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Electrostatic model of coherent decay in a small spherical sample of two-level atoms
of radially varying density
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We show that the decay rate and the frequency shift of the radiation modes from a small sphere of two-level
atoms with varying radial density can be accurately obtained using an electrostatic model.
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I. INTRODUCTION

We have recently presented [1] a study of coherent radiative
emission from a small cloud (radius < resonant wavelength) of
identical two-level atoms, with spherical symmetry but strong
radial variation of density. The purpose of this was to explore
the relevance, to a small sample, of the Dicke picture [2] of
coherent decay. In this picture, the atoms, if prepared in a
completely symmetric state (analogous to a set of classical
dipoles oscillating synchronously at the resonance frequency),
will remain synchronous as the decay progresses, and the
excitation will die out exponentially and uniformly throughout
the sample.

The analysis of Ref. [2], however, is based only on the
radiative reaction of the dipoles to each other’s field, and
ignores the frequency shifts [3] caused by the same field. These
shifts are much larger, at short distance, than the cooperative
decay rate, and in general should vary strongly within a small
sample; therefore [4,5], the dipoles should dephase long before
a significant fraction of the energy has been radiated.

An exception to the last statement is a spheroidal sample of
uniform density. Here a well-known theorem of electrostatics
tells us that a uniform polarization produces a uniform internal
field, so that the Dicke picture is maintained in the small-
sample limit [6]; see also Sec. II of Ref. [7] and Sec. VIII of
Ref. [8].

The purpose of Ref. [1] was to show by explicit calculation
that this exception no longer holds in a sphere with strongly
varying atomic density. We studied two configurations: “shell-
plus-hollow” consisting of a spherical shell of arbitrary thick-
ness and uniform density surrounding a spherical hollow with
no matter, and “shell-plus-core” in which there is an additional
spherical core, of the same density as the shell, centered within
the hollow. For each configuration, we set up the Maxwell and
linearized Bloch equations governing time evolution in the
regime of weak excitation (nearly all atoms in the ground
state). For a sphere of arbitrary radius, these equations admit
an eigenmode analysis in which the eigenfunctions involve
spherical Bessel and Neuman functions. We confined ourselves
to modes of angular index 1 (dipole symmetry) since we
are interested in an initial state of uniform polarization. We
studied the eigenmodes numerically for a certain small radius
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(koR = 0.05, where 27/ k is the resonant wave number and
R is the outermost radius) and found that the decomposition of
the initial state is dominated by those modes of long (>>2m / k)
wavelength, of which there are only two for the shell-plus-
hollow and three for the shell-plus-core configuration.

The real and imaginary parts of the eigenvalues gave the
radiation rates and frequency shifts of the respective modes.
These quantities, as well as the relative contribution of each
mode to the initial state, were calculated for a variety of
assignments of the internal radii.

Although the methods of Ref. [1] are in principle applicable
to any value of ky R, the numerical algorithms used become
unreliable when kg R is extremely small. Therefore, we carried
out the calculations at koR = 0.05. We also obtained the
analytical limiting results as kR — O for the decay rate
and frequency shift of the modes for the shell-plus-hollow
configuration by performing a double series expansion of a
characteristic fourth-order determinant (see the Appendix of
Ref. [1]), which is a physically opaque procedure at best. In
the present paper, we develop a different method by which the
exact limit of all quantities of interest at kR — 0 is obtained
analytically and transparently. Essentially, the idea is to put
koR — 0in Maxwell’s equation from the start, so that one has
merely an electrostatic problem. The resulting equations have
no transcendental functions and can be solved by hand.

The Lienard-Wiechert potential for a small separation
distance between two dipoles can be approximated by the
expression

PioPj—3piohip;ofi
A
Ki(piop;+pioRpofy 2. .. .
- O(pOprrzfno Pi° )—gikgpiopj.
(1.1)

W) =

Our strategy will be, first, to replace (1.1) by its leading term.
This causes each eigenmode to be described as an electrostatic
boundary value problem with a dielectric constant related to
the temporal eigenvalue. The problem turns out to be insoluble
except for a small number of values of the dielectric constant.
These determine the eigenmodes of the important modes.
Since the electrostatic interaction is real, the dielectric constant
in each mode is real, and hence the eigenvalues are purely
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imaginary. Thus this treatment yields frequency shifts but no
decay rates.

