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Intensity correlations in cavity QED
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The second-order intensity correlation function of light transmitted out of a cavity QED system exhibits the
nonclassical features and dynamics of the atom-field interaction. We present measurements of the intensity
correlation to examine the size of the nonclassical features and the dependence on driving intensity, detuning,
and the strength of the atom-field coupling. We use a model that takes into account experimental conditions to
achieve a quantitative agreement with the observations.

PACS numbg(s): 42.50.Dv, 42.50.Ct, 32.86t

[. INTRODUCTION agreement with a model incorporating experiment condi-
. . . L [tions. In addition, we show the dependence of the correla-

_ The second-order intensity correlaﬂo_n funct_lon IS @ Sensitiong on intracavity intensity, atomic detuning, and the num-
tive probe of the quantum nature of light. Since quantumper of atoms, along with qualitatively different intensity
phenomena are intimately related to discrete changes, therrelations with very large size.
manifest themselves on the intensity fluctuations of light. The paper is organized as follows. In Sec. I, we describe
The correlation function quantifies the intensity fluctuationstheoretical models for the system. Section Ill discusses gen-
of light, and probes the system by performing a conditionaleral characteristics of the intensity correlation function. Sec-
measurement of the intensity in the time domain, with thetion IV reviews theoretical models, and discusses our modi-
possibility to reveal the underlying dynamics of the systemfications. Section V describes the apparatus and experimental
Nonclassical light fields exhibit intensity correlations which procedures. We present our results in Sec. VI, and our con-
cannot be produced by a classical stochastic process. clusions in Sec. VIL.

A cavity QED system consisting of one or more two-level
atoms coupled to a single mode of the electromagnetic field
of an optical resonator has been important in elucidating the The cavity QED system consists of a single mode of the
interaction of light with matter. Together with the laser andelectromagnetic field interacting with a collection of two-
the optical parametric oscillator, cavity QED serves as a prifevel atoms. The single mode of the field is defined by two
mary experimental system in quantum optics. The atomspherical mirrors that form a standing-wave optical cavity.
cavity system, originally studied by Jaynes and CummingdAn optically pumped atomic beam crosses the mode waist.
[1], has evolved from optical bistabilitfOB) [2] to cavity  Dissipation plays an important role as both the atoms and the
QED. The evolution has not been serial; rather, the two aredéeld couple to reservoirs. An atom can spontaneously emit
developed, and many of the discoveries in OB are now paright into cavity modes other than the preferred mode, and
of cavity QED(see, for example, the contribution by Kimble light inside the cavity can escape through the mirrors. The
in Ref. [3]). fractional solid angle subtended by the cavity mode ?s small

Our work is preceeded by a long and distinguished list offNough ¢-10~°) that we do not have to make corrections to
explorations of the effects of strong coupling between arj’€ atomic decay rates. We drive the system with a field
atom and a cavity, including vacuum Rabi splitting for anniected through one of the mirrors. We detect the light that

atom in an optical cavity4,5], the micromasef6], the mi- eS(_:I_ahpes frc:(m thgga;/ity thcrjougz th? output mirror. al and
crolasel 7], and the temporal evolution of both a microwave € work on [2] produced a large experimental an

. theoretical literature on the transmission properties of an op-
field probed by the st_ate .Of a Rydberg atgBi and the tical cavity filled with two-level atoms. We use that knowl-
analog system of an ion in a rf trg@®]. Of fundamental

) . . . egge to understand the structural features of the cavity QED
Importance to this paper is the observation and measuremegystem_ These include effects that can be explained without

. d ; .. considering quantum correlations between the atoms and the
that showed the nonclassical effect of antibunching in Cav'%eld, such as the transmission spectrum, characterized at low

QED. This work found that, unlike in resonance fluores-; . - :
cence, antibunching in cavity QED did not depend strongly'rgt:;;rl]tgeb&; tgtigaeiléﬁ;igmibhgoumﬁll131 and the time

on the numbgr OT atoms mvolve_d. O_ur_ measurements den- Several coupling rates characterize the interactions in the
onstrated a violation of the classical limitations placed on the

delayed correlations, and also verified the intensity depen§y3tem' The coherent dipole coupligg is defined as
2 1/2
pew )

II. DESCRIPTION OF THE SYSTEM

dence of the oscillation frequeng¥1]. These initial findings

merely scratched the surface. In particular, a significant dif- 90= (m
ference existed between the measured correlations and the

theoretical predictions. In this paper we present observationshere u is the transition dipole momeng is the transition
of the intensity correlation function, and show a quantitativefrequency, and/ is the cavity mode volume. There are three

