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This is the first of a series of papers on the theory of cone emission from a laser-pumped two-level
atomic medium. Starting from microscopic quantum theory for both the active medium and the field,
equations for the slowly varying macroscopic quantities are derived. In the steady-state limit, which ex-
perimentally corresponds to cw excitation, we find that the sources for the paraxial fields of interest have
a long coherence length despite the random nature of spontaneous emission. These radiation sources
enter into the equations for the fields in the same form as the source generated by four-wave mixing and
therefore may be considered as a “spontaneous four-wave mixing,” since the photons emitted in the Rabi
sidebands are correlated. This has far-reaching consequences on the physics of cone emission and also
sheds some new light on the fluoresence from strongly driven atomic systems.

PACS number(s): 42.50.Lc, 42.65.—k

I. INTRODUCTION

Cone emission has been the subject of numerous exper-
iments and theoretical considerations in recent years
[1-8]. In general, to observe the phenomenon from two-
level atoms, the laser beam must be strong enough to
form filaments due to self-focusing, and the frequency of
the laser beam should be close to, but greater than, that
of the atomic resonance transition. The propagating
laser beam leads to emission of other beams separated in
frequency and angular distribution from the original
strong beam (see Fig. 1). Of particular interest is a beam
of lower frequency (redshifted component) which forms a
cone in the far-field intensity distribution. A blueshifted
beam is also formed. The blueshifted component is emit-
ted in the forward direction only, and not as a cone.

Several effects leading to cone emission have been dis-
cussed [2-8], see for example the recent paper by Valley
et al. [2], which is probably the most complete to date.
None of these papers provides a fully satisfactory descrip-
tion. It is believed that the process of formation and
propagation of the three beams is a complicated one and
involves several effects. Each process is simple in princi-
ple; however, in combination, they become quite compli-
cated. It is questionable whether one simple effect can
adequately describe the complete process. Careful
theoretical analysis is therefore needed. The paper by
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FIG. 1. Typical experimental geometry for observing cone
emission in the far field.

Ws

Valley et al. [2] ascribes cone emission to an interplay be-
tween four-wave mixing (4WM) and the effects of
diffractive spreading during propagation. However, oth-
er authors [3] have invoked Cherenkov emission to ex-
plain the phenomenon.

In a recent paper [9], we pointed out that a
Cherenkov-type emission, not considered by Valley et al.
[2], should also be taken into account when discussing
cone emission. This effect relates to the initiation and
generation of the frequency-shifted fields and is intrinsi-
cally quantum in nature. This effect comes from the spa-
tial correlation at different positions of the polarization of
the medium generated by spontaneous emission at the
relevant frequencies, and is in many ways analogous to a
spontaneous four-wave mixing (at least in the absence of
collisions) since the photons emitted in the Rabi side-
bands are correlated. We show by explicit calculation
that due to the interaction with the electromagnetic field,
the polarization of the medium has a large correlation
length, contrary to the 8-correlated assumption of Valley
et al. [2]. The in-phase polarization of the medium acts
as a Cherenkov-type source of the two beams (blueshifted
and redshifted). Our results show that the source, al-
though quantum in nature, is closer to a coherent source
than to noise. This has far reaching consequences, espe-
cially for the angular distribution of the beams.

In this and the following paper, we provide more de-
tails on the theory we have developed [9]. In this first pa-
per, the formulation of the problem is presented, and the
propagation equation for the slowly varying field opera-
tors are derived. The important source terms coming
from the incoherent scattering of the pump light are
identified, which are shown to have a long coherence
length under the paraxial approximation. In the second
paper we analytically study various models to clarify the
physics of cone emission, and we compare and unify our
results with previous model studies. The 4WM and the
Cherenkov-type radiation model controversy is resolved.
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We plan to implement numerical simulation schemes
based on our work in a future publication, and we will
then try to make comparisons with available experimen-
tal work.

This paper is organized as follows. We describe the
formulation of the problem in Sec. II, followed in Sec. III
by the derivation of the equations for the collective atom-
ic operators, which are the key to our formulation. In
Sec. IV we solve the atomic operator equations perturba-
tively to first order in the generated weak fields Es and
E 4 Section V is devoted to a detailed discussion of the
long coherence length quantum noise. In Sec. VI the field
operator equations are derived, which have the macro-
scopic polarizations as their source terms. We summa-
rize in Sec. VII.

The system under consideration is modeled by the elec-
tromagnetic field and a medium formed by two-level
atoms. The electromagnetic field will be decomposed
into several components (see Fig. 2). One of the fields has
large intensity. It will be called the pump, or laser beam,
and will be treated as a classical quantity, and its interac-
tion with the medium is described semiclassically with all
the effects due to propagation included. Under the
influence of the strong pump beam the medium responds
by forming two weak beams of different frequencies at the
Rabi sidebands. These two fields will be described by
quantum-mechanical field operators, E‘S and E,.

It is assumed that the medium has a pencil-like shape
with the Fresnel number close to one or smaller. This as-
sumption allows the description of the propagation of
waves in the framework of the paraxial approximation.
In order to treat correctly the spontaneous emission of
photons by the atoms forming the medium we also have
to include all the modes of the free electromagnetic field.
Although important features of the spontaneous genera-
tion of the fields may be obtained from simple two-mode
models [10], previous work has not considered cone for-
mation. The fields E; and E, are smoothed macroscopic
fields with the appropriate quantum noise due to spon-
taneous emission as their source. Most of the work re-
garding cone emission has been done under the assump-
tion that the pump beam is self-focused and forms fila-
ments. This assumption is an important one since it al-
lows one to treat the pump field as truly strong, i.e., the
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FIG. 2. The energy-level scheme of the two-level medium to-
gether with the sideband field distribution (i.e., the Mollow-
triplet spectrum).
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resonant transition in the atoms is saturated. It has also
been shown by Harter et al. [4] that in a self-focused fila-
ment the Rabi frequency is of the order of the detuning.
In this paper we will not discuss the details of the self-
focusing, even though it is also included in the formula-
tion.

II. FORMULATION OF THE PROBLEM

The Hamiltonian of the system is given by

H:ﬁatom+ﬁﬁeld+Hint ’
with
Nt 2 . .
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ﬁmm is the Hamiltonian of the free two-level atoms
forming the medium. &,,(t=0)=|u){v| are the atomic
projection operators in the Heisenberg picture. They
form a Lie algebra,
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In the above, greek letters are used to index the energy
levels, while roman letters denote the atoms. Level 2 is
the excited state, and level 1 is the ground state. N, is the
total number of atoms.

H;., is the Hamiltonian for the total field, the+ first
term is that of the quantized fields, the operators @, and
@, are the creation and annihilation operators of photons
in the mode A. The second term is the energy of the
strong pump semiclassical field, and can be neglected.

The total field is

E=E,+ 3 E,, (2.2)
A
which consists of the classical pump field plus quantized
field. The pump field can be written as

. . o 1 —ik
1wpl+lkpz iw,t—ik,z

—n(+) (—)
Ep(r,t)—Ep (r,t)e +Ep (r,t)e R

(2.3)

which can have any polarization. However, since we are
using a two-level model system, we will take it to be or-
thogonal to the propagation direction, which we choose
to be along the z axis. As previously mentioned we will
treat the pump field classically. Thus E§,+)=(E;,_))* are
not quantum operators. The quantum field part is

SE=SE"+3E ", 2.4)
A A A

with
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S Er )= 3 iQ2rho, /V) %€ 0, . (2.5
A A

Here V is the quantization volume and A=(k,€); k and €
are wave and polarization vectors, respectively. At t=0,
the quantum field reduces to the vacuum field, the evolu-
tion of which is described by the Heisenberg equation of
motion, and any deviation from the vacuum field is due
to the interaction with the medium. This quantized field
is, in principle, in all directions as is evident from the
above expansion. However, due to the particular
geometry, the modes that correspond to propagation
along the axis are more important. This will become
clearer when we introduce the effective coupling fields.

A, ine 18 the interaction Hamiltonian between the fields
and the atoms under the local field dipole approximation.
For the pump field part of A, int this amounts to using the
pump field at a particular location, with effects due to
propagation included. The rotating-wave approximation
(RWA) has also been used. The dipole moments of the
atoms are assumed to be the same irrespective of loca-
tion, such that d;;=d,,=0 (no permanent dipole), and
d;;=d3;. The Rabi frequency for the pump field is
defined as

=2d,,’E, /%,

and the coupling constant as
8, =2mhw, /V)*d,-€/% .

A zero-temperature (T'=0) approximation has also been
assumed for both the field and the medium.

In the above, we have separated the field into two
parts, the classical pump field and the quantum field.
The quantum field carries all the information about the
statistics of the vacuum fluctuations. The propagation of
the pump field is included because important features like
self-focusing, filamentation, etc. have to be taken into ac-
count in order to describe correctly the spatial charac-
teristics of the new frequency fields that are generated.
The generated quantum fields are introduced under a
general rotating-wave approximation (RWA) which gives
rise to three slowing varying components centered at
various frequencies (namely the pump frequency and the
two Rabi sidebands). In this Heisenberg picture formula-
tion, we will use the space-time-dependent operators to
represent the corresponding classical quantities. This is
in contrast to many other systems in quantum optics,
since we do not have a good optical cavity to clearly
define the modes for the field. Moreover, we are dealing
with one-way propagation, like a swept gain amplifier
[11], x-ray laser [12], superfluorescence [13,14], or Raman
scattering [15]. The generated fields very often are not in
resonance with the cavity, and they propagate out of the
cell (no bouncing at the exit mirrors) after generation.
These space-time-dependent operators usually contain
many modes and therefore a single-mode theory will not
be applicable. Despite the considerable amount of work
on quantum optics in recent years, much work remains to
be done on the theory of propagation. Graham and Hak-
en [16] first considered the propagation problem in an in-
teresting series of papers with emphasis on the laser
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theory. In the quantum theory of superfluorescence
[13,14], propagation is included and is found to be essen-
tial. Later propagation aspects have also been included
in a quantum theory that unifies Raman scattering [15].
More recently many new investigations on the quantum
theory of light propagation based on various approaches
have appeared [17-20]. Throughout this paper, we will
present our formulation and important findings for near-
resonant quantum light propagating in a two-level atomic
medium. In the companion paper, we find that cone
emission is a direct result of the quantum nature of the
light propagation.

