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Atoms in strong light-fields: photon antibunching in single atom fluorescence

By C. COHEN-TANNOUDJI AND S. REYNAUD

École Normale SuPérieure and Collège de France, 24, rue Lhomond, 75231 Paris Cedex 05

Sorne general remarks and suggestions concerning photon antibunching in single
atom fluorescence are presented. The closeconnection between this antibunching effect
and the' reduction of the wave packet' due to the detection process is made explicit.
It is pointed out that polarization effects could considerably change the shape of the
signaIs. A dressed atom approach to these problems reveals analogies with quantum
beats and suggests the use of frequency filters at the detection, selecting one compo
nent of the fluorescence spectrum and leading to new types of photon correlation
signaIs.

1. INTRODUCTION

ln the last few years, the interest in resonance light scattering has been renewed by the develop
ment of high intensity tunable laser sources which allowed irradiation of atoms with strong
light-fields in conditions such that absorption and stimulated emission predominate over spon
taneous emission.

Several experimental groups have studied the fluorescence light emitted by a sodium atomic
beam irradiated by a c.w. dye laser beam (the two beams and the direction of observation are
mutually perpendicular so that the Doppler effect is removed). Different types ofmeasurements
have been made, including spectral distribution of the fluorescence light (Schuda et al. 1974;

Walther 1975; Wu et al. 1975; Hartig et al. 1976; Grove et al. 1977) and photon correlations,
more precisely the probability for detecting two photon arrivaIs separated by an interval T

(Kimble et al. 1977; Walther 1977, personal communication).
ln this short theoretical paper, we will focus on the problem of 'antibunching' in single

atom fluorescence, a subject which has recently attracted a lot of attention. Antibunching
means a tendency of the photons to stay away from each other, in contrast with the well
known bunching effect discovered by Hanbury Brown & Twiss (1956,1957)' Several theoretical
papers have considered the problem of antibunching (Glauber 1963, 1964; Stoler 1974;
Carmichael & Walls 1976; Kimble & Mandel 1976; Cohen-Tannoudji 1977)' Here, we will
not enter into any detailed calculations, but will just make a few remarks. and sorne new
suggestions based on a straightforward interpretation of the antibunching effect in terms of
'reduction of the wave packet'.

2. INTERPRETATION OF THE ANTIBUNCHING EFFECT

ln a photon correlation experiment, the fluorescence light is monitored by two photo
multipliers, and the probability P (8b, t + T; 8a, t) for detecting one photon with polarization
8a at time t and another one with polarization 8b a time T later is measured. Such a probability
is proportional (Glauber 1964) to the higher order correlation function (E;(t)Et;(t+T)

Et(t+ T) E-J:(t), where Et, E;, Et, Et; are respectively the positive and negative frequency
parts of the 8a and 8b polarization components of the Heisenberg electric field operator.

[ 13 ]



224 C. COHEN-TANNOUDjl AND S. REYNAUD

ln experimental conditions such that the detected light is emitted by a single atom (single
atom fluorescence), the electric field is proportion al to the atomic dipole operator D, so that
the signal reduces to

P(Bb' t+r; Ba, t) ~ tr[D;t(t) Dt(t+r) Db(t+r)_D;;:(t) 0-], (1)

where 0- is the density matrix of the total system, and D+ and D- the raising and lowering
parts of D.

where

When the Heisenberg operators are expressed in terms of the evolution operators U, by
using the invariance of a trace in a circular permutation, the above expression is transformed
into

time, T

FIGURE 1. Variations with T of the probability P(T) of detecting two photons separated by an interval
T (two-level atom; resonant irradiation WL = Wo; W1 = 10 r).

tr[DbU(t+r, t) D;;:o-(t) D;tU+(t+r, t) Dt] == q(Bb' t+rIBa, t)p(Ba, t), (2)

p(Ba, t) = tr[D;;: o-(trD;t], (3)

q(Bb' t+rIBa, t) = tr[Db U(t+r, t)Ea(t) U+(t+r, t) Dt], (4)

Ea(t) = (D;: o-(t) D;t)jtr[D;: o-(t) D;t]. (5)

The interpretation of this result is straightforward. The term p(Ba, t) is simply the probability
of detecting one Ba photon at time t. Immediately after this detection process, there is a 'reduc
tion of the wave packet' and the state of the system is described by the (normalized) reduced
density matrix Ea(t). Starting from this new state Ea(t) at time t, the system th en evolves and
the probability for detecting one Bb photon at time t+r is simply given by q(Bb' t+r\Ba, t).