@
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dissipative rates; one for decay of the field from the caxity whereo! ando’, are the lowering and raising operators for

an;! (i_ne fl(_)fr t(_jecay fo{hthe f‘tor_“"’t mve_gcm: dl/T fT_'S tthe the jth two-level atom, andS.=X;c. are the collective
radiative liretime ot the atomic transitigrand pofarization raising and lowering operators for the atorfiss the ampli-

n I-:r';cr)rz Fhuererle)t/tezgd\l/?gvceag i%?@rzst%vo dimensionless numt-u de of the driving field, and, «, andy, are the atom-cavity
- .. "coupling rate, the cavity decay rate, and the atomic polariza-

bers from the OB literature that are useful for chc";lrc";\cterlzm(_:i[ion decay rate as defined above

cavity QED systems: the saturation photon numibgrand :

the sinale at tivi Th le the infl f In theory, we can calculate everything we want to know
e single atom cooperativiig,. They scale the influence o about the system from the master equation, as the expecta-

. . ; Sfon values of operators or products of operators. In practice,
two numbers relate the rgverS|bIe dlpo'le couplmg betyveen %q. (3) does not have a general solution, so various approxi-
smgl$ atom a;]nd the ca\{lty r;:odg(r)(]) W'th the |rr§ver3|b!e mations are made to obtain results which correspond to cer-
Co?p.'ng.to the (;esgrvowg t I‘O(lj.lg cavity) an batognc tain experimental regimes. We will consider these regimes
polarization and  inversion ~ decaysy(,y) by Ci and how they apply to our experiment when we consider

A2 _ 2 : :
=0o/2xy, and no=2y, 7)/3g. These two dimensionless giterent calculations for the intensity correlation below.
numbers define the different regimes of OB and cavity QED.

The strong-coupling regime of cavity QEBy<<1 andC,

>1 implies very large effects from the presence of a single

photon and of a single atom in the system. If we assume the atoms and field are decorrelated,
Three optical frequencies interact in the system: lager  (a'S.)=(a')(S.), then the time evolution of the expecta-

cavity resonancev,, and atomic transition frequenay,.  tion values for the fielda! anda and atomic operators*

The driving laser field can be on or off resonance with the_ 1~ .o/t in the Maxwell-Bloch equatiord 7]

atomic transition or cavity resonance frequency, and so we

B. Semiclassical model

define two normalized detunings: a cavity detunify dx
=(w.— )/ k and an atomic detunind=(w,— w|)/y, . qi- K(x—y—2CP), (4)
A. Quantum-mechanical model dpP — _
E—YL(XD P), (5
The theoretical foundation for the interaction of a two-
level atom and the quantized electromagnetic field was laid dD 1
by Jaynes and Cumming4]. TR E(X P*+x*P)+D+1], (6)

The Hamiltonian for an isolated atom plus single field

mode is with x* and P* following the complex conjugate equations

A=hwoit hodlathgeratalor), (29 OfEgs.(4) and(s), respectivelyxz(é}/\/n—o is the intracav-
ity field with atoms andy=¢&/k+/ny is the field without at-
oms, wheref is the input field amplitudéin units of 1/3. P

where &% and 62 are the the Pauli operators for raising, is the normalized atomic polarization, abdis the normal-

. . . ~ N , ized population difference between the upper and lower
lowering, and inverting the atom, ared anda are the rais- Pop PP

) . . . atomic states, wittD=—1 representing all atoms in the
ing and lowering operators for the field. The elgenv.alues forground stateC=C;N is the cooperativity parameter of OB
Eq. (2) reveal the entanglement of the atom and field. Th

; i 3 or N effective atomg18]. By setting the time derivatives to
resulting coupled spectrum reveals a first excited state doUs.,q \we can find a steady-state equation for the system relat-
blet, the vacuum Rabi doublet, with states shifted by ing x andy. From Eq.(4), we see thay=x—2CP. With

from the uncoup[ed resonance. , .. atoms, the cavity fieldk consists of the sum of the driving
For our_expenmental sy§tem, a more preC|se_descr|pt|01ﬂe|d y and the collective atomic polarization CP=
must consideN atoms and include interactions with the ex- —2Cx/(1+|x|?). For intermediate intensitie( 1) the po-

ternal environment, allowing the injection and escape of €Marization is nonlinear, and can produce bistability in the

ergy via a driving field, and dissipation into reservoirs. .Atransmitted field depending on the value of the param@ter
master equation for the temporal evolution of the densr[y-l-he system is linear for low intensitiex€1):

matrix operator;} can be derived using standard techniques
(see, for example, Ref16)): y=x(1+2C). 7)