III. ATOMIC OPERATORS EQUATIONS

All the operators obey Heisenberg equations of motion

do _ i .. A
_ = H’ [0} N
dt # [ ]
where O is a generic operator in the Heisenberg picture.
For the atomic operators, with normal ordering for the
field operators, we have

(3.1

(1)
a =i 0(1)—'zﬂp e'(wpt_kpzl)ﬂ)(l)
dt 21¥ 21 D)
+ —kr
- zgane 78 1@(1) ,
A
(1) N '
da _iwzla(ll)_'_l-fb(/) QP e—l(a)pt—kpzl)
dt 2 -
(1), ik, r
— zgka\) a,e AT
A
(3.2)
df\(l) d(a(lll)_a(zlz,)
dt dt
=i e

AT

+ zz(gka(l)a)\e' Arl+g 6 6(1) )’
A

where normal (antinormal) ordermg refers to putting the
a, (@ A) to the rightmost, and @ 2 (@,) to the leftmost posi-
tion of an expression. This is important only when the
formal solutions for @, and a} are substituted into a
given expression. In general, the field operator @, and
the atomic operator 6” ) act on different subspaces, and
therefore commute, i.e., [@;(¢) L’)(t)] =0. However, the
formal solution for @, [see Eq. (3.4)] contains many
terms, and each of these individual terms does not com-
mute with 6;{3, thus we have to be consistent in using a
particular ordering after the substitution.

For the field operator, we have

da N

-£=_iw>ﬁx+ S grotle

—ikA'rj
dt =i

(3.3)

We first write the above field equation in terms of the
integral equations,
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a,(1)=a.(0)e Thep 4 gte —iky f/f 6”) "w;“"")dt, the dipole field, which is the radiated field due to all the
* * Exre other dipoles. In the atomic-operator equations, the ap-
—ik,- —iw,(t—1") ropriate E field is that due to all the other atoms

+ AT J (_I) A ’ p p y

jé ”g)Le f Gz ar’. (34 whereas the field equation describes the total field. The

In the above we have represented the fields by three
separate terms. The first term is the free vacuum field,
while the second term is the self-field (the radiated field of
this particular dipole), which in the normal-ordered case,
will be responsible for the radiative damping. The last
term contains a summation over all the other atoms; it is

J

lw}\H*t'D

(211 —_ E lg}\\Zf 6 dt:a\)([)(t) ,

A~ —ik, - ik (t—

m(zll}=—21gk|2e ’)\fI e ,fa “%’ !
1 p&/

A — ik, -
f(zll) —_ zg):te Ky rlaz(o)el“’kt@(l)(” .
A
We first work out the $3) term, with the Markov ap-
proximation (MA) [21] introduced as (see Appendix A)

lwy (1" —1)

ef=8Y)(ve 3.7
We get

==yl ")=—yed0), (3.8)
where

77=%+iA(a)21) (3.9)

The Lamb shift A(w,,) is due to virtual processes, and
a renormalization procedure has to be employed to ob-
tain convergence of the integral. We will neglect this
shift in the following.

Similarly we have

EZ(gkaz ake Wik}\'rl)

r’+g 6(112)e
="+ P+ FY  (3.10)

where the details are given in Appendix B. Thus we can
rewrite Eq. (3.2) as
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We remind ourselves that up to this point we have
been dealing with one particular atom located at r;, and

N
dr' (1)

difference gives the Lorenz-Lorentz corrections. When
we put the above expressions [Eq. (3.4)] into the equation
for the /th atom, we have

— >gje
A

where

=ikt ot A () A~ (] Al
Map=sil +mafl + 75, (3.5)

(3.6)

f

the /1 and f terms have not yet been treated. Now we in-
troduce the collective operators as [11,14]

Opn=——3 (3.12)

AlD
o VS(I'*I'[) s
N[l] 1€[1) g

where [/] refers to the Ith coarse-graining volume ele-
ment centered around r;, which has a linear dimension
that is less than a wavelength A, of the pump field, but
large enough to contain at least one atom. This is the so-
called physically small, microscopically large coarse
graining. Ny, is the effective number density of atoms in
this volume element. With this definition, the collective
atomic operators are going to be dimensionless. Under
this collective variable description approximation, we will
limit the discussion to the density regime nk; <<1, such
that we can neglect the near-field dipole-dipole interac-
tion and frequencies shifts, i.e., we do not distinguish be-
tween the field at the atom and the total field. This is
consistent with neglecting the Lorenz-Lorentz correction.
We also assume that the field and atomic operators
decorrelate when the field is determined by the far fields
of the other atoms. Then

S Epelsir—r)=E(m—— 3 &,.8(r—r))

Nu 1 &0 N[l =0
=E(r)Q,,(r) (3.13)
According to Eq. (3.12), we have
QZl(r’t): N S 00s(r—r;),
1€
le(r,t)Z 2 A(”( )S(r-r,) ,
Niy &l
(3.14)
Or,t)=—— o P()8(r—r,) ,
Ny (&l
A Al
d0,.(r,t) 1 s,y
Y = 8r—r;) .
dt Ny &y dt :
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The commutation relations for the new collective vari-
able description approximation atom variables take on
the following form [11]:

(01, (r,0),0,(r,0)]= Q(r,1)8(r—r') ,

N(r)
(3.15)

(0(r,1),0(r,1)]= 0,,(r,1)8(r—1') ,

N(r)

with the initial conditions at t =0 exactly the same as in
superfluorescence (SF) [12,13], since with |¥) as the state
vector for the system, we have

(¥|0(r,008(r—1")|¥)=—(¥|N(r)8(r—1")|¥) , (3.16)

where N(r) is the total number density operator of the
atom, which is a conserved constant.

As indicated above, we evolved our system from a
Hamiltonian, thus the above commutation relations
should be conserved at all later times. Our collective
variable description approximation is consistent with this
so far. In the following, we will attempt to solve the sys-
tem under various other approximations, some of which
might violate these commutation relations. However, as
long as the errors are higher order than the terms we
keep, the physics involved should not be affected. In par-
ticular, when we adiabatically eliminate the atomic vari-
ables, we will be left with a Hilbert space that is spanned
by the field alone. Nevertheless, our important results do
not significantly violate these relations.

Depending on the preparation of the medium and also
the geometry, the time variable ¢ is not necessarily the
most convenient natural choice of an independent vari-
able, as is the case here. Our medium has the shape of a
pencil with the pump propagating along the axis. Under
the approximation that the dispersion of the pump can be
neglected, we can easily see that depending on the loca-
tion of the atom along the axis, the natural choice of time
is the retarded local time 7=t —z /c. It is with respect to
this local time that the dynamics of the atoms located at
different positions along the axis will be the same. This is
a crucial point, for each individual atom the above choice
is as good as any other choice. However, after we intro-
duce the collective variable description approximation,
we have to deal with the atomic operator field variables
(we have let the coarse-grained spatial coordinates be-
come continuous). In order to specify these field-variable
envelopes, we have to use a time that is the same for all
the atoms. We will also neglect the linear dispersion of
the nonresonant atoms (background gas), which in prac-
tice, might also contribute. By choosing 7=t —z /c [15],
rather than 7=¢—z /v(w), we are able to handle more
than one spectral component, and for a dilute medium
the nonlinear dispersion is accounted for via the polariza-
tion of the medium, so that the errors will be negligible.

As we mentioned earlier, the 7 terms (material field)
are proportional to the product of the dipole operators of
all the other atoms with the atomic operators of the one
of interest. It describes the interaction of the fields emit-
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ted by all the other atoms with the particular atomic di-
pole. When we go to a collective variable description ap-
proximation, under the decorrelation approximation, the
volume average of the dipole operators of all the other
atoms outside of this particular element will be effectively
described by the electromagnetic field operators, the
spectral components of which, of course, will be deter-
mined by the dynamics of the medium (since this is the
radiation of the medium). The atomic dipole operators
due to atoms inside the same volume element will be
neglected as discussed earlier, thus m terms will give the
generated fields interacting with collective atomic opera-
tors. The exact form of the generated fields depends on
the detailed dynamics of the atomic system, and also on
the geometry when the slowly varying macroscopic quan-
tities are introduced.