Since 0-( t) appears in (5) between the lowering component D;;: at left and the raising com

ponent D;t at right, the reduced density matrix Ea(t) is restricted to the atomic ground level g.
Such a result expresses the well known picture of an atom undergoing a 'quantum jump' from
the excited level e to the ground level g wh en emitting the detected photon. ln order to be
able to emit a second photon, the atom must be re-excited by the laser light which requires

a certain amount of time. This is why q (Bb, t+ r 1 Ba, t) starts from 0 for r = 0 (antibunching
effect) .

Let us illustrate these general considerations with the simple case of a two-level atom saturated
by an intense resonant single mode laser beam. One finds in this case (omitting the polarizations
Ba and Bb which play no role) that

P (t)

q(t+rlt) =l~ }= ir [1-exp (-1Fr) cos W1 r],
[ 14 ]
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where F is the natural width of e and Cùl is the product of the atomic dipole moment by the
laser electric field. ln deriving (6), we have assumed Cùl }> F (intense field limit). The oscil
latory behaviour of P (T) = pq (T) (figure 1) reflects the well-known damped Rabi oscillation
of a two-Ievelsystem starting from the lower level and reaching a steady state where both levels
are equally populated. The characteristic time of the antibunching effect (width of the
'antibunching hole') is of the order of the Rabi period, 1/ Cùl> which is much smaller than the
radiative lifetime r-l of e.
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FIGURE 2. Jg = t ~ Je = t transition.

3. How TO CHANGE ANTIBUNCHING SIGNALS WITH POLARIZATION EFFECTS

ln this section, we suppose that the upper and lower atomic states have a Zeeman degeneracy,
which leads to the possibility of detecting fluorescence photons with different polarizations.
Such a degree of freedom could be used for obtaining quite different antibunching signaIs.

Consider for example a Jg = i ~Je = i transition (figure 2) saturated by n-polarized laser
light, and suppose that circular analysers are put in front of the two photodetectors. One can,
for example, be interested in the probability P (cr+, T Icr+) of detecting two cr+ photons separated
by an interval T or in the probability P(cr_, T Icr+) for detecting a cr+ photon followed, a time T

later, by a cr- one (we have suppressed the t-dependence of P which does not appear in steady
state as for the two-Ievel case: see equation (6)) ..

These two probabilities are calculated as eXplained in § 2 and one obtains

P(cr±, T; cr+) = P(cr+) q(cr±, Tlcr+), }

p(cr+) = iF,

q(cr±, T Icr+) = iF [(1 + exp (- iFT)) - (exp (-1FT) + exp (-12FT)) cos Cùl TJ.

(7)

The striking difference between these two results, represented in figure 3, canbe simply inter
preted as follows. The 'reduction of the wave packet' following the detection of the first cr+

photon puts the atom in the - iground sublevel. Then, the n-polarized laser excitation induces
a Rabi oscillation between the two - i sublevels of e and g. After half a Rabi period, the atom
has a great probability (of the order of 1 if (1)1 }> F) of being in the upper - i sublevel, and,
consequently, the probability of spontaneously emitting a cr- (or a n) photon is large (about
4 times larger than in the steady state where aH the populations have the same value 1). This
explains the rapid growth of P (cr-, TI cr+) and the ratio between its maximum and asymptotic

r :1 f) ]
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values. On the other hand, for ernitting a second a+ photon, the atom must necessarily. be
re-excited during the time 7 from the -1sublevel of g to the +l sublevel of e. However, such
a re-excitation requires spontaneous transitions since the 1t-polarized laser excitation only
couples sublevels with the same magnetic quantum number m. This explains the slower growth
of P(cr+, 710+) which is determined mainly by the characteristic time r-1 of spontaneous
emission, even if the Rabi oscillation (which is also visible on such a signal) has a much shorter
period.

'+
b

'+
b

time, T

FIGURE 3. Variations with T of the probabilities P(CJ±, TI CJ+) for detecting one CJ+ photon followed, a time T later,
bya CJ± photon (Jg = t - J. = t transition; resonant irradiation wL = Wo; w1 = 10 T).

Similar calculations could be made for higher J values. The existence of different Rabi
frequencies associated with different Zeeman components, which leads to more complex
fluorescence spectra than for the two level case (Cohen-Tannoudji & Reynaud 1977a), would
give rise to beats in the photon correlation signaIs.

