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The macroscopic electrodynamics of time-dependent coherent processes in active media is
reviewed. Dicke super-radiance in the two-level model and cyclotron super-radiance in a model
consisting of an electron beam in a magnetic field are investigated. Similar phenomena in other
media are discussed. Particular attention is devoted to polarization waves, i.e., a type of normal

wave that coexists with electromagnetic waves and in many ways determines the character of
coherent effects. Super-radiance is considered as a dissipative instability of negative-energy
polarization waves, which occurs in an active sample as a result of losses by emission of positive-
energy electromagnetic waves into the ambient space. The method of phenomenological
quantization is developed for unstable modes in active samples, and directly describes the
quantum-mechanical properties of collective excitations. The procedure is used to analyze
macroscopic quantum-mechanical fluctuations of super-radiance.

1. INTRODUCTION. CONTINUUM ELECTRODYNAMICS AS A
METHOD OF DEALING WITH PROBLEMS IN QUANTUM
RADIOPHYSICS AND OPTICS

1.1. Collective coherent processes in active media

Classic textbooks on macroscopic electrodynamics'™®
are mostly devoted to transparent or absorbing equilibrium
media. On the other hand, the enormous interest in wave
instabilities in modern physics, i.e., in the physics of lasers,
nonlinear optics, electronics, solid state physics, plasma
physics, and astrophysics, has gradually identified the fun-
damentals of the general electrodynamics of nonequilibrium
media. Our review is concerned with that part of the electro-
dynamics of active continuous media that deals with coher-
ent processes in media consisting of excited particles (mole-
cules). Until quite recently, this part of electrodynamics was
essentially confined to processes that were slow in compari-
son with the relaxation times in the medium, and it is only
now that the concepts and methods of macroscopic electro-
dynamics, including the phenomenological approach, have
began to permeate research into fast transient processes oc-
curring faster than energy (7, ) and phase (7’,) relaxation
in active particles of the medium, i.e.,

AtgT,, T.. (1.1)
In contrast to slow processes, described by the inequality
opposite to (1.1), such coherent processes cannot be de-
scribed by rate equations with time-dependent radiation in-
tensity and time dependent stimulated transition probabili-
ty. In this respect, collective processes involving a large
number of particles of the medium are particularly interest-
ing. Dicke super-radiance was among the first of these pro-
cesses to be predicted and discovered experimentally, and a
considerable proportion of the present review is devoted to
the methods of macroscopic electrodynamics as applied to
this phenomenon.

The microscopic method, which starts with the quan-
tum electrodynamics of cold field modes and individual mol-
ecules in vacuum (Sect. 1.2), can in principle take into ac-
count all the effects of the interaction between molecules and
the field. In particular, this applies to effects due to the spa-
tial inhomogeneity of radiation and the internal energy of
particles in the active medium.'*® However, considerable
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difficulties are encountered in the transition from micro to

"macro characterization of the relevant processes, and a num-

ber of simplifications and approximations have had to be
resorted to. The direct numerical method of investigation is
difficult to use as a basis for developing physical ideas capa-
ble of describing and explaining these phenomena. Neither
approach can reveal the place of different collective coherent
processes in quantum radiophysics and optics in the overall
picture of unstable wave processes, or point to analogous
processes in other branches of physics.

The macroscopic approach of continuum electrody-
namics simplifies the solution of these problems and often
provides a unified physical interpretation of the phenomena
under consideration." It effectively utilizes the concepts of
permittivity, dispersion, anisotropy, energy-momentum
flux, normal waves (modes), phase and group velocities,
and convective and absolute instabilities in problems of
growth rate, the sign of energy, and the linear and nonlinear
interaction between waves. It does so by applying, whenever
possible, the Hamiltonian method, the method of Green’s
functions, the phenomenological quantization of collective
excitations in the active medium, and so on. Problems treat-
ed by the continuum electrodynamics of active media also
include the reflection, refraction, and propagation of normal
waves in inhomogeneous and time-dependent media, the
emission of radiation by particles moving in such media, the
scattering of waves, the van der Waals interaction, and the
different processes that occur in cavity resonators and wave-
guides filled with active media. The lack of the usual general
phenomenological relationships for the active media has
meant that models of such media have had to be introduced.

In this paper, we shall review the results achieved in the
macroscopic electrodynamics of coherent processes (above
all super-radiance) by using the very popular two-level mod-
el of a medium (Sects. 1-6) and the model consisting of an
electron beam in a magnetic field (Sect. 7). Similar pro-
cesses in other active media will be briefly reviewed in Sect.
8. Our presentation will focus on the concept of polarization
waves, i.e., a particular type of normal wave that coexists
with normal electromagnetic modes in an active medium
and in many ways determines the picture of collective coher-
ent processes and super-radiance.
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1.2. Quantum electrodynamics of cold modes and individual
molecules in vacuum

Consider a sample of volume ¥V that consists of two-
level molecules with concentration N. Transitions between
energy levels 1 and 2 of a molecule are characterized by a
frequency w, and dipole moment d. In the microscopic ap-
proach,>*?! we directly take into account the interaction of
each of the molecules (/ = 1,2,...,N¥) with each free-space
modeg, (r) = Qafic*/w, ") " %e, exp(ikr) of frequency w,

= w(k), wave vector k, and polarization unit vector e, Lk .

(the quantization volume is " — ). The dynamics of the
molecules + field system is determined by the Hamiltonian

H =2 hoy (a ( fo, + 1
K 2!

NV R o .

+ 3 (0o Riy — ico,c™ dAs (Re. — Ri)

=1

(1.2)

via Heisenberg equations of the form ﬁda /dt =i [H,a 1.
Hence, the photon creation and annihilation operators (a,}
and 2, ) and the gperators for the excited states of the mole-
cules (R,, and R,_ ) obey the equations

|
(—dat— = [wyar 4 @it 2 rk(rl)dl(RlL—R[ ), (1.3)

1=1

= i©,R1: + 20,17 Ry, diA, (14)
dR,, - 5 A
_d!i = — ¢ (R, + Ri) dAy; (1.5)

whered, (ﬁ 1+ + R )= ﬁ, is the dipole moment operator,
A, =2, (8,8 + &, gt)|,_,, is the vector potential opera-
tor at the point occupied by the / th molecule r,, and

TJ-. = Z (‘;kgk — ZZIQ;) (.OkC-l ( 1'6)

k

is the electric field. According to (1.3) and (1.4), thereis a
linear relationship between the field oscillators and the mo-
lecular polarization oscillators, i.e., they are partial and not
normal. The variation in the operator for the half-difference
between the populations of the / th molecule, R /3» Which is
described by (1.5), characterizes the nonlinear relationship
between these oscillators. The creation and annihilation op-
erators satisfy the canonical commutation relations

(1.7)
(1.8)

[ax, air} = b, lak, ai-]==lax, ax] =0,

[Ris, Ri-]= =% 8uRis, |Ruy, Rir-] =26u-Ryy;

and the field operators commute with the molecular opera-
tors &, is the Kronecker symbol).

In the quantum-electrodynamic approach, the individ-
ual molecules and cold modes of free space are not directly
related either to the geometry of the macro system or the
collective excitations within it. In this approach, it is diffi-
cult to take account of diffraction effects and variations in
field, polarization, and inversion over the specimen,'*® so
that one has to resort to some form of the “mean field ap-
proximation™'®'®. Nevertheless, the approach is very widely
used in quantum radiophysics and optics, and has led to a
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number of new important results. For example, the evolu-
tion of induced intermolecular correlations during the spon-
taneous formation of a super-radiant state by photon ex-
change was examined explicitly in Ref. 21.

1.3. The semiclassical approximation. Normal waves in a
medium

A different approach is employed in macroscopic elec-
trodynamics. Here we start with the semiclassical equations
for the interaction between the field and the continuous me-
dium, i.e., the classical Maxwell equations, and the equa-
tions for the mean polarization # and population difference
AN = N, — N, per unit volume that follow from the quan-
tum-mechanical description of the two-level medium:'""?

rot & — —c‘li—‘?, rot B — c“—a@a——m + 4noc‘1§, (1.9)
PP | op- aa‘a oz 0%

at“‘+ 1 +( 0+T‘az- = an’ (l.lO)
%”i" = — (AN — AN, TT' + 2ﬁ-1w513§% (1.11)

Possible resistive dissipation due to the conductivity o of the
“background” medium is taken into account in (1.9) (for
bounded samples, there are similar diffractive losses; see
Sects. 3.1 and 4.2). The coupling coefficient between the
polarization and the field in (1.10) is given by the square of
the “cooperative” frequency of the medium?’

01 = — 8ndPAN @i, (1.12)

Inan inverted medium we have AN > Oand ? <0. Asarule,
in real samples, the cooperative frequency is low as com-
pared with the transition frequency, i.e., (@ | €w,-

The usual procedure is to employ the rotating wave ap-
proximation (RWA),'>?* i ¢, the equations are truncated at
high optical frequency w,. The resulting Maxwell-Bloch
equations for the slowly-varying population difference AN
and the complex amplitudes of the field E and polarization P
have the following form in the case of plane waves

wexp( — iwyt + iwgz/c):

a a . i ’
(7+c—£ +2n0)E-2m()0P, (1.9
(% + T;") P = io? (8o, ' E, (1.10")
N (AN — AN T + Im(E'P) #71 (1.11")

at

The derivation of these equations is discussed, for example,
in Refs. 13-15 and 20. The semiclassical equations describe
only quantities averaged over the ensemble, or over a ma-
croscopically large volume, and do not directly include the
quantum-mechanical fluctuations. However, phenomeno-
logical second quantization of these macro equations offers
an effective method of analyzing quantum-mechanical fluc-
tuations that does not require direct solution of the original
microscopic equations (see Sect. 5).

We emphasize the classical origin of not only the Max-
well equations (1.9), but also of the equation for the popula-
tion difference (1.11). The latter describes the variation in
the energy density #iw,AN /2 in the medium that is due to the
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work done & 3% /3t by the electric field & on the current
density 32 /dt and the effect of the pump #iw,AN, /2. The
quantum-mechanical properties of molecules determine
only the specific constitutive equation of the medium (1.10);
in the two-level model, it takes the form of the equation for
the damped oscillator excited by an electric force. The initial
conditions for the field and the polarization, which are deter-
mined by the quantum-mechanical fluctuations in the ab-
sence of the microfield, are also of quantum-mechanical ori-
gin. In all other respects, the evolution of macro observables
(fields, polarizations, energies, etc.) of systems consisting of
a large number of particles is described by the classical elec-
trodynamics of continuous media, as expected for a macro-
scopic specimen in the presence of a large number of pho-
tons.

For slow processes obeying the inequality opposite to
(1.1), e.g., for quasistationary generation in lasers, we can
transform from the semiclassical equations (1.9)-(1.11) to
the simpler and easier to interpret rate equations'****” by
neglecting the intrinsic space-time dynamics of oscillations
in the polarization of the medium. However, for fast coher-
ent processes (1.1), which include super-radiance, this sim-
plification cannot be justified.

According to (1.10), the linear response (for o,
= const) to the harmonic field

g:%gam_mpumyuam (1.13)

in an infinite two-level system is characterized by the suscep-
tibility
y(0)=PE! = —ol{4nj(e+ iT; ) — os}L (1.14)

For the permittivity, which is related to y (@), we find near
resonance that
e(w)= | + i4noe! 4 4nX

~ 1 + idnow;’ — 0 [20 (0 — o, + T3], o=~ w,.

(1.15)

This expression determines the properties of normal
waves, i.e., the harmonic eigensolutions of the linearized
equations of electrodynamics in the medium.'~* The disper-
sion relation satisfied by w (k) for transverse and longitudi-
nal normal waves in an isotropic medium is defined by the
following two equations:

0% =c** (E | k),
e=0 (E| K.

(1.16)
(1.17)

It is precisely these normal waves (photons in the medium)
that constitute the collective excitations. In solid state phys-
ics they are called polaritons (lumoexcitons) and plasmons.
A significant point that must be noted” is the qualitative
difference between normal waves in highly inverted ( — @2
>4T ;%) and uninverted or weakly inverted ( — ?
€47 ; ?) media. The last case usually occurs in lasers.
Strong inversion in gases or solids has been achieved only
very recently, e.g., in super-radiance experiments. The quali-
tative change in the spectral, energy, and other characteris-
tics of normal waves in highly inverted media, including the

appearance of negative-energy polarization waves, is re-
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FIG. 1. Super-radiance from the 2—1 transition of frequency », and
radiated power Q<€ Q. o -

sponsible for the observed properties of collective coherent
processes. This will be discussed below.

1.4. Dicke super-radiance: spontaneous collective emission

Super-radiance was predicted by Dicke'® in 1954 and
was observed experimentally in the infrared and optical
ranges in gases *'®?*3%3! and in activated crystals®*~; it
has also been seen in the radiofrequency range in nonequilib-
rium spin systems.'®® The effect occurs in macroscopic sam-
ples with high enough concentration N of molecules that
have been inverted in a preliminary step. The internal energy
of the molecules in the sample is spontaneously emitted in
the form of a short electromagnetic pulse whose power QV
exceeds by several orders of magnitude the power transport-
ed by incoherent spontaneous radiation emitted by the same
number of isolated molecules (Fig. 1). The formation of the
phased super-radiant state of a system of molecules occurs
with adelay time ¢, that exceeds the pulselength 7 by rough-
ly an order of magnitude. Initially (¢<¢,), the phasing pro-
cess is quantum-mechanical. However, when a sufficiently
large number of photons has been produced, the electromag-
netic field and the polarization of the medium become classi-
cal in character, and super-radiance can be treated in the
semiclassical approximation.'****”*®* When we speak of a
spontaneous process under these conditions, we have in
mind only the corresponding formulation of the problem in
the absence of the external or initial macrofield, whereas in
relation to each individual molecule we are, of course, con-
cerned with stimulated emission under the influence of the
collective, self-consistent field of all the other molecules.

We shall now illustrate the approach based on macro-
scopic electrodynamics to the description of coherent collec-
tive processes by considering the simple example of super-
radiance by a spherical particle. First, we shall show that, for
a particle of an inverted medium of small radius a <A,

=2mc/wy, in  which relaxation can be neglected
(T;'=0=0), the initial high-frequency polarization
Z (t = 0) grows exponentially at the rate " « NV. To solve
this initial-value problem, we use the well-known solutions
of the electrodynamic problem of emission by a high-fre-
quency point dipole Z ¥ in a vacuum and the electrostatic
problem of polarization of a sphere in an external field. The
former solution'' shows that the particle is in the quasistatic
radiation reaction field & ,,, = (2V /3¢*)d > 7 /dt?, where-
as the second solution' shows that the resultant field inside
the sphere is & = &4 — (47/3) Z. For dielectrics with
8 =9 = & + 477 in electrostatics (w—0), this leads to
P =& ,43(e —1)/4(e + 2) and shows that the permit-
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tivity has the resonant value £ = — 2 for which the sphere
can become self-excited, i.e., it can assume finite uniform
polarization in any field, however weak. If we now substitute
for the field € in the constitutive equation (1.10), neglect
the Lorentz correction to the field acting on the molecules
(see Sect. 6.1), and put & = 1/2P exp( — iwt) + c.c., we
obtain the following characteristic equation with fixed in-
version AN for the complex frequency v = @' + iw” of an
unstable mode in the particle: (@) = — 2 — 3i0’*V /27c°
[see (1.15)]. Its solution gives the required growth rate:

0" & — 2020V (BuAl Y, o & o, (1.18)

To determine the type of instability, we must obtain the
growth rate (1.18) by an energy method. The energy density
in the particle is determined by the well-known electrody-
namic formula for dispersive media'™:

9wl

w=EL doet@) JEP T g (1.19)
16x do 8n mf_
The resonant value £ = — 2 is assumed for the sphere in this

equation. As can be seen, the inverted medium has a negative
energy (because of the large negative contribution of the
energy associated with polarization oscillations), i.e., the
energy of the medium + field system in the presence of the
h.f. oscillations is less than in the absence of these oscilla-
tions. Moreover, because of the radiative loss QV
= & ..q VdZ /dt by the h.f. dipole into the ambient space,
the energy of the particle becomes more and more negative,
and its absolute magnitude increases: dw/dt = — Q. Thisin
turn signifies an increase in the amplitude of the polarization
oscillations in the particle. Substituting the loss power den-
sity @ = w§|P|*V /3¢* > 0 into this expression, and recall-
ing that the field £ ~ — (47/3)P is large in comparison
with E, ,we find that the growth rate " = — Q@ /2w is
again given by (1.18). The instability of systems with nega-
tive oscillatory energy, which arises when this energy loss is
present, is referred to as the dissipative instability.***' The
special instabilities that occur in the case of super-radi-
ance™® are due to the fact that radiative loss introduces
dissipation into the system.
In the adiabatic approximation, the subsequent dynam-
ics of the system, i.e., its super-radiance, is described by the
following equations:

9Q _ gy, 9OV _ 20 (1.20)

dt d¢ Ay, ‘
where the coefficient @” on the nonlinear stage is given by
expression (1.18) for the linear growth rate, in which the
inversion AN is regarded as time dependent. The function
AN(t) decreases during this stage and then changes sign as
the molecules undergo a transition from the upper to the
lower energy level. The solution of (1.20) leads to the fol-
lowing well-known shape of the super-radiant pulse (see
Fig. 1):

AN = — N th|(t — t3) (27)"],

Q = ho,N {41 ch? [(£— 2o (27) 1)L, (1.21)

The pulse length 7= 1/20w" (t =0) = T,/NV is smaller by
the factor NV than the spontaneous emission time of an iso-
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lated molecule T, = 3#c’/4d*w}. Hence the maximum
power Q... = fiwN /47 is proportional to the square of the
concentration of the active molecules, N?, and exceeds the
initial level of incoherent spontaneous emission Q(t=0)
~*%iw,N /T, by a factor of about NV. The power Q..
=w$|dN|*V /3c® is reached after the delay time ¢,
=7 In[Q,,.,/Q(? = 0) ] and corresponds to coherent emis-
sion by a dipole with total dipole moment of all the molecules
in the particle P,,,, ¥ = dNV. This clearly demonstrates the
coherent collective character of the process.

Thus, macroscopic electrodynamics shows that Dicke
super-radiance is based on the dissipative instability of po-
larization oscillations with negative energy.*® It will become
clear later that this is opposite to the traditional mechanism
of laser instability of electromagnetic waves in masers and
lasers, which have positive energy (w>0) and grow as a
result of negative loss (Q <0) introduced by stimulated
emission by active molecules.

More complicated wave instabilities in a distributed ac-
tive medium of size L> A, will be discussed below, but the
essential role of negative-energy polarization normal waves
(modes) in coherent processes, including super-radiance,
will remain unaffected.

2. POLARIZATION WAVES IN A HOMOGENEOUS TWO-
LEVEL MEDIUM

Before we consider the properties of coherent processes
such as super-radiance in a bounded sample, let us examine
the solution of the corresponding initial-value problem in an
infinite medium. As a first step, let us consider normal waves
in a homogeneous medium consisting of two-level mole-
cules. These waves differ from one another by the ratio of
polarization to electric field, and also by their spectra, i.e.,
the dependence of the complex frequency w = @' + iw” on
the wave number k = Re k.