If we look at this from a different perspective, by
studying the dynamics of a single atom, we can easily find
the appropriate field operators to introduce. For a single
atom located at r;, we have

sy Q, i,k z)
- =iw2,6”’ 1’_3(1) , 2p e Pt TR @(1)+f(1)
()] *
déy; =—ia)216 I—&‘” Qp e—i(w,,'*kpzl’@<1)+f(1)
dt 2
(3.17)
do'? R N . (o 1~k z,)
0 =—y(@""—g)+i(Q,80e" PP
_a(zll)Q#e_i(wpt_kpzl )+f(l)
P

The expectation values of these equations describe a
two-level atom driven by a strong near-resonant field (the
resonance fluorescence Mollow spectrum problem)
[22-24], for which the solutions are well known. After
some time (the characteristic damping time of the atom)
the system will settle down to a steady state, independent
of the initial conditions. This particular atom will end up
spontaneously emitting the Mollow-triplet fields in addi-
tion to the usual coherent Rayleigh scattering. Since we
are dealing with an extended medium rather than a single
atom, these fields will propagate and interact with the
atoms downstream. We can simulate these as three addi-
tional macroscopic fields each centered at one of the
Mollow-triplet positions. We have set up the equations
with the pump field propagating in one direction, and,
consistent with the one-way approximation, we will simu-
late the coherent component of the dipole fields as travel-

EP P S E4

MW\/\»EP+6E

MME,

FIG. 3. The description under the paraxial approximation of
the fields emitted by other atoms acting on the atom of interest
are described by the fields indicated, which are classified accord-
ing to their frequency and the direction of propagation.
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ing in the same direction. Of course, the dipole fields are
traveling in all directions according to the angular distri-
bution pattern of the spontaneous radiation, but for our
geometry coherent-phase-matched components are possi-
ble only in the forward direction. (See discussion in Sec.
V, where such source terms are derived from first princi-

—ik, 1 ik, T (i io,(t—1t")
AT 2 e * jf 6(2‘]1)(1’,)9 8 dt’
0

Jj &1

[ [z g e

o t—k

zi[ﬁ(;

(r),t)e

where [[ ]] denotes both a collective variable description
approximation for atomic operators and a SVEA for the
fields. The collective variable description approximation
involves a volume average over a volume element of the
order of interatomic dimensions about r;, which we intro-
duced explicitly in Eq. (3.11). However, the SVEA for
the field is not all that clear here, as it is the polarization
of the medium (via the atomic dipole operators) that will
radiate the field, so that the field will be determined by
the distribution of the polarization, i.e., by the geometry
of medium. The SVEA presupposes a given geometry for
propagation close to the z axis, whose justification can ac-
tually only be made after the problem is solved. If valid,
the SVEA is equivalent to averaging over a volume a°*
larger than or of the order kf,, with the corresponding

J

[[rh\(l) H 218 2 ik lk; ;f 3(1) ”"A
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ples.) We will not treat the incoherent background in
this paper although this could also play a role in a realis-
tic comparison with experiments [25]. Under the slowly
varying envelope approximation (SVEA) we can in prin-
ciple approximate the coherent generated fields by (see
Fig. 3) the following:

z(wt kzI

(r;,t ], (3.18)

—

diffraction angle 6, ~1/(k;a). To describe the structure
of cone angle 6, correctly we also have to satisfy
a <<1/(k;6,).

In Eq. (3.18) ﬁs(r, t) denotes the SVEA macroscopic
field with frequency centered around the Mollow-triplet
component to the red side of the pump, and similarly

4(1,1) denotes the field with frequency centered around
the Mollow-triplet component to the blue side of the
pump, and finally the change associated with the com-
ponent resonant with the pump field is denoted by
6ﬁ (r,t). These fields are to be slowly varying over a
volume of order k3 (however, we note that the collective
operators are usually defined over a volume less than )»3)
Then we obtain

J (9&1
z—é—[ﬂ(_) ot —kg kz,)+ﬁz,) i(m4t4k4zl)+Sﬁ;_)ei(wpt—kpz/)]Q(r,T) ’
N ik —ik, i —iw,(t—1")
[[m(l)]]: 2 2|g7\12H [ (g a1, i Jfota(ljz)(t')e to(e—t dt'+H.c. ] H
A gl
i
S A=A (ot — k.z —ilo t—k z;) A=A (w0 —k,yz;) PN —i(wyt—kyz;)
~i[07'0 e "0, 0 e P10 Qe Y T 05,04 e T ]
+i[80 70 e TR = 0,800 e T (3.19)
f
where to be consistent with other terms in the equations for the
8~ =25f ) slowly varying quantities. This implies that the source
80, =28E, -dy, /%, (3.20) ©an be averaged over a finite volume element (>7L3) but
ﬁ;*)zzﬁj‘).dn/ﬁ for j=s,4 . ) the final result should not depend on the size of the

The f terms describe the vacuum fields interacting
with the atomic operators. Under the collective variable
description approximation for atomic operators and the
SVEA for the field operators, we require this source term

volume chosen. At present we will not explicitly evaluate
the vacuum field operators, and only replace the atomic
operators by the corresponding collective ones in the
above expression. The SVEA for the f terms will be car-
ried out later. Thus we have
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Fu=—3gle " a}(0e o,
A (3.21)

f= 2 2[ng216A(0)e _i“’)t(7+2/‘)eikx'r
A

ioy(t+z/c) A

ioy(t+z/c) A

_'k .
gtal(oe ne .

We then obtain the following set of equations which
describe quantum mechanically the dynamics of the col-
lective atomic operators:

dQZl . P PN ﬁ, Alo T
dr =’w21Q21—17i‘Q2 Q "+ fa
dQlZ . P A A ﬁ(+) —ilo T ~
dr =_1021Q12_%Q12+’Q e " +fn,
40 (3.22)
—Q Q on" lee T
dr
~0, e 47
The general Rabi frequency operator is
ﬁ - —ﬂ +SQ +ﬁ —) —id(t— z/C)_+_Q )eiﬁ(t‘z/c‘) ,
(3.23)

where 8=wp —a;, o, and o, are, respectively, the center
frequencies of the pump and s fields.

Now we will introduce the RWA for the atomic collec-
tive operators in a manner similar to the field operators.
Thus the RWA is here equivalent to the SVEA for the
electromagnetic field operators. This again involves a

volume average over a size X A,, with

612 r, t le(r’ 1kpz+1u) t—)Q\IZ r T)eia)PT ’
621 T, t QZI r,t ‘kpz 'w t—)Qzl f T)e ipr s (3.24)
ib(r,t)—»Q(r,T) .
We finally get
dg, . KON
dT :_IA&ZI_ 2 21‘1 2 w+F2+ N
dé ot L
e =iA6]2—-§612+i{bQ +P,, (3.25)
‘;—l:_}:_y(@—wo)_f'l(ﬁ(_ 012—621ﬁ(+))+ﬁ1 ’
with A=w, —w,,, the pump detuning, and
ﬁ;(r,r)=f21(r,r)e_iw"r
=0 )(r, ") (r,r)e 77,
(3.26)
Bir,m)=F=—26,e " 0 +0 6 e '),
Qi,ac zgk —i krak(o) iwy(1t+z/c) )
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These equations are operator Bloch equations; howev-
er, they are different from the Bloch equations for the
density-matrix elements. Equations (3.25) are for opera-
tors rather than for the c-number elements of the density
matrix. As a result they should preserve the commuta-
tion relations between the atomic operators [Eq. (3.15)].
This is indeed the case in spite of the damping terms in
the equations. This damping _is compensated by the
Langevin forces, denoted by Fs. Thus the Langevin
forces are crucial in sustaining the operator character of
the variables.

A similar situation is encountered in the study of elec-
tromagnetic waves in cavities [26]. A mode of elec-
tromagnetic radiation, described by creation and annihi-
lation operators, is damped due to leaking of the radia-
tion from the cavity. The creation and annihilation
operators, however, cannot be damped to zero without
violating the commutation relations. Careful analysis of
the damped mode shows that in addition to damping, a
fluctuating Langevin force exists which drives the annihi-
lation and creation operators in such a way that the com-
mutation relations are preserved. In the atomic case we
are discussing here, the situation is somewhat more com-
plicated. Namely the Langevin forces are not simply ad-
ditive, as in the case of electromagnetic modes in a cavi-
ty, but rather have the form of a multiplicative noise.
This is because, as is clearly seen from Eq. (3.26), the
Langevin forces are proportional to the collective atomic
operators @(r,?) and &(r,?) which themselves depend on
Langevin forces. Because the Langevin forces are not ad-
ditive the complete solution to these equations may be
difficult to find. We will, therefore, in Sec. IV, use a
simplified treatment in which we linearize the Langevin
forces around the steady state (nonfluctuating) solution
and effectively replace the multiplicative noise by an ad-
ditive noise. This will be a good approximation in our
case since to zeroth order the steady-state elements are
determined by the strong (nonfluctuating) pump field.

IV. PERTURBATIVE SOLUTIONS FOR THE ATOMIC
DYNAMICS

For clarity and convenience we rewrite Eq. (3.25) in
matrix form,
dé

== =A6+6,+9+F,

dr 4.1)

with the last two terms 96 and & expressed in normal or-
dering, where

G

6= |01, (4.2)
)
0

6,=| 0 |, (4.3)
Yo
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Q
_iA—_L P
iA ) 0 i 5
Q*
= -r == 4.4
A 0 iA 5 I 2 R 4.4)
—iQ, iQ, -y
0 0 [
¢=10 0 9l (4.5)
93 S5 0
with
913=—i[Sﬁ;_)+ﬁ(S—)e_f57+ﬁg_’ei57]/2 ,
923291;3 ’
f 4.6)
31=-283,
§3,=-283,
and
P}
F=|F, | . 4.7)
F,

Essentially the same set of equations is used to describe
the initiation of superfluorescence and Raman scattering
[13-15], but then linearization about steady state corre-
sponds to linearization with respect to the initial 7=0
solutions. Thus in those cases, the initial conditions of
the system are very important, because one is interested
in short-time behavior (compared with the characteristic
time of the system). Here, on the other hand, we are in-
terested in the steady state, long-time limit with all the
initial conditions damped away. This is the regime in
which the dynamics dominate over the initial conditions.