Detunings shift the phase of the intracavity field with respect
;:5[5*—5,,3]+g[é’f§_—éé+ 2 to the driving field[2], modifying Eq.(7) to

_ 2 H _ 2
¢ (20T 385 5aTA) y=x{[1+2C/(1+A2)]+i[@—2CA/(1+A?)]}. (8)

N The experimental system uses a standing-wave Gaussian
+ 260 hol — &l & p—pol o), 3 mode cavity which modifies Eq7), but for weak fields the
Yngl (207 po — oo pmpoon) ® results are the same. We define the normalized driving inten-
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g?(0)=g?(7). (11)
g@(7) can never exceed its initial value. Violation of Eq.
10001 (11) is antibunching, wherg®(0)<g‘®(0") [20]. The sec-
ond is more general:
X 19@(0)—1/=|g®(n)—1]. (12)
500 | Y i g@(7) can never be farther away from unity than it was at

7=0. The violation of either of these implies a nonclassical
electromagnetic field.

Quantum mechanically, the second-order correlation
function of the intensity i$21]

3000 (T1)i(t+7):)
= U

(2)
g =
(i(t)?
FIG. 1. Steady-state normalized transmited inten&ky of a ) )
resonant OB system as a function of normalized driving intensity/Vhere7Z denotes time ordering and the colons normal order-

(Y) for C=37.5. Y, corresponds to the driving intensity at the ing. Herel (t)=E'(t)E(t) is the intensity operator. To gain
entrance to the bistability regioiY,;ch is the driving intensity at  some insight into the relation of EGL3) to intensity fluctua-
which the intracavity intensity switches to the upper branch. tions, we consider a single linearly polarized mode and posi-

tive frequencies, so thata. For a stationary process with
7=0, we can rewrite Eq(13):

: (13

sity Y=y? and the normalized intracavity intensi=|x|2.
Figure 1 shows a plot of the intracavity intenskyersus the

the driving intensityY. The intracavity intensity exhibits bi- (a'a'aa)
stability and hysteresis. A¥ is increased into the nonlinear 9P (0) =" (14)
region pastY.;, X remains on the lower branch unt (a'a)

=Ywitch,» at which point the intracavity intensity jumps to ] Cmpn any A
the upper branch value. Lowering X remains at a high From the commutation relatioa’ a=aa’'—1, and withn
value untilY<Y,,,, at which point it jumps back down to =a'a and a variancer?=(n?)—(n)2, we obtain

the lower branch. We can define the valuesXgaf;; and

Xswitch» Which are the lower branch intracavity intensities @(0)=1+ o®—(n) (15
corresponding toY iy and Ygwitch, respectively. 9 - <ﬁ>z '
Ill. CLASSICAL AND QUANTUM-MECHANICAL The variance of the number of photons is related to prob-
CORRELATION FUNCTIONS ability of coincident photons given bg®(0). Light with

o _ _ , _ Poissonian statistics hag®(0)=1. Light with a super-
We will briefly review the correlation function and its pgjissonian statistical distribution hag?(0)>1. A sub-
classical constraints. For a stationary process, the normalizgshissonian distribution hag?(0)<1, a clear signature of a

second-order correlation function of the intensity is nonclassical field. Light whose correlation function violates
Eqg.(11) could also be, but is not necessarily, sub-Poissonian.
((1(t+ 7)) . o
g@(r)= ——-—-", (9) From the quantum-mechanical definition of the correla-
(1(1))? tion function in Eqs(13) and(14), we see that it relies on the

detection of a photon after a photon has already been de-

wherel is the average intensityg®)(7) is defined for an  tected. Using the quantum regression theorem, we can write
interval betweert andt+ 7 andg®(7)=g®®)(— 7). Attime  the correlation function ag22]

=0 we have g‘?(0)=(12)/{1)2. From this definition,

g®(0)=1. For an ideal classical light source, such as a laser ) AOXI(t+m)  (1(n)e
far above thresholdg(®(0)=1. A polarized thermal light g@(r)= 2 =7 (16)
source hasg®(0)=2. Fluctuations decorrelate at long W W

times: 7=, g (n)=1.