2.1. Polariton spectrum of an active medium. Effect of
resistive losses

When k¢~ @, the dispersion relation (1.16) together
with (1.15) determine two normal transverse waves in the
two-level medium, namely, an electromagnetic wave and a
polarization wave***:

Oup = 0y -—iT;" + %[ck —wy + i (T;" — 2n0))
x[1£{1 4 oclck — 0y + i (T:* — 270)2) ). (2.1)

In the polariton resonance region, i.e., for o ~®, and kc
~ @y, this is usually referred to in optics as the polariton
spectrum (see Refs. 2 and 36-42). Its generalization to the
case of Doppler broadening is discussed in Sect. 6.1. The
shape of the spectrum (2.1) undergoes a qualitative change
between the uninverted and the inverted medium or, more
precisely, when the inequality sign in @2 2 (T, ' — 270)? is
reversed, where @2 « — AN (Fig. 2). The designation po-
larization wave is introduced because, for a given amplitude
of the field E, the amplitude of the polarization of the medi-
um in the polarization wave is greater (usually much
greater) than in the electromagnetic wave. It is clear from
(2.1) that, for a given wavelength A = 277/k, only one of
these two waves can be unstable. The maximum wave
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growth rates are achieved at the line center ck
= (0} +T;%"? = |w,,| and are given by

Gop=—T3' +—(T7" -~ 2n0)

(1 £ 11 — o} (T5" — 2no)2]"%). (2.2)

X

The usual concepts of maser (induced ) instability '"'>2

refer to the electromagnetic wave w, (k) under the condi-
tions of strong relaxation of polarization and weak field dis-
sipation T; '> |@.|/2>2m0. According to (2.2), when
T ;7 '>|w.|/2, the growth rate is given by

(DZT»)

Z — — 2n0 = 2noy TLd? AN — 270,

o =— (2.3)
The polarization wave w, (k) is then rapidly damped out at
the rate T, !, and ceases to be of any interest. On the other
hand, the instability of the electromagnetic wave corre-
sponds to stimulated amplification of the field by practically
unphased molecules, i.e. the relatively slow and incoherent
superluminescence process that can be described by the rate
equations.

A totally different situation occurs in the case of strong
inversion and weak relaxation that is typical for super-radi-
ance: T'; ' < |w.|/2 (Fig. 3). When the dissipation is small,
2mo < T5 '<€|w,|/2, we have anomalous saturation of the
growth rate (2.2):.

AN\
m"=—;—f00cf — Tl T, —nox (ZRG)OdZ%) g (2.4)

In contrast to the maser growth rate (2.3), which is propor-
tional to the inversion AN, the anomalous growth rate®®

(2.4) becomes " « (AN)'/2. If field dissipation in the medi-
um predominates over the relaxation of polarization (7, '
< 2m0), the polarization wave becomes unstable (instead of
the electromagnetic wave) in the range 2770 < — w?T,/4. S0
long as 27o<|w.|/2, this instability within the line
|ck — wy] & jo.| smooths the spectrum of the polarization
wave , (k) (see Fig. 3b) and reduces the instability: at the

line center, we have
2

[} _
C Tgl
80

(for 2mo> |w.|/2). When 2ma> T ;' it follows from (2.1),
that the wave-number interval for which the polarization-
wave instability develops with a growth rate of the order of
the maximum value (2.2) is

1/2
| T — (@Tyh) — 2o
Ak~ —[(2n0)? — 22| ——m8M8M8™ | . (2.6)
¢ [(2n0) c] [ — (02Ty/4) — 250

(2.5

mp=—

In the above situation, the field cannot be represented
by a set of incoherent components because the process is so
fast that the width of the spectral line of the medium, T, 'is
smaller than the minimum possible width of the emission
spectrum Aw ~max @/, , which is equal to the growth rate of
the most rapidly growing spatial harmonic of the field (see
Sect. 3.5 for further details).

This is a convective (drift) and not an absolute instabil-
ity for — ©2T,/4 <w, It is concentrated within the wave-
number interval

Ryg= ‘i‘{m: + T? + {% -+ (4n0T2)_1}
x [— of — 810T:" F (— of — 8rnoT3;)*

X {(— o+ 8noT,wd) *|}V2, (2.7

FIG. 3. Polariton spectrum of an inverted two-level
medium in the absence (a) and in the presence of dissi-
pation (b) 270 = 10™* w,/2 ~|w,|/2. The values 1/
T, = 10773, — 0} /o) = 107> werechosen to ensure
that |@_|/2> T, ‘. Thick lines show regions of wave
instability on the dispersion curves /.
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FIG. 4. Region of unstable wave numbers (2.7) for different values of
conductivity cand /2 T; ' < |w, |. The electromagnetic wave is unstable
below the level 270 = T; !; the polarization wave is unstable above this
level. Doubly cross-hatched region shows the anomalous instability (2.4).

It is clear from Fig. 4 that, when 4y2 T, '<|w_|c an in-
crease in the conductivity o in the range 270> T ; 'is ac-
companied by expansion of the interval (2.7) in which the
polarization waves are unstable, which differs from the ma-
ser instability of electromagnetic waves for 270 <T; ' In
other words, as dissipation grows, we have instability in the
line wings |ck — w,| R e, | (see Sect. 2.3). The polarization
waves do not play an appreciable role in most lasers. The
point is that lasers employ cavity resonators with a high
quality factor g, so that 2moe=w,/29 < T ; ' and, according
to (2.3), generation occurs for a relative low level of inver-
sion |, | <2T; ', for which weakly damped polarization
waves do not exist. Certain quantum oscillators employing a
high degree of inversion****** and low-Q resonators g
S Thwe/2. are an exception. Examples include molecular-
beam masers (NH; ) as well as gas (He-Xe) and chemical
(HF) continuously operating lasers. Other examples in-
clude pulsed lasers that employ metal vapor (Cu) and
pulsed molecular lasers using a high-pressure gas (> 0.1
atm) and exploiting vibrational-rotational (CO,-TEA),
electronic vibrational (N, ), and excimer (Xe, ) transitions.
For such systems, o |2 27 ; ", so that the corresponding
generation dynamics, including stochastic generation, is
largely determined by coherent processes involving polar-
ization waves. However, the part played by these waves in
this situation has not as yet been analyzed.

2.2. Observation of the polariton spectrum

Intensive experimental studies of polaritons began after
the advent of the quantum theory of exciton-photon cou-
pling in solid state physics, although the first attempts were
based on the classical theory of the dispersion of light. >%*>**
For a long time, these experiments were concerned exclu-
sively with absorbing crystals. The spectrum was examined
by both optical (interference, reflection, luminescence) and
nonoptical techniques (neutron scattering, electron scatter-
ing, etc.) Raman scattering of laser radiation (o, ) into the
Stokes radiation (@,) with the generation of polaritons
(@, ), which was developed in the 1970s, has been particu-
larly effective (see Fig. 2a).

Direct observations of the polariton spectrum of active
media in which time dependent coherent processes are tak-
ing place have not as yet been carried out. This has been due
to the following factors.
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First, a high concentration of active molecules is neces-
sary if the polariton effect is to be produced, since the coop-
erative frequency must be greater than the linewidth, i.e.,
lo.| >2T ;. If this were not so, the spectrum would not be
very different from the partial-wave spectrum. In crystals, in
which the interaction between the particles is strong, this
condition could not be satisfied until the 1980s when experi-
ments on super-radiance in diphenyl containing pyrene,*?
KCIL:0; (Refs. 33 and 34), Nd:YAG and ruby** at low tem-
peratures were carried out.

Second, the above condition is more readily satisfied,’
for example, in the case of super-radiance in cesium vapor. '*
However, studies of polaritons in gases were greatly delayed.
The first paper, published in 1967, on excitons in gases*® did
not elicit a notable response. Evidently, in the case of gas
electrodynamics, the use of the analogy with ordinary phon-
ons or excitonic polaritons in crystals was impeded by the
absence of translational invariance and the fact that polari-
tons in a gas, due to electron transitions in free molecules,
were unusual. It is only in the last few years that the idea of
polaritons in gases, and also in glasses and amorphous mate-
rials, has begun to emerge***® and is being used in practice.
The parametric polariton laser employing sodium vapor is
an example.*

Third, fast detection is essential because the shape of the
polariton spectrum changes as the nonlinear stage of nonlin-
earity is reached in a time ~?,,1/w;,. Measurement of the
parameters of ultrashort small-area pulses, transmitted by
an active medium,*® is a promising method (see Sect. 3.6).
Ultrashort pulses have long been used in the spectroscopy of
absorbing media,*’ e.g., for the direct measurement of pico-
second lifetimes of polaritons, using coherent Raman scat-
tering,* and also for the determination of the group velocity
dw, /dk of polaritons in crystals (CuCl, CdS).”

2.3. Negative energy of polarization waves

We shall show that, just as in the case of a particle (see
Sect. 1.4), polarization waves in a distributed inverted medi-
um have negative energy and their instability is dissipative.
2936 According to (1.9) and (1.10), the rate of change of the
total field and polarization energy density w for AN = const
is determined by the relaxation of molecular polarization,
resistive dissipation, and the inhomogeneity of the energy
flux: dw/dt = — Q@ —cdiv]|&,%]/4x, ie.,

— ~— - —_ 2
OB S e R ),y U 7>}
at{ 8n +m§“\ a ) +((0"+ Tg)'

2

- _ o
__:,_Sf_l_(a_{) _082—%div [4, 93]
ot

e (2.8)

Hence, if we know the susceptibility y (1.14), we can find
the average energy per h.f. period and the inhomogeneous-
wave power loss in the active medium:*

w=|ER[(1 +|e(@)(16m)™
+ 703 (| 0P + 0F + T3 | 1 () 2] exp(2071),
Q= | E[*lo+ 8roT;* |0y (0) ] exp (20°).

(2.9)
(2.10$)

Using (2.9) and (2.1), we can verify that a polarization
wave in an inverted medium with »? <0, has negative energy
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w, = w(w,) <0. Hence, when energy is removed by field
dissipation, and @, = Q(w, ) >0, the field amplitude must
increase (the growth rate is w; = — @, /2w, >0), i.e, the
polarization wave exhibits dissipative instability.*

The energy of the electromagnetic wave, on the other
hand, is positive: w, = w(w, ) > 0. Its maser instability (o
= — Q./2w, >0; Sect. 2.1) arises as a result of negative
loss: Q, = Q(w, ) <0. In an uninverted medium, the energy
and loss are positive for both waves,”” and there is no insta-
bility.

The reason for negative energy becomes clearer if we
turn to the Hamiltonian 4 of the system, i.¢., the total energy
density of the medium and of the field in the nonlinear case
AN #const. We shall use the following law of variation for
the Bloch vector that follows from (1.10) and (1.11)'%

S— (P[1+ (0,T) ]2, —Pw,", ANd):
AN 4 (Fop'f o+ (1 + 0T3P
= —4_[72 (T2 4+ @it (AN — ANy (4nT100) %, (2.11)

where the dot represents partial differentiation with respect
to time 8 /3t. To be specific, we shall consider a lossless in-
verted medium, and assume that ¢ €T ,, 0~ ". Thelength of
the Bloch vector is then conserved: |S| = ANgd, and inver-
sion is expressed in terms of polarization as follows:

AN = ANg {1 — |52 + (Pwr 21 (ANsd) 2}, (2.12)

Eliminating AN from (1.10) with the aidof (2.12),we wri‘te
the equations for the transverse field and the polarization in
the Lagrange form

d al oo _,
a gy 0z 84 94 '
o L0 a
a g | 0z aF AP !
«w2 __ g2 | .“ . -"
l=£___‘iﬁ_+ﬁﬁg_mﬂ—AN_QarC51n—%°___
81 2 2d [{ANgd)? — V2
= PG+ P42 — h(P1 415 Pas G2) (2.13)

where AN is given by (2.12), & = — A/c, # =rot A and
the one-dimensional problem is being considered for the
sake of simplicity. The prime represents the differentiation
8 /dz. The canonical variables other than the vector poten-
tial A(zt) =¢q, and induction Z(zt)=¥% +47P
= — 4mcp, (linearly polarized for the sake of simplicity)
are taken to be g¢,= Z(zt) and p’= — (#/2d)
X arcsin{ & [@o(ANd” — Z7) 1721=1}. We thus find that
the Hamiltonian for the molecules + field system does not
contain their binding energy & &, and is given by

h=Ler P Lioan. (2.14)
8n 8n 2

In addition, the basic equations (1.9)—(1.11) lead to the

expression for the rate of change of the energy density in the

general (lossy) case:.

o [ # g hmoAN)
7)7( 8 + 9
fig (AN — AN - .
_ PN AN Ze € Giv(F B (2.15)
2T, e
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In the linear approximation, in which d(AN?2)/d¢
=~2ANZJAN /3¢, this result leads to (2.8) by virtue of
(2.11) and if we take into account the possible arbitrariness
in the choice of the origin for the wave energy. In an inverted
medium, it is precisely the “linearized” and “‘shifted” energy
of the waves w (2.9) that can become negative. Actually,
according to (2.12), oscillations in the polarization of in-
verted molecules (2 #£0; 2 #£0), can only be produced by
partially taking the molecules from the upper to the lower
state (AN <ANg). When ANy = N, all this is obvious be-
cause the molecules can acquire h.f. polarization
F(C ¥, *er(Co00,)d *r only in the mixed state ¥ = C,9,
+ Cutp,, for C |, #0, in which both levels are populated. If
this removal of energy from the upper level results in fields of
moderate energy, which occurs in the case of polarization
waves, then negative work is done on the medium as a whole,
and the medium acquires negative wave energy. In an unin-
verted medium, on the other hand, the polarization and the
field are produced by taking the molecules from the lower to
the upper level, thus communicating positive energy to the
medium. The result is that the wave energy becomes posi-
tive.

2.4. Absolute instability in a conducting inverted medium.
Plasma-dipole resonance

The dissipative instability of polarization waves can be
used to generate radiation not only under convective condi-
tions (Sect. 2.1), but also under absolute conditions when,
despite the absence of reflections, the dispersive spreading of
a wave packet and its nonuniform amplification are found to
compensate convective drift.>> A homogeneous inverted me-
dium then becomes formally “‘opaque” (Re £(w’) <0), and
strong field dissipation ensures that the group velocity is
small: |dw, /dk | <c.

The criterion for absolute instability can be formulated
as follows®"*®: at the point w, at which the two roots k(@) of
the dispersion relation ¢’k 2 = w’s(w) that correspond to
counterpropagating waves are found to coincide, we must
have w, =Im w, > 0. This corresponds to the crossing of the
ordinate axis in Fig. 4 by the instability (2.12) (k3 <1) and
to the growth rate

g0 = — 2000% (e208 4 16720%)+ — T3> 0.

(2.16)

The permittivity of the “background” medium was taken
into account in this expression for w);, by replacing unity in
(1.15) with ¢,. The attainment of absolute instability is fa-
cilitated by £, < 1 and by choosing the optimum conductiv-
ity oo, = |€|we/4m. When £, <0, so that the opacity of the
phonon medium precludes the polariton resonance ¢’k ?
~£,w}, absolutely unstable longitudinal and long-wave
(k—0) transverse polarization waves are found to grow
with a growth rate w(,, which is greater than the growth rate
of the convectively unstable waves with & #0.

Absolute dissipative instability can probably be at-
tained when there is a strong inversion of rotational molecu-
lar transitions in a partially ionized gas,® in which case we
have the plasma-dipole resonance Wy =@y

= (47N_.e*/m, )" ? in the far infrared. Here, the conducting
background medium is replaced by the low-temperature
(T~10* K) plasma in which &,(w) =1 — (w2 /w?) and
d7o =~v, ~10N. T ~*>2&w, (for electron and ion concen-
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trations N, ~ N, $10'” cm 3 and degree of ionization equal
to 10~2-10~7). Allowance for the additional plasma disper-
sion £, (@) is equivalent to the replacement c2k —c’k % + w}
in (1.16). Thus, when |¢,| €1, the absolute instability of
waves with k=0 replaces the convective instability in the
region of the polariton resonance k =~ ,/c, and becomes the
dominant process. Its growth rate w; is a maximum for o]
=w? + T ; ?and is given by (2.2). Estimates show that the
condition for absolute instability — w? > 87/ T, is satis-
fied when the relative inversion is AN /N 2 (10~ '8N, )2,

2.5. Birefringence and polarization of waves in an
anisotropic medium

The concept of normal waves in a medium arises natu-
rally in the analysis of the polarization properties of radi-
ation in anisotropic (including active) media.'” Their ani-
sotropy €, (@) may be related, for example, to. the back-
ground medium (crystal’*-3), a polarizing pump,'***** or
the anisotropic distribution of the population difference
AN(e) between the active molecules over the orientations of
the dipole moments d = de; |e| = 1. In the last of these, we
need the tensor generalization of the cooperative frequency:

(@0 = — 8ot (§ ddiaN @ dte (3, 8= % 4, 2)

le|=1

(2.17)

In general, the polarization and dispersion of normal
waves is determined by the set of equations'?

3

2 ApEs =0, Ay = 0%eyoc " —k¥%ys + kyky

=1
and the Fresnel dispersion equation det(A4,;) = 0. In the
absence of spatial dispersion, these lead to two values of the
refractive index n, , (w) for transverse waves with different
polarization coefficients K,, =iE, /E, = —ictg(¢ + if),
which determine the ratio of semiaxes of the polarization
ellipse, tanh 6, and the angle @ between its principal axis and
the y axis:

thé=—4ReK-(K—1|+|K+1)7
(2.18)

p = arg[(K— 1) (K+ 1)),

The result is that, according to the dispersion relation
w*n?, (w) = c*k?, which replaces (1.16), there are two dif-
ferently polarized electromagnetic waves w{"-®(k) and
two polarization waves w{'‘*’ (k). Birefringence and polar-
ization of radiation have been examined in detail for quasi-
stationary boundary-value problems, ' including the linear
interaction between waves in inhomogeneous media®® and
the transformation of the polarization ellipse in isotropic
media with nonlinear anisotropy, due to, for example, the
reorientation of molecules, the degeneracy of levels, and the
nonisotropic saturation of AN(e) (Refs. 54, 56, and 57). A
number of experimental and theoretical publications have
appeared on time-dependent polarization effects accompa-
nying the propagation of picosecond pulses in passive me-
dia.“’“

The analogous range of problems for coherent and
time-dependent processes in active media that involve the
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participation of polarization waves is only just beginning to
be investigated. As an example, let us consider super-radi-
ance based on the two-level transition j— ', that is degener-
ate in the components j, of the total angular momentum j.
Suppose that the anisotropy is determined by a polarized
pump pulse that determines the density matrix (¢ = 0) of
the coherent mixture of Zeeman sublevels | jj, ) of the upper
state by populating them from the lower state®® with angular
momentum j”:

exxpy =1 + l.‘_m_q N o} {F Re U [(Cy - C)/2))
o (0 --iT")—o?
(2.19)
of (ImU 4 [(C, — C)/21}
Exyyx = — ,
(@il — o
s =d2 3 (Pl den i Gl 66 = 0 i),
Joriz
U= a3 (i dl jis) G 1o |+ 2)
iz,

iz 4210 (f = 0)] jiiz). (2.20)

In the above presentation, we used the standard expan-
sion of the dipole moment operator d = d +1€4, + d._ ey
in terms of circular polarizations e . ; = F (x° +iy®)/y2.
According to (2.19) and the equation for the field of normal
waves 3545 Es = 0, super-radiance develops on the linear
stage with birefringence

_ .40 Weya
n, (wy=14i———

0 (0T —a?

~ "C,-+C_ C_—Cy | 4 U ?
m2m=mz{ et Co g Loy [1+(C+'_C'_)2

1/2

] } , (2.21)
which corresponds to the presence of waves with two polar-
ization  ellipses K,, =i(n}, —£,,)/e,,.  When
(C, —C_?) +4|U|*#0, one of the waves predominates
and has a high growth rate. This has been observed in an
experiment®® with Rb gas and a linearly polarized pump
e, 12° using the j* = 1/2 level and the working transition
Jj=3/2-j=1/2) (C, =5/48, U= — exp(2ia)/16, and
a is the angle between ¢; and the axis x°). In these expres-
sions @2, = 4@Z, and super-radiance is always linearly po-
larized in the direction of e, . Moreover, there is no anisotro-
py for thej = 1/2—j = 1/2 transition (C . = 1/6, U=0):
The directions of the orthogonal polarizations of normal
waves can be chosen arbitrarily, and their growth rates are
equal. This degeneracy enables us to explain the fluctuations
in the polarization of super-radiance observed in this case™
(see Sect. 5.3).

3. DISSIPATIVE INSTABILITY IN THE PROBLEM OF
UNIDIRECTIONAL SUPER-RADIANCE

The electrodynamic picture of Dicke super-radiance
(Sect. 1.4) and the associated phenomena in inverted two-
level media are presented in Sects. 3-5.

