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Interaction with a multimode quantized radiation field of an assembly of N two-level atoms contained in a
small volume is considered for the special cases of (i) highly excited, (ii) weakly excited, and (iii)
superradiant atomic assemblies, and solutions of equations of motion are obtained in closed form. For (i) and
(ii) we show that, if the atomic assembly is in the Dicke state |#,m >, the spontaneously emitted radiation
is Lorentzian, and its spectral width and the numerical value of the Lamb shift are r + |m| times that
for a single excited atom. For (i) the sign of Lamb shift is opposite to that for (ii) and for a single excited
atom. Change in the frequency shift gives chirping in the pulse radiation emitted spontaneously by an
assembly of atoms. We obtain the reduced density operator for a single mode and for the complete
spontaneous emitted radiation, and discuss its characteristic function, weight function in diagonal
representation, coherence functions, and normalized variance. We find that the emitted radiation is chaotic if
all atoms are excited or if the assembly is weakly excited and is in thermal equilibrium. For a superradiant
assembly, the radiation is coherent; it is only amplitude coherent if the initial atomic density operator is
nondiagonal. We also study stimulated emission and scattering for the cases (i) and (ii). For case (iii) these
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phenomena do not take place.

I. INTRODUCTION

After the appearance of Dicke’s paper® on spon-
taneous emission of radiation by an assembly of
atoms, cooperative effects and superradiance
were studied by several authors.?"'* Some experi-
mental observations have also been reported.'?
However, the study is largely incomplete as,
mostly, only the number of photons (or of in-
tensity)®>~® and, in the name of coherence proper-
ties of radiation, the variance of photons (or of
intensity)®~% and self-correlation® have been
studied. There have been some attempts®~2 to
study coherence properties of radiation but the
authors have taken only a single resonant mode
of radiation. For a single-mode resonant radia-
tion closed form of atom plus radiation state has
been obtained by Smithers and Lu® and by the
present authors?® for a few special cases of the
initial atomic state. All these studies involving
only a single mode of radiation do not give any
information about the intercorrelation of modes,
line-width and frequency shift.

Frequency shifts in emission from a small
atomic assembly was studied quantum mechanical-
ly by Fain'® and also by Arecchi and Kim** who
studied linewidth also. Stroud, Eberly, Lama,
and Mandel** studied these in detail using the
neoclassical theory® and reported chirping in
emission. The results of all these authors are
different. Banfi and Bonifacio'® have considered
a pencil-shaped atomic assembly and studied fre-
quency shift and linewidth. ’

In the present paper, we shall consider atoms
in a small volume interacting with a multimode

radiation field. We shall solve the equations of
motion for a few special cases and then study not
only the linewidth, frequency shift, and emission
rate but also the coherence properties of the
emitted radiation.

II. HAMILTONIAN

Consider an assembly of N identical two-level
atoms interacting with the radiation field. If the
atoms are assumed to be contained in a volume
whose linear dimensions'” are much smaller than
the wavelength of the resonant radiation, and if
they interact with each other only through their
interaction with the common radiation field, the
Hamiltonian in the dipole and rotating wave ap-
proximation is given by*?

H=wR,+ Zk: wka;raﬁ; (Bra, R, +H.c.), (2.1)
where w, is the absorption frequency of the atoms,
We, @y, and af are the frequency, annihilation
operator, and creation operator for radiation in
the # mode which has wave vector k and the
polarization €, R, and R, are the collective atom
operators, B, is the coupling constant given by

Br=iewe(2m/wyV) V2@, Ryp)e'® Yo, (2.2)

V is the volume used for normalization, eX,,; is
the transition dipole moment between the upper
state u and the lower state ! of any atom, X,
is the mean position of the atoms, and H.c. stands
for Hermitian conjugate.

