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A method is suggested of efficient mid- to far-infrared �ir� pulse amplification via driving optical pulse
energy conversion in waveguiding quantum well �QW� heterostructures at room temperature. It is based on the
optical pulse creating transient population inversion at a long-wavelength transition in the three-level scheme
formed by QW levels of dimensional quantization. As a result, efficient amplification of a weak mid- to far-ir
pulse, propagating simultaneously with the driving one, becomes possible. A waveguide and QW heterostruc-
ture design that is optimal for optical-long-wavelength pulse conversion is proposed and shown to be much
simpler than that used in quantum cascade lasers. For the typical input peak power of a picosecond driving
pulse and mid- to far-ir pulse of �100 W and 100–0.1 mW, respectively, the present scheme is able to
produce output ir pulses with peak powers of at least several tens of watts or several tens of milliwatts in the
mid- or far-ir range, respectively, i.e., to convert an appreciable part of the optical pulse energy into the mid-ir
signal.
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I. INTRODUCTION

The generation of powerful short pulses in the mid- to
far-infrared �ir� wavelength range is an important problem of
modern optics and laser physics, due to increasing need for
intense coherent emission in this frequency domain for fun-
damental investigations and various applications, such as
nondestructive evaluation of nonconductive materials �1� and
biological tissues �2�, molecular spectroscopy �3�, studies of
surface plasmon-polariton waves �4�, coherent control of
subband transitions in semiconductor nanostructures �5,6�,
modulation of optical radiation at far-ir frequencies �7�, etc.

There are many different methods proposed so far to pro-
duce mid- or far-ir or terhertz radiation, among which are
photoconduction �8,9�, ultrafast charge transport near a semi-
conductor surface �10�, high-Tc superconducting bridges
�11�, transition radiation �12�, Čerenkov radiation �13�, etc.
Nevertheless, low-dimensional semiconductor heterostruc-
tures �such as quantum wells �QWs� and quantum dots� re-
main some of the most efficient and convenient devices to
generate electromagnetic emission in this frequency range.
The main causes are, first, that the transition frequencies be-
tween their levels of dimensional quantization can be easily
changed by adjusting the structure parameters, and typically
correspond to wavelengths from several to hundreds of mi-
crometers, and, second, that simple injection pumping may
be employed for them. Unfortunately, free-carrier absorption
and diffraction in such devices lead to strong nonresonant
losses of mid- and far-ir radiation which rapidly rise with
wavelength growth. This circumstance makes lasing in these
structures possible only in the presence of a gain large
enough to overcome losses. However, due to the very short
lifetime of the excited state, the maintenance of high popu-
lation inversion at low-frequency intersubband transitions is
by no means an easy task. This problem can be solved, for

example, by quick depletion of the lower lasing state via
stimulated interband recombination �14–16� or phonon emis-
sion �17�. As a result of these studies, quantum cascade lasers
�QCLs� were realized �18–20�, where the lower lasing state
is depopulated via tunneling in the superlattice or transition
to lower levels with longitudinal optical �LO� phonon emis-
sion. But such devices are based on rather complicated
multilayer heterostructures and, as a rule, work at low tem-
peratures.

It seems possible, however, to obtain high enough popu-
lation inversion of the upper lasing state in a pulsed regime
on a time scale smaller than its lifetimes due to carrier-carrier
scattering, �5 ps �21�, or LO phonon emission, �1 ps �22�,
or impurity scattering, �4–5 ps �23�, or interface roughness
scattering, 4–50 ps �for wide 150–250 Å QWs of interest,
as shown in Sec. III� �25�.1 It can be realized, for example, in
a QW containing a three-level scheme of the states of dimen-
sional quantization where a strong optical exciting pulse
equalizes populations of the ground and upper lasing states,
thereby creating population inversion between the upper and
lower lasing states separated by a mid- to far-ir frequency. So
such a structure can work as an efficient amplifier for a long-
wavelength pulse propagating simultaneously with the excit-
ing one and having approximately the same duration. As will
be shown below, this device can be realized on the basis of a
QW heterostructure much simpler than those needed for
QCL fabrication, and can work at room temperature. In ad-
dition, in such a scheme, free carriers are present in thin QW
layers only so that their average density is much smaller than
that in QCLs. This results in significantly lower losses for
mid- or far-ir field and therefore notably favors their genera-
tion. Of course, this device effectiveness depends on the
availability of powerful enough driving and long-wavelength
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1As the interface roughness scattering lifetime for wide QWs be-
ing considered here is larger than those due to LO phonon emission
or impurity scattering, in what follows I shall take into account only
the two latter scattering mechanisms.
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input pulses. Both of them can be obtained as the output of a
nonlinear difference-frequency mixing QW heterolaser, pro-
posed in �26� for continuous-wave �cw� mid- to far-ir gen-
eration and considered in �27� in the case of the mode-
locking pulsed regime. All one needs to use it as a source of
pulses for the present scheme is to remove from its output
radiation �by means of a Fabry-Perot filter, for example� the
second strong optical pulse resonant with the ground state–
lower lasing state transition.

Of course, the practical realization of the method pro-
posed requires a detailed analysis of the optimal QW hetero-
structure parameters and their dependence on the driving
pulse characteristics and amplified wavelength. This is the
subject of the present paper. Its structure is as follows. In the
next section, I give the mathematical description of a QW
waveguiding heterostructure and its interaction with an elec-
tromagnetic field. Then I derive the basic equations govern-
ing the driving and mid- to far-ir pulse interaction and propa-
gation in such a system. In the third section, I consider the
optimal QW waveguiding heterostructure parameters for ef-
ficient long-wavelength pulse amplification and give esti-
mates of the maximal gain and output mid- to far-ir pulse
peak powers. In conclusion, I cite the main paper results
which seem to be the most interesting for experimental
implementation.

II. LONG-WAVELENGTH PULSE AMPLIFICATION
IN A QUANTUM-WELL WAVEGUIDING

HETEROSTRUCTURE

To ensure efficient long-wavelength pulse amplification
due to optical pulse energy conversion, one first of all needs
a suitable waveguide, providing pulse confinement and hav-
ing low absorption coefficients at both wavelengths. These
requirements can be satisfied in a single-plasmon waveguide
used for mid- to far-ir and THz QCLs �28,29� and modified
to also support the optical mode at �1�0.8 �m �30� �Fig. 1�.
Such a device consists of a conventional slab dielectric
waveguide for optical radiation �31� made of a core, say,
Al0.2Ga0.8As layer, sandwiched between two cladding
Al0.3Ga0.7As layers with larger Al mole fraction and there-
fore a lower refractive index. This structure is covered by a
thin metallic layer �made of Au or Pd or other suitable metals
or their combinations� on the top, and a thin, heavily doped
�2�1018 cm−3� buried layer is introduced between the lower
cladding layer and the Al0.3Ga0.7As semi-insulating sub-
strate. In such a structure, the dielectric waveguide helps to
avoid the optical mode penetration into highly conductive
layers and its strong absorption there, which is proportional
to 1/� �32�, and therefore rapidly grows with decreasing
wavelength. On the other hand, the mid- to far-ir radiation
confinement is provided here through the reflection from the
top metallization and formation of an electromagnetic sur-
face wave �surface plasmon� around the buried layer, which
has a negative dielectric constant due to high free-carrier
density. Although introducing additional absorption due to
highly conductive metal and doped layers, such a design pro-
vides a much higher confinement factor G �i.e., the ratio of
the power propagating in the active region to the whole beam

power�, for mid- to far-ir fields than do conventional dielec-
tric waveguides, and possesses a large figure of merit
G / �2 Im k2��8.1�10−2 �29�, where 2 Imk2 is the power
long-wavelength absorption coefficient.