3.1. Evolution of a packet of unstable normal waves and
their Green’s functions

We begin with an analysis of super-radiance in the one-
dimensional model of a plane layer whose normal is the z axis
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and whose thickness in the z direction is L >4 = 27/k.
More precisely, we shall confine our attention to the propa-
gation of plane waves (1.13) in the direction of the positive z
axis'*#?»?73839 and postpone the discussion of counterpropa-
gating waves to Sect. 3.7 and Sect. 4. In reality, the one-
dimensional model works best in the case of a cylindrical
sample with a small Fresnel number F =S /AL 31, where S
is the cross sectional area (lz). According to this model,
super-radiance can be described by the unidirectional Max-
well-Bloch equations (1.9')-(1.11") in which the distribut-
ed dissipation o includes resistive absorption and diffractive
“leakage” of radiation through the side surface of the sample
(o4 ~cA /6mS) (Refs. 14, 23, 60), thus specifying a uni-
fied dissipation scale L, = ¢/2mo. Their general solution on
the linear super-radiance stage (for which AN = N) has the
following form for arbitrary initial conditions: P(z,t =0)
= Py(2)0(2), E(z,t=0) = E(z)8(z) where the field
E(z=0,) = E,, (1)6(1) is assumed to be incident from the
left on the surface of the medium (z = 0).
E(z, )y=0(() 7" { Ein ()

7
~ ., Q. — 12
’ —(t-¢")/T J r444
+jEin(t)€ ’fﬁ‘;‘)
0

ch >l ’ 1.2) I‘
x (C—lc(t—l)zl Jat’

2niw, ,: 4 —2 —l_i\
+_C_nef/TjPo(Z)eXP[(Z Z)(CTE Lu)]

¢

x 0(T—2|1, &)z

—ct/Lg

+ Ej(z —ct)e

2

+ %e—l,/sz' {Eo (z')exp [(z —~7) (‘C’;‘ —LLG)J

<0 (7— i) ¥ @) (cF— z’)‘l} dz;  (3.1)
\ ¢

where Q, = (87d ’Nwy/#)'/*>0 is the cooperative fre-
quency @, in a medium that is completely inverted at t = 0,
&=/ z—2)[et— (z—2) Y1 =1t — (2/0), 6
is the Heaviside step function, and I, represents the modi-
fied Bessel functions. The length of the sample does not ap-
pear in the solution when there are no reflections; it simply
defines the right-hand boundary of the medium: z = L. Dif-
ferent special solutions of (3.1) are discussed in Refs. 14, 15,
42, and 61.

To explain the instability in the inverted medium, con-
sider the amplification of a packet of normal unstable waves
of a given type, in which the field amplitudes and the polari-
zations are related by the following expression for each
Fourier harmonic g = i[k — (wy/c) ]:

Py (9) = E4(9) (Po,p (9) 4 cg + 2710) (2miw) 7, (3.2)

Pep (9) = — i (@ep (k) — ®y).

According to the Fourier-Laplace method, the packet
evolves for E;, = 0in accordance with the following law:
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v

Pop(z, )= { Py(2)Depla—2', 1)d2,

-%

. (3.3)
Dep(z. )= § exp(gz+ pen (@) dg(2mi)7,

where, for unstable e and p normal waves, the Green’s func-
tion is v

t F4 z
T. Lg +CT2)

2

Doy (2. ) =exp (—

‘ 1Q? gy
w (8 Ger)t 52 0(ey) ), (3.4)

-
£

E= g— [z(ct —2)|'",

in which z, = ¢t — z, z, = z. Obviously, in the absence of
polarization relaxation (7' ;' = 0), and for ®?, >0, the in-
stability is absolute independently of the field dissipation o

Dc'p (z‘ [) ':_’ m’

00

since I, (&) ~ (exp £)/(2mE)"'? -E—-0w. If, on the other

hand, T, '#0, the factor exp( — ¢ /T3) is found to suppress
the growth of the Green’s function for times tXt¢
=O2T1z/4c:

max

D.p(z2¢) ==0

and the instability becomes convective.’”*

3.2. Absolute and convective instability of polarization
waves

We must now examine the propagation of a packet of
dissipatively unstable polarization waves for 270> T, .
The initial 5-pulse Py (z) corresponding to the polarization
Green’s functions (3.3) and (3.4) and the field

Ep(z, )= Po(2) Dy —2', 1)d7,

-0

z \

Iy (z,))

Dy, )= 280) 1@ +

o —z

X exp (—%—{——5———2—)

is converted into an amplified pulse propagating with the
group velocity v, =c¢[1 —v(1 ++*)""21/2, where v
= (2mo — T'; ")/9).. The pulse is illustrated in Fig. 5. The
field maximum at z; occurs in advance of the polarization
maximum (z,) by an amount proportional to the cooperat-
ive length” of Arecchi and Courtens® L, = ¢/(2,. More
precisely, z,=v,t — [3L.v/2(14++")] and 2z; —z,
=~L./(1+v*)"*for Q. >2(1 ++*)"%

Polarization waves with negative energy density w <0
have a positive energy flux density: S, = c|E |*/87 >0. It
would appear that the energy of a packet of such waves
should propagate in the opposite direction to that of the
phase velocity, i.e., in the direction of the negative z axis,
since the average velocity of the energy flux is negative:
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FIG. 5. Evolution of a §-pulse of unstable polar-
ization waves in accordance with (3.3)-(3.5) in
the case of absolute instability (7, '=0,
o =0, 12 =10) (a) and convective instability
(v=Qmo—T; )/, =2 T.0. =80 tf),
= 40). (b) The following notation is employed:
P=cP,/Q) Py, E = cE_ /Amiw,P,.

z
2

0 oo -1
Vg == S Szdz<S wdz) < 0.
However this conclusion is not correct because Jdw/dt

+ 85,/0z + Q =0, and the energy center z,, of the packet
in the active medium obeys the more complicated equation

a(‘zwdz §°sz2
dz, Zee =
’F =T-'w+Y(zw_ZQ): Ty = - y Q= \3: »
S wdz S Qdz
§Qd2
y= —: . (3.6)
( wdz

In the polarization wave, the center of losses z,,, deter-
mined mostly by field dissipation, propagates in the direc-
tion of the positive z axis with the velocity of light ¢, and
travels in advance of the center of energy z,, determined
mostly by oscillations in the polarization of the immobile
medium. The result is that ¥(z,, — z,) >0, and this leads to
a positive rate of transport of the energy of the packet. For
large times, the latter is equal to the group velocity dw, /dk
at the line center.

For an arbitrary initial distribution P,(z) in a finite lay-
er 0 <z <L, the evolution of the packet is described by a
convolution of P,(z) and the Green’s functions (3.3)-(3.5).
When the dissipation is large, L, €L, cT,, and (z>L,) the
main contribution to the convolution for ¢t >z, L% /z, ¢/ w,,
is provided by the neighborhood of the extremal point z; = z

— (ctL2/4L%). So long as z§ >0, the amplitudes of polar-
ization and field in the packet are determined by the ampli-
fied signal arriving at a given point z from the “‘source” point
24, and slowly traveling from left to right with the group
velocity® v,, =cL2/4L?2 <c/2:

Py (2, t) =P, (2) exp (— Tf) + Py(z) exp (m;t), (3.7)

Ep (2, 1) = 2niog ™ LoPy (2,) exp (@71).

When t>t, = 4zL 2/cL 2, and the ““source” point z; on the
left-hand edge of the layer (z =0) has been reached, the
space-time evolution of the packet has an asymptotic behav-
ior determined by the “boundary source” P,(0):
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E > A
P_Cb=ﬁ(‘lexp(g__z___’)’

P,(z, Hh= —
p( V2n§ La T-z

4rim,2

E=(ct —2)21"* Lt (3.8)
Thus, after a certain instant of time, the field and the polar-
ization follow the same law of evolution at all points in the
active medium, and this law does not depend on the initial
(smooth) distribution P, (z).

3.3. Self-similar description of the oscillator regime

We now turn to the nonlinear stage of super-radiance.

We consider a short sample (L % L_ ), initially without dissi-

pation or relaxation: ¢ =T1, =0. In accordance with

(2.12), the transformation to the polar Bloch angle ¢
=Reg

P=—idNsing, E= L

1o AN = Ncos @

(3.9)

enables us toreduce (1.9')—(1.11") to the sine-Gordon equa-
tion
Fe < sin g, fe=t—2%

- , Lo= £,
9207 4L ¢’

C

= (3.10)
This equation has self-similar solutions®-** that obey the
equation
d*¢ 249 _ — _ 1/27 —1
T + & i sing, &E=[(ct —2z)2)""Le.
Super-radiance is described by the one-parameter family of
solutions of (3.11) that are nonsingular at the origin (¢ '(0)
= 0) and depend on the asymptotically small initial angle
@(0), given by '*?° g ~ (NV)~'/2 1. This solution trans-
forms to the sequence of lightly damped pulses shown in Fig.
6. This is the concluding stage of the development of abso-
lute instability of waves with the anomalous growth rate
(2.4).

(3.11)

3.4. Transition from the oscillator to the single-pulse regime

An oscillator regime similar to (3.11) is observed, for
example, in infrared experiments'® with cesium vapor in
samples with F S1and L, ~L ~3 cm (7~1 ns and the su-
per-radiant power is Q,,, V' ~ 1 mW). However, the record-
ed damping of super-radiant oscillations occurs much more
rapidly'*'>** than indicated by (3.11) and, when the length
L, is increased, or the initial inversion reduced, only the
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FIG. 6. Solution of the sine-Gordon equation: self-similar without dissi-
pation—(3.11) (solid curves) and quasi-self-similar with dissipation—
(3.15) for Z/T = 1/6 (dashed). The graphs for the Bloch angle @, the
field amplitude 2¢ /£, and the inversion AN /N = cos g are all plotted for
the initial condition g, = @(0) = 1072, @ '(0) = 0.

single-pulse regime is observed. This is due to factors that
have been ignored in the model (3.10), namely, field dissipa-
tion, Lorentz and Doppler line broadening, transverse in-
homogeneity of the pump and of radiation field, and so on.
The relative importance of these factors has not been proper-
ly investigated experimentally, especially in the case of dissi-
pation.

The effect of relatively strong dissipation (27 > T, ')
on super-radiance can be described theoretically as follows.
The super-radiance profile is formed on the nonlinear stage
of the dissipative instability of polarization waves, beginning
with the time ¢, at which inversion is removed at z = L.
Dissipation traps super-radiance, reduces the growth rate
o}, and increases the delay ¢,. Actually, for the asymptotic
surface source (3.8) and a relatively short sample, we find
from (1.11") that, when ¢_,, > T,, t,, we have

L. (Inn)? Nd :
Fy~ ._.c_._, n= >1,
‘ QL ] Py (0) exp [— L (Lg'— ¢IT; Y] =
(3.12)
where, for simplicity, 7, ' = 0. In a long sample with L

>L,_>8L2/cT,, the removal of inversion begins with t_he
“propagating source” regime (3.7): t; ~ (@}) ~" In|Nd /Py
<t, =4LL?/cL?). This is followed by the emission of a
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random sequence of pulses: Each segment of length
~Lty/t,~L, In|Nd /P,| produces its own super-radiant
pulse.

The effect of dissipation is greater for L_ €L . The re-
placement (3.9) and the assumption that T, ' = Othen lead
to the sine-Gordon equation with dissipation:*®

2 L,{ct—2
ﬂ?..*.oi:sinq), Z=i, T=-2
ozoT = oT Ly 412

C

) - (3.13)

This enables us to extend the solution of the linear problem
of Sect. 3.2 to the nonlinear stage (Fig. 7). For :z
>L,Ing, ', the asymptotic form of the *“propagating
source” (3.7) gives rise to the single-pulse regime (the re-
gion BB, B, ), which smooths @,(2) =iPy(z)/Nd to g,(z):

o%zsin(pé(p(l, T)=2arctg[—;—60(Z—T)expT] .

(3.14)

For z<L, In @', the asymptotic super-radiance in the
caseof In@ g '>1and [(1/€) 4+ (Z/T)"?]%2«]1 yields the
quasi-self-similar approximation 4/(Z/T)'/?~0 for
@ &(Z/DV?]:

%} + [g-l + (i—)”z] %, —sing, E=2(T2)"". (3.15)

The one-parameter family of solutions

T@=vOep[—Le((Z)"+ (14 L))
co(f+(T+) i net+ 50 Gae

of the linearized equation (3.15) joins smoothly to the
asymptotic “‘surface source” (3.8), where @ is the confluent
hypergeometric function. The quasi-self-similar solutions of
(3.15) generated by them (see Fig. 6) describe a highly

2ng”

7

llngp; 2in T z

7= '-(_62 Z/{lcz(f=0)

FIG. 7. Subdivision of the coordinate-time plane into zones of different
unidirectional super-radiant regimes in accordance with the sine-Gordon
equation with dissipation (3.13). The double-hatched area represents the
nonlinear zone without inversion (z = ¢, corresponds to maximum super-
radiance). Zones in which the linear theory is valid in inverted and uni-
verted media, respectively, are shown below and above. Curve 4,4, repre-
sents the beginning of the range of validity of the intermediate asymptotic
form of the “surface source™ (3.8), and curve B, B, represents the same
situation for the “‘traveling source” (3.7).
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damped oscillator regime (the region 44,4, ). The approxi-
mations given by (3.14) and (3.15) differ from the well-
known “mean-field approximation”!*'%?*%¢¢7 for which
d/dz = 0in (3.13) and propagation effects are ignored:

QZ
221-{-24'L<76~(:)"=—°sinq:. (3.17)

or? a 4

Oscillations and the transition to single-pulse super-radi-
ance (for L, ~L_) are similar within the framework of
equation (3.17) to the oscillations of a damped pendulum
and are different in character. They are due to beats between
the e and p modes, and not to effects associated with the
propagation of radiation (see Sects. 4.3 and 4.5).

3.5. Super-radiance and the instablility ot electromagnetic
waves. Superluminescence

Dicke’s original treatment'® of super-radiance as an
aperiodic collective spontaneous relaxation of excited mole-
cules via the emission of the entire energy stored in the sam-
ple in the form of radiation is closest to the single-pulse re-
gime generated by the dissipative instability of polarization
waves. We shall therefore begin by focusing on this idea (see
Sects. 1.4 and 3.4, and also Sects. 4.2 and 4.4 in which reflec-
tions are taken into account). As dissipation is reduced to
2mo < T 5 ', the dissipative instability of polarization waves
is replaced by the anomalous instability of electromagnetic
waves (see Sect. 2.1). Super-radiance does not then vanish,
but smoothly changes its properties, while remaining a co-
herent transient process of stimulated emission. The reduc-
tion in dissipation ¢ and, in particular, the reduction in dif-
fractive emission of energy out of the sample (44 ), leads to
a delay and reabsorption of the emission by the active medi-
um. The result is that, instead of a single pulse, we have a
long train of peaks, i.e., the oscillator regime.?*%¢?

In the case of strong relaxation of polarization, T, '
2 {1./2, the instability of electromagnetic waves described
by (2.3) is possible only for a very low level of dissipation
(270 < — w2 T,/4) and has the maser-like character, gener-
ating not super-radiance but superluminescence, i.e., quasi-
stationary induced amplification of spontaneous emis-
sion.'?-1523:26.67 The last of these is described by the rate
equations for the transfer of radiation intensity because,
owing to strong relaxation, the polarization of the medium
no longer exhibits its own dynamics, but follows the field
adiabatically: P = (Ew2/87w,)/(w,—® — iT5 ') [see
(1.10°) 1. If the amplification coefficient is large (Q27T,L /2¢
»21Ing@ "), then a short pulse of superluminescence® ap-
pears after a short delay ¢, ~(4Ing@, ')/Q2T,> T,. The
duration of this pulse is of the order of one mean free transit
time in the sample, L /c. For a lower degree of amplification,
the exponential intensity profile I, exp(2w. (k)z/c) is es-
tablished throughout the sample, and the duration of this
weakly amplified spontaneous emission by the inverted sam-
ple is determined by the ratio of stored internal energy of the
molecules to the emitted power. Similar regimes of superlu-
minesce of duration A¢ > T,, in which the radiated intensity
is proportional to the concentration N of the active mole-
cules (and not to N” as in super-radiance) have long been
known and used in electronics, both quantum and classical
(see, for example, Refs. 69-72). In contrast to super-radi-
ance, their characteristic feature is that they cannot radiate
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more than one-half of the energy stored in the inverted mole-
cules: induced amplification gives way to the equalization of
level populations, Ny, =N, =N /2.

To avoid misunderstanding, we note that, when we
speak of superluminescence, we have in mind the quasista-
tionary emission of photons by isolated molecules, due to
incoherent vacuum fluctuations of field and polarization
(spontaneous emission) or the incoherent wave field pro-
duced independently and amplified by the remaining mole-
cules (induced emission).'""'>7* The last process is charac-
terized by the Einstein coefficient B,, = n,A,, which can be
calculated from perturbation theory as the probability of a
stimulated transition of a molecule per unit time in a given
monochromatic field containing N, normal free-space
modes of frequency w (4, is the corresponding Einstein co-
efficient for spontaneous emission). At the same time,
throughout this review, whenever we are concerned with the
semiclassical theory of super-radiance, the concept of an in-
duced process will be understood to be wider and not ex-
hausted by the above rate equations based on Einstein’s coef-
ficients.

Let us explain the foregoing points in terms of the ener-
gy balance relation

20" E2|

1
= ho,ANp —~ o | E?|.
8n "eNP ZUI l

The rate of increase in the field energy is thus seen to be
determined by the competition between resistive losses and
stimulated emission by the molecules. The probability p of a
stimulated transition in a given molecule between the upper
and lower states per unit time can be found from (1.10) and
(1.11):

Im (— @E*P)

_ o] E?|
P= 2heAN =T —

1670 ko, AN

where, for the sake of simplicity, we have neglected incoher-
ent relaxation of polarization (T; '<w”) and have con-

_fined our attention to the resondnt case: ®’ = w,. As can be

seen, the probability of stimulated emission is determined by
the spectral density of the radiation, which is inversely pro-
portional to the growth rate »”. If we substitute for p in the
energy balance equation, weobtain w” = — w?/40” — 270.
Hence, when |, | €270, we obtain the expression for the
growth rate of dissipative instability (2.5) (without 7, '),
whereas for |w,|»2mo, we obtain the anomalous growth
rate (2.4). The departure from the corresponding superlu-
minescence growth rate . (2.3), which is well-known in
laser theory, is due to the wide spectrum of super-radiance
(Aw ~w/), which exceeds the relaxation width of the transi-
tion, ;! (since otherwise the expression for p would con-
tain " instead of T',~'). It is precisely the coherence, i.e.,
short duration, of the super-radiance (collective spontane-
ous emission) that distinguishes it from superluminescence.

Super-radiance is therefore a process of induced emis-
sion of the internal energy of the molecules, which is due to
their interaction with the self-consistent coherent radiation
field (electric field of the polarization wave). Hence the
word “spontaneous” in the commonly used phrase “collec-
tive spontaneous emission” refers, strictly speaking, only to
the absence of external radiation or the formation of super-
radiance from quantum noise. On the other hand, when ex-
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ternal radiation is incident on an active sample, this gives
rise to the so-called initiated super-radiance in which there is
no quantum dynamics at the initial stage of the Dicke super-
radiance.

3.6. Initiated super-radiance. Polariton n-pulse in a long
amplifier

The super-radiant regime in the presence of strong re-
laxation of polarization is more readily established by using
an initiating electromagnetic pulse of short duration 1, €4
and area

Tin -

d P,
o= 3 Ein(t) Nd
b

{see (3.1) and (3.12); Refs. 15, 33b, 35, and 73]. When this
device is used to produce the initial macropolarization, the
result is that the delay time ¢4 is reduced by the factor
(In@y ')®>1, down to a value ty < T>,. This has been used**
to produce super-radiance in ruby crystals and in Nd:YAG
at 100 K.