We will now examine the long-time behavior of the
atomic operators. They, of course, do not reach station-
ary values, since the terms proportional to the Langevin
forces lead to fluctuations around their average values. If
both the generated fields and the Langevin forces (vacu-
um fields) are small compared with the pump field, as in
the case studied here, we may linearize our equations.
Essentially the fluctuations in & and @ due to the
Langevin forces are small compared to their mean values.

First we can find the transformation matrix 7 that di-
agonalizes the coefficient matrix A,

A, 0
T AT=A=|0 A, O (4.8)
0 0 A,
The generic solution is
T=(Y,Y,,Y,), (4.9)

with ¥, Y,, Y, the corresponding eigenvectors of ma-
trix A. That is,

L. YOU, J. MOSTOWSKI, AND J. COOPER 46

AY, =AY, , j=12,3. (4.10)

The cubic equation (comparable to the “Mollow cu-
bic”) that determines the eigenvalues is
3 2

+3£— +(lQ,2+4a%)

A+L
2

a+L
2

A+t
2

+32/—A2=0. 4.11)

This secular equation has all real coefficients, so the
complex solutions must occur in conjugate pairs [27].
With A= —Fj+i8j, for j=p,s,4 in the following order:

AIZAS=—F-I'6 5

A,=A,=-T+is, 4.12)

A3=Ap='—rp .

All the eigenvalues contain a negative real part, which
ensures that the atomic operators will damp to around
some stationary value.

We now can solve for the pump field to all orders,
which reduces to the solution of

dé

S P

- =AG 48,70,

where &, is the steady-state solution of the above equa-
tion, and as given in Appendix C,

(4.13)

6,=—A '8
Q
_ A+'_‘J/_ _P
212
*
- Yo i | 4.14)
TN 2 12 :
4 2 ar L
42

Since we want solutions to first order both in weak
fields and in the Langevin forces (which act as the source
of the weak fields), we can linearize the & equations
around the & as

Gy~ 0 5651
86:6—65_: &12 012 66—‘12 (415)
A a)V 8{(\)
Then we have
488 _ js6+F+98, , @16
dr
with
ﬁ‘l(r,'r): —2 ;lﬁ(v:c]e ’ +ﬁ£’;°)6‘;2e ") (4.17)

o, T

Fy(r,r)=0%r, 00 (r,7)e "

After the linearization- approximation, the normal or-
dering in expressions §8 and F is not important any
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more, as 98, and F(&,) are linear in the field operators.
Transforming into the eigenvector representation

X=T "%,

X%=T ‘s, , (4.18)
86=%—5%, ,

we get
48R _ R TP T 1gs, (4.19)

dr

The solution is

8%;(1)=6%,(0)e "+ [N TR dr

+fOTeAf”_’J’[‘T"965(7')]].[17' . (4.20)

The first term is due to the nonzero initial conditions,
which will of course vanish in the steady-state limit. The
remaining terms are the linear responses due to the
Langevin and weak-field terms. The part due to the
Langevin terms depends on F, which describes the fluc-
tuations of the electromagnetic vacuum. It is very impor-
tant to realize that the atomic raising operator 88, as
written here depends not only on the creatlon operator
Qi,ac but also on the annihilation operator Qvac Similar-
ly the lowering operator 88, depends on both the
creation and annihilation operators ﬁvac These results
were obtained in the framework of the local-field dipole
approximation and RWA. The mechanism for the cou-
pling between the positive and negative-frequency parts
of the field is provided by the strong pump field. Observe
that the atomic operators depend on the electromagnetic
vacuum field via a time integral over times prior to 7.
Therefore not all the frequencies that contribute to the
electromagnetic vacuum will significantly contribute to
the atomic operators. The electromagnetic field is
effectively “filtered” by the atomic system (see Appendix
E). It is only those frequencies of the vacuum spectrum
which are centered around one of the resonances, given
by imaginary parts of A;, and which have a bandwidth
comparable to the real part of A;, that significantly con-
tribute to the fluctuations of the atomic operators. This
filtering is crucial to understanding the long correlation
lengths that give rise to the Cherenkov-type emission.
The part of 88, that depends on the weak fields is essen-
tially proportional to the y'*), the third-order susceptibili-
ty, which has a form familiar from the theory of 4WM.
In the long-time limit the ($o) reaches a steady state
and the integrals in Eq. (4.20) are easily performed (see
Appendix D). The solution of §&,; is then

8621(7) 8621+80’2l . (4.21)

803, will be discussed in Sec. V, where we will detail its
interesting long correlation length properties. The
linear-response part (stimulated part) of the polarization
due to the weak fields is given by

2911
863,(1)=a,80, ) +&,80," +a, 0l e ~id7
Q 18‘r+a4ﬂg )e157+-R=SQ§+)ei87'
(4.22)
where the @’s and ®’s are given in Appendix D.

V. LONG COHERENCE LENGTH QUANTUM NOISE

In the above we have solved the atomic operator equa-
tions by keeping all orders in the strong pump field, and
perturbatively to first order in the noise and weak-field
terms. We have found that the solution is just the sum of
the linear responses of both small signals. As detailed in
Appendix D, the linear response due to the Langevin
noise is

1 _ 3 PPN
aaZI—Vp+Vs+V4 ’ (51)
where
£ (—&f ™
Vp :i)p vaac+ P ‘Q’pvac ’
2 (#]_c(—) (+)~(+)
VS =$S stac+ s svac ? (5'2)
&' R
V4=i)4 ‘Q4vac+$4 4vac
with
(%) Afr—m) A () Fio T o,
Q= fo’e NV S P (5.3)

The expressions for the ,‘Dgi) are given in Appendix D.
As we show in Appendix E, Eq. (5.3) with the damped
kernel is equivalent to a frequency filtering in the spec-
trum. The effective filter is centered at the central fre-
quencies of the three fields we are describing and has a
bandwidth determined by the damping rate. In general
we will have problems of convergence due to large fre-
quencies when we try to evaluate the correlation func-
tions of the above-filtered vacuum. One standard way of
getting rid of the divergence is the flat spectrum or pole
approximation, which ambdunts to replacing the density
of continuous modes by a constant evaluated at the
center frequency. This is equivalent to saying that the
filter is sufficiently strong so that it allows only the pass-
band modes to go through.

We have separated expression Eq. (5.1) for the polar-
ization into three parts corresponding to the time varia-

tion part of the resulting polarization. p;’a)c is the field

with center frequency at w,, and with resulting polariza-
tion at . Q{,,) is the field with center frequency at o,,

and resulting polarization at w,. Q') is the field with
center frequency at w,, and resulting polarization at w,

a Yvas is the field with center frequency at w,, and result-

ing polarization at w,. a Yy is the field with center fre-
quency at aj, and resulting polarization at w,. Thus
terms {} { e and a ‘.. behave like spontaneous four-wave
mixing.

A very important comment is in order here. As men-
tioned earlier, the vacuum fluctuations will be partitioned
among the three fields of interest, which are identified by
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the three eigenvalues listed above. However, the pump
field will propagate in the medium as well. It is by no
means a constant plane-wave field; rather, due to self-
focusing, diffraction, etc., it will be a space-time-
dependent quantity, so at different locations in the medi-
um, the generated fields will center at different frequen-
cies w,+8,[Q,(r)], and will have different widths
[;[Q,(r)]. Thus the distribution of the pump field
strength will cause the separation of the triplet spectrum
to vary, but as the center of the triplet is always the same
as the pump frequency, and the two sidebands are at least
A apart, we can usually replace the center frequencies of
the sidebands with that corresponding to the saturated
field strength in the filaments [4]. We then simply assume
that the sidebands are coherent irrespective of the exact
position of the center frequency. These coherent fields
are then additive. If, on the other hand, we also want to
|

|Wieq) =|vacuum) , |W,...)=]all the atoms in the ground-state level 1) .
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look at the spectrum of the generated fields, we have to
be more careful.

Since we are performing our calculations in terms of
normal ordering of the field operators, and we are only
interested in the intensity distribution, the nonvanishing
correlation functions that will contribute to the far-field

normal-ordered intensity are of the following
antinormal-ordered form:
2a(+) Al
Djj,(r,r’;r)=(ijac(r,r)Qj'vac(r’,T)) . (5.4)

In the above, ) represents the quantum-mechanical ex-
pectation value over the state vector |W(¢)), which is

(1) =[W(1=0))= W50 ® ¥ i0me) » (5.5)

with

(5.6)

Before we proceed to calculate the correlation function of the quantum-noise fields, we briefly review the properties
of the vacuum fluctuations, and point out some special cases of interest. For the free vacuum field,

"l&])\f

a,(t)=a,(0)e (5.7
Then according to the expansion Eq. (1.2), we get
(B0 (0,1 = 3 2w, /V)e T ™)
' 1 3 . , . ,
=2 |5- [ dk,2afio)e™ T
_ fc o, ikyr_ I
_ﬂir——r'Tfo (e —e k2dk; (5.8)
where r are defined by
r_=lr—r|—=(—t), ro=r—r|+—1t). (5.9