Then, let me denote by E1 and B1 the electromagnetic
field of the driving optical pulse and by E2 and B2 that of the

long-wavelength one. Introducing complex amplitudes Ẽn

and B̃n, n=1,2, one can represent the situation as

�En

Bn
� 	

1

2
��Ẽn

B̃n

� � exp�− i�t� + c.c. �1�

Ẽn and B̃n satisfy the Maxwell equations

rotB̃n = − i��n/c����n�Ẽn + �4�/c�j̃n,

rotẼn = i��n/c�B̃n, �2�

where j̃n	−i�nP̃n are the complex amplitudes of the current
densities which are expressed through the complex ampli-

tudes of the corresponding polarizations P̃n, created on QW
interband and intersubband transitions.

Not taking into account unguided radiation modes �which
are significantly smaller than those confined inside the wave-
guide�, the complex amplitude of either field can be ex-
panded over the set of waveguide modes enlk, bnlk as �31,33�

Ẽn = 

lk

Enlkenlk, �3�
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FIG. 1. Schematic of the waveguiding QW heterostructure con-
sisting of an Al0.2Ga0.8As core and Al0.3Ga0.7As cladding layers,
�Al0.2Ga0.8As	�Al0.3Ga0.7As �a dielectric waveguide�, top metallic and
highly doped buried Al0.3Ga0.7As layers �a single-plasmon wave-
guide�, a Al0.3Ga0.7As semi-insulating substrate, and two QW sets
responsible for optical-ir pulse conversion. Here c�10–100 nm,
d�2 �m, and the optimal values of parameters a, b, and �zQW� are
found in Sec. III.
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B̃n = 

lk

Enlkbnlk, �4�

where the index l stands for the mode polarization �l=1 for a
TE mode and l=2 for a TM one�, and k denotes the mode-x
wave numbers whose values depend on n and l.2 The modes

enlk	 ẽnlk�y ,z�exp�ikx�, bnlk	 b̃nlk�y ,z�exp�ikx� satisfy the
source-free Maxwell equations

rotbnlk = − i��n/c����n�enlk, �5�

rotenlk = i��n/c�bnlk, �6�

and obey the orthogonality condition

c

4�
� �enlk,bnl�k�� − �enl�k�,bnlk�� · z0dS = 
ll�
−kk�Nnlk,

�7�

where �33�

exnl−k�x,y,z� = − exnlk�− x,y,z� , �8�

ey,znl−k�x,y,z� = ey,znlk�− x,y,z� , �9�

bxnl−k�x,y,z� = bxnlk�− x,y,z� , �10�

by,znl−k�x,y,z� = − by,znlk�− x,y,z� , �11�

dS	dy dz, 
ij is Kronecker’s delta, Nnlk is the norm of the
nlk mode, and, according to this definition, Nnlk�0.

Following the standard theory of waveguide excitation
�33�, one can find Enlk from the equations

dEnlk/dx =� j̃n · enl−kdS/Nnlk. �12�

For the further analysis of Eq. �12�, I shall bear in mind the
typical waveguide design when the whole structure dimen-
sion in the transverse y direction �Fig. 1� is much larger than
the core Al0.2Ga0.8As layer z width, but does not exceed a
value of �10 �m. Under such parameters, at �1�0.8 �m
only one field variation along the y coordinate is possible in
the waveguide, and one can approximate its optical eigen-
modes by those of an infinitely wide slab �31,33� so that ẽnlk

and b̃nlk depend on z only. In addition, I shall assume that the
core Al0.2Ga0.8As layer is thin enough �please see the esti-
mates of its optimal thickness in the next section� to support
just a couple of optical modes �one TE and one TM�. Keep-
ing in mind also the situation, typical for QW laser, when the
E1 field operates in a TE mode, whereas the E2 field is
formed by a TM one, in what follows I shall drop the indices
l ,k implying them to be 1,k1 for the optical radiation and
2,k2 for the mid- to far-ir signal.

Then, to solve Eq. �12�, one needs to express j̃n

	−i�nP̃n through En. This can be done by a detailed consid-
eration of electron and hole dynamics in QWs, which is con-
ducted below.

Let me consider an AlxGa1−xAs QW heterostructure con-
sisting of a set of adjacent pairs of wells with each pair
consisting of two 10–30 nm thin GaAs layers separated also
by a thin spacer ��30 nm� made of Al0.2Ga0.8As and sur-
rounded by �30 nm thick Al0.3Ga0.7As layers on each side
�Fig. 2�. Then, because the GaAs band gap is smaller than
those of AlxGa1−xAs, x�0, levels of dimensional quantiza-
tion are formed in the GaAs layers. Each level is represented
by a subband of electron states distinguished by the projec-
tions of electronic quasimomenta on the QW plane, px , py.
Further, I shall consider a simple structure with one heavy-
hole �1� and two electron �2 and 3� states in each QW �Fig.
2�.

Of course, all the following consideration can be easily
suited for the situation when two hole and one electron QW
levels are used �34�. The interband transitions correspond to
��0.7–0.8 �m, whereas intersubband transitions lie at �
�10 �m for the electronic levels or even at longer wave-
lengths �70 �m for the hole states �26�. It is well known
that, when we consider asymmetric QWs with different bar-
rier heights, all three transitions 2→1, 3→2, 3→1 are di-
pole allowed, and may have large matrix elements of the
order of 0.3–1 nm for interband and 1–3 nm for intersub-
band transitions �35,36�. It is necessary to mention here that
in Fig. 2 and in what follows I do not take into account other
long-wavelength transitions that may be present in the QW
heterostructure, assuming them to be far enough from reso-
nance with the mid- to far-ir transition 3→2.

