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Photon correlations in the spectrum of a superradiant system in a strong cavity field
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We investigate correlations among photons from the components of the resonance fluorescence spectrum of
a cooperative system of two-level atoms interacting with a strong field of a single-mode lossless cavity. The
properties of the central band are more closely related to the superradiant effect in free space than the
sidebands. The central band field has reduced fluctuations and the collective dipole has its largest uncertainty
when half the atoms are initially excited. Partial atomic excitation destroys the sub-Poissonian character of the
sideband field and leads to a bunching-antibunching transition in the correlation of a sideband photon followed
by a central band photofS1050-294®8)05402-X]

PACS numbd(ps): 42.50.Fx, 42.50.Dv

Superradiance or coherent spontaneous emission is one of We consider the interaction & two-level atoms with a
the most important problems in physidd. It is the enhance- strong field of a single-mode loss-free cavity. The atoms and
ment of the spontaneous emission rate of a symmetricallfield have the same frequency, and the spread of the atomic
excited atomic system, particularly a half-excited systemsample is much less than the wavelength of the mode but the
with emission proportional to the square of the number ofatoms are coupled only by the same field. We use our quan-
atoms. It has been studied mainly for a vacuum field in fredum electrodynamic perturbation methd®,10], whose
space, its most notable features belii@] the enhanced de- lowest-order Hamiltonian i%=2QL*, just like the semi-
cay rate in the form of a hyperbolic secant pulse, narrowing'assical onel.* is the angular momentum operator in the
with increasing cooperativity; the reduction of the fluctua-X-axis, but the Rabi frequenc@ =g yN—A/2+1/2 is still
tions of the field, approaching that of a coherent state; and §f QED form, whereN=n+m (number of photons plus
large energy loss per atom. For moderate and Rigtavities number of gxuted atomm®) is the excitation number, argl
it has been shown that a large number of atoms increase tfi the coupling constant, assumed equal for all atoms. Then
Rabi frequency leading to oscillatory behavi84]. We re- the eigenvalues are
cently showed that when there is a strong field in a lossless
cavity an initially half-excited atomic system experiences an
averageloss of energy, which remains in the cavity, in con-

trast to the free-space cas. . . .
i P o] — which span an A+ 1)-dimensional subspacesp<A, la-
Strong fieldsaverage photon number much larger than 0| the semiclassical dressed states in the manifold With
number of atom&A) strongly modify the atomic response, quanta.
and the resonance fluorescer®&F) spectrum consists of a  The relationship between the bare and the dressed bases is

triplet similar to the one-atom Mollow spectrufB], plus a  given by the unitary rotation matrie whose elements are
series of small cooperative or extra sidebaitis9]. In free amp=<n,m|N,p>,

space the components of the triplet have an intensity propor-
tional to A? [7,8], while in a lossless cavity the central band \/
mp—

Ap=Qn(A-2p), 1

and|N,p) are the lowest-order eigenvectors. The indipes

min{m,p} i .
intensity changes frorA dependent for all atoms in the same m'p! : (= 2)?(A_J ).! _
state, toA? dependent for half-atomic excitatiga0]. This 28A-m)I(A—p)! <o JI(m=]!(p—j)!
suggests considering superradiance from the spectral point of (2
view, but most of the studies on cooperative emission in the
presence of a strong field do not consider the effect of partial The calculation of the spectrum and photon correlations is
excitation, and, certainly, not every collective radiation pro-simpler in this basis, where the collective atomic transition
cess is superradiant. One must analyze the fluctuations @perators have the matrix elements
both the scattered field and atoms. A

In this Brief Report we investigate the photon correlations N

among the components of the RF spectrum of a partially <9|L|E>:(§_p) dqp™ 2 VP(A=P+1)dgp1
excited system of two-level atoms in@sslesscavity with a
strong field. Our aim is to determine the collective and su- F3V(P+1)(A=p)Sgps1- 3
perradiant properties of this spectrum. We also analyze the
cooperative modifications to the correlations of photons from Using this basis, we found in Reff9,10] that the spec-
different components of the spectrum, extending previougrum consists of three bands, each a multiplet with peaks
results limited to atoms initially in the ground st4ti]. located at the frequencies),=Ay—Aq ",
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N G left-center,(4) center-right,(5) right-right, (6) left-right, (7)

wpskp= 2KQnF 55— (A=2p—2k), (4)  center-left,(8) right-left, and(9) left-left, respectively, for a

