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In this first paper of a series on the quantum theory of nondegenerate multiwave mixing applic-
able to traveling-wave interaction geometries, we describe our problem formulation. We consider
the explicit dynamics of a subset of the field quantization modes interacting with a system of sta-
tionary two-level atoms contained in a volume much smaller than the field quantization volume.
Because we make the realistic assumption of leaving the remaining infinite set of field modes as a
common thermal-field reservoir, the resulting Langevin equations contain extra decay terms due to
collective spontaneous emission or super-radiance. We show that all but one of these super-
radiance terms are negligible in the following two limits: (a) when the number of atoms in a
diffraction volume is small; (b) when the atoms are pumped far off resonance. There is, however, an
anomalous decay term which does not appear in a classical model of super-radiance based upon
coherently phased atomic dipoles. The magnitude of this anomalous term is neither dependent
upon the number of atoms nor on the pump-frequency detuning and may not be negligible at a low
pump intensity. Neglecting the super-radiance terms, we then present a general Fourier-expansion
solution technique for obtaining the atomic polarization in the presence of any number of field
modes. The expansion is shown to be convergent in a commonly occurring situation in which all
the strong pump modes are frequency degenerate and the remaining nondegenerate modes are all
weak compared to the atomic saturation intensity. In subsequent papers of this series, we will
present methods to treat, with some rigor, the spatial propagation of an interacting multimode
quantum field and apply these methods to traveling-wave squeezed-state generation experiments.
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I. INTRODUCTION

Squeezed light is a state of the electromagnetic field at
optical frequencies whose electric field measurement un-
certainty is phase dependent, with a minimum falling
below the level set by the coherent state of light.!
Squeezed light is, in fact, a macroscopic quantum state
which has no classical analog in the sense that it cannot
be produced by random superposition of coherent states.

Recently, several groups have demonstrated the gen-
eration of squeezed light employing different systems,
each obtaining a different degree of squeezing over a
different bandwidth. Slusher et al.? were the first to gen-
erate squeezed light demonstrating 17% squeezing in
light emitted by a cavity containing the probe and conju-
gate fields of a four-wave mixer undergoing nearly degen-
erate four-wave mixing in a sodium atomic beam. There-
after, Shelby et al.? observed 12% squeezing via nearly
degenerate forward four-wave mixing in a single-mode
optical fiber. Kimble and collaborators*> are, by far, the
most successful ones, demonstrating squeezing in two
different systems. With their first system,* they have set a
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much higher benchmark for squeezing by observing over
50% squeezing in light emitted by a cavity containing the
signal and idler fields of a parametric amplifier undergo-
ing nearly degenerate optical parametric amplification in
a MgO:LiNbO; crystal. Their other system exploits the
large coupling strength of a small-volume high-finesse op-
tical cavity to an atomic beam of two-level atoms.” Mae-
da et al.® have also observed squeezing via nearly degen-
erate forward four-wave mixing in a sodium vapor cell,
demonstrating squeezing via interaction with a Doppler
broadened medium for the first time. And most recently,
Machida et al.” have generated amplitude squeezed light
directly out of a constant-current driven semiconductor
laser.

Out of the six experiments which have generated
squeezed light, three have involved the basic resonant in-
teraction of the electromagnetic field with a system of
two-level atoms. The experiments of Slusher et al.? and
Kimble and collaborators’ differ in one important aspect
from the Maeda et al.® experiment in that they employed
optical cavities to enhance the atom-field interaction,
thus making electromagnetic field propagation issues ir-
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relevant. Such issues are, however, crucial to a proper
theoretical description of the Maeda et al.® experiment,
which employed a traveling-wave configuration. With
these issues in mind, we have recently formulated a quan-
tum theory for nondegenerate multiwave mixing in an
atomic medium and applied it to traveling-wave
squeezed-state generation experiments via four-photon
mixing. A summary of this formulation and its applica-
tion was recently reported.® In this and in a series of
forthcoming publications, we present details of this
theory and its application to squeezed-state generation
experiments.

Our theory predicts squeezing in resonance fluores-
cence,’ degenerate four-wave mixing,'°~!? and nondegen-
erate four-wave mixing'>~'% in a consistent manner. In
the squeezing calculations the effects of spontaneous
emission, propagation loss, atomic collisions, and phase
mismatch due to propagation are properly taken into ac-
count for the first time. A preliminary analysis of the
effect of super-radiance has also been carried out.

The experiments'® following the first proposal of
squeezed-state generation via backward degenerate four-
wave mixing by Yuen and Shapiro!® encountered
difficulties partly due to loss and mainly due to atomic
fluorescence. Because these experiments were performed
in a near resonantly-pumped atomic medium, single-
photon excitation resulted in population inversion, which
led to spontaneous emission at the squeezed-mode fre-
quency. A phenomenological analysis by Kumar and
Shapiro'! indicated that loss was less critical in a forward
four-wave mixing geometry. However, a proper account
of the spontaneous-emission noise, which required quant-
ization of the atomic medium along with the electromag-
netic field, was first given by Reid and Walls.!? They
showed that propagation loss and spontaneous emission
severely limit the amount of squeezing obtainable via de-
generate four-wave mixing in both forward and backward
configurations. On the other hand, a study of the spec-
trum of squeezing!” in resonance fluorescence from a sin-
gle atom or a thin layer of atoms shows that most of the
squeezing occurs at nondegenerate frequencies near the
Rabi sidebands,”!'® implying that a nondegenerate
analysis of the four-wave mixing process is required. The
total amount of squeezing obtainable from a thin layer of
atoms is of course very small, therefore, we need to con-
sider a thick medium in which case a proper treatment of
multimode quantum field propagation and wave coupling
becomes absolutely essential.

Recently, Reid and Walls,'* Sargent and collabora-
tors,’>1® and Agarwal®® have also developed quantum
theories for nondegenerate four-photon mixing and ap-
plied them to the intracavity atomic-beam squeezed-state
generation experiment of Slusher et al.?> Because these
theories consider electromagnetic fields inside optical
cavities, they are not directly applicable to the traveling-
wave experiment of Maeda et al.® The formulation of
Reid and Walls'* is based on the quantum statistical
methods developed by Haken?! and later adapted for op-
tical bistability by Drummond and Walls.?? Our formu-
lation, although based on the same techniques, is much
more general. Not only does it give a more general ex-
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pression for the atomic polarizability, it also differs from
theirs in an essential way in that we handle the slowly
varying amplitude approximation in the frequency
domain. This approach more rigorously justifies the adi-
abatic approximation for the elimination of atomic vari-
ables and leads to extra terms which are important for a
consistent treatment of spatial propagation. Instead of
adopting the heuristic ¢t —z /¢ transformation used in al-
most all the previous works, we have developed two
equivalent methods to treat, with some rigor, the spatial
propagation of the multimode traveling-wave quantum
field. The slowly varying envelope method places a much
better limit on the validity of the squeezed-noise calcula-
tions using the t—z/c transformation,'>?° whereas the
quantum-mode method provides physical insight into
how the time evolution of the usual annihilation opera-
tors leads to spatial propagation of the wave.