A closely related problem is that of the propagation of
the initiating pulse, preceded by a pump, in a long coherent
amplifier (L. €L «cT,). When there is no dissipation and
z— 0, this produces a time-dependent pulse of duration
T 1/2, amplitude E « z, and area d fE(t)dt /fi=w. This -
pulse takes up the entire energy stored in the medium. **+™
Its asymptotic behavior is quasi-self-similar with

= (#icz/2dL 1&) dp /&, and is determined by the solution
(3.11) of the sine-Gordon equation (3.10) in which, for
each value of the self-similar variable ¢7, there are two co-
ordinates z,, = {ct F [(et)> —4£°L ] l/2}/2 The inver-
sion AN first vanishes for £ = £,~In @ 5 '> 1 (see Fig. 6),
i.e., in a time ¢, = 2£,L_ /c at the point z, = {,L_, where z,
= z,. Eventually, two relaxation waves are emitted in oppo-
site directions by this point, and the inversion on their wave
fronts 2% ={ct F [(et)? —4£3L2]'7}/2 is AN(z(2)
=0 (Fig. 8). As t— o0, the wave front propagating to the
left approaches the beginning of the amplifier z{”
~&2L%/ct »0), whereas the wave front propagating to the
right approaches the light cone (zi” =cr). The former gen-
erates the self-similar super-radiant pulse in the short sam-
ple (L S L_; Sect. 3.3) and the latter produces a time-depen-
dent 7-pulse in the long amplifier.®®

The growth of the 77-pulse is limited by dissipation. The
result is a time-independent 7-pulse**® that, in accordance

with (3.13), assumes the form 4/9Z =0, for E
A anw
7

-7

FIG. 8. Spatial structure of inversion in a long amplifier, ** corresponding
to the self-similar solution (3.11) for times ¢, = 2£,L. /c and t > ¢,
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vl

= ficL ,/4dL 2 ch(T — T,), which is analogous to the sin-
gle-pulse super-radiance (1.21) and (4.11). It can be re-
ferred to as a polaritonic soliton, since it is associated with
waves in the polariton spectrum (2.1) and arises as a conse-
quence of the dissipative instability of polarization waves.

3.7. Super-radiance from a three-dimensional sample in the
absence of reflections from bouqdaries

The approach used in macroscopic electrodynamics is
convenient as a means of generalizing the problem of unidi-
rectional super-radiance to a real three-dimensional situa-
tion.'” The linear stage of super-radiance (AN = N), that
determines the character of the instability is described by a
partial differential equation for the Laplace time transform
E(w,r)

("‘%‘)2 eE(@, 1) — [V, IV, E(0, 1)]] =I(=0,1). (3.18)

This follows from the Maxwell-Bloch equations. The right-
hand side Il is specified by the initial distribution of the field,
the polarization, and their time derivatives in the active sam-
ple. Unstable solutions are characterized by the “integral”
growthrate ” = W /2W >0, which, according to (2.8), is

o = — (iz.m + lj de) 5

(3.19)

\\ l

W=\de =c7§
5,

Hence, it follows again that super-radiance is associated
with the dissipative instability, since for »” >0 and small
volume sample losses Q, the presence of the energy flux 2 _,
> 0 across the sample surface .S, is compatible only with a
negative energy (W <0).

In the interior of a uniformly inverted sample, the solu-
tion E(w,r) of (3.18) can be expanded in terms of the com-
plete set of known multipole fields with a continuous spec-
trum of complex frequencies.* However, the more
informative is the Green’s function for the Maxwell-Bloch
wave equations (1.9) and (1.10), which is determined by the
initial condition §(r — r’) and the radiation condition, and
has a definite time dependence. It takes the form of an outgo-
ing spherical wave « 8(ct — |r — r'|). As in the one-dimen-
sional problem, analysis of the three-dimensional Green’s
function shows that its dissipative instability with the “inte-
gral” growth rate (3.19) leads to the Dicke super-radiance.
We note that, in a very long sample (L>»L_), the super-
radiance is frequently reabsorbed by the medium on the non-
linear stage, so that the loss factor representing emission
through the sample surface becomes unimportant, and su-
per-radiance transforms from the periodic to the oscillator
or irregular regime that consists of a random sequence of
pulses (see the beginning of Sect. 3.5).

The scheme presented above for the solution of the elec-
trodynamic vector problem has been implemented system-
atically in the case of a sphere.”® The problem has also been
solved for the scalar model”’ in the case of a sphere and a
cylinder with FZ1, for which the replacement
— [V,[V.E]] - AE in (3.18) yields
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E(w, r)= S‘ ()G, (r, r') dr’,

v

. (3.20)
1 exp (ioe*? |1 —1')/c)
4n lr—r'|

Gy(r,r'y=—

This model transition to the Green’s function of the scalar
wave equation for infinite space corresponds to the retention
of only the first term of the Debye expansion in the theory of
diffraction, i.e., the geometric-optics approximation with re-
flection.”” The inverse Laplace transformation in the ap-
proximation defined by |¢ — 1| €1, and the treatment of
E(rr), P(r,r) as Heisenberg operators with initial condi-
tions that are §-correlated in space, has enabled the above
authors to provide an analytic description of the linear stage
of super-radiance in three-dimensional samples. As in the
case of a progressive pump in a cylinder with F'>» 1, the mean
super-radiant intensity for c=7,'=0 and £>1 [see
(3.11)] is as given in Refs. 77 with (&?)/4r
= 7°cNd *F exp(2£) /4 *£ 2. The incoherence of spontane-
ous noise, amplified during propagation along geometric-
optics rays from one end of the cylinder to the other, ensures
that the super-radiance at the exit end S of the rod has the
characteristic coherence area ~AL /F, i.e., of the order of
the area of the first Fresnel zone divided by the Fresnel num-
ber F= S /AL. This conclusionis in agreement with the well-
known optical theorem of van Cittert and Zernike,””'”° and
means that the super-radiance is due toalarge number F?3 1
of diffraction modes (rays) whose relative intensities fluctu-
ate from one shot to the next, but the total intensity is almost
constant. The investigations presented above show that the
methods of macroscopic electrodynamics are effective in su-
per-radiance problems.

The analytic continuation of linear solutions to the non-
linear stage of the three-dimensional problem is still an open
question.'*'* Numerical studies have shown that, for ran-
dom initial conditions and nonuniform inversion, the spatial
structure and angular distribution of super-radiance exhibit
considerable fluctuations. This means that, when they are
recorded with high angular resolution, oscillations that oc-
cur at different points on the exit cross section are not syn-
chronized (see Sects. 3.3 and 3.4). Moreover, the resultant
intensity is averaged out and corresponds to a super-radiant
single pulse. All this has been confirmed directly by experi-
ment.””

4. REFLECTIONS IN BOUNDED SAMPLES

Because of high gain, even weak reflections can have a
significant effect on super-radiant power and dynamics,
since they transform the continuous super-radiance spec-
trum to a discrete spectrum. Reflections have attracted in-
creasing attention?*>*%%32 quring the 1980s in connection
with super-radiance experiments involving resonators and
waveguides,'*#?**' and also impurity crystals.**~*

4.1. Hot modes with a discrete spectrum

Reflections from the boundaries of a dielectric sample
of an active medium, including the abrupt increase in the
background permittivity £, (which is taken into account be-
low together with the susceptibility of the two-level medi-
um), give rise to hot modes'?) with a discrete spectrum, i.e.,
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the “natural modes™ of Refs. 83 and 84. In general, hot
modes are introduced for a time-independent structure of
inversion AN(r) as the eigensolutions of the homogeneous
equations of macroscopic electrodynamics (3.18) (for
I1 =0) in a sample of volume ¥V, which satisfy the well-
known conditions on the sample boundary S, and the radi-
ation conditions.'** These eigensolutions

E. (r), B (l'), P (l') =X (wm; nNE, (r) 4.1

have a discrete spectrum of complex frequencies @,, = w,,
+ iw?, which is determined by the characteristic equation
that is identical with the traditional equation used in the
time-independent eigenmode theory of diffraction.

The solution E{w,r) of the inhomogeneous equations
(3.18) in the interior of the sample contains a set of hot
modes Z,,a,, (w)E,, (r) withamplitudes a,, (») determined
by the initial condition I1. (The completeness of this set has
so far been proved only for special cases.®**) The field out-
side the sample is formed by the emission of hot modes from
its surface.

The solution of the initial-value problem of super-radi-
ance on the linear stage is given by the Laplace transform of
E(@,r). It includes contributions due to the pole w,, of the
hot-mode amplitude a,, (@) « (w — @,,) ', and other sin-
gularities of the integrand, e.g., the essentially singular
points. The former lead to the super-radiance of modes with
a discrete spectrum «E_, (r)exp( — iw,,t), and the latter
appear even in the limit of super-radiance with a continuous
spectrum in the absence of reflections (cf. unidirectional su-
per-radiance). The rapid removal of inversion AN(¢,r) on
the nonlinear stage leads to time-dependent hot modes
(time-dependent frequencies and structure; see Sect. 4.2),
their nonadiabatic interaction (Sect. 4.3) and mixing with
continuous-spectrum waves (Sect. 4.5).

4.2. Self-excitation of polariton modes in a one-dimensional
layer

In a one-dimensional layer of an inverted medium of
length L, hot modes take the form of the sum of two counter-
propagating waves radiated outwardly into the vacuum
(Fig. 9):

E,= X0 (Eﬁ,ﬁ’ + Es:)) e—immt'

Eff;"m — e i Ee:iﬁ)mel/zz/c 4.2)
281/2 4
mnc 14+ Y2 (0 )
mmal/’ ((’Jm) = —— —ivpy, Vi = £ In —m————"
L L 1 —el/? (®@,)

Vacuum rActive medium//i Vacuum

v/ S

FIG. 9. Spatial structure of hot modes in the one-dimensional model of
super-radiance.
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In the resonance approximation, their frequencies are equal
to w., (k,,), (2.1) if we assume that the wave number is
discrete and given by k,, = mw/L, and we if we introduce
the replacement 270 — 270 + v,,. The quantity v,, repre-
sents losses by radiation into ambient space.

We thus have hot (m, e) modes of positive energy and
(m, p) modes of negative energy.’** Their properties are
analogous to those of electromagnetic waves and polariza-
tion waves in an infinite medium. However, in bounded sam-
ples, o appears together with field dissipation due to radi-
ation via the sample boundaries, i.e., 0,,4 = (¢/47L)In R ™!
, where R = |(e — 1)/(e+ 1)|"/? is the reflection coeffi-
cient. Thus, for short samples (L <L) with large inversion
(9. »2/T,), which is typical for super-radiance, we find
that for R €1 and 270 €270, <2 T,/4 the dissipative in-
stability develops for the polariton (m, p) mode closest to
the line center, and its growth rateis w; =~ — @2 /80 4. In
the mean-field adiabatic approximation (v, « AN (1)), this
leads to a super-radiant single pulse described by a formula
such as (1.21) with 7= 1/20, (= 0).

The conclusions of Sect. 3.5 can be extended to hot-
mode super-radiance. In particular, for small inversion,
there are no super-radiant modes, and quasistationary su-
perluminescence with a continuous spectrum is found to de-
velop. Its power and time of emission are given by

0uV ~ hw NV

TsL

Too ~ 2m2T,L2S7 (o) exp (— wol)

2 1

T, M

if the amplification coefficient at the line center is uoL
=2w!L /c 2. For a high enough initial inversion, we have
a transition to super-radiant modes with a discrete spec-
trum. The super-radiant power at the pulse maximum is
Qs V ~fiw NV /2% Qs V. However, in contrast to the
situation without reflections, the transition that occurs
when the threshold for the generation of polariton modes
withw) = Q2/870,,4 — T, 'isreached (Fig. 10) is accom-
panied by a much more rapid increase in the emission rate
and power. This sharp reduction in the duration 7 of the
pulse is also found to occur for small reflection coefficients
R «1. It is characterized by a large “jump” 1% /T,>1,
where the time 7% -is defined in terms of the mode generation
threshold, i.e., the condition w; ~1/27g,; , and is given by
% ~T,/{1 + [S/27*L?R(In R —")%/2]}.

-7
@
7, :
7 —7 -1 L
nnT Ty wp=0

470,00 Qo

FIG. 10. Rapid variation of the rate of emission after transition from
superluminescence (SL) toincoherent (77 ' < T ') generation of polari-
ton modes (IG) and then to their super-radiance in a short sample
(L <cT, In R —") with reflection coefficient R €1 (7 is the duration of the
pulse of radiation).
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FIG. 11. Replacement of self-consistent optical nutation [oscillator re-
gime of superabsorption (a): 270 = ) /4, ck — w, = §). /32 with irre-
versible collective relaxation [single-pulse superabsorption (b):
270 = Q. /2, ck — 0y = Q. /8 asthe dissipation ois increased in the mean
field model. The resultant field e = |E |(87#iw,N)'/? is a superposition of
the e and p mode fields; 75, ' = 107%Q,.

4.3. Superabsorption and optical nutation in a cavity
resonator

An increase in the reflection coefficient R and in the
sample length L obviously impede the escape of radiation
from the sample. When the inequality 2704 S |@.| (Sect.
2.1) is first satisfied, the instability of the polariton modes
becomes anomalous and has the high growth rate o, ,
« (AN)'2 (for |o.|>T;'). As a result, the self-excited
(m, p) modes rapidly remove inversion and nonadiabatical-
ly generate damped (m,p) modes of comparable amplitude.
Their nonlinear beats generate oscillator super-radiance. In
a closed resonator (R ~ 1), this essentially coincides with an
effect that is well-known in quantum radiophysics and in-
volves the periodic transfer of energy between the electro-
magnetic field and the two-level medium, i.e., self-consistent
optical nutation.®”*¢®® Under the conditions of strong resis-
tive dissipation that replace radiative losses and lead to the
dissipative instability of the polariton modes with growth
rate w,, , S 27o, this effect reduces to the aperiodic collec-
tive transformation of the energy stored in the inverted me-
dium into heat in a time 7~1/2w; €T, (Fig. 11). This su-
perabsorption effect”” is completely analogous to
single-pulse super-radiance.

Polariton modes are excited not only in supper-radi-
ance or superabsorption by an inverted medium, but also in
an absorbing (noninverted) two-level medium in the cavity
of alaser that contains an active element with negative losses
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o, <0 (Fig. 12). Laser generation may then be largely deter-
mined by strong frequency dispersion of polaritons (see, for
example, Refs. §89).

Optical nutation accompanied by the excitation of po-
lariton modes in a system of excitons and photons in semi-
conductors was investigated in Ref. 137.

4.4. Super-radiance by a three-dimensional sample with
reflecting boundaries

Hot-mode super-radiance by three-dimensional sam-
ples differs from one-dimensional super-radiance by the
large number of simultaneous unstable polariton modes of
different structure. This multimode situation leads to a num-
ber of static and dynamic super-radiant features. and is re-
sponsible for the angular distribution of the super-radiance.
For example, possible effects include nonsimultaneous emis-
sion in different directions (see Ref. 59), partial depolariza-
tion of radiation, and smoothing of oscillations. '*

Hot modes and their super-radiance in the three-dimen-
sional case have been examined in detail but only for a
sphere.?® In the limit of a small particle (a €A), the growth
rate has been determined only for the single electrodipole
mode of the sphere. Its dissipative instability gives the Dicke
super-radiance discussed in Sect. 1.4. For a sphere of radius
a> A, the number of unstable modes with a discrete spec-
trum is such that M ~ (wga/c)* > 1, and their supers-radiance
on the linear stage is described by

Vo (1) ~ Mhay- 20] exp (201),

L2 In R

tmod~ — ———In
a 2ac

NV Q;
e ® =
2M P 8ro

rad

(4.3)

This is the situation that actually occurs, and is responsible
for the emission of the energy of the medium, if the mode
delay time ¢ 7 is less than the delay time ¢ for waves in the
continuous spectrum. This occurs if the reflection coeffi-
cient is less than the critical value: R > R, ~ (M /NWV)V4. It
can be estimated by comparing (4.3) with the solution’® of
the vector problem for the linear stage of continuous-spec-
trum super-radiance if we neglect the reflection and the de-
lay of waves in the sphere
hog (0ga/)? 2 (2act)!/?

8t L

Vo, (6) ~

v
c

2
c

8ac

2nNV
(wga/c)? ’

We must now compare the hot-mode super-radiance in

{In(nInn)?, 4.4)

ty ~

n=
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FIG. 12. a—Polariton spectrum of the quasistationary generation by a
laser (w}, =0, Aw, ~@, ). b—Laser with mirrors R, ,, active element
4 (o, <0), and two-level absorber B.

an open sphere with the “single-mode” cylinder with Fres-
nel number F=8/AL ~1 (which is relatively close to the
one-dimensional model; Sect. 4.2).'*'* For a given size
L ~2a»A, reflection coefficient R, and inversion density
AN, the duration of the super-radiant pulse in these samples
is the same: 7 = 1/2w]. The peak power VQ,,., emerging
from the sphere is greater by the factor V,, /V,,, ~2a/A as
compared with the cylinder. However, under typical condi-
tions (0 =0, 8c In R ='/Q2T,«2a S L_ £cT,, the emission
by the sphere is a superposition of a large number N of modes
with the multipole angular distributions. Hence, super-radi-
ance by the sphere is almost isotropic when averaged over all
the modes, and its intensity per unit solid angle is the same as
for the “single-mode” cylinder radiating into a narrow solid
angle ~A /2a containing its axis.

We note that it was assumed in Refs. 16, 76, and 90 that
each individual super-radiant shot from a sphere was con-
fined to a narrow solid angle S47/(wpa/c)?<1. The oppo-
site point of view is examined in detail in Refs. 29, 77, and 91
(see Sect. 3.7) and is in agreement with experiments***>%
and numerical results **°* on super-radiance by three-di-
mensional samples F> 1.

4.5. Super-radiance of modes with a discrete spectrum and
waves with a continuous spectrum

In general, the instability of waves with a continuous
spectrum (Sects. 2 and 3) and modes with a discrete spec-
trum (Sect. 4) develop simultaneously. To investigate how

‘the super-radiance of waves is replaced by super-radiance of

modes when the reflection coefficient R is allowed to in-
crease, we can consider the simple example of the unidirec-
tional model in the form of a thin-ring sample with feedback
coefficient R (Fig. 13).% This model is simpler than the one-
dimensional plane-layer model (see Fig. 9) because it en-
ables us to avoid additional complications associated with
the interaction between counterpropagating waves on the
nonlinear stage of super-radiance. For the sake of simplicity,
we shall neglect distributed losses (¢ = T [,' = 0) and the
delay (1.9'), and will assume that the sample is short: L /L,
<In R 7!, Ing ;' The Maxwell-Bloch equations (1.9)-
(1.11") then reduce to the sine-Gordon equation with the
boundary condition [see (3.13)]

2, —1
e — In R sin g, 9 =Rl/20i i
aT 8z 4 aT |z, oT |z—,
4.5)
. Qe
Z=2, T=90t=—-—
L P 4o,
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AN/N

Lf&d;:/ﬁ b 7 =0 -
2 : FIG. 13. Numerical solution of (4.5) (solid curve)
- a.5 and the mean-field approximation (4.11) (dashed
L [ curve) for R = 1/e = 0.37: dependence of the Bloch
p ] , angle ¢ and field amplitude dg /9T at exit from the
nF 0.5 T—~10 2 sample (Z=z/L=1) (a) as functions of the time
L T = 2w;t, and the evolution of the spatial structure of
-25N\ 30 inversion AN /N = cos . (b) Unidirectional super-
, 12 radiance in the ring model is shown at the top.
_’-0 -
b

On the linear stage, when sin ¢ = ¢, the Laplace time transformation gives

1 (1-Z")InR~1
@ (T=0,2=0)—RVig (=0, z=N)4R"*|e ¥ 0I=02)qz
?(p, £)= , - %z (4.6)
1 — RV exp [(In R™Y)/4p) )
Z'InR—1 ZlnR 7
+ j“e_ ap 0 (T=0,2) dz'le 4
0z’ p
o
—

The inverse Laplace transformation then leads to the two
super-radiant components

=0+ q, o(T,2)= res @ (p, Z)exp(pT)],

Wl 2)= 3 o exppaT +2(2nim+ Lin R
x {tp(T=o, Z=0)— R"¢(T =0, Z=1)

1 (1-Z")InR~*

/ 09 (1=0.2") , 5,
+R”j€ ! ‘az—,dz}; 4.7)
0
where the dimensionless Laplace variable is p=

—i(w — wy)/ 2w, @, is the residue at the essentially singu-
lar point p =0, and ¢, is the sum of the residues at all the
other  discrete  singular  points  (poles)*®* p,,

= [2 + (8mim/In R ~')] . The latter give the frequencies
of the polariton modes (4.2).