Let me denote by �31 the deviation of the 3→1 transition
frequency from �1, ��31��1, and designate by N31 the cor-
responding density of px , py electronic states in the QW plane
whose energy for simplicity’s sake is supposed to be a func-
tion of p� 	�px

2+ py
2 only �Fig. 3�. This axial approximation

is rather good for the conduction band where anisotropy

2Here I neglect an additional term 4��j̃n ·x0�x0 / �i�n���n��, which
should be present in the right-hand side �RHS� of Eq. �3� �33�, as,
using the QW heterostructure and pulse parameters given below, it
can be shown that this term is much smaller than the written one.
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FIG. 2. Effective three-level scheme of electron �hole� QW lev-
els involved in the weak mid- to far-ir pulse �E2� amplification due
to the strong optical pulse �E1� conversion in the QW set. Along the
vertical axis, the lower edge of the conduction band and the upper
edge of the valence band of AlxGa1−xAs, at the � point, are plotted
in arbitrary units as functions of the z coordinate.
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manifests itself in terms proportional to electron momentum
in the third power only �37�, and proves to be reasonable for
the valence hole subbands in AlxGa1−xAs/GaAs/AlxGa1−xAs
QWs with the �001� growth axis as well �38�. Thus, it is easy
to see that, thanks to this assumption, �31 also determines the
deviation of the 3→2 frequency from �2, so that �31	�
and N31	N can be chosen as the sole parameters to charac-
terize inhomogeneous broadening in such a structure. Hence
I shall assume that the frequency of the mid- to far-ir field,
�2, equals the 3→2 frequency at �=0. Though this assump-
tion is not necessary for further calculations, it seems to be
reasonable and allows us to somewhat simplify the following
formulas. Similarly to the 3→1 transition, we can introduce
the corresponding values N21,�21 and N32,�32 for the 2
→1 and 3→2 transitions, which obey the evident equations
N21�21=N32�32=N� and �32=�−�21. As the third state as a
rule has a larger density of states than the second one, these
equations result in the conclusion that ���� ��21� and, conse-
quently, �32,N32 are opposite to � ,N in sign. On the other
hand, as the difference between N21 and N is not very large,
in what follows we shall assume that �21�� and therefore
��32� ��� as it occurs in QCLs �18,20�.

Then, the QW can be described as a three-level system
with the density matrix �ij depending on � only �inhomoge-
neous broadening�. Its nondiagonal elements can be repre-
sented as products of the rapid exponential factors with cor-
responding resonance frequencies �1,2 and x wave numbers
k1,2 and slowly varying amplitudes �ij. The latter can be

found from the system �39� �for the case of low-dimensional
heterostructure lasers considered also in �40��

d�21/dt + �21�21 = − ie1�32
* + ie2

*�31,

d�31/dt + �31�31 = ie1n13 + ie2�21,

d�32/dt + �32�32 = ie1�21
* + ie2n23, �13�

where

�21 = �21 + i� ,

�31 = �31 + i� ,

�32 = �32 − i�� , �14�

nij =�ii−� j j are population differences, e1	E1d31·e1 / �2��
and e2	E2d32·e2 / �2�� the Rabi frequencies of the optical
and mid- to far-ir fields. The ratio of mid- to far-ir and opti-
cal detunings, �	−�32/�, according to what has been said
above, is positive and much smaller than unity, 0��1. To
further simplify formulas it will be assumed that the relax-
ation rates at all transitions between levels 1, 2, and 3 are the
same, �21=�31=�32	�.

In what follows, I shall assume that the mid- to far-ir field
is much smaller than the optical one, and employ a pertur-
bation theory over a small parameter �E2� / �E1�1, retaining
everywhere terms proportional to the zeroth and first powers
of E2 only. Then, as the pump and long-wavelength field
pulse durations are larger than �or, at least, of the same order
as; please see the next section for details� the relaxation time,
�1/�, for estimates of the long-wavelength power one can
use the stationary solutions of Eqs. �13�, which read as fol-
lows:

�31 = ie1n13/�31, �15�

�32 = ie2
n23 − n13�e1�2/��31

* �21
* �

�32 + �e1�2/�21
* . �16�

According to Eqs. �15� and �16�, to obtain the explicit
frequency dependence of �31 and �32 one needs to find the
diagonal density matrix elements, which are determined
from the equations �39,40�

d�11/dt + r1��11 − �̄11� = − 2 Im�e1
*�31� ,

d�22/dt + r2��22 − �̄22� = − 2 Im�e2
*�32� ,

d�33/dt + r3��33 − �̄33� = 2 Im�e1
*�31� + 2 Im�e2

*�32� .

�17�

Further, I shall assume that r1=r3=r and, as all the times
being considered are shorter than the 3→2 relaxation time,

Electron energy

h� ����

h� ����

p||

1 ( 1)hh

( 1)lh

( )hh2

0

2

3

FIG. 3. Schematic of the GaAs band structure near the � point
with the �001� QW growth axis. Here, p� 	�px

2+ py
2 �arbitrary units�

and energy �arbitrary units� is counted from the band gap midpoint.
The first subband is identified with the first heavy-hole subband
�hh1� formed from the �8 heavy-hole valence band, the second and
third subbands are the two lowest subbands originating in the GaAs
�6 conduction band. Also shown are the first light-hole �lh1� and the
second heavy-hole �hh2� subbands.
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put �22=0.3 This considerably simplifies the following for-
mulas, allowing us to derive from Eq. �17� relations for the
two population differences n13 and n23 which enter Eqs. �15�
and �16�:

dn13

dt
+ r�n13 − n̄13� = − 4 Im�e1

*�31� − 2 Im�e2
*�32� , �18�

dn23

dt
+ r�n23 − n̄23� = − 2 Im�e1

*�31� − 4 Im�e2
*�32� . �19�

From Eq. �16� it follows that Im�e2
*�32� in Eqs. �18� and �19�

is proportional to �e2�2 at least, and therefore can be neglected
in the above-mentioned linear approximation over e2. So the
stationary solutions of Eqs. �18� and �19� take the form

n13 =
n̄13

1 + 4��/r��e1�2/��2 + �2�
, �20�

n23 = n̄23 −
2��/r��e1�2n̄13

4��/r��e1�2 + �2 + �2 , �21�

and then are substituted into Eqs. �15� and �16�, which gives
the explicit frequency dependence of �31 and �32. In connec-
tion with the last formula, it is worth mentioning that the
inversion on the 3→2 transition is maximal within the inter-
val �����4�� /r��e1�2+�2, which therefore gives the effec-
tive spectral width where efficient amplification of the mid-
to far-ir signal takes place.

Then, the complex amplitudes of polarization at the 3
→1 and 3→2 transitions can be written as

P̃1 = d13�
−�

+�

N�31d� + c.c., �22�

P̃2 = d23�
−�

+�

N�32d� + c.c. �23�

To use these formulas, one needs to concretize the frequency
dependence of the quasiequilibrium values of the intersub-
band population differences n̄13 and n̄23 in Eqs. �20� and �21�.
As I consider the density matrix evolution over times less
than the relaxation time between the third and second sub-
bands, these values should be obtained from Fermi distribu-
tions of electrons in the third and first subbands, with instan-
taneous electron numbers and mean energies in either of
them and zero occupancy of the second subband. Neverthe-
less, according to �21,41� for a �10 nm wide QW the sub-
band quasiequilibrium filling becomes comparable with
unity, and Pauli blocking begins to play an appreciable role
only for excited electron area densities in the third subband
�2�1011 cm−2. As will be discussed in the next section, the

optimal amplification densities for a mid- to far-ir field lie
well below this value, and therefore one can neglect the
small differences between n̄13 and 1 as well as between n̄23
and 0 in Eqs. �18� and �19� for the case of the saturating
optical field �e1���,4 when, as follows from the results of the
numerical analysis described in Sec. III, practically all the
long-wavelength gain is acquired.

