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The spontaneous emission of a set of N identical two-level atoms interacting with a quan-

tized electromagnetic field is studied.

The atoms are assumed to be close together com-

pared to the mean wavelength of the emitted radiation, and their initial state is either a

Dicke state or a superposition of the ground and excited state for each atom.

Approximate

expressions are obtained for transition probabilities, expectation values, and correlations as
functions of time. The spontaneous emission for a very large separation of the atoms is
also studied. In this case the directional properties of the emitted radiation, as well as
the time within which the atoms decay to their ground state, depend on the position of each

atom.

I. INTRODUCTION

In the following the evolution in time of a set of
N identical atoms interacting with a quantized
electromagnetic field is studied. It is assumed
that the atoms lie far enough from each other so
that their wave functions do not overlap. In addi-
tion it is assumed that only two levels of the en-
ergy spectrum of each atom are involved in the
process of evolution, so that each individual atom
is treated as a two-level system. The initial con-
dition of the system is such that at #=¢, there are
no photons present in the field and the set of atoms
is in an excited state which can be prepared ex-
perimentally.

When the electromagnetic field consists of a
single mode it is possible to diagonalize the Ham-
iltonian! and the problem can be solved exactly,

It may be shown then that the energy of the excited
atoms is exchanged back and forth in time between
the set of atoms and the one mode of the electro-
magnetic field. Hence no energy dissipation of

the system of atoms occurs on a long time average,
In the present work it will be assumed that the
electromagnetic field consists of an infinite num-
ber of modes. In this case the atoms return to
their ground state after a long time interval,

When the electromagnetic field has an infinite
number of modes there are various methods of

approach in solving the problem approximately.
The method of approach that will be adopted here
is to deal with the equations of motion of the ma-
trix elements of the evolution operator, It turns
out that there is only a finite number of such ma-
trix elements, so that there is also a finite num-
ber of coupled equations of motion. In addition,
these equations of motion are linear and hence
easier to solve than, for example, the equations
of motion of the operators themselves which are
nonlinear., This same method of approach was
used by Weisskopf and Wigner? for the first time
to study the spontaneous emission of a single atom
and rather recently it was also used by Ernst and
Stehle® to study the spontaneous emission of N
atoms. The latter investigators consider the par-
ticular case where all the atoms are excited ini-
tially, while the initial state of the set of atoms
considered here is a superposition of the ground
state and the excited state for each individual
atom (Sec. IV).

Following a completely different approach,
Dillard and Robl* have also treated the spontaneous
emission of N two-level atoms which lie close
together compared to the mean wavelength of the
radiation. Some of the results obtained in their
investigation are duplicated here in order to show
explicitly that either method of approach gives
identical results. In most of the present work the
condition that the atoms lie close together com-
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pared to the mean wavelength of the radiation is
imposed, as it is done by Dillard and Robl, but the
case where the atoms lie very far apart is also
incorporated in a trivial manner (Sec. V).

II. EQUATIONS OF MOTION AND THEIR SOLUTION

Assuming that the atoms lie within a volume
much smaller than X} [x,= 27c/w,, wy=(1/A)(E,
- E,), where E,, E, are the energies of the excited
and ground levels of each atom, respectively, and
w, is its resonance frequency |, the following Ham-
iltonian is adopted®:

3
H= hwg(R3+ %N)"" (217;) Z hw]‘;ai Ak
ka

ﬁ(Z'ﬂ)aZ[‘ t R j"R]
— T alEndioftH Sndinadt 1)
ka
where
N
Ry=2, RV | (2a)
i=1
N :
R,=2, R | (2b)
i=1
N
R.=2, B® | (2¢)

The notation of Dicke® is followed here. The com-
mutation relations satisfied are

. %4
[az, aﬁ'x']z 2n)° Oz done (3)
[Ra(i)’ Rij)]zRii)éij , (42)
[R;“, Rfj)]:_R_(.i)éij , (4b)
[R¥, RV ]=2R{"s,, . (4c)

The rest of the commutation relations are zero.
It follows that

[R3’ R+]=R+ ) (53)
[Rs, R.]=-R_, (5b)
[R., R.]=2R; . (5¢)

The electromagnetic field has been quantized
within a box of side L(V=L3) which is assumed to
be so large that the transition

EF - [ ©)

will be allowed.
Now it is easy to show that the operators

R*={(R,R.+R.R,)+R? , (7)
2 3
SER3+(—J—)-Za§Aah ) (8)
Ex

commute with the Hamiltonian (1), so that they are
conserved, It is most appropriate then to work
with the Dicke states® |7, m) defined by the rela-
tions

R*|v,my=r(r+1)|v,m) , (9a)

Ryl v, m)=m|r,m) , (9b)

R,|r,m)=C, u|l7,m+1) , (9¢)

R.|v,m)=C, pa|lr,m=1) , (9d)

ag\|7,m)=0 (9e)
where

Cpm=lrlr+1)=m(m+1)]"% | (10)

and =0, 3, 2, 3, ..., 3N, while |m| <7. The
ground state of the system is |g)= |7= 3N,
m=—3N), for which Hlg)=0lg). When the system
is in the state |7, m), the number of excited atoms
is equal to 7+ m.

Let U(t, 4,) be the evolution operator, which satisfies the differential equation

8U, ¢
m——(—;t—il =HU(t, t,) ,

(11)

and the initial condition U(ty, #,)=1. Let |7, m) be the initial state of the system. The cooperation number
7 is conserved [Eq. (7)]. Also the total number of excited atoms and photons present in the field is con-
served [Eq. (8)]. One concludes then that the only nonvanishing matrix elements of the evolution operator

are

Alt=to)=(r, m|Ut, ty)| v, m) ,

(12a)

1
Bayageera,t = to) =7 (rym= 1| ag G0+ - aq,Ulty o) 7, m) (12b)

for =1, 2, ...

, ¥+m., For simplicity of notation (ﬁ, 1) has been replaced by the letter @, These matrix

elements depend only on the time defference ¢—{,, as the evolution operator U(¢, #,) does. If one uses the
relations (11), (1), (8), (5), and (9) together with the completeness relation of the photon states and the
conservation relations (7) and (8), he can derive the equations of motion satisfied by the matrix elements
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(12). They are as follows:

2AC=t) oy s, 2T (277 Ega W=t (132)

at

o)

1 0 2
i B&ait £ ) [( N+m~- 1)w0+wa1]Bu1(t t()) Cr,m-lgalA(t—to)“\/-z—cr’m_z ( ‘”) Z oz uz tO) , (lsb)

9Bay...a;(t = tg)
, L
i—= ata( -[(§N+m—l)w0+wa1+---+wal]Ba1.“a,(t—t0)

1
__\/7 cr,m-l[ga Baza (t—to)*’ga @ye. (t_t0)+"'+ga; @ -o-a,_l(t'to)]

1%

-+ 1)"20,,,,,,1<2")3 2. g Balaz-'-azam(t‘to) , (13c)
@41 11

for [=2,3,...,7+m, and w, stands for wi=c k|, When I=7+ m, the last term in Eq. (13c) is absent,

since C, =0, The initial conditions of the matrix elements (12) are
A(0)=1 , (14a)
: N (o) 0, (141b)

for I=1,2,...,7+m. Relations (13) and (14) form the set of linear integrodifferential equations and initial
conditions that a set of identical two-level atoms lying close together compared to Ay= 27¢c/w, and interact-
ing with a quantized electromagnetic field satisfies, if initially there are no photons present in the field
and the atoms are in the state |7, m).