4. PHOTON CORRELATION SIGNALS lN THE DRESSED ATOM PICTURE

The dressed atom approach provides a simple interpretation of fluorescence and absorption
spectra in intense laser fields (Cohen-Tannoudji & Reynaud 1977b, c, d). We show in this
section how it can also be applied to photon correlation signaIs, leading to an interpretation
oftheir modulation as quantum beat effects appearing in radiative cascades.

ln the dressed atom picture, one first èonsiders the system formed by the atom and the laser
photons. Figure 4 (a) shows sorne unperturbed states of such a system in the simple case of
a two-Ievel atom: the two states le, n) and Ig, n+l) (atom in e or g in the presence ofn or
n + 1 laser photons) are separated by the detuning ô = Wo - WL between the atomic and laser
frequencies. The atom-Iaser interaction introduces between these two states a coupling lWI

which leads to the dressed atom energy levels of figure 4 (b). The two states Il, n) and 12,n),

which are sorne linear combinations of 1 e, n) and 1 g, n + 1), are separated by a splitting:

w = (wî+ ô2)t.
[ 16 ]
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Similar considerations apply to 1 e, n - 1), 1 g, n), Il, n - 1) and 12, n - 1) which are at distance
WL below, and to aIl other multiplicities (not represented on figure 4) ..

The coupling of the atom with the empty modes of the electromagnetic field is described by
a master equation, which can be written in the dressed atom basis {Ii, n)}. Such a basis is
particularly convenient when the dressed atom levels are weIl separated (w ~ F), which implies
either intense fields (wl ~ F) or large detunings (181 ~ T). Resonance fluorescence can then
be described as being due to spontaneous transitions between the dressed atom levels. The
allowed transitions, which correspond to the non-zero matrix elements of the atomic dipole
moment D, connect adjacent multiplicities and are represented by the wavy arrows of figure

4 (b). This provides a straightforward interpretation of the triplet structure of the fluorescence
spectrum, first predicted by Mollow from a different approach (Mollow 1969): the frequencies
WL + w, WL - W, WL are associated respectively with the transitions Il, n) -'1- 12, n - 1);
12, n) -'1-11,n-l), Ii,n) -'l-li, n-l) (i = 1,2).
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FIGURE 4. (a) Some unperturbed states of the system atom-Iaser photons. (h) Corresponding dressed atom states.
The wavy arrows represent the allowed spontaneous transitions between these states.

To return to the photon correlation signal given in (1), this can now be expre.ssed in the
dressed atom basis rather than in the bare atom one. The corresponding calculations are given

in the appendix. Bere we will just outline sorne simple physical pictures emerging from these
calculations.

The photon correlation signal appears (in the steady state régime and for w ~ F) as

a product of three terms which are associated with the processes represented on figure 5. The

first process (figure 5 (a)) corresponds to the detectio~ of the first photon which puts the atom
in g: the dressed atom, starting from one of its energy levels, is projected into a linear super

position of the two sublevels of the adjacent lower multiplicity (1 g; n) is a linear superposition
of Il, n - 1) and 12, n - 1») described by a projected density matrix having diagonal as weIl as
off-diagonal elements (respectively left and right parts of figure 5 (a)). Then, the dressed atom
evolves during the time T, which corresponds to a spontaneousradiative cascade (figure 5(b)).

During such a cascade, a redistribution of the popùlations TCl and TC2 occurs as weIl as a damped
oscillation of the off-diagonal elements. FinaIly, we have the second detection process, repre~

sented in figure 5 (c). Since the density matrix before this detection process has diagonal as
weIl as off-diagonal elements, the signal now contains static and modulated components

(respectively left and right parts of figure 5 (c)). Note the difference from the first detection
process, where we start from the purely diagonal steady state density matrix.

[ 17 ] 17-2



228 C. COHEN-TANNOUD]I AND S. REYNAUD

The previous analysis clearly shows that the modulation of the photon correlation signal is
due to the 'coherence' between the two sublevels, Il, n-l) and 12,n-l), introduced by the
first detection process. Such a process plays the same role as the percussional excitation which,
in a quantum beat experiment, prepares the atom in a coherent superposition of two excited
sublevels. Note however that the situation represented in figure 5 corresponds to a radiative
cascade so that it wouId be morejudicious to compare itwith perturbed correlations in atomic
or nuclear radiative cascades (Steffen & Frauenfelder 1964).
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2,n'
1

\ /
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\/
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FIGURE 5. (a) Detection orthe first photon in the dressed atom picture. (b) Evolution orthe system during

the time 7. (c) Detection or the second photon.

5. PHOTON CORRELATION SIGNALS WITH FREQ.UENCY SELECTION

Up to now, we have implicitly supposed that the photodetectors are broad band detectors
with extremely short response time. The discussion of the previous section shows that the two
detection processes can be considered as instantaneous as soon as the bandwidth ôv of the
photomultipliers is large in comparison with the beat frequency w. Note the analogy with
quantum beat experiments where the spectral width of the exciting pulse must be larger than
the atomic structure giving rise to the beats (broad band condition).