The leading-order decay rate comes from the (imaginary)
third term of Eq. (1.1) and is therefore O((kyR)?) smaller than
the frequency shifts, which, in turn, are of the order of the
Lorentz shift w; . Thus, in the limit k)R — 0, the system does
not decay in the time scale of 1/w;. Of interest, however, is
the decay rate on the Dicke time scale 1/[w; (koR)?]. This is
found exactly by including the term in —%i kg to the leading
order.

The way to do this is to find the expectation value of this
term (viewed as an operator on the polarization distribution) in
the “state” (to borrow quantum mechanical language) defined
by the eigenmode already determined by electrostatics. The
perturbation of the eigenmode by the second and third terms
of Eq. (1.1) is of the order of (ko R)? and can be neglected since
it would affect the decay rate only to the order higher than
wr (koR)?. The ratio of the decay rate to w; (koR)? is a finite
quantity in the limit (koR)* — 0, and is found exactly by the
method described here. Its analytic expression for both modes
of the shell-plus-hollow configuration agrees exactly with that
found in the Appendix of Ref. [1]. (An analogous calculation
for the shell-plus-core configuration was not attempted in
Ref. [1].)

Having found the eigenfunctions (field and polarization
density) for each mode and the frequency shift and decay
rate for each, we combine them to form the initial state
(uniform polarization in the occupied volume) and follow its
time development on both the Lorentz scale 1/w;,, where w;,
is the Lorentz shift, and the Dicke scale 1/[w; (koR)?]. On
the Dicke scale, we obtain formulas for the overall emission
rate and for P — P*, which is the probability of excitation
orthogonal to the initial state, as functions of time. These both
turn out substantially different from the Dicke predictions.
We also study the polarization density distribution in each
eigenmode and make physical observations not brought out
in [1].

In Sec. II, we give the fundamental equations as in [1],
but modified for the limit kgR — 0. In Sec. III, we consider
the shell-plus-hollow configuration. We set up the linear
equation governing the change of the polarization, and find
that its eigenmodes are given, to the leading order in kR,
by solving an electrostatic problem with no source but an
artificially chosen dielectric constant that satisfies a quadratic
equation whose roots determine the frequency eigenvalues
of two modes. Each mode is characterized by a nonuniform
polarization. The initial state of the uniform polarization is
resolved into the two modes, which dephase and rephase
periodically in a time on the Lorentz scale. We then compute
the expectation value of the imaginary part of Eq. (1.1) in each
mode, and find analytical formulas for the overall emission
rate, as well as the probability of excitation orthogonal to the
symmetric state, as a function of time on the Dicke scale.

In Sec. IV, we let the center of the sphere belong to the
occupied portion so that the atoms belong to an inner core
and an outer shell, with a gap in between. (This problem, in
which the initial excitation is the same for all atoms, must not
be confused with that of Sec. VII in Ref. [7], in which the
atomic density is uniform but the initial excitation is not.) The
modes are now three in number. One mode is quasiuniform,
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with the polarization constant throughout the shell but weaker
than in the core; its frequency is the same as that of the uniform
sphere. The other two modes resemble those found in Sec. II.
The eigenvalues and eigenfunctions are all given analytically,
and the frequency shifts and decay rates are studied as for the
first configuration.

In Sec. V, we summarize our results. Next, in the first
two Appendices, we derive some features of the shell-plus-
core configuration that were stated without proof in the text.
Appendix C investigates a third configuration, in which the
core and shell have different densities but there is no gap.

II. FUNDAMENTAL EQUATIONS

As in Ref. [1], we start with the Maxwell and linearized
Bloch equations describing coherent decay from weak ex-
citation. In an eigenmode where the electric field I:](F,t)
and polarization 13(?,t) vary temporally as exp(—iwt), with
o = wy — wr — i A, and A being a complex quantity pertaining
to the mode, we obtained (Egs. (2.4) and (2.5) in Ref. [1])

s ng’ - . .
P(r) = —HE(r) (occupied region), 2.1)

and

- 4 -
EF) + 37 P(G) = — / &7 exp(ikoR)

L5 ey — 361 0 B
X m—3—lm—2 [P(") — 30N o P()]

2
- I;—g [P(F") — ik o P(7)] } (2.2)
(We write i = K = 7 — 7’ and suppress the argument . g is
the electric dipole matrix element and 7 is the atomic number
density throughout the occupied region.)