It is necessary to note here that, as optical or long-
wavelength field variations over a QW are negligible, all the
above considerations can be easily adapted for the case of
several adjacent QWs, by multiplication of the RHS of Eqs.
�22� and �23� by the overall QW number q. According to Fig.
1, this number is equally divided between the two QW sets
situated symmetrically with respect to the waveguide core
layer.

Using Eqs. �22� and �23�, the definition j̃n	−i�nP̃n, and
Eq. �12�, one can determine the distance dependence of the
field amplitudes En. Let me start from the optical field, for
which Eq. �12� takes on the form

dE1/dx = − �1E1/�1 + �E1/E1s�2, �24�

where E1s	��r� / �d31·e1�x ,zQW�� is the saturation ampli-
tude,

�1 	 − �q�1NSQW�d31 · ẽ1�zQW��2/�2�N1� �25�

is the nonsaturated absorption coefficient for the E1 field due
to QWs, SQW is the QW area in the yz plane, zQW is the z
coordinate of the left or right QW set center �Fig. 1�, and,
due to the optical mode symmetry, ẽ1�zQW�= ẽ1�−zQW�. If the
absolute value of the optical field initial amplitude, �E1�0��, is
significantly larger than �E1s�0��, then from Eq. �24� it is ob-
vious that �E1 /E1s� becomes of the order of unity at a distance
xs,

xs � ln� �E1�0�/E1s�0�� + �1/Im k1

�2 + �1/Im k1
�� Im k1, �26�

and then drops exponentially over a distance �1/�1. If
�E1�0�� is much smaller than �E1s�0��, then the optical field
evolution from the very beginning is an exponential de-
crease, with a decrease equal to �1.

Now let me turn to the equation for the long-wavelength
field amplitude E2. In analogy with the above-outlined deri-
vation for the optical field, I get

3In connection with this assumption, it is worth noting that the
spectral widths of the optical pulses considered in the next section
are much smaller than the 3→2 transition frequencies, so that the
pump interaction with the 2→1 transition is nonresonant and,
therefore, does not lead to appreciable population of the second
subband on the time scale of the optical pulse duration.

4This condition means that the quasienergy structure of the
3→1 transition can be resolved. But this structure exists for a time
interval of the order of 1 /� while the Rabi oscillations is not
damped yet �42�. As the overall optical pulse duration is larger than
1/�, it means that for the most part this structure disappears, and
the mid- to far-ir pulse amplification indeed has quasistationary
character.
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dE2

dx
=

�2E2�E1/E1s�2�4 + 4�1 + �E1/E1s�2 + 2�E1/E1s�2 − �r/���E1/E1s�2�

4��1 + ��1 + �E1/E1s�2��1 + �1 + �E1/E1s�2� + r�E1/E1s�2/�4����1 + �E1/E1s�2�1 + �1 + �E1/E1s�2��2�/r − 1�
, �27�

where

�2 	 − �q�2�2�/r − 1�NSQW�d32 · ẽ2�zQW��2/�2�N2� ,

�28�

and, due to the large extent of the mid- to far-ir mode, I
neglect the difference between ẽ2�zQW� and ẽ2�−zQW�.

Though rather cumbersome, Eq. �27� can be substantially
simplified by employing the following consideration. First of
all, it is clear that for �1/4 one can neglect the term
��1+ �E1 /E1s�2 in its denominator for any value of the ratio
�E1 /E1s�. The inequality �1/4 is indeed the case for an
AlxGa1−xAs/GaAs/AlxGa1−xAs QW �Eq. �35� below�. Then,
let me consider separately two cases, namely, when the ini-
tial optical field is much larger or much smaller than its
beginning saturation value, i.e., when �E1�0� /E1s�0� � �1 or
�E1�0� /E1s�0� � 1. In the first case, from Eq. �27�, one ob-
tains that, while �E1 /E1s�	1, i.e., while x�xs,

dE2/dx � �2E2, �29�

and E2 grows exponentially up to the distance �xs where the
absolute value of the long-wavelength field complex ampli-

tude, �Ẽ2�= �E2e2�, reaches a value of

�Ẽ2�xs��

�Ẽ2�0��
� exp���2 − Im k2�xs� . �30�

The independence of the mid- to far-ir field amplification
rate Eq. �29� from the pump power for �E1 /E1s�	1 �i.e.,
when the optical field intensity exceeds the saturation value�
can be intuitively understood from the following consider-
ations. For �E1 /E1s�	1, the strong pump equalizes the popu-
lations of the first and third levels in the interval ���� �e1�
near the pump central frequency. As a result, the level popu-
lation differences n13�1/ �e1�2 �Eq. �20�� and n23�−1/2 �Eq.
�21�� in this interval, and n13�−1, n23�1/ ���2 outside it.
Having substituted them into Eq. �16� for �32, one can see
that the latter �as a function of �� is maximal in intervals
with widths of the order of �e1� around �� ± �e1�, where it
scales as 1 / �e1�, and drops as 1/ �e1�2 and 1/�2 for smaller or
larger ���, respectively. So these intervals determine the in-
tegral from �32 over � in Eq. �23� which therefore becomes
independent of the pump field intensity for �E1 /E1s�	1. Ac-
cording to the above derivation, it leads to the independence
of the mid- to far-ir field growth rate from the pump power
as well.

For x	xs, the value �E1 /E1s� becomes smaller than unity
so that Eq. �27� reduces to the formula

dE2/dx �
�2E2�E1/E1s�2

2�2�/r − 1�
, �31�

which approximately joins at x�xs with Eq. �29� �taking into
account that in the considered scheme ��r �40��. Then,
from Eq. �31� it follows that at x	xs the mid- to far-ir field
increases with x up to x=xg only,

xg � xs +
ln��2�/r − 1�Im k2/�2�−1

2��1 + Im k1�
; �32�

for x	xg the long-wavelength field growth rate
�2�E1 /E1s�2 / �2�2� /r−1��−Im k2 becomes negative, so that
E2 decreases. The mid- to far-ir field gain over the interval
xs�x�xg is given by the formula

�Ẽ2�xg��

�Ẽ2�xs��
� exp� Im k2

2��1 + Im k1�� �2

�2�/r − 1�Im k2

− ln
�2

�2�/r − 1�Im k2
− 1�� . �33�

In the second case of small input optical field,
�E1�0� /E1s�0��1, the mid- to far-ir field amplification from
the very beginning is governed by Eq. �31�, and the corre-
sponding gain is given by Eq. �33�.