In the frequency-degenerate limit, without considera-
tion of the pump-probe phase mismatch due to nonlinear
dispersion, our theory agrees with the earlier four-wave
mixing results of Reid and Walls,'” and in the thin-
medium approximation it correctly reproduces the results
of Heidmann and Reynaud.’ Our inclusion of the pump-
probe phase mismatch, collisions such as those between
the two-level atoms and those between the two-level
atoms and the atoms of any externally added buffer gas,
and super-radiance give rise to additional effects not con-
sidered elsewhere.

In this paper, we begin in Sec. II by setting up the
atom-field Hamiltonian for a system of N two-level atoms
interacting with the electromagnetic field quantized in a
box whose volume is much larger than that occupied by
the two-level atoms. We follow the explicit dynamics of a
subset of the field quantization modes and leave the
remaining infinite set of modes as a common thermal-field
reservoir. In addition, to model the soft collisions be-
tween the atoms, each two-level atom is coupled to a
separate phase-damping reservoir.

In Sec. III we follow the master-equation techniques
described by Louisell? to derive a reduced density opera-
tor equation of motion for the above system via the Mar-
kov approximation. The coefficients of some of the terms
in this equation of motion are dependent upon the phase
coherence of the atomic dipoles. These super-radiance
terms arise because of cooperative atomic behavior due to
our usage of a common thermal-field reservoir for all
atoms. In the case of a thick medium, the condition for
the validity of the Markov approximation for the super-
radiance terms is shown to be much more stringent than
that for the usual spontaneous-decay terms.

In Sec. IV the reduced density operator equation of
motion is transformed to a c-number equation of motion
for the associated distribution function using the usual
technique of choosing an operator ordering. For applica-
tions such as squeezed-state generation, where correla-
tions of the field only up to the second order are needed,
this c-number equation reduces to a Fokker-Planck equa-
tion, from which a corresponding set of Langevin equa-
tions are obtained. Besides the usual spontaneous decay
and noise terms, the Langevin equations for the atomic
variables are shown to contain extra decay and noise
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terms due to super-radiance.

In Sec. V a preliminary analysis of the effect of super-
radiance is carried out by assuming that the atomic di-
poles are coherently excited at some initial time. Our
analysis shows that in the zero mean-field limit, all but
one of the additional decay and fluctuation terms due to
super-radiance are negligible in the following two limits:
(a) when the number of atoms in a diffraction volume is
small and (b) when the atoms are pumped far from reso-
nance. Both of these limits are dependent upon the
length of the medium. There is, however, an anomalous
decay term which is not accounted for by a classical
coherently phased dipole model and whose magnitude is
neither dependent upon the number of atoms nor the
pump-frequency detuning. This anomalous decay term is
shown to be negligible at high pump intensity when the
total atomic state approaches an incoherent mixture of
atomic-number states. However, at pump intensities
below the saturation intensity for the two-level atoms,
this term is not negligible. Thus, contrary to popular be-
lief, our model shows that the super-radiance effects may
not be negligible at low pump intensities even when the
number of atoms in a diffraction volume is small. To the
best of our knowledge this effect has not been studied be-
fore.

In Sec. VI after neglecting the super-radiance terms,
we solve the set of Langevin equations by using a Fourier
expansion technique. The resulting equations in the fre-
quency domain, which are recursive in nature, are solved
iteratively under the commonly occurring condition that
the frequency-degenerate pump modes are all strong,
whereas the remaining nondegenerate modes are all weak
compared to the atomic saturation intensity. Using this
method, a general expression is obtained for the c-number
atomic polarization variable for any number of interact-
ing field modes.

We will continue this development in the forthcoming
papers of this series on the quantum theory of nondegen-
erate multiwave mixing. In the second paper, a frequen-
cy domain method will be formulated to treat the usual
adiabatic approximation. A slowly varying envelope
method will be developed to treat, with some rigor, the
spatial propagation of an interacting multimode quantum
field. This method will be applied in the third paper to
obtain the spectrum of squeezing for a single beam propa-
gating through the two-level medium. In the fourth pa-
per, we will present another method to treat the spatial
propagation, using a quantum-mode evolution technique.

II. ATOM-FIELD MODEL

In this theory we consider a system of N stationary
two-level atoms interacting with an infinite number of
plane-wave electromagnetic field modes quantized with
periodic boundary conditions in a box of volume V,. We
consider the explicit dynamics of g of these modes with
wave vectors ki, ..., kq and leave the remaining infinite
set of modes as a common thermal-field reservoir. The
reservoir modes are assumed to be in thermal equilibrium
with the environment at the initial time. To neglect Ray-
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leigh scattering, the atoms are assumed to be uniformly
distributed over a volume V), which in general is much
smaller than V. The soft collisions, such as those be-
tween the two-level atoms and the atoms of any addition-
al buffer gas, are modeled by coupling the atoms to
phase-damping reservoirs, thereby increasing their trans-
verse relaxation rate.

In order to derive correct expressions for the
spontaneous-decay and super-radiant decay rates, we fol-
low the vector field treatment as given by Ho, Kumar,
and Shapiro.?* We assume that each atom is character-
ized by four states: a ground state |g) and three degen-
erate excited states |x ), |y ), and |z ) which couple to
the x, y, and z components, respectively, of the thermal-
field modes. The g field modes, however, are all assumed
x polarized so that they only couple to the state |x ).
Let us define the following atomic operators:

a

Vi=1g) (1], 2.1
I’}li5|1>ii<g| > (2.2)
Aa= 1), (1| =PV, , 2.3)
ha=18) (g | =PV, 2.4)
ﬁd,egﬁn—ﬁg,-, 2.5

where [ € {x,y,z}, i labels the states and operators for the
ith atom, { P, } are the atomic down-transition operators,
{P ;] are the atomic up-transition operators, (AR )
are the occupation operators for the respective atomic
states, and {f,;} are the population inversion operators.

We denote the annihilation operators of the elec-
tromagnetic field by a@;, with j=1,2,...,q representing
the ¢ field modes of interest and j =¢ +1,9 +2,...,
representing the thermal-field reservoir modes having
wave vectors k;. We use o to denote exclusively the
free-space angular frequencies ;= |k; [c. The optical
resonance frequency of the atoms is denoted by w, .

Thus the Hamiltonian of this atom-field system is given
by

ﬁ=ﬁ0+ﬁl+ﬁk +ﬁc > (2.6)
where the free part is
A,= zﬁw,.a}aj+(ﬁwa /)3 g (2.7)
J i
and the atom-field interaction part is
(2.8

A;= 3 [i#C,;(r)a; P [+ H.c.],
g

with H.c. denoting the Hermitian conjugate. The
thermal-field reservoir term consists of a free part and an
interacting part

Hy=R+7V, (2.9)
with the former being

R=3 %02 a, (2.10)
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and the latter being
V=S [i#Cy(r,)a, P | +H.c.] .

