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We consider the radiation from a system of N identical two-level atoms coupled to a con-
tinuum of quantized em modes, and possibly, to an external driving field near resonance. The
atoms can be distributed over a region large in comparison to the resonant wavelength, but
smaller than the spontaneous pulse length. Radiation rates and correlation functions are ex-
pressed in terms of expectation values of time-dependent atomic operators, which are shown
to satisfy coupled first-order differential equations involving similar atomic operators and

the énitial radiation operators.

plify considerably if no driving field is present.

The corresponding equations for the expectation values sim-

Similar results are derived for a model in

which each atom is replaced by a harmonic oscillator.

I. INTRODUCTION

The development of ultrashort light-pulse tech-
niques has led to renewed interest in a number of
spontaneous radiation effects that are related to
atomic coherence. Examples of such effects in-
clude superradiance and ray-forming properties!=3
photon trapping, %7 and coherent spectral line
broadening. ®°

An appropriate model by which to study these
phenomena consists of N identical two-level atoms
coupled to a continuum of quantized em modes, and
possibly to an external driving field near resonance.
This model has recently been treated by a nearly
exact operator formalism for the case in which the
atoms are confined to a region small in comparison
to the transition wavelength. 1%!! The present for-
malism removes this restriction, and also takes
into account the frequency shifts due to em coupling
between the atoms. ®® The only major limitation on
the size of the system, expressed by condition (13),
requires that the atoms be confined to a region
small in comparison to the spontaneous pulselength.
Although this precludes its application to macroscopic
lasing materials, the formalism can still apply to
multiatom systems extending over many wave-
lengths, and therefore capable of developing pro-
nounced directional effects.

The methods and results presented here differ
considerably from those of earlier treatments; in
particular, the emphasis is upon time-dependent
decay rates, intensity patterns, and correlation
functions, rather than upon quantities such as the
probability amplitude for finding a particular set
of photon states. Although these admittedly contain
less information than probability amplitudes, they
are usually the quantities of most direct physical
interest, and are easier to calculate.

In Sec. II, we derive a general equation of mo-
tion for an arbitrary atomic operator [Eq. (23)], and
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compare this with earlier results. ®!! Expression
(23) contains only initial radiation operators, or-
dered so that they can be eliminated if vacuum ex-
pectation values are taken; hence, if no photons
are present initially, the equations for the expecta-
tion values simplify considerably [Eq. (29)]. Anal-
ogous results are presented for a model in which
each atom is replaced by an equivalent harmonic
oscillator.

In Sec. III, the average radiation intensity and
correlation function are defined in terms of ex-
pectation values of appropriate atomic operators
[Egs. (37) and (40)]. They can therefore be evalu-
ated if solutions to (23) or (29) can be found.

In Sec. IV, we discuss the size limitation men-
tioned above, and estimate the decay time for a
many-atom system.

This formalism will be applied in the following
paper to investigate the spontaneous emission prop-
erties of a two-atom and two-oscillator system.

II. EQUATIONS OF MOTION

Consider a collection of N identical nonoverlap-
ping atoms, at positions #, ..., ¥y, coupled to a
quantized multimode em field. Each atom A4, is
assumed to have only the two states I:!:)a, separated
by energy €,=€=€,-€_. Using the dipole approx-
imation, one can write for the Hamiltonian!? (with
n=1)

H= ﬁ) €olo,+(1/8m) [ (|E|2+ |B[%a%

a=1
N -
-az_)l E[,) P (0, +0h), (1)
where o, =| =),q4(+ | is the lowering operator for

A,, and P=(+ leX| - ) is the dipole matrix element®
(assumed real). The assumption of no atomic over-
lap implies that [o,,0}]=0 for a#8.
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Field operators E(®) and BE) may be conveniently
expanded in terms of transverse plane-wave modes;

i.e.,
;5(;)} L (21w, \V2
{-».. =2 (—“) 3,\ T a,+H.c.,
B(¥) «\V kX8, @)
where V is the normalization volume, &, the unit
polarization vector (£, &,=0), and a, the annihila-
tion operator for the gth mode ([a,,a}:]="5,,).
Substituting (2) into (1), and discarding the zero-
point energy, we finally obtain