In connection with the approximate solution obtained of
the system �24� and �27� and the expressions for the mid- to
far-ir field gain, Eqs. �30� and �33�, calculated by means of it,
it is necessary to note that formulas �30� and �33� are used in
the next section as a tool for finding the optimal parameter
set for mid- to far-ir field amplification only, and are not
suitable for the calculation of the actual gain value. This is
because even relatively small mistakes in the powers of ex-
ponents in these equations can lead to substantial deviations
of these estimates from the true gain value. The other cause
is that Eqs. �30� and �33� �as well as Eq. �27�, from which
they are obtained� do not take into account the effect of the
optical field populating the second subband at �
��0.3–1��2, due to electron transitions from the first sub-
band or successive heavy-hole or light-hole subbands lying
below the first subband �Fig. 3�, and the corresponding mid-
to far-ir field absorption at this � �for a detailed discussion of
this effect please, see the next section�. So all the estimates
of gain and output mid- to far-ir power in Sec. III are made
on the basis of the numerical solution of the system �24� and
�27�, modified so as to include the latter effect, as explained
below. The results of these simulations are also shown here
in Fig. 4 for the typical system parameters.

It is seen from this figure that the mid- to far-ir field gain
for �2�60 �m proves to be more than ten times smaller
than that for �2�22 �m, in spite of the tenfold increase in
adjacent QW number. This is due to the quick growth of �N2�
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with the wavelength enhancement, and the corresponding de-
crease of �2�1/ ��N2��2� �Eq. �28��. The other effect causing
such a rapid drop in long-wavelength gain is the reduction of
the value �0.3–1���2 divided by the linewidth of the 3→2
transition �please see the next section for details�, and there-
fore substantial growth of the mid- to far-ir field absorption
at ���0.3–1��2 with decreasing �2.

In the next section, I consider the optimal structure pa-
rameters allowing us to maximize the long-wavelength pulse
amplification determined by Eqs. �30� and �33�.

III. OPTIMAL QW HETEROSTRUCTURE AND OPTICAL
PULSE PARAMETERS FOR MID- TO FAR-IR

PULSE AMPLIFICATION

To consider the optimal parameters of the QW waveguid-
ing heterostructure and exciting pulse providing the maximal
possible gain for the long-wavelength field, one needs first to
estimate the density of states for the 3→1 transition, N, and
the value � which determine the long-wavelength field am-
plification. To do so I bear in mind transitions around the �
point of the GaAs crystal �Fig. 3� with the �001� QW growth
axis, and identify the first subband with the highest subband
formed from the �8 heavy-hole valence band �37� �effective
mass m1�0.5m �38�; where m is the free electron mass�,
whereas the second and third subbands are the two lowest
subbands originating in the GaAs �6 conduction band �37�

with slightly different effective masses, m2�m3, both of
them being very close to the GaAs �6 effective electron mass
0.07m for the wide QW of interest �43�. Thus, an elementary
derivation gives for N and � the following expressions:

N � m1m3/�2���m1 + m3��zQW� , �34�

� = m1�m3 − m2�/�m2�m1 + m3�� � 0.1, �35�

where �zQW is the QW width, and the estimate for � has
been made using simple analytical formulas for effective
electron masses in an infinite QW with a width �150 Å �43�.

It is appropriate to mention here that, though the param-
eter �, Eq. �35�, is quite small and, as was mentioned after
Eq. �27�, does not influence significantly the long-
wavelength growth rate for any optical field amplitude, the
fact that ��0, i.e., that the effective electron mass in the
third subband, m3, is slightly higher than that in the second
one, m2, Eq. �35�, is very important for the following reason.
As is clear from Fig. 3, for ���0.3–1��2, the optical field
populates the second subband due to electron transitions
from the first subband or successive heavy-hole or light-hole
subbands lying below the first subband. If the second and
third subbands were exactly parallel, i.e., if �	0, this effect
could lead to long-wavelength field absorption on the 2→3
transition at ���0.3–1��2 and completely overcome its am-
plification on this transition at ��0. But, fortunately, since
��0, the frequencies of the 3→2 transition at these �
��0.3–1��2 are lower than �2 by �0.3–1���2.5 The latter
value for �2�22 or 60 �m �please see below� should be
compared with the linewidth for the 3→2 transition, �
+r�E1 /E1s�2 / �4�1+�1+ �E1 /E1s�2��, which can be easily ob-
tained from a simple generalization of Eq. �27� for the case
when the frequency of the mid- and far-ir field �2 does not
equal the 3→2 frequency at �=0, �32, i.e., by assuming
everywhere in its derivation �32=�32+ i��32−�2−���. The
estimates show that, under the optimal ��r and �E1 /E1s�
given below, the value �0.3–1���2 is much larger than the
3→2 transition linewidth, and, therefore, the absorption of
the long-wavelength field at these � is substantially sup-
pressed.

As was mentioned before, to provide efficient long-
wavelength pulse amplification, its group velocity has to be
equal to that of the optical pulse. As different waveguide
modes have diverse group velocities, this condition is diffi-
cult to satisfy if optical and mid- to far-ir pulses are formed

5It is appropriate to mention here that ��� has larger values for the
light- to heavy-hole transition �Fig. 3� due to the strong difference
of hole masses in these subbands. So this transition seems rather
promising for the long-wavelength pulse amplification with syn-
chronous optical pumping. But, first, the typical corresponding
wavelengths �2�80 �m �38�, so that it is less appropriate for the
range 10–70 �m considered in the paper, and, second, the group
velocity at �2�80 �m does not coincide with that of the optical
pulse for the waveguide design considered in the paper, so that
another, more complicated, heterostructure arrangement is needed
for the employment of this transition. Thus, I do not examine this
possibility in detail in the present paper.
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FIG. 4. Total gain for mid- to far-ir field with �2=22 �m �a� and
�2=60 �m �b�, resulting from the numerical solution of the system
�24� and �27�, modified so as to include the mid- to far-ir field
absorption at ���0.3–1��2 �please see discussion below�. The pa-
rameters used for �2=22 �m �please see the next section for
details� are the following: Im k1=0.25 cm−1, Im k2=3.5 cm−1,
q=8, �1=0.15q cm−1, �2=1.47q cm−1, �=1012c−1, � /r=1,
�E1�0� /E1s�0��=6, from which xs�2.2 cm and xg−xs�0.4 cm. The
same for �2=60 �m are Im k1=0.25 cm−1, Im k2=1.35 cm−1, q
=80, �1=0.012q cm−1, �2=0.086q cm−1, �=2�1011c−1, � /r=1,
�E1�0� /E1s�0��=6, from which xs�2.5 cm and xg−xs�0.7 cm.
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by several modes. So the waveguide should provide the
propagation of just a couple �one TE and one TM� of optical
and long-wavelength modes. Then, as the optical and mid- to
far-ir input pulses have TE and TM polarizations, respec-
tively, as is typical in QW lasers �26�, the polarizations of the
driving and long-wavelength pulses inside the waveguiding
heterostructure will be the same. Their group velocities can
be found from the frequency dependence of the mid- to far-ir
and optical mode refractive indices in the waveguide, n2 ,n1.
Taking into account the fact that the optical field is practi-
cally fully contained in the confining and cladding layers and
does not penetrate into metallic and highly doped ones, one
can admit that n1 is determined by the refractive indices of
the confining and cladding layers only. As to the mid- to
far-ir pulse, noting that the metallic and highly doped layers
are very thin ��10 nm and �300 nm, respectively �29,32��,
one can adopt with good accuracy that n2 is determined by
the refractive indices of the confining and cladding layers
and the substrate only. For dispersion of the GaAs and AlAs
dielectric functions, I shall use fitting formulas �44,45� and
approximate �AlxGa1−xAs by the simple formula �AlxGa1−xAs