This leads us to investigate the modification of the photon correlation signaIs which would
result from the insertion of frequency filters in front of the photodetectors. More precisely, we
will suppose that these filters, centred on one of the three components of the fluorescence
spectrum (CùL + W, CùL - wor CùL), have a bandwidth Ôv that is small compared to w (only one

component is selected~ but large compared to r (the filtered component is not distorted):

r ~~v ~ w.

[ 18 ]
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The analogy with quantum beats discussed above suggests that the modulation at win the

photon correlation signal should disappear in such a case. This is what actuaIly occurs: each
frequency filter selects one particular frequency component of the dipole moment D so that
the modulated terms sketched on the right part of figure 5 vanish, since two different frequency

components of D simultaneously appear in every detection process.

~ ~--------------
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time, T

FIGURE 6. Variations with T of the probabilities P (wL + W1, T 1 wL + w1) for detecting one WL + w1 photon
followed, a time T later, by a wL+ W1 photon (two-level atom; resonant irradiation WL = Wo; w1 Ji> r).

The signal can now be entirely described in terms of populations (as shown in the left part

of figure 5). Suppose, for example, that the first filter is centred at WL+ w. The first detector
is then only sensitive to transitions of the type Il,n + 1) -7- 12, n). After this first detection, the
dressed atom state is projected into 12, n). Consequently, it cannot emit a second WL+ w

photon immediately afterwards since no WL+ w transition starts from this levelJ2, n) (figure
4 (b)). The probability P ( WL+ w, 71 WL+ w) for detecting two WL+ w photons separated by
a time 7 exhibits therefore an antibunching behaviour. On the other hand, one WL- w photon
can be emitted from the 12, n)state (figure 4 (b)). lmmediately after the detection of the
first WL+ w photon, the population 1tz oflevel 12, n) has a value 1, larger than the steady state
value (reached for large values of7), so that P( WL- W, 71 WL + w) exhibits a bunching behaviour
(the apparent contradiction with the general discussion of § 2 which excludes bunching effects
in single atom fluorescence is removed by noting that the filtering devices store the emitted
photons during a time (6.11)-1 much larger than (W)-l). We have illustrated these considerations

in figure 6, which gives the two probabilities P (wL ± W1, 71WL+ W1) calculated in the simple
case of a resonant irradiation (8 = 0; w = w1).

ln the off-resonant case (1 81 ~ w1; W ~ 1Wo - WL1), the fluorescence spectrum can be inter
preted perturbatively: the central component WLcorresponds to the Rayleigh process of figure
7 (a) while the two sidebands at frequencies wA = 2wL - Wo and WB = Wo are associated with
the second order nonlinear scattering pro cess of figure 7 (b). We have represented on figure 8

the tWQ frequency filtered correlation signaIs that appear at lowest order (Le. (w1/8)4, aIl
others being ofhigher order). The variation ofthese two signaIs can be analysed from the same

perturbative approach. The probability P (WL>7 1 wL)for detecting two Rayleigh photons

separated by an interval 7 do es not vary with 7. This is due to the fact that the two corr~spond
ing Rayleigh scattering events are uncorrelated. Although the diagram of figure 7 (b) is of
higher order than the one of figure 7 (a), it can give rise to a photon correlation signal of the

[ 19 ]
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same order. After the absorption of two laser photons and the emission of the WA one, the
atom reaches level e (figure 7 (h)) from which it has a great probability for emitting one WB

photon. This explains also the exponential decrease of P (WB' T 1 WA) with the radiative lifetime
F-l. Hone calculates the probability P(WA' TI WB) ofemission of the two photons WA and WB

in the reverse order, one finds a much smaller quantity (in (wd 8)8) independent of T. This
shows that, for each nonlinear scattering process, the two photons WA and WB appear in a
certain order with a delay of the order of r-1 and that, for detecting them in the reverse order,
one requirestwo independentscattering processes.

e //////////////. e

Ii~ g
la) (~

FIGURE 7. Perturbative interpretation of the three components of the fluorescence spectrum for large
detunings: (a) Rayleigh component. (h) Sidebands WA = 2wL- Wu and WB = Wu.

time, T

FIGURE 8. Variations with T of the probability P(wB, TI wA) for detecting one photon WA followed, a time T later,
bya WB photon. The probability P(wL, T 1 wL), denoted by the broken line, for detecting two Rayleigh
photons w), does not depend on the interval T.

