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We investigate the early stages of superfluorescent emission from a large spherical volume con-
taining atoms all initially in the same excited state. The electric polarization fluctuations that
characterize a fully inverted atomic system, and which trigger superfluorescence, are found to cause
field amplification only in vector spherical-harmonic multipole modes of limited order. The field
and polarization fluctuations obey Gaussian statistics, a result that has been used to calculate the
angular correlation of intensities radiated in any two directions. Components of the electric field ra-
diated in two arbitrary directions and circularly polarized in opposite senses are found to be uncorre-
lated. They thus have no intensity-intensity or higher-order correlations. Field components which
are circularly polarized in the same sense, however, are shown to be correlated over an angular range
that is proportional to the ratio of the wavelength to the radius of the sphere.

I. INTRODUCTION

Superfluorescence is a spontaneous emission process in
which a large number of atoms, all initially in the same
excited state, radiate coherently. Several theoretical pa-
pers!~* have studied this phenomenon in detail for the
cylindrical geometry in which measurements have thus
far been made.’ Nearly all of the calculations which have
been carried out analytically, and most of the numerical
ones, have assumed the problem to be spatially one dimen-
sional. They have thereby described the radiated pulse as
propagating and amplifying in a single direction. The
simplifying feature of cylindrical geometry is that nearly
all of the superfluorescent radiation is confined to the
end-fire modes. It is worth emphasizing, however, that
superfluorescence is-a three-dimensional phenomenon; it
is capable of producing pulse fields with interesting corre-
lation properties over a continuum of propagation direc-
tions. The simplest geometry with which to investigate
these is probably the spherical one to which we shall de-
vote the present paper.

Because the radiation rate varies as the field depletes
the atomic excitation present, the equations which
describe superfluorescence are intrinsically nonlinear. In
the early stages of the emission process, however, before
the field has become intense enough to influence the
atoms appreciably, the equations are still in effect linear
and can be solved analytically. Much can be learned from
exact calculations which cover this linear phase since it
lasts for most of the time interval prior to the pulse peak.
The linear regime indeed contains all the quantum fluc-
tuations and amplification phenomena which characterize
the initially slow buildup of the superfluorescent pulse.
Statistical predictions for the field strengths which hold in
this appreciable interval should be quite accessible to ex-
perimental verification.

Two greatly simplified analyses of a similar collective
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radiation problem have been carried out by Ernst and
Stehle and by Rehler and Eberly.” Although these analy-
ses do address the nonlinear aspects of the problem, they
are based in effect upon mean-field approximations which
do not accurately represent the time dependence of the
process or the polarization properties of the field.

The vector nature of the electromagnetic field plays a
more central role in the analysis of the spherical problem
than the cylindrical one. We shall find it convenient to
regard the field as an expansion in vector spherical har-
monics of both the electric and magnetic types and shall
calculate the amplification rates for each of these. We
shall show that only spherical harmonics up to a certain
limiting order undergo significant amplification and their
intensities increase with time ¢ as ¢t ! exp(constx¢!/?), a
result rather different from the time dependences found in
Refs. 6 and 7. Those of higher order never become appre-
ciably excited.

The linearity -of the problem we discuss makes it possi-
ble to analyze some statistical aspects of the emission pro-
cess. The atomic polarization fluctuations in the initial,
fully inverted state of the atoms will be shown to have a
Gaussian distribution. The electromagnetic fields radiat-
ed at early times may be expressed as time-dependent
linear combinations of the initial polarization variables.
The field amplitudes therefore tend also to have a Gauss-
ian quasiprobability distribution. Components of the ra-
diation field which are circularly polarized in opposite
senses will be shown to be uncorrelated and therefore to
have no intensity-intensity or higher-order correlations.
Components which are circularly polarized in the same
sense, on the other hand, show nonzero correlation. For
them we calculate an expression for the angular depen-
dence of the intensity-intensity correlation function. The
angular range of such a correlation is found to be propor-
tional to the ratio of the wavelength to the radius of the
radiating sphere.
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Since in the linear domain the fluctuations of field am-
plitude have a Gaussian probability distribution, it follows
that the angular range of correlation must likewise be
small for the entire hierarchy of intensity correlation
functions. In other words, the initial radiation from a
large sphere in any single experiment tends to be concen-
trated along a single ray that points in a random direction.

II. THE ATOMIC MODEL AND EQUATIONS
OF MOTION

The radiating system we discuss consists of N identical
atoms, each with two energy levels separated by an energy
#iwy. We take the atoms to be uniformly distributed over
a spherical volume of radius R. To secure a simple
description of the initial atomic state we may for definite-
ness take the upper of the two energy levels to correspond
to an orbital S state | s). Then if, for example, the lower
of the two states is a P state, the radiation will proceed as
an electric dipole transition. The P state must, however,
be triply degenerate to preserve rotational symmetry (Fig.
1). (An alternative initial state could be the spherically
symmetrically excited triply degenerate P states that lie
above the nondegenerate S state to which transitions
occur. Later in this section we shall show that the linear
equations that describe the early stages of this alternative
type of radiative process are essentially the same.) To
describe transitions between the S state and the three P
states we introduce the electric dipole moment operator
for the jth atom

y,j=,u,(a}"—|—o'j_) . (1)

The Cartesian components of a;TL may be regarded as the
raising and lowering operators connecting the upper state
| s ) with the three lower states | p, ) (@ =x,y,2), i.e., they
are defined as

07:( |s>jj<Px| s Is>jj<pyl ’ |s>jj<pzl)
=(o7)", (2)

so that there are three equal dipole matrix elements
p={s|x |p)j={s |y |p);=;(s |z |p); . 3)

By appropriately fixing the phases of the states | p,) we
may determine y to be real.

The polarization density P(r,?) in the sample is easily
expressed in terms of af. If we write

P(r,t)=P*(r,t)+P(r,2), (4)
we may let
f‘Two |s>
!
Ny = = = = = = - — = o
l e
'ﬁ%”_ﬂ _5:-_ ‘py>
"oy

FIG. 1. Atomic-level structure. The strictly degenerate p or-
bitals are shown as nondegenerate for ease of visualization.

P+(r,t):[P_(r,t)]T=,u,20}5(3)(r—rj) . (5)
J

The Hamiltonian H of the system is given by
H :(HO)at0m+(H0)rad+Hint » (6)

in which (Hg)uom and (Hg)y,g are the free Hamiltonians
for the atomic and the radiation systems, and H;,, is the
interaction Hamiltonian which is given in the dipole ap-
proximation by

Hip=—p X0} EFr;,0407 E ;0] (D
j
The operators E*)(r,t) are the positive- and negative-
frequency parts of the electric field. In obtaining Eq. (7)
we have neglected the antiresonant terms o} -E‘~’) and
aj_'E(*’ which oscillate at frequencies close to 2w, in the
interaction picture.
For completeness, we also introduce the atomic inver-
sion operator 013~, defined as

0'13'=(|S>jj(s|"—%), (8)

and the corresponding inversion density operator
N
R;(r,t)= 2 0'5?8(3)(1'—1']) . 9)
j=1

The commutation rules for ajt and a} may be obtained
from their definitions, (2) and (8), and are

lo},0]1=78;07 , (10)
(07,076 1=8;(8ay [} j{s | — | P j{Pa|) 1

(a,b =x,p,2) .