In the boson formalism,® we associate a boson
mode to the upper level and another to the lower
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level. If the boson annihilation operators for
these modes are b and ¢, respectively, the Dicke
operator’s, R,, R_, and R,, and the Dicke state!
|»,m) correspond, respectlvely, to the boson
operators b'c, be', and (76 —cc), and the
boson state In,,,nc), where n,=v+m and n,=v —m.
The Hamiltonian then takes the form

H=%w,0%0 =cTc)+ E Wya ay
-3

+ Z (Bkakac + H.C.) . (2'3)
k

It is difficult to solve the nonlinear Heisenberg
equations of motion obtained from this trilinear
Hamiltonian. However, in special cases, if one
of the operators is replaced by a ¢ number, the
resulting bilinear Hamiltonian gives linear equa-
tions of motion which can be exactly solved. Some
special cases®”?! are those of (i) highly excited
assembly of atoms, for which m =~ >1 and hence
n,>>n, and the b mode can be treated classically,
(ii) weakly excited assembly of atoms, for which
-m =~7>1 and hence n, >n, and the ¢ mode can
be treated classically, and (iii) superradiant
assembly of atoms, for which z =~0 and hence
ny~n,>1 and both b and ¢ mode can be treated
classically. We shall treat these cases one by one
in Secs. III and IV.

III. SOLUTIONS OF EQUATIONS OF MOTION AND
LINEWIDTHS, LAMB SHIFTS, AND RADIATION RATES
FOR SPONTANEOUS EMISSION

Case A: Highly excited assembly of atoms (m = r >> 1)
We saw for this case the b mode can be treated
classically. The term Swb™d in H in Eq. (2.3)
suggests that b should be replaced by
- £ exp(—3iwgt), where £ is a ¢ number, satisfying
|€|2=n, =7 +m. The resulting bilinear Hamil-
tonian,??

H=-}wcle+ 2 Wl ay
R

+ Z [Brt*exp(ziwyt)asc +Hoc.], (3.1)
k

resembles with that for parametric amplification.?

~ We note that
[H, cte —Za;{ak] =0. (3.2)
R

We shall use this fact later in this section to find
the spectral width of the emitted radiation.
If we define new operators d, and ¢ by

ap=a, exp(iwt) , €=cexp(—3iwgt), (3.3)

Hamiltonian (3.1) leads to the equations of motion

18, = BFE explingt)eT

(3.4)
iét=- Z BrE* exp(—iAgt)ay ,
where
A,,Ewk—wo. ‘ (3.5)

Coupled equations (3.4) can be solved by using
the Laplace transforms

Ay(D) G

= f dt e
0

c'(p) e’

If we find Laplace transforms of Eq. (3.4) and
eliminate A,(p) between them, we get

( Z IBkH )CT(‘D) C +Z Bh et T (3.6)

3 p"l"ZA p+7,A

where ¢, and a,, are the values of ¢ and G, at
t=0, i.e., they are Schrodinger representation
operators, which coincide with the Heisenberg
representation operators at £=0.

We now take the Weisskopf-Wigner-type ap-
proximation?*

; (p+ing) " Butl®= na+iey, (3.7)

where U, and €, are independent of p and give
the damping constant and Lamb shift, respec-
tively. For a single excited atom, the Weisskopf-
Wigner theory takes?*

Zk: (b+ing)~HBal?= 1 + e, (3.8)

and leads to the frequency of emission wy+e€.
Hence, the damping constant and Lamb shift for
a highly excited assembly of atoms is |£|2=7+m
times that for a single excited atom.

On using (3.7), Eq. (3.6) leads to
&T =cl exp( 4t +ie 4t) + terms in ay, - (3.9)

Equations (3.3) and (3.4) then give

@y = Apg €XP(—iwyt) +7MC,I + Z LYST/ I (3.10)
1
where
_ axp XP(=iwyt) — exp(i 4t —2S2At)
Yea =B&E s —Sa —ifs (3.11)
=T, Bé’ﬁzl&lz

(exp(— iwyt) = exp(Kat ~ i 42)

QA"zIJ'A —QA—iIJ'A

_ exp(= iwyt) — exp(-— z‘w,t))
W = W; ’

(3.12)
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QAE(.UO—€A'- (3.13)