N
- t t
H-= 21 5%%;'*? w,a, a,

o=

e Ky oP

507 K(e*ctaa, + e~ Ta gl)s,, (3)

a=1 ¢
where
Sg=0,+0L (4)
K= 210,/ V)28, 5 . (5)
The radiation operators satisfy
a,=i[H,a,]
=— i@, +i2,, quae'&a"a ; (8)
hence,
a,(t)=a,(0) eVt +i), K, e T
X fotdt 'so (e twatt -t (7

If Q(¢) is an arbitrary combination of atomic opera-
tors, then {with the definition [4, Bl,=[A(t), B(t)]}
Qt)=icZ, blo,, Qli-iX, I, K,
x{eetals,, Q1,a,t) — e Fataal(H)Q, sali} -
(8)

Consider the first term within the curly brackets.
According to Eq. (7), its contribution to @(¢) can
be written as

-i2 [s4, Q; EOF,, ) p+2 K2 e'*atap
o o,B

x [t e s, Qs (), (9)
0
where
FaBEFa—?B ’
= 2w, \V2, i (Ryotow, t
EOF =2, (=1 g a,(0)ei%a T - (10)
+* ’ q V Qe

To evaluate the second set of terms in (9), we al-
low V- andk, - k so that

3 2
L) e bt

2mc 17; =1

where 7 :E/k, and n; specifies the orthogonal polar-
izations of the kth mode. Substituting (5) and (11)
into (9), then performing the 1; summation, we
obtain

-2 [Sa, @1, EQ (F,, 1) D+ (p¥/4r%c?)

A

X fa%[1- (epP]ftat’ [* do o
a,B

xexp [iw(t! - t+E Foup/c)[Sur Q1ssa(t") .(12)

Although the w integral extends to «, the dipole
approximation begins to break down as w ~wpz=c/
ag, where agis the Bohr radius. In a more exact
treatment, one would replace -1; by some function
"ﬁ(w) that decreases exponentially for w > wg; i.e.,
the integral effectively cuts off around w ~wg. For
a given pair of atoms (@, B), the most important
values of ¢’ therefore lie within a region on the
order of w™laround - £-F,4/c . Since wy>€, one
can certainly replace o4¢#) by

ogt = FTop/c) exp[—ie(t' - t+E-Tos/c)]+H. c.

in expression (12). We now impose the restriction
that the time required for a light signal to cross
the system be small in comparison to the time A¢
required for appreciable (secular) changes in the
atomic levels; i.e.,

(7 ) max < CAE (13)

This assumption has been used explicitly in other
quantum treatments of large systems, L4 and will
be discussed in more detail in Sec. IV. If it ap-
plies, we have

SB(t') EO'B(t) p-iett!-t) +°L1; ® eie(t'-t) (14)

All operators in (12) are now evaluated at times

t; hence, the ¢’ integral can be performed, yield-

ing

—i 0[50 QLEOF,, 05+(p7/47°) T[540 @1,
o,B

Xﬁdﬂ;[l - (7‘3\-1;)2]¢ w? expliwk.Tus/c)
0
[1 - cos(w — €)t+sin(w - €)t}7 ®
8

i(lw=—¢€) w-€
. sin(f’cize)t ]Uz(t)E

X

[1 - cos(w +€)t
+ -
i(w+¢€)

We are mainly interested in times

€t>»>1, ct> (7o) max
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(however, ¢ may still be <A¢), and under these
conditions the expression in the square brackets
can be replaced by

-iP(wse)ltmd(wze) 17

where P indicates a principal value.

Substituting this result into (15), integrating
over £ and w, then discarding the high-frequency
operators {such as 0,(t)o4t) and [o,, @], BT, 1)
-p}, we obtain

-2 (04, QLELPFa, D +Z {(~ %5+ 37as)

X[oq,Q);05(t) - iQ%s[04, QLOL®)} . (18)

In terms of the normal decay rate of an isolated
atom

y=%p%®, Kk=¢/c (19)

the constants can be written

Yas=Vsa=YFug(KV4s)s VYo=Y (20)
T =~ dk kaFag(k'Vag)
QMB’KSPI o Btk ) (21)
0
where

Faa(‘g)E%{[l - (5 ";aB)z]Sing/g
+[1=3(P +74p)* ] (cost/E2 —sinE /E%)} . (22)