With the aid of these commutators the Heisenberg
equations of motion for the polarization and population
inversion densities P*(r,z) and R;(r,t) are readily found
to be

no
R}(rgt)+——

.
—a—P“L(r,t)——-iwoP‘*(r,tH»—l%——E("’(r,t) 5

at

. )
—i%—E(‘>(r,t)'R(r,t) , (12)
B Ry(r, 0= L[P+(e,0) B e,0)— P (1,0 Er, )] .
ot #
(13)

In these equations n, is the number density of atoms in
the sphere, and R(7,?) is a 2nd-rank tensor operator with
components

Ry =2, |pa);j{ps |8 (r—r1;) . (14)
J

These equations are supplemented by the field equation
1
c? ar?
which completes the system of equations that describes
the general atom-field interaction. Specification of the in-

VXVXE*(r,t)=— [EF(r, 1)+ PF(r,2)] (15)



itial state (complete atomic inversion, photon vacuum)
and the Sommerfeld radiation condition (outgoing waves
at infinity) are then sufficient to determine both E'®)(#,¢)
and P*(r,¢) and the expectation values of all their prod-
ucts uniquely.

The superfluorescent radiation process evolves via
linear equations as long as the population inversion can be
assumed to be only insignificantly depleted. Specifically
then, for such early times

R3(r,t)zR3(r,0)=% , R(r,)~R(r,0)=0.  (16)

This approximation reduces Eq. (12) and its conjugate to
the form
%p*—%r,n:iiwopi<r,t)i(iy2no/ﬁ)EW)(r,t) : (17)
Another type of atomic transition, as we have noted
earlier, one in which the triply degenerate P states lie
above the S state, can be treated by means of the same set
of equations. Formally the same linearized equation (17)
is then obtained if the system is initially in the spherically
symmetric condition in which an incoherent mixture of
equal amounts of the -three P states is present. It is only
necessary in that case to make an appropriate interchange
of the roles of S and P states in the definition of o* and
to replace u? by u?/3. This initial state is represented by
the atomic density operator pg given by

po=75(1px)px | + |y {py | + PP |) .

In this case only two-thirds of the atoms are capable of
radiating in any given direction. Specifically, if the z axis
is chosen to be along the direction of observation then
only transitions from the /=1, m =+1 states to the
I=0, m =0 states may occur giving rise to equal
amounts of left- and right-circularly polarized radiation.

III. THE SOLUTION PROCEDURE
AND DETAILS OF SOLUTION

In view of the spherical symmetry of the problem, we
can solve the coupled equations (15) and (17) by expand-
ing all operators in spherical harmonic modes, Y;,,, each
specified by the type (electric or magnetic multipole) and
the indices (/,m). The smallest value of / that occurs in
the expression for radiation fields is / =1, which corre-
sponds to dipole radiation. For a sample of radius
R >>Ag=21c /wq, as we shall see, many higher values of /
are just as important.
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Equation (15) does not take precisely the form of a
wave equation due to the presence of VXXV XE rather
than —V2?E. The difference VXVXE—(—V2E)
=V(V-E) is nonzero, for one of the Maxwell equations
implies

V(V-E)=—-V(V-P),

the right-hand side of which does not vanish in general.
A convenient method of solution proceeds by transform-
ing away locally at every point the V(V-E) term, thereby
reducing Eq. (15) to a simple wave equation which can
then be solved by using scalar Green’s-function tech-
niques.

There are two useful and convenient linear differential
operators that can accomplish this transformation, viz. L-
and L-VX where L=(1/i)rXV is the angular momen-
tum operator. These operators both yield zero when ap-
plied to a gradient. Since they also commute with V2,
both L-E'¥) and L-V X E'*’ satisfy the same scalar wave
equation:

2__6173%; n(i)zc%_at_zz¢¢ ’ (18)
where
7P =L-E* or L-VXE® (19a)
and correspondingly
¢¥=L-PT or L-VxPF. (19b)
In view of the Maxwell equations VXE'®

~*(iwy/c)B?F), VXBF ~F(iwy/c)E*), we note that
L' E*¥ ~rVXE® ~r-B®,  We likewise have L-V
XE® ~r-VXB*) ~r-E®). We are thus in fact solving
for the radial components of B'*’ and E'*’. A knowledge
of the radial components rE and r'B uniquely deter-
mines the electric and magnetic multipole coefficients and
therefore according to a theorem demonstrated later in
this section determines the full vectors E and B in the
free-space exterior to the spherical volume. We now
proceed to the actual solution.

We consider first L- or L-V X acting on Eq. (17). We
may write the result for both cases as
2
i"—ﬁ"inm(r,n . (20)

—a—iia)o ot (r,)=+

at

We next solve Eq. (18) with appropriate initial and boun-
dary conditions. We may write the retarded solution as

)
' FUr, )= (r,1) — (4mc? =g

)1 f (32/3t2)p*(r',t — |r—1'| /c) B

r, (21)

(¢)(

in which nf,fc)(r,t) is the solution of the scalar wave equation (18) in vacuum (¢*=0). We may note here that 5!}, (and
F

(F)

7n'*’ in general) contain no remnants of the longitudinal part of E!T) (and E¥)). This is because the operator VX an-
e

nihilates any longitudinal fields expressible as gradients. In other words, 1.7, is expressible entirely in terms of the freely
evolving transverse photon annihilation and creation operators.
By removing the rapidly oscillating factors exp(+iwgt), we can define more slowly varying amplitudes IT* and Y'F

for ¢* and n'¥:
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¢ (r,t) =I1%(r,1) exp( +iwgt) ,

2 FAr,0) =Y Fx,1) exp( Hiwgt) .

If we then make the slowly varying envelope approximation by assuming

_aini

<9013,

(23)

etc., we see that Egs. (20) and (21) assume simpler forms when written in terms of M+ and Y'F. Th(;se can then be com-

bined into the single equation for 1T,

.2 02 1.2
d 4 iuono (1) in“noks +
i, )=+— Wt ——— [ 11
atH (r,f)=+ 7 Y (x,) 1 f

!
r',t——i—l—r_cr

exp(Fiko|r—1'|)/|r—1'|d°r . (24)

It is sufficient to solve Eq. (24) for the lower sign only; the solution for the upper sign is just the Hermitian conjugate.
We begin by resolving II™ and Y'*’ into the normalized spherical-harmonic modes Y}, (6,):

H“(r,t): zc;n(rvt)Ylm(e’¢) s
Lm

Y, t) =3 ef (1, 1) Y1, (6,8) ,
ILm

(25)

where Y, stands for 3 ,°°=02£n=_ ; and r=|r|. Substitution of these expansions in Eq. (24) and use of the ortho-

gonality property of the Y}, functions immediately yield

72 . , ,
9 _ A (0 koMo R 2y [ a2y, EXPlUKo [T—1") | _r—r
37 Cim (1) + 1 Agepy ()= —— fo dr'r I:Em'fd Q [d* I P T r't :
X Y;n(07¢)YI'm'(9,7¢,) > (26)
l

Where where 7 <'> =smaller (greater) of r,7’, and j(x),h{"(x)
2 are the spherical Bessel functions® of order L. The equa-

Ao= "ok 27 tion for the transforms of the coefficients is then

h ’

d*Q, d*Q' are elements of the solid angle, and ejo(r,t)

are the coefficients of £{})(r,?) in the sense of Eq. (25).
We can rewrite Eq. (26) in terms of the Laplace
transforms

Cim(rs)= fow Cim(r,t) exp(—st)dt ,
© (28)
Eimir,s)= fo ey(r,t) exp( —st)drt .