ApPENDIX

ln this appendix, we find explicitly the photon correlation signal in the dressed atom basis
Ii, n). The notation is the same as in Cohen-Tannoudji & Reynaud (I977h).

Because of the quasi-classical character of the laser field, the various elements of the density
matrix u(t) may be written as

<i, nlu(t)lJ, n-p) = pfj(t) po(n), (A 1)

where po(n) is the normalized distribution of .the number of photons in the laser and the
pfj(t) are sorne reduced density matrix elements. We will omit the symbol p for the elements
corresponding to p = 0: i.e., for the populations ni = P~i of the dressed atom states and for the
coherences' Pij = p~j between states of the same multip licity.

The only non-zero matrix elements of the dipole moment D between the dressed atom states

are di} =<~, n- 1 IDI!, n), ~} (A 2)dt ~ <z, n+ 1 IDIJ, n) = (dji)'"

[ 20 ]
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(we therefore ignore the vectorial character of D). ln order to get a simple expression for the
correlation signal, we decompose the lowering and raising parts of D in their frequency
components: D- = ~ D0;

ij
D+ - ~ Dt,

ij
(A 3)

By introducing this decomposition (A 3) of D into the expression (1) of the photon correlation
signal, one obtains:

where

D0 = d0 ~ Ii, n-l) (j, ni).Dt = dti ~ Ii, n+ 1) (j, ni
n

P(t+Tlt) = ~ ~ ~ ~ Pijklpqrs(t+Tlt),
ijkl pq rS

Pijklpqrs(t+Tlt) = (Dt(t) Dt(t+T) Dpq(t+T) D:;:;(t).

(A 4)

(A 5)

(A 6)

By using the quantum regression theorem (Lax 1968), this expression is transformed into

Pijklpqrs(t+ Tlt) = [OIPdtz dpq p(qk, Tlrj)] [dti d:;:;Psi(t)], (A 7)

where p(qk, TI1j) is a Green function of the master equation; p(qk, TI1j) is the value of Pqk(T)

corresponding to an initial state where only Prj(O) is non-zero (Prj(O) = 1). Because of the
secular approximation, the elements Pij( t) evolving at different frequencies are not coupIed ;
the off-diagonal elements (i i= j) are only coupled to themselves and they tend to zero after
a transient damped oscillation. The populations are coupled together and they r,each a steady
state régime after a time of the order of T-l. This allows sorne important simplifications of
expression (A 7): first, if we neglect the transie nt contribution of atoms entering the laser
beam, only the steady state populations contribute to the second factor of (A 7) (which implies
s = i); then the only non-zero Green functions correspond either to the damped oscillation
of a 'coherence' (q = r, k = j, r i= j), or to the redistribution of the populations(r = j, q = k).

The corresponding contributions to P(t+TJt) can be written (respectively for the two types of

terms): 0IP0siOqrOkj [dJtd;;;] p(1j, rit:/) [dtd;illAoo)] (A 8)
w~ ri=j

OlpOSiOqkOrjTlklI(k, Tlj) [TjiIIi(oo)], (A 9)

where Tji is the transition rate from level Ii, n) to level Ij, n-l) (Tji = dtdji = Idjil2) and
II(k, Tlj) is the population IIk( T) corresponding to an initial state where only IIj(O) is different
from 0 and equal to 1. Note that p(1j, TI1j) is simply equal to exp (-LrjT) exp (-iWrjT) where

wrj is the energy difference between levels 1r, n) and Ij, n) and Lrj the width of the WL + wrj

component of the fluorescence spectrum. The right and left parts of figures 5 (a), 5 (b) and 5 (c)

correspond respectively in the algebraic expressions (A 8) and (A 9) to the terms dtf d;i IIi ( (0)

and TjiIIi(oo), p(1j, TI1j) and II(k, Tlj), dJtdi;: and Tlk'

If one uses frequency filters satisfying condition (9), only certain terms of the type (A 9)
. coritribute to the signal. These are the ones for which Tji and Tlk correspond to the mean

frequencies of the two filters. For example, the various signaIs represented on figures 6 and 8
. are easilyfound to be

P ( WL ± W1, T; WL + (1) = (iT) 2 !(1 :+ exp ( - TT / 2)),

P( wL, T; WL) = (TwîJ4à2)2,

P(WB' T; WA) = (Tw~/402)2exp (-Tr).