The second term in the curly brackets of (8)
can be written immediately by taking the Hermitean
adjoint of the first one, then replacing Q' by Q.
Applying this procedure to (18), we finally obtain

Q= i(€ - Q)§ [O'Z‘O'a, Q]
+(ie/e)p-Lls 0, QIE (F, 1)

- Eiﬁﬁ(;w t)[Q7 sa]}'*'az#ﬁ iQaB[GLGB: Q]
+ZB Vas[04Q0s— 3 (0L05Q +Qulo,)] , (23)
@,
where all atomic operators are evaluated at time
t, and the frequency shifts are defined as
Q= - Qba (24a)
Qup=— 5+ Q%4s), a#B . (24b)

The form of (23) depends upon the ordering of
radiation and atomic operators in Eq. (8). If they
had been placed in antinormal order [e.g., a,(¢) to
the left of o'(#)], then (23) would contain terms
such as

—E’im(?ou t)[ULy Q]t ’

yaB[o-a QO’g - % (O'oton + QU&OZ) ],

instead of the normal-ordered combinations. Al-
though this is formally correct, it is not very
useful for obtaining equations for the expectation
values with initial radiation states [e.g., expres-
sion (29)] because E‘F,, #) does not commute
with the atomic operators at time ¢.

From Egs. (21) and (22), it follows that Q would
diverge logarithmically were it not for the frequen-
cy cutoff around c/ag. Since it always appears in
the combination € - @, it makes no contribution to
the phenomena of interest here, and will hence-
forth be absorbed into €.

To calculate 2,4, we use (21), (22a), and the
identity F,4( - &) =F,4(¢) to write

Y p[TaE EF )
(k74g)® 2T £ KV

QaB:

~c0

Evaluating this by contour methods, we obtain
QaB:QBazyGaB(K'VuB) ’ (25)

where

A

Gag8)=2{~ [1= (P-745)% (cost)/¢

+[1 = 3(p- 745)%] [(sing) /22 + (cost)/£%]} .(26)

This is the interaction energy between the ath
and fBth atoms, and agrees with the result derived
by Stephen. ©

In Fig. 1, Gualk745) =45/ has been plotted,
along with F ,4(k745)=74s/7, for the cases where
5 is parallel and perpendicular to 170,5. For k74,
> 7, we observe that v,, and 2,5 tend to be lar-
ger in the perpendicular case. This is under-
standable because the interaction at 7,z > 7 comes
primarily from dipole radiation rather than from
electrostatic or induction fields.” (The semiclas-
sical interpretation of v, and 2., is discussed
by Lyuboshitz. 8

I k7yp<< 1, then y4,g~y, while Q,, becomes
large and strongly dependent upon 7, g- In the case
where k(745)max<< 1, Eq. (23) therefore reduces to

Q=ieZ [oho,, Q1-ip[R,, QIE)

—EONN[Q, R.+Y iQy0L0,, Q]
o #8

+7[R+QR_—%(R+R_Q+QR+R_)] 5 (27)
where

R.=2 , 0,, R,=2, oh. (28)

Except for the Q,5 terms, this yields the same
operator equations of motion as those derived in
earlier work'®!!; however, in the following paper,
it will be shown that Q,, terms can, under some
circumstances, have important effects on the radi-



886 R. H. LEHMBERG 2

2 37

KraB(Radians)

FIG. 1. Dependence of the damping constants v;, and
frequency shifts Qy, on interatomic spacing 7y for dipole
matrix elements P parallel and perpendicular to T.
Here, k=€/c=2m/\, and 7Y is the damping constant of a
single atom.

ation properties of a system,

Returning to the general expression (23), we note
that for the case where the radiation is initially in
the vacuum state |0), one can take vacuum expec-
tation values to obtain the simplified form

(QY=i€ 2ot oy, @]
+ 221 Qp{lol 0s, Qo
a#B

+20 Yaslod Qoz - 3 (08 0,Q + Q0% o)) 0,
o, B (29)

where { )o=(0| | 0). This expression will be the
fundamental equation of motion in the theory of
spontaneous emission from an N-atom system.
Consider now the case where each atom A, is
replaced by a harmonic oscillator O, of frequency
€ and energy states |n),. If P is now defined as
(n=1] eX|n=0), then (n+1| eX | n) = (n+1)V?p.
The radiation interaction is therefore identical to
the last term in expression (3) with s, replaced
by b4 +b} where b, is the lowering operator
Byl n)y =n2In-1),). K Q,(#) is an arbitrary
combination of oscillator operators, then we again
obtain Eq. (23) (by the same derivation), with @
- @, and 0, ~b,. The only difference is that £
is now defined as Q4 + Q%50 .