Here we shall replace the integrand in Eq. (2.2) by its
leading (electrostatic) term, corresponding to the first term
in Eq. (1.1):

. 4 .
E() + 37P() = - f &7 expliko)
I - P
X {W[P(r/) — 3% o PG)] } (2.3)

As in Ref. [1], the integral around the singularity is to be
taken spherically, yielding the Clausius-Mossotti “local-field
correction” exactly equal to the term %nl_s(;") on the left. Thus,
(2.3) reduces as in electrostatics to the pair of equations

-

E=-VV (2.4)
and
Vo (E+47P) = 0. (2.5)

At the same time, Eq. (2.1) can be written as P= Xsl_é,
where s labels the mode and

Xs = (1/ir)ng’ /h),
and (2.5) becomes

(2.6)

Vo(eE)=0, (2.7)
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where (for mode s) € takes the values
& = 1+4myy (2.8)

in the occupied region, and 1 in the unoccupied region.

III. SHELL-PLUS-HOLLOW CONFIGURATION

In our geometry, Egs. (2.4) and (2.7) lead to solutions of
the form

V = @,R*cos(¥)/r>, r > R, (3.1
V = Bir cos(0) + BoR>cos(0)/r?, BR <r <R, (3.2)
V =Cyr cos(®), r < BR. (3.3)

Since V and €9V /dr must be continuous at the boundaries,
we have

a; = B, + By, (3.4a)
=2, = &, (B — 2By), (3.4b)
e =B+ B/B, (3.52)
C =&, (B —2B/B), (3.5b)
and hence
(&s +2) B =2(e5 — 1) By, (3.6)
(& — DB = Qe + 1) Br/B. (3.7)
From this we find the equation determining &;:
(& +2) Qe + 1) =2(es — 1), (3.8)
and since (2.6) can be written
g =14+ (C/ikry), (3.9)
where C = 4”+502 = 3w, we have the eigenvalue equation

[34(C/ir)3+2(C/irs)] =2B3(C/iky), or, if we put
Ay = iCuy, then

Gus — DBy —2) =287,

of which the two roots (taking =+ for the values of s) are

pe =1+ 1/1+8p% (3.11)

As B — 0, the roots approach 2/3 and 1/3; as B — 1,
they approach 1 and 0. The sum of the two roots is always
1. (If the Lorentz shift is included, then the total shift for
each mode, with overall sign convention as in Ref. [9], is
—[mG) -~ wp] = ~C (1~ 3).)

The distribution of polarization in each of the two modes
depends on the ratio B, /3B,; B, is the coefficient of uniform
polarization within the occupied region, and B, is the
coefficient of a distribution resembling a point dipole field.
Using either (3.6) or (3.7),and ¢, = 1 — (1/u,) from Eq. (3.9),
we find using (3.10) that

BE/By = (1F/1+38p3)/28.

[The superscript £ refers to the choice of mode s, as in
Eq. (3.11).]

As B — 0, the lower solution of Eq. (3.10) (e~ —
2, U_ — %) becomes dominated by $B;. When 8 = 0, this
solution becomes the configuration of uniform polarization
discussed in Sec. II of Ref. [7]. The upper solution (¢4 —

(3.10)

(3.12)
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—tny— %) yields B, /8B, — —2; in this solution, the point
dipole configuration dominates near the inner surface of the
shell, and when g = 0, the solution no longer exists because
of the singularity at the origin.

Until now, the normalization in each mode has been
arbitrary. We now wish to fix this normalization so as to
reproduce, for given B, the condition of uniform polarization
density assumed at initial time ¢ = 0. Let us write the actual
polarization in the occupied region at t = 0 as

P(7,0) = P,(7,0) + P_(7,0) = —x; VV,(F) — x_ VV_(¥),
(3.13)

where V. are the two solutions of Egs. (2.4) and (2.7)
corresponding to the two modes, each normalized in a way
to be determined. Then we have, in the occupied region,

PGt =0) = —%[(Xﬁf + X_B7)r cosb

6
OB+ By } (3.14)

72

However, we want f’(F,O) to be equal to Pyé, =
PoV(r cos(9)) for some Py independent of 7. This requires

X+ B+ x-B] = —Po, (3.15)
X+By + x-B, =0. (3.16)
From Egq. (3.16), we have
ﬂ -1, (3.17)
X-B,
and hence from Eq. (3.12),
xS (=188 .
xX-By (14+/1+88% '
Therefore, from Eq. (3.15),
x+Bf = —11)0 <1 ¥ ;) (3.19)
U e
and applying (3.12) again,
+ g’
x+By = £P (3.20)

V14863
Note the distinction between /1 + 883 and 1/4/1 + 883.