Since ¢y, (#',t') vanishes for t' <0, the Laplace transform
of

’

r—r
c

Cim [r',t—
is
Cim(r',s)exp(—s |r—r'| /c) .

In terms of Laplace transforms, Eq. (26) simplifies con-
siderably, for we may now carry out the 2, integrations
explicitly. This we do by using the addition theorem?®

exp(ifs [r—1'[)/|r—1']
=4mif; 3, jilBsr < h{(Bsr > )Y (0,0) Y (6,8')
ILm
(29)

s?;n(r,s)—c;n(r,())+l'A0é~(I£)n)(r,s)
5 R arr2e= (v )i (B. (1
:AOkOBs fO dar'r (_‘Im(r ’s)jl(ﬁsr<)h] (Bsr>) ,
(30)

in which we have written
Bs=ko+is/c . (31)

We note that in the passage from Eq. (26) to Eq. (30)
the different angular momentum (/,m) modes have be-
come decoupled. The spherical symmetry of the problem
ensures that the different spherical-harmonic modes
evolve independently.

We can solve Eq. (30) by using the Green’s-function re-
lation

[V2+B2—1(+1) /P21 (Bsr <RV (Ber >)]

=id(r —r')/B;r*, (32)
which is easily derived from the relation
(V4B explifs |[t—1' | )/ |r—1' | = — 478 (r —1')

together with Eq. (29). We now apply the operator
V24 B2—1(1 +1)/r* to Eq. (30) and thereby obtain
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[V24y2—1(14+1)/r?] nition to construct for Eq. (33) the solution

X [S€ 5 (F,8) — iy (7,0) +i Ages(r,s)]

s€ha(rys)—cpn (r,0)+iA e:0)(
—iAk3[ci (10 —iA@ Q(rs)] /s,  (33) Im tm o¢im (7,5

_Aokof [eim(F',0)—iAg® 2(r',5)]
X Ly(r<,r>;s)r'%dr', (35)

in which we have written
yi=B2—iAgkd/s . (34)

We may regard Eq. (33) as an explicit equation for the
unknown ¢y, (r,s). If B; in the definition (32) of the
Green’s function is replaced by y,, we may use that defi- Li(r<,r>;s)=y, Jiysr ORMysr>) /s . (36)

where the Green’s function is written as

|

The Laplace inversion of Eq. (35) is ‘formally straightforward. It leads to

a — . R -_— ’ ’ ’ (] R 1,1 4 ’ ’ ’ ’
Ec,,,,(r,t):—zAOe},S)(r,t)+Aok(2) [ fo Cim (P 0L, (r <,r>;t)r"%dr’' —iAg fo dr'r’ fo dr'efd(r' ¢ )\Ly(r<,r>;t —t') |,

(37)
in which
L,(r<,r>;t)=f“1(l~,,(r<,r>;s)) s (38)

where . ~! denotes the inverse Laplace transform. Equation (37) is the formal solution for the time derivative of the
polarization coefficient operator ¢;, (,t) for r < R. But since from Eqgs. (20), (22), and (25)

e (r,0)=iAg (3/3t)cim (1) , (39)

we obtain an explicit expression for the electric field variable i )(r,1) inside the sphere (r <R). It is given by
R R t
e{,ﬁ(r,t):e},?,’(r,t)%—ik% [ f Cim (P 0L (r<,r>;t)r"2dr' —iAgy f dr'r” fo dt’el(,g)(r',t')L,(r<,r>;t —t') . (40)

Equations (37) and (40) embody the physical mechanism of the lmear initiation process. The fluctuating initial polari-
zation and vacuum field specified by the coefficients ¢, (r',0) and esd(r',t"), respectively, act to induce the cooperative
quantum decay of the atomic excitation. They are both needed to describe correctly the dynamics of the operators
cim(r',t) and eff(r',0). In expectatlon values of normally ordered products of the coefficient operators, however, the
vacuum field operators e,‘,‘,’, (r',#') make no contribution, for the initial state has no photons present. We shall employ the
normal-ordering scheme, since it is the one most naturally adapted to the description of the usual forms of photon detec-
tion by absorption.9 Inasmuch as the vacuum field operators do not contribute to the expectation values which interest
us, we shall take the liberty of dropping them from Egs. (37) and (40) and the others that follow. Their omission entails

no error apart from the consideration of vacuum fluctuations. With this understanding we obtain

R

el (r,t) =i AG (3/3t)cim (r,t) =ik} fo cim(F'O)L(r <,r>;0)r"dr" . (41)
From Eqgs. (21)—(23) we can also calculate i )(r,1) outside the sphere (7 > R). Its Laplace transform is given by

e rs)=ik3B; [f ar'r'® 5, (r',8)j)(Bsr’ ]hl(l)(ﬁsr) , (42)

where we have once again used the identity (29). With the aid of Eq. (35), Eq. (42) may be expressed as

lkOBs

R ~
Hrs)= [ [, arr [eimr, 004+ Ak [ cim(r" OO L1t <, 357" | |niVBom 43)

where 7 <*>> =smaller (larger) of »',r".

The first term in the large parentheses in Eq. (43) represents the independent-atom spontaneous emission (intensity
proportional to N) whereas the second term represents the evolution of the cooperative radiation process (intensity pro-
portional to N?). We expect the intensity contributed by the cooperative emission to dominate the independent-atom ra-
diation at all save the earliest times. In studying the asymptotic behavior of intensities at large times in the linear regime
we may therefore drop the first term of Eq. (43). We assume further that detection takes place in the far field (» >>R),
for which we have

V(Ber)=(— i)t expliBsr) /Bsr =(—i) T explikor) exp(—sr /c) /Bsr

The Laplace inversion of Eq. (43) is now easily carried out for » >>R and we obtain
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where L (r <<,r >;t) is the Laplace inverse of s _‘L~,(r <,r>;s)j(Bsr'), ie.,

+ioo ~
Li(r<<,r>>;)=2mi)~! f:__i’ s ~Yexp(st)L;(r <<,r>>;s)j;(Bsr')ds .