Ls,i

(2.11D

The phase-damping term due to collisions is given by

A = ) L0 (2.12)

where {fp,-} are the operators of the phase-damping
reservoirs. Under the summation signs of the above
equations, j denotes the sum over the g field modes:
JE{1,2,...,q}; s denotes the sum over the thermal-field
reservoir modes: s€{q +1,9 +2,..., «}; [ denotes the
sum over the atomic excited states: /€ {x,y,z}; and i
denotes the sum over the number of atoms:
i€{1,2,...,N}. The coefficients are given by

Cy(r;)=g; uj explik; ;) , (2.13)
g =(wl /2%ew;Vy)'/?, (2.14)

where r; is the position of the ith atom and y,; is a com-
ponent of the atomic dipole ;{/ | eT; | g ), coupled to the
jth field mode with e being the electron charge. We as-
sume that ;(/|ef;|g); has the same value for each
atom. If the polarization vector of the jth field mode is
€;, then

py={1 et [g);e; . (2.15)

For later reference in treating propagation, we note
that the interaction term of Eq. (2.8) has been obtained
under dipole and rotating-wave approximations from the
exact nonrelativistic interaction energy

Hy= 3 [e?A(r,) Ayr,;)—2eP,- A\(r,)]/2m, ,

(2.16)

where m, and P, are the mass and generalized momen-
tum, respectively, of the interacting electron in the ith
atom, and A (r, ) is the transverse vector potential at po-
sition r,; of the electron. The A-P form of H; is used in-
stead of the E-r form because in the Coulomb gauge it
corresponds to the usual Hilbert space for quantization of
the electromagnetic field.?> This form of H, also leads to
the factor w} /w; instead of w; in the coefficient g; of Eq.
(2.14). The A- A term has been neglected while obtain-
ing Eq. (2.8).

ITI. REDUCED DENSITY OPERATOR
EQUATION OF MOTION

Using the Markov approximation we employ the
master-equation technique described by Louisell?® to
derive the equation of motion for the reduced density
operator pr of the atom-field system comprised of N
atoms and q field modes. j7 is obtained from the density
operator pr of the entire system by tracing over the
thermal-field and collisional phase-damping reservoirs.
The equation of motion in the Schrddinger picture is
given by
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% A
—gtl—_—(m)-‘[ﬁo+ﬁ,,ﬁT1+L,(ﬁT>+LC(pT> :

(3.1

where L(p) is the collisional damping term given by

Lc(p)=— 2 {[Rgi,Ag PlH1P A4 Ay 13V ph (3.2)

and Lg(p) is the field damping term given by
LF(p\)= E Lﬁ'(ﬁ) ’ (3.3)

ii'
Lip)=—3 SV Vi pIWit
L' k k'
+pP 15,0 Wikt

X80, —0'*)) . (3.4)

In the above summations, (LI")E{x,y,z},
(k,k')E{0,1}, and (i,i")E€{1,2,...,N}. The collision-
induced phase-damping rate is denoted by v, and the
i)’s, w’s, and W’s are defined by

pO=p,, (3.5)
N=pl, (3.6)
o'V=0,=—0'?, (3.7

1

Wikkk' = [ " explio®r)(F (PP £0)) gdr,  (3.8)
0
lll . Pay ’ Pay

Wikik= fo exp( —i ¥ ) F KO (1)) gdT, (3.9

FP(r)=SiCrralir, (3.10)

s

) =— 3 iCy(r)a (1), 3.11)
s

where @,(7) is given by the free motion of the reservoir

field mode

a.(r)=a,0)exp(—iwT) . (3.12)

We see that the W’s are given by the two-time correla-
tion functions of the thermalfield (F{*(r)F ¥)(0)),
=K, which depend upon phase factors of the form
exp[tik,-(r; —r;))]. As shown later, the spontaneous de-
cay of the atoms is governed by the terms K;; which are
independent of r; and represent the temporal correlation
of the thermal field at a fixed point in space. Let 7, be
the characteristic time of this correlation. Then the Mar-
kov approximation?? allows us to extend the upper limit
of the integrals in Eqgs. (3.8) and (3.9) to «, subject to the
restriction that we look at a coarse-grained time
At >>7y,. This restriction is generally not too stringent
because the relatively broad thermal spectrum usually
makes 7,; much smaller than the characteristic decay
time of the atomic variables.

We shall see later that super-radiance occurs when the
atoms are coherently pumped near resonance so that
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14 ,Tl7, has a spatial phase factor exp[ik,(r; —r;)], where
|k, |c~w,. As noted above, K also has a similar
mode-dependent spatial phase factor. Therefore, when
the sum over i and i’ is carried out in Eq. (3.3), only a
finite number of thermal-field modes in F (,,k '(r) contrib-
ute; those having wave vectors in the vicinity of k,,, say
k,=Ak. This finite number of thermal-field modes have a
spectral width Awgg ~ | Ak | ¢ or a characteristic correla-
tion time 7z ~1/Awgg. It will be shown that 7g; is
determined by the length of the medium L, to be
Tsg =Ly /¢, giving a much more stringent condition for
the assumption of a coarse-grained time in the case of a
thick medium.

The detailed derivation of the W’s is given in Appendix
A. It is shown that under Markov approximation, when
small frequency shifts due to the imaginary parts of the
W’s are neglected, we get

Wil = Wit =y p (R +1) (3.13)
Wittt =Wipi* =y Ry ny, (3.14)
VulRi)= [ explik-Ry )7 (k)dk/2m)’, (3.15)
yuk)=2Aly8w, /c — |k |)

X 3 [eje k)le;-e, k)], (3.16)

o=1,2

where ny, is the average number of thermal photons at
wg, Rjy=r1,—1,, A, =27¢ /00, e,(k) for 0 =1,2 are the
two orthogonal field-polarization vectors for the mode
with wave vector k, ¥ =2w} |u, |2/3(4mey)tic’ is the
usual spontaneous-decay rate with u, = (x | eX | g ) being
the dipole matrix element, and ¢, is the free-space permi-
tivity.

After summing over k,k’ in Eq. (3.4), we can write
L(p) as

Lep)=—3 SV Preplng + Dy p(Ry)
LI i’

+[P, P 1iplny p(R;)} +Hec.

(3.17)

In Appendix B we show that y;,.(0)=v85,,, where 6, is
the Kronecker & function, which allows us to write Eq.
(3.17) as a sum of two terms: a spontaneous-decay term
Lgs(p) and a super-radiant decay term L gz (5),

Lp(p)=Lps(p)+Lesg (P) 5 (3.18)
Lesp)==3 S{IP P ply(ng +1)
1 i
+190,P ) plyng) +Hee. , (319

A A+ > A
Legp(P)=— 3 3 S AV s ViiPllng + Dy p(Ry;)

LU i'si i

+[ ?Ii’ v ;'i'ﬁ]"th}’n'(Rii')} +H.c.

(3.20)

As mentioned in Appendix B, y;(R;;) is in general not §
correlated in / and /.

IV. ¢-NUMBER FOKKER-PLANCK
AND LANGEVIN EQUATIONS

The equation of motion for the reduced density opera-
tor pr, Eq. (3.1), can be transformed into an equivalent
c-number equation for the associated distribution func-
tion p. by using the standard technique described by
Louisell.® This c-number transformation is not unique in
that it depends upon the choice of ordering of the atom
and field operators. Moreover, in order to derive a set of
Langevin equations linear in the c-number variables, we
have to define a c-number variable for each of the follow-
ing operators:

L PN
Voiis Vis i Ag

oV LV i£i0),a .8, 4.1)
However, in our preliminary investigation of the effect of
s/gpe,\r-radiance, we will not define c-number variables for
V Vo (is=i"). The c-number variables for the other
operators will be denoted by the same symbols without
the carets, and with pluses in lieu of the daggers. The
operator ordering we use is

o

(P11 A A (D1 a )

N

iE

We note that the operators for different i and different j
commute with each other and the operators for the atoms
commute with those for the field at all times.