We can now study the time evolution of the polarization
distribution. Let us put
P(r,t) = V[Fi(t)r cos(®) + Fa(t) R cos(0)/r?]
= Fi(t)é. + F(1) (R/r)’[—2 cos(0) &, — sin() &].
(3.21)
Then,
Fi(t) = —x+ B} exp(—Ast) — x By exp(—r_t), (3.22)
() = —X+.933' exp(—A4t) + x—B, exp(=Ar_t), (3.23)
where the factors x 3 are given by Eq. (3.19) and (3.20). [We

continue to omit the Lorentz shift which, as previously pointed
out, would supply an overall factor exp(iwpt) = exp(iCt/3).]
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So far we have considered A to be completely imaginary on the
basis of Eqgs. (2.2) and (2.3), but we shall presently introduce
the idea that A, has a small real part proportional to k;, which
we have so far taken to be zero.

Of particular interest to us is the quantityP — P*, where
P denotes the fraction of energy remaining in the atoms (not
radiated), and P is the fractional probability that the atoms
are excited and phased to radiate forward as at time ¢ = 0 (i.e.,
proportional to the squared magnitude of the forward emission
amplitude). In our continuum notation, we have

_ JEFPGEOPR _IROP+ /B F0)P

P()= —=— = , (.24
J d3F|PF,0)]2 P§
N G K R T
[ d3FPF,0) 08, P} '
Combining (3.24) and (3.25), we have
| F2(0)]?
P(t)— P (1) = (2/B) 21302 , (3.26)

and from Eq. (3.23) with Egs. (3.16) and (3.20), disregarding
the small real part of A,

P(t)— Pt (1) = 2—/33 [2 =2 cos(81)] (3.27)
= 1 n 8,33 COS , .
where
§ =Im(y) —Im(A_) = C(uy — u_) =(C/3)/1 +8p%
(3.28)

P — Pt gives the cumulative fraction of nonradiative
transfer (NRT) [10], that is, the probability at time ¢ that
the atoms, initially in a coherent state of single excitation
corresponding to uniform polarization, are now in a state
of single excitation orthogonal to the uniform one. From
Eq. (3.27), we see that if B = 0, then this quantity is zero
at all times, which is in agreement with the finding of Ref. [4]
for the uniformly populated sphere with no internal cavity. For
nonzero B, we see that P — P is initially zero, but thereafter
oscillates between 0 and 883 /(1 + 883).

The above description applies in a time scale of the order
of C~! (the “fast scale”), which governs the oscillations. On
this scale, the real part of A can be neglected. Let us now take
it into account. This quantity can be written for each s as

Re(ks) = gshp, (3.29)
where the dimensionless coefficients g, are O(1), and
Ap =Ny /2, (3.30)

where y| = ‘3—‘ (pzkg /h) is the decay rate of the probability of
excitation of the isolated atom, and N = (4/3) 7 R3(1 — B¥)n
is the number of atoms. Thus,

Ap = 5(4/3)mnp(koR)*(1 — B*)/h

= (2/9)CkoR)*(1 — B*). (3.31)

The factor (kgR)> causes Ap to vanish on the scale of C.
(Recall that C = 3w;..)
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Including the decay factors, Eq. (3.27) should be replaced
by
3
1+ 883
—2exp[—Re(ry + A_)t] cos(6t)}.

P@t)—PT(t) = {exp[—2Re(A )t ]+ exp[—2Re(r_)¢]

(3.32)

Let us now look at things as seen on a time scale of the
order of (Ap)~! (the “slow scale”). The exponents in Eq. (3.32)
contain terms —Re(A1t), which are of the order O(1) on the
slow scale. Furthermore, 8¢ is essentially infinite on the slow
scale; that is, the oscillations in Eq. (3.32) are infinitely fast
so that we see only their average. Thus, the factor cos(d¢) is
replaced by zero. This means that on the slow scale, the value
of P — P is surprisingly already nonzero (=%) at what
appears to be the initial time. Putting Re(A1) in terms of Ap
by Eq. (3.29), we thus replace (3.32) by

P(1) = P7(1)
263

“1isp

Let us now study P. When (3.24) is evaluated by means

of using (3.22), (3.23), and (3.15), (3.16), some surprising
simplifications lead to

1 1
P([) = §|:<1 — Tgﬁﬂ) exp(—2q+)»Dt)
1
1+ —— —2g_A . 3.34
(1 o] s

Note that the terms involving cos(d¢) have cancelled. Thus,
P does not undergo fast oscillation; the oscillations seen in
Egs. (3.27) and (3.32) are entirely due to P*. This is physically
expected, since energy once radiated (lost to P) cannot return
to the system.

