a researcher with the
mentality of a laser physicist this statement is hard to accept
without proof. To take one example, the accumulation of
photons in a single resonator mode in an `underexcited' laser
is possible due to spontaneous transitions, but this state of the
electromagnetic field will not be coherent. The coherent state
of the electromagnetic field (photons) in a laser is formed by
induced transitions when the self-excitation condition is
fulfilled.

Laser. According to the self-excitation condition, the
emission of electromagnetic energy by the active medium of
a laser should exceed the losses arising from possible
absorption and dissipation inside the laser and the emer-
gence of radiation from the laser for subsequent use. In the
context of a two-level model of the laser active medium, this
condition is of the form

N2

g2
ÿN1

g1
> DNth ; �1�

where DNth is the threshold value of the population
difference, which depends on the total loss of electromag-
netic radiation inside the laser and the transparency of the
output mirror. Clearly the fulfillment of similar conditions is
also necessary to obtain the coherent state of any Bose
particles. Condition (1) is sufficient for laser excitation. The
necessary condition is the inequality

N2

g2
>

N1

g1
; �2�

which is referred to as the `inverse population condition.'
For interband transitions in a semiconductor laser, the

condition equivalent to inequality (2) is of the form [9]

me ÿ mh > �ho ; �3�

where me; h are the respective chemical potentials of electrons
and holes, and �ho is the energy of emitted photons. Inequality
(3) testifies to the fact that the electron and hole states should
be degenerate, i.e., their densities should be substantial.

Bose condensate of atoms. Let us consider the process of
Bose condensation from the viewpoint of formation of a
coherent state. The relationship equivalent to the inversion
condition in a laser should follow from the requirement that
the formation of a Bose condensate under the action of the
condensate itself (induced production of coherent particles)
should exceed the condensate decay rate. The result is the
relationship

n�e� >
�
exp

�
e
kT

�
ÿ 1

�ÿ1
: �4�

The right-hand side of inequality (4) is nothing but the
equilibrium distribution function of the particles outside of
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the Bose condensate. Consequently, even a weak disturbance
of the equilibrium distribution towards the increase of the
number of particles with some specific energy e results in the
formation of a state which can be termed inverse, if advantage
is taken of laser terminology. Condition (4) is considerably
less stringent than condition (3), since the Bose condensate is
produced with a zero energy. Its coherence now becomes
comprehensible: as soon as some particle escapes from the
Bose condensate owing to fluctuations, it immediately
restores itself by virtue of induced, i.e. coherent, transitions.

Superconducting Bose condensate. The interaction of
electrons responsible for their pairing is most efficient for
the electronswhose energy is close to the Fermi energy [1, 13 ±
15], to which there corresponds a surface (the Fermi surface)
in the momentum space. The interaction efficiency lowers
with depth away from the Fermi surface, so that the effective
number of interacting electrons is appreciably smaller than
the total number of electrons. The energy diagram of a
superconductor can therefore be represented as follows
(Fig. 1). The superconducting condensate of Cooper pairs N
lies on the pillow of unpaired electrons m. Owing to the
interaction with some agent (primarily with phonons), the
Cooper pairs may decompose. As a consequence, unpaired
quasi-particles n form separated from the condensate of
Cooper pairs by a superconducting energy gap D in the
energy space. Bearing this diagram in mind and assuming
the subsystem of free quasi-particles in the semiconductor to
be quasi-equilibrium with chemical potential m, it is possible
to represent the `inverse population condition' in the
following form:

m > 0 : �5�

The condition m � 0 corresponds to the equilibrium between
the condensate of Cooper pairs and the ensemble of quasi-
particles, and therefore an arbitrarily weak disturbance of the
equilibrium in favor of the quasi-particles results in the
`inversion' condition. We compare condition (5) with the
similar condition (3) for a laser. Condition (3) is much more
severe: a weak disturbance of the thermodynamically equili-
brium distribution does not result in the inversion condition
in lasers. The point is that laser-generated photons carry away
a significant amount of energy stored in the active medium,
whereas the condensate of Cooper pairs is formed with a zero
energy as is the Bose condensate of atoms.

We nowpass on to the description of the dynamics of Bose
condensates.