The equation of motion for p. contains derivatives of
infinite order in the {n,} and {n,} variables. We ap-
proximate it by keeping only the first- and second-order
derivatives. This approximation is usually justified with
the use of collective atomic variables summed over a mi-
croscopic volume element with linear dimensions smaller
than a wavelength and by assuming Gaussian fluctuations
for them in the limit when the number of atoms in the
microscopic volume element is large.'>?> The assump-
tion of a large number of atoms in the microscopic
volume element may be overly restrictive.?* However,
since we are ultimately concerned only with the two-time
correlations of the atomic variables, the third- and
higher-order derivatives in the generalized Fokker-
Planck equation do not matter,?’ just as the second-order
derivatives are irrelevant when only the mean values of
single atomic variables are of interest.?®

Further discarding the n-proportional terms in Egs.
(3.18)—(3.20), which amounts to neglecting the thermal-
noise-induced atomic decay effects, we obtain the follow-
ing equation of motion for p,:



2022 SENG-TIONG HO, PREM KUMAR, AND JEFFREY H. SHAPIRO 37
_% ai},. " a?.z,i, an a;n aj Vit a;j;,z Vaaj
+ ; ;yPh aVI?ZVu it a?/li Vi
t2 27 asg,. “Bi_,,. "“+% ai} + aiz,g _zanj;n,,- + a?/,,. vV
+ g § Ei‘.?’zz'(Rir) afgi ag,, Vi Vie— a?zzz,. + a?; - ns;n” ViV
+ v, (g —ny )Wy — oV VI: Vi | +e.cipe s 4.2)

where c.c. denotes complex conjugation of the numerical coefficients plus the mutual interchange of ¥;/ with ¥, and a j+

with a;, respectively.

Essentxally by reading off the coefficients in the Fokker-Planck equation, as described by Louisell, 23 we get the

equivalent following set of Langevin equations:

aaj

5 = —iwa;+ 2 Cori)Vy s (4.3)
oV,
-é—t—_: -ian 2 CX] a (l’l xx) (7 +7ph 2 z yxl r' nxi)VI’i’+fo‘. ’ (44)
I 0 (D
aV+ x + +
o 2 Cri(r)a; (ng—n)—(y +vpn)Via— 12 .'é‘)yx,:(R,-,-')(ng,-—nx,-)V,;,u +f,,; , (4.5)
On i * + + + +
ar 2 [C(r)a Vi +Cyj(ri)a; Vi ]—=2yn,; — 2 A,(EI)YXI’(RH‘)( ViVie+ Vl’i'in)+fnxi ) (4.6)
J i (540
Hgi+n,=1, 4.7)
where f v, f ye and f n denote the various Langevin forces with the following correlations:
(fo(t)for(t'))=2yphnx,-8“~:8(t —t'), (4.8)
<fyx1(t)fy)(,_”(tl)>= [zcxj(r,)aij,——Iz > vuRy) g St —1t'), (4.9)
j Ui (D)
<fy+(t)f[/+“(t,)>: [ZC* T )aﬁ-V; z z 'y” Vl, 5 8( ), 410)
X x! j I i (50
o (Of (1)) = t- SICHraf V+Cyylr)aVil+2rn,— 3 3 vypRVEV i+ ViV ;118,81 —t')
j I' it
= fo (O EY = fy (0f D) 4.11)
f
We note that the Fokker-Planck equation is obtained  term —2y ViV, in place of 2yn,; in Eq. (4.11). This

by commuting 9}; and V,,- through the chosen ordering
until they meet to become f; or A, (see, e.g., Louisell,?’
p. 381). This is the origin of the 2yn,; terms in Egs. (4.6)
and (4.11). Instead, if we commute f>;r,- and P, to their
own positions in the chosen ordering, we would obtain a

term —2yV}V,, in place of —2yn,; in Eq. (4.6) and a

makes both Egs. (4.6) and (4.11) look symmetric with
respect to terms with i's4i and terms with i'=i. Also the
sign of the 2yn; term in Eq. (4.11) is opposite to those of
the i's4i terms due exactly to this reason. From Egs.
(4.8)—(4.11) we see that the correlations of the noise forces
for different atoms, such as {f} _(1)fy (¢")) for i'+i, are
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all zero. This is due to our assumption of a zero-
temperature thermal-field reservoir and is not true if
terms proportional to ny, are included in Eq. (4.2).

V. EFFECT OF SUPER-RADIANCE

Our intent in this section is not to study super-radiance
in detail but to obtain a qualitative understanding of the
super-radiance terms in Egs. (4.4)—(4.6), viz., those in-
volving the sums ¥, ¥, (.- To study the free decay of
the atomic variables in the absence of any mean field, let
us consider the case in which all the ¢ field modes are ini-
tially in the vacuum state, whereas the atomic polariza-
tion variables {V,;} are uniformly excited in the form of
a traveling wave propagating in the z direction.

Thus we assume that the expectation values of
9;(I)V,'i'(t) for is4i’ are of the form

(P LOPp(0)) =Cplt) exp( —ikp Ry (5.1)

where k;, =kpe,, and the amplitudes {€,.(z)} are in-
dependent of / and i’ but can, in general, be time depen-
dent. This would be the case, for example, if the atoms

J
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were pumped initially by a coherent wave with wave vec-
tor kp traveling in the z direction. Taking expectation
values on both sides of Eq. (4.6), we get

a<nxi> 1
X N_T~ 52
o 29{ny;) =T, (5.2)
where
Ti_lzz S YRV EV ) +VEV ) (5.3)
' i (s0)

is a collective spontaneous-decay rate. Note that Eq.
(5.2) describes free decay of the ith atom without the
pump field. Therefore, the steady state is reached when
{n,;) decays to zero, at which time the atomic polariza-
tions {( ¥,;)] are also zero causing 7;"" to vanish.

We assume that the atoms are uniformly distributed
with N /V,, atoms per unit volume and that the medium
is infinite in the x and y directions but finite in the z direc-
tion from z =—L,, /2 to z=L,, /2. Then, as shown in
Appendix C, under the approximation that
|w, /¢ —kp | <<w,/c, which is also the condition for
rotating-wave approximation, we obtain the following ex-
pression for 77!