The above integration has been discussed elsewhere [28,29]; it is singular at 7., and can be expressed in terms of the &
function 8(r_.) and its derivatives under proper regularizations. The correlation properties of the vacuum field are such
that two points of space-time which cannot be connected by light signals are not correlated at all. However, as is often
the case for calculations in quantum optics with vacuum fields, we are interested in a limited frequency band, and there-
fore a flat spectrum may be assumed within that band. In the present case, a limited band around the atomic resonance
is the most important part, so instead of going through rigorous algebra, we will investigate the properties under the flat
spectrum approximation. Thus

vac

(+) A=) oy fiC o koo Tk
(B (,0)E ) (e ))—mfo (e’ e )k3dk,

_ #ic 2 ikyr_ w0 ik'r_ . —ik21r+ © —ik'r ,
~ ok [e [ ke [ e a
fic 2
~———k5[278(r_)—278(r )], (5.10)
mir—r'|
[
where k'=k, —k,;, and we can see that the essential  where
physics is retained. In terms of the local time 7, , , , ,
r_=lr—r|—(r—7)—(z—2z")/c ,

(E\ (e, nE (7)) 5.12)

va va —|] ]| (7 1) z z)/C-
r = —_ + J— +( —

~— k2 ry— !
pp— k5 [278(r_")—278(r'y )],

5.11 . .
( ) Under the same approximation, we can also discuss the
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following special cases.
At t=t', Eq. (5.8) reduces to
(BN (r,)E ) (r',1)) =4rfiw, 8(r—1') . (5.13)
This implies that at the same time the vacuum fields are
indeed white noise in space.
At r=r’, we obtain from Eq. (5.8),
(B, )E ) (r,t")) =48k 3,81 —1') . (5.14)
This approximation has been used in many cases. It im-
plies that the vacuum field is indeed white noise in time if
we are not considering any propagation, and imagine the

interactions occurring at a point.
At 7=17', we will have from Eq. (5.11)

(E(V:c)(r,f)ﬁ(v;)(r’,fﬁ

~__fC 45 _
where R, are defined by
R_=|r—r'|—(z—2"),
(5.16)

R,=r—r'|+(z—2").

All the above correlation functions are only functions
of the difference variables r—r’, t —¢’, or 7—7'. They are
preserved under the translation r—r+86r, t —¢+58¢, or
7—7+087 at all times. That is why we sometimes say
that the vacuum field is stationary. But it is not of the
following form:

(B (e, 7)E (0, 7))~ )8(r—1)8(r—7') ,
(5.17)

or any other factorizable form between time and space.
Note, however, that Eq. (5.17) may be a good model for
collisional Langevin-type noise [15], since no propagation
is involved in the collisional process.

In our case, at 7=0, before the interaction is turned
on, the initial condition for the above-defined correlation
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function Eq. (5.4) is the same as for the vacuum field case
7=7" of Eq. (5.15). After the interaction is turned on, the
atomic medium acts as a filter, and the spatial coherence
develops in the polarization of the medium at the various
frequencies due to the vacuum fields.

We note that in the transient situation, for example, SF
initiation, it is the 8-correlated [Eq. (5.14)] incident vacu-
um at the entrance plane that is important. We are in-
terested in the other limit, namely the stationary limit,
when the interaction becomes the dominant dynamics
and the initial conditions have all died away. We will
find that in this case, the above correlation is not & corre-
lated, but has some typical coherence length 6R. We will
also find that if 5k is the spread in wave vector passed by
the filter, the correlation length 8R is qualitatively given
by 8k8R ~ 1, which is the Heisenberg uncertainty rela-
tion.

In the long-time limit, we get the filtered vacuum

2(+) T A (r—7)
Qo 1,7)= 3 foe J g€
A

ik, -

"2,(0)

—iw,(7+z/c) i T
e * e 7 dr

e _”"AZ/Ce'(("p —wy)T

~ Sg.e 2, (0)
A

1
X . 5.18
-—Aj——ia);\—i-iwp ( )

~(+)

Since ﬂ;vac(r, 7) occurs in the dipole polarization 85,
as we will see in Sec. VI, it will be used to determine the
slowly varying envelope of the fields of interest. Thus we
expect that important contributions to the polarization
will also be slowly varying. Since the filtering is centered
around one of the Mollow triplets, we should expect the
contribution from the k; integral to come mainly from
kk~coj /¢, with coj=a)p+lm(Aj). This is of course con-
sistent with our SVEA, RWA, and the flat spectrum
(pole) approximations. This also means that for positive
k;, it is the main source for the copropagating waves,
and for negative k,, the source for the counterpropagat-
ing waves. In Appendix F we find in the steady-state lim-
it,

2
2 ldyl® 7 |, c?9? 1 —T,(R_|/¢) io(R_/c) =T (IR, |/¢) —iw/R, /c)

D..(rr';7)=—i8,,,— — |of —[e J e I T —e JTHTTe A . (5.19)
g TH Qe T; |7 dx—x')? | Ir—r] )

f

The long coherence length is obviously given by that it is sufficient to consider as their source the quanti-

c ties I7j, which are averaged over a volume element that is

Le~1—> (5.20)  large compared to A3. Of course, to be consistent, we

J

which is consistent with the Heisenberg uncertainty rela-
tion. This length is, in most cases of interest, longer than
the cell length. Equation (5.18) is not, however, con-
venient for determining the slowly varying fields és and
E 4 since it has a singularity at r=r’. The SVEA implies

should ultimately make sure that our observable does not
depend on the size of the volume element. Alternatively
for angle 6, we require a ~1/(k;0).

Some of these interesting results have already shown
up in a pair of two-level atoms spontaneous-emission and
resonance fluorescence theory, and they are also ultimate-
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ly related to the time delay due to the propagation behav-
ior of the field [30].

VI. FIELD-OPERATOR EQUATIONS
AND PARAXIAL APPROXIMATION

We now derive the field-operator equations. The polar-
ization

P(r,1)=Py(r,1)+P ,(r,1) (6.1)
consists of two parts, where
Py(r,7)=Pp, (r,7)+ Py (r,1)+Ppy(r,7) (6.2)

is the induced (nonresonant) polarization of the back-
ground medium (e.g., buffer gases). The usual linear rela-
tion between the polarization and the field holds, and
al—) Al—)
Py, (r,7)=xo(®,)E

'p b
Al—) al—)
PBS (r)T):XO(ws )Es ’
al—) A=)

PB4 (r,T)ZXO(Cl)4)E4 5

(6.3)

where X (w) is the linear susceptibility at that frequency
with the resonant term omitted, as mentioned in Sec. III,
we will neglect this part. The resonant part of the polar-
ization

=3 Psir—17) (6.4)

J

PA r,7)

is due to the active medium. We have treated this part in
more detail by solving the atomic-operator equations in
Secs. IV and V.

As remarked earlier, we have performed the collective
variable description approximation for the atomic opera-
tors, and both SVEA and RWA have been made for all
the quantities except the polarization terms due to the
vacuum field. Thus to be consistent with the SVEA we
J
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have to perform a volume average of the source terms,
i.e., those that we have shown in Sec. V to have a long
coherence length. Hence

(})612""121 (2]1) ) (6.5)
ﬁ,,(r,v')=[[f’(r,7')j]]av
[[dzlazle +d123129 lpr]]av , (6.6)

where [[ ]],, represents the appropriate volume average
over size larger than )»13,. We stress again that if the
SVEA is valid, then the final result should not depend on
the specific volume chosen. We choose the volume ele-
ment to be such that it is a sphere centered at position r
with the following weighting function [31]:

u(r)=(ma?)~32r’/a* (6.7)

then
/\(+)

[[ jvac(r ) fdl' leac(r Thu(r—r’) . (6.8)

It is easy to work out as

>

. B . 2 2
® e KX (x—x)2/a? 2172, Kpx ~kja”/4
dx’e e (ma“) e
(6.9)
so we have
_ ik, r' —ik,z" ___ 2,2
(ma?) 3/2f drie Mo " eTl—rliva
v

ik, -t—k2a2/2+k, k, a’/2—ik,z

(6.10)

Then we obtain the volume-averaged source due to the
vacuum field, which is in principle slowly varying over a
distance of the order of a,

zk;\-r—kia2/2+k}\k)\za2/2~iklzei(wp—wl)r

al+)
[OFN & a, (0
[[ jvac( 7) Egk 7»( ) —Aj—ia)}\-f-ia)},
f.\(+> ~(+)
:[[ijac+(r77)]]av+[[ijac—(r>7-)]]av s (611)
where
() lkAT'k a’/2+k,k,,a? /2-ikyz i, a7
[[ﬁ'vc (rT g)\a}‘ ) " ; ,
Jvact k2>0 —A—iv, tio,
(6.12
() ik/\-r——kia2/2+k)\k)\za2/2~ik)~zei(wp*m;_)f )
Qo1
[[ jvac ( T) kiogkak -Aj—iwk+z'wp
r
We have used * to index the copropagating and coun- write
terpropagating waves. As we can see, the above integral 2 _A s 2ikz B, 2k, z
is not only restricted by the filtering function to the (V0,0 =B,+ +B,-¢ 7 +B,- g
widths of each individual element of the Mollow triplet, [ Ig, (£, 7] —F o-ibry ﬁ iy 2ikgz
but also the direction is restricted to be mainly along the i av. Fs+ '
z axis (copropagating) or opposite to the direction of the z + ﬁ’ e ibT 2ik 4z , 6.13)
axis( )(counterpropagating). Similar definitions for s - i
217 . . S £ i £ ik,z , ior —2ikgz
[[Qjvac+(r,7)]],, also hold. Thus in principle we can ([Valr,?)]),,=Bsre®+Bs_e®e” ¥ +B)_ i
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Written out explicitly, we have
B +(1‘ T)_ﬂ(—)[[ pvac+(r T)]]av+1)(+)[[ pvac+(r77)]]

3 2ik_z
B,_(r,7)e

’ —ﬂ“’[lnpm_(r ) (6.14)
2 ,' o+
By, =D (B (D],
& . (=)
By +(r,m)e T =D [ [ Qgyae+ (1,7)] oy
a(+)
+$§+)[[stac+(r’7)]]av ’
o . ik z :}(_)
B, _(r,10e 7™ =D [Qgrao— (1,01 Ly » (6.15)
A~ o —aik.z ~l+)
B;—(T,T)e—l&'e 2k =$g+)[[0svac—(r’7)]]av ’
2 . al—)
B4+(r’7-)e’8‘r=1)f4—)[[ﬂ4vac+(r’7)]]av
Al+)
+$(4+)[[Q4vac+(r’7-)]]av ’
A is7,2ka7_p ) §'
B4_(I',T)€ e 1)4 [[Q4vac—(r’7-)]]av > (616)
—2ik.z

2 , 2 (+)
B:t—(r T)eISTe =$2+)[[Q4vac—(r’7)]]av .