Now we must calculate g; = Re(X;)/Ap. Asis well known,
the right-hand side of Eq. (2.2) is only the leading term (in
powers of kg R) of a complex expression,

[exp(—2g+Apt) + exp(—2g-_Apt)]. (3.33)

exp(i ko gﬁ){[:s ﬁ(f/) ofiht — }3(;/)]<ﬂ>

n3
k(% D2 K 5
R [P(FYoRR — P, (3.35)
i
of which the imaginary part has the leading term (2/3) kS
independent of R. (This independence is the foundation for the
Dicke picture for the uniformly dense small sphere.) This small
imaginary part does not affect noticeably the eigenfunctions

of our system, but it gives rise perturbatively to the real part of
the eigenvalues. Thus,

2 3> 32, 3 o o =,
Re(h,) = (m) <§ k3> [ dF fd%r A 2Ps(r)
[ &F PG |

h

2\ (2 &7 By(o)|
= (m) (—ké) VLGl (3.36)
h 3 [ d3F | Py(F) |2
while
2
nge 2 -
Ap = (T) (5 kg) /d3r, (3.37)
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so that

Re(h,)  |[d°F B[
o [dBFIPGP [T

(3.38)

where f’s is the portion of Eq. (3.14) proportional to ;.
The integral of P receives a contribution only from the part
of Eq. (3.14) proportional to x;$], so that
()"
45 == ; 5 (3.39)
(BY)” + /8 (83)

Applying (3.12), we have

1+48F 1+8ﬂ3_l<1 1 >
T ivsp)

T ssp /1188 2
(3.40)

Finally, by comparing (3.40) to (3.34), we find curiously
that

P(t) = qs exp(—2gshpt), (3.41)

and hence that the overall radiation rate, relative to the initial
energy, is

P(t)=2) q} exp(—2¢shpt),  (3.42)

Apdt
with g, given by Eq. (3.40).
A careful examination of the definitions shows that (3.41)
implies another identity,
2

PH(t) = , (3.43)

Y asexp(—hst)

which can also be derived from Eq. (3.25) and the preceding
equations.

IV. SHELL-PLUS-CORE CONFIGURATION

The methods of the preceding section can readily be
generalized to a sphere with two occupied regions. We take
the density of resonant atoms as n in regions II and IV, 0 in
regions I and III, where

I (outside) : r > R, 4.1)
II (shell) : R > r > BR, 4.2)
I (gap) : BR >r > yR, 4.3)
IV (core) : yR>r > 0. 4.4)
The potential function is now given as
V =R cos(9)/r*, r > R, (4.5)
V = Bir cos(h) + BR? cos(@)/rz, R >r > BR, (4.6)
V =€ir cos(d) + R cos(8)/r*, BR >r > yR,
4.7)
V =9r cos(9), YyR>r>0. 4.8)
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The boundary conditions are

0, = B, + By, (4.9a)
—2a2 =& (331 — 2332), (49b)
C + Sﬂez =B + Sﬂg}z, (4.10a)
81 -2 Sﬂez =¢& (fB] — 25/3532), (410b)
CI—I—SVGZ:.‘Dl, (4.11a)
61—25y62=8.(1)1, (411b)
where Sg = (1/8%) and S, = (1/77).
Eliminating i, and P,, we find
331 = 2(8 — 1)330, (4.]28.)
B, = (¢ +2)Bo. (4.12b)
€ =(¢+2)S,C, (4.13a)
C = —(e —1)C, (4.13b)
where
Bol2(e — 1)+ (¢ +2) S5}
= Gl +2)S, —(—1)S,), (414
eBo{2(e — 1) — 2(e +2)Sp)
= (e +2)S, +2(e — S,}. (4.15)

The secular equation for this homogeneous system is

] 26-DHE+DSs (+2S, — (- DSp |
Clel2(e — 1) =2(e +2)Sg] (e +2)S, +2(e — S|

(4.16)
The secular equation reduces to
M = (e +2)[2(=S, + Sp — S3)(e — 1)
+ (e +2)2e — 184S, |. (4.17)

The vanishing of the factor in the square bracket gives an
equation identical to Eq. (3.4) except that 8% is replaced by

p

2
Lk NSRS
555, p

a3

(4.18)

Thus the secular equation, expressed in terms of p, admits
one fixed root (independent of both 8 and y) and two other
roots having the same functional form as those of the single
shell configuration, but with 8 replaced by fA:

mo=1%, mr=13+1/1+8p%.