2. Dynamic laser equations
To describe the laser dynamics, the following system of
equations [11, 12] is commonly taken advantage of:

dA

dt
� �gc � i�oc ÿ o��A � i2poB ; �6a�

dB

dt
�
�
1

t2
� i�o0 ÿ oc�

�
B � ÿi jmj

2

�h
NA ; �6b�

dN

dt
� 1

t1
N � J� i

2�h
�AB � ÿ A �B� ; �6c�

where A is the amplitude of the field in the resonator, B is the
polarization amplitude, and N � N2=g2 ÿN1=g1, gÿ1c , t1 and
t2 are the relaxation times of the dynamic quantitiesA,N, and
B, respectively.

The system of equations (6) and a modification of it has
been used validly to interpret, predict, and analyze different
dynamic laser regimes. The most remarkable of them is the
regime of nonperiodical pulsations (dynamic chaos, Fig. 2)
first discovered by Grasyuk and Oraevski|̄ [13]. Subsequently
these theoretical predictions were experimentally borne out
[14].

3. System of equations for the Bose condensate of atoms
To describe the dynamics of an atomic Bose condensate,
many authors take advantage of the equation [1]

i�h
q
qt

c�r; t� �
�
ÿ �h2

2m
D� V�r; t� �U

��c�r; t���2�c�r; t� ; �7�
D

n

N

m

Figure 1. Energy diagram of a superconductor. Condensate of Cooper

pairs �N�; unpaired electrons below the Fermi level �m�; free quasi-

particles �n�.
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Figure 2. Temporal variation of the laser field amplitude in the mode of

chaotic pulsations (calculation) [13]. Plotted on the axes are the quantities

in relative units.
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where V�r; t� is the energy of interaction of the condensate
with an external field, e.g., with the fields of the trap in which
the atoms are confined. U is determined by the energy of pair
interaction of the particles with each other: U � 4p�h2a=m,
where a is the scattering length. By its sense, the dynamic
variablec�r; t� is the wave function of the subsystem of atoms
which have `fallen out' as the Bose condensate. In the limit of
a sufficiently large number of atoms in the condensate, it is
treated as a classical quantity and is referred to as the order
parameter.

In the context of Eqn (7), the dynamics of the particles
which remain beyond the Bose condensate (incoherent
particles) are left `behind the curtain.' However, the
dynamics of incoherent particles become fundamentally
important when atoms can flow into the trap and escape
from it. It is also fundamentally important when the fields in
the trap are perturbed, with the effect that the equilibrium
particle distribution is disturbed. In other words, a dynamic
relationship between Eqn (7) and the equation for the atoms
remaining beyond the Bose condensate is called for. To unify
the Bose condensate and incoherent particles in a single
dynamic system, the following system of equations was
proposed [8]:

q
qt

c�r; t� � i

�h

�
ÿ �h2

2m
D� V�r; t�

�U
h��c�r; t���2 �N�r; t�

i�
c�r; t�

� 1

2
S �R��r; t�c�r; t� � Z�r; t� ; �8a�

q
qt

np�r; t� � q
qr

np�r; t� qeqpÿ
q
qp

np�r; t� qeqr

� ÿS �R�p �r; t� � S �C�p �r; t� �Qin�r; p; t� ÿQout�r; p; t� ;
�8b�

where N�r; t� � � n�r; p; t� d3p=�2p�h�3 is the density of inco-
herent quasi-particles [15] and np�r; t� is their momentum
distribution. S

�R�
p and S �R� � � S �R�p d3p=�2p�h�3 are recombi-

nation integrals which describe the dynamic exchange
between the subsystems of coherent and incoherent parti-
cles, and Z�r; t� is a random Langevin force caused by
spontaneous transitions.

The system of equations (8) can serve as the basis for
writing the dynamic system of equations for a so-called
atomic laser, i.e., the source of a beam of coherent particles
emanating from a trap [8]. Under amply justified assump-
tions, the system of equations for an atomic laser can be
shown to reduce to the form [16]

dA

dt
� �s0�NÿN0� ÿ g

�
A ; �9a�

dN

dt
� ÿ2s0�NÿN0�A2 ÿ nN�Q ; �9b�

where A is the modulus of the order parameter averaged over
the trap volume, N and N0 are the average and critical
densities of incoherent particles, s0 is the constant for the
interaction between incoherent particles and the Bose con-
densate, and g and n are the attenuation coefficients arising
from the escape of coherent and incoherent particles from the
trap.