T '~ (N/VyNC,, /27) 3Ny Ly, /2)expli(w, /c —kp )z;]
expli(w, /¢ —kp )Ly /2]—expl —i(w, /c —kp)Ly /2]

ilw, /c —kp )Ly,

where z; is the z coordinate of the ith atom. On reso-
nance, kp=w,/c prevails, and the above equation
reduces to

T ' =[(N/Vy N3/8m)A2 Ly —112yC,, . (5.5)

When the number of atoms N, in a diffraction volume
AZL, is large, i.e., Ny =NAZL,, /Vy >>1, the first term
of Eq. (5.5) dominates the collective decay rate T,”'. A
classical reason for the enhancement of the decay rate is
reviewed in Appendix D. In fact, in the above limit, 7!
agrees with Tx ! of Eq. (D5) if we identify @, = | V|2
Therefore, we rewrite Eq. (5.5) as

T '=Tg'-2yC,, . (5.6)

We note that the extra decay rate accompanies extra
noise because 7, !-like terms [cf. Eq. (5.3)] also appear in
the correlations <f”xi(t)fnxi‘(tl))’ (f,,g_(z)f,,g,,(t’)), and
<f,,gi(t)f,,‘{(t')) as given by Eq. (4.11). The double
sum 3, 3., terms in <fyxi(t)fyxf(t’)> and
(fy<(Of,. (t')) of Egs. (4.9) and (4.10), respectively,
turn out to be negligible with our assumptions because
they are proportional to V;¥;;- and VIV, respectively,
instead of ViV,

From Eqgs. (5.4) and (5.6), we see that T ' is negligible

either when the atoms are pumped far from resonance so
that |w,/c —k,| >Np /Ly, or when Np is small. In

e, , (5.4)

f

the former case €, is expected to be negligible, implying
that 7, '~0, whereas in the latter case T, '~ —2yC,,,
giving an anomalous gain correction to the decay rate of
(n,;). This anomalous gain term is negligible compared
with the spontaneous-decay term if @,, <<{n,;), which
is expected to be so only when the pump intensity is
larger than the saturation intensity of the atoms.”

In order to obtain further insight into the validity of
the above treatment and to compare with other treat-
ments of super-radiance, let us examine from an
operator-equation perspective how the Markov approxi-
mation leads to the various decay terms in the Langevin
equations.

Using the Heisenberg equation of motion, we can
derive the following set of operator equations for the
atom-field system governed by the system Hamiltonian of
Egs. (2.6)—(2.12):

oa, "
?Z—leaj-i- ZC;}(I',»)VM» , (5.7)
af}xi . ﬁ A

5 = oV~ ?ij(r,»)aj(ﬁg,»—ﬁxi) , (5.8)
aﬁxi * Ai—ﬁ A F
—r=- §[cxj(r,. @iV rcyra P, (59

where > denotes the sum over all the field modes, i.e.,
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JE{1L,2,...,}. In quantum statistical treatments of
atom-field interactions, there are several equivalent ap-
proaches, e.g., the density matrix method and the
Langevin noise operator method.*® In all of these ap-
proaches, one starts by solving for the time evolution of
the reservoir modes {4,}, s€f{qg+1,9+2,...,0}, in
terms of the atomic operators and the initial conditions
of the reservoir modes. Then by assuming that the reser-
voir modes are initially in thermal equilibrium with the
environment, one traces away the reservoir modes. For
example, in the Langevin noise operator method, @ is ob-
tained first by formally integrating Eq. (5.7), then, after
substituting the solution into Egs. (5.8) and (5.9), it is sub-
sequently traced away. In the end, with the Markov or
the Wigner-Weisskopf approximations, this method then
converts the j sum in Egs. (5.8) and (5.9) into decay and
noise terms. In principle, this conversion is correct only
if all the electromagnetic field modes are taken to be
reservoir modes, i.e., SE{1,2,..., ]} leaving no field
terms in Egs. (5.8) and (5.9). However, if we want to
study the time evolution of some g field modes explicitly
or if the g field modes are strongly excited initially in-
stead of being in thermal equilibrium, then we must
separate them out from the tracing procedure. For the
ordinary spontaneous-decay and noise terms, the separa-
tion of a small subset of modes has little effect on the
value of the decay constant y. For super-radiant decay,
however, the situation is completely different. From the
above treatment and the justification of Markov approxi-
mation given in Sec. III we see that only a small finite
subset of the field modes with kgkpiAk, where
| Ak | =27 /L,,, is involved in determining the super-
radiant decay and noise terms. In fact, for the case in
which the quantization volume V), is equal to the medi-
um volume V,,, there is only one mode contributing to
these terms. Thus, we cannot blindly separate the g field
modes without proper justification.

Our treatment here is justifiable only if V), <<V, so
that a large number of modes are involved and only an
insignificant fraction is separated out. Even so, as dis-
cussed in Sec. III, the validity of the Markov approxima-
tion then requires that we only look at a coarse-grained
time with At >>L,, /c.

Our treatment of super-radiance can be compared with
that of a super-radiant laser given by Bonifacio et al.’!
using the laser master-equation approach. In their treat-
ment, VM=VQ and the super-radiance term is, in fact,
due only to one mode. Their equation can be obtained
from our Egs. (4.3)-(4.7) by setting V=V, and drop-
ping the super-radiance decay terms, since the single
mode which is responsible for them is explicitly solved
for. However, the condition V), =V, is equivalent to as-
suming an infinite medium because of the periodic bound-
ary condition. Hence, in their analysis, they had to as-
sume that this single mode decayed in time of order
L, /c in order to correctly model the radiation out from
the medium of finite length. They did so by adding an ex-
tra decay term to the field equation, our Eq. (4.3). The
inclusion of a rapid field-decay time then allowed them to
assume that the field correlation had no memory over the
coarse-grained time At >>L,, /c, thus justifying the Mar-
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kov approximation. In addition, it also allowed them to
solve adiabatically for the field in terms of the atomic
variables.

We are, however, more interested in the VQ >> V), case
where the radiation from the finite length of the medium
is properly taken care of by spatial propagation through
the medium using a multimode treatment. There is thus
no need to assume rapidly decaying field modes. The
coarse-grained time (A¢ >> L, /c) requirement now arises
from the finite number of modes contributing to super-
radiant decay.

V1. SOLUTION FOR THE ATOMIC POLARIZATION

In this section we solve for the atomic polarization
V;(t) after neglecting the super-radiance terms in Egs.
(4.3)—(4.11). As pointed out in Sec. V, when the intensity
of at least one of the field modes (usually the pump mode)
with wave vector k,, is larger than the saturation intensi-
ty of the atomic medium, the super-radiance terms can be
shown to be negligible in either of the following two lim-
its: (a) when the number of atoms in a diffraction volume
ND=A§LMN/VM <<1, where A, =2m/|k, | and Ly is
the length of the medium; and (b) when the atoms are
pumped far from resonance, i.e., |(|k,|—w,/c)|Ly

>>Np. With this approximation, the Langevin equations
(4.3)~(4.6) reduce to
% _ Crir (6.1)
FY —iw;a;+ 2 )V, , .
v,
-aT=-—lw V,— a(r,,t)( n,-)—ylV,--nyl ’ (6.2)
v

3 =io, V" — +(ri71)(ngi—ni)_"‘}/lyi+‘+‘fV‘+ ,  (6.3)
on; .
_aTZ—[a+(r[7t)I/j+a(r[7t)‘/i ]“‘y”nl'"f'fnl, s (6.4)

where ng+n;=1, we have omitted the subscript x from
all the variables, y, =y +v, is the transverse relaxation
rate, ¥, =2y is the longitudinal relaxation rate, and the
multimode field variables a (r;,?) and a *(r;,?) are given
by

a(r;,t)= ECj(r,-)aj(t) , (6.5)
e, )= EC (6.6)

The nonzero correlations of the Langevin forces become

(fVi+(t)fV,(t'))=2yphn,-5(t——t’) , (6.7)
fvfy @) =alr, V8t —1'), (6.8)
(fVl_+(t)fV'+(t'))=a*(r,»,t)V,-*S(t —t'), (6.9)
(o (Of () ={=[a " (r,00V; +a(r,0)V}]

+yn )8 —t'), (6.10)
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(fo ()0 2))=—={f, ()f, (2'))
gi gi gl i

=(fo(Of, (1)) . (6.11)

From here on in this section, we drop the subscript i
from all the atomic variables to simplify the notation. To
solve the Langevin equations (6.1)-(6.4) we express the
temporal variations of a (r,?) and @ " (r,?) in terms of a
pair of Fourier series:

a(r,t)=3 A, (r)exp(—iv,t), (6.12)

at(r,t)=3 Af(r)expliv,t), (6.13)

where m€{1,2,..., o} denotes the sum over an infinite
number of Fourier coefficients 4,, and A}, respectively,
and v,, =2mm /T with period T which can be chosen ar-
bitrarily long so that it does not cause any undesirable
periodicity within the observation time. These series ex-
pansions are made only for calculational convenience and
should be distinguished from the expansion of a(r,?) in
terms of the ¢ modes {a;(¢)} as in Egs. (6.5) and (6.6).
The relation between these two expansions will become
clear in the following paper of this series.