The solution is easier to analyze if we write it in a differ-
ent form by evaluating the Green’s function and its convolu-
tion with the initial distribution ¢ (7 = 0,Z) . We thus obtain
the general solution, equivalent to (4.7), in the form of a sum
of unidirectional solutions corresponding to n-fold propaga-
tion in the ring and involving the Z-shifted self-similar vari-
able&, = [T(Z+n)In R ~']V%

0T, 2)= 3 R™ {(qa(o, 0)— R (0, 1)1y &)
+ (28D oz —z 4 n

)

x I,(IT(Z—Z +n)ln R‘l]‘“)dZ’}. (4.8)

In the absence of reflections (R —0), only the n =0 term
survives in (4.8) and describes the limiting super-radiance
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of waves with a continuous spectrum in the absence of reflec-
tions. Its asymptotic form is «exp(7Z In R ~')'/2. Modes
R #0 with the highest growth rate begin to emerge from the
overall background for T'> T when, as it turns out, we can
make the following replacement in (4.8):

nz —>S...dn.

This integral can be evaluated:

ZInR!

/

‘T
(T, Z)chdzexp(~2—+

1
x ‘Y‘P(T =0, Z')e-Z R4z’
° (4.9)
T>Ty~4InR™+ < (R,

Comparison of (4.9) with (4.7), shows that, in the asympto-
tic case, the m = O polariton mode has the maximum
growth rate o, and begins effectively to remove inversion
after the delay time Ty ~In(NV¥). The final result is super-
radiance of modes with a discrete spectrum, which occurs
for T, > Tg,ie,whenR> R,

1/21
J

This criterion takes account of the increase in the rate of
growth of super-radiance in the presence of feedback, and
therefore gives a slightly greater value for R_ than the
coarse estimate R, ~ (NV) ™ "/* of Sect. 4.4 for M~ 1. The
earlier condition for the absence of the effect of feedback on
super-radiance,” i.e., R<1/7In[#(NV)'"2}(NV)V3, is
not a criterion for the selection of modes with a discrete
spectrum, and is not, therefore, in conflict with (4.10).
The dynamics of the nonlinear stage of super-radiant

JnR;,‘~1n(NV)[2{1+[1+1_'61n(NV)} J (4.10)
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FIG. 14. a, >—Same as Fig. 13 in the case of the numerical

\r1000/07 AN Ty
a5
0
g
-05
-10
a b

modes (R > R_, ) is significantly different for strong (R~1)
and weak (R <) reflections. When R ~ 1, equation (4.5)
reduces to the equation of the mean-field model [cf. (3.17)
and Ref. 66]
dop(7,z=1) _ 1
d7r 2
@¢m2=n=nm@mHﬁ~nﬂ.

sing(T, Z=1)

(4.11)

The result is single-pulse polariton-mode super-radiance
(Fig. 13).

When R €1, the mode (4.9) is pushed against the exit
end at Z = 1. Initially, inversion is removed only at this end,
and the presence of the left-hand boundary at Z = 0 has no
effect. The first super-radiant pulse is therefore very similar
to the 277-pulse in infinite space, i.e., a soliton of the sine-
Gordon equation

- T
¢ &~ 4 arctg exp (T_—i—Z_lzn_R_i — —d) ,

2
(4.12)
E o« %o on(THERED -2
or 2 2

Thereafter, the value ¢ (7,Z = 1) ~7 is established at the
exit end, so that, in accordance with the boundary condition
(4.5), a small polarization appears at entry: ¢(7,Z =0)
~JR <1. The final effect® is that the first powerful super-
radiant polariton-mode pulse is followed by the self-similar
super-radiant regime, i.e., a continuous-spectrum ‘“‘after-
glow” (Fig. 14) described by a solution of (3.11) thatis a
function of the variable

2

E=[T—T)ZIn R, T,~Ts—

Ing—t’

: : (4.13)
B~ - In(2ng.RY) =~ < In R n (2rR7Y)).

4.6. Effect of weak reflections

For a macroscopic sample, (4.10) gives R <1. For
example, when NV ~ 10", we have R_, ~ 1072 This means
that even weak (and occasionally uncontrolled) reflections
can alter the super-radiant regime by increasing the power,
reducing the duration 7 of the first pulse, and reducing its
delay time ¢ . This is important if we wish to produce super-
radiance in the short-wave range in which good mirrors are
not available. In addition to initiation (see Sect. 3.6), reflec-
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solution of (4.5) with the 27 pulse (4.12) (dot-dash
curve) and the self-similar solution of (3.11), (4.13)
(dashed lines) for R = 1/¢*~1.8-10~2,

tions can also be used to ensure that the super-radiance con-
dition t; & T, is satisfied in media with fast phase relaxation,
e.g., incrystals and glass fibers (laser generation in activated.
fiber lightguides is discussed, for example, in Ref. 113).

We also note that, while in the absence of reflections by
the boundaries, the super-radiant frequency shift and its
variation during the emission of the pulse are small, they
may become considerable’ when reflections occur in a par-
ticle, resonator, or waveguide. Moreover, this collective
Lamb frequency shift is difficult to detect experimentally.

The appearance of symmetric polariton modes due to
reflections during super-radiance (Fig. 9) may be signaled
by the synchrotron emission of identical pulses from both
ends of the cylindrical sample. This type of super-radiance,
and also the super-radiance of modes with a discrete spec-
trum in a disk-shaped active sample, have been observed
experimentally®® in the case of KC1:0, crystals. From the
experimental point of view, the effect of reflections on super-
radiance is still a largely unresolved problem. There are also
some unsolved theoretical problems, e.g., it is not clear
whether weak reflections by boundaries (R € 1) can result,
during super-radiance, in lattice inversion AN(r) with
strong Bragg reflection that produces the self-trapping of
some of the radiation in the sample. Super-radiance under
the conditions of “given” Bragg diffraction is discussed in
Refs. 13a, 59, 75, and 96.

5. PHENOMENOLOGICAL QUANTUM ELECTRODYNAMICS
OF ACTIVE MEDIA AND THE QUANTUM-STATISTICAL
PROPERTIES OF SUPER-RADIANCE

In phenomenological quantum electrodynamics
(PQED), the normal waves are taken to be photons in the
medium (quanta of transverse waves) and plasmons (quan-
ta of longitudinal waves) with energy %o, (k) and momen-
tum fik. In contrast to microscopic quantum electrodynam-
ics, PQED starts not with the equations for the quantum
interaction between individual particles and photons in
vacuum, but with the classical (non-operator) equations of
continuum electrodynamics for the local macroscopic field
and the polarization in the medium.*'"*"'% The transfor-
mation of these equations to the Hamiltonian form and their
subsequent canonical quantization immediately enables us
to use the quantum statistics of collective excitations in the
medium.

We shall show in this Section how PQED can be con-
structed for active media. This is not a trivial question be-
cause PQED is generally accepted only for transparent me-
dia in which Imw,;(k) =0 (Sect. 5.1). Attempts to
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generalize PQED to absorbing media Im w; <0), which are
reviewed in Ref. 99, have not resulted in a physically satis-
factory theory. On the other hand, there is no doubt that
PQED reduces in the case of absorbing media to the quanti-
zation of damped oscillators with positive-definite ener-
gy.'®*1% The situation is found to be qualitatively different
in the case of active media (/m w; >0). It has become clear,
following the publication of Refs.29 and 91, that the evolu-
tion of quantum fluctuations in an active medium, e.g., dur-
ing super-radiance, must be described as an instability oc-
curing during the interaction between quantum oscillators
(modes or waves) with different signs of energy. Broadly
speaking, this may be referred to as a dissipative instability
because, relative to a selected dynamic subsystem of unsta-
ble oscillators, the remaining oscillators play the role of a
dissipative subsystem in one way or another (see Sect. 5.2).
The dissipative character of the instability as a macroscopic
phenomenon means that we have to introduce into quantum
theory the Hermitian Hamilton operator that is not positive-
definite (in the linear approximation). This approach en-
ables us to establish a general quantization scheme and to
describe the dynamic evolution of fluctuations in collective
excitation between the micro- and macro-levels. This pro-
vides a much simpler way of taking into account frequency
and spatial dispersion, nonlinearity and inhomogeneity, ani-
sotropy, and the presence of sources in the medium.

As a simple example of the application of PQED to ac-
tive media, we can consider the statistics of the delay time
and the polarization elipse for discrete-mode super-radiance
(see Sect. 5.3). The efficacy of PQED in the analysis of
quantum-statistical phenomena in amplifiers and oscillators
relies, in the first instance, on the fact that the well-tried
methods of solution of the truncated equations of classical
wave theory can be extended to the quantum theory of Hei-
senberg operators for slowly-varying macrofield ampli-
tudes. A closely related approach has been developed for
problems involving the interaction and propagation of pho-
tons and excitons (via the kinetic equation approxima-
tion),'”” stimulated parametric scattering (based on the
parabolic operator equation),”® and super-radiance (using

the Maxwell-Bloch operator equations).*>?>7677.78:50.51

5.1. Quantum electrodynamics of transparent dispersive
media

PQED has its origin in a 1940 paper by Ginzburg, and
has been the subject of extensive development ever since (see
Ref. 3 for the relevant citations). The theory starts with
Maxwell’s equations for a medium
0P

—|—4c T

; (5.1)

where 7 is the polarization of the medium. PQED is con-
structed by the Hamilton method whereby the field is ex-
panded in terms of normal waves (modes) in the medium,
8&; < exp(ikr), labeled by the subscript j (see Sect. 1.2). The
frequencies of these modes in a transparent medium are posi-
tive (w,; >0), and the permittivity is an even function of
frequency, £,5 (w,k) = €,5 ( — ®,k), since there is no relax-
ation and the equations for the polarization of the medium
are reversible in time. '

The quantization of the free field in the transparent lin-
ear medium is performed by analogy with quantization in
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vacuum. The creation and annihilation operators 4,} and &,;
for photons in the medium and plasmons must satisfy the
canonical commutation relations (1.7). The free-field Ham-
iltonian is equal to the total energy of the normal field oscil-
lators with generalized coordinates §,; and momenta p;:

kak! (aklakl + ) P 2 (pk/ + mk/qk])
k,f k,;
~ fo\lz, A Ry 172 A -
G =<2“’—m) @+ ), Py =i ( k') (axj — ax)).

(5.2)

In accordance with the energy of the quasimonochromatic
field in a dispersive medium, well known in classical electro-
dynamics, ' the eigenfunctions &, are normalized to the en-
ergy of the jth mode quantum:

4?1 {:’_: > Y (g (2i)s + | [k, g/l ®
pit]

P.0H=1 ‘D:(')j(k)

X dr = hay (5.3)

When the medium is nonlinear, the Maxwell equations
can also be reduced to an equivalent set of Hamilton equa-
tions, and then quantized. A systematic presentation of
PQED for transparent media and its applications to the gen-
eration and propagation of waves in media can be found in
Refs. 1, 3, and 97-103 and in the citations given therein. The
fact that PQED had to be used in the analysis of, for exam-
ple, the bremsstrahlung emitted by electrons interacting
strongly with neighboring atoms in the medium, was well
understood by Ter-Mikaelyan, Landau, and Pomeran-
chuk.”

5.2. Quantum theory of dissipative instability

The PQED of active media, which we shall develop here
for super-radiance, is based on the quantum theory of dissi-
pativeinstability. Its simplest variant, i.e., the dynamic dissi-
pative instability of two coupled oscillators with different
signs of the quanta of energy (see the second footnote in Sect.
2.3) is described by the Hamiltonian'®’

A=—1oata, + hoaia, - %h (na,a, + natal),

where [ > 0 and the partial-oscillator creation and anni-
hilation operators &* and &, ( j = 1, 2) satisfy the canonical
commutation relations (1.7). For example, this variant de-
scribes the anomalous instability (2.4) in an inverted two-
level medium during the interaction (7 = @, ) between the
partial oscillations of polarization (! = w,) and the elec-
tromagnetic field (@3” = ck) in the single-mode model of
super-radiance or optical nutation. The complex transfor-
mation of the creation and annihilation operators

af =a} — a2 (0 — o),
22=—[\]{afn‘[2(col——m,))]‘1——a}{2[[1] | (5.5)
— ((.0(0) (20))2]1/2}_1
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leads to noncommuting normal oscillators with the follow-
ing Hamiltonian:
A = ho,0}at 4 03,3, + hof?,
: (5.6)
0= —-{ﬁ)(o) + o)(,o) + l[[ 'r]’ l — (0)(10) _ mg)))z]l/z},
and to the following cross-commutation relations®*'%* in-
stead of the canonical relations (1.7):

(at,a]=1, laf,a]l=0 (j=1,2 j=12.(57)

The Helsenberg equatlons of motlon for the new oscillators
are a1 = zwla, ,02 = — zw202 where, and henceforth,
we assume that o} > 0.

The solution of the problem with the Hamiltonian (5.6)
is elementary and enables us to perform a complete investi-
gation of the statistics of the process. According to the con-
servation law for the difference between the numbers of par-
tial oscillators d/dt(#; — #,) =0, which follows from
(5.4), where #i;,, = a4, ,, the dynamic dissipative insta-
bility develops as a result of the exchange of excitation quan-
ta between these oscillators. The fundamental quantum-me-
chanical result is that the coupled oscillators, which need not
be initially excited [ p(n,t = 0) = §(n)], can become excit-
ed as a result of spontaneous fluctuations, i.e., we can have
the spontaneous creation of pairs of quanta from the vacuum
state. The mean number of quanta is then found to rise from
the initial value of zero: 7(¢) = |77/2w}|* sh’(w}t). The
asymptotic form (71— oo ) of the statistical distribution of the
number 7 of quanta of the partial oscillators is found to be
exponential and Gibbs-like:

o(n, t)=%exp(—%) (n=>0),

n

(5.8)

(o ydn=1, n(t)=nuexp0)),
0

which corresponds to the Gaussian statistics of fluctuations
in the field amplitude. If we start with thermal fluctuations
at temperature 7, the asymptotic form of p(n,?) is again
given by (5.8), but with a larger mean number of quanta:

hu)l ﬁm?’
nerf—-l—l —cth +- .

ZnT

Another form of dissipative instability occurs during
the interaction between a dynamic subsystem of negative
energy (the oscillator @,) and a dissipative subsystem of
positive energy (thermostat consisting of a continuum of os-
cillators b, that are not directly coupled):

A =—100a1a, + X honbitbe -+ D)+ 7 (Besbe + Bi bial).
k kR =

(5.9)

The fact that the thermostat is macroscopic in the limit of
the continuous spectrum of frequencies o, [2,..
~fdwg(w)...] ensures that the process is irreversible in
time. This model of the thermostat, i.e., the particular phe-
nomenological description of the quantum dynamics of the
initial classical system,'®® can be justified by the fact that the
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FIG. 15. Exchange of negative and positive energy quanta between dy-
namic oscillators ( — #iw{”) and thermostat oscillators ( + #fiw, ) during
the spontaneous development of dissipative instability.

macroscopically observed results do not depend on the
choice of the microscopic parametersg (o) and 8, = f(w).

The above problem can be solved analytically in the
Weisskopf-Wigner approximation. It follows from this solu-
tion that the dissipative instability again spontaneously de-
velops even from the unexcited vacuum state: n,(¢)
=exp(2wit) — 1(t>0) (Fig. 15). The observed (modified
by the thermostat) complex frequency of the dynamic oscil-
lator is

o = 0 - Aw, + i),

- Bw) *_&lw)
A, =V, p.-ll o] o o (5.10)
0)
a)l:ng(m(lo)) _ﬁ_(._.)_( <(1)(°’

In general, if we start with spontaneous and/or thermal fluc-
tuations, we again have the asymptotic form (5.8) with ef-
fective number of quanta n.; = cth(#iw{®/2xT) > 1

The quantum theory based on the models defined by
(5.4) and (5.9) can be extended to the more general case of
dissipative instabilities that include both the interaction
between dynamic oscillators with energies of different sign
and the irreversible removal of oscillator energy by the ther-
mostats. The coupling between a dynamic oscillator and a
thermostat consisting of oscillators whose energy has the
same or different sign [ which modifies its frequency by anal-
ogy with (5.10)] will then describe relaxation and incoher-
ent amplification, respectively. Thus, for fluctuations in the
polarizations of a two-level medium, this gives the relaxation
T ;- ', whereas for the electromagnetic mode, we have the
positive resistive dissipation 270 or the negative dissipation
270, in lasers (see Sect. 4.3).

The PQED quantization procedure for active linear
media may be summarized as follows. First, we must find the
normal waves and their frequencies w; (k). Next, we must
set to zero all the relaxation and dissipation constants, and
proceed to the Hamiltonian equations for the dynamic
modes, which are found to be split into pairs of modes with
complex conjugate frequencies Q2 = Q" + Q" and in-
dividual stationary modes with real frequencies Q“’). Each
pair of modes 22,2" is then represented by a set of two
interacting partial oscillators with energies — #iw'} and

+ #iw’Y of different sign, by analogy with (5.4). The ampli-
tudes of the resulting mode oscillators are normalized to the
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energy of one quantum [cf. (5.3)]. Next, in the Hamilto-
nian, we add to each dynamic partial oscillator
Qf and — @Y, + 0}y a pair of thermostats of partial os-
cillators with different sign of energy, which interact with it,
so that the frequencies 25 and Q3 modified by the ther-
mostats are equal to the original frequencies w, [cf. (5.10)].

Finally, quantization is performed by replacing the ca-
nonical coordinates and momenta of all the above partial
oscillators with the corresponding operators obeying the ca-
nonical commutation relations [cf. (1.7) and (5.2)]. Of
course, the canonical modes with Q" #0 are then found to
obey the cross-commutation relations (5.7). This means
that the Hamiltonian for the set of oscillators with energies
of different sign in the active medium is not diagonalized by
the analog of the canonical Bogolyubov transformation®that
preserves the commutation relations. This is in contrast to
the situation for the set of oscillators of positive energy in a
transparent medium (see Sect. 5.1). Unless we understand
this fundamental point, we cannot extend our discussion be-
yond the framework of PQED for transparent media, and
systematically quantize the field in active and absorbing me-
dia. It is therefore clear that the analysis of the quantum-
statistical properties of unstable macrofield oscillators re-
duces in PQED to the quantum theory of dissipative
instability.'®

5.3. Macroscopic manifestations of quantum fluctuations of
super-radiance

Spontaneous quantum fluctuations are amplified in the
course of super-radiance to the macroscopically observable
level, and this in turn leads to strong fluctuations in the pa-
rameters of the super-radiant pulse that cannot be predicted
between successive shots.

This remarkable phenomenon has been investigated
in a few experimental'®>*****3392%%  and  theoreti-
cal'# 1619284276108 paners. We shall illustrate how it can be
described by the PQED of active media by considering the
statistics of the delay time ¢4 in discrete-mode super-radi-
ance (Sect. 4). For simplicity, we shall take into account
only M modes with growth rates w/, (m = 1,...,.M) of the
order of the maximum value 1/27. According to Sect. 5.2,
the numbers 7, of quanta in different modes are indepen-
dent random quantities with the asymptotic probability dis-
tribution (5.8). The probability that the super-radiant pulse
will be emitted within the time interval 0 < t < ¢4 is equal to
the probability that the total number of quanta

M
ﬂ.=2ﬂm

m=1

with the probability distribution

M- -
p(n)=<_’—l) (M — 1)ty exp (— =)
n Lom
at time ¢4 will exceed one-half of the number of inverted
molecules'”, N¥ /2. If we write the above condition in the
form
ty/t l' \ , ~ .
I I I G L
| (%) 7= Voln Zt]dan

o AV /2 .

and differentiate it with respect to ¢, we obtain the required
distribution for the normalized delay time®'

Sty M o ty gt
f(\T)—__—_(M—l)! exp (}—M—T——ue /),
“E ey (5.11)

This result means that the super-radiance statistics de-
pends on the shape of the sample, which reduces to the de-
pendence of the number M of unstable polariton modes on
the sample shape (Fig. 16a). This number is determined by
the solution of the corresponding electrodynamic problem
(see Sect. 4). For example, for a sphere of radius ¢> A, the
number of modes is M ~ (wqa/c)*> 1, whereas for a cylinder
with Fresnel number F, estimates'® show that
M~[(F*+ 1+ (1/F)]/3. As M increases, the mean delay
time is reduced in accordance with the formula ¢, = 7 In(u/
M), whereas experiment shows that fluctuations decline®*®*
in accordance with the expression (Figs. 16 and 16b)

o (M) = [£2 — (") (o)

(3-8 )ing [ =0 (g o

m=1

The investigations’”**%° cited above refer to an experi-

ment on the super-radiance of waves with a continuous spec-
trum in low-pressure cesium vapor®? in which L SL_ and
reflections by the boundaries were very weak (in contrast to
the super-radiance of modes with a discrete spectrum in res-
onators and activated solids). Nevertheless, the behavior of
super-radiance statistics when the scale of the cylindrical
sample is varied is similar in the two super-radiance regimes
(Fig. 16b). In the special case of the single-mode model
(M = 1), theresult given by (5.11) agrees at T = 0 with the
risetimes obtained for single-mode lasers'? by other meth-
ods in super-radiance theory'* and in the theory of fluctu-
ations.