To study spontaneous emission from a highly
excited assembly of atoms in the Dicke state
|r,m), we note that initially the occupancy in

|Bal?(r +m)(r —m + 1)

the ¢ mode is » —m and no photons are present,
and hence we can write the initial state as

| =|» =m,vac). The number of photons in the
k mode at time ¢ is then

np(t) =(ilat apld) = |veal?= s [1+ exp(2u4t) — 2exp(K4t) cos(wy, = 2,4)E] - (3.14)
(W —4)%+ 13
—
This shows that the emitted radiation has a = exp(— Mgt — i gt) — exp(—iwyt) (3.23)
Lorentzian line shape with the mean frequency Yer"Pe W —Qp+illy ’ ’
Qa=w, - €4 anfi hvalf-mte.nS{ty-ha.lf—WLdth Mg _ g6, In1? exp(= iwat) — exp(— fhpt — i9 t)
Comparison with the emission frequency £ Apg=— o —Q ik o =9 —iL
=w,+€ for a single atom tells that the directions PR RTTB B
of frequency shifts in these two cases are dif- a exp(—iwgt) — exp(— iw,t))
ferent. The total number of photons is wp = Wy ’
2 - 3.24
anz 3h ezw(z)ﬂAlquIZ ( )
k 4 Qp=wytepg. (3.25)
X - 1)(e?at ~1). 3.15
br+m)r —m+ )f(s ) ( ) These give
The rate of emission (d/dt)2sn,, obviously in- 2
creases exponentially with time. n,(t) = [Bal*(r =m)(r +m)

We can find 1, by noting that Egs. (3.3) and
(3.9) give the occupancy in ¢ mode at time ¢ as

n,(t)=(ilcTeld) = r —m +1)e?# 4t ~1. (3.16)
Using (3.2), (3.15), and (3.16), we then find that

qu%ezw(z)QAliutlz(r+m)y (3'17)

2= lr—m+ 1)(e*aT - 1), (3.18)
3

Case B: Weakly excited assembly of atoms (-m=r>> 1)

For this case, the ¢ mode can be treated clas-
sically. Term —w,tc in H in Eq. (2.3) tells
that ¢ should be replaced by nexp(3iw,t), where 1
is a ¢ number satisfying |1|2=n,=7 —m. H takes
the form,

H =§w0bTb+ ; wka;ak

+ Z [Bn expGiwgt)ah’ +H.c.] . (3.19)
k
On proceeding in a way similar to that of case A
and using the Weisskopf-Wigner-type approxima-
tion,

| ;-@+iA,.)-1|ﬁ,,n|2=uB+ieB=<r—m>(u+ie>,

(3.20)
it is found that
b =bg exp(— Mgt — i€ gt) + terms in ay , (3.21)
Gp = Apg €XP(— iwpt) + Yrabs + Z Arilys s (3.22)
1

(wp =Q2p)*+ 15

X [L+e~2'B! —2¢"H8tcos(w, —Rp)t], (3.26)
22 na(t) = b +m)(L = e™Hst). (3.27)
k

Thus we see that (i) the line shape is Lorentzian,
(ii) the linewidth and Lamb shifts are » —m
times that for a single atom, (iii) the Lamb shift
is in the same direction as that for a single ex-
cited atom (i.e., opposite to that for case A), and
(iv) the rate of emission (d/dt)2sn,(t) decreases
exponentially with time.

Since, in cases A and B, magnitude and direc-
tion of the Lamb shift depends on m, it appears
that in a pulse of radiation emitted by an assembly
of atoms the frequency will change as m de-
creases, i.e., the radiation will be chirped.
Chirping in emitted radiation has been obtained
neoclassically by Stroud, Eberly, Lama, and
Mandel. Their results agree?®® with our results,
since |m|=».

Case C: Superradiant assembly of atoms (r >> m)

In this case both b and ¢ modes can be treated
classically. Replacing b and ¢ by £exp(—3iw,t)
and 1 exp(3iwyt) respectively, we get the Hamil-
tonian

H=2 walan+ O Beb*ne™oay+Heel) .  (3.28)
kR R

This gives the exact solution
A, = apge R g (3.29)

Yie =BFENH W, — wg) 1 (e7WrE — g=iW0l) | (3,30)
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which leads to
ng(t) = 8mewiwy W E - X ;1202 —m?)