The atomic polarization variable V;(¢) can be solved in
terms of { 4,, } using Egs. (6.2)—(6.4) by the Fourier trans-
form technique because we are only interested in the
steady-state response. We define the Fourier transform
of any variable X (¢) by
(dt /2m)X (t) expliot) ,

X()= [~ (6.14)

— 0

where the transformed variable is denoted by the same
symbol with @ as the argument. Then we have, e.g.,

a(w)=3 4,8w—v,), (6.15)
atw)=3 A}f8lw+v,,) . (6.16)
The Langevin equations (6.2)-(6.4) are then
transformed to
—ioV(w)=—3 4,[8lo—v,,)—2n(w—v,)]
—(7 +iw V(o) +fylo), (6.17)

—ioV T w)=—3 A} [8l0o+v,)—2n(w+v,)]
—(y —ie V@) +f, (@), (6.18)
—ion(w)=—F[A V(o+v,)+ 4,V (0—v,)]

—2Fy n(w)+f,(@), (6.19)

where we have used ng=1-—n to eliminate ne(w), and

defined a parameter F by

v =2Fy,, (6.20)

so that y,, =7, (1—F) for 0OKF<1. In the absence of
collisions when y,;,=0, F =1. We introduce the follow-
ing shorthand notation:

Xirti+men=X(otv, v, 2v, £v, ), (6.21)

Xo=X (), (6.22)

where X € {V, V*,n,fy,fV+,f,,,8}, and k,l,n are dum-
my indices just like m. Using Einstein’s summation con-
vention, Egs. (6.17)-(6.19) can be rewritten as

‘—'IG)VO: —Am(s_m —Zn_m )—(’}’l+la)a )Vo"l"fyo )

(6.23)
— iV =~ A (8, —2n, )= (Y —i0 VG +f s

(6.24)
—iong=—A3V, — A, VI, =2y no+f, - (6.25)

A straightforward algebraic manipulation which elimi-
nates the V and V't variables from the above equations
leads to the following recursion formula for n (w):

—iong=[A;" 4,8, _,n—2n,_,,)1/D
+[A1A,_:(8__[+m '—2n_[+m )]/Dtl—'zF'yan

+f,,0—A1+fV]/D,‘—A,thI/D’:, , (6.26)

where
Di,=D*wtv)), (6.27)
DHw)=—ilo+w,)+7V, , (6.28)
D7 (w=—ilo—w,)+v,, (6.29)

and the repeated triple indices in Eq. (6.26) are to be
summed over also.

In order to bring all the n, terms in Eq. (6.26) to the
left-hand side, we rewrite the double sum over / and m in
the first two terms, for example, as

2 A?—Amn[_m /D[~= 2 A:—Akno/Dkv
Lm k

+2 2 A1+Amnl—m/Dl; ’

I m ()

(6.30)
where we have separated the / =m terms. Using the
short form
S 3 A A,n_,/Df=Af Apn;_p./Df (6.31)

I m (3]

for the double sum, where the double prime denotes sum
over /" with I"’+£1, Eq. (6.26) can be written as
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Af A8y [ 1 1 T =mlotvy) . (6.35)
ng=———— | —+
0 mw) Dy DT, Equation (6.32) can then be iterated to yield a power-
+ series solution for n, provided its convergence can be es-
Al Ard 1 + 1 tablished. For example, the first iteration which neglects
m(w) D Dt the third term in Eq. (6.32) gives the following solution
N for ny up to second order in the Fourier amplitudes
247 Apny [ P ] {A):
— +
A LA (1
Al Sy, Aifye, fu, ° o Dy DT
— — + , (6.32)
mw)Di me)DT, 7o) Af A8, o [ 1 1
—+
where To D, DI,
Af Af
mo)= | —iw+2Fy +24, A, D_I'+D}f ] _ Iy, _ kv, +f,,0 (6.36)
£ Do 7D mDT, |
(6.33)

From the above equation we obtain n;_,;., which can be
As in Egs. (6.21) and (6.22), in the following we abbrevi-  inserted back into Eq. (6.32) to give the fourth-order solu-

ate: tion. Similarly, after one more iteration and some alge-
braic simplification we obtain the following solution for
mo=7lw), (6.34)  n up to sixth order in the Fourier amplitudes { 4, }:
J
LA A [ L e ATAR 1| N
0 Ty Dy Dtk 0 To D Dtl T =
2AI_*’AI” 1 + 1 A;Am 1 + 1 NI-I"+m~—m 5
- ” I=1"4m—
o D D*,. -1 Di_piom  Di_p_me | Ti—t4m—m e
N 24, 4, [ 1 L] 24, Ay Lo, A, 4,
To D Dt T Di iy D | Tt im—m
1 1 Nl~1"+m—m“+n~n”
X - +— S tram-man—n+Ta (6.37)
DI—I”+m‘m"+n D1+—1"+m*m"-n” TI—1"%+m—m"+n—n" o oo o
where
Nilil“imim":tnj:n" EN(inliVI“ivm ivm":t'vnj:vn”) , (6-38)
N(w)=2Fy —iw , (6.39)
and the noise term is given by
r AlszVk Akfytk f”o 24/ Ap 1 1 A’ijlAzuk Akaﬁ/'uk f”1~/"
=- — | — :
"o moDi moD To To D7 DY, T Dk m_p D T
24,4, | 1 1|24, 4, 1 1
|+ = — +—
o D DTy | m_p | Di_pim D
Ak+fV " " Aka* " y S, . "
% _ I —1"4+m—m"+k . I —1"+m-—m"—k + I —1"4+m—m ] (6.40)

— +
T pgm—m DI tim—mo sk Tiriom—m P im—me—k TI—"4m—m"

From n, we can obtain n _,,, which when substituted into Eq. (6.23) yields the following solution for V;:
A,8_, 24, AfAS

1 1
+
Dy Dy T_m

+
D; ,, Dt

—m

0=
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2Am A1+A1” 1 1 NI—I -m

+— — + " &1 m
Dy m_, D, DTy | Tior—m

2 ATA 1 A An L, 1
Dy 7_m D, DY | Tictem | Dipiin—m Dippim
Ny _pryn—nr—
e S pn e m AT pl@) (6.41)
T I"+n—n"—m

where

24, Ai'fv, . 24, A, 24, fu, Sy,
0)=——" lm +=r + =2, (6.42)
Dy m_nDi_, Dy m_nDt,_,, Dy T_m Dj

—m

and we have truncated the deterministic part after the fifth-order terms and the noise part after the second-order terms
in the Fourier amplitudes { 4, }.
Finally, the following solution for ¥ () is obtained by inverse Fourier transforming V=V (w):

(2Fy ) A,, exp( —iv,,t) (2Fy )2 A,, expli(v;—v, —v, t1A;" 4,
D~ (v, )m(0) D (—v,+vp+v, )m0)m(—v, +v)

1 1
+
D~ (vp) DY(—v)

(ZFYL)ZAm exp[i(vl ——VI"+vn —Vpr =V )I]Al-’— AI"
D™ (—vi+vp—v, +v,+v, T O)a( —v, +v)

24} 4,.