If the intensity|(t) is a classical stochastic process, its
two-time correlation function must obey the Schwarz in-
equality

where (I(7)). is the mean light intensity at time condi-
tioned on the event denoted loy

Given a perfect series of photon arrival times, the corre-
lation functiong®(7) is calculated by assigning the first

[(Z* (1) z(t+ 7)) 2<(Z* (D) zZ(t) (2" (t+ 1) z(t+ 7). photon timer=0, and recording the arrival times of all suc-
(10) cessive photons with respect to the oneat0. This process
is then applied to the second photon, then the third, etc. A

From Eq.(10) there are two conditions on the correlation histogram is compiled of all the arrival times, and is normal-
function g‘®)(7) for classical field§19]. The first is ized to the mean number of photons per unit time. The result
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is a probability distribution for observing a photon at time (k—7y,)2

given that one was observed at time 0, regardless of what Qo= \/9°N— — 2 (19
happened in the intervening time. Equati¢h6) demon-
strates this property by referring only to timesnd 7. This is
different than a waiting time distribution, in which a histo-
gram is compiled of the time intervals between successive 5

pairs of photons. The waiting time distribution gives infor- _ 4CiN 20
mation about the probability of observing a photon at time A=- (1+vy, /x)(1+2C;N)—2C;~ 20
given that one was detected a0, and that no photons

were observed between the two times. frer, the corre- 4 s the ratio of the change in the field to the mean field
lation function has a mean value of 1, while the waiting timegiyen that a photon is emitted. On resonance and for strong
distribution has a mean value of 0. For times much shortegoypling, this change will always be negative. As the cou-
than the average time between photoe(lzt)actric counts, the waifijing constant increasesC, increases and so does the size
ing time distribution is proportional tg*~/(7) [23], a situa-  of the discontinuity, which grows relative to the steady-state
tion achievable in the limit of low intensity, or for low de- amplitudex. For very large coupling constantiarge C,),
tector efficiency. It is imp.ortant to note that the corr_e!atiopthe jump can be many times larger than the intracavity field
function measurement is independent of detector efficiencieg The effects in this system are largely independenNof
and any linear losses in the systélream splitters, cavily  sjnce, for largeN, A is proportional toC,: A~ —2C,/(1

The amplitude of the decaying oscillations is given by

[21]. + 9, /k)+O(1/N). The weak dependence of the size of the
effect on the number of atoms is one distinguishing feature

IV. CALCULATIONS OF THE CORRELATION compared to resonance flurorescence, and was demonstrated
FUNCTION IN CAVITY QED in the initial antibunching measurements carried out by

. . .. Rempeet al.[10].

There are several approaches in the literature for finding a The jump occurs because the polarization of the medium
t_heoretical expression. fag®)(7) for this system. Calcula- increases when a photon leaves the cavity. The collective
tlpns were performed in the context Qf QB], but we con- cavity enhancement of the dipole decay rate is reduced in the
sider approaches that are more directly applicable to fatio (N—1)/N, and this increases the polarization amplitude
rT(\Nhich is inversely proportional to the damping natiter-

can be described by a density operator with its time evo'”éstingly, this is a different mechanism for production of non-

tion determined by a master equation. The first method, aPlassical light than that of resonance fluorescence. In this

plied by Carmichaekt al. [24], solves the master equation . . L 2) )
by assuming that the system has at most two excitations. T'{:ase the antibunching with=’(0) =0 results from the fact

fiat when an atom emits a photon, it has to be reexcited
second method, followed by Carmichd@b] and later ex- . : X :
tended by Brechat al. [22], relies on the assumption that before it can emit a second photon. In cavity Q&batoms

(ng.N;=1/C,)>1. Recently, a numerical approach using co_llgctiv_ely form a po!arization Whigh can exactly cqngel the
qu(gntLlJm Molnte éarlo simulétions provided new insight intodnvIng f!eld atsome time=0 foIIowmg a photon emission.
the systenf26,27] I_Dependmg on the parameters, the 0 jump in the polariza-

: o . . . tion can reverse the phase of the cavity field, and the result-
We bneflg s_ur?manzeththe t\;yo Ianalytlc _theonef]._ :]'hteskemg correlation function can exhibit bunching. Figure 2
isnet;vg cacl:scn?nt ?ﬁésegggtugf ui?nrg ;:r? aigmi%at:r)lzgr?; which ta ess_nows the ti_me evolution of th_e field and th_e resulting _inten—