Bj+ r,7) and B (r,7) are by construction the slowing
varying amphtudes However, we cannot get very com-
pact analytical formulas for them. But we can get the
correlation functions of various kinds, which will then re-
late them to the observable normal-ordered intensity for
the fields. In general, the nonvanishing correlation func-
tion for the copropagating source reduces to

A(+) A+t
Dj+(r,r’;7')=[[(ijac+(r,f)ﬂjvac+(r’,r) ) 1ay (6.17)

The copropagating and counterpropagating sources are
not correlated, because
il

|d21|

D
L(r, )= e )

e[~ikk(z-z')—kia

X
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< ﬁjvac-f-(r’ T)ﬁj'vac_(r’,T) >

= (8 e (1,78 e 1 (1,7)) =0 . (6.18)

In Sec. II we introduced the coherent copropagating
fields ES, E4, and SEP, and did not introduce any coun-
terpropagating ones. It is clear from the phase factors as-
sociated with the above source terms, at any position the
spontaneous four-wave mixing is possible irrespective of
the direction, as given by the correlation function

(B! _(r,mB_(r,)+0,
(6.19)

(,li’l_(rf)ﬁi (r',7))=0,

because the resonance fluorescence in the Rabi sidebands
are correlated. However, only in the forward direction is
spatial phase matching satisfied such that the noise
sources from different atoms are still correlated as a spon-
taneous four-wave mixing. The sources of the counter-
propagating waves, on the other hand, are only correlat-
ed at the same position, and the phase factors are not well
matched in an extended medium. Thus no coherent com-
ponents will be generated in the backward direction.
This justifies the choice we made in Sec. II.

In the following we calculate the above correlation
functions under one-way propagation and paraxial ap-
proximations (PA). The D;, are proportional to the
correlation functions for the copropagating sources.
They are similar to the correlation functions D ;- we have
discussed above and which were found to have a long
coherence length. Under the one-way approximation, the
D; , are of the same form, except that no volume average
has been performed in D;;,, and thus D - contains sources
for all directions. To be consistent with the SVEA, we
also have to perform an average over the volume as given
in Egs. (6.12) and (6.13). Then as in Appendix F

f fﬂ/th 3d w,(1—sin%0 cos’¢)sinfdO d

2](1—cosG)+ikl(x—x')sinecos¢+ikk(y—y’)sinBsind)

As we have seen in Eq. (5.18), the poles are at 0, =w;t

the semicircle at infinity; this leads to terms like e

(6.20)

(0, —w,—8;*+T;

i";. With proper choice of contour the integrand vanishes on
=T;(R_[/¢c)

~T;(IR | /e)

and e as in Eq. (5.19). Hence if the dimensions

of the sample are less than ¢ /T";, which is generally the case (especially if we can ignore collisions), we can then ignore

the I'; terms in the exponent.

[This leads to Eq. (6.20) being a simple function of x —x', y —y’, etc.] This paraxial ap-

proximation is equivalent to assuming an infinite correlation length in the z direction. Mathematically, it is the limiting

case of I ;i—0, since

li L 8( )
I‘ITO(a) (o)2+F2 @Te -

Thus we are left with

(r,r';7)= |d21| S
==
D+ ﬁ 217'c)3

Xe

[—ikj(z~z’)—kj2a2](l*cos@)+ik}.(x~x’)sin6cos¢+ikj(y~—y')sinesind:

(6.21)

3 f /2 f 27(1—sin2 cosp)sin6 dO d

(6.22)
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Now it is easy to see that, due to the rapidly varying phase, the above integral is important for 6~0. We can then
put

92
cosf=1— 7, sinf=@6 . (6.23)

Since kaa2 >>1, the important angular integration is restricted to 6 <<1, so that we can extend the upper limit of the in-
tegration to infinity. This form shows a very important physical aspect of the paraxial approximation, namely if we are
interested in angle 6 with respect to the z axis, we must have a variation in the transverse direction a such that k;a6~1,

. 27 [—ik (z—z')—k2a?](6%/2)+ ik 6|8p|cosd
Dj+(l',l',1')%%‘ac~—3‘r f f 9d0d¢ J / 7
'd21| —ik (z—z')—k2a?](6%/2)(2m)] (k. 618p])
ede J ] 0% !
ﬁ (2me)* T f
-4 td21|2 Ez— L exp | — (kj|8pl)2 (6.24)
fi 2me)* T ikj(z—2")+k}a? 2ik;(z—z")+ka?] |’ '

r

where Sp=p—p’. In Fig. 4 we plot the above correlation  that is real and positive definite. Ultimately, any intensi-
function. It is easy to see that the spatial average is simi- ty calculated with Eq. (6.24) should not depend
lar to a limit in the high-frequency behavior, which  significantly on the quantity @ in order to be self-
effectively eliminates the singularity at the locations of in-  consistent.

dividual atoms. It is straightforward to show that this We now have the SVEA polarization as follows:

approximation will give an intensity expectation value 5
PP ¢ (€820 1a=[[0%51 11 +[[€865) 1L,y » (6.25)

A — A AN — —
([862 1]y =a,80, '+& 80, +a, Qe 1
Aoty PO PO
+R4Qg+)e 157+RSQ(S+18157+(~14Q1 )elﬁf

\
|
/

+B, (1) B, ye 4B, e (6.26)
Then from Eq. (6.6)
al—)

A(—) A(—) al—
P, (r,r)=P, (r,n+P,, (,n+P (1,1, (627
with

Amplitude[D), |(arb. units

% iw, T

ﬁ‘,;,’(r 1)=Ndy,[65+a,800 +%,80 '+ 5, 1T,

ipfo

-) ilw,—8)r

P (1) =Ndy [, 80 +7, 0L+, . e :
(6.28)

=) l(w +8)r

B (r, ) =Ndy [, 0L +&, 045, Je

— 400 — 200 2CO 400
(z—2)/ (@

Then according to Maxwell’s equation for the total
smoothed field E with transverse Laplacian V%,

2 2 ~
g o 19 E(r,z)—”’—“ga—P(rz) (6.29)
[

Now it is clear that the polarization of the medium os-
cillates at approximately three different frequencies (if &
is large compared to I';’s). We therefore assign a distinct
source to each of the three different fields. Presumably
this is a good approximation provided the spread T
around each frequency is negligible compared to the
spacing of the triplet components.

FIG. 4. (a) The amplitude of Eq. (6.24); (b) the phase of Eq. Since the 59};_) is always at the same frequency as the
(6.24). Note the coarse-grained noise sources are not singular. pump field, we cannot distinguish them, so we have to in-
We have scaled p (x and y) to a, and z to k, /a’. troduce

Q S
(z=2)/(ka?
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O(—) — H(—)
Q, '=Q,+8Q0, . (6.30)
Namely we will also take the pump field as a dynamic
variable and study its propagation, including noise. We
then get the following in the SVEA [32]:

V3 —2ik, %Jrviga;‘ a;”
_ %ﬂd”'z(asﬁg—w 4B, (631
V3 +2ik, gaz—+;14—% o
:—ﬂ%ﬁ(azﬁﬁwk:ﬁi*wﬁh)
c

We have neglected the terms containing e 2% in the
negative-frequency part of the polarization because they
lead to coupling with counterpropagating components.
Note that the zeroth-order solution is determined by
solving the equation for pump field coupled to Eq. (4.14)
for steady-state atomic-operator solutions, i.e.,

3 1 3 47N w?|d,, |?
2 s v 4, 9 - P
vt 2lkp az+vp EY ] » 2% 21 »
(6.32)
wy |A+iL
AS ° 2 Qp
On=——" .
Q2 2
2+L
A 4 Tt 2

We thus have the steady-state values for the atomic
operators o,.(r) according to Eq. (4.14), from which all

the @;, ¥;, and B ;+ can be obtained. However, Eq. (6.31)
for Q{ ells us how this, locally strong, field varies with
posmon, and gets modified by the coherent component of
resonance fluorescence noise at the same frequency. Ac-
cording to our approximations, we have kept all terms to
first order in the generated fields. Thus we can solve Eq.
(6.32) for the final output of the three fields, although the
component centered at the pump frequency is of course
predominately (zeroth-order) pump field.

The linear polarization term x,(w;)Q; ' causes a slight
change in the propagation velocity, ie.,
v;=c/[1+4mxy(w;)]"*~c. (This is not the velocity of
the wave, because the right-hand side also contains the
nonlinear polarization, which also affects the velocity. In
fact, the velocity of the wave will not be known before we
solve the problem. In the SVEA we are only eliminating
the part traveling at ¢ and leave the deviation from c for
the detailed treatment.) Since this nonresonant polariza-
tion is small, it and its effects on dispersion will be
neglected.