III. RADIATION PROPERTIES

We now derive general expressions for the radi-
ation rates and spectral properties of the far field;
in particular, let R be an observation point (re-
ferred to an arbitrary origin within the atomic
system), and assume that | R- ¥, |= R, satisfies

kKR, >1 (30)

for all a.
The quantities of interest can be obtained from
the correlation functions

fat,t)=(R%/21e)(EI (R, 1)« E,(R, ), (31)
fit,t=gFdagfst,t’), (32)

where the average is taken over initial states of
the entire system, and E, (R, f)is the positive fre-
quency field operator

B, (B,0)=2, @rw,/V)2E a e *,  (33)
For t’' =t,
fat,0)=hp(t)= Wa(®) (34)

is the average photon emission rate into solid
angle d Q 3, and

¢, t)=n(t)= w(t) (35)

is the total radiation rate. We note that although
W 2(#) does not correspond exactly to the classical
expression (i. e., with real fields), it is the actual
intensity that would be measured by an ordinary
photodetector or similar device.!*

Substituting Eq. (7) into (33), then applying con-
ditions (13), (16), and (30), we obtain, by arguments
similar to those used before (see the Appendix),

2 -> 5 D .x
B, (R, 1p)-BO®R, t5) + g_{ Za%"‘—&“——p
[+

x explik(Ry - R)] 04 (2) , (36)

where t,=%+R/c, and E{®(R, ¢) is defined by (10).

The main interest here is in cases where the ini-
tial radiation is either confined to a narrow beam
or absent entirely. If R lies outside any such
beam, and if R > (7 45) mayx (S0 that Ry —R=~ - R+ TF,),
then (31) becomes

faltg,th)=w ZB e R Tas(ol (t)og(t)), (37a)
Qy

faltr t7) =w'P (RE(tR)Ry () (3)
where
KEKR, (38)
R? Ezﬁloﬁ e_{k'?ﬁ ]
and 3
wf =5L[1- & p)] (39)
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is the initial radiation rate into d Q3 for a single
excited atom, Expression (37b) generalizes a re-
sult first derived by Dicke! for the initial radiation
rate.

Similarly, Eq.

Fltg, th)=f Oy, th)+

(32) becomes

EB Y a8 (0% (£)0y(£7)), (40)

where
FOte, th) = (R%/2m€) & dQ
X<E(0)'r(§ t}e (0) ﬁ tR» (41)

and the interference between the incident and scat-
tered radiation is negligible for R sufficiently
large. In these expressions the factor R/c appears
in both 7z and #%;: thus, it is irrelevant for our
purposes and will be ignored henceforth.

As a check on the methods used here, we note
that W3 (#) can be calculated directly from the re-
lation

Wi(t)= lim (1/AQz) 2o al(Pat)+H.c., (42)

AQR-0 a(a0g)

where the sum extends only over g states lying
within AQs around the R direction. Substituting
Egs. (6) and (7) into (42), using the relation

lim 1 >, (—1——>3f“w2dw Zz
b
aag-0 AQRV ((gap? = \21c/ J nR=1

and following the same procedure as the one used
to derive (23), we recover (37) with #'=¢#,

For intensity calculations (¢'=#), one can obtain
differential equations for the factors{o’,(¢)g; ()) by
taking the expectation values of both sides of Eq.
(23). This is considerably simpler than dealing
with og(#) or o}, (£)og (f) operators; e.g., in the case
where no photons are present initially, one can
deal with Eq. (29).

If t'=0, then {o%(¢)o5(0)) can be obtained from
the reduced operators (rad | o%,(t)| rad) , where
| rad) is the initial radiation state. Again, there
is a considerable simplification, especially if no
photons are present initially.