[ 21 ]
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Discussion

R. K. BULLOUGH (Department of Mathematics, U.M.1.S. T., P.O. Box 88, Manchester M60 lQD,

U.K.). 1 should like to raise the question of how far the antibunching of photons in. resonance
fluorescence is concerned with photons at aIl. It is fair to say that the argument for considering
the intensity-intensity correlation function G(2)(7) in the form G(2)(7) == {D+(t)D+(t+7)

D-(t+7)D-(t) considered by Dr Cohen-Tannoudji goes most easily in terms of quantized
field operators. But, given this form of the correlation func!Ïon, the antibunching becomes
solely a property of the atom rather than the field. For a 2-level atom at 7 = 0 and t = 0,
as Cohen-Tannoudji has mentioned, D- cannot lower the atom twice - in photon language,
it cannot emit a photon and then another (correlated) photon without the atom first
returning to its excited state before emitting the second photon. However, it is the transitions
of the atom we are concerned with in this description and not the photons. ln the steady
state t = 00, and aU finite t, one also has the operator property for 2-level atoms
(D+(t))2(D-(t))2 = 0 for 7 = O. Again this is strictly a property of the atom.

My coUeague Dr S. S. Hassan and 1 have calculated the value of G(2)( 7) for a 2-level atom
driven by a single mode coherènt state field and bathed in a multimode broad band chaotic
field. 1 shaU quote the results in a number oflimiting cases in one moment, and they certainly
indicate the significance of the atom to this sort of antibunching. First of aU 1 wouId Iike to
make a comment on the corresponding resonance fluorescence spectrum.

We have calculated this exactly (Hassan & BuUough 1977)t. !ts generai features are a Iight-
tOur' exact solution' assumes rotating wave approximation for the coherent field but not for the chao tic,

but involves a decorrelation of the chao tic field from the atomic inversion. The result is then obtained in
closed form as a closed expression for the Laplace transform on 7.
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shifted asymmetric (even on resonance) spectrum consisting of three peaks in the case when the
Rabi frequency 21AJ }> nk;To (nk, is the mean occupation number of the chaotic mode on
resonance with the vacuum shifted atomic frequency; To is the A-coefficient). ln the weak

coherent field case, 21AI ~ To, nk;To, the: inelastic· spectrum! is essentially a light-shifted
Lorentzian characteristic of the broad band chaotic field and the Einstein rate equation
régime. Superimposed on this are two Lorentzians, neither being light-shifted at resonance,
but having relative order 1 A 12 To 2. Then there is the elastic scattering 8-function of strength
<D+( 00) <D-( 00). This classical result obtained from the exact quantum theory is the
reason for believing that atoms scatter through the electric dipole moment induced in them by
the incident electric field. It is the source of Professor Buckingham's analysis (paper 4 follow
ing) and indeed of all the work presented at this meeting for discussion! Far enough off
resonance it will always dominate the single atom scattering processin S(k, w) but for resonance
scattering with incident fields of about 1 mW cm-2 or above it is necessary to consider dynami
cal Stark effects of this kind as well as the classical dipole scattering. No many-body theory as
comprehensive as this has yet been constructed.

We have also calculated G(2)(r) exactly. Our method of calculation differs from the dressed
atom method of Dr Cohen-Tannoudji and involves the use of operator reaction field theory.
1 have been particularly delighted by his demonstration both here and on previous occasions,
that a driven atom problem can, by changing to the dressed atom basis, be treated as a spon
taneous emission problem in which the dressed atom cascades down its own sequence of Bohr
energy levels emitting fluorescence photons as it does so. The method is particularly effective
in yielding positions, weights and widths of peaks in the strong single mode coherent field
limit for quite complicated multilevel atoms. We have indeed been so delighted by the dressed
atom picture that my colleague Mr E. Abraham has derived the master equation Dr Cohen
Tannoudji quotes from reaction field theory by transforming to the dressed atom basis. It can
be derived exactly.

Outside thestrong field single mode régime, however, we find the dressed atom picture
somewhat less effective. ln our opinion this very elegant transformation is not well adapted to
the exact solution of the atom-mixed coherent-chaotic field problem. (Dr Cohen-Tannoudji
may not agree however?)

1 quote our results for G(2)(r). Notice that each result takes the form p(t)II(r) q~oted by
Dr Cohen-Tannoudji. Furthermore p(t) == Hl + R3(t)), and R3(t) is the atomic inversion so
that P(t) is indeed the probability of the atom being in its upper state. The general form is an
aspect of an extended form of the quantum regression theorem, although we nowhere appeal
to this theorem. If the field is quantized it amounts to commuting free field and matter
operators but there are arguments why this can be done even in this quantized case and so there
may be no evidence of photons here either.