X (wp = wo) ~28in?} (wy — W)t (3.31)

20 (0) = 48R o 207 -t (3.32)
R

We note that the radiation rate (d/dt) 2, n,(t) is

constant in time and proportional to square of

the number of atoms, as is expected for super-

radiant emission.

IV. COHERENCE PROPERTIES OF SPONTANEOUSLY
EMITTED RADIATION

Our solutions (3.9), (3.10), (3.21), (3.22), and
(3.29) of the equations of motion contain complete
information about the system. We can use these
to find the reduced density operator for any mode
of radiation or for the complete radiation field.
Our procedure is to first find the normally ordered
characteristic function?®27

Xxx(z, 1) = Trp(0)exp(zal ) exp(- z *a,)], 4.1)

where p(0) is the initial density operator of the
system. The reduced density operator for the &
mode, p¥, is then given by the Weyl representa-
tion by?26:27

+ *
o =17 f e x(-2, eV erthee "0 (4.2)
and in the diagonal representation by?":2®

oi= [ @ Pya, 0l ol , (4.3)

where?”
P,,(a,t)=71'2fdzzxm,(z,t) exp(za*-z*a) (4.4)

and |a), is the coherent state for the # mode de-
fined by?®

aks|a>h=a|a)k. (4.5)

The occupation-number-space matrix elements
of the density operator ,(m |pS|n), can be obtained
directly from-Eq. (4.3). The coherence functions,

r{mm = Tr[p(0)ai "ay] = Tr(ofalral) - (4.6)
can be obtained either by using the identity
F;ﬁ""") = (a/az)m(__ 8/0z *)"XN,,(Z, t)lx=z *_0> (4.7

or by using (4.3) and (4.4). -

To find p®, the density operator for the complete
radiation, we first obtain the complete normally
ordered characteristic function,

Xz, )= Tr [p(O) exp(;zka:) exp( - z z,;«akﬂ, .

(4.8)
p® is then given in the Weyl representation by

s
=11 (W-zfdzzk e~ ler%grans =2 *““)Xm({—zk}, 1,
R

(4.9)

and in the diagonal representation by

R = f I;IdzakP({ak}, HHad ot »

where the composite weight function P({as}, t) and
the coherent state [{a,}) are given by

(4.10)

P({ak}’ t)
= I;I (n—zfdzzk exp(—zka,;*+z;*ak)>x,v({zk}, £,
alsi{ak}> = a,Hak}> . (4.11)

Case A: Highly excited assembly of atoms (m=r>> 1)

Initially, if m =» —R, we have R particles in
the c-mode and no photons, present, then the
initial state can be written as |) =|R,vac). Equa-
tions (4.1) and (3.10) and the identity,

e’eB =egBehet4) Bl (4.12)
for operators A and B satisfying [A,[A, B]]
=[B,[4, B]]=0, give .

Xwe(2,t) =exp(= [z7pa|)Lg (2724l , (4.13)
where

Lat)= 20 1R -n)]] R (= x)" (4.14)

n
is the Laguerre polynomial.
On writing X yz(z,t) in the form
_ - 8\E/ —0\* 1,02
(e, )= (B) a2 (- 17 (o) (5 e,
(4.15)

Equation (4.4) gives

Py, 1)= (R 7pal 2% V| a|® exp(= | a/vzal?) -

(4.16)

We note that the radiation is chaotic if R=0, i.e.,
if all atoms are initially excited. For other
cases, the light is not exactly chaotic.

Occupation-number-space matrix elements and
coherence functions are seen to be
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Em|PE|m) =0,y (R~ + R) ! veal”
X (1+|ypal®) 271, (4.17)
rimm =5, (R) YR +n)!yeal™, (4.18)

Fhe normalized variance of intensity of radiation
in this mode is

(TY) 2022 — (D)2 =1+R. (4.19)

This is greater than the value for the chaotic
light. Thus, if an assembly of excited atoms
radiate, the radiation is chaotic initially, but as
soon as m decreases the spontaneously emitted
radiation no longer remains chaotic and the
fluctuations increase.