We must now evaluate the evolution kernels L; and L;
in order to obtain quantitative predictions. Their
transforms L; and L} have a rather complicated struc-
ture [Egs. (36), (34), and (45)] which precludes exact inver-
sion. We note, however, that simplification occurs if
Bs=ko+is/c is replaced by ko in Egs. (34) and (45).
Such an approximation amounts to the neglect of retarda-
tion manifest in Eqs. (24) and (26) and is justified if the
time scale of change of L;(r <<,r>>;t) and L (r <<,r >;t)
is much larger than the maximum retardation 2R /c. It
may help in considering such retardation effects to recall
that we have assumed all the atoms to be in the same ex-
cited state at the initial moment. Any practical scheme to
excite the atoms would be likely to involve retardation ef-
fects which are implicitly ignored in specifying the initial
state. We shall thus assume that the sphere is small
enough that retardation effects can safely be neglected.
With this simplification we have

Li(r<,r>;t)=ko(2mi)~!
€+ioo
X [T i)

Xh,(“(ysr>)exp(st)ds R (46)

and
|

(r",0)L] (r <,r>>;t—r/c), (44)
(45)
[
L] (r<,r>;0) =k ji(kor')(2mi) !
€+ioo 2.
X J i STy <)
XhiV(ysr>)exp(st)ds , 47)
i.e.,
t
Li(r<,r>5n)=jilkor’) [ Lir<<,r>;t')dt’  (48)
with
vs=ko(l—iAg/s)? . (49)

It is now straightforward to evaluate the integrals in
Egs. (46) and (47) for koR >>1 by asymptotic techniques.
We shall assume for the moment that in the long-time
limit the major contributions to the integrals in Egs. (41)
and (44) come from the r',7”"~R regions and then
demonstrate that to be true. With this assumption the
Bessel functions j,(y,r <), hf(y,r>), etc., can be expand-
ed asymptotically into exponentials of the Debye form.
The details of this evaluation are presented in Appendix
A. Here we just give the results which can be classified
according to the value of /. ‘

Case (a). (I++) <kor< <kor> <koR:

Li(r<,r>;t)= —i(8mr>r <)712{2B(a —1)(@% — Dl(a} — )2+ (@’ — )23 =174

Xexp(ivA§ + [2Agtv[ (o — 1)V (% —1)V2]}1V?)

Li(r<,r>;0)~A5"'2B)" [ (o’ — 1DV (a® — )21 V2 (kor' \Li(r <,r>;1) ..

In these equations Ab* , Q5 ,a_, v, and B are given by

A =(a — DV (X — D12

—arccos(a3')—arccos(all), (52)
v=1+% , o, =kor>/v,
(53)
a<=k0r</v 5 [J’=A0t/’v .
Case (b). 1>>(koR/2)%
<,r>;t z————i—( </r>)
Li(r<,r>;t) 2> r</r
XeXp(let/Z)Jo(Aot/Z) ’ (54)
Li(r<,r>;th m—iQRI+1)"Yr</r>)r>)"!
t
X [ expliAt' /20 o(Agt’ /2)dt"
=—iQI+1)"r</r>)Y(r>)"!
X jilkor tM(5;32;i Agt) (55)

(50
(51)

In the latter equation M (a ;b ;z) is the single-valued Kum-
mer function.!® In the limit Agf— oo,

tM (5;32;i Agt) ~t17% |

and

Jo(Agt/2)~t =12 cos(Agt /2 —7/4) .

Thus, L; has oscillatory decay whereas L; shows only a
slow ¢17? growth in time.

For I ~kgr <,kor> the behavior of L; as a function of
time is given by the function E 7,6(i Aot), defined!! by

Eop2)= 3 z*/T(ak +B) .
k=0

The modulus of this function | E;;,6(iAgt)| shows no
monotonic growth with #; in fact, for large Ayt (Agt >>1)
it decreases as (Aqt) 178,

From the above considerations we conclude that the
modes (/,m) for which ! >koR do not amplify signifi-
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cantly in the time during which modes (/,m) with | <koR Equation (50) then reduces to
do. We will henceforth call the (/,m) modes with I <koR . ~1n 1 N1—1/4
the amplifying modes and the remaining (/,m) modes the Ly(r=,r>;0)~ —i(8m) = *(korr') " [ Aotko(r +77)]

nonamplifying modes. xexpliko(r +7")]
For the purposes of later calculations we shall simplify nal/2
Eq. (50) by assuming that a,a >>1. This approxima- X exp[2Aotko(r +7)]"7, (56)

tion corresponds to extending the simplification which
takes place for / <<koR to those amplifying modes for which is independent of / for / <kyR. The corresponding
" 1 ~0(kyR) which do not in fact amplify quite as rapidly. reduction for Eq. (51) is

J

Li (r <<,r>>;t)= —ijilkor' (4w Aokor'r") " {1672 Agt) /[Kko(r' + ") P} ~14expliko(r'+r")] exp[2Agtko(r'+r")]' 2 .
(57)

With the aid of expression (57) for L;, we can carry out the ' integration in Eq. (44) approximatély in the long-time
limit, (2A¢koR?)'/2>>1. The result for r >>R >>kg ' is

et (r,t) = (87) 12k explikor)r ~! fOR exp{ikor” +[2Aq(t —r /¢)ko(R +7")]'7%}
X [koAg(t —r/c)NR +r")17 " 4cjp (r”,0)r"dr"" . (58)
This can be rewritten in terms of L,(r <,r >;t), given asymptotically by Eq. (56) as
et (r,t) ~ik§(R /1) expliko(r —R)] foRdr'r'ZL,(r',R;z—r/c)c,;,(r',O). (59

It has not been necessary thus far to distinguish between L-P*(r,) and L-V XP*(r,t), or correspondingly, between
L-E'¥)(r,?) and L-V X E‘¥)(r,¢). But now, in order to discuss separately the electric and the magnetic multipoles (related
to L-VxP* and L-P*, respectively) we have to make the distinction.

We let ¢}, (r,t) and dy,(r,t) denote the coefficient operators in the expansion of the slowly varying amplitudes of
L:P~ and L-V XP, respectively:

L-P~(r,t)=exp(—iwgt) D, Cim (r,1) Y}, (6,0) , (60)
Lm
L-VXP(r,t)=exp(—iwgt) Y, dim (7,1) Y}, (6,0) . (61)
Im

Then from Egs. (25) and (59), for r >>R we obtain in the long-time limit

cim(r',0)

djm(7',0)

L'E‘*’(r,t)

X Y, (0,8) . (62)
L-VXE'*)(r,1)

R
~ik3(R /7) expliko(r —R)—iwpt] 3’ fo dr'r?Li(r',R;t —r/c) X
ILm

The prime on Y, in this and the subsequent equations indicates a sum over only the amplifying (/,m) modes, i.e., those
for which I <akoR (a~1). The Hermitian adjoints of Eqgs. (62) give the corresponding relations for the negative-
frequency field variables. The foregoing equations, as we have noted earlier, in fact determine the radial components
r-B*) and r-E't) as expansions in terms of the various spherical harmonics. Each term in the first sum and the corre-
sponding term in the second sum of Egs. (62) together specify the two Debye potentials'? in terms of which the full free-
space vector field E'*(r,¢) may be written as

E'*)(r,t)~—R exp(—ikoR —iwgt) | 3'[1( + 1]~ UV X {V X[rexplikor) Y, (6,8)/r]})
Lm
X foRdr’r’zL,(r’,R;t—r/c)d;,",,(r',O)

+ k3 31U+ D] (VX [rexplikor) Yy, (6,4)/71}
ILm

R
X fo dr' r2Li(r',R;t —r /¢)cim (r',0) | . (63)
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The magnetic field B'*’ given by
B (r,1)=(iko) ™'V X E*(r,2)

assumes the same form as Eq. (63) provided the replace-
ments, dj,(r',0)—cp,(#',0) and c;, (#',0)— —dj, (r',0),
are made. With the aid of the identity!?

(VX {VX[cf (1Y, (6,0)1})=1(I +1)f (r) Y}, (6,0)
(64)

and the result
VL ()Y i (0,0) 1= —k§ f (1) Y} (6,6)

which holds approximately if the dominant dependence of
f(r) is of the form exp(ikyr)/r, one may easily verify that
E'*) and B‘*’ as determined above do indeed satisfy the
free-space Maxwell equations as well as Egs. (62). In ex-
pression (63) the first sum represents the electric multiple
contribution whereas the second sum represents the mag-
netic multipole contribution.