=x�AlAs+ �1−x��GaAs �46,47�. As the difference between
�Al0.2Ga0.8As and �Al0.3Ga0.7As is very small, �0.1 beyond the
restsrahlen region, it is sufficient for estimates to approxi-
mate the optical and mid- to far-ir mode refractive indices by
that of AlxGa1−xAs at some intermediate value of x, say, x
=0.25.

Then, using standard waveguide theory �31�, it is easy to
obtain the result that, for the structure parameters found
above, the group velocity of the optical pulse with a carrier
wavelength of �1�0.8 �m is equal to that of the long-
wavelength pulse if its central wavelength �2 lies about 22 or
60 �m. So only for these two wavelength can the mid- to
far-ir pulse amplification can be efficient. Nevertheless, it is
important to mention here that, of course, many types of
other waveguide designs are possible, so that one can, in
principle, match the optical group velocity with the mid- to
far-ir one for a wide range of mid- to far-ir carrier wave-
lengths, thereby providing efficient amplification of a long-
wavelength signal at a desirable central frequency.

Further, it is preferable to make the optical field transverse
variation as smooth as possible, because this diminishes its
change over the QW set and therefore allows each QW to be
placed at the optimal point of the optical mode transverse
structure. In turn, this means that the absolute value of the
optical mode norm N1 should be as large as possible. The
numerical analysis of the standard equations of the dielectric
slab waveguide theory �31� shows that this can be realized
by either increasing or decreasing the confining layer thick-
ness in comparison with the value of �0.3 �m when �N1� is
minimal under the above-mentioned dielectric waveguide
composition. On the other hand, the same analysis indicates
that the dielectric waveguide supports propagation only of
the pair of the optical modes �one TE and one TM� if its
confining layer thickness is less than 0.6 �m. So a substan-
tial increase of N1 can be achieved only by reduction of the
confining layer thickness below 0.3 �m. The growth of �N1�
under diminishing confining layer thickness means that en-
hancement of the optical mode spreads beyond the confining

layer. It also means that the cladding layer thickness 2b in-
creases to avoid optical mode penetration into the highly
conductive layers and its strong absorption there. But the
increase of 2b is limited by the condition that this value be
much less than the mid- to far-ir mode spread in the sub-
strate. This is because larger 2b leads to the growth of the
absolute value of the mid- to far-ir mode norm N2, and, ac-
cording to Eqs. �30� and �33�, decrease of the mid- to far-ir
gain. The long-wavelength mode spread in the substrate can
be obtained by adjusting the results of �29� to the mid- to
far-ir wavelengths �2=22 or 60 �m being considered here.
So it can be shown that the full width at half maximum
�FWHM� of the mid- to far-ir field spread in the substrate is
of the order of 13 �m for �2=22 �m and 65 �m for �2
=60 �m. According to what was said above, the optimal
aggregate thickness of the dielectric waveguide in these
cases should be � three times less than these figures and
therefore I obtain b�2 and 10 �m, respectively, for the
mentioned wavelengths. Under such parameters, to ensure
optical field isolation from the highly conductive and there-
fore absorbing layers, its FWHM transverse spread should be
�1.3 and 6 �m, respectively. As a simple numerical analysis
shows, this is indeed the case if the confining layer thickness
is a�0.12 and 0.024 �m for �2=22 and 60 �m, respec-
tively.

Then, let me discuss the optimal values of QW-mode cou-
pling for the mid- to far-ir signal, �d32· ẽ2�zQW��, and the op-
tical field, �d31· ẽ1�zQW��. A simple analytical analysis of Eqs.
�26� and �30� shows that the gain is maximal if �d32· ẽ2�zQW��
is also maximal because of growth of �2� �d32· ẽ2�zQW��2. As
to the value �d31· ẽ1�zQW��, the same analysis shows that its
optimum corresponds to such an excited electron density in
the third subband, �3	�N�33d�, that the relaxation time due
to electron-electron scattering inside the first and third sub-
bands, 1 /��1/r �40�, is of the order of the relaxation time
between third and second subbands, �32, thanks to electron
interaction with phonons or impurities. Larger �d31· ẽ1�zQW��
leads to higher excited electron density in the third subband
and therefore larger ��r �which are proportional to �3
for the small occupational numbers being considered�.
This, in turn, causes the increase of the 3→2 linewidth,
�+r�E1 /E1s�2 / �4�1+�1+ �E1 /E1s�2��, above the value
�0.3–1��2�, and therefore long-wavelength field efficient
absorption on the 3→2 transition at ���0.3–1��2. On the
other hand, smaller �d31· ẽ1�zQW�� results in lower excited
electron density in the third subband and, as follows from the
numerical analysis of Eqs. �30� and �33� with the parameters
given below, smaller long-wavelength gain at the 3→2 tran-
sition near �=0. Let me note here that, as the relaxation time
between the third and second subbands due to electron-
electron scattering is typically ten times larger than 1/�
�1/r �48�, for optimal �d31· ẽ1�zQW��, i.e., under the condi-
tion 1/��1/r��32, �32 is indeed determined by electron
interaction with phonons or impurities, and is not influenced
by electron-electron collisions in the third subband.

So, for a given E1�0�, the actual value of �d31· ẽ1�zQW�� can
be found from the condition �32=1/���3�, where the function
���3� can be estimated using data from �21� for the 3→2
relaxation time due to electron-electron scattering, and tak-
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ing into account that 1 /� is typically ten times smaller than
this value �48�. The excited electron density �3 in the
essential frequency interval of the 3→2 transition respon-
sible for the mid- to far-ir signal amplification, ���
��4�� /r��e1�2+�2, can be obtained from Eq. �21� combined
with the fact that for times much smaller than the 3→2
relaxation time, �22�0:

�3 =
�N��E1/E1s�2

2�1 + �E1/E1s�2
. �36�

In the case when �2�22 �m, the value �2 is larger than
the LO phonon frequencies in GaAs and AlAs �49�, so that at
the optimal �d31· ẽ1�zQW�� the value �32 is determined by LO
phonon emission and lies around 1 ps �22�. Then, following
what has been said above, I get the optimal excited electron
density �3

opt�6.5�1016 cm−3 in a 150 Å wide QW, which
corresponds to �E1�0� /E1s�0���6 �Eq. �36��.