The three roots add to 4/3.

In the “fixed” solution wy = 1/3, ¢g = —2, we see from
Egs. (4.12) and (4.13) that 8B, = C; = 0; therefore, the field
has point dipole behavior in the “gap,” and uniform behavior,
along with the polarization, in the “shell.” This solution may
be called quasiuniform, in that the polarization is uniform
within each occupied region. The nonuniformity consists in
the inequality of 2, to B;; putting €; = 0 in the original
boundary conditions, we find

B = (/D

(4.19)

(4.20)
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When y =g (no gap), this mode becomes uniform and
completely describes the initial state as in Sec. II of
Ref. [7]. When y =0 (no core), the fixed solution
ceases to exist because of the singularity in the origin

(€ #0).

[(1 - %] + D}’

PHYSICAL REVIEW A 85, 033834 (2012)

The two unfixed modes do not become singular when y = 0
because €,/€, vanishes by Eq. (4.13). They become the two
modes of Sec. II since then 8% = 3.

For general y and S, the real part of A can be derived from
Eq. (3.29) and (3.38). The result is like (3.39), but with shell
and core contributions weighted by volume:

qs =

L) 2873 ()]0 - B3 + 13 (@)} - B+ )

4.21)

For the fixed mode, using (4.20) and dropping B,, this becomes

(1= B3y + ¥ BT

)’3

q0

For the unfixed modes, one obtains (see Appendix A)
DF T 1-8 B 2

On substituting (4.23) into Eq. (4.21) (Appendix B), the

expressions for the g1 simplify to

B 2(1 = BB — y3)
C3B3Cus — Dy — po)(1 = B2+ y3)
_ 2(1 = BB = y?)
C3B3Bu = D(ue — p)(1 = B+ v

(4.23)

g4 (4.24a)

q- (4.24b)

To obtain the sum of the three ¢’s, we use the identity

1 1

_l’_
Gu+ = D3(ug —p-)  Gp- — D3(- — py)
1
= — . (4.25)
GBus —DBu-—1)
and putting u_ = 1 — w4, the right-hand side becomes

1 11 B3

== . (426
Guy —DBuy —2) 28> 2p0—p3y3+y3 (4.26)
Hence,
(1- BB — )
-= . 427
9+ +q = By 1 B = B+ ) (4.27)
Combining with Eq. (4.22), we have

34(1 — B3B3 — 32

SO V4l 3zt 0 PN

=By + B0 =B+ v
A straightforward expansion shows that the numerator and
denominator are identical, hence, ZS qs = 1, as expected.

The previously defined expressions for P*(¢) and P(z),
[ &3 P, t)oe, [d3F|PF,0) 2

(4) — 2 -
namely, P7(¢) = |fd37P(7, 0)0é2| and P(t) = 7RG, 0)‘z,cam
be written after some manipulation as
2
PH(t) = ‘ D dgeexp(=ii0) | (4.29)
(4.30)

P(t) =) gy exp[—2Re(),)1].

T A= B — B 41 P =B+ B — B+ )

4.22)

These identities, exactly parallel to Egs. (3.41) and (3.43),
emerge for each configuration in an apparently fortuitous way.
We have no simple way of understanding them.

V. CONCLUSION

In Figs. 1 and 2, we graph Eqs. (3.33) and (3.42) on the
Dicke time scale, for two values of 8. In Fig 1, the Dicke
picture would give P — Pt = 0 for all time; in Fig 2, showing
the emission rate, it would give exponential decay, which is
shown for comparison. The departure from Dicke behavior is
marked.