For the reduced-density operator of the com-
plete radiation, we get

xwllaad, 0= [ a%8%e - gzkm)e-’*'%(lzl%,
(4.20)

P({an},t)=(‘nR!)"fdzﬁlmzRe-lela

thI 0%(ap —Bran) . (4.21)

Appearance of & functions in Eq. (4.21) show that
the modes are completely coupled in the sense
that the intermode correlations are completely
determined from the correlation in a single mode,
i.e.,

wpollaa) T ()2

kR 7:(.4 Y14

X Tr[p(0)aT ek 2emk] | (4.22)

Case B: Weakly excited assembly of atoms (-m =~ r >> 1)

For this case, if m = -7 +R initially we have
R particles in the b mode and hence p(0)
=|R,vac)R,vac|. Inthis case, Egs. (3.22), (4.1),
(4.2), and (4.6) give

X5 1)=Lg (27251, (4.23)
k<m|p§In>h
=0 (R =) 1] TR 7 *"(1 = |72 *",  (4.24)
T =6, R/ (R =n) 1] || ™. (4.25)

We do not get a nonsingular compact P,(«) in this
case as the number of photons is limited to R
(the initial occupancy of the b mode) and hence
the field is a quantum one. This is also indicated
by a negative value of the variance of intensity,
we have

L& (T 0)2= = |y, (4.26)

The complete normally ordered characteristic
function is given by

xalleah, =L

2). (4.27)

};leha

A nonsingular compact P({ay},t) does not exist.
p® is, however, known in the Weyl representation
and can be used to study any intermode correla-
tion.

An important and interesting case is that of an
assembly of atom in thermal equilibrium. If the
temperature is so low and the number of atoms is
so large that ¥w,> kT, the reduced atomic density
operator p* gives

(rymlptlr,m)=(1-e™)e™, x=w,/kT. (4.28)
Equations (4.23), (4.24), and (4.25) then reduce to
Xwe(z, 1) = exp(—my|2|?),
K |05 [1) e =8 (1 + 7)™ 0, (4.29)
O =5, ny,
where
n,=(e" — 1)-11'}%5’2 . (4.30)

These equations show that reduced nature of the
emitted light is exactly chaotic with »n, photons.

For the composite coherence functions, in this
case, we obtain

xnlzet, 8) = fdzz 8%(z —ZkaYnB)eXP[‘(ex -1)7Yz17,
- 7

(4.31)
which leads to
Py}, )= [ dan=4(e* - 1) exp[~(e* - 1)|al’]
x IkI 52(aty - V4 ) - (4.32)

Appearance of the d functions gives the complete
correlation of modes.

Case C: Superradiant assembly of atoms (r>> m)
For this case, the results are
Xwe(2,8) = expvih —2 *1ic) ; (4.33)
Pyla, t)=0%(a = vac) - (4.34)

Xx and P are products of all X y, and P,. Since Y
[given by Eq. (3.30)] is proportional to £&n*, we
see that if £ and 7 have definite phases the super-
radiant states emit coherent radiation. If, how-
ever, the phases of £ and 7 are random, the above
equations modify to

XNk(z;t)zJo(zlz')’kcl) ) (4.35)
P,,(a,t)=(2n|ykc|)“6(|a| —l'}’kcl)- (4.36)
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The emitted light in this case is not exactly
coherent but only amplitude coherent.?® It has a
diagonal density operator. Bialynicka-Birula®
also showed that the radiation emitted spon-
taneously from a superradiant assembly of atoms
is amplitude coherent but, as the author con-
sidered only a single mode of radiation, his ampli-
tude is proportional to ¢ and hence the number of
photons to t2. Our radiation field has total number
of photons proportional to ¢ given by Eq. (3.32).