' sity correlation atr>0. Following the jump in the polariza-
tion, the system evolves back to a steady state with a decay-
ing oscillatory response exhibiting the coherent coupling of

Starting with Eq.(3), we expand the density-matrix op- the polarization field emitted from the atoms and the cavity
eratorp to lowest order iné/ «, retaining states with zero, field. The oscillations can also be viewed as an interference

one, or two quanta of energy. By taking a weak-field limit between the driving field and the forward scattered field from

the result does not rely on assumptions about system size {2 atomg22,24.

characterized byng,N,1/C;>1. From the steady state,

g®(7) can be calculated as the conditional intensity given B. Small-noise expansion
that a photon was detected from the cavity. Carmiclkeael.
[24] calculated the resulting form fa®)(7) for 7>0,

A. Low-intensity theory for g@(7)

Carmichae[25] and Brechaet al.[22] made use of small-
noise approximations, i.enyg>1 andN>1, to solve for the

g (7)=|1+AF(7)|% (17) g@(7). Using the positive? representation, they converted
Eqg. (3) into a Fokker-Planck equation, and then into an
where F is a decaying oscillation, equivalent set of Ito stochastic differential equations. The
resulting drift matrix that detemines the time evolution of the
F=e PTcogQy7)+(BIQ)sin(Qg7)], (180  system is the same as the Maxwell-Bloch equations. The

main benefit of this approach is that homogeneous broaden-
with B=(k+ vy, )/2 representing the average decay rate andng can be included. This is characterized by the parameter
) the vacuum Rabi frequency in the low intensity limit:  I', wherel'=y)/2y, .
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1. Transit broadening

The atoms cross the Gaussian mode waist with a thermal
velocity, with a typical most probable velocity,~ 350 m/s.
We model this as a homogeneous broadening process which
increases the polarization decay rate. To estimate the transit
effect, we reference previous calculations done for experi-
ments studying OB 28], which allow us to determine the
amount by which they, is scaled. Specifically, the authors
of Ref.[28] calculated the effects of a thermal velocity dis-
tribution of atoms traversing a Gaussian mode on the absorp-
tion as a function of the normalized intracavity intensity,
The parameters for our system fall into the range of transit
times considered in Ref28]. We can then make use of the
linearized theory fog'?)(7) of Brecha, with al'<1 to esti-
mate the effect. We assume that the homogeneous broaden-
ing gives an overall scaling which we can determine by com-
paring the values ofy®(0) for I'=1 and the estimated
reducedl” for the particular cavity parameters. Transit time
8 - effects were also examined by Clemens and REA.

Normalized Field x/xss
] (%)

'
W
L

12 4

2. Effective atoms

4 - Atoms in the beam pass with a random distribution
through the standing-wave Gaussian structure of the cavity
mode. The number of atoms that we measure is an average of
strongly and weakly coupled atoms. Based on numerical
0 ) 4 6 beam simulations, the actual total number of contributing
atoms is a factor of-10 larger[29]. In an effort to correct
YT for the effects of atoms that are randomly distributed in the
cavity, Rempeet al.[10] extended Eq(17) by using a basis
FIG. 2. The top plot shows the dynamical response of the fieldn which the atoms are considered individually. Each atom
for 7>0 conditioned on a photon detectionzt 0. The size of the  has an effective coupling based on its location in the mode.
jump in the field is determined by the system parameters, and ishe result is nearly identical to E¢L7), except that instead
given by A. The field is normalized by the steady-state field.  of 4 one has a summation which includes contributions from

The bottom plot shows the resulting normalized intensity. They| the atoms distributed within the standing-wave Gaussian
change in phase of the field results in a peaka0. The param- cavity mode

eters aregg=11.6 MHz, k=7.9 MHz, andN=10 atoms. The time
axis is scaled in units of .