IV. STATISTICAL ASPECTS:
AVERAGE INTENSITIES AND THEIR
ANGULAR CORRELATIONS

Since during the initial stages of amplification the elec-
tromagnetic field depends linearly on the atomic polariza-
tion variables c;l:,,( r’,0) and dff,,(r’,O), the average field in-
tensity and the intensity-intensity correlation are averages
of bilinear and quadrilinear forms, respectively, of these
operators. We shall address here the more general prob-
lem of determining the statistics of the fluctuations of
c[f,,(r',O),dﬁ,, (r',0) by calculating the expectation values of
all of their products.

A. Properties of the fully inverted initial state
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It is more convenient to consider integrals over the full

spherical volume. This we do by using the Hankel
transforms ¢ (0),d},1(0) defined as

Cim (7,0) w |Cimk(0)
dim(r,0) |~ Jo  |dj;(0)

X ji(kr)k*dk (66)

with the inverse relations
Cimi(0) 2 ~R |Cm(7,0)
dlr_nk(o) dlm(r’,O) le(kr')r'zdr' N 67)

_77- o

in which we have used the fact that cj,(r’,0) and
djm (7',0) vanish for r' > R. From Eq. (65) we then find

Cimi(0) _2 0 L-P~(r,0)
di(0) |~ Sy Mok X | g pei ) (68)

in which we have written

e (1) =y (kP) Y (6,8) . (69)

On using some vector identities and then integrating by
parts we may show that

— VX(I'H? %)
CITk(O) =72“ f d3 P~ (r,0) m . .
dimk(0) |~ i v VX[V Xt )]

(70)

Then using the definition (5) of the initial polarization
field and the relations (o;!;aj"b > =8,i:0gp (a,b =x,y,z) fol-
lowed by some algebraic manipulations, including several
integrations by parts, one obtains the results

(it (7,0)Cip (F',0) ) = o8 8l (1 +1)8(r —r') /72,

By projecting out the spherical harmonic coefficients in (71
Egs. (60) and (61) we find
Cim (7,0) o L-P~(r,0) (it (r,0)dfr, (,0)) =0, (72)
di(r0) |~ J PRV || G p-ir0) ©3  nd
|
(i (r,0)d i (r',0) ) =noul (1 +1)8:8
> 8(r—r) 1+2 3 8r—r)  I+2 3 8(r—r) N (142)* 8(r —r")
oror’ r2 r or r2 r or r? rr’ r?
+1-2 150 —R)S(+'—R)/R?] .
2 dR : (73)

Equation (72) represents the mutual independence of
electric and magnetic multipole evolution. The vanishing
of Egs. (71) and (73) for /=0 indicates an absence of
source fluctuations for / =0. Thus as we have noted ear-

lier, the lowest radiating multipole is a dipole (I =1).

In the limit of large particle number N, the averages of
the higher-order products are reducible to forms involving
only the 2nd-order products. Clearly, products involving
an odd number of cj., or dir, have zero expectation values

in the initial state. On the other hand, the 2p-order aver-
ages (p=1,2,...) can be reduced to a sum of products of
2nd-order averages as follows:

+ ceeet - "Yeii oo ’
Cerfm, (r1) clpm,,(rp)clgm’,(rl) cII;m’;(rp))

3 a0 ) ey 1)

(74)
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The sum in this equation runs over all p! permutations of
the primed coordinates. The time coordinate which is 0
has been dropped to simplify the notation. Equation (74)
is accurate only for p <<N. A formally identical relation
is also obtained for the dj,,’s. From these composition
rules it is evident that the fluctuations of the operators
¢im(7,0) and dj,,(7,0) in the initial state follow Gaussian
statistics for N sufficiently large. More precisely, the
coherent-state amplitude® corresponding to each of the in-
itial polarization coefficient operators ¢y, (7,0) and
dj,(r,0) assumes random values with a Gaussian
quasiprobability distribution. Since the electromagnetic
field can be written as a linear combination of ¢, (7,0)
and dj, (r,0), the fluctuations of the electromagnetic field
also obey the Gaussian statistics in the linear regime.

B. Average intensity of (1,m) multiple radiation;
average delay times

We now discuss in detail the two lowest-order averages
of the electromagnetic field in the linear regime. For
I <koR, in the limit of koR >>1 and long times, both
magnetic and electric multipoles of a given order (I,m) ra-
diate the same average intensity,

L5 (1,8) I s (1,1)
= cR*3nou[1(1 +1)]!
X | VX [rexplikor) Yy, (6,4)/r] | 2
x [drr 2| Ly Ryt —r /c) |2 (75)
. H(r'\R;t—r/c)|?.

The details of the derivation are presented in Appendix B.

For large times 7=t —r/c, the integral in Eq. (75) is
straightforwardly evaluated, for then only r' close to R
contribute significantly when expression (56) for L; is in-
troduced. The resulting intensity is

Iimg(1,8)= {#iwo/[ 1671 (1 4+ 1)7]}

X exp[4(AokoRT)'?] | VY, (6,8) | %, (76)

an expression which is valid for
(2A0koRT)V?>>1 . 7

Thus the time dependence of the intensity is asymptotical-
ly of the same form, 7 lexp(aV'r), as in the one-
dimensional model of superfluorescence.* This formal
correspondence is a hint of a one-dimensional character
for the emission from a large sphere. In any single experi-
ment, as we shall see, the radiation does tend to be con-
fined close to just one dominant radial direction. The
.time dependence expressed by Eq. (76) is qualitatively dif-
ferent from the purely exponential time dependence found
by Ernst and Stehle® and by Rehler and Eberly.’

The total energy flow rate W (r) from the sample in all
such (/,m) modes is given by integrating 21, z(r,f) over
all solid angles and summing over / from 1 to /o =akyR.
For long times 7 we may use Eq. (76) to obtain the result

W (r)~[#iwo(akoR)? /877]exp[4(AgkoRT)?] . (78)

Its short-time behavior is perhaps best seen from Eqgs. (44)

and (47), which show that W () is zero at 7=0 and rises
at first quadratically with 7. The number of photons
N (7) emitted in time interval 7 is given by the integral

1 T J !
Nn=Zo- [, war .

Since W (') is small for small 7, N(7) may in the long-
time limit (77) be estimated by means of Eq. (78). The re-
sult is

(akoR)* exp[4(AokoRT)'?]

4 4(AokoRT)'/? 79

N(7)

Even though the linear regime is confined to the initial
stages of radiation during which N (7)<<N /2, we see
from Eq. (79) that when N >>(koR)*> there should
nevertheless exist a finite interval of time in which the
solution follows the asymptotic expressions (76) and (78)
accurately.

With the aid of Eq. (79) we obtain an order-of-
magnitude estimate of the average delay time (¢ ) for the
evolution of the amplifying modes. It may roughly be de-
fined to be the time needed for the emission of N /2 pho-
tons. We then have the approximate result

(tp) ~(16AckoR) ™' {In[27N /(akoR)*1}? . (80)

Since A, is proportional to N, (fp) also takes the
form characteristic of the one-dimensional theory,
(1/N)(InN)?. The delay time 2, itself will show fluctua-
tions about the average (¢, ) which can be calculated in
the present model by following the procedure of Ref. 13.