It was noted after Eq. (3.36) that the two values of g add to
1; that is, Re(A,) + Re(A_) = Ap. This sum rule must hold
for any geometry in the limit kR — 0O, because the sum
> Re(Ay) is the trace of the operator whose expectation value
is evaluated in (3.36), and this trace can be evaluated as a sum
of diagonal elements, yielding (3.37). As shown by Eq. (4.28),
this sum rule holds also in Sec. III. In Fig. 3, we plot the
gs’s in the shell-plus-core configuration as a function of g8 for
y = 0.2, and note that the mode with s = 0is not the dominant
mode for all values of §.

We note, though, a second sum rule for Im() that is not so
robust or easily stated. For the uniform sphere (one mode),
we have u = 1/3. For the shell-plus-hollow configuration
(Sec. II, two modes), we have u, + u_ = 1. For the shell-
plus-core configuration (Sec. III, three modes), we have
Ui+ U+ o = ‘3—‘ (see Fig. 4). It can be shown that this
pattern continues for any number of successive shells as long
as all occupied regions have the same density. It appears that

P()-P*(t) P(t)—-P*(t)
0.25 04
0.20 @ 03 (®)
0.15 0
0.10
0.05 0.1
S B S S R S B S B R

FIG. 1. The cumulative fraction P — P~ of nonradiative transfer
(NRT) is plotted as a function of the slow time for the shell-plus-
hollow configuration. (a) 8 = 0.5; (b) 8 = 0.8. (This quantity is zero
in the Dicke model.)
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|dP/(A pdt)] |dP/(A pdt)|
B 1 Apt S n Apt
0.1 0.1
0.1 0.01
0.001 @ 0.001 ®)

FIG. 2. (Color online) The radiation rate relative to the initial
energy is plotted logarithmically as a function of the slow time for the
shell-plus-hollow configuration. (a) 8 = 0.5; (b) 8 = 0.8. (Dashed
line corresponds to Dicke’s theory.)

the “trace” argument is disturbed, in the case of Im()), by
the singularity of the operator at 7 = 7’. But if all occupied
regions have the same uniform density, then the disturbance
can be localized to the interfaces between regions. A convex
interface (filled region on the inside) contributes 1/3 to D" i,
(as in a uniform sphere in an empty world), whereas a concave
interface (filled region on the outside) contributes 2/3 (as in
an empty sphere in a uniformly filled world).

The surviving strength at any time of the original polariza-
tion distribution is given by P*(¢). On the fast time scale, if P*
is found in the two-mode problem from Egs. (3.25) and (3.19),
then its graph against 7 = Ct is that of a simple sinusoidal
function. In the shell-plus-core configuration, however, the
three modes give rise to an interplay of incommensurate beat
frequencies. Figure 5 illustrates this behavior.

In summary, the evolution of both the polarization and
radiation rate, even in the limit kgR — 0, shows marked
deviations from Dicke behavior, both on the slow time scale
t ~ O(Ap') and on the fast scale t &~ O(C™1).

APPENDIX A

Here we derive Eq. (4.23) for the shell-plus-core configu-
ration.

The ratio of B, to P, in any mode is obtained by combining
(4.14) with Eqgs. (4.11a) and (4.12a):

B 2e—1)(E+2)S, — (e — 1S
- 2e—D+(E+2)Sp

Al
9 3S, (AD

o4 06 o8 1d”

FIG. 3. (Color online) The ratio of the real part of the true
eigenvalue to Dicke’s value for the different modes for the shell-
plus-core configuration are plotted as a function of g, with y = 0.2.
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1.0
08 .. Hr
0.6/
0.4} Ho
02F e K-

07 06 o8 I

FIG. 4. (Color online) The normalized imaginary part of the
eigenvalue [« = Im(A)/C] for the different modes for the shell-plus-
core configuration is plotted as a function of 8, with y = 0.2.

Sincee =1—p~!, % =1—3u, (Al) is equivalent to
B 2 S,d-3uw-3S
Sl y(1=31) — 55 (A2)
D =38, 2+ Sg(1 —3u)
For the modes +, we have also
3
ﬂ—3mX2—Mu%:%?=20?—y?+%0,
(A3a)
or
3
Bus(l = 3ps) = 2(1 = 3ps) — 2(ﬁ3 -y’ + F)'
(A3b)
Multiplying by SgS,,,
3us(l —3ux)SpS, =2(SsSy — S, + S — S3)
—6u+S8Sy, (Ad)

and adding 6.+ S, on both sides,

318,12 + Sp(1 = 3p)]
= —2(1 - SpIS,(1-3pe) — S5l (AS)

Comparing (AS) to (A2), we see that

B 1
o -5y (46)
1 B

. . . . T:Ct
20 40 60 80

FIG. 5. P™(t) (proportional to the square magnitude of the
forward emission amplitude) from an initially uniform polarization

is plotted as a function of the fast normalized time (7" = Ct) for the
shell-plus-core configuration. = 0.6 andy = 0.2.
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Also from (4.12a) and (4.12b),

By _ Gue—1
s 2
Thus (4.23) is confirmed.