The next task is to solve the set of linear equations (13) with the initial conditions (14), It is convenient
to introduce the functions B(”(wal, Ways o+ vy Wa3t = f) and flwg) with the help of the relations

Boyageray(t=t)) =80 80, " “Za BV Wa s een, 0y 5t=10) (15)
for I=1,2,...,7+m, and
2
ws [
flog)= ;§f2|gzx!2d9i , (16)
by

where the integration in Eq. (16) is over the solid angle spanned by the wave vector Kk in the momentum
space. In relation (15) it is _assumed that the dependence of Ba ages (t - #,) on the polarization of the pho-
ons and the direction of the k vectors is expressed only through the proportlonahty factors ga;, Sayy -+«
&u,- Substitution of Eq. (15) into the relations (13) and (14) leads to the new set of linear equations:

—A%—tl (§N+m)w0A(t—to)-c,,m_lﬂ”f(wl)B‘“(wl;t— to)dw, (17a)
i JB—(%"ILJIL) [(GN+m = Dwo+wy BV (W t = tg) - C,. ey Alt = )
= V2 Cpp s [ F0)BP (w1, w35 2 - t)dw, (172)
i aB(l)(wl’ : 81,: wj; t = to) =[GN+m-Dwg+wy+-+ - +w,]Bm(w1, e, Wi t= 1)
—71—1— Crmal B Wy w3y« v vy w5 t— 1) + B4y, g, ...y it = 1)
+ooe + B Wy, wy L, wigit = 1))
-+D'%C, e ﬁwf(w,+1)Bt’*1)(w1, Way oo vy Wy, Wiaps E—1o)dW ey (17¢)
for 1=2,3,...,7+m, and the initial conditions
A(0) = , (18a)
B (wy, wyy ..., w;30)=0 , (18b)

for 7=1,2,...,7+m. Relations (16) and (6) were taken into account in deriving Egs. (17) and w, stands for
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wg, (or Wi, =c IE, |) for simplicity of notation. The set of equations (17) and (18) do not depend either on
the polarization of the photons or the direction of the k vectors and the same is true for the solutions of
these equations. Therefore, the assur-ption implied in Eq. (15) is justified.

The Laplace transform method will be employed to solve the set of linear equations (17) with the initial
conditions (18). For this the Laplace transforms

a(E)= [, Alt~te™oat (1)

a(EDP(wy, ..., w;E)= ft: BPwy, ... 0y t—ty)e B 0q; | (19b)
for1=1,2,...,7+m are introduced together with their inverse

At —tg)= (1/21r)f_: alE=-i(z +ie)le~ #¢-tddz | (20a)

BD(wy, . wy t—tg)=(1/20) )= alE==i(z +i0]0P[wy, ..., wy; E= - i(z+i€)]e gz | (20b)

1=1,2,...,r+m. Here € is a positive number which tends to zero. Next the Laplace transform of Eqgs.
(17) is taken, as defined by Egs. (19), and the initial conditions (18) are taken into consideration. The
functions b(”(wl, ...w; E), 1=1,2,...,7+m satisfy the following set of coupled integral equations:

{iE-[GN+m-1)wy+ w1 (W E) == Cp o = V2 C,p o f“f(wz)b(a)(wl, wy; Eldw,
] ] 0

21a

(E-[GN+m-Dwy+w, +- - +w,]}bm(w1,...w,;E) (21a)

=- (1/‘[l)cr,m-1[b(z-1)(wb wz: seey wl-l;E)‘)‘b(l-l)(wl, ceey w,_g, w,,‘ E) kS

- *© (
+b(z 1)(“’2, Wgyeeey ‘*’z;E)] - +1)1/zcr,m-l-1 fo f(wz+1)b M)(wls Wy v vvy Wy Wiyy; E)dwy,y (21b)

for 1=2,3,...,7+m, while the function a(E) is equal to
i
iE — (3 N+m)wg+ Cr,m_lfa"f(wl)bm(wi; E)dw,

a(E) = . (22)

When I =7+m, the last term in Eq. (21b) is absent, since C, _,.;=0.
The problem of solving the set of equations (13) with the initial conditions (14) has been reduced to that
of solving the set of coupled integral equations (21). This set can be written as follows:

{iE = [ N+m = Dwg+ @] = Dy, ey (@3; BNV (wy; E)

[CO 7
+ I Cmn-zb (wju E) dwz ,
iE =[N +m - 2)wg+wy +wy] = Dy, sy, wy; E) (23a)

GE-[GN+m-Dwg+wy+ -+ +@;] =Dy g(@yy .+ ooy 055 ENb(wy,...,w;E)

= - C,’.'m_l - C,.,m_?, owvf((x)z)[ﬁ b(a)(wl, wz; E)

1 - -
- C"'m-l[b(z 1’("~’1’ Woy v v oy Wiay; E)+b(l 1)(“’1, ceey Wig Wy E)
- «° (1+
R X 1’(w2, Wy v vy Wi E)] = Cy, oges A flwgay) [(l+1)1/2b 1 1)(w1’ ey Wy E)

) .
Cpomrtd Wy, Wy, oo, w3 E)

dw (23Dp)
TiE - [GN+m—-1-Dwo+ws++* +wpa] =Dy pegr(@yy + o Wpags E)] who
for1=2,3,...,7+m. The function D,,m_,(wl, ..., w;; E) is defined by the recurrence relation

B = (2 o fwin)dwyay 242
Drmet@3, @ - 03 E)“Cr'm'l'lﬁ iE-[GN+m-1-1wy+wy+ - +w1+1]"Dr,m-l-1(w1; ey W E) (242)

for1=1,2,...,7+m~-1, and for I =v+m
Dr, -r(wli coey Woams E)=0 . (24b)

It is seen then that the systems (21) and (23) are identical, The reason for writing the system (21) in the
form (23) is the following: From Eq. (21b), when one sets [ ~1+1, it follows that 5" (w,,...,w;,; E) is
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a sum of terms one of which is proportional to b*'(w,,w,,...w;; E). Hence, the integral [; flw,,,)

b D (wy, 4 vu, @y 443 E)dw, ,y willalso bea sumof terms one of which is proportional to 5V(w;, w,, ..., w;; E)
(this latter function is independent of the variable w,,;, so that integration over this variable does not affect
it). One concludes then that, due to the presence of the integral in Eq. (21b), there is a term on the right-
hand side of this equation which is proportional to b (w,, w,, ...,w;; E) [a similar statement applies for
Eq. (21a)]. I this term is subtracted from the right-hand side of Egs. (21) and added to the left-hand side,
the system (23) is obtained. In Eq. (23b) then there is no term in the right-hand side of this equation
proportional to 5w, w,, ..., w,; E) [a similar statement applies for Eq. (23a)].