N total of 9A— 1 pairs(from the restriction & p,r<A). In the

wherek=—1,0,1 denote the left, central, and right bands.complete spectrum there areA2 1 bands with A+1)3
The absence of the elastic peak gives a doublet envelope teo-photon transitions grouped into A2- 1)? sets.
the central band10]. The separation of two neighboring However, knowing the difficulty of resolving the coopera-
peaks isg?/Qy, but the fine structure and extra sidebandstive fine structure of the bands, we consider the sum of all
disappear in the Strong-field limit. The integrated intensitieqhe two-photon sequences of a given pair of bands, that is,

of the bands are the probability that a photon of frequeney, is followed by

A2+A  m(A—m) a photon of frequencw), (wk=2kQ_) is
()= —p————5 )
©) o
A m(A—m) ng):pgo |amp|2<L;L;Lb La), (8)

lM=g+—%5—

whereL, means the emission of a photon of frequeﬁ

The sidebands have ak® behavior for any number of : .
or, in the normalized form,

excited atoms. Moreover, fon=0,A andA=4 the intensity
of a sideband is larger than the central band, but rfor G
=AJ/2 it drops to almost half the intensity it hasrat=0,A. g<2>:ib (9)
The central band is more interesting in this respect. ior a0l
=0,A, the intensity of the central peak is proportionalAo o ) )
[11], in contrast to the free-space c43@ where the entire 10 clearly reveal the statistical meaning of the correlations.
triplet is A2 dependent. However, when=A/2, the central The intensitiesl, are given by Eq(5). A very interesting
band also has aA? dependence, and its intensity is four feature is that the spectrally selected photon correlations are
times that of a sideband.0]. a consequence of the eigenvalue spectrum, and the influence
The dependence of the central band on the initial atomi©f the initial photon statistics is small, as long as it is narrow
state is reminiscent of superradiance in the absence of a drienough so that the spectral bands are well separated.
ing field. But, as the sidebands are ak® dependent, we To obtain the total probabilities of the nine sets of ampli-
must study the fluctuations of both the radiated field at theudes Eq.(7), we need the moments of the distribution of
frequencies of the bands and of the initial atomic state tairessed State(ﬂJ')pEEp:oAp'lamplz, =1, 2, 3, and 4, ob-
characterize the cooperative emission further. tained generalizing the treatment in REX0]:
In the rotating-wave approximation only transitions be-

tween two neighbor manifolds are allowed, and the only A o A(A+1) m(A-m)
pairs of correlated photons are those of the transitions in <p>p:§' (P9)p= 4 + 2 )
consecutive manifoldN—N—-1—N-2 with frequencies

oy, and wpg . It is clear that the multiplicity of a given A%+ 3A%+ BAM(A—m)
two-photon sequence can modify the statistical properties of <p3>p= 8 ,

the photon emission.
The probability that a photon of frequeney, is followed
by a photon of frequencyy, is given by

G@=4]apgd(N—2r|L L"|N,p)[2 6) +(12A%+6A2— 10)m+ (A*+ 6A3+3A%2—2A)].

(p*) = [6m*— 12Am°— (6A%+6A— 10)m?

The above expression contains all the allowed two-photor] he exact expresions for the correlations of photons of given
transition amplitudes, which we calculate using the rotated?@nds as a function of the initial atomic excitation are
basis, Eq(3),

Ar|L"L7[p)

=(A=2p)28,,— (A=2p—2)\(p+1)(A=p)Srp11
+(A=2p+2)Vp(A—p+1) 81
—(A=2p)J(p+1)(A=p) &1
+\(p+1)(p+2)(A=p)(A—p—1)Srp+2
—p(A=p+1) 85+ (A=2p)Vp(A—p+1) s
—(p+1)(A=p)dyp
+\Vp(p—1)(A—p+1)(A=p+2)8p_p. (7

These terms correspond to the following photon emission
orders (first-secondt (1) center-center(2) right-center,(3) +(2A3—-2A2+10A)m+A3—- A%+ 2A], (13

Gi= £[6m*— 12Am*+ (6A2—6A+ 10)m?
+(6A%—10A)m+3A%2—2A], (10
G2 1= st5[6m*— 12Am°+ (10A2+ 2A— 30)m?

—(4A3+2A2—-30)m+ A%+ 2A3—5A2+2A],
(13)

G2 - 1= 74s[6m*— 12Am*+ (10A%+ 2A+2)m?
— (4A3+2A2+ 2A)m+ A%+ 2A%+ 3A%+ 2A],
(12

G =& —6m*+ 12Am* — (8A%— 2A+ 10)m?
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G j=&[—6m*+12Am*— (8A%—2A— 14)m? ent” spontaneous emission, given thé dependence in their
o intensities. To our knowledge, this important point has not
+(2A3—2A%2—14A)m+ A3+ 3A%—2A]. been addressed before. In fact, due to the absence of an elas-

(14) tic peak, our spectrum is fully incoherent to first order in the
limit where there are more photons than atoms and, as the
results above show, driven superradiance is not second order
coherent.
Another question arises: What about the relationship be-
correlations exhibit when the interaction is on resonaffiee tween the_ fI_uctuatlons (_)f the atpmlc syste_m_ _and of the sc_at-
tered radiation? We will not discuss definitions of atomic

nite atom-field frequency detunings modify to an important X . o
degree the results for the on-resonance case, adding othgfNerence17], a very interesting problem in itself. Here we

symmetrieg 12,13). Our results agree with more restricted only consider the width of the distribution of dressed states

cases studied by Buzek and Quang for a single &t |amp|2, Which is a measure of the uncertainty of the atomic
and by Shumovsky and Quang for all atoms in the ground?®mpPonent in thec axis, and reads

It is useful to writeg’?) for the particularly interesting
cases of atomic excitatiamn=0,1A/2, which are actually the
same as fom=A,A—1,A/2, due to the symmetry the photon

state[11].
The correlation of two photons from the same band gives
the fluctuations of the light at the frequenay,. For g$?) Ap=(p?),—(p)2= '2+ m (15)

=1 emission is Poissonian, as for a coherent state, while for
g@<1 (g¥)>1) emission is sub-Poissoniarisuper-
Poissoniajy i.e., the photon distribution is narrower
(broadey than the Poisson distribution. Thaf2<1 also
indicates that the atomic system cannot emit two photon
simultaneouslyantibunching [15,16.