FIG. 16. Dependence of the statistics of super-radiance
delay time on sample shape. a—Probability distribution
(5.11) for u = 10'", b—Relative variance o of the delay
time ¢, as a function of the Fresnel number £ = S /AL for
cylindrical samples (NAL?=10¥ L =const): solid
line—envelope (5.12), dashed rectangles—experiment,”
triangles, full rectangles, and vertical segments—numeri-
cal calculations reported in Refs. 77, 94, and 95, respec-
tively.
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FIG. 17. Probability distribution for the angle 3 repre-
senting the orientation and eccentricity of the super-radi-
ance polarization ellipse in the case of polarization degen-
eracy (o) =wj, r=1) (a) and weak anisotropy,
determined by the linear polarization of the pump at angle
B=m/2 (0} #0%, t =10) (b): 1—linear PQED—for-
mula (5.13), 2—typical experimental histogram,* 3 and
4—linear and nonlinear theory ™.
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When the properties of orthogonally polarized super-
radiant modes in an isotropic medium (Sec. 2.5) are taken
into account, the PQED of active media is also capable of
explaining the statistics of fluctuations in the polarization
ellipse, observed experimentally in Refs. 14 and 53. The usu-
al procedure is to measure the probability distribution f, for
the angle Be[0,7/2] deduced from the ratio of intensities
(number of photons) detected by two receivers with orthog-
onal polarizations: tg’8 = I,/I,=n,/n,. For example, con-
sider two unstable super-radiant modes with orthogonal lin-
ear polarizations and approximately equal growth rates,
o =w; j=1/2—j' = 1/2 emitted as a result of the transi-
tion (see Sec. 2.5). The numbers of photons, 7, , , are statisti-
cally independent, and their distributions are given by (5.8).
The distributions of the ratio #,/#, and of the angle S are
therefore of the form
fa= Y sin 2f

o (Y cos?B -+ sin?B)2

o

m [T+ (”z/ﬂl)li,

=12 « exp[2(w], — @)1].
"

(5.13)

The theory of fluctuations in the polarization of super-
radiance was given in Ref. 53, but it was based on a distribu-
tion of mode photons that was different from (5.8), and the
analysis was confined to the case of exact degeneracy
(0f = o}). It predicted an infinite peak in f; at 8= 7/4
(Fig. 17a), which has not been observed. The result given by
(5.13) and its generalization to arbitrary elliptic polariza-
tion of modes disagree with the theoretical predictions of
Ref. 53, but are in qualitative agreement with observations of
Ref. 53 such as the considerable change (including total irre-
producibility) in histograms for a small change in experi-
mental conditions, e.g., the direction and polarization of the
pump, geometric parameters, external fields, and so on. The
point is that large changes in f; are due to the exponentially
large enhancement of the manifestations of even a weak ani-
sotropy (and gyrotropy) during super-radiance. Even a
small difference between the growth rates of orthogonally
polarized modes can have a considerable effect on the statis-
tics of polarization, and can emphasize the contribution due
to the mode with the higher growth rate (Fig. 17b).

6. EFFECTS OF SPATIAL DISPERSION IN A GAS OF TWO-
LEVEL MOLECULES

So far, we have confined our attention to active media
consisting of immobile particles. Allowance for the transla-
tional velocity distribution of the particles leads to qualita-
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tively new effects in the electrodynamics of coherent wave
processes. We then have to consider not only frequency dis-
persion, but also the nonlinearity of spatial dispersion, i.e.,
the dependence of permittivity £ on the wave number k. Spa-
tial dispersion is due to the different reaction of particles
with different velocity to the field with a given spatial struc-
ture. 27

6.1. Polariton spectrum of a gas with allowance for the
thermal motion of the molecules
Consider an isotropic gas of two-level molecules with
the Maxwellian  velocity  distribution  F(v/vy)
= 7~ 2exp( — v*/v%), where M is the mass of a molecule,
vy =+2%xT/M , and T is the gas-kinetic temperature. The

constitutive equation (1.10) must now be replaced>*''

with the transport equation'®’
(2 +V9) o 275" (G o+ V9 ) o+ 3+ T

20,d%n P
_ - 24" 6.1
= 3 Endr, 1), ( )

where p(v,r,2)d*rd?v and a(v,r,t)d’rd’v are, respectively,
the mean h.f. polarization and the difference between the
populations of molecules within the volume element d’r and
velocity interval d’v. Assuming that # = ANv; 'F, and in-
troducing the Kramp function>!!!

z

w(Z)=e-Z'(1+%§exps“ds), (6.2)

for fields a exp( — iwt + ikr), we find that the permittivity
is given by*’

_ 1420 | idag
elo, ) =T+ (6.3)
iyno [ ( m—}-iT;‘—mo) ((o—}-iT;‘—}-(oo\]
= w —w
180y k07 kuy kup )

where we have taken account of the difference between the
acting field and the mean field, i.e., the Lorentz correction
E, — E = (47/3)P. Hence, for frequencies that are very
distant from the Doppler line, for which |0 + iT; ' T a,|
kv, 0" +T57'> — |0 Fo,| and o(2) =iz?Z2 7,
the value of ¢ for w ~ w, differs from (1.15) by only the small
shift of the resonance frequency: wy— w, — w2 /9w, (for
\9 1 <l).8,112

The resonance spatial dispersion effects* that are of
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interest to us here produce a qualitative change in the shape
of the polariton spectrum (2.1) and arise in the region of the

Doppler line

ImZ+|ReZ|<| 217,
Z = (04 iT:" — og) (kor) ™.

The character of the spectrum of homogeneous transverse
waves (1.16) for ck ~ w, then depends mostly on the ratio of
the two parameters 2kv; and |w, |. If Doppler broadening is
small in comparison with the cooperation frequency of the
gas, i.e., 2kv; <€|w,|, the effect of the thermal motion on
wave dispersion w,, (k) (2.1) is small because, almost
everywhere,

(6.4)

/6y, W/,
131 7 131
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__——,"/
0} & 10}
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- FIG. 18. a—Polariton spectrum ) = (&' 4 io")/w, as a
function of kc/w, for a gas, with allowance for the Doppler
1+ a/2) broadening for |2mo— T, '| = |0}|/12w, = 10" 0,
Left—graphs for 2v,/c = 0.4a, right—2v,./c = 3a, where
4 a=|w |/Y3w,=02. a—Univerted gas with T, ' =40
s = w!/6w,, b—inverted gas with T; ' =470 = — w2/6w,,
c—conducting inverted gas with 2ro =T, '= — »!/6w,,
N Solid curves—polarization waves, dot-dash curves—electro-
a7l - magnetic waves. Dashed lines show segments of dispersion
ot L Se— curves with strong collisionless damping.
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1Z|>1,
w(Z)=in—1/zz-1(1 T %z—2+ ) .

This asymptotic behavior gives rise to small corrections
and is invalid for (6.4), i.e., for |Z| <1 and/or within the
cone|(7/2) + arg Z | <w/4. For the polarization wave
@, (k), this corresponds to the part of the Doppler line for
which one of the following inequalities is satisfied:'”

, - joilc
|ck—wg—i(2no — T | 2 ——,

3wy (6.4")
wgoF op 1y
. S—?-l-(?no—rz).

(ck — o) +

The spatial dispersion effect manifests itself in both variants
in (6.4') as strong collisionless damping that occurs with the
rate —@” R kvy + T, ' and is due to the dephasing of the
ordered fluctuations in the polarization of the molecules in
the course of their thermal motion (see Fig. 18 and Sec. 6.2).

When the Doppler broadening is large, 2kv; > o, |, the
above suppression of the polarization wave by thermal mo-
tion occurs throughout the polariton spectrum. The only
weakly damped (or growing) wave is the electromagnetic
wave with the dispersion relation

iV nco? ck —w, — i (210 — T7Y)
oy = ck — i2n0 — 4 °w( id z ).

120gvy kup

om0 — T3 & | ck — o, | + kor. (6.5)
This is also valid for large Lorentz broadening, |27o
— T';'|> |w., and is obtained by applying the perturbation
method to the dipersion relation (1.16), (6.3). When kv,
<oy and 27|y| = 1.5|60 1 <1, we find that

. 2siock Y ew} ( 0 — g +iT5" )

0—0,=ck— o, —I {
° ¢ ) 12000, kur

(6.6)

Only the limiting case defined by (6.5) is well known in
the spectroscopy of gases. This is the “Voigt” dispersion law,
which takes the form of a correction to the ‘“vacuum”

law5,9,110
*k 1 =2nx,,
(O]
o) — = 20 WEHDE 67
0 3V mhogr J_ (0/wg) + (/T s09) — 1 — (v/C)

and implies that the replacement k — w,/c is possiblein (6.3)
before the dispersion equation (1.16) is solved. However,
this replacement, which distorts the spatial dispersion ef-
fects associateed with the Doppler spread of moleculear fre-
quencies w, + kv, is not always admissible.*”** This applies,
above all, tothe case |w, % 2kv; % |270T ;. for which spa-
tial dispersion becomes significant, but does not as yet pre-
clude the polariton resonance. To find the correct polariton
spectrum w(k), we must therefore turn to equation (6.6)
which allows for the dependence of £ on &, and is found to
contain a whole series of solutions, most of which are highly
damped.'® A numerical analysis of the evolution of the po-
lariton spectrum with increasing Doppler broadening is
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shown in Fig. 18 from which highly damped waves have
been removed.

6.2. Collisionless damping in the Doppler line wings

Strong collisionless damping of polarization and elec-
tromagnetic waves is due to the relaxation of the initial po-
larization of the gas as the molecules traverse the distance
~A =2m/k in the course of their thermal motion. The
damping is formally related to the new normal waves
w{ (k) that appear near the polariton spectrum. These
waves correspond to solutions of the dispersion equation
(1.16), that are localized near the zeros of the Kramp func-
tion(w(Z) = 0), which lie along the bisectors of the third
and fourth quadrants of the complex plane of Z. We shall not
reproduce here the corresponding solutions of (6.6) (Ref.
45); they are illustrated in Fig. 19.

We note that, in the most interesting case for which
|o.| 2 2kvy>T; ', the damping rate of * " (k) ~ 2kv for
waves with collisionless damping and low values of j is found
to be less than |w, |/2 or 2o, which determine the damping
rate (@, (k) (2.2) of waves in the polariton spectrum if we
neglect spatial dispersion [in the wave number range defined
by the second inequality in (6.4’)]. In particular, in a highly
conducting gas, in which 2mo> kv, we can therefore have
prolonged (on the time scale o~ ') existence of molecular
polarization transported by waves with collisionless damp-
ing. According to Fig. 19b, the Voigt dispersion curve for
electromagnetic waves is significantly deformed and shows a
break in the Doppler line wings, so that the standard solu-
tion (6.5), (6.7) ceases to be valid. Spatial dispersion is thus
seen to alter the spectrum and the damping of normal waves
and, consequently, the evolution of field and polarization
perturbations in the gas at frequencies close to the strong
electrodipole lines.

6.3. Longitudinal polarization waves. Analogy with plasma
waves

Polaritons o, , (k) with k~®,/c are not the only phe-
nomena found beyond the Doppler line limits of the gas.
There are also long polarization waves with the dispersion
relation

2 gkz 3 kz 2.2 2110(02
=1 o p e Ty — i
0

2 3 2
2w 6w, 3w;

— o2 \? o ?
— (Y nkor ( Qwokvr) exp [— 1— ( Sofor ) ] ,

r< ol g <2 (6.8)

oouy ¢

[see (6.6) and Fig. 19].*° These transverse waves have
e=k 202/wf, <1, sothat they are not very different from lon-
gitudinal waves with £=0, for which o, =0,
— k3c*w? /603 because of the absence of the magnetic field.
[ A dispersion relation for the longitudinal waves in an unin-
verted gas has been obtained by Kazantsev*for ¢ = 0. How-
ever, his transverse excitons in a gas do not correspond to the
actual polarization waves described by (6.8)].

The fact that the damping of polarization waves (6.8)
becomes exponentially small for T, '«<kv, is due to the
frequency shift of collective molecular polarization oscilla-
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FIG. 19. a, b—Spectrum of normal transverse waves ) = (@' + iw")/w, and the corresponding functions Z(k) = (w + iT, — w,)/ kv, for the disper-
sion curves on the plane of the complex argument Z of the Kramp function in the region of the Doppler line (6.4) for 0 <k <®,/10v,.The graphs are con-

structed for v, w,/c = |’

/3w, = 4T, ' = 0.04w,; weakly conducting uninverted gas (v,w,/¢ > 270 = w?/6w,) (a) and a highly conducting inverted

gas (U, 0,/¢ <270 = |0.|/2y3 = — 502 /6w, (b) The inner part of the Doppler line |&@' — w,| < kv, is shown shaded; the direction of increasing & is
indicated by arrows at points Z(k = w,/c); circles mark the zeros of the Kramp function [w(Z) = 0].

tions due to the Lorentz correction which takes most of the
molecules out of the Doppler resonance with the wave. The
thermal velocity spread of the molecules then gives a spatial
dispersion effect that is quadratic in %, i.e., there is an addi-
tional shift of the wave frequency [cf. the second and third
terms in (6.8)]. This leads to a nonzero group velocity
dw; /dk =90} kw,/»}. In the inverted gas, the ohmic con-
ductivity reduces the long-wave damping and, for
2ro> — 3T ;7 'wi/w?, leads to dissipative instability, since
the wave energy density is negative:

Lo VERL  Oe(e k) z3lE’lmg (1
90,

16m 0w 8nw?

1 QmLva\ ?
< e
If we ignore the last point, we can readily see an analogy
between these waves in a gas of two-level molecules (w,#0;
Secs. 3.1-6.3) and cyclotron waves in magnetoactive plasma

(wy=wy ) or Langmuir waves in isotropic plasma?®’:3*451!!
(w, = 0). The difference between them is essentially (and

e
o [0
——

(6.9)
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only) due to the different reasons for the frequency shift of
collective oscillations. In a gas, the Lorentz correction en-
sures that it is determined by the cooperative frequency of
the medium (w?/90, = — 87 d AN /9%), whereas in mag-
netoactive and isotropic plasma it is due to the gyrofre-
quency wy and the electron Langmuir frequency w, . As for
the Debye length rp, = v/w, , which determines the short-
wave limit of the exponentially weak collisionless Landau
damping of Langmuir waves in Cherenkov resonance, it is
clear from (6.8) that thescale A ; = 187vrw,/|w? | plays the
analogous part for longitudinal waves and long polarization
waves.

6.4. “Beam” instabilities in a gas of active molecules

Let us now develop further the analogy with plasma
phenomena and consider a gas containing a beam of neutral
molecules of the same kind as the molecules of the main gas,
but with opposite inversion: AN, = — pAN, p < 1. Analysis
of this situation in the polariton part of the spectrum
k~w,/c shows* that, at the Doppler resonance
kv, = @ — w,, a beam moving with velocity v, Z v, can ex-
cite transverse waves of frequency w = w,., (k). When
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w2, + T; '| €kvp,, the presence of the beam is equivalent
to the conductivity o, = — pw?/24\/mkv 5, where vy, is the
thermal velocity spread of the molecules in the beam. The
inverted beam has ¢, <0 and gives rise to the maser-type
instability: w., ~ — (7o, + 7o + T3 '/2) (we are assum-
ing that |o, |»2kv, 2770, T;'). The uninverted beam has
0y, > 0and, according to Sec. 2.1, produces either an anoma-
lous instability of the electromagnetic wave or the dissipa-
tive instability of the polarization wave.

The beam of inverted molecules or, more precisely, the
“beam” distribution of inversion with velocity, AN(v), can
be produced in the gas by, say, a quasimonochromatic pump,
using the well-known three-level scheme and the Doppler
effect. In gas lasers with Doppler broadening, it is also possi-
ble to produce two-hump or more complicated velocity dis-
tributions of inversion by exploiting the nonlinear saturation
effect. According to Ref. 44, the instabilities of the new nor-
mal waves that accompany this can have a significant effect
on the emission spectrum and on the operation of the laser. It
is quite possible that these ‘“‘beam” instabilities develop in
the course of spontaneous coherent fluctuations in gas lasers
operating well above the generation threshold.*’ More com-
plicated spatial dispersion effects may be expected in partial-
ly ionized gases''*!'" in the case of the plasma-dipole reso-
nance for which w,~w, (see Sec. 2.4), or during the
excitation of molecular polarization oscillations by an elec-
tron beam.''*''® However, studies of these questions, and
searches for new (other than electromagnetic) high-fre-
quency waves are only just beginning.

6.5. Effect of Doppler (inhomogeneous) broadening on
super-radiance

We have seen that an increase in linewidth reduces the
growth rate of normal waves in an inverted medium. This
applies both to the inhomogeneous broadening'® (2/T%)
(including the Doppler broadening (2kv;) and homoge-
neous, Lorentz broadening (2/7,). The result is a reduction
in the super-radiant power, an increase in its delay ¢, and
duration 7, a loss of super-radiant oscillations, an asymmet-
ric pulse, and a partial release of the energy of the medium by
emission of radiation. These conclusions are based mostly on
numerical calculations!3-'>!7!82627 and are in agreement
with experiments on gases and crystals.'>**%** On the
whole, the effect of inhomogeneous broadening on the prop-
erties of super-radiance is significantly smaller than the ef-
fect of homogeneous broadening.*> When inhomogeneous

ber

FVE o ———
7L Wy

(g7 Qo 52
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broadening is present, the analytic solution of the problem,
which includes the nonlinear stage of super-radiance, can be
obtained, at least in principle, by the inverse-problem meth-
od of the theory of scattering.®*!'* However, simple general
formulas for the super-radiance parameters have not as yet
been obtained.

The coherence criterion for a time-dependent optical
process in general, and super-radiance in particular, has at-
tracted considerable attention in the literature. In our view,
in accordance with (1.1), the general criterion is |E ~'dE /
dt|> 1/T,,i.e., it involves the rate of change of the field am-
plitude acting on the molecules. This means that the polar-
ization of the molecule does not follow the field adiabatic-
ally, i.e., it depends on the form of the process E(¢, r). The
growth of the plane wave E wexp(w”t) with k = w,/c and
growth rate " ~ |w?|T#/4<1/T# in the case of the inho-
mogeneous line of Lorentzian shape (see footnote 18) is a
coherent process if |[E “'dE/dt| = 0" > 1/T,, ie., |o,]
>2/(T,T*)'2. This is a generalization of the criterion
l@. | >2/T; of Sec. 2.1. For polariton-mode super-radiance
with a discrete spectrum (Sec. 4), the criterion for coherent
super-radiance assumes the form @ > 1/T>. For unidirec-
tional super-radiance of waves with a continuous spectrum
and inhomogeneous broadening with a Lorentz frequency
distribution of the molecules, [f*(w,) =T*/
7{1 + [(@o — @,) T*]?}, the asymptotic form of the field
on the linear stage Ewexp||w,|(tL/c)'? — (t/T%)],
which corresponds to (3.8) after the replacement 1/T,
—1/T*>1/T,. In this case, we obtain the condition
(|@?|L /4ct*)V2 > 1/T¥, ie., (t¥75)"2<T%*, where 74
=2T%/u,L and u, is the amplification factor at the line
center. The observed delay ¢ ¥ is greater than 4 (3.12) and,
in particular,” t¥=ty[1+ (247)A(TH '] for
(t,7r)"* <€ T*. Tt is indeed the criterion (t*7z)'? <T%*
and not a stronger criterion t%<T% that is often
thought'>'** to distinquish super-radiance from superlu-
minescence (see Sec. 3.5).