Up to now no approximations were made beyond the postulation of the Hamiltonian given by Eq. (1). But
at this point one has to assume that the coupling constant is small in order to solve approximately the sys-
tem of coupled integral equations (23). This system can be solved by an iteration method in powers of the
function f(w), which is proportional to the coupling constant squared [Eq. (16)]. To lowest order then one
has from Eqgs. (23)

C
(1) o~ 2,m=1
6wy B) = iE-[(3N+m=-1wy+w,] =D, (w;E) ° (25a)
1 C
) . = ‘ram=l
L TVIE-[GN+m=-Dwy+w+oec +@0,] = DD _(w,, ..., 0, E)

X [b“-l)(wl»wb e :wl-l;E)'*‘b“-“(wl,wb oo ’wt-z’wl;E)+ °ee +b(l-1)(w2’w3, oo ,wt;E)] ’ (25b)
for 1=2,3,...,7+m, where

2 w flw,,q)dw
) :E) =C 1+l 1£3% n
D‘r,m-t(wl’wz’woe)wl7 ) r,m-l-lﬁ iE—[(%N+m—l—1)w0+w1+ov-+wm] o (25)

Here D), ,(w;,...,w;; E) is the lowest-order expression for D, ,,_;(w;,...,w;; E) as defined by Eq. (24).
From Egs. (22) and (25a) one also has

a(B)~i/ (iE—(%N+m)wo—Ci,m_1Aw =T flw,)dw, ) (27)

—;(§N+m—1)w0+w1] DO (w;E)

The relations (25) and (27) form an approximate solution of the system (23) and Eq. (22). One must set
iE=z+i€ in these relations in order to evaluate the functions 4 (¢ - ¢,) and B(”(wl, ., w;;t=1ty) from Egs,
(20). In this case a typical denominator, for example in Eq. (25b), is of the form

(z+z’€ -Q,- Ci,m-mjw .f IO )

A - (@ —wo+w,,,)

-1

"o -1
< t+Cr,m-z-1PA Z)—_—(f;%)g—?:;;j +ile+mCE 44 (Z—w,+w0)e(z-ﬂ,+w0)]) , (28)

as € -0. Here Q,=(3N+m-wy+w,+°°* +w; and

o(x)=1 if x>0, ©=0 if x<0 , (29)
In Eq. (28) use has been made of the identity

1/(x+1i€)=mid(x)+ P(1/x) , (30)

where P denotes the Cauchy principal value, Now it will be assumed in the following that there is no
z =z, value which satisfies both the inequality z,— Q;+w,<0 and the equation

_ flwldw
-Q,+c,,m_,_1pf (zo ooy =0 31)

for 7=0,1,2,...,7+m. When this is true, the system of atoms is said to form an unstable system, i.e.,
if initially the atoms are in an excited state, they will decay in the ground state as time evolves. Assum-
ing then that the system of atoms is unstable and also that the coupling constant is small, it is seen from
Eq. (28) that the pole in this equation lies very close to z= Q;. Hence Eq. (28) may be approximated as
follows:
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fwy)dw, flwdow Y-

o -1
Z+i€=Q;~C> / . 2 "
7ymalal . ~fz4i€—
< ’ 0 z+i€e=(Q;-wy+w;y) €=+ C iy b w-wy—ic ’

for 1=0,1,2,...,7+m. Substitution of the last relation into Eqs. (25) gives as an approximate solution of
the system (23) the following expressions, as € -0:

(32)

bV[w;E=-i(z+i€)]~ [CNem= l)fo:;mal)lh CZ o Eir—hwy) (33a)
b M[w,, o.)z,...,(.u,;E:—i(z+i€)]u—}7 mres _Z)Cr.m-l FYe: e
2=[(GN+m=Dwo+wy+++° +w,]+C% ;4 (3iy = Awy)
XD MWy, wsy eow,wyq; E==ilz+i€)]+ 0wy, wpy .o, Wy, Wy E==i(z+i€)]400-
+09 V[ w,, gy ..., 0 E==ilz+i€)]} , (33b)
for 1=2,3,...,7+m, where
Yiv == [ "[flwhdo/-wy=ie)] (34)
or
y=21flw,) , (35a)
Aw(,:—Pj(;“[f(w)dw/(w—wo)] (35b)
Also from Eq. (27), when D{°)_;(w;; E) is neglected, it follows that
dE=~ilz+i€)] = z-(IN+ m)w0+sz.,m-1(%i')"'Awo) ’ (36)

The relations (33) and (38) are adopted as an approximate solution of the system of coupled integral equa-
tions (23) and Eq. (22). When these relations are set into Eqs. (20), the matrix element A(¢ - £,) and the
functions B (wy, ..., w;;£~£,) are obtained. The matrix element By 4,...q,(t - £;) can be evaluated then
from Eq. (15). The first three matrix elements are given below:

At = ty)=exp{=i[(3N+mwy— C2 1 (Fiy = Aw )t = 2,)} , (37a)
Bilxl(t" ty)= Cr,m-1gi1xleXp{" i[GN+mwy= C2 4 (Giy = Awy)](t = £,)})
X (1 - exp{~ i[ou;:1 ~wo=2(m=1)(Giy = Awy)](t - to)})Fm_i(wﬁl -w,) (370)

1 . .
Bilxl;iiz).z(t‘ t0)=ﬁcr,m-lcr,m-2ginl gizazeXP{" i[(GN+mw, - Ci,mq(%l'}’ = Aw)](t - £)}

X[(1 = exp{- i[wy, +wi, = 20 = 2(2m = 3)(Féy = Aw, )]t = 4)}) Fpps(wg +wiy = 20 o) F .y (W5, = wp)
= Fppp(0i, = wo)] + (1~ exp{- i[wg, = wy=20m = 1)(3iy = Awp)](t= 1) D F,, . J(wg, ~ wy)
X Fpopl@g, = wg) + (exp{ - i[w;l+w§2 = 2(2m = 3)(3éy = Aw,)](t = £,)} - exp{~ z[w;z - w,

= 20m = 1)(3iy = Aw)](t = £)}) Fp. 1(05, = @) F i 5 (@5, = wo)] ) (87c)

where
Fw)=1/[w-2sGiy=Awy)] .
In the above relations, use has been made of the definition [Eq. (10)] of C, .

(38)

[

as functions of time,
In the following the cooperation number ¥ will be
limited to its maximum value = 3N. In this case

III. TRANSITION PROBABILITIES AND
EXPECTATION VALUES

In Sec. II explicit expressions have been obtained
for evaluating the matrix elements defined by Eq.
(12). From these matrix elements transition
probabilities and expectation values can be evaluated

the Dicke state |7=3N, m) can be given a simple
physical meaning. Let 3(N+2m) out of N atoms
be excited, A possible state which describes this
situation is the following:
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1 -1
| 7M1= 3y 0o ey Mwazmy2= 2> MNs2my/201 = = 1

loo—1-
°°°7mN="'§"S"1;N’m>

1 =1 1
=|r=5m=2-- Yiveamiiz = 3, My, =1
(N+2m)/2

=1 1
|7 wezmyzeon = 2 MWazmyze = = 2)

e lry=gmy=-9 (39)
i.e., the first 3(N+2m) atoms with indices 1, 2,

., 5(N+ 2m) are excited and the rest of them are
in the ground state. A permutation of the values
of m; in Eq. (39) gives another possible state in
which it is given explicitly which (N + 2m) out of
the N atoms are excited. There are altogether
NU/[3(V+2m)][3(N = 2m)]! such states and they
are denoted as follows:

[{m.}; s; N, m),
§=1,2,...,NI/[3(N+2m)] [ 3(N = 2m)]!

where the index s refers to each particular per-
mutation, These states satisfy the orthonormality
condition. Now using the induction method and
the Clebsch-Gordan coefficients which couple a
spin 3 with a spin (N - 1) it is easy to prove the
identity

Iy= 4N, m)= ([ LN+ 2m11”[ LN = 2m)]! ) /2

NLU/TL/2)(N42m) W EA/2) (N 2m) B
X 2 |{m;};s;N,m). (40)
s=1
The state on the right-hand side describes the
physical situation in which any 3(N+ 2m) out of N

| Balt - t0)|?* _ 18z, I TENGN+1) = (m = 1)mlexp{~[

atoms are excited with equal a priori probability,
all possibilities being considered. The physical
meaning of the Dicke state |#= 3N, m) follows then
from the identity (40).