( )
J
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For the copropagating waves in the comoving frame,
we have

)

Vi—2ik, o |0 ==, 0745,
vZ —21k:ai Q7 =—a, 07+ QV+B, L, (6.33)
V2T+2zk4% O =—at 0V +x20 7+ B,
where
a,=6w, ﬁ;—)
a;=fw;)a; for j=s,4,
kj=—8(w;)R; for j=s,4, (6.34)
B\]iz_g(wj )Bji for j=P:s14 ’
47N w?|d,,|?
(w,)=—3F =
g J Zﬁ
ou(Q, —»Q ) denotes the steady-state value of 03, with
Q, replaced byQ ). We can eas11y check that
a6
=~ SO~ 4= (+)— s AS A 21 ¢A(+)
a,8Q, +k,8Q0,7'=86;= 203 89. '+ 20, 8Q,
(6.35)

(taking the variation with respect to the small change of

the fields). Thus
85,(Q,)+7,80, 7 +%,60," =552, -0, . (6.36)

Since in this paper, we are interested in the redshifted s
field only, we are left with

Vi —2ik,— 3 ]ﬁi_)=—a Q.( +K4Q4+)+Bs+ ,
(6.37)
V2T+2ik4% O =—a Q" +x2Q 0 +81,

and boundary conditions under the one-way approxima-
tion are

8. (p’,0,7)=0
At (6.38)
Q4 (p',0,7)=0
This equation can be formally solved as follows:
=J [Kulpz:p',2B, 1 (p',2", '
+f fosz4(P,z;p’,Z')ﬁh(p',Z’,T)dp’dZ’ ,
(6.39)

0 p,z,7

where the K (p,z;p’,z') and K ,(p,z;p’,z’) are the corre-
sponding propagators (Green’s functions).
The observable normal-ordered intensity for the E,
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field is then related to the following correlations:
(B, +(r, 1Bl (x',7)
= 80,104 P By, Wy (6,7,
(Bl (r,7)Bui(r',7))
= 0D [ Bl (7B £ ey
(6.40)
(B, (£, 7By, (', 7))
= £, 6@ DD T By £, DB, ) 1y
(Bl (1Bl (2, 1)) =&, ) (DD )

INE2U

[[<‘Q'4vac )stac (rI’T)>]]av .
The so-called spontaneous four-wave mixing is very clear
here, as the normal-ordered intensity for the E; field is
only connected to the correlation function of the vacuum
modes centered around the . (The vacuum modes cen-
tered around the o, are also part of the expression for
fj’\ e They do not contribute to the normal-ordered in-
tensity, but they play an important role in preserving the
commutation relations for the fields. In contrast, if an
antinormal ordering were used the modes around o
would determine the intensity.) The :Z)(ji) terms in the
above prefactors are functions of the steady-state atomic

operators ©° and &3, (see Appendix D). It is easy to

check that

(+) NG

[[<stac T, T)Q‘svac (rI’T)>]]av:Ds+(r’rl;T) ’
a7 o (—)

[[<Q4vac (l' T)Q4vac(r, T)>]]av:D5 +(r)r’;7') )

Y (6.41)

[[<Q’svac )Q4vac( ))]]av=D5+(r’r/;T) ’
N Nl

[ Quyae (5,7)Q 00 (1,7)) 1]y =D; 1 (1,1';37) .

A similar solution exists for the E, field, and its intensity
is related to the following correlation functions:

(/§4+(r,r)ﬁl+(r’,f)>

2 (+)]2 -+ 2+ >
_é- (0)4)‘1)4 | (Q‘Wac(r T)Q4V8.C(r T) ]]av )
(3:+(r,r)ﬁs+(r’,r))
A=)t al=)
: [Z) l (Q‘svac( )stac(r,’7)>]]av >

(6.42)
<B\4+(T,T)B\s +(rl,7'))
al+)
:g(ws )g(w4)1)(57 )1)51+)[[ < Q4vac(r’7)

(=

Nsvac(r T)>]]3V ’

(Bl (5, )BL (1, 7)) =0, ) E(w (D DL )*

NG ~(+)F
X [[<‘stac <I-’7')&)4vac (I",T) > ]]av ’

and
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~(+) ~(+H)T
[[(Q4vac(r T)Q4vac r T))]] _D4+(ryr’97-) ’

NG a(=)
[[<stac r, T)Q‘svac(r T)>]]av:D4+(r’rl;T) ’

o(+) (=)
[[<Q4vac(r T)stac(r’17)>]]av=D4+(rrr’;T) )

—)f ~(+)f
[[(Qm\C 1, 7) Q400 (1,7)) 115 =Dy (1,157) .

(6.43)

We note here that we are describing the fields emitted
by the atoms only. The total field at any position r and
time ¢ in the medium free region is in fact

E(r,n)=E,(r,))+E (r,))+ E,(r,1)+ E ,.(r,1) (6.44)

which will preserve the appropriate commutator relations
for field operators.

VII. CONCLUSION

In this paper we have investigated quantum mechani-
cally the resonant light propagation in an active medium
based on a two-level atom formulation. In the steady-
state limit, the slowly varying field envelopes for the
copropagating fields obey the following equations:

I P AR
VZT—zszE; O, '=—a,Q, '+B,,,
a Al—)__ A(—) Al+) A
V3 —2ik, 3z =—a ;" 'tk Qy +B,+, (1.1
a A

V3 H2ik - |047)= —at Qa8

On the right-hand side of the field equations are the po-
larizations of the medium. In addition to the terms due
to the linear response of the weak fields, there are also
quantum-noise terms, which we have proven to be of long
coherence length. These long-coherence-length noise
terms are coming from spontaneous-emission noise, the
statistics of which we have determined from the dynam-
ics of the atomic medium and the vacuum fluctuations.

Of particular interest are the following second-order
correlations under the SVEA and one-way approxima-
tion, which are related to the observable normal-order in-
tensity of the two generated quantum fields E and E: 4

(B, (x,m)B! L (r',7)) =8, )| D 12D, L (r,1;7)
(B (6, DBy (2, 7) =EHw)|Dy 1D, (1,157)

(7.2)
(B, (r,P)By (1", 7)) =8l @)D DD, (xr,157)
(Bl (e, PBL (', 7))

=8, 5D DD (r,r57)
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(Byo(r, ML (', 7)) =)D 12D 4 (1,73 7)
(Bl (0,7B, (r', 7)) =E0)|D 72D, (r,r';7)
(Byr(x,7)B, (0, 7)) =0, 50D DD, (1,1 (r7 3:)
(B! (e, DBl (r',7))

=80, 0)( DDy D,y (1,1;7)

where
|d21| 1
D (r,r'; )——
it "7 F 2me)? F, ikj(z—z")tk}a®
(k;|8p|)?
Xexp ’| Pl (7.4)

© 2[ik;(z—z")+kla?]

We note that in this formulation, collisional effects
have been neglected, which might prevent us from mak-
ing rigorous comparisons with experiments, since most
experiments to date have been performed in the buffer-
gas broadened cells. The extension via a collisional
Langevin term is straightforward. Also neglected in the
formulation are the Doppler distribution averages, which
in principle could easily be included. However, since we
are basically interested in regimes where the detuning
and on-axis Rabi frequency of the pump are larger than
the Doppler width, we expect this average will not be
crucial.
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APPENDIX A

In order to evaluate 3 of Eq. (3.6) we first of all make

the Markov approximation of Eq. (3.7). This is valid be-
cause the sum ¥, infers a correlation time 7, of order
w5;! which is short compared to the time scale (of order
the spontaneous decay time ¥~ !) over which 6 (1)

2919

changes. A Born approximation is also implied by Eq.
(3.7) since only free evolution during this correlation time
is considered, which again will be valid if y7, and IQP |7,
are small.

From Eq. (3.7) we have

t i(w, —w, N1—1t")
7= Eigx|2f R

= lgﬂzf ocei(m}‘_m“)‘r’d'r'
0
A

1
=Y |g,|? | 78w, —w,)+iP
% g A 21 0, — @y,
where
‘}’=277'2 |g1%8(0) — @51)
zz(dzl e}\)(dn 67» )wka(w;‘ (021) . (AZ)
kA €x
The summation can be easily done as
. (k,-a)(k,b)
Z(GA-a)(eA-b)—a-b————kz— ; (A3)
€ A
and with
_1_2 1 fdkk .. (A4)
V5 27
A
_4m |d21| 2w 2
5 270) 3f f f 3d w,(1—cos*0)
Xsindd0d¢ 8(wy,—wsyy)
4|d,,|%w?
= 1
Awy)=3 Igs|*P , (A6)
A W)~ Wy

where P(1/x) represents the principal part of the expres-
sion.