=V, +V,—v;+vp)

1 1
+
D_(VIH) D+(—'V[)

% |—o1 e +T (1), (6.43)
D~ (vypr—vi+vp) DT (—v,—v,+v)
V(t)E VDet(t)+rV(t) N (644)
[
where deterministic part of V' (¢), in a closed form. For exam-
ec . ple, the following expression for V. (t) gives a correct
Iyn= f_ " do'ylw)exp(—iot) . (6.45) expansion up to fifth order [Eq. (6.43)] in the Fourier am-
A complete series solution for V(t), expanded to all or- plitudes { 4, §:

fier§, can easily be Qerived using the above procedure and (2y F)A,, exp(—iv,,1)

is given in Appendix E. Vpe(8)=— , (6.48)

Now a few words about the convergence of the above D= (v ML, (v, 1)
series solutions are in order. The expansion for n; in Eq.
(6.37) does not appear to converge when the magnitudes
of all { A} are large. For example, the numerator of the 1, (w,0)=2y F —i(w—v,,)

third term in Eq. (6.37) has a double sum

where I1,, (w,?) is defined recursively as

24; A, expli(v;—v, )], (@,t)D ~ (o)

1 1
S A4, D- + D } » (6.46) D (—v,+v,+o)l, (—v,+v, +0,t)
m" (=m) m [=1"+m I—1"—m"
while the denominator has a single sum X .

D~ (v,+w—v,,)
1 1

—t+
Dl—l"+k lel”Ak

, (6.47)

T~ 24, Ay
k

1
DY (—v,+0—v,,)

(6.49)
making the former greater. Therefore, the higher-order
terms could be progressively larger. If the magnitudes of
m Fourier amplitudes are large, then the nth-order term This closed-form solution involving unrestricted sums
in the series is (m —1) times greater than the (n —1)th- over { A, } will be useful for justifying the slowly varying
order term for n > 2. The divergence in the higher-order amplitude approximation in the following paper of this
terms seems to remain even after mutual cancellation of  series. It will be interesting if a closed-form solution can
some of the terms in Eq. (6.37). However, it is clear that be obtained which gives a correct expansion for Vp(¢)
the series converges for the case when m =1 or when up to all orders. Then analytic continuation implies that
only one of the Fourier amplitudes is arbitrarily large. this solution will be valid for arbitrarily large values of

We note that it may be possible to put Vp,(7), the  the Fourier amplitudes { 4, } and the convergence of the
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solutions will always be guaranteed.

In conclusion, we have presented a quantum theory of
nondegenerate multiwave mixing applicable to traveling-
wave interaction geometries. We have also carried out a
preliminary analysis of the effect of super-radiance and
identified regions where such effects are negligible.
Neglecting the super-radiance terms, we have presented a
general Fourier expansion method to solve for the atomic
polarization and fluctuation in the presence of any num-
ber of field modes. In subsequent papers of this series, we
will develop a frequency domain technique for adiabatic
elimination of the atomic variables and then present
methods to treat, with some rigor, the spatial propaga-
tion of an interacting multimode field for application to
traveling-wave squeezed-state generation experiments.
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APPENDIX A

In this appendix we find an expression for Wii%' in
terms of a Fourier coefficient. Let the density operator of
the thermal-field reservoir be gy, which at temperature T
is given by

pr=exp(—R /kgT)/Trylexp(—R /kzT)], (A1)

where Try denotes trace over the reservoir operators and
kp is the Boltzmann constant.. The reservoir averages in
Egs. (3.8) and (3.9) involve terms like

(al(ra,(0)) g =explio,r)n™s,,. (A2)
(a,(1)a 1(0)) g =[exp(—iw, M) )(nP+1)8,. ,  (A3)
where

nM=Trg {pg[2 [(0)2,(0)])
=[explfiw, /kyT)—1]"" . (A4)
Thus, for example,

Wit =3 (n® 4+ )CH(x,)C(x;)
s

X fo‘” expli(w, —w,)rldT (AS)

where the Markov approximation has been made by let-
ting ¢, = oo in Eq. (3.8). Using the identity

I exp(iiﬂr)dr:vrﬁ(ﬂ)iiP-é , (A6)

and discarding the imaginary part, which amounts to
neglecting a small Lamb shift in frequency, we get after
integration over 7,

Wirid =(ng+ Dy (R (A7)

where

nthz[exp(hwa/kBT)"'I]_l s (Ag)
R=r1;—1;, (A9)
and

YR =13 Cy(r,)Ch(r)8(0, —a,) . (A10)

Let us assume that the sum ¥, ., can be approxi-
mated by 3 *_;, whose validity depends upon the case of
interest, and replace I, by the integral
f * . [dk/( 217)3]VQ 3., where 3, denotes sum over the
two orthogonal states of polarization for each k. Then
using Eq. (2.13), we get

v R =mVy [ 7 [dk/(2m)1g8(w, — | k| c)

X 2 “‘l*'a(ek )#IU(Ck) exp(ik-Rﬁr) ’

(A11)
where
Hiole)={l]eT; |g);-e,(k) (A12)
and
g =w,/2henV, . (A13)
By symmetry of the x, y, and z directions, we have
(et [g)i=(x [eX |g);e, (A14)

where e;,/E{x,y,z} are the coordinate unit vectors.
This allows us to write y;(R;) in terms of an inverse
Fourier transform

7 (k)= f_: dRexp(—ik-R)y (R)

=mVog |1y |’ 3 8w, — | k|c)[e; e, (k)]
X[ep-e,(k)]
=3Ayd(w, /c — |k |) S [e;-e,(k)][e e (k)] ,

(A15)

where we have assumed all atoms to be identical so that
:u'd=i<x | 655 !g >i7 A’azzﬂc/wa’ and y———wg l:u'd | 2/
6meyfic’. Therefore

Yu(Rp)= [ explik-R;)7,(k)dk /(2m)? . (A16)

- +01 __ —10__ g+ 10%
Snmi)llarly, +Oll'Vll‘ii’—nth'Vll'(Rii’)’ Wiii=Wpi » and

—_ *
Wiwi=Wiii -

APPENDIX B

In this appendix we calculate special cases of y;.(R).
When /51", y;(R) is in general not zero. However, we
show that for /5£1’, v ;(R)=0 if R|le,, e,, or ¢,. Consid-
er, for example, R=|R|e, so that exp(ik-R)
=explik, |R|). Ife;=e, and e =e,, then in Eq. (A11),
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:u}"a(ek),u'la(ek)oc(ez'eu)(ex'ea) .
Converting f * . dkin Eq. (A11) to polar coordinates
@ 2 T o 2T
d y
J7 1k k| [sinedo [Tde

we see that a change of variable ¢—¢+7 leaves
exp(ik, | R|) unchanged while (e,-e,)(e,-e,) changes
sign, implying that y,,(R)=0. Similarly, for e;=e, and
e =e,, a change of variable ¢—¢+m/2 implies
¥ xy(R)=0. Using the same argument we can also show
that y,,(0)=0 for I5£1".