Initially, i.e., at time ¢={; the set of N atoms
is assumed to be in the state | 3N, m) and there
are no photons present in the field. The probability
that the system remains in that same state at a
later time ¢ is equal to

BOW;t—to)=|Alt-1,)|*

-Dm] vt -t} ,

(41)
as it follows from Egs. (37a) and (10). In partic-
ular, if all atoms are excited initially (m = $N) or
if any one out of the N atoms is excited initially
with equal a priori probability (m=—- $N+1), in
both cases one has

ng)/zw(N§ t-ty)=B{ s N t=ty)=e N7t | (42)

=exp{[sNGN +1) - (m

The maximum rate of decay B (N; ¢~ ;) at time
t=t, is attained when the expression $N(3N+1)
- (m-1)m in Eq. (41) becomes maximum. This
happens for m= 3.

From Eq. (37b) it follows that the probability for
a set of N atoms starting from the state | 3N, m)
with no photons present in the field at time ¢=¢,
to be in the state |$N, m — 1) at a later time ¢ and
one photon be emitted with momentum k lying
within @® [in the limit of an infinite volume V the
expression (21)°/V= Ak, Ak Ak, tends to d®k
= K2dkd$y; ] and polarization X is equal to

(AN+1)= (m - Dmly(t - £,)}

[wp=wy+2(m - I)Awo]

x {1 - 2exp[ -

Similarly one may obtain from Eq. (37c) the ex-
pression 2!IBg, ¢y, (t —t,) 1% which is equal to the
probablhty that two photons (klx ) lying within d%;,
and (k,, A;) lying within d®k, be emitted at a later
time ¢ and the set of N atoms be in the state

3N, m - 2) The expressmns ! ,Bkmv"'km
X(t-ty)1%,1=3,4,...,5N +m are interpreted in a
similar manner.

The probability that ! photons be emitted with
unspecified momentum and polarization while the
set of N atoms is in the state | 3N, m - [) at time ¢
is obtained from the relation

BNt - t,)

(21T) Z o (271‘)

v Ky Vv ZIB“! Mieeeskp2, (- 0)’

(44)

(m =12

(m = 1y(t=1,)] cos(wg=wg+20m = 1)Aw,)(t - t,) + expl = 2(m = Dy (t = t.)]}. (43)

for I=1,2,...,3N+m. Equation (6) should be
taken into account for a large volume V. In par-
ticular for I=1,2, Eq. (44) yields

AN-m+1)(EN+m)
2m=—2

By (Wit t,) =
x expl = (3N=m+1)EN+mhy(t-t,)]

X {1 - exp[ - (2m=20y(t- to)]} ) (45)
B&(N;t-t,)

=IiN-m+1)EN+m)GEN-m+2) 3 N+m-1)
X exp| - (lN—- m+1)(FN+my(t = t,)]
( Py {1-exp| = (2m - 2)y(t - t,))]}
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1
2m—-3

- 2m1— y exp[ = @m - 20t = 4,)]

{1 - exp[ - (2m = 4)y(t- to)]}>.

¥ {1 - exp[ - 2(2m = 3)y(t - £,)]}

(46)

In deriving these two expressions it has been as-
sumed that Aw, is negligible as compared to w, so
that it can be ignored and also that the function
flw) [Eq. (18)] is smooth in comparison to the func-
tion F (w —w,) [Eq. (38)] so that it can be set equal
to f(wg)=7y/2m. The probability that no photons be
emitted (I=0) at time ¢ has already been obtained
[Eq. (41)]. A general expression for B (N; ¢ - £,)
is obtained in the Appendix.

When there is one atom excited initially with
equal a priovi probability, i.e., m=—$N+1
an’ 7+ m=1, only B} /2,ya ;¢ 1) and BEY 2,v.
X(N;t—-ty) are different from zero. The function
B 5w (N3t = t,) is given by Eq. (42) while from
Eq. (45)

Bgl) w5t =1)=1~ eNrl-to) (47)
These two functions satisfy the identity
BE) fowa Nt = 1)+ BE) v N3t —15)=1 . (48a)

Similarly, when there are two atoms excited init-
ially, i.e., m=—iN+2and »+m=2, only B 2 v
X(N;t=to), BE j2yw.e ;2 = 1), and BE jawaWN; 1= 1)
are different from zero. These three functions
satisfy the identity

B w25t = to)+ B o)y o3 £ = o)
+BE) joywa (Vs = ,)=1 (48D)

as it can be easily verified from Egs. (41), (45),
and (46). Actually it may be shown in general that

(1 /2)N +m
2 BHW;t-t)=1 . (49)
1=0

This identity is obtained with the help of the rela-
tions

(AN, m|U*(t, to)UG, t))| 5N, m) =(3N, m| 3N, m)=1 ,
(%Ny WL‘ U+(t’ tO)U(t: to)l %N! m>
=Zf; | <fl U(t: to)l %N: m>|2 ’

where the summation is over a complete set of
states [f). It expresses the fact, that the total
probability that either no photons, or one photon,
or two photons, ..., or 3N+ m photons be emitted,
is conserved, It should be pointed out that Eqgs.
(41), (45), and (46), which are only approximate,
satisfy for m=— N+1, — $N+2 the identity (49),

which is exact since no approximation whatsoever
was involved in its derivation. In addition these
three equations satisfy the right initial conditions
[Egs. (14)].

When the functions B ’(V;t-t,), 1=0,1,...,
iN+m are given, one may evaluate from them ex-
pectation values and correlations., For example,
the expectation value for the total energy of the
atoms is equal to

8, (N;t=t)=Hw R, WN:t—1t)+3N] (50)
where
R (N5 L= to) =(3N, m| Ryt = to)| 5N, m)
(1/2)N+m
=2, (m-0DBYP(N;t-t,) (51)
1=0
Here R,(t - t,) is the Heisenberg operator
U*(t, to)R;U(,1,). The relation (50) can also be
written as follows:
(1 /2)N+m
8, (N;t=t)=Tw, 22 GN+m-UDBPW;t-1) ,
1=0 (52)

where Eq. (49) has been used, The last expression
certainly represents an average since BY (N;t—t,)
is not only the probability that ! photons be emitted
at time ¢ but it is also the probability that 1N+ m
— [ atoms be still excited at time ¢, each excited
atom with an energy 7Zwg.

Now one may introduce the expectation value

CWW; = t,) = (3N, m| RVt = t)RV (£ - £,)
Xeo o Rt = t)RM (¢ = t,)| 2N, m)
forn=1,2,,.., N where
Rt =t)=U*(t, t,)RP U, 1)
Rt =1,) =U*(t, t)RPUR, ty), i=1,2,...,N .