6.6. Soft mode and the antiferroelectric gas crystal

Apart from the h.f. waves (w ~w,) thatoccur in a dense
gas of two-level molecules, there are also soft modes that
correspond to low-frequency, self-consistent oscillations of
polarization |w| €@,. There is particular interest in the pos-
sible instability of the transverse soft mode », (k) in an unin-
verted equilibrium gas in which @? o N th(#iwy/2xT). This
mode is due to the strong frequency shift of collective polar-

FIG. 20. Instability of the transverse soft mode
for the two-level gas model in equilibrium. a—
Stability threshold (6.10), b.,
= (Yiw,/8md >N, ) cth (#fiw,/2x T, ) asafunc-
tion of the concentration N, and temperature

3 wy/kvr
a =72

a 7 2

860 Sov. Phys. Usp. 32 (10), October 1989

T...b—Growth rate w; as a function of w,/kv; .
The quantity b is defined by b = 9w} /.

Zheleznyakov et a/. 860




ization oscillations of molecules, due to the Lorentz correc-
tion (see Sec. 6.1). The instability threshold and the growth
rate near it can be determined from (1.16) and (6.3):

(3i " Vo ImwZ)
ko =

. @

_ kop(Imw (Z) — (Qkvrey/) T (6.10)
= 2Re (2w (2)] ' |
7St
kug

(Fig. 20). Itis clear from Fig. 20a that, as the temperature 7’
is reduced and/or the concentration NV is raised to the critical
value (w2). = 4/30?, the instability starts at the finite
wavelength A ~37v,;/w,. This spatial dispersion effect is
thought to be the reason for a possible antiferroelectric phase
transition in a homogeneous gas to the coherent gas crystal
state with the static transverse polarization density wave.
The antiferroelectric phase transition and the corresponding
soft mode were previously considered only for anisotropic
media (crystals). Earlier analyses of the isotropic gas were
confined to the ferroelectric phase transition (1 = « ) in the
appproximation of stationary molecules®'®) (cf. papers on
the super-radiant phase transition, mentioned in Refs. 5, 13,
and 19). We emphasize, however, that the result given by
(6.10) is only a model, and its applicability to real gases is
still unclear.

7. CYCLOTRON SUPER-RADIANCE IN PLASMA PHYSICS
AND ELECTRONICS

So far, we have been concerned with polarization waves
and Dicke super-radiance in a set of quantum oscillators
(two-level molecules) with space-time dispersion of a spe-
cial form and saturation-type nonlinearity. Since, from the
electrodynamic point of view, the phenomenon of super-ra-
diance is, under certain conditions, a dissipative instability
of negative-energy waves, and the dissipation is due to the
emission of energy by the sample into ambient space, it is
clear that similar super-radiant effects can occur in other
systems, including classical systems with different types of
dispersion and nonlinearity. When we turn to the classical
analog of super-radiance, we extend to the case of coherent
processes (1.1) the analogs of masers and lasers that are
well-known in electronics and culminate in the work of Ga-
ponov'?? and Lamb.'*' They include, for example,the cyclo-

tron-resonance maser'>>'* and the free-electron la-
Ser69—71,125

7.1. Dissipative instability in a beam of electrons in a
magnetic field

Broadly speaking, spontaneous collective emission (su-
per-radiance) can include any time-dependent coherent
emission process that develops spontaneously in an open
nonequilibrium system of initially nonvibrating particles (in
the absence of a resonant external field) in a time shorter
than the incoherent relaxation time 7, of the oscillations of
the individual particles.”® In a narrower sense, and by anal-
ogy with the Dicke super-radiance, super-radiance can also
be understood as a coherent process that is associated with
the dissipative instability of negative-energy waves that de-
velop from spontaneous noise.
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It will be clear from the ensuing analysis that the latter
situation can occur in a set of classical harmonic oscillators.
From the standpoint of classical macroscopic electrodynam-
ics, it is precisely this specific situation that distinguishes the
phenomenon of super-radiance® from other instabilities of
systems of weakly nonlinear oscillators that interact as a re-
sult of induced emission.”'?* The super-radiant regime has
a direct relationship to microwave electronics in which dif-
ferent ways of generating powerful coherent pulses of elec-
tromagnetic radiation that do not require the use of resona-
tors or are based on low-Q resonators are being extensively
studied at present.®>'?* Attempts to abandon high-Q resona-
tors, which facilitate the attainment of the generation
threshold, have been dictated by a number of factors. They
include the difficulty of developing such generators in cer-
tain wavelength ranges (e.g., x-ray or submillimeter ranges)
and the necessity for higher pump power and shorter radi-
ation pulse lengths that would ensure higher output pow-
er.? It is therefore interesting to consider the possibility
that phased oscillations of radiating particles could be pro-
duced as a result of interaction between them via the time-
dependent intrinsic super-radiant field’>'** rather than an
external pump or long-lived quasistationary field, built up in
the resonator over a long interval of time'** 22 At> 7.

To be specific, let us consider a set of classical oscilla-
tors, e.g., electrons, in a uniform magnetic field B||z°. The
electrons can circulate around the lines of force with relativ-
istic cyclotron frequency wg = eBy/m,c that is a function of
electron energy &, = m.c’. The variance and nonlinearity
of the system are determined by the well-known structure of
“transverse” Landau energy levels''' and the relativistic
variation of the velocity of the electrons v in the direction of
the magnetic field under the influence of the radiation reac-
tion.

Let us consider the evolution of an unbounded rectilin-

ear beam of monoenergetic electrons traveling in the direc-
tion of the magnetic field. We know that transverse h.f. oscil-
lations can occur in this beam under the conditions of the
anomalous Doppler effect, v >c,=c/ey* (Fig. 21), for
which the initial population of the lower Landau level corre-
sponds to the excited state of the electron'?*'?° in a medium
with effective permittivity £,> 1. To explain the nature of
the h.f. instabili_t)y in the presence of resistive losses, consider
the waves & = (E, /2y2)(x°Fiy®)exp( — iwt + ikz)
+ c.c. that propagate along the magnetic field and are left
and right polarized, respectively. In this one-dimensional
formulation of the problem, the Maxwell equations and the
relativistic equation of motion of an electron in a uniform
rectilinear beam of concentration N, in the laboratory frame
leads to the following dispersion relation:*?

[0 (14 (dnoe )% 4 (cik? 4 miggl)% lo (1 + idno/w)%

— (@8 + 0fe3Y4] [0 + iT5* — (ko T 0g)]

= (Fos— iTy") ofey’; (7.1)
where w; = (47e’N,/m.)'/? is the plasma frequency and
0 = 0,/€,. The quantity o, represents the dissipation of the
field by the effective conductivity of the “background medi-
um” with permittivity £,> 1. Apart from a dielectric, this
medium can be a slowing-down electrodynamic system
(waveguide). In the low-density limit, w? -0, the beam
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FIG. 21. a—*Superluminous” beams of electrons in a
uniform magnetic field and in a homogeneous trap of
length L % S /A. b—Dispersion curves for accompanying

U~

maintains only damped partial waves, namely, electromag-
netic waves @ =cylk| —i2mo and cyclotron waves
0= kv" Fog —iT; ! (slow and fast). However, the wave
spectrum changes when the finite electron density is taken
into account, and an instability becomes possible (see Fig.
21b). Actually, substituting w -, = kv I @ and assuming
that 2ro<w, and T'; ', o, <wg, we find that in the re-
gion of resonance with the accompanying waves w{ <oy,
and for cok = o >y (2wp /Eg ) '/, We obtain the nor-
mal electromagnetic waves w; (k) and the cyclotron waves
wy (k) (slow and fast) that are analogous to the electromag-
netic wave and the polarization wave in a medium consisting
of two-level molecules, described by (2.1) with the following
replacements:

2 2 -1
ck— (Cok® + 0Ley )%, 0y —r @z,
g ="
207 o ~

€o®xq Co®o

208 (¢o— vy)

(7.2)

2 2
W > Ox¢ = F

The instability develops only for one of the waves, @, (k) or
oy (k). It is convective and arises under the conditions of
the anomalous Doppler effect if the square of the “electronic
cooperative frequency” w” , is negative and its modulus ex-
ceeds 870/T, (electron density threshold). The maximum
growth rate [see (2.2)] is achieved for the wave number
k°=wg/(vy —c,) at the frequency w°®=cok®. When
T; ' > 27o, this instability is related to the negative dissipa-
tion of the positive-energy electromagnetic wave.

The dissipative instability of the slow cyclotron wave,
which is due to its negative energy,”” develops when the
field dissipation is large enough, i.e., 27o> T, '. This
means that the growth of the slow cyclotron wave, i.e., the
excitation of the transverse oscillations of electrons, is ac-
companied by a reduction in their total velocity as compared
with the velocity in the undisturbed beam. The development
of this type of instability is impossible under the conditions
of the normal Doppler effect (v <c,) when there is no in-
version of the Landau levels (7 . >0) in the monoenerget-
ic beam and resonance occurs only for positive-energy
waves, i.e., electromagnetic and fast cyclotron waves.

7.2. Cyclotron super-radiance by electrons in a magnetic
trap

This dissipative instability can evolve spontaneously in
atime much shorter than 7', and can lead to cyclotron super-
radiance in a uniform magnetic trap with electrostatic or
magnetic plugs at theends at z = Oand z = L. If the slowing-
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waves, slow cyclotron w,, and electromagnetic @, waves.

down electrodynamic system or medium is also bounded
£,> landisconfined to thelayer 0 <z < L (see Fig. 21a), the
slowed-down cyclotron waves will be partially reflected
from its ends together with the electrons. In the one-dimen-
sional model™) this leads to circularly polarized modes with
a discrete spectrum £, = (E,, (2)/22)(x° — iy°)
Xexp( — iw,, t) + c.c. (see Sec. 4.2). The characteristic
equation for the frequencies of the electromagnetic and cy-
clotron waves is given by (7.1) with discrete wave numbers
k=k, —i(ln R ~")/2L, where k,, = wm/L. The imagi-
nary part of the wave number, determined by the field reflec-
tion coefficient R of the ends, determines the inhomogen-
eous structure of the modes E,, (z) along the trap. This can
be taken into account in (2.1) and (7.2) by introducing the
following additional replacement:

g — 2710 = 2no + % InR™,
T T3 =T +2"—L”1nR‘l. (7.3)

It is readily shown®? that, when effective reflections
R 2 1/2 occur in a sufficiently short trap of length L ¢,/
|@ _ .|, the super-radiant regime is due to the instability of
modes with a discrete spectrum, since the instability of
waves with a continuous spectrum is then found to be weak.
It is precisely this situation that we shall examine below for
the following special case:

[0

lo_| .
2JT.U> 9 >T51, [OT§1 (kO) = —

2
¢

(7.4)

>T5,
8no

for which the inhomgeneity of the modes structure along the
trap is small. In this “mean-field approximation” (cf. Sec.
3.4), the mode growth rates and the attendant polarizability
of the electron beam are given by

" = now? /2
EATRI, - P ...
2no) + [og— &, (v —c)]?
Pim P l0g — &, (V) — o) —i2n (7.5)
K (kn) = E-L _ foles (znum’J o) ! .
im

We emphasize that cyclotron super-radiance is a tran-
sient process that is fundamentally different both from the
slow quaistationary processes of instability development in
resonators for times Az> 7,, commonly encountered in elec-
tronics (for example, in the case of cyclotron masers using
the anomalous Doppler effect'>*) and the well-known plas-
ma physics transient processes involving the development of
kinetic instabilities that end in quasiperiodic oscillations due
to the nonlinear Landau damping.* In contrast to this
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damping of oscillations in plasma, which appears in the ab-
sence of true energy dissipation and is associated with the
dephasing of particles with different velocities and energies,
the damping of cyclotron super-radiant oscillations, and
their transition to the a periodic regime in the system of
monoenergetic particles that we are considering, occurs as a
result of the strong dissipation of field energy due to the
escape of radiation out of the trap.

7.3. Nonlinear stage

The growth of the cyclotron modes, which is initially
exponential, terminates when they are no longer in reso-
nance with the electron beam that is being slowed down by
the resulting h.f. mode field: v (1) = v — Av” (2). Suppose
that, initially, a beam of electrons of'energy & « 18 in reso-
nance with themode m = r,i.e., k, = k° (v)o ). Since the in-
stability band Ak = (2170T2)”2\a) |/ (v, — ¢p) is narrow
for an individual mode (7.5), we shall confine ourselves to
the case Av €vjo — o when we examine the shape of the
super-radiant pulse. We shall also neglect plasma effects and
the longitudinal bunching of electrons, assuming that o,
<wy. We begin with the single-mode regime, assuming that
the mode spacing is large: k,, — k,, ., = 7n/L> Ak. In the
adiabatic approximation, we then obtain the followmg equa-
tions for the square of the mode polarization P2 averaged
over the trap (or over the h.f. period)*

P} = 20y(t) P}, 2Ne8e = —0P} | xu () |2,

(7.6)
Av = —(cef! —vyo) &80

In view of (7.5), this set of equations is self-consistent and
includes relativistic effects. Its solution is shown in Fig. 22 in
which r =t /7 is normalized to the reciprocal of twice the

FIG. 22. Single-mode cyclotron super-radiance regime: time dependence
of the slowing-down of the electron beam, Avp, o U(t) and the shape of the
radiation pulse Q, (Ofort,=t,/7= ln[Q,,,m/Q (0)] =10,T./7 = 54,
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growth rate 7 = — 470/ .. The length of the pulse of cy-

clotron super-radiance Q, =o,| E2(2)| is 7, =10r< T,
and the maximum power (per unit trap volume) is Q, ...
=N.& yo01 (v — ) /oy (6, — 1)ecj oN?Z. According
to (7.6), the pulse shape can be expressed in terms of the
electron slowing-down function U= Av e°(g,— 1)/
2mo(cey’* — v)p) and has the form

Qr (t) = Qr max +2U (Umax—U2)(1 + )M (Unax — 1),
t—td=3]nU2—- 3(Umax +1

b4 .1’1 [(Umax —_ UZ) (Umax - 1) 1],
_ 3?2 12
Umax‘— (W) .

Next, let us consider the multimode regime in which 7/
L € Ak and the number of modes M within the strong insta-
bility band in which o] (k,, ) ~max oy} is large is given by
M =2Lo/(vy, —¢,)>1. In the adiabatic approximation
analogous to (7.6), the slowing down of the electron beam is
now determined by the total mode power and does not end
when the beam is no longer in resonance with one of the
unstable modes m = r. New and higher frequency modes,
which grow and continue to slow it down, enter resonance
with the beam. The result of all this is that mode sequences
corresponding to equally slowed-down electrons are estab-
lished and are defined by Ay = —aw’  (c& —vyy)/
20°(g, — 1) a = const. For r < T, the radiated mode power
Q,. =0,| EZ ()| is then described by a function®® of the
running variable £ = at — (Am/M):

— _ (2 N ?geol(ﬂ_cl 1+(2&)_2
Q(g)_(e) M(eo_l)mo 1_:_;2
L 1
X  CXp [; (arctg { —arctg 2—a)] , (7.7)
where Am = (m —r) is an integer and e =2.71.... In the

most interesting ¢ case, in which (27/T,)"><a< 1 we have
azwn/In[(re*/2T,a*)Q(1/2a)/Q, (0)] and the total quasi-
stationary radiated power is 2, Q,. = 2aQg ....- The pulse
length for an individual mode is 7, =7/4? its total time
within the instability band wy; (k,,) > 0is At~ (+T5) "% and
the time to establish th1s mode-sequence regime ¢,
~7ln [©Q:max /MQ,(0)] is short in comparison with the
time T, for arandom dephasing of the rotation of an electron
in the trap.

Let us now estimate the maximum cyclotron super-
radiant power, e.g., for electrons with energy &, ~ 1 MeV
and concentration N, ~3-10"" cm™3 (0, ~10'°s" ") in a
trap with slowing-down factor ¢, = 1.5 and magnetic field
B,~20 kG (wp ~2-10" s7"). To be specific, we assume
that vy — ¢, = 0.1 ¢, and a = 1/6. For a trap with perfectly
reflecting ends (R ~ 1), we find that, in the sequential mode
state, 2, Q,, ~10 kW/cm® at 0° = 10w, (wavelength ~ 1
mm). When L~30 cm and $~0.3 cm? the total power
transported by diffraction super-radiance across the side
surface of the trapis LS 2, Q,, ~ 100k W, so that, during the
time of emission of an individual mode, i.e., 7, ~ 30 ns, about
3% of the kinetic energy of the electrons is radlated Cyclo-
tron super-radiance should cease after a time 2 T,> T, OT
before, if the conditions for the anomalous Doppler effect
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are violated as a result of the rapid deceleration of the elec-
trons. However, the long-term course of the process, includ-
ing the transition from the anomalous Doppler effect to the
normal effect, and the possibility of quasiperiodic energy
transfer between the field and the electrons in the presence of
partial emission, has not been adequately investigated. Some
aspects of the dynamics of this type of process are examined
in Refs.129-132.

7.4. Dicke super-radiance by a system of molecules under
the conditions of the anomalous Doppler effect

To complete the classical analogy that we have devel-
oped, let us compare cyclotron super-radiance in a beam of
harmonic oscillators (electrons) under the conditions of the
anomalous Doppler effect with the corresponding problem
for Dicke super-radiance by a ‘‘superluminous” beam of
two-level oscillators (molecules).**"** Suppose that the ve-
locity of the molecules is v> ¢, = ¢/, in a homogeneous
medium of conductivity o, > 0. The molecules are aligned at
right angles to the direction of motion (the z axis). In the
one-dimensional case, and if we use the equations of Sec. 1.3
together with the Lorentz transformation, we then find that
the complex frequencies of the two counterpropagating elec-
tromagnetic waves @ , . (k) and the two accompanying fast
and slow polarization waves » , , (k) satisfy the following
dispersion relation:

[0(] -+ idrnoe )2 4- c k] [@ (14 (4o )V2 — c k|

0—vk4 ——— OV _gpp E ﬂ)

x\ +T-ﬂ’ 1)( {_Tzv+v

o uhret (1.8)
€9V

where ¥ = (1 — v?/¢*)~'/2 [cf. (7.1)]. The solution in the
resonance case is similar to (2.1), and is shown in Fig. 23.
For the branches w .. and @ , the part played by the
square of the cooperative frequency (1.12) is now taken up
by the quantity w?, = w? (1 — v/c,)/€,y, whose sign is op-
posite to that of ®?. Consequently, as well as both the slow
cyclotron wave, the slow polarization wave has a negative
energy in the beam of uninverted molecules, and it is precise-
ly there that its dissipative instability and super-radiance
become possible for — w?, > 870/ T,y.

Conversely, inversion in the “superluminous” beam
precludes the instability of the slow polarization wave. How-
ever, the dissipative instability of the fast polarization wave
o ., is then possible (in the region of the normal Doppler
effect, i.e., for k <0 in Fig. 23a). For this wave and for the
counterpropagating electromagnetic wave @ _,, the role of
the square of the cooperative frequency is taken up by
w2 = 0 (1 + v/cy) /€Y, so that the character of the super-
radiance is essentially no different from the usual case with
v = 0, for which the solution of the dispersion relation (7.8)
reduces to (2.1). Hence, it is clear that, for times ¢ = T, the
“superluminous” sample of two-level molecules (but not
classical electrons) can spontaneously generate a sequence
of super-radiant pulses that are emitted as a result of the
successive instability of waves in the two resonances indicat-
ed in Fig. 23. The process of unidirectional super-radiance
after each radiated pulse repeats itself on the next resonance
because of the change in the sign of the population difference
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FIG. 23. Dispersion curves for partial waves with @, — 0 in the laboratory
frame (a), normal waves with |w,,,|R 270 €1/T,y in the absence of
inversion AN <0 (thick line shows the region of instability of the slow
polarization waves; for AN > 0, the other, fast polarization wave is unsta-
ble) (b), and the same normal waves in the accompanying frame attached
to the beam of uninverted molecules (c).