To calculate v (0), we note that
S, (e;-e,)*=(e;-e)*+(e;-e,)” is just the square of the
projection of e; onto the plane defined by e; and e,, so
that

3 (e;-e, ) =sin’[6,(e})] , (B1)

(22

where 6,(e, ) is the angle between the unit vector along k
denoted by e, and e;. Using Eq. (A16), we then get

Y@= [7 3A2ysin’[6,(e,)18(w, /c — | k| )dk/(2m)}
=7, (B2)

where the integration can be carried out trivially in polar
coordinates with 6, as the polar angle.

APPENDIX C

In this appendix we evaluate 7,”' as defined in Eq.

(5.3). Adding and subtracting the i’=i term in the right
J

N dk
T = Vy ;f—L /2dZ

M — % 27T

2029

side of Eq. (5.3), we get
T '=3 3 v (R Cyprexpl —ikp-Ry;)
o

+@1’x exp(ikD 'Rl'i')]“y@xx ’

(CD

where the last term is obtained by using y,,(0)=v38,,, as
derived in Appendix B. The sum over i’ can now be con-
verted into an integral over the volume V), to give

—1_ N e
T7'=3 [, dRy ~vain—R)
X { @,y exp[ —ikp (r; —R)]

+ €, explikp-(r;—R)]} —yC,, .

(C2)

The validity of this conversion requires that the number
of atoms in volume A} be large. Otherwise, a discrete
Fourier transform can be used with the assumption that
the atoms are randomly located in space, which is usually
the case in a gaseous medium, to neglect the aliasing
effect.

Using Eq. (A16) for y,,(r; —R) and assuming that the
medium is infinite in the x and y directions, we can carry
out the integrals over X, Y, k., and ky in the above equa-
tion to obtain

[ =7tk Copexpli(k, —kp )Nz, —Z) ]+ Cpy expli (k, +kp )z, —Z)]} — 2y C .

(C3)

Using arguments similar to those used in Appendix B we can show that the /'sx terms in Eq. (C3) vanish when the in-
tegral over k, is performed. The /’=x term can be evaluated using a method similar to that used in deriving Eq. (B2) to

give

T '=(N/Vy (€, /2m)3A Y Ly /2)

expli(w, /¢ —kp)Ly /2]—exp[ —i(w, /c —kp )L, /2]

ilw, /c —kp )Ly,

expli(w, /¢ +kp)Ly /2] —exp[ —i(w, /c +kp)Ly /2]

expli(w, /c —kp)z;]

i(wa /c +kD )LM

The second term within the large square brackets in the
above equation can, in general, be neglected compared
with the first if |w,/c —kp | <<w, /c, which is usually
the case.

APPENDIX D

In this appendix we review the collective decay of
coherently phased classical dipoles. Consider an Xx-
polarized array of N dipoles enclosed in a volume

expli(w,/c +kplz;] | =2vC,, . (C4)

r
Vy= AL, of length L,,, whose macroscopic polariza-
tion density PS(z,¢) is in the form of a plane wave travel-
ing in the z direction. Such a traveling wave, which can
be created with approximate initial conditions on P¢! and

d/0tP{!, can be written as
Pz, t)=Re{PNz,t)exp[ —i(w,t —k,z)]} , (D1

where PI=(N/Vy)2u% | V| and w,=ck, is the reso-
nance frequency of the dipoles. If V), is infinite in the x
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and y directions, then the total radiated electric field will
also be a plane wave propagating in the z direction.

In terms of the slowly varying amplitudes 6%(z,¢) and
P<N(z,t) for the electric field and polarization, respective-
ly, the wave equation in steady state reduces to

A6Nz) ik,
3z  2¢

Pz) . (D2)

This equation can be integrated trivially from z =0 to L,
to give

N

Vm

K,

2¢,

ENLy)= ui2 | V& Ly, . (D3)

The power radiated in an area A4 at z=L, is
Pr=(cAe€y/2)| XL, ) | %, which can be written as

Pr=fw,N /Ty , (D4)
where
_ N 3 .
TR'= —E Z;r—kﬁLMy [ v 2. (D5)

Then by energy conservation, we expect {n, ) to decay
like

=—1/Tg . (D6)

Similar to the comment made after Eq. (5.3), the above
equation describes free decay of the coherently phased
classical dipoles in the absence of the pump field which
created the traveling-wave polarization density of Eq.
(D1). Therefore, the steady state is reached when V=0,
causing Tz ' and {n, ) to be zero as well.

APPENDIX E

The expression for V(¢), expanded to all orders, is
given as follows:

2Fy A, exp(—iv,,1)
V(t): Y1 Xp v
D ~(v,,)m(0)

o li
1+ I W mIL P
=0 n=0

+T (1), (E1)

where
!
D~ (v,)exp |i ¥ (v, —v ,,)t]
m p=0_ * ?
Wm= p , (E2)
D™ |3 (—v, +v_.)+v,
p=0 ?
2454,
m Lm 1 1
P[ = _ + ’
T(=Vp, +v, ) | D™ (v ) D (—wv,)
!
(E3)

and P, " for 0<n <lis given by

245 4.

n

P =

(E4)

In the above equations {mp,ml;’: p=0,1,...,1} are
dummy indices like k, I/, m, and n in Sec. IV. Repeated
indices are to be summed over from 1 to « and a double
prime implies that the term m,"=m, should be ignored.

The noise part I',(z) is obtained from its Fourier trans-
form I' ,(w) using Eq. (6.45), which when expanded to all

orders can be written as follows:

Fo)= mp T
W)= n Tt , ES
v D; D= (ES)
AIj‘fV Aka+ fn
r — k _ k—m —m
om Tr»mDI:—m m thk—-m T _m
ES /
+3SZrm Y (E6)
1=0 n=0
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Here

+
A fv_,
Z,-0
Zim=— —
Tt (m ——m")—mD_I
p=0""p P P

Akfy—&[

Epzolmp—ml:')——k —m

D+
" i ”
(m,—m, )—m p=0(m,—m, )~k —m

(mp-m‘:')+k -m

=0(mp—~m’;')+k—m

Y
p=0

f"ZI . ”,

+ p=0"p "p , (E7)
Tl

p=0

(mp-ml;')—m

A A4,
pom o ma L, 1 ES)
o T 7, D- Dt ’

mg—m —mg —m

and Y, " for 0 <n </ is given by

+
o 2Am"Am’:,
n =
™ "lim —m')—m
p=0""p 4
« 1
D_ n—1 "
szotmp—mp )+m, —m
1
+ " . (E9)
D n—l(m u) ”
p=0my—m)—m—m
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