(53a)

The physical meaning of this expectation value is
revealed from the relation

CM (Nt = to)
=24 [ FIROR® .« . R U, 1,)| 5N, m) |2, (53D)

where the summation is over a complete set of
states |f). Hence @' (N;¢-1,) is equal to the prob-
ability that the atoms with indices 1, 2,...,%n be
excited at time ¢ irrespective of the state of the
rest of the atoms and the radiation field. Actually
one can easily prove that R R{D R R .. gim
XR!™ is a projection operator. It is not difficult

to show that

(1/2)N+m 1 o
PN t-t))= 2, C™EN,m-1DBVW;t-1,),

1=0
(54)
where
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C™(iN,m-1)
=(%N,m— llRil)Rfl)q . ,Rin)an)l %N,m— l)
_GN+m=-DGN+m=1=1)-- (3N+m=1-n+1)

NWN=-1)-(N=n+1) ’

(55)
forn=1,2,...,N., If the indices ¢=1,2,...,7 of

the operators R{’, R!" in Eq. (55) are replaced by

any other set of » different indices among the N
available, Eq. (55) remains the same. Hence the
function @ " (N; ¢ - £,) does not depend on the par-
ticular choice of the # atoms in Egs. (53a) or
(53b). When all atoms are excited initially
(m=%N) one has from Eqgs. (42), (45), (46), (54),
and (55):

P ) (N3 = 1) = e™¥7tt=to) (56a)
N =1)(are
(P(I/Z)N(N’ t- to)

= g Nt ) [1+ (l_e-(N-z)y(t-to))] , (56b)

1
N-2
@Gty (N; = 1,)

=g N7(i-to) [1 +

AN =3)7(t=tg)
N-3 (1-e )

2
G s(N=2)7(Emtg) (g _ =Nttt )

Noze (1-e 0)] . (56c)
The first relation has already been obtained by
Dillard and Robl? [in the statement following Eq.
(3.12) in their paper]. For N=2 Eq. (56b) gives
the relation

P25 8 — ty)= et 1+ 9 (t = £,)] , (57a)
and for N=3 Eq. (56c) gives the relation
®533;t = tg) =70 4Y (= 1)) = 14 2¢O,
(57)
These two relations coincide with Egs. (3.23) and
(3. 24) in the paper by Dillard and Robl, A general
expression for ® ). (N; ¢ - t,) is given in the Ap-
pendix,
It is worth mentioning that & ,(N; ¢ - £,) and @V

X(N;t—ty) are not independent of each other, It
follows from Eqs. (51), (54), and (55) that

(Rm(N;t"' t0)=N[(an1)(N;t"‘t0)_ é_] ° (58)
Then one has from Eqs. (50) and (58)
8, (N3t = ty) = Nliw,® L (N; = ) (59)

for the energy of the atoms.

The photon expectation values can also be ex-
pressed in terms of the functions Bg, ;...,i;,
X(t=1ty) or BP(N;t=1t,). For example, the number
of photons with momentum k lying within @ and

polarization X at a given time ¢ is given by the
relation

m;)«(m:N;t-tO)

=(3N, m| a} (¢ - to)ag,(t - )| N, m)
(1/2)N+m=1

= (l+1)~(_2_ﬂ_)_32“'(_2£)_3

1=0 Vo oy 14
X£I|Bi x;ilxl;...:i,x;(t‘ to)l 2, (60)
where a;,(t = to)= U*(¢, toaz .U, to).
It follows from Eq. (15) that
95 \(m, Nyt = to)=l g naN, w51 =2) ,  (61)

where 1, (N,w;; ¢ - ,) does not depend on the direc-
tion of k. Hence the radiation pattern of the num-
ber of photons emitted in d%k = ¥?dkdQ; is determined
by lgz,1%. If account is taken of the fact that in

the electric-dipole approximation

) dnticP\Vow o >
7 GrlPere 2w;) peertor) , o (62)
where
L=e [ uf @ Xu,® d, (63)

is the electric-dipole moment of the atoms and
€(k,2) is the polarization vector of a given mode
of the electromagnetic field, it is seen that the
radiation pattern depends explicitly on the sort of
transition the atoms make, ” as expressed through
the wave functions u, (%), u,(X).

The number of photons present in the field at a
given time ¢ is equal to

NN = ty)

=(3N, m|[@1)°/V]Z a3 \(t - ty)az,\(t = &) 3N, m)

kA
(1/2)N+m
= 2 IBPW;t-1t,) . (64a)
1=1

From Egs. (51), (58), and (64a) it is easy to es-
tablish the relation

TNt =ty)= sN+m=NOL(N; £~ ;) . (64b)

When N=2, 3 and all atoms are excited, %),
X(N;¢—-ty) can be obtained by substituting Egs.
(57) into Eq. (64b).

The statistical properties of the radiation field
are described by the higher moments of the photon
number operator

RNt~ to) = (3N, m|{[(2m)*/ V]
X EZ ai\(t - to)ag (¢ - to)}"‘ N, m)
A
(V2)N+m
= 2 I'BP(WN;t-t,) . (65)

1=1

The last relation clearly indicates that B{)(N; ¢ - £,)
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is equal to the probability that / photons be present
in the field at time ¢. To prove this relation one
should make use of the induction method and the
following two identities:

NIN; = to) = HI (Nt = 1)

(1/2)N+m 3 ; Al .
- lgz \“ZéAsn)FS—)—!-Bm (N;t"tg) 3 (663)
where
& (=)
A L e G )
e ! !
! !
" - ln-1= ZAgn) (67)

$=2 (l—S)!

It is interesting to note that only the first IN+m
moments in Eq. (65) are independent. As an ex-
ample, let m=~- 3N+1, i.e., only one out of the
N atoms is excited initially. Then from Egs. (47),
(64a), and (65) one has the relation

N o (N3 1= tg)= 1 - V710 (88)

for n=1,2,..., i.e., the emitted radiation is
Poissonian in its statistical nature, After a time
¢ - t,>> 1/(Ny) one photon willbe present inthe field,
since only one atom was excited initially. Also,
the more atoms N are contained in the system, the
faster the radiation field will build up.

Now for 1=0, 1,2 and m =~ 3N+ one has from
Eqgs. (41), (45), and (46) that B} /)y, N; 2= £5) = 1,
as t -y =, while BP(N;t-t,) -0, as t=ty—~
for any other value of m. This result can actually
be generalized, i.e., BY'(N;t—t) =1, as t=ty~=
only when [ takes its maximum value /= sN+m,
while for all other values of 7=0,1,...,3N+m—-1
the function BY’(N;t - ¢,) vanishes as ¢~ £, tends to
infinity, It follows then from Eqs. (54), (59), and
(64b) that ®D(N; ©)=0, &,(V;«)=0, and L (V; «)
= LN+ m, while at time ¢=£, one has ®’(N;0)=3
+m/N, &,(N;0)=Twy(3N+m) and 95 (N;0)=0.
Hence the total amount of energy that the atoms
have originally is transferred to the radiation field
by the creation of 1N+ m photons, as time evolves.
The energy of the radiation field at time ¢ is equal
to

W, (N;t = t,) = 3N, m|[ (27)}/ V]
2 Twgaiy(t = todag, (¢ - ty)| 5N, m) . (69)
3

The right-hand side of this relation can be expressed
in terms of the functions

[(2n)?/v] 2 - - [(2m?/V] .Z | By z:ilxl;...;i,x,(t - 19)|?