A natural physical interpretation can be given to the re-
sult in Eq. (80). Since 16A¢koR ~NTT'[1/(koR)T%,
where T1'=pu?k3/(#) is the spontaneous emission rate
of a single excited atom, it is evident that not all atoms
but only a fraction of order (koR)™2 participate in the
cooperative radiation process in a single pulse. But
47(koR)~? is the solid angle subtended by the characteris-
tic diffraction pattern of a sphere of radius R. That only
N(koR)™? atoms cooperate results from the fact that
photons emitted only in a solid angle 4m(koR)™? initiate
the cooperative decay of atomic excitation. [In the termi-
nology of Rehler and Eberly’ (koR)~? is the shape factor
p of the sample] In fact, all intensity-intensity and
higher-order correlations may be expected, therefore, only
to extend over a maximum solid angle of order
4m(koR)~2. The emission process, in other words, may
tend to be highly directional for each pulse.

C. Angular intensity-intensity correlation function

The angular distribution of radiation intensity which
emerges from the sphere in any single pulse is extremely
random. The ensemble average of the intensity taken over
many pulses is isotropic and has no angular dependence
whatever. It may nevertheless be true that the individual
pulses are quite anisotropic in their structure. If that is so
it will become evident by consideration of the angular
correlation function for the radiated intensities.

We discuss here the angular correlation of intensities
detected along two rays which enclose an angle ¢ (Fig. 2).
Along each ray is placed a detector sensitive to either left
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Spherical
Sample,

v, v’ circular polarizers
D, D' : square-law detectors

FIG. 2. Intensity-intensity correlation.

or right circular polarizations. The output photocurrents
are multiplied and the product averaged over many pulses
to give a correlation function which is proportional to the
joint photon-counting rate in the two beams.” We assume
that the detectors are placed the same distance
r=|r|=|r'"| away from the center of the radiating
sphere.

For each direction r we introduce a pair of complex cir-
cular polarization vectors €,(7) corresponding for v=+1
to the right and left circular polarization, respectively.
The circularly polarized components of the field vector
are then defined as

g =p*7)E*

We introduce the normalized intensity correlation func-
tion R, (1,t) by writing the joint counting rate as

(& ,n& (e, n&H & (1)
= (& e, P, &, nE (1))

X[14+R,.(,1)] . (81)

(&7 (08P (0,10))=2(E (0,08 (0,) Y vag
~2RGkinou® S [1U+1)]" 1@, (7

ILm

In view of the Gaussian statistics of the electric field and
the consequent reduction of the fourth-order field correla-
tion function we can write

(& e, () |2
(&7 ,0& ()& (e, ngH ()
(82)

w, )=

The computation of the second-order averages is analo-
gous to that of the average intensity in Sec. IV B (see Ap-

pendix B for details). In the long-time limit one obtains
(&7 (r,nEH S0 Y Mag

(83)

', )Y p=w i (& )&

in which the subscripts “El” and “Mag” stand for the
electric and magnetic multipole contributions to the corre-
lation function. The factor vv' comes from the difference
in the angular dependence of the electric and magnetic
multipole radiation patterns.

An important consequence of Eq. (83) is that field com-
ponents of opposite circular polarizations are completely

uncorrelated along any two rays, for, if vw'= —1, then
(& nE(r,0) = (E,(0,0 85 (0,0 ) vag
(B 08,0
=0.

The only correlated emission, therefore, is of photons cir-
cularly polarized in the same sense, for which we have

<&, & P (r,0) |2
(&, (,n& P x,0) |?

R, (,t)= (84)

To evaluate this correlation function we note that accord-
ing to Egs. (63) and (71)

) {V X [rexp(—ikor)Y,(0,4)/r]})

X(EHF ) [V X [Texplikor') Y, (8',")/r'1}) f dpp* | Li(p,R;t —r/c)|?.

By noting the fact that f dp|L;|%
in the form

~E, () VYL (6,018

(P1) V' ¥i (6',6")]

(85)

2 is approximately independent of / for the amplifying modes, we may cast Eq. (84)

2

w(h )~
ST+ D787 VY], (6,8)][6

1IN

The summations in Eq. (86) may be carried out straight-
forwardly. The details are presented in Appendix C.
It is convenient to write

R, (,t)=|S(4)/S(0) |2 .

The result of carrying out the summations of Eq. (86) can
then be expressed by writing

WPV Y,(6,4)]

S (86)

ly

S@)=3 [21+1)/1(1 +1)]

I=1

X [ P/"(cosyp)(—sin’) + Pj (cosyh)(1+cost)] ,

(87)
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where P;(z) is the Legendre polynomial of order I, Pj(z)
and P;"(z) are its first two derivatives, and /y=ak(R is
the upper cutoff on the sum.

For ¢¥=0, since P,’(l):il(l +1), we have

S(0)=1o(lo+2) . (88)

Now, for lo— oo (i.e., kgR — o0 ), since!*

S [0 + D1+ 1)]Pi(cost)
I-—_l
— 3 [Pi(cosp)/D+Py(cos) /(1 +1)]
I=1

=—1—In[(1—cos¥) /2],

we have (for ¥=40)

. R Tain2 . 2
S(gb)kok’lo_>°° { —[sin“y/(1—cosp)*]
~+(14cosy) /(1 —cosy)}
=0. (89)

Thus, for an infinitely large sphere there is no angular
correlation at all of fields for nonvanishing .

For values of kgR that are large but not infinite, it is
convenient to write S(v) in a somewhat different form.
On subtracting Eq. (89) from Eq. (87), we obtain

Sw= 3 [@+D/1U+1D]
1=1g+1

X [ sin?y P;"(cosyp) — (14-cosy)P; (cosy)] .

(90)

Since for large ! and ¥ not too close to = we may write
Pj(cosy) as'®

Py(cospp)~Jo[(lo+ + )] /sinh)! /2, (91)

we can evaluate the sum in Eq. (90) asymptotically. The
result we find for R, (¢) in Appendix C is

R, (¥)=|S(1)/S(0)]|?
~4J3[(To+ 3 W1/ [+ 5 W] . (92)

The first zero of the Bessel function J; occurs -at
¥~3.83/(lo+ <), giving R,, (1) a width Ay of the order
of 1/(lo+%), or since [op=akoR (a=1),

A~ (koR)™T. (93)

Since expression (86) [as well as (92)] is manifestly in-
dependent of the time variable, we may expect it to hold
for times longer than the linear initiation regime over
which it is rigorously valid.