For the statgm=0,A), the width Ap=\/A/2 is at a mini-
]%r]um, and increasing the central band becomes more inco-
erent (kg{%3<3), and the sidebands lose their sub-

For the central band the normalized correlation functionPoissonian character €0g'?) ;<1). On the other hand, for
gives Im=A/2), Ap= JAZ/8+ Al4 is at a maximum, but the statis-
tics of the central band are closer to the coherent behavior,
[ 2(A-1) 1<g{%{<1.5 than in then=0A case, while the sidebands
1+ A m=0A become less super-Poissoniarz _2%:1> 1.5, for increas-

ing cooperativity. So, in general, féd¢>A andm=A/2, the

) _ 3(A-1)(A-2) —1A_ collective emission is not coherent, it is just less incoherent.
goo={ 1+ , 1A-1

(3A—2)2 Superradiance in a cavity is, therefore, a consequence of
A(A+2)—8 enhanced atomic fluctuations, while showireglucedfield
Y  m=A2 fluctuations, even though this is super-Poissonian. Then only

| 2A(A+2) "’ ' the central band is superradiant. Let us note that, while su-

o o o _perradiance in free space involves significant energy loss per
which indicates that emission at central frequencies is Poisgtom[2], in a lossless cavity there is an average atomic en-

sonian only forA=1 [14], andA=2 withm=1. In general, ergy loss which is taken by the field to keep the total energy
the emitted photons from the central band are supergonstangs].

Poissonian(bunched. _ The cross correlations indicate whether there is a time
For two photons from the same sideband we have order of emission of the two photofis8]. Two photons from
p the opposite sidebands are always bunched:
2(3A—1)
1-=——, m=0A
A(A+1)? . X
2(A2-13A+14 Y xATD MT0A
g0, ={ 1 - 2A TR A AlA+D)
(A“—A+2) 2 ) 2(3A2—3A+2) A1
A(A+2)+8 951517 1+ v M=1A-
”ﬁ, =A2. o (A*=A+2)"
\ A(A+2)+8
. . —————F—, mM=A/2.
When all the atoms are in the same state the sidebands tend | 2A(A+2)

to be less sub-Poissonian for increasig[11]. A small
number of atoms can be used to generate highly nonclassical
radiation at the frequencies 2(). Partial excitation, on the After emission of one photon of frequenay..,, with in-
other hand, spoils the above situation to the level of convertcreasingA, there is an enhanced probability of emission of a
ing all this emission to super-Poissonian for half-atomic ex-w -, photon, but certainly to a lesser degree than for two
citation. Form=1, 12 atoms are needed to generate a subphotons. The degree of bunching is reduced with increasing
Poissonian field. cooperativity for anym.

This incoherence of the bandggf;> 1) seems to present The correlation of a photon from the central band fol-
a contradiction to the definition of superradiance as “coherlowed by one of a sideband is
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( 2(A—1) but now we have a bunching to antibunching transition
1- AA+L)’ m=0A when only one atom oA—1 atoms are excited. Actually,

there is complete antibunching for a two-atom system when

@ _)q_ 6(A?—3A+2) m=1A—1 only one of them is excited. The large effect of the cooper-
9017 (3A—2)(A2—A+2)’ ativity limit of the previous case also occurs here. We note
that the cross correlations reflect the statistics of the bands,

_ A(A+2)-8 m=A/2 but the properties of the central bag@duction of fluctua-
L 2A(A+2) ' tions for partial excitationdominate over those of the side-

: . . band.
In the casem=0,A there is a small degree of antibunching, | lusi h . tiqated wrall lected
but for A>1 these photons tend to be emitted independently N conclusion, we have nvestigated spectrally selecte

[11]. For m=A/2, on the other hand, the degree of anti- photon correlations for a system of many two-level
bunching can be as large &s atoms interacting with a strong cavity field. While emission

Finally, the correlation of a photon from any sideband@t the frequency of the central band presents signatures of
followed by a photon of the central band is superradiance as in free space, the sidebands have coopera-
tive behavior but not of the superradiant type. Also, partial

( _
M, m=0A atomic excitation destroys the sub-Poissonian character of
A(A+1) the sidebands. In the case of an ideal cavity, the role of the
2(A%+5A—6) large atomic energy loss of the free-space superradiant pro-
9% =1 1- 5 , m=1A-1 cess, is taken by the largest fluctuations of the atomic system
(BA=2)(A=A+2) when this is initially half-excited. The correlation of a side-
A(A+2)+8 band photon followed by a central band photon becomes
{ 1- 2A(A+2) m=A/2, antibunched when there is partial excitation.
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