"

ki kixg

which are centered around w, and haveavery small

width compared to w,. Hence Eq. (69) becomes
approximately

W, (N;t—t) 2w, (N £ = ) (70)

Now from Egs. (59), (64b), and (70) it follows that
at any time ¢

EnN; = to) + W, (N; t = ty) 2wy (zN+m) . (71)

On the other hand, the total energy of the system
of atoms and radiation, including the interaction
part of the energy, is conserved [Eq. (1)], so that

3 (N;t = 1) =(3N, m|H(t = t,)| $N, m)
=lhwy(3N+m) , (72)

where H(t—t,)=U"(t, t,)HU(t, t,). From the last
two relations it follows that

MW - 8,)
=30, (N; = to) = 8, (N; t = 1) =W, (N; £ - t,)
~0 , (73)

i.e., the total energy of the system at any time ¢
is divided among the atoms and the photons while
the interaction part of the energy is almost zero.

A general result can be obtained concerning the
rate at which the radiation field is generated at
time t=¢,., From Eqgs. (58) and (64b) one has the
relation

AWVt —t)) AR, Nt = )

dt - dt : (74)

Using this expression and the equation of motion

- (2m)® R
d_fisﬁ_ﬁ:l = - "7 2 Lenaaiat = )R, (= 1)
kA

-ghan - t)R, (- t,)] , (75)

one may obtain the relation

()
AN t-1) | _
T, po - " 2Carzwma
=0

xIm| At - to) (2n) 2 g Bt - 1)

o Ty L8t 0 ety ' (78)
or substituting A(t - t,), B;,(t~1t,) from Egs. (37a)
and (37b) and performing the summation, the last
relation yields

(1) o
%}l‘t—N’IA C[ANGN+1)= (= Dmly .(77)
t=t0

If all atoms are excited, the rate at whichthe radia-
tion field is generated at time #, is proportional to
the number of atoms N in the system.

IV. PREPARATION OF SYSTEM

Up to now exclusive use has been made of the
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Dicke states because they are most appropriate
from the mathematical point of view in expressing
and solving the system of equations (13), But it

is the superposition states that can be easily pre-
pared experimentally by applying an external
electromagnetic field on the system of atoms which
are initially in their ground state. In this case

the Hamiltonian describing the interaction is

A(t)=7wy(Ry + 5N)+ EG ()R, + EG*(H)R. , (78)
where
G ()= Giwy/Tic)i *- K ©0,1) . (79)

Here A'(0, #) is the external vector potential at
the point X-= 5, around which the N atoms are
clustered, at time £, For simplicity, the electro-
magnetic field is taken to be at resonance with the
transition frequency of the atoms, so that

K@ @G, 1)=Fe w0t 4 F*et90t | (80)

When this expression for the vector potential is
substituted into Egs. (78) and (79), and the non-
resonant terms are dropped, since their contribu-
tion is small for not too strong external fields,

the Hamiltonian in Eq. (78) reduces to the following
effective Hamiltonian:

Hoypy(£)= Hwo(Ry + 2N) + G e™'“0tR, + NG *e'“O'R _ |

where (81)
G = (iwy/Hic)i* % . (82)

The evolution operator U(¢) can be explicitly eval-
uated for this Hamiltonian, It satisfies the dif-
ferential equation

au@)

B, 0)0®) , (83)

and the initial condition ¥(0)=1. The solution is

A N (i), 1 1
O@)=TI [e-i“0Rs"+2)(cos| G|t + ' ®-2MRD

i=1

sin| G|t +e O ENRH sin|G|?)] , (84)
where & is defined by the equation

G=|G|e'® . (85)

Also R{P, R, R'" are the spin- % operators re-
ferring to the ith atom [Eqs. (2) and (4)]. If ini-
tially, i.e., at time £=0, the system is in its
ground state

|g>=§lm=%,m,=-%> , (86)

then at time £, the state of the system is the super-
position state

|a(ty), Blto); Ny = Ulto)| )
M
= iI_Il {a(to)l 7= %’ my= %)

+B)|ri=%,mi==5)] , (87

where
alty)=e'® 2“0 sin|G| ¢, , (88a)
B(ty)=cos|G|t, . (88b)

The absolute values of the coefficients a(,), 8(z,)
are not independent of each other, i.e.,

|a(to)’2+!ﬁ(to)|z=1 . (89)

The probability then for each individual atom to be
either in its ground state or excited at time ¢, is
equal to 1,

Now, with the help of Eqs. (40) and (87), the
following relation can be established:

|alty), Bl )= 55" alty) o 2mrzg(y oy amve
m=-(1/2)

N! vz
% \[%(N+ 2m)N[LV = 2m)] !) [$N,m), (90)

i.e., the superposition state may be expressed as
a linear combination of Dicke states with their
cooperation number 7 taking its maximum value
r=3%N. Itis Eq. (90) then that allows the evalua-
tion of expectation values with respect to super-
position states if the expectation values with re-
spect to Dicke states are given, For example, the
total energy of the atoms is equal to

EWN; |alty)] st~ to)
=nwia(ty), B (t); N| (Ry(t = to) + 3N)| alty), Bt,); N)

(li)lv
- iy | alty)] "2 g(t,)| ¥ -2

m==(1/2)N

N!
x[%(NwL 2m)]1[Z(N - zm)]!SM(N"t“to) . (91)

Here R;(¢ - t,) is the Heisenberg operator U*(¢, £,)
XRyU(t, t,), as before. The probability that #
atoms be excited at time ¢ if the atoms are in a
superposition state at time ¢, is equal to

POW, [alt);t-1t)
={alty), Blt); N| RV (t - )RV (¢ - ¢,)
X+« Rt = t)R™ (¢ - £)] a(ty), Blto); N)
= (IZ/;Z)N |(¥(t0)| N*Zml B(t0)| N-2m
m=(.1/2)N
y N!
[V + 2m)]1[ 3V = 2m)]!

(pf:)(N;t-tO) )

(92)
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wheren=1,2,...,N, Itis a simple matter to
establish the relation

8, |alty)];1-ty) =NEw, @V (N, ’d(l‘o)’;t— ) .

(93)

The energy of the atoms at time ¢=#,, i.e., im-
mediately after the system has been prepared to

a superposition state, is equal to Niw,|alt,) Iz,
since @V, a(t,)1;0)= lalt,)|" for n=1,2,...,N.
When N=2,3, the probability ® (N, |a(t,)|;t-t,)
is given by the following expressions:

(}’(1)(2’ Ia(tg)’ ;t— to): ‘a(t0)|ze'27(t-t0)

x[1+ | alt) |2 (=t,)] , (94a)

DB, |alty)|;t-t))=]alt,)|?e™
x[1+2]alty)]?(1-2|al)|?
X(1=e™t )1 4| alty)| 'yt —1)] .
(94b)

The number of photons with given momentum
and polarization at time ¢ is given by the relation
TNy, W, Ia(to)’ st=1to)
=(alty), Blto); N| a (¢ = to) aux(t = to)| a (o), BlEe); N)
12N
S8 aly)| Y ) e
a/)n

o NI
[TV + 2m)] 2V = 2m)]!

Wi nlm, Nyt —1,) .