The results presented in this section have so far referred
to measurements at equal retarded times, 7=(t —r/c)
=(¢'—r'/c)=1", for the two directions. For 77, if we
denote the time-dependent angular correlation function by
R, (¢;7,7') we easily see that R,, =0 if vw'=—1 corre-

sponding to opposite circular polarizations. But, for
w'=+1 corresponding to circular polarizations of the
same sense we find that R, (;7,7") factorizes in the limit
of long 7 and 7/, i.e.,

R, (;7,7') =R, ()X (7,7) , (94)

where R,, is given by Eq. (86) or (92).
One sees from Egs. (56) and (63) that the purely tem-
poral factor X(7,7') assumes the form

R 2
fo dr v*L(r,R;7)L*(r,R;7")
[Fdrr? | LnR;n) |2 [ Fdrr? | L(rR37) |2
(95)

X(r,7')=

which in the large-7,7’ limit reduces to the expression

4rr
Vr+VTP

Many of the results obtained in the present paper
should continue to hold with good accuracy when the
shape of the radiating volume is no longer spherical. This
is because we may expect the emission to occur along
well-directed rays in a one-dimensional manner. Thus if
L is a measure of the maximum linear dimension of an
arbitrary sample, many of the results may be carried over
from the spherical case simply by substituting L for 2R.
The analysis of the present paper is, of course, confined to
the linear regime which prevails in the early stages of ra-
diation. One effect of the nonlinearity is to couple all of
the radiation field modes to one another. Such coupling
may be expected to alter significantly the result for later
times.

After the completion of the present work, a paper by
Mostowski and Sobolewska!® dealing with the same prob-
lem appeared. Their results, although generally parallel to
ours, differ in several ways. Their analysis is based on a
scalar rather than the correct vector wave equation. They
are thus unable to discuss those aspects of the problem
that depend intrinsically on the nature of photon polariza-
tion. An important result of this kind, as we have seen, is
the complete absence of angular correlation between any
two photons which are circularly polarized in opposite
senses. For photons circularly polarized in the same
sense, however, we find that in the long-time limit the
intensity-intensity correlation extends over an angular
range of order 1/koR. Because the Debye multiple-
reflection expansion of geometrical optics, which their
analysis makes use of, implicitly assumes koR = o, they,
on the other hand, predict zero angular range for correla-
tion in the same, long-time limit. The average intensity in
their work amplifies in time as 773 %exp(ar!’?), whereas
we find it to have the same form, T‘lexp(arl/ 2), as occurs
in the one-dimensional problem.

X(7, 7))~ (96)
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APPENDIX A: EVOLUTION KERNELS
Li(r<,r>;t) AND L; (r<,r>;t):
LAPLACE INVERSION DETAILS

For t >0 the inversion contour can be replaced by a cir-
cle of radius > A centered at the origin in the complex s
plane. Then the transformation iAy/s =w gives us

Li(r<,r>;t)= ko(2mi)™! gﬁc,dww_ljz(k0r>ﬁ_—m)
X hi kor >V 1—0)

X expl(i Aot /@) (Ala)
and
L (r<,r>;0)= —ko(2mAg)~ Yy (kor')
X § do jitkor <vVT—a)
XhiV(kor>V1—0)
X expliAgt /) , (A1b)

where ¢’ is a circle of radius smaller than 1. The branch
cut for the integrands lies outside ¢’ in the w plane. Since
the integrands in Egs. (Ala) and (A 1b) differ by a simple
factor of w, we need give details of evaluation only for one
of the two integrals. The value of the other integral in the
stationary phase approximation, which we use since
koR >>1, is obtained simply by appending to the result an
extra factor of w;, the relevant stationary point in the o
plane. We choose to evaluate L; here.

We study the following domains of / values.

Case (a). (I+4)<kor<<kor> <kyR: We take the
radius of ¢’ to be very small so that |koR(1

®)'”2| >(I++) on it. Then for h{'’ we have Debye’s
asymptotic formula given by!”

1(1)(u)z1{—1/2[u2__(1+_;_)2]—1/4
xexp{i[ul—(++5)]"?
—i(I 4+ +)arccos[ (I 4+5)/ul—im/4}
(A2)
in which
[u?—(T+5)]>>1.

Now, by writing j;=(h{"+h{*)/2 and using Eq. (A2) in

Eq. (Ala) we obtain
Li=LV4L?

where L, and LI( 2 are expressed as

(1

o t=FiBar>r<)~1(a? — 1) —

L D] 2B

XexplivAg + [2Agtv[ (o — 1)V x(a?

ok — D2+ (ak —

1)1/2]} 1/2) ,

(1)
2{2, ~ ko(4mi) ™' § do o~ lexpliAgt /)
!
Xh{Vkor>(1—0)'?]
hiVkor <(1—w)'?]
X (2)[k0r< 1—-(1))1/2] . (A3)

We need consider either L;" or L/ in detail since the
calculations for both are exactly analogous. For L/ we
have the expression

LV~ —(ko/4m) P g(0explivf(w)ldo , (A4)
in which
glw=0"x,x_(1—w)]"'?
X {[x2 (1—w)—?][x2 (1—w)—12]} ~ 174,
flo)=[a%(1—w)—11"+[a%(1—w)—1]'"2
—arccos[a” (1 —w)'/?] !
—arccos[a<(1—)'?]" '+ B/w , (A5)
v=Il++, x_=kor<, x, =kor>,

a .=x_/v, a,=x,/v, B=Aot/v.

We first assume v >>1 but the final expressions hold even

for v~O(1). For the function f(w) the stationary points
w, lying close to the origin are given as
w, :wizii(Zﬁ)l/z[(ai _ 1)1/2+(a2< 1 )1/2]—1/2 ,
(A6)

provided B << 1 as is the case for small times ¢ <<v/A,.

We now deform the closed contour ¢’ so that it passes
through the stationary points @® and assumes the slopes
6% of the stationary paths near o* given by

26% fargf"(w*)=0,7 . (A7)
In the limit 8 << 1, 6% are found as
" —7/4, w/4
0=\ /4, 3n/4. (A8)
By using
fow exp( *iaz?)dz =(m/a) *exp(+im/4)/2
(a>0), (A9

it is now easy to demonstrate that the two stationary seg-

ments of the contour at o™ contribute exactly equal

amounts, whereas contributions from similar segments at

o~ cancel each other exactly. One may carry out a simi-

lar ?rocedure for L{*. The final expressions for L} and
are written as

1)1/2]}-1/4

(A10)
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where

A¥ :((3;2> —1 )1/2i(oz2 —1)'2—arccos(a

! )Farccos(a_ !

(A11)

It is clear from Eq. (A10) that the maximum rate of evolution of L, in the long-time limit is obtained for r < ~O(r>) for

which L,? is negligible.

Case (b). kor<<(l + ;)< kor> <koR: This case is not important for our purposes since, as we have just noted, the

major contribution to the r’ integral in Eq. (43) comes from the vicinity of r <=

=0(r>) [in the limit (2A¢tkoR )% >>1]

for which kor <> (I +5). The calculations are similar so that we will not present them here.

Case (c). 1>>(koR /2)%: In this range of /, both j; and /"

is then easy to show that

Lir<,r>;t)=—[27Q2I +)r

=27l +1)r> 1" Yr</r>)

where ¢ encloses the branch cut from O to 1.

To evaluate the integral we deform c¢ so that it just cir-
cumscribes the branch cut. The integral may the be writ-
ten as the sum of two integrals of the same integrand
which are performed over the line segments from 0 to 1
running just above and just below the real axis in the com-
plex s plane. The sum of the two latter integrals is easily
expressed as

Lir<,r>;t)=— 272l +1)r

X 2i fo drlr(1
X expliAgtr)(r</r>) .

>]—1

r)]—l/Z

On substituting 7 =sin?@ in this expression and using the
formula®

Jo(x)=%.— foﬂdeexp( —ix cosf) ,

we finally obtain
Li(r<,r>;t)=—i[(2] +1) > 1" r</r>)
X expli Aot /2)To(Agt /2) .