Normalized Intensity X/Xs

3. Atom number fluctuations

Number fluctuations play an important role when we op-
erate with a low mean effective number of atoms. Poissonian
fluctuations of the number of atoms alter both the effective

Several experimental realities are not considered in the

available theories. Full-scale quantum trajectory simulationé,:Oupllng frequencgo /N and the overall transmission of the

. . . ~ . “tavity system through the cooperativiByand Eq.(7). These
including the atomic beam and mode structure are beg'””'”gffec¥s };re most prgonouncedpfor Iov(\?leffecti(\]/e numbers of
to achieve quantitative agreement with our correlation me

; ) %3toms. Our intensity correlation measurement is sensitive to
surementg26]. Most of the discrepancies can be traced t0peam fiyctuations which will have a correlation time given

the atomic beam. A second significant effect is operating thy the mean transit time of the atoms. These intensity fluc-
system at a low enough intensity to justify use of the weakyyations are not taken into account by the models, in particu-
field theories. lar since all models assume a fixed number of atoms in a
Significant effects arise from the use of a thermal atomiGyeak field. The observational consequence depends on the
beam as the source of our atoms. These are transit broadefleam flux. At low beam intensities~(1 atom), a large
ing due to the finite interaction time of the atoms crossing thesunched peak can arise as the large fluctuations in the atom
cavity mode, the random atomic spatial distribution crossinghumber cause random intensity fluctuations in the cavity
the standing-wave Gaussian mode, number fluctuations afansmission. At larger effective atom numbers, we can con-
the number of atoms interacting with the field, and inhomo-sider the effect of number fluctuations through changes in the
geneous broadening of the transition from inperfect alignfrequency of oscillation. Averaging the expression for
ment and collimation of the atomic beam. We comment org'?(7) [Eq. (17)] for a series of realizations witN+ AN,
these effects, and on how we model them for our systemwhere AN is a random number from a normal distribution
below. with o= /N, will average out zeros in the correlation func-

C. Modifications to theory
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tion at delayed times. Although the amplitude of the polar- Optical Pumping Rb
ization does not depend strongly & the oscillation fre- ) | APD 2
quency scales like/N. To simulate the effect of number %%_. ',
fluctuations, as well as the Gaussian standing wave mode, T ‘/ TDC
full quantum trajectory Monte Carlo simulations are re- —I\—Cl 2
quired. Lock APD 1
4. Inhomogeneous broadening FIG. 3. Simplified diagram of the experimental setup. The Rb

Doppler broadening can significantly reduce the observe?toli‘“:gC beam is Op?hca”y E”mpfd beforehé‘lteg”? thebc?‘Vity' The
correlations. If the beam crosses the cavity mode at an ang(%Crnbiﬁg(rjn Vssssti inrolljtg sianZI obipaerL WWe Ci(etgc?rehoil)r:li rl‘:] he
0 from perpendicular, the otherwise tightly collimated beam itted sianal i P | gna I- ith the | E he ch

ires a tranverse velocity component in the direction o ransmitted signal in an alternating cycle with the lock. The chopper
acqu . . . . - C2) blocks the transmitted signal path whenever the lock is open.
the mode,vy=vsin(f), which causes the light interacting

with the atoms to acquire a Doppler sHiftv. The velocity
spread of the beam yields a spread in Doppler shifts an
detuningsA relative to the excitation laser frequency.

from g, and the measured oscillation frequengyN ob-
erved in the correlations, we sum the conditional intensity
for different numbers of atom; with a weighting given by
a Poissonian distribution with mead. For eachN; in the
sum, we perform the sum over the detuning distribution dis-
To obtain a good signal-to-noise ratio in a reasonableussed above, and also do a set of averages of the different
counting time, we operate the system in a regime where watom distributions that takes into account less than optimal
may not be in the weak-field limit. In terms of the weak-field coupling[10]. The averaging over repeated random distribu-
theory[Eq. (17)], there is an appreciable probability to have tion yields an effective4 reduced to roughly one-half the
more than two excitations in the system. We have investivalue predicted by Eq17). Finally we include transit broad-
gated the size of nonclassical effects as a function of thening effects as a homogeneous process that sc4lJEs

5. Outside of the weak-field limit

intracavity intensity. based on the change g (0) determined from the small
noise theonf22]. The experimental is estimated from OB
6. Laser and cavity jitter calculationg 28].
Laser and cavity jitter can be accounted for by consider-
ing an average over repeated realizationg@(7) with the V. APPARATUS AND PROCEDURE

cavity detuning® or the atomic detuningx fluctuating ei-
ther with Gaussian or evenly distributed fluctuations. Thes
will tend to reduce the size of the correlations. In practice
the cavity lock and laser lock are stable enough to ignor
these effects.

The experiment consists of four key components: the cav-
?ty, the atomic beam, an excitation laser, and the detector
'system. Figure 3 shows the general setup of the experiment.
&ve drive the cavity system from one side, and observe the
transmitted light out the other.