The system of equations (9) for an `atomic laser' is
isomorphous with the system of equations for a laser with a
broad amplification line [12]. The theory of relaxation laser
pulsations [12, 17] is therefore fully applicable to the `atomic
laser.' In particular, by varying the amplitude of the radio-
frequency field in trap, it is possible to excite deep pulsations
of the atomic order parameter. The manifestation will be the
emergence of a coherent atomic beam outside the trap in the
form of regular repetitive bunches. It is also possible to bring
the `atomic laser' to the regime of dynamic chaos, as was
previously done with a CO2 laser [18]. The experimental
investigation of dynamic chaos in an atomic trap is a
fascinating problem. It would be highly instructive to
observe how the chaotic pulsations of the order parameter
inside the trap show up in its spatial configuration.

In summary we note that in the context of the system of
equations (8) it is possible to describe not only the dynamics
of a previously formed Bose condensate, but also its
formation process during the cooling of atoms in a trap.

4. Dynamic system of equations for a superconductor
By taking advantage of the model given in Fig. 1 and of the
particle conservation law, it is possible to write the equations
which unite the order parameter, free quasi-particles, and
phonons in a single dynamic system [19]. The equation for the
complex order parameter is of the form

qC�r; t�
qt

ÿ 1

tm

�
1ÿ 2

n�r; t�
Ns
ÿ 4

��C�r; t���2
Ns

�
C�r; t�

�D

�
Hÿ i

2e

�hc
A�r; t�

�2

C�r; t�

� 1

2
S �R�C�r; t� � X�r; t� ; �10�

S �R��r; t� �
��

W�p; p 0��np np 0 �Mpÿp 0 � 1�

ÿ �1ÿ np��1ÿ np 0 �Mpÿp 0
�
d3p 0 d3p ; �11�

n�r; t� � � np�r; t� d3p=�2p�h�3, Ns=2 is the density of super-
conducting electrons at absolute zero, tm is the temporal
parameter determined by interelectron interactions, and
X�r; t� is a random Langevin force caused by spontaneous
transitions.

The spectral density of free quasi-particles np�r; t� satisfies
the kinetic equation [20]

q
qt

np�r; t� � q
qr

np�r; t� qeqpÿ
q
qp

np�r; t� qeqr
� ÿS �C�p �r; t� ÿ S �R�p �r; t� : �12�

The energy of quasi-particles in this equation is defined by the
well-known BCS relationship. S

�C�
p is the collision integral

and S
�R�
p is the recombination integral which describes the

transitions between the subsystems n and �N�m� (see Fig. 1)
[20]. The recombination integrals involve, along with the
density of free quasi-particles, the phonon density Mq. If the
phonon density is nonequilibrium, it also necessitates a
dynamic equation. It is quite frequently written in the
following simple form [20]:

qMq

qt
� ÿ 1

tq
�Mq ÿMq0� � S �R�q � S�C�q �Qq : �13�
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The first term on the right-hand side of this equation describes
the transfer of phonons from the superconducting sample to
the substrate, the second one describes the production of
phonons in the recombination of free quasi-particles, the
third one arises from the scattering of quasi-particles, and the
fourth one describes the excitation of phonons by an external
source. Mq0 is the equilibrium phonon density for a given
temperature.

If required, it is possible to write a recombination integral
in which photons would appear in lieu of phonons (or along
with them). Clearly the system of equations (10), (12), and
(13) should be complemented with the Maxwell equations,
which will be connected to it by the superconducting current
[1] and the density of photons, if the latter act on the
superconducting sample.

Eventually there results a comprehensive dynamic system
with a multidimensional phase space. That is why a wide
diversity of dynamic regimes are possible in a semiconductor,
which are of interest both from theoretical and practical
viewpoints.

5. Concluding remarks
We emphasize once again that the decisive role in the
production of a Bose condensate of any nature is played by
induced transitions. We believe that they are the universal
mechanism responsible for the violation of symmetry in
Nature. In order for this to happen, conditions are necessary
whereby the induced process of production of some object
with an inherent feature would exceed its decay process. It
seems likely that induced processes have played a crucial role
in the formation of ourUniverse with the symmetry broken in
favor of electrons and protons. A similar supposition can be
made as to the origin of life with the left chirality of protein
molecules. Suchlike suppositions have been discussed in the
literature.

The processes of self-organization occurring in nonlinear
systems have been discussed in the literature for about
20 years. A special term Ð synergetics Ð was invented to
unify a diversity of self-organization processes in a common
realm. But this is a unification of processes by a superficial
feature. In our opinion, induced transitions are the mechan-
ism which unifies self-organization processes.
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