The high (/,m) modes thus do not evolve they _]ust os-
cillate and damp out in a time of order Ag ! which is in-
dependent of the sample size R. This independence from
R is because of the fact that to the high-/ modes the sam-
ple appears to be a detail-less point emitter.

Case (d). 1~kyr<~kor>: For this intermediate case,
too, we once again have power-law dependences. With the
appropriate expressions for j; and A{! (Ref. 18) substitut-
ed in Eq. (A la) we obtain

L(r<,r>;t)=K gﬁc,da)a)”lexp(il\ot/w)( 1—w)™37,
(A14)

(A13)

in which
K = ikgexp(i2m/3)(sin’m/3)T2(+)
X 623 (k3 <r>)=3/6/(187%) . (A15)

By substituting s =o~! we transform Eq. (A14) to the

form

have just power-law dependences on their arguments.® It

>1-Yr</r> )¢c,(dw/a))exp(iAot/w)(l———co)_'/2
¢c ds expli Agts)[s (s —1)]71/2,

(A12)
|
Li(r<,r>;t)=K gﬁc ds s~ V%s — 1)~ %exp(i Agts) ,
where on ¢, | s | =so>1. By expanding (s —1)">/®in a
Taylor series we may show that
5.5 ' 5
s+ (g+m—1)
66 6
L;=2miK |1
| =2 + 2_1 -
(i Agt)"
. (A16)
m!

On writing & +k — 1=k — ¢ it is easy to show that

In[$(3+1) - (F4+m —1)]
=In(m!m ~/%e~7/6)

~In[(m!Ye~"/5/T(m + )],

where y~0.577--- is the Euler-Mascheroni constant.
With the aid of this result, Eq. (A16) reduces to the ap-
proximate form

L,(r<,r>;t)z2m'Kexp(—7//6)E1,7/6(iA0t) (A17)

in which E; ;,6(iAgt) is a special function defined by the
relation!!

Eoglz)= 3 z*/T(ak +B) .
k=0

APPENDIX B: EQUALITY OF AVERAGED
INTENSITIES FOR ELECTRIC AND MAGNETIC
MULTIPOLES

From Eq. (63), on taking the (I,m) electric multipole
contribution and using Eq. (79) we obtain for the corre-
sponding averaged intensity
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2
—é%[r' 2LE(r",R;t—r/c)]

R
Iimp (1,8 Wy (1) {fo

dr:/rIZ

R
—(142) fo (8/0r")[r' 2Ly (r',R ;t —r /c)IL)(F',R ;t —r /C)dr' /7'

R ' 2 ’ */0 ’ ’
—(I+2) fo (8/0r" )" 2Ly (r",R ;t —r /c)IL}(F',R 3t —r /c)d¥' /7

R ,
— (1 +2)? fo dr’|L1(r’,R;t—r/c)|2} , (B1)

where W, is given by
Wi (1) = cR*nou®[1(1 +1)] !
X | VX {VX[rexplikor) Y, (6,4)/r]} | 2. (B2)

We can recombine the terms in Eq. (B1) to a more trans-
parent form by noting that

(3/3r")(r"2Ly)=r'[(3/3r'N(r'L;)+L,] . (B3)

Equation (B1) reduces to the form

R
IImE(r,t)z Wlm(r) [ fO l (a/ar’)(r'Ll)+LI I 2dr:
—1+2) [ @/ar)
X(F'ZIL1|2)dI"/I"

R
+1U+2) |L,|2dr’] . (B4)

We can neglect the second term above because it involves
d/9r’ derivatives of ' 2| L; |2, which has no fast r’ varia-
tion. Furthermore, from the exact expression for L; in
Eq. (A10) (on neglecting L{* for large times) it follows
that

(3/0r')(r'Ly) =~iv(dA g /3r')(r'Ly)
=iko[1—v2/(kor')?1V*(r'L,) .

With the aid of this relation, Eq. (B4) may be expressed as

Ip(r,t) = W, (1) [k(z) foRr’2 |L;|%dr

R
A+ [ 1L ®5)

But since in the long-time limit the major contribution
comes from r'~O(R) the first term is of order
(koR)? fo | L; | %dr', whereas the second term is always
less than a quantity of order (koR) f o |Li|?dr’ for am-
plifying modes (I < koR). Hence, for koR >>1 we can ig-
nore the second term in Eq. (BS5) altogether, so that we
have

R
Iimi (1,8) =~ W (DK fo r' 2| Ly(r',R;t —r/c) | %dr' .
(B6)

However, in the limit ko7 >>1 we have the simplification

VX {VX[rexplikor)Y;, (6,4)/r]}
—ikoexplikor )V Y}, (6,9) ,
so that Eq. (B6) may be written as

I (1,0) = eRnou? k[ 11+ 1)]71 | VY, (6,8) | 2
R
X [, 2L Ryt —r/c)|%dr',  (BT)

which is the same as the averaged intensity I}, (r,¢) of
the corresponding magnetic-multipole radiation obtained
easily from Egs. (63) and (71).

APPENDIX C: DETAILS OF EVALUATION
OF SUM S (¢) AND ITS ASYMPTOTIC FORM

We may write S () as

SW)=4mr> 3 (11 + D] [6,(F) VY (6,0 ][ 4P ) V' Y}, (6',0)]
ILm

=4[ (32/36036') —(iv/sin6)(d2 /3¢ 36") + (iv/sin6’)(3? /00 3¢')

+(5in@sin€")~1(82/3¢ 3¢ )] 3 [1(1 +1)] 1Y} (6,8) Y}, (68',0") . (C1)
ILm

With the aid of the relation

l
S Y5 (0,8)Y;,(6',6") = (21 +1)P(cosy) /4

m=-—I

(c2)
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in which the angle i between directions (6,¢) and (6',¢') is given by

cosy=cosb cos’ +sinf sinf’cos(¢p —¢') ,

we may express S () as

Iy

S(W= 3 I +D[II+1)]"'[(3*/3636')—(iv/sin6)(3* /3¢ 36")

=1

+(iv/sind’)(3%/00 3¢’ )+ (sinf sin@’)~1(d%/d¢ dp') 1Py (cosy) .

Since our final answer can only depend on the angle ¢
(there are no other angles in the problem) we shall con-
veniently take 6=¢ =0 after carrying out the derivatives.
This straightforwardly gives us the desired expression (87)
which simplifies in the limit of large kyR.

We consider first the sum related to that in Eq. (90):

Z= S QI+ DU +1D]Pylcosp)
S I=ly+1

~ 3 2(+5)"'Pcosy), sincel>>1.
1=lg+1

With the aid of Eq. (91) Z () may be expressed as

ZW~ 3 2045l +5)](/sing)! 2 .
1=ly+1

(c4)

Since we shall only be interested in ¥ << 1, we may re-
place the sum by the integral

Z()=~2 f,:H (Jol (L + W1/ +1)}dl
~2 f(10+3/2)¢']°(u)du/u .

From this expression Z'(y) and Z"'(¢) are easy to calcu-
late by simple differentiation. On rewriting R, () as

R, ()~[lo(Io+2)]7 [ —sin®Pp Z"(¢)

+(1+4cosp)Z'(P)]?

and using the calculated values of Z'(¢) and Z"(¢) we
obtain Eq. (92).
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