The heart of the experiment is the optical cavity. This is
D. Experimental model formed by two high-reflectivity curved mirrors coated by

We use the weak-field theory given by Ed.7) as the Research Electro-Optics. Table | shows the specific param-
basis for our theoretical comparisons. Detunings can be inéters for the cavities employed in these experiments. Each
cluded by replacinge with «(1+i®) and y; with (1 mirror is mounted to a stainless-steel holder which is inserted
+iA) [22]. The tilt ¢ of the cavity mode from perpendicular into a stainless-steel tube with a collimating slit. Piezoelec-
to the atomic beam introduces Doppler shifts of the excitalric transducers attached to the mirror holders allow us to
tion laser frequency due to the tranverse velocity componerfiontrol the mirror spacing. During measurements, a feedback
of the atomsyp sin¢. We model this as an atomic detuning '00P holds the cavity on the TE resonance. The cavity
A=uv sing/\y, . The velocities of the atoms in the cavity tube rests on a stack of sorbothane and lead, which provides
follow a Maxwell-Boltzmann distributiori28]. We perform _ _ ] _ _

a weighted summation of the conditioned fi€Jdl7( 7)) for a TABLE I._ Cavity parameters: pawty waisty, mirror separatlon
range of atomic detuning\ with weight given by a d, atom-cavity cpuplmgg/Zn-, cavity q§cay ra.tec,.saturatlon pho-
Maxwell-Boltzmann distribution. The intensity correlation is _ton_numberr;o, single-atom cooperativitg,, slit width w, and cav-
then given by Eq(17) using the weighted sum fodF( 7). Ity Input and output mirror curvaturasr.
We independently determine the mean atomic velocity from w d  gl2n B W
the oven temperature, and determine the tilt angle from th% , 0 12
e e .. Cavity (um) (um) (MH MHz) no C m) (cm
laser frequency shift that minimizes the transmission. This is” (pm) (um) (MHz) MHz) no Cy (wm) (cm
the most important contribution to bring the theory and the 1 29.7 507 775 175 02 57 200 55
experiment in agreement. 2 26.6 325 10.8 26 011 74 50 55