V. INDUCED EMISSION AND SCATTERING

In Sec. IV, we took zero for the initial number
of photons in each mode. We now consider the case
where some photons are present initially and study
induced emission and scattering. For the sake of
simplicity, we assume that only one mode (the
incident mode 7) is initially populated with #,
_photons and that the initial density operator is
diagonal. For cases A and B, Egs. (3.10) and
(3.22) give

1 (t) =noOps + 5P (£) + 2RENg; Opimo+ | Nai| %o, (5.1)

where n?(¢) = |ypa |2 +m + 1) for case A and
|ve5|2(r —m) for case B. Here the first term gives
the initial photons and the second term gives
spontaneous emission. The third and fourth terms
which are proportional to n, represent, respec-
tively, the pure induced emission and scattering.
For case C, Eq. (3.29) leads to #,(t) =ny0y; + | axc |2
In this case we see that no induced emission or
scattering takes place. The former is explained
by the fact that the population in the upper and
lower levels is the same and so induced emission
is anulled by equal absorption. The latter is in
agreement with similar results of Ajai and
Prakash.®

If we consider the ¢ mode only, Eq. (5.1) gives

n;(t) =ny+ 2ReX;my+ A%, - (5.2)

While the second term gives “pure” induced
emission, the third term may be called forward
scattering and the total effect may be called “net”
induced emission. We shall first discuss below
this total effect for the cases A and B. Let us
consider the incident frequency w; to be well
within the narrow band of frequencies emitted by
the atoms. For case A, it means |w; —Q,4]| << iy
For small values of ¢, such that { < the relaxation
time Bzt N =518iE|%%=5(t/74)% the characteristic
time 74 is given by

722186172 = [2mwee?[€; « Ry |20 +m)/ V], (5.3)

and is inversely proportional to square root of the
number density of atoms. Further, since

HATZ= (Bm) T Vwilwa/we €+ Ry |21 (5.4)

(because Vw3 < 1 in view of our assumption of a
small volume V and i, < w,), we find that 7, <
the relaxation time p3'. For small time << puz?,
we can discuss separately the cases { <7, and
T4 <<t< pz'. The net induced emission is

(2Rex; + [N |Dne =572 22+ 47 )m, (5.5)

For t < 1,4, the pure induced emission predomi-
nates and it is proportional to ¢ and to 73 (i.e.,
to the number density of atoms). For 7, <<t < uz!,
the forward scattering predominates and it is
proportional to t* and to 73 (i.e., to the square
of the number density of atoms). For large times,
such that ¢ > p3', our theory shall not give cor-
rect results as the assumption of high excitation
will not hold for all times.

For case B also, we can define a characteristic
time 75 given by

T5= 18I = [21we®[E; + Xy [*(r = m)/ V]! (5.6)

and show that yz75;<< 1. The “net” induced emis-
sion is then

(2Rex;; + [ A3 |Dng =732 (4% - 475) . (5.7)

For <275, we note that the “net” effect is nega-
tive and is due to a large absorption of incident
photon by the unexcited atoms. For {>27z, how-
ever, the “net” effect is positive and is pre-
dominated by forward scattering. The absorption
is proportional to ¢% and to 75% (i.e., to the number
density of atoms) the forward scattering is pro-
portional to t* and to 73* (i.e., to the square of
the number density of atoms).

Let us now consider the photon scattered into
other modes also. For scattering at an angle 6,
we obtain using the usual procedure, the dif-
ferential scattering cross section

do - = -
d_ﬂ =e4|€i * Xul|2|xul |2(1’+m)2[(w,~ —Q,4)%+ “Az]_l

xwi(e?4t + 1)cos?d (5.8)

do - - -
o e€; + X, %1%, 1200 = m)P[(w; —Qg)2+ p3|?

X wi(e~?8* + 1)cos?9 (5.9)

for the cases A and B. We note that the cross
sections are proportional to the square of the
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total number of atoms. The resonant increase is
given by the factors [(w; —Q4,5)*+ 15 5]"'. For
the case A the cross section increases exponen-
tially with time, while for B, the cross section
decreases and stabilizes to one half of its initial
value.
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