(AT)

PHYSICAL REVIEW A 85, 033834 (2012)

APPENDIX B

We seek a formula for g in the shell-plus-core configu-
ration. Substituting (4.23) into (4.21), we have (remembering
that Sg = 1/8°)

[(1=B)+y> (= Sp)°

q+ =

(1= 53 [1+28 (7)1 + 31 = 892} (1= B3 + %)

(1—-8p* (B —v*)

T A =S) (B +18Gue— 10—
—(1—8p) (B> —y*)*

3 A =5Sp) =g+ y?)

(BI)

(B3 =73+ 3+2(3ui—1)2]<1—ﬁ3+y3)

Since

3
B =y’ +f3 =B’ —_(3Mi_1)(3ﬂi_2) (B2)

the square bracket in the denominator of Eq. (B1) is
LGBus — DBz —2)+ LBus — 1)?
= 3Bps — D6 —3) = 3Gus — D(ps — pg)

(B3)

where we have used u+ + ws = 1. Therefore,

28, = (B —y?)?
3Gpe — Dt — pp)(1 = B2 +y3)
Thus Eq. (4.24) is confirmed.

g+ = (B4)

APPENDIX C

In this Appendix, we shall compute the eigenvalues for the
shell-plus-shell configuration. In this configuration, the sphere
is divided into two shells, both filled with the active atoms but
where the density in the inside shell is ¢n, and is n in the outer
shell, where 0 < ¢ < 1. There is no hollow part. The potential
is given by Egs. (3.1)—(3.3), but the dielectric constant in the
region r < SR is no longer 1. Superscripts b and ¢ will be
used, respectively, for the outer shell, BR < r < R, and the
inner shell, » < BR.

Im(A2) Im(A,)
. * o
L oo
02 0 8 _______________________
o
a b
0.1 (a) 0-6 ()
¢ | |
025 05 075 1 0T o oF 1o

FIG. 6. Im(A) is plotted, for the two modes, as a function of the
relative density{ in the two shells in the shell-shell configuration. 8 =
0.5. Analytic result, for kg R = 0, from Appendix C superimposed on
a numerical curve for kgR = 0.05.

The boundary conditions corresponding to Egs. (3.4)
and (3.5) become

0 = B, + Bs, (Cla)
2@, = DB, — 2B,), (Clb)
€ =B+ B,/ (C2a)
£ = (B — 2B,/ ), (C2b)
and hence

(e? +2)B; = 2(¢” — 1) By, (C3)
(e — &N\ By = (26 + ) B,/ B°. (C4)

The solvability condition reduces to

(£® +2) (26 + £©) = 2(s? — 1) () — £9)8* = 0.

(C5)

The dielectric constants in the two regions are given by
e =1+>"— (C6)
e =14+ — (C7)

where Ay, = iCu, and C = 4"+pz.

The characteristic equation reduces to

Gus = DB — 2+ 0] =201 - ). (C8)

Re(A-) Re(A.)
0.000025 """ 351070, ()
25% 1070
0.000015 @ L5 10
5.0x1076

5.0x1077

025 05 0.75 1g

025 05 075 1

FIG. 7. Re(A) is plotted, for the two modes, as a function of the
relative density ¢ in the two shells in the shell-shell configuration.
B =0.5,koR =0.05.
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Its roots are given by

pe=E3+¢£VI+8B+20 -8+, (C9)

We plot in Fig. 6 these analytic expressions for § = % as
a function of ¢ and compare them with the same quantities

PHYSICAL REVIEW A 85, 033834 (2012)

numerically obtained by solving the Maxwell equation as
described in Ref. [1] for uy = 0.05. We note that the two
curves are indistinguishable. For the sake of completeness, we
plot in Fig. 7 the corresponding numerical values for Re(Ay).
Ascanbenoted, as ¢ — 1, giving uniform density, Re(A_) —
ADicke = %u%, while Re(A ;) — 0 (i.e., the pseudostate [11]).
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