AN that occurs as a result of the development of the instabil-
ity on the previous resonance. Thus, the kinetic energy of the
molecules is the source of the two asymmetric trains of su-
per-radiant pulses having different frequencies and propa-
gating in opposite directions.

We emphasize that the established specific analogy
between Dicke super-radiance in a set of quantum (two-lev-
el) molecular oscillators and cyclotron super-radiance in a
set of classical electron oscillators does not exhaust the prob-
lem of collective spontaneous emission in the classical phys-
ics of plasma and in electronics, but actually merely poses
it."* In particular, it has been suggested>>!* that it may be
possible to produce super-radiance from moving electron
bunches also in the free-electron laser. It is then interesting
to consider the emission by an electron bunch of both dis-
crete modes and waves with a continuous spectrum.

8. ANALOGS OF DICKE SUPERRADIANCE IN MORE
COMPLICATED SYSTEMS

The example of cyclotron super-radiance examined in
the last Section showed that our electrodynamic approach is
an effective means of finding analogies between collective
coherent processes in different quantum and classical sys-
tems. In this Section, we review some of the more complicat-
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ed systems in which Dicke super-radiance type processes
have been produced. To do this, we shall need to extend the
theory of polarization waves to new special situations. In
many cases, this generalization has not been carried out. The
brief description of collective coherent phenomena, given
below, is intended to draw attention to problems that can be
usefully and successfully investigated by the methods avail-
able in the electrodynamics of continuous active media.

8.1. Super-radiance in a three-level medium. Subradiance

The transition from the two-level to the three-level me-
dium already provides a number of interesting effects (Fig.
24). The successive super-radiance of two pulses of different
color in the 32— 1 cascade 2-scheme was observed in
Refs. 14, 32, and 138. For the V and A schemes (see Fig.
24b), we have typically partial super-radiance, i.e., the in-
complete emission of stored energy as a result of competition
between pulses of different color.'*'#**!%® Super-radiance
produced as a result of the weaker transition is quenched
without succeeeding in fully developing because of the re-
moval of inversion by rapid super-radiance via the adjacent
transition. For closely spaced sublevels, there are quantized
intensity beats, time-dependent polarization ellipse of the
super-radiant pulse, and very strong macroscopic quantum
fluctuations. '*'%%3

The self-consistent excitation of low-frequency coher-
ence (off-diagonal element of the density matrix p;, ) in the
V scheme during the development of super-radiance from an
incoherent initial state is a nontrivial fact. The result is the
destructive interference between h.f. polarizations of the op-
tical 3—1 and 2-1 transitions that removes the resultant mac-
roscopic polarization, and super-radiance is limited and ter-
minated: the three-level medium goes over to the metastable
state of subradiance®® (see Fig. 24b)."*® The point is that
the nonlinearity of the three-level medium that is responsible
for the excitation of low-frequency coherence may come into
play for a lower field amplitude than the ordinary nonlinear-
ity of the two-level medium that is responsible for the com-
plete removal of population inversion by Dicke super-radi-
ance. This means that we can have coherent trapping of
populations on the upper sublevels and the termination of
super-radiance for an incomplete removal of inversion (this
type of effect in initially uninverted media is discussed in
Ref. 141). The molecules are subsequently slowly de-excited
only as a result of incoherent relaxation. The phenomenon of
subradiance was first established experimentally in 1985.'3®

Similar phenomena occur during super-radiance by two
uncoupled degenerate or almost degenerate transitions in a
medium of one species of atoms or two different isotopes

(L)J'. /’ a')/

Oy

/
(7MY [2)

32

3 -1 3 2
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/22
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FIG. 24. Super-radiance in a three-level medium. a—Possible schemes
(=, ¥, A), and also super-radiance from two uncoupled transitions. b—
Numerical example!® of partial superradiance and subradiance in the V
scheme; I,, and I, —superradiance intensities from the 2—1 and 31
transitions. p,,—populations of levels i = 1, 2, 3, ... . | p;,|—low-frequen-
cy coherence.

(see Ref. 14 and the references therein). In this case, as for
the three-level medium, the presence of two partial oscilla-
tions of polarization, coupled to the electromagnetic field,
leads to the existence of three normal waves (Fig. 25). Two
of them are different types of polarization wave and the third
is an electromagnetic wave. This situation is known experi-
mentally in gases and in crystals."”’

8.2. Nonresonant coherent Raman scattering

Super-radiance and the excitation of polarization waves
are typical not only for single-photon (resonance) pro-
cesses, but also for two-photon and multiphoton (nonreson-
ant) processes. Nonresonant cooperative Raman scattering
of light, also called coherent scattering, has been particular-
ly well investigated. This is a form of stimulated Raman scat-
tering of a powerful pump of frequency w, , which differs
from the resonance frequencies w,,, (m,n=1,2,3,...) of
molecular transitions, to the Stokes (wg = @, — ®,) and
anti-Stokes (w5, = w_ + wy) components (Fig. 26a).

It is common to distinguish two states of coherent [in

~
—_— -——E—:’_{—‘ /__ —
2™ r———{%—\- Wyy = 7 e
A il

FIQ. 25. Typical form of the polariton spectrum
of inverted (a) and uninverted (b) three-level
medium in the V scheme.
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FIG. 26. a—Stokes and anti-Stokes SRS, 5—Experimental dependence '*?

of the intensity Ig of the Stokes component of SRS for liquid nitrogen on
the pump intensity I; /1.

the sense of (1.1)] stimulated Raman scattering (SRS).
First, time-dependent SRS is discussed, for example, in Refs.
54, 142, and 143. This occurs when the pump length is
7. € T,, but its intensity is insufficient to ensure that, during
the generation of the Stokes components, there is a signifi-
cantincrease in the population of the upper level 2 during the
time 7. Second, intrinsic cooperative Raman scattering
(CRS) is also referred to as super-radiant Raman scattering
and occurs when the pump intensity is high enough and in-
dependent of the pulse length 7, $ T, so that the growth rate
of the Stokes radiation is so high, @ > T; ', 7', that the
lower level 1 is almost completely depleted during this pro-
cess in a time At < T, and populates level 2. This process was
first observed in the case of SRS in hydrogen''* and, subse-
quently, in other experiments.®>'**'*7 Ordinary quasitation-
ary SRS, that was well-known before the 1970s,'*! differs
from cooperative Raman scattering in roughly the same way

/s, rel. units

802+

a.01

0 140 280 420

that superluminescence differs from super-radiance (cf. Sec.
3.5). Several authors have given theoretical descriptions of
different aspects of cooperative Raman scatter-
(ing,!37778.143.148-130 byt many of the possibilities of the
"methods employed in the electrodynamics of continuous ac-
tive media have not as yet been fully exploited.

For example, it may be shown by analogy with resonant
super-radiance (Sec. 4, Fig. 10) that slight reflections can
lead to cooperative Raman scattering into the Stokes polari-
ton modes with a discrete spectrum, and to a rapid discontin-
uous rise in the Stokes radiation intensity when the thresh-
old for its generation has been reached. A similar anomalous
rise in cooperative Raman scattering by a factor of 10° or
more, was observed, for example, in Ref. 152 (Fig. 2b). Oth-
er interpretations of this phenomenon have also been put
forward.13,153,154

8.3. Resonant CRS and super-radiance using prolonged
coherent pumps

Nonresonant CRS becomes the corresponding resonant
effect when the pump is in resonance with some transition in
the molecule (o, =~ws,; cf. Fig. 26a). Once a prolonged co-
herent pump (¢, = L /cin Fig. 27a) has been turned on and
has traversed the sample, Stokes radiation is produced by the
combined effect of 3 — 2 Dicke super-radiance and the CRS
of the pump (@, —wy ). Its intensity I is doubly modulated:
It consists of slow damped oscillations due to propagation
effects (as in the case of Dicke super-radiance; see Sections
3.3-3.5) and fast optical nutations between the initially pop-
ulated level 1 and level 3 under the influence of the pump
field E; with Rabi frequency wy = d,,E; /. A more de-
tailed discussion of resonant CRS is given in Refs. 27, 115,

560 t9,

FIG. 27. a—Oscillogram of the resonant Stokes CRS intensity
I; and integral level populations p;; (i = 1, 2, 3) for asample of a

three-level medium of length L = 22 ¢/, ; pump field ampli-
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tude E; = #Q, /224, (numerical calculation in the unidirec-
tional model in the absence of relaxation®”’. b—Numerical solu-
tion'>” for the evolution of the pump pulse I, , super-radiance
Ig , and Stokes CRS I during propagation in the medium; Z—
optical thickness of the medium at pump frequency.
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and 156. In particular, one possibility is the self-consistent
Stokes transformation of the 27-pump pulse into a Stokes
pulse.'®

In the general case super-radiance and Stokes CRS are
different radiation components with different frequencies
(w4, #ws = @ — @,,) and different type of evolution. For
example, a sequence of super-radiant 27 pulses (Fig. 27b,
Z,) may appear and rapidly develop on the trailing edge of
the pump pulse, and this may be followed by more slowly
growing Stokes radiation (Fig. 27b, Z,) that increases the
population of level 2, quenches the 3 -2 super-radiance, and
begins to deplete the pump, leading to two-photon self-mod-
ulation of pulses (Fig. 27b, Z;)."”’

In addition to CRS by spontaneous or thermal fluctu-
ations, there is also CRS by macroscopic coherent polariza-
tion of the medium, produced by external field sources (see
initiated super-radiance; Sec. 3.6). The latter includes CRS
by nonlinear polarization waves'** accompanying the propa-
gation of simultons, SRS solitons, and other pulses in three-
level media. This soliton-like CRS regime was observed in
Ref. 147.

The analogy between CRS and super-radiance can be
extended to a number of coherent three-wave interactions in
the pump-wave field in a medium with a quadratic nonlin-
earity. This includes, for example, stimulated parametric
scattering in the presence of a pulsed pump” and second-
harmonic generation.'*®

8.4. Other analogs

First, we note that spontaneous collective emission can
be produced by spontaneous phasing of a set of radia-
tors!®19%192 that is unrelated to their interaction via the in-
trinsic radiation fields. For example, there is the coherent
radiation emitted when the dipole moments of the unit cells
of a crystal undergo a transition to the ferroelectric or ferro-
magnetic'® state when the crystal is rapidly cooled below
the Curie point T, or when a depolarizing pulse of an exter-
nal field (or pressure) is applied at T'< T, via the direct (and
not via the photons) intermolecular interaction.'® Another
example'®? is the radiative decay of the exciton mode that
had been filled macroscopically by nonequilibrium Bose
condensation of excitons generated in a crystal by an inco-
herent pump. A similar explanation has been offered for the
narrow emission lines observed experimentally in Ref. 163.
Essentially, this is not Dicke super-radiance, since the radia-
tors are correlated by the direct dipole-dipole interaction, or
some other mechanism, and not by the self-consistent super-
radiant field. Such emission processes are closer to the radia-
tive damping of free polarization'? produced by extraneous
sources.

Negative-energy waves, analogous to polarization
waves, and their dissipative instability, exist not only among
electromagnetic phenomena in electrodynamics, optics, ra-
diophysics, electronics, and plasma physics, but also in other
areas of physics, including hydrodynamics and acoustics
(see Refs. 41, 126, and 164, and the literature cited therein).
The generation of sound by supersonic hydrodynamic shear
flow, i.e., a tangential discontinuity, is an example of this. It
is related to the phenomenon of super-reflection of a wave
incident on a tangential discontinuity, which amplifies the
reflected waves. A negative-energy wave then travels into
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the moving medium, whereas a positive-energy wave enters
the stationary medium. The presence of the boundary leads
toacoustic feedback and a dissipative instability in which the
negative-energy wave grows at the expense of the positive-
energy wave radiated by the system.

Similar processes are possible for electromagnetic
waves near a rotating conducting cylinder,'® for sound
propagating near a rotating viscous vortex, '** and for gravi-
tational and electromagnetic waves near a rotating black
hole.® A direct analog of electromagnetic super-radiance in
acoustics is the super-radiance of ultrasound (phonons) by a
set of atoms prepared in excited electronic states.>'*>'®?

Coherent collective emission of fermions (neutrinos,
neutrons, etc.) by a set of identically excited nuclei is dis-
cussed in nuclear physics and is analogous to the super-radi-
ance of photons by a set of excited molecules.'®® Unfortu-
nately, the power that can be produced in existing
accelerators is as yet insufficient for the super-radiance of
fermions.

9. CONCLUSION

We have tried to demonstrate the efficacy of the phe-
nomenological approach of macroscopic electrodynamics in
the investigation of coherent collective processes in active
media. In particular, the above description of super-radiance
as a dissipative instability of negative-energy polarization
waves enabled us to establish not only the physical mecha-
nism responsible for this phenomenon, but also to move for-
ward its analysis, both in the examples considered above
and, probably, in other cases, too. Moreover, direct phenom-
enological quantization of modes and normal waves in active
samples (rather than field oscillators in a vacuum) enabled
us to provide a simpler description of the quantum-mechani-
cal properties of collective excitations of the medium, and to
facilitate the solution of problems involving macroscopic
quantum fluctuations. One example, is the derivation of the
quantum statistics of the delay time and the parameters of
the polarization ellipse of super-radiant pulses. On the
whole, this approach leads to the correct allowance for the
way super-radiance depends on geometric factors and the
three-dimensional character of the problem, the inhomoge-
neity of the active medium, reflections from the ends of the
sample, self-excitation of modes with a discrete spectrum
and of waves with a continuous spectrum, nonlinear interac-
tion between modes and/or waves, and so on.

The concepts and descriptions employed in the macro-
scopic electrodynamics of continuous media are exception-
ally useful in the comparative analysis of different coherent
collective processes, and in estimating their place in the
overall picture of wave processes in active media. The inher-
ent possibilities of this approach are far from having been
fully exploited.

"Its advantages for transparent and equilibrium absorbing media were
noted a long time ago™”. .

2 For the sake of simplicity, we assume that % ||d, and omit from (1.12)
the factor ~1/3 which is associated with averaging over the orienta-
tions of the molecules. It is taken into account in Sec. 6 {see Sec. (6.1)].

PIn a gas with N2 w)/c’, a minimum occurs for T; ' ~|w?|/10a,
<|w,}. It is determined by the dipole-dipole h.f. interaction between
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the molecules in Weisskopf collisions.*>** In particular, this limits the
resonance susceptibility |y| = e — 1|/47 <1 for »” =0 even when
0 =g,

“)The expression for the energy (2.9) differs from the modulus or the real
part of the usual electrodynamic expression ' (|E 2|/ 167w)d (w’¢) /dw
because the susceptibility of the medium is now complex. It follows that
d(w%)/dw is not sufficient to enable us to determine the energy.

>In the limit of no relaxation or dissipation (@ = 0), for which the insta-
bility is anomalous in character (see Fig. 2b), the normal waves with
o, #0 have zero energy because w = — @ /2w". The nonzero growth
rate in this case is due to the transfer of energy from the partial oscilla-
tions of polarization to partial oscillation of the electromagnetic field
due to the interaction between these dynamic subsystems. This type of
dynamic excitation of the oscillations of the two subsystems with oppo-
site sign of energy is the limiting case of dissipative instability.

®Or active centers in semiconductors and metals in the optical and ultra-
violet ranges (at the limit of transparency, w,~w, ~47o|e; '|>T; 1),
where the field dissipation is due to free electrons.

The Arecchi-Courtens length L, = ¢/}, determines (apart from a
logarithmic factor) the maximum size of regions in the medium in
which the instability with maximum growth rate £ /2 occurs in a caus-
ally connected manner: light traverses the length L during its develop-
ment. .

®Strictly speaking, P,(z;) in (3.7) must be understood to represent the
quantity Py(z5) = §% Py(z)exp{ — [(z5 —2')(AZ)"']*} dz' aver-
aged over the scale ~Az' = (L,/L ) (ctL,) "2,

?In the original formulation of the problem, there are no pump sources or
incident external fields.

'9Super-radiance in the two-dimensional problem is discussed in Refs. 28,
59, and 75.

""The second term in the Debye expansion, which represents waveguide
effects in super-radiance from a cylinder due to reflections from the side
surface, is discussed in Ref. 78.

'2The concept of “hot modes” is widely used in microwave electronics
when the introduction of a dense enough electron beam into an empty
*“cold” resonator (or waveguide) produces a significant change in the
structure and spectrum of its electromagnetic modes, transforming
them into new “‘hot” modes (see, for example, Ref. 85).

9By adding to the quadratic Hamiltonian (5.4), (5.9) further terms of a
higher order, which make it positive-definite, we can describe the subse-
quent nonlinear intability state, as well. However, in many cases, in-
cluding super-radiance, the macrofluctuations already occur on the lin-
ear stage, so that we can confine our attention to the quadratic
Hamiltonian in the case in which we are interested here.

“YThe PQED of macrofields of normal oscillators can be compared with
the QED of cold modes and individual molecules in vacuum apparently
by using the exact solutions for the quantum models of super-radiance,
recently obtained by means of the Bethe substitution. '°.

This criterion determining for the delay time is based on the linear
approximation for the description of super-radiance, and is analogous
to that used in Refs. 14, 42, and 77.

'©This is valid for wavelengths exceeding the dimensions of the mole-
cules, but not greater than the mean free path: r,, €k ~' &/ The reso-
nance properties of the gas in relation to the long wave fields with
k ~'21~v;T, are due to the diffusion (Brownian) motion of mole-
cules that is described by the collision integral omitted from (6.1).
These collisions lead to a narrowing and replacement of the Doppler
line (6.7) with the Lorentzian line of half-width ~ k %lv,.

1" Under the conditions of effective dissipation 270> T';” 'in an inverted
medium with 2kv ;- €|w, |, the last variant in (6.4) refers only to strong-
ly damped electromagnetic wave w, (k), whereas a weakly damped or
growing polarization wave (2.1) will leave the Doppler line because the
frequency has an imaginary part o/ + T; '» kv although |&/ — wq|

Skur.

') As in the case of plasma, the new solutions do not arise if instead of the

Maxwell distribution we use the Lorentz distribution F, (v/v;)

= [7(1 + v’v7 *)]~". According to (6.1), this leads to the Lorentz
type permittivity (1.14), (1.15) with the replacement T; '
—T; '+ kv, so that the dispersion relation (1.16) for transverse
waves is completely exhausted by the polariton solution (2.1), whereas
equation (1.17) for longitudinal waves is exhausted by the solution wf"’
=wy + (@2/90,) — (T3 '+ kvy) (foro=0).

) 0ne could consider the spread of the resonance frequencies of active
particles not only in a gas but also in a condensed medium, for example,
a crystal host.

291n electronics, the time 7, is determined not only by collisions between
particles and by spontaneous transitions, but mostly by the electron

transit time in the electrodynamic system (resonator).

2DThe attainment of this aim in different generators is in one way or
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another related to an increase in the concentration of active electrons,
and, consequently, leads to an enhancement of coherent processes such
as super-radiance, which ensure maximum power and minimum radi-
ation pulse length.

*'In plasma physics and in electronics, the possible development of the
so-called radiative instability of a beam of classical oscillators under the
conditions of the anomalous Doppler effect and the corresponding
“dissipative amplification’ along a beam of negative-energy waves was
investigated independently of the super-radiance effect in Refs. 30, 40,
118, 126, 127, etc.

) After some modification, the one-dimensional model can be used to
describe a magnetic trap with transversely bounded electron beams in
the form of a cylinder with Fresnel number F = S /AL & 1. The “diffrac-
tive dissipation” of the field along the side surfaces is described by
replacing g, with the effective quantity o, + ¢,e,/67FL (Refs. 14, and
29).

#*)The word “‘subradiance” was first used in Ref. 139 to denote a nonra-
diating coherent (phased) state of a set of two-level molecules (the
reverse of the super-radiant state).
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