In the case when �2�60 �m, the frequency �2 is smaller
than the LO frequencies for both GaAs and AlAs, so that the
3→2 relaxation time is determined by impurity scattering,
which is of the order of 4–5 ps at 300 K for an
AlxGa1−xAs/GaAs/AlxGa1−xAs QW �23�. On the analogy of
the previous case, I obtain the optimal excited electron den-
sity �3

opt�8�1015 cm−3 in a 265 Å wide QW, which deter-
mines the ratio �E1�0� /E1s�0���6 �Eq. �36��.

It is worth noticing here that, at the optimal densities of
carriers in QWs obtained above, their interaction cannot be
ignored. Nevertheless, though neglecting this issue, the
simple three-level scheme employed here allows qualita-
tively valid results for the fields’ behaviors in the considered
situation to be obtained. This statement can be supported by
an estimate of the relative correction to the frequency of the
3→2 transition due to many-body effects treated in the mac-
roscopic Hartree field approach. Corresponding calculations,
based on the results of �24� and employing the above-cited
optimal parameters, give a value of �10% in the case of
mid- to far-ir emission amplification at �2�22 �m, and
�30% at �2�60 �m. So the three-level model seems to be
quite adequate for making qualitative conclusions here.
However, as these shifts are larger than the 3→2 linewidth
�+r�E1 /E1s�2 / �4�1+�1+ �E1 /E1s�2��, this effect leads to cer-
tain conditions determining the optimal carrier frequency of
the input mid- to far-ir pulse and its modulation with time.
First, �2 at its leading edge should differ from the 3→2
transition frequency at �=0 by the values found above. Sec-
ond, since it is proportional to the whole excited electron
density in the third subband �and not only in the interval
�����4�� /r��e1�2+�2�, this shift changes during the optical
pulse. It means that the mid- to far-ir pulse carrier frequency
should be modulated. The depth of this modulation can be
estimated from the following considerations. The rate of
electron sweeping from the interval �����4�� /r��e1�2+�2

into the states of the third subband with larger ��� due to
intrasubband electron-electron collisions is ��. The
third subband electron density in the interval ���
��4�� /r��e1�2+�2 is stationary and given by Eq. �36�. Con-
sequently, the whole excited electron density in the third sub-
band left by the optical pulse with duration 	1/� is approxi-

mately twice the value given by Eq. �36�. This means that the
shift of the 3→2 transition frequency changes approximately
by two times during the optical pulse. This leads to the con-
clusion that for efficient amplification the input mid- to far-ir
pulse should be frequency modulated with the modulation
depth �10% for �2�22 �m �which corresponds to the pulse
spectral width �0.1�2� and �30% for �2�60 �m �spectral
width �0.3�2�. Alternatively, if there is no input mid- to
far-ir pulse at all, and the latter is generated in the active
medium �created by the pumping optical pulse� from spon-
taneous noise, it will have the mentioned frequency modula-
tion.

More precise estimates of the optimal excited electron
densities and the gain sensitivity to the deviations from them
can be obtained from Fig. 5, showing the results of the nu-
merical solution of the system �24� and �27� modified so as
to include the mid- to far-ir field absorption at �
��0.3–1��2. It shows that the actual optimal densities �i.e.,
the densities corresponding to the gain maxima in Fig. 5� are
about 3.9�1016 and 4.8�1015 cm−3 for �2�22 and 60 �m,
respectively. These corrections to the values �3

opt found above
are quite understandable and due to the approximate analyti-
cal procedure for their calculation. From Fig. 5, it is also
seen that the gains prove to be rather fast functions of density
for both mid- and far-ir wavelengths. So, for �2�22 �m, the
gain drops by 14 times with twofold density increase or de-
crease in comparison with its optimal value. For �2
�60 �m, the gain appears to be slightly less sensitive to the
density variations, dropping by � ten times for a density

� ��� �

opt

� ��� �

opt

g
ai

n
g
ai

n

(a)

(b)

0.5 1 1.5 2

1

2

3

4

5

6

7

0.5 1 1.5 2

10

20

30

40

50

60

70

FIG. 5. Total gain for mid- to far-ir field with �2=22 �m at the
point x=1.7 cm �a� and �2=60 �m at the point x=3 cm �b� as a
function of the normalized excited electron density �3 /�3

opt, where
�3

opt�6.5�1016 cm−3 for �2=22 �m and �3
opt�8�1015 cm−3 for

�2�60 �m. This graph represents the results of the numerical so-
lution of the system �24� and �27� �modified so as to include the
mid- to far-ir field absorption at ���0.3–1��2� for the same pa-
rameters as in Fig. 4 except for �, �E1�0� /E1s�0��, and �1, which
vary with density �for fixed pump field initial amplitude�.
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twice as large as the optimal one, and falling by only three
times with the same density reduction. Thus, it seems to be
rather important for practical realization of the method pro-
posed to work near the optimal excited electron densities in
QWs.

In connection with the optimal ratios �E1�0� /E1s�0���6
found above, it is necessary to mention that, for typical val-
ues of optical transition matrix elements lying about
0.3–1 nm �35,36�, they can be achieved even for low input
optical peak powers of 4–40 mW, which are much smaller
than those already obtained in mode-locked QW heterolasers
�50,51�. Nevertheless it is advantageous to use high optical
powers because, under the fixed ratio �E1�0� /E1s�0��, the
larger E1 is, the smaller are �d31· ẽ1�zQW�� and �1
� �d31· ẽ1�zQW��2, and therefore the larger are the gains Eqs.
�30� and �33�. For optical transition matrix elements of
�0.3–1 nm, small �d31· ẽ1�zQW�� can obviously be obtained
by placing the QW active regions in cladding layers where
the optical field decreases exponentially with growth of the
distance from the confining layer. Such a waveguide design
differs from that usually used in QW heterolasers, where the
QW active region is placed near the maximum of the optical
mode. Although this standard waveguide arrangement can
also be employed here �under the condition of working with
low enough pumping pulse peak powers �4–40 mW, as
pointed out at the beginning of this paragraph�, as shown
above, it is the proposed waveguide structure that can pro-
vide the maximal possible mid- far-ir gain �subject to one
having a source of powerful enough and tightly focused op-
tical pulses, certainly�. It is important to stress here that, as
the mid- to far-ir field spread in the z direction is much larger
than that of the optical field, such a structure design by no
means leads to the decrease of �2� �d32· ẽ2�zQW��2 and there-
fore long-wavelength gain reduction. For example, for the
above determined relaxation rates and 1 ps driving pulses
with the peak power of �120 W obtained in �50,51�,
this implies �zQW��1.2–2 �m for a 0.12 �m thick confining
layer; for 5 ps pulses with peak power 60 W and a
0.024 �m thick confining layer, the corresponding �zQW�
�7.3–10 �m.6 With these optimal parameters I obtain �1
�0.15q cm−1 for 120 W, 1 ps optical pulses, and �1
�0.012q cm−1 for 60 W, 5 ps pulses.