The results for G(2)(r) are:
. (i) Exact resonancc, strong coherent field (21AI }> nk,To):

G(2)(r} = Hl + R3(t) )[1-exp {- (1+nk,)To r}{cos (2JAJr) +3(î + nk,) (To/2IAi) sin (2IAlr}].

The result is that quoted by Dr Cohen-Tannoudji except that the A-coefficient is power
broadened by the chaotic field (but not in the (1+ 2nk,)To Einstein rate equation form) and we
include Rabi oscillations of order ToJAI-l in phase quadrature as the leading correction from
our exact solution.
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This solution both bunches and antibunches but G(2)(0) = o.

(ii) Exact resonance, weak coherent field, (nk;rO' ro ~ 21AI or !rO+2rOnk: > 4IAI):

G(2)(r) = H1+Ra(t))[gl-g2exP (-!ror)-gaexp{-ro(1+2k;)r)],

_ 2(r5nk; + 41A12) _ 81AI2
gl - r5(1+2nd ' g2 - r5(!+2nk;)'

g _ 2r5nd2nk;+!) -41A12
a - r5(1 + 2nk;) (2nk; +t)

This resuIt only antibunches and G(2)(0) = O. This weak coherent field case contains three
further cases of interest within it.

(iii) Weak coherent field, no chaotic field (nk; = 0):

G(2)(r) = 2JAI2ro2(1+Ra(t))[1-exp (-tror)]2.

This resuIt agrees with that ofCarmichael & Walls (1976). t Itonly antibunches, and G(2)(0) = O.

(iv) Pure chaotic field (lAI = 0):

G(2J(r) = t(1+Ra(t))nd2nk;+1)-1[1-exp{-ro(1+2nk;)r}]

= [nk;(2nk; + 1)-1]2[1- exp {- ro(1 + 2nk;)r}J,

for t = 00. This G(2)(r) only antibunches, and G(2)(0) = O.

(v) Pure spontaneous emission (nk; = lAI = 0 - our initial condition is that the atom starts
in its upper state at t = 0):

G(2)(r) = 0 for aIl r > o.

It is obvious that the spontaneously emitting atom is the best of aIl antibunchers; once it has
emitted its photon (fallen to its ground state) it cannot emit a second one and so it remains in
that ground state).

The case (iv) illustrates the key role of the atom, since the G(2)(r) for the pure chaotic
field without the atom is bunched with G(2)(0) = 2 x intensity squared (so that G(2)(0) = 2:

the Hanbury Brown-Twiss situation). Indeed, aIl five results illustrate the point that the
antibunching feature is particularly associated with the atom. Thus the photons must at
best be associated with the measuring process for it is this which suggests we calculate G(2)( r)

in the form Dr Cohen-Tannoudji assumed.
ln final comment it might be helpful actually to show the form of the spectrum for a 2-level

atom in the mixed coherent-chaotic field. The chaotic field can be characterized for present

purposes by two numbers, nk; and na' ln the absence of the coherent field the light shift
.11 == naro1t-1. ln an additional strong resonant coherent field the central peak of the three
peaked spectrum shifts t.11: the side bands each shift i.11• The number na can be about 5 for

a broad band chaotic field of 5 mW cm-2 per MHz and for sodium D2 transitions (ro ~
50 MHz) .11 ~ 80 MHz. Figure 1 shows the resonant spectrum for lAI = 5ro, nk; = 1 and
na = 0, 1,2,5 and 10. The different curves may be identified by the movement oftheir central
peaks as na increases. The abscissa is (w - Wk)ro1: Wk is the laser frequency on exact rcsonance

t Result (i) for nk; = 0 was also first reported by Carmichael & Walls. We reported results (i) (for nk; = 0)
and (iii) at the one-day International Conference on resonant light scattering, at M.LT. (30 April 1976), and
1 believe Dr Cohen-Tannoudji had similar results then.
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with the vacuum shifted atomic frequency ck~. As the laser is detuned from resonance a single

Lorentzian centred near the vacuum shifted frequency, but still Stark shifted, emerges, so that
off resonance the light shifted asymmetry is crushed by the asymmetry due to the chaotic field

0.50

0.40

0.30

0.20

0.10

o
-20 20

FIGURE 1. Asymmetrically light shifted three peaked resonance fluorescencespectrum. Exact resonance.

0~16

0.12

-200 -100

FIGURE 2. Strong opposite asymmetry developed by increasing detuning of the laser.

spectrum. Figure 2 shows the spectrum for lAI = 50Fo, nk; = na = 5 and detuning 0, - 20, ... ,
- 200 in units of Fo. The emergence of the chaotic field peak associated with the Einstein
rate equation régime is quite spectacular and shows how this régime domina tes the non
resonant scattering process. The classical elastic scattering 8-function is not plotted on the
Figures but is of course present in each case though is relatively weak on resonance.
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University of Rochester, New York ..