APPENDIX B

From Eq. (3.10) we have

—ik, -1,

—alD g A )
)=3"+mV+f,

S 2(g, 0%, +gralolle (B1)
A
with

3= 3 2, [o4f [ o™t [ o™ araly ]

A

ik, -r, —ik,r; i —iwy(t—t' ik, i o (1—1") — ik, 1

’5\1(1)=2 2 2|gA|2 [a(zl])elkkr,e lk}‘rjftﬁ(ljz)(t')e iy (t t)dt"i‘e’ )‘rjft@(z"l)(t')em)” t dt'&‘,’z)e ik, r; , (B2)

FATE) 0 o

_k .
22[816(“6)‘(0) twkt ik, - r,_i_gxa (O)ezwlt (”e i A‘l] )
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Under the same Markov approximation,

—iw,(t—1")

fw,(1—t

L. YOU, J. MOSTOWSKI, AND J. COOPER

< ' ' ' t ' ) '
s0=32lg, [6(211)f06(112)(t ) dt +foa‘2’,>(t Je dr's')
A
~4y785)(085(1)
=2y85(1)
:_—'}’(A“)_ibo) .
A (D (D A —
Then from &) —8)=0'", and 8+ 6%) =1, we find
6% =1, —0'")
APPENDIX C
From Eq. (4.9) we have
T=(Y,,9Y,,Y,)
with
Q
I Y
I— |[iA—-"-—A;
2 2 4
A Q*
= —7 4 p— __..L__
yj 1 2 iA 2 A] .
_Y _ _iA—Y _
iA , A; iA 5 A
then
Q Q Q
ilia—L—A, |2 ilia—L—a, |2 ilia—L—na, |2
2 o 2 72 2 7
Qr o Q
T=|—i—L |—ia—L —A —i—L | —ia—L -7 —i—L | —ia—L —
2 2 ! 2 2 2 4 ) iA 2 A3 R
2 2 2
a2+ | L, a2+ | Tta, a2+ | Lta,
and
2 2
ia+ L]+ lia+ LA+ ia+ LA+ A, ia=L - ia=T1a, iA=L 1A+ AN, 1
—AA;—ADA—A)Q, —QFAA; = A)A;—Ay) (A= A))(A = Ay)
2 2
. . . : _r
~ ,A+12’— + 1A+J2’~ At 1A+32’— Ay+AA, 1A-12— - lA—% A= b= T A+ A, 1
7= —AA—AD(A—ADQ, —QXA(A,=A (A~ A3) (A= AA—Ay)
2 2
iA+-;L + 1A+32’— A+ iA+32’— Ayt AA, ,A—JZ’_ - iA—Jz’— A lA—JZ’— AytAA, 1
—AATANA A, —Q)AA;—A(A;—AY) (A= ADNA—AY)
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|, Q2 Q Q
—; + L+ P _P AP _ Y P
ibytryt— 2 A5 i
3 3 3
_AZV_%_K)PIZ_E _AZY Iﬂ |2_L _AZY_%_I‘QPP:ZK
9*2 ‘n 12 * Q*
P . Y P P P 2
e ) 1A7/+y2+ 2 > A+i 2 2
3 3 3
A2, Y 2Y A2, Y 2Y A2, _ 2Y
Ny—Lo—jo, Pl —aty-T-—jo,PT aty—L-—la, 1
—0*A—i0* L _ e 2. Y
oya-ioyl a0, +ila, A+ L
3 3 3
A2, Y 2¥Y A2, Y 2y 2 _ 2
wy-Lo—jo,pL —aty-T-—|a 22 —ay—L-—jo, 2L
APPENDIX D (86),=—id (80, '+ 0l e TP+ 0 e /2,

From Eq. (4.20) we have

R . A ~ (86,), =i [80, "+ Qe+ Qi e 07 /2
836,(1)=8%,(0)e +f [(T7'F(r)),dr

A A A » (D7)
+ [T TTI96,())dr, (D) (96,)3=—i8%5, (80,7 +0, e ™+ 0, e 7]
0
865,(1)="T ;85 (1) + T ,896,() + T 136%65(7) +i65,[80, 7+ QT e T+ QY et
—sal 2
=865,+863 , (D2) In the long-time limit the field amplitudes reach a
where steady state and the integral can be performed adiabati-
cally as
T A (T T 1‘ ! ! A — P A — ;
8631 = 2 Ty Ty [N s 86%,(1)=,804 ) +&, 600" +a, 0 e o7
+ 2 le sz‘r A (r—71' ﬁz('r’)d'r' +k4ﬁz+)e—iS‘r_*_aAﬁE‘“)ei87+—’zsﬁi+)ei87 ,
7 N (D8)
+ ;l Ty T)s f Oe ! F ((r)d T where @’s and &’s are defined as
=V, +V,+7,, (D3) 2, =60,
. a,=&,8),
with : gl( 5. (D9)
A al—) a(+) a — —
—7)—) (+) 1
Vj_$j ijac+1)j ‘ijac ’ s
) T -
DS =T, Tt —2T,, T;6%, (D4) Eile)y=i— 21 T Tj(A;+ie)™!
i=
DI=T); T’ —2T\; T;365
2a(=) T T=T)A( —iow T 3 -
Qjac=[ e N e T T g -3, 3 T, Tr(A;+ie) ™!,
(D5) ji=1
"(+)_ T A (r— T)A(+) uu T, .,
Q,-m—foe Qe P Tdr . R, =£,0)
Then we obtain
T A(r—1 ks=§2(_8) ’
862,= 2 T, Ty [N 98,)(+)ar
j 0 (D10)
k4=§2(8) ’
+ 3T, Ty [V (98 ) dr o
/=t §2<e)——z“; S T, Th(A;+ie)™
ji=1
+3 T, T [V T ge,rdr, (D6)

j=1 +i6%, 2 Ty TN +ie) ™!
with j=1
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APPENDIX E

Generically, if

U'(T):.[OT A= T)ﬁ(T)d'r

]

=[7 etr—mAdr (E1)
where
O(r—r)=e"'" "o(r—7) ,
- (E2)

Oj0)=5= [~ el (ndr=0(w)lo (E4)
2T
where
Olw)=5— [ e 0(rdr,
27
(ES)
Hw)=7- f e H(r)dr .

We see that the damped oscillation function ®(7) is an
effective filtering function

_ 1 e i _ 1 re Gotar
O(w) " ee(ndr=—— [ e dr

2
O(M=10 if r<0, (E3) =—5-— . (B0
j
the Fourier transform of (L} faS which is centered around —Im(A i)
APPENDIX F
From Eq. (5.4) we have
. NE2I
Djj'(r’r 7) <‘Q’]vac )‘Q’jvac (l' T) )
T A=) AT ) o (7' —7"
-—f T dr f‘r =7 ”(Q(V:;(I'T)Qi,ac( ”)euup( T)>
ik, r —iw,z/c (o, —w,._) 1
~8 . (a,(0)al(0))g, e x PN
1 %% A A Ex ¢ —Aj—iwAf+iwp
Xg;e*ikl'r’eiwkz'/ce “i(mp—mk)‘r 1
—A;‘+iwk—iwp
ik (r—1') —ik,(z—2")
=5.. |g, 2% € (F1)
7 % &2 (a)k-—wj)z-i-l“f

In writing down the § ;. in the above expression, we have neglected the overlapping of the wings of the Mollow trip-
let. We choose the dipole moment to be perpendicular to the direction of propagation (z axis), say in the x direction for

simplicity, and then

S le-d,;[2=1d,, |12 (1 =k, % |*)=1d,;|*(1—sin?0 cos’s) , (F2)
€
|d21| VL 2 2
Dj(rrsm)= 4= 3f S [ T @lda,(1—sin*0 cos’g)sin0 d 0 6
ac)
ik, (z—z")cosO+ ik, (x —x")sinf cosd + ik, (y —y")sinfsing . .
x £ — e AT (F3)
(0y—w;)"+T;
The integration over azimuth angle ¢ is
f217(1_Sinzecosz¢)d¢eikkix—x’)sin9c05¢+ikk(y—y’)sin@sin¢= f27r . 9?2 . d¢eik“p—p'(sin@cos(:ﬁ*(ﬁo)
0 0 k39(x—x")
& o'
2 |1+ ———= |Jolk, |p—p'Ising) , (F4)
kia(x—x')z o\Krlp—pP
where
—=tan~! [2ZY F5)
$o=tan x—x' (

The integration over polar angle 6 is
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(z—z')cosf _ 2Sin(kx|r~r’|)

sin@doJ,(k '|sin@)e (F6)
= olkalp—p *lr—7]
We then get
]d [ 242 —ik,(z—2")
D,(rrim =% = [ “oldw,(2m) |1+ e PR s (F7)
% (27c) wka(x~x') (0 —@;)*+T7
Now it is easy to see that this can be integrated by making the change of variable 0 =w, — o},
. 9m2 —ik,(z—2")
f widw, |1+ 5 e’ 5 |8 ¢ 5
0 @030(x —x") (o)~ w; )? +I;
_c a)2+ c262 f da) I(R_/c)(w+wj)_e-i(R+/C)(aJ+mj)
P e —x"? | Ir— rl w*+T?
_c| 5 c29? 1
- wj "2 4
I x—x")? | lr—r|
R_ . | R- R, .| R+
cos |—o |tisin |— o COs |~ | —isin @
o iw (R _/c) ¢ —iw (R /c) c
% f do elwl _/c : - —e IaJ c ; -
— o+ ; o +T ]
212 . .
_c a)§+ c“d . 1 , . —T;(R_|/c) unj(R*/c)_Le—I‘j(lR_'_|/c)e-twj(R+/c) (F8)
[ dx—x") lr—r'| j rj
Finally we have
|d21| T c%02 1 —T.(IR_|/¢) iw(R_/¢) —T,(IR_|/¢) —iw, (R, /c)
D(r,r';7)=—i8;; 2 —[e 7T e T T —e T THITAT L (F9)
o u ﬁ Qme 2 T; |77 ax—x'? | Ir—r]
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FIG. 4. (a) The amplitude of Eq. (6.24); (b) the phase of Eq.
(6.24). Note the coarse-grained noise sources are not singular.

We have scaled p (x and y) to a, and z to k; /a’.