Then, I estimate the absorption coefficients for the optical
and long-wavelength fields, Im k1�0.25 cm−1 �53� and

Im k2�3.5 cm−1 at �2�22 �m �32� and Im k2�1.35 cm−1

at �2�60 �m �29�. To estimate �2, I take for the long-
wavelength matrix element a value of 3 nm �35,36� and
evaluate the mid- to far-ir mode norm N2 by adjusting the
results of �29� to the mid- to far-ir wavelengths �2=22 or
60 �m being considered here. So I get �2�1.47q cm−1 for
�2=22 �m and �2�0.086q cm−1 for �2=60 �m. Such a
quick drop of �2 with increase of the mid- to far-ir field
wavelength is due to the decrease of �2�1/�2 and the in-
crease of �N2� in the definition of �2, Eq. �28�.

As follows from the numerical solution of the system �24�
and �27�, modified so as to take into account the above men-
tioned effect of the mid- to far-ir field absorption at �
��0.3–1��2, at the optimal parameters found, the long-
wavelength field can be amplified if the number of adjacent
QWs q�5 for �2=22 �m and �50 for �2=60 �m.

Then, let me estimate the numerical values of the long-
wavelength field gain starting with �2=22 �m. In this case,
from the numerical solution, it follows that, even for a QW
number q=8 only slightly exceeding the threshold value 5
found above the overall gain at x�1.1 cm ��xs�2 cm�
proves to be very large, so that the output peak mid-ir power
at this point, calculated for the input long-wavelength peak
power of �0.1 W, becomes comparable with the corre-
sponding local peak power of the driving field ��50 W�;
thus efficient conversion of the optical–mid-ir pulse takes
place and all the above analysis, neglecting the optical signal
extinction due to its conversion into the mid-ir field, be-
comes invalid. Nevertheless, from this analysis one can con-
clude that, for the optimal parameters found above, and even
for a small adjacent QW number �8, it is possible to amplify
the 22 �m mid-ir pulses up to peak powers of several tens of
watts.

For �2=60 �m, again, the numerical solution of the sys-
tem �24� and �27� shows that the gain quickly rises with
increasing QW number over the above found threshold value
50. So, for q=80, the optimal waveguide length �i.e., the
length where the far-ir power reaches its maximum� is
�3 cm, and the gain is approximately equal to 7 �which
corresponds to �50-fold amplification in power�. This
means that, using the input far-ir pulses with a peak power of
�0.2 mW �27�, this method can provide an output signal
with �10 mW peak power at �2=60 �m. Further increase of
the QW number, if technologically possible, leads to fast
growth of the gain, whose calculation, however, requires tak-
ing into account the optical field variation over such a large
QW set and its deviation from the optimal value determined
above. So, for q=90, the estimate of the output peak far-ir
power around 30 mW �at the same input peak power of
0.2 mW�, obtained without paying attention to the latter ef-
fect, is likely to be too optimistic, but nevertheless can give
a notion of the fast gain growth with increasing QW number.
The value 30 mW is much smaller than the input optical
pulse peak power �60 W� so that for �2=60 �m this scheme
is not able to provide efficient optical–far-ir pulse conver-
sion.

It is worth noting here that in the case of a weak input
mid- to far-ir pulse the detection of the corresponding output
radiation �especially at �2=60 �m� may present a difficult
problem. In such a case, the accompanying optical field E3 at

6In connection with these optical pulse powers, it is necessary to
mention that estimates, based on the value of the GaAs two-photon
absorbtion coefficient given in �52�, show that in such a case the
pump two-photon absorption length proves to be of the same order
as its absorption length, due to linear absorption in the waveguide
and excitation of QW electrons, so that further increase of the pump
power appears unreasonable. On the other hand, moderate decrease
of the pump powers in comparison with these figures �under the
fixed ratio �E1�0� /E1s�0�� which, according to Eq. �36�, determines
the excited electron density in the third subband in the essential
frequency interval of the 3→2 transition responsible for the mid- to
far-ir signal amplification� does not lead to a dramatic mid- to far-ir
gain drop, whereas all the nonlinear effects diminish rather abruptly
with decrease of pump intensity. So the following mid- to far-ir gain
estimates obtained with neglect of the pump two-photon absorption
remain true with order of magnitude accuracy.
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the carrier frequency �3	�1−�2, inevitably generated due
to difference-frequency mixing of fields E1 and E2 on the
2→1 transition or bulk second-order semiconductor nonlin-
earity, can in principle be used as an indicator of the mid- to
far-ir emission. Unfortunately, in the present waveguide de-
sign, the coherence length �1/ �k3−k1+k2� which, according
to Eq. �12� �written for E3�, determines the efficiency of this
process, proves to be �10 �m at �2=22 �m and �30 �m at
�2=60 �m, i.e., much smaller than the characteristic length
��1 cm according to Fig. 4� where the field E2 approaches
its maximal value. Therefore, the output optical field E3
should be much weaker than the mid- to far-ir one, and its
use as an indicator of the E2 field for the waveguide design
considered in the paper seems to be impractical. Neverthe-
less, by means of special adjustments �not considered here�
of the waveguide parameters, one can increase the coherence
length for the E3 field generation and thereby make its mea-
surement a suitable tool for the mid- to far-ir signal detec-
tion.

IV. CONCLUSIONS

In conclusion, I show that a comparatively simple
2–3 cm long waveguiding QW heterostructure is able to
convert an appreciable part of the optical pulse energy at
�1�1 �m into a mid- to far-IR signal at �2�20 or �60 �m
with approximately the same duration. This gives the possi-
bility of producing even at room temperature mid- to far-ir

pulses with peak powers of several tens of watts �at �2
�20 �m� or several tens of milliwatts �at �2�60 �m� for
quite reasonable input optical peak power of �100 W and
low mid- to far-ir beginning peak power levels of 100 and
0.1 mW, respectively, for the same wavelengths. The conve-
nience of the present method is enhanced by the fact that the
input optical and long-wavelength pulses may be taken as the
output of a nonlinear mixing QW heterolaser �26,27�, also
working at room temperature and generating optical and
difference-frequency mid- to far-ir fields in the mode-locking
regime. Of course, employing input driving and long-
wavelength pulses produced by other sources is also con-
ceivable, and can be advantageous, allowing us to use more
powerful driving signals and, therefore, to increase the mid-
to far-ir pulse gain. One can also work with several such
structures placed at some distance one after another, and in-
troduce into each structure a new driving pulse at the mo-
ment when it is reached by the long-wavelength one. Em-
ploying such a cascade scheme allows us to solve the
problem of the driving pulse extinction and to enhance even
further the output mid- to far-ir pulse power.
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