C. COHEN-TANNOUDJI.For a fermion field, the second order correlation function <1r(r, t)

1r(r, t+r) 1>+(r, t+r) 1>+(r, t) always·vanishes for r = O. This antibunching effect is
certainly a property of the fermion field. On the other hand, for a photon field, Glauber has
shown that, depending on the state of the field, the second order correlation function
<E-( r, t) E-( r, t + r) E+( r, t + r) E+( r, t), may exhibit either bunching or antibunching
behaviour. For a field emitted by a source, such behaviour obviously depends on the atomic
properties of the source.One predicts a continuous transition between antibunching (single atom
source) and bunching (ensemble of many independent atoms). Coming back to the single
atom case, it is clear that the emitted field is related to the atomic dipole. Since this atomic
operator has a quantum nature [D(t) and D(t') do not commute when t i' t'] one cannot
ignore the quantum nature of the field, and this explains why one cannot construct a classical
random field leading to the same result as the full quantum theory. On the other hand, for
a many-atom source, crossed terms between the fields emitted by different atoms become
predominant. Since different dipole moment operators generally commute (uncorrelated
atoms), it becomes possible in this case to simulate the results with a classical chaotic field.

Mathematically, the dressed atom approach consists in choosing a particular basis of states
(the eigenstates of the atom-laser mode subsystem) for writing equations of motion including
the effect of the coupling with the empty modes. Such a basis is particularly convenient in the
strong field régime since, in such a case, the non-secular terms associated with spontaneous
emission (coupling with the empty modes) have a negligible 'contribution in comparison with
the secular ones. Neglecting these non-secular terms leads to simple equations having a simple
physical interpretation. However, if one keeps the non-secular terms, one gets exact equations
which are also valid in the weak field regime and which can be shown to be strictly equivalent
with the semiclassical equations.

We think that thedressed atom approach can be easily extended to the situation of an atom +
mixed coherent chaotic field. One has to introduce first the energy levels of the single mode
laser-atom system (dressed atom). The effect of the broad band chaotic field can then be
described in this basis by a master equation quite analogous to the one describing spontaneous
emission. One obtains new terms describing absorption and stimulated emission processes
induced by the chaotic field between the dressed atom energy levels. Such an approach may
be shown to lead to simple physical interpretation for the asymmetry of the fluorescence
spectrum (analogy with collision induced fluorescence).

J. M. VAUGHAN(Royal SignaIs and Radar Establishment (S), Great Malvern, Worcs., V.K.). After the
interesting paper of Dr Cohen-Tannoudji 1 thiu'k it is worth commenting on the difficulty that
is likely to be experienced in observing true photon antibunching. We have been interested in
this problem at R.S.R.E. and in a recent letter due toJakeman etal. (1977) we point to the prob
lem when a randomly fluctuating number ofatoms is observed. We comment that in the recent
experiment of Kimble et al. (1977) antibunching, with a non-classical intercept of the intensity
correlation function less than unity, is attained only after making a heterodyne correction.
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This correction factor may not be physically realistic, and if it is neglected the experimental
intercept is in fact unity within experimental error. Our calculation derives the expected
intercept when the source contains a fluctuating number of atoms each emitting antibunched
radiation. ln the case of a Poisson distribution of atoms, the extra degree of randomness leads
to a predicted value of the intercept of exactly unity. According to this view, in present experi
ments the antibunched character of radiation from a single atom may be inferred but has not
been observed.

Similar considerations are likely to apply to the ingenious possibilities outlined by Dr
Cohen-Tannoudji, and it would seem that antibunching will only be observed when a fixed,
small number of atoms or molecules, preferably only one, is examined.
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C. COHEN-TANNOUDJI.ln the present paper we are interested in the fact that, in single atom
fluorescence, the distribution of relative arrivaI times of photons, P(7), is an increasing function
of 7 around 7 = 0, contrary to what is observed in Hanbury Brown & Twiss's experiment
(where it is a decreasing function). Such a behaviour is not destroyed by fluctuations in the
number of atoms, provided that the mean number of atoms in the observation volume is
sufficiently small: P( 7) remains an increasing function of 7 around 7 = 0, even if P(O) is no
longer equal to zero. Similarly, the different schemes proposed here for increasing the width
of the 'hole' of P(7) around 7. = 0 remain valid inpresence of fluctuations of the number
of atoms.
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