In the general case, ¢>¢ >0or ¢'>¢t> 0, one is
obliged either to solve for states suchas o4 (¢’)| rad) ,
or to approximate {o%, (£)o4(¢')) by using the fluctu-
ation-regression theorem,'®

Finally, we note that expressions (36)—(41) apply
equally well to the harmonic-oscillator model, the
only difference being that all ¢,(¢#) are replaced by
b,(t) operators.

IV. DISCUSSION

The most important physical restriction in this
paper is condition (13). For a system driven by
a sufficiently strong resonant pulse, Atf is deter-

mined by the field amplitude and pulsewidth, and
the problem may be adequately treated by semi-
classical theory. In the absence of external radi-
ation, we obtain Af=~ 7, where 7 is the duration
of the spontaneous pulse; hence, if only a few at-
oms are present, we then have

At~y (43)

One can obtain an approximate expression for
At in the case where N > 1 from the results of
Eberly and Rehler®;

T=2/(yu’'N), (44)

where
’ wid)

wepang Y | L5, emlieh-E) - 7,117

(45)
1'21 is the wave vector of a short pulse used to ex-
cite the atoms initially, and w%" is the initial radi-
ation rate into dQp for a smgle atom, In the case
of m-pulse excitation, w4 is given by Eq. (39).

To estimate 1’ for a large system, we consider

a model in which the atoms are distributed at ran-
dom throughout a spherical region of diameter D;
i.e.,

1 6 [ 2
N ng'[ 1’2d’r§ Qg
o
0

Substituting this into (45), taking K, =k%,, and ap-
proximating w’ by y/4m, we obtain

pi=~18I/(k D)% ,
where

D ae 1
= 22 (sin6 - R
I j(: rE (sind - 6 cos8) prr

Hence, we have

At~ ~710m\/(n, Dy),
where

x=271/k and n,=6NA%/(7D3)

is the average number of atoms per cubic wave-
length. For a numerical example, we choose A
=10 cm, D=10"2cm, and n, = 10% then we obtain
y =~ 10" sec™ for a dipole transition and A¢=~ 10 1%

sec. Since (7 4p)may =D, We have (745 )nax/c =~ 3.3
X107 sec.

APPENDIX: DERIVATION OF EQ. (36)

Substituting expression (7) into (33) and using
definition (10), we obtain

E,(R, t5)=EO®R, t5)+21i 2,(1/V) 20, 0, & & D
xexp[iﬁq - (R-T,)] fotR dt’exp[—iw (tg—t")]s4(t"),
(A1)
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where 5=t +R/c. If relation (11) is applied, and
the 73 summation carried out, the second term be-
comes

(i/47% Zf widwsd QB -kk-D)

xetwh e Rale [(at’ expl-iwlty-1')]s4(t"), (A2)

where ﬁa =R-

The largest contributions to the field come from
w=e, Thus, if €eR,/c> 1, then exp(iwk- K, /c)
will oscillate rapldly over a range of R, - B in
which § =% -  remains essentially constant. The
only important contributions come from those di-
rections around 2=+R,, where the phase wRa/c
is statlonary, hence, one can replace p - 25 - D by
p-R,R, - P, and remove it from the Q; integral.

The result is
- _ ] R - o0 tR
p‘_@a_@_@__g wdw dt's a(t’)
R, b A

><eiw(t' =t~ R/ec) [eina /¢ _

1
2mc? Za

e ieRale]. (A3)

It is necessary to consider only the e!“®e/ term,

Since | Ry = R < (¥ og)max if R lies within the atomic
system, the same arguments that led to (14) also
apply here. Thus, substituting (14) into (A3), then
evaluating the #’ integral, one is led to terms of
the form

expli(w=€)R,/c] - exp{-ilwz€)[t - (R,-R)/c]}
ilwte)
Fie(Rg~ R)/c . (A4)

X e
We have already assumed that €R,/c >1, and
since |R,— R| 2 (745 )nay, conditions (16) lead to

€[t- (R-R,)/c] > 1. Therefore, expression (A4)
can be approximated by

215(w+€) exp[ie (R, - R)/c],
and (A3) reduces to

e \? -ﬁ"ﬁaﬁaf ﬁ
(6] 2250
xexplik(R,~ R)] 0, (t), (A5)

where k=¢/c.
obtain Eq. (36).

Adding the E{*(R, #5) to (A5), we
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