Atomic number fluctuations and the random distribution 3 336 83 169 485 0.04 97 50 5050
of atoms in the mode are taken into account as follows. For 4 215 430 11.6 79 009 28 50 15
a given mean number of atoms, which can be determined
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isolation from mechanical vibrations. than the signal path is open, ensuring that no lock beam light
A thermal beam of Rb atoms is produced from an effusiveenters the cavity while we collect data. The duty cycle of the
oven 35 cm from the cavity, in a chamber pumped by a larg@pen and/or closed signal is typically 1/3.
diffusion pump. Collimation comes from a water-cooled The lock and signal beams have orthogonal linear polar-
copper plate 5 cm from the oven opening, and a 3-mm slit 5zations when they are combined at a nonpolarizing beam
cm further downstream. Final collimation is provided by thesplitter before the cavity. The resulting beam is sent through
50-200um slit in the cavity holder. The oven is heated to a A/4 plate and mode matched into the cavity with typically
~430 K. A computer-controlled feedback system maintainamore than 90% of the signal beam intensity into the TEM
the temperature of the oven within0.1 K. The 1-mm-wide mode. The circular polarization is in the same sense as the
oven opening and the aperture before the cavity form a beamptical pumping beam. On the output side of the cavity, the
with an angular spread of 3.4 mrad. A welded bellows pro-beam passes through anothe#d plate before a polarizing
vides vibration isolation between a diffusion pump and abeam splitter sends the lock beam to a photomultiplier. The
six-way cross containing the cavity. Typical operating pres-signal beam is directed to the photon correlator, passing
sures are around>610 7 torr. A liquid-nitrogen-cooled Cu  through the chopper wheel on the way.
sleeve surrounds the cavity to reduce background atomic va- The photon correlator consists of two avalanche photo-
por. The presence of a background atomic vapor destroys th#iodes(APD’s) EG&G SPCM-AQ-151 behind an unpolar-
observed correlations. ized 50-50 beam splitter. These detectors have a quantum
The excitation source for the experiment is anefficiency of 50%, a less than 50-Hz dark count rate, and a
Ar*-pumped titanium sapphir€Ti:sapphire laser, a modi- dead time of 30 ns. The detector electronics produce a
fied Coherent 899-01. The laser beam is split into a signafransistor-transistor logic pulse for each photon detection. An
beam and auxiliary beams for laser frequency locking, cavityunfortunate property of APD’s is the light emitted from the
locking, and optical pumping. We lock the frequency of the APD’s during the avalanche procd&d]. Since the detectors
laser with the Pound Drever Hall techniq[@0]. An auxil-  are mode matched to the cavity output, light emitted from the
lary beam has 12-MHz sidebands put on it with an elecroone APD can reflect from the cavity and enter the other
optic modulator(EOM). This beam is used as a probe for APD, causing false counts. The emission is broadband and
saturation spectroscopy in a Rb vapor cell and detected withnpolarized, so a combination of spectral filters and polariz-
a fast photodetector. The linewidth of the laser is less tharrs in front of the APD’s alleviates the problem. The spectral
200 kHz over 1 s, as measured independently on a Fabryilters are an Andover 10-nm-wide interference filter with
Perot fringe with detection bandwidth e#400 kHz. The 88% peak transmission, and a piece of anti-reflection-coated
signal and lock beams are on resonance with tBg,5F Schott RG-9 glass, which significantly attenuates wave-
=3—-5Pg,,F=4 transition of ®Rb at 780 nm. A double- lengths greater than Am. The total transmission at 780 nm
passed acoustic-optic modulator in the laser lock allows us ts 84%.
adjust its frequency around the Rb resonance. Pulses from the start APD serve as the triggers for a
An optical pumping beam of diameter 2 mm, parallel to Lecroy 3377 time to digital convertédlDC) which registers
the cavity mode, intersects the atomic beam 1 cm before thihe arrival time of up to 16 pulses from the stop APD with
atoms enter the cavity. The atoms are excited into the stron@.5-ns resolution. The TDC registers hits for au4-count
cycling transition %5,,,,F=3m=3—5P3,,F=4mc=4. interval per start. The timing data are transfered across a
A 2.5-G uniform magnetic field applied along the axis of the CAMAC (computer automated measurement and control
cavity provides a quantization axis such that the circular pocrate to a Lecroy 4302 memory module that stores up to
larization of the optical pumping beam takes all the atomsl6 000 hits. When the memory is full, the data are transfered
into the ground-state magnetic suble¥et 3mz=3. When over a general purpose interface bus to a computer. A pro-
the oven is on, we look at the fluorescence perpendicular tgram controls the collection, histogramming and plotting the
the optical pumping beam—atomic beam plane. The fluoresdata.
cence is imaged onto a photomultiplier. When we scan the The pulses from the APD’s pass through a series of gates,
laser frequency, we observe a fluorescence peak. We simubgic boxes, and delays before arriving at the TDC. The
taneously compare the peak with an auxiliary saturatiorpulses from the start detector are gated, so that additional
spectroscopy signal, and make adjustments to the opticglulses from the start detector are blocked from retriggering
pumping alignment to ensure that it is perpendicular to thehe TDC. Both the start and stop pulses are then gated with a
atomic beam. We also adjust the pumping power to minisignal derived from the chopper wheel, so that pulses reach
mize any peak present from thesh, F=3—5P;,,F=3  the TDC only when the signal is open and the lock beam
transition. We test the quality of the optical pumping by blocked. We also can discriminate the cavity lock and logi-
making measurements of the transmission of the cavity witltally AND this with the chopper gate to only allow counts
and without optical pumping. when the cavity is on resonance. The stop pulses are delayed
Another EOM generates fm sidebands on the lock beanmby ~400 ns to allows us to see zero delay coicidences. A
The reflected lock beam is used to hold the cavity on resoeopy of the pulses from each detector goes to a Stanford
nance. During data collection, we send the beam through Research Systems SR400 photon counter which measures
chopper wheel which alternately passes the lock beam arithe count rates from each APD. These rates yield the mean
opens the path from the cavity to the photon counting detecintensity of the light emitted from the cavity after correcting
tors at~1.1 kHz. The lock beam is blocked for a longer time for efficiencies and linear losses. We have extensively tested
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the performance of the photon correlator system in the past
studying the correlation functions of a noise-driven diode T
laser[32].
We independently measure the time delay between the 2. :
start and stop paths using a 10 kHz pulser. This determine:
the bin corresponding tor=0. Typical minimum gated o
counting rates are 5 kHz, with a gated background rate olg~
500 Hz. Ideally we would operate at a lower counting rate, =0
but the data collection time becomes prohibitively long. At
the minimum counting rate, we collect data for approxi-
mately 30 min. - -
During a data collection run, we first let the oven tem-  }-———-——"--——-———¥%¥-—-————————
perature stabilize and lock its temperature using a