(95)

From this relation and Eq. (61) it follows that the
radiation pattern of the number of photons emitted
in d*k = k*dk dQy is proportional to |g;, 1%

The number of photons present in the radiation
field at time ¢ as well as its statistical properties
can be determined from the relation

HW, | alty)] ;- 1)
=(a(to), Blte); N| {[(Zn)a/v]22 ai (= ty)
X az\ (= L)V alty), B V)

(1/2)N
L falt)] " plte)| V2m
m=-(1/2)N
N! I
x[%(N+2m)]![%(N-2m)]zf"fn)(N,t to) , (96)

where n=1,2,3,... . Itis not difficult to prove
that

NOW, | alty)];t-to)
=N |alt) 2= VW, [alt)|;t-1)]  (97)

with the help of Eqs. (64b) and (95). The energy
of the radiation field is approximately given by the

Do

expression

W, |alty)];t-t,) ~Fw,n (N, [alty)];t-t,) .
(08)
Also the rate at which photons are emitted at time
t=t, can be obtained from Eqgs. (77) and (95), It

is equal to

ARV, lalty)l;t-t,)
dt .

=N|alty)| AN - (N =1)| alt)| 2]y . (99)

This expression coincides with that of Dillard and
Robl. Its maximum occurs when |a(f,)|* = 2
+3[(N=1)"]. For this value of |a(t)|? Eq. (99)
becomes equal to {3 (N = 1)N+ SN+ 2[N/(N-1)]}y,
i.e,, for large N it is approximately proportional
to N®. But if all atoms are excited, i.e., la(f)l?
=1, then Eq. (99) is proportional to N.

The state where all atoms are excited can be
prepared experimentally by choosing the time %,
during which the atoms are under the influence of
the external electromagnetic field such that |G |,
=nm+3m, where n=1,2,3,.... Of course, caution
must be taken so that ¢, is much smaller than the
decay time of the system of atoms. Also it may
be noted that the expectation values given above are
independent of the phase ®, defined by Eq. (85).
Hence, in general one needs to know only the in-
tensity of the external electromagnetic field in
order to evaluate expectation values.

t=t

V. ASSUMPTION OF A LARGE
INTERATOMIC DISTANCE

The treatment in Secs. II-IV was based on the
assumption that the N atoms are clustered together
within a volume with linear dimensions much
smaller than the mean wavelength X, of the emitted
radiation, When the atoms lie at distances which
are not negligible compared to 1,, the Hamiltonian
introduced in Eq. (1) should be modified into the
following one:

Jes

H=Twy(Ry+ 3N)+ =

+
Z nwi agaz,
K

N (27)3 -
-n2 V) 2 (gprei®Righ R
i=1 kA

+gfe' " Riag, R (100)
Here )'f,. is the position of the ith atom. This Ham-
iltonian reduces to that of Eq. (1), when the atoms
lie close together around the point X=0. Also it
commutes with the operator defined by Eq. (8).
Hence, the total number of photons and excited
atoms is conserved by this Hamiltonian too., But
the cooperation number is not conserved in general,

as the following commutation relation shows:



|

@)
|4

[R?, H] = 4i == 2 g AT 33, R{VRY?
k 1 J
i#]

1.0 > e
X e-—z‘ik-()'{ii-ij) Sin‘é‘k" (Xi_ Xj)

2 3
_42.%( ) ¥ gtar, D RORY
V & ihd
i#5

xe2 # Xk gindf. (X, -X) . (101)
When lf(’,- -55,] <2, the above commutator is
almost zero due to the presence of the sine terms,
Also, when |X;-X,|> ), the right-hand side of
the above relation is almost zero due to the validity
of the Riemann-Lebesque lemma, which states
that the sine (or cosine) Fourier transform tends
to zero if its argument tends to infinity, Of course,
no attempt for a rigorous proof will be made here,
It is only after one knows the exact solution to the
problem that he can check that the matrix elements
which do not conserve the cooperation number tend
to zero as X, - ijl tends to infinity.

It will be assumed then in the following that the
cooperation number 7 is approximately conserved
and the matrix elements which do not conserve »
can be neglected. Then it can be easily shown
that the matrix elements defined by Eqs. (12) with
7= 3N satisfy exactly the same set of equations of
motion (13), except that g;, ought to be replaced
by

18 iex
Cia=gnay 2 ¢, (102)

in these equations. To prove the last statement,

one should make use of the identities
(%N,min”|%N’""):N'lcgzv,m , (103a)
(GN,m|RP| 3N, m)=N"1C1, (103b)

for i=1,2,...,N. Cly ,is defined by Eq. (10).
Now, flw;), defined by Eq. (16), ought also to be
replaced by

2
Fep-4 [T gl

ym+l

(1+ ﬁ— > cosk: (X, - 5(’,)) as; . (104)
)3

i<j
Hence, the approximate solution (33) and all the
relations obtained in the previous sections are
valid, except that y and Aw,, defined by Egs. (35),
should be replaced by I' and AQ,, given by the fol-
lowing expressions:

I'=27F(w,) ,

~ F(w)dw
0 W=y

(105a)

AQy=~ (105b)
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In particular, |g3,|% in Eqs. (61) and (95) should be
replaced by

|G| = |gzxiz—ﬁ,—< 1+ 2 iZ’chosE-'(fi—ij)> . (106)
i<j

It is seen then that the directional properties of the

emitted radiation as well as the decay constant

and frequency shift explicitly depend on the position

of the atoms.,

There are two interesting cases for which the
cooperation number is approximately conserved:
(i) When |X,- X, <X, Then

2 cosk- (X, - ij)u; =s(N=-1)N ,

i, ¥

i<; i<j
so that |Gy, |~ Ig3,1%, T'~y, and AQ,~Aw,. This
is the case studied in the previous sections, (ii)
When li, - 5(.,1 >Ny, N>1 ‘and the atoms are ran-
domly distributed, so that ¥;; cosk: (X; - X,)=0.
Then |Gg, |?= (1/N)Ig;,1% T'=(1/N)y, and AQ,
=(1/N)Aw,. In this case the system will decay
much slower as compared to case (i),

VI. DISCUSSION

There is some advantage in the method employed
here, i.e., in expressing and solving the equations
of motion of the matrix elements of the evolution
operator rather than those of the operators them-
selves. As mentioned earlier, the former are
linear, and hence easier to solve, while the latter
are nonlinear. Also, one has a better feeling in
the approximations performed on c-number func-
tions (the matrix elements) rather than on opera-
tors. Or, assumptions may have to be introduced
for the equations of motion of the matrix elements,
which do not arise at all for the operators, For
example, the assumption made in Sec, II that the
set of atoms form an unstable system [Eq. (31)
and the statement following it] is necessary if the
atoms are to decay in their ground state as time
evolves, Another advantage of the method em-
ployed here is that it provides much more detailed
information about the behavior of the system and
its evolution as compared to that obtained when one
evaluates the expectation values of the time-de-
pendent operators, The method employed here
allows one to evaluate transition probabilities as
functions of time, Then the expectation values of
time-dependent operators can be easily evaluated
by summing up appropriately these transition
probabilities. Both transition probabilities and
expectation values are measurable physical quan-
tities, Hence, one should distinguish whether the
photodetector is capable of measuring a single
photon or a multiphoton process, i.e., whether it
can measure a transition probability or the ex-
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pectation value of the photon number operator,
Now let the following definition of a superradiant
state be adopted here. A state of the set of N atoms
at time #, will be called superradiant if the rate of
emission per atom at time 7, is proportional to N%,
where a =1 (for large N). In this context, the
superposition state is a superradiant state when
la(t)|?~%, i.e., when ¢, is chosen such that
IGlty~nm+im, n=0,1,2,..., or |Glty~nr—-im,
n=1,2,3,... [Eq. (99)]. Superradiance can be
associated with the fact that the atoms are clustered
together, but this is not always the case. For ex-
ample, when all the atoms are excited at time ¢,
superradiance does not occur. When the atoms
are far apart, then y should be replaced by
I'=N"'y in Eq. (99), and again superradiance does
not occur. The Dicke state with m =0 is also a
superradiant state [Eq. (77)], but it should not be
confused with the superposition state with |a(t,)|?
= 18(t)1%2= 4. These two states are completely dif-
ferent to each other as Eq. (90) shows explicitly.
It is worth mentioning again that the directional
properties of the emitted radiation as well as the
decay constant and the frequency shift depend on
the position of the atoms. When they are far apart
and fixed in space, for example, when they form
a lattice, then interference from the radiating
atoms will take place and it will be detected in
the radiation pattern, as it follows from Eq. (108).
The method of approach used in this paper to
study the spontaneous emission from N identical
atoms could also be employed when the initial
state contains one or more photons. The coopera-
tion number and the total number of photons and

S

(=1
1nEem-1-1)2m-1-2)---(2m-2I)

& (17

AP (p) =

(1-

DEMOSTHENES DIALETIS 2

excited atoms are still conserved, when the atoms
are close together or far apart. One should ex-
pect, of course, a more complicated set of equa-
tions of motion. When the distance between the
atoms is of the same order of magnitude as the
mean wavelength of the emitted radiation, the
solutions given above, based on the conservation
of the cooperation number, are not valid.
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APPENDIX

A general expression for BY’(N; ¢) and ® Moy
X(N; @), where ¢ =y(t - t,), will be obtained here.

By direct inspection of Eqs. (45) and (46) one
may deduce that, in general, B{(N; @) is of the

form
1

BYP(N; @) =11 GN+m =7+ D)GN=m+7)
r=1

SN ems1) (5N (
Xe (GN-m+1)} (5N m)mel)((p) , (A1)

wherel=1,2,3,... and Q'"(¢) is independent of
N, the number of atoms. That this is the general
form of BY}’(N; ¢) could be proved using Eqs. (15),
(20b), (33b), and (44). Since the author has not
actually tried to prove the stated result, Eq. (Al)
may be taken as a conJecture

Once the form of B ”(N @) is assumed, then it
is a trivial matter to prove, using Eq. (49), that

QY )(qp) is given by the following recurrence rela-
t10n

e-l (2m-l-1)w) + (_ 1)l+1

¥ (p)

o (L-p)1@m—-1-p-1)(2m~-1-p—2) -

<(2m - 21) (A2)

For example, from this relation and Eqs. (45) and (46) one may obtain for Q,(,?)(cp) the expression

e-(2m-2)w )=

&) 1 1
W (@)= 373 (2m 5 (1-

3 Cm2)egq _
o7 ® (1

2m -

2
2m — 5

e-(2m-4)w ) - e

Now let @(¢) be assumed to be of the form
1 LA/t

) = -
Qu (cp)—(l—l)ll!T:l s=20 ¢

1 21-1 [(1V/2)(22mr=1)]

1- e-2(2m-3)w )+

=(2m=2) w(l

~s(2m=s=1)¢ (1 _

(l 1)1“ Z} Z ( )“,,. ZA;liz’}/s : -(r-t+s)(2m-r+l-s-1)¢(1 -(21-r-25)(2m-r-1)w) .
- r=i+l s=0 m

(1 -3(2m-4)w)

2m4

1
2m -6

_ e-2(2m-5)w) + e'2(2""3)“’(1 - e'(Zm-G)lﬂ)) . (A3)

e-(r-Zs H2mer=1)¢ )

(A4)
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Here the symbol [x] means the integral part of the positive number x. If this expression is substituted
into Eq. (A2), after a rather lengthy manipulation, it leads to the following recurrence relation for the

coefficients A%

1=-1

=2

p=r

(-1

@ —r-ni V7"

I=r+p-1)!
(p=Dpt-p)!

(l) A(p)
rs

where the first sum should be omitted when 7= l,
and the second sum should be omitted, ‘when s = 0
Also, one should take A%’=1. The index 7 takes
the values =0, 1, 2, . l, so that »<1, while the
index s takes the values §=0,1,2,...,[3(r-1)],
for given . The solution of the above recurrence
relation [Eq. (A5)] is

@-1)1 1!

W _ (. _
Ays = (r=2s) (r=s)ll-7r+s)! sl{l=s)! (46)
It is easy to check that
A;:Zr, -r+s=A(” . (A7)

Once the coefficients A ’ are given explicitly by
Eq. (A6), both Q¥ (¢) a.nd B!P(N; @) are known for
any values of m, I, and N. Hence expectation
values can be evaluated.

As an example, the probability @{%,, y(N; ¢) that
n atoms out of N be excited at time #, when orig-
inally all N atoms are excited, will be evaluated.
From Eqgs. (54) and (Al) with =% N one may
obtain the following expression for ® E',’}z) yN;0):

N=n

2

=1

(N - n)‘;)lellf)zm (‘P)) .

(A8)

W @) = e'w(l +

r-1

2

p=r=

-1l

( ) (= 1)l#n (I-7+p-1)!
s Zl r-1)!

(p)
(b-Dipl-p1 4

2p=ry p=r+s

(A5)

[

When QI/ZN(QD) is substituted into this relation from

Eq. (A4) and after a rearrangement of the summa-
tions one obtains the expression
2(Nan)=1 [(V2)r=1)] C(N_,,)
1+ s
@ aw(N; ) = ( r=EN-n iy N=7<1
Xe-s(N-s-l)w(l _ e-(r-Zs)(N-r—l)‘ﬁ)) (A9)
’
where
(») ('V 2s k ! k ;.,.r 7!
C“—s‘(?’ s) ,.%_)s( 1 =-1A=s)1I-7+s)! "
(A10)

Equations (A6) and (A7) were used in obtaining the
coefficients C,‘.’;’. After the summation is performed
in Eq. (A10), the coefficients C'*’ are equal to

Bl
(r=r)E-7+s)!(E-s)!

The expressions obtained from Eqgs. (A9) and
(A11), for n=1 and N=2, 3, 4, 8 coincide with those
of Dillard and Robl. For z=1 one can easily eval-
uate the energy of the N atoms and the number
of photons (or the rate of emission of radiation) as
time evolves, using Egs. (59) and (64b) with

=3 N.

(k) ( 1)k#r(7, 28)

(A11)

*Work supported by the U.S. Army Research Office,
Durham, N. Car.

IM. Tavis and F. W. Cummings, Phys. Letters 254,
714 (1967).

%y. F. Weisskopf and E. Wigner, Z. Physik 63, 54
(1930).

V. Ernst and P. Stehle, Phys. Rev. 176, 1456
(1968).

‘M. Dillard and H. R. Robl, Phys. Rev. 184, 312
(1969).

5In the above Hamiltonian the nonresonant terms pro-

portional to ay § R and ay, R‘} have been dropped,
since they do not contribute much. See, for example,
E. T. Jaynes and F. W. Cummings, Proc. IEEE 51,
89 (1963) or W. Louisell, Radiation and Noise in
Quantum Electronics (McGraw-Hill, New York, 1964),
p. 213.

SR. H. Dicke, Phys. Rev. 93, 99 (1954).

"See, for example, E. U. Condon and G. H. Shortley,
The Theory of Atomic Spectva (Cambridge U. P.,
London, 1964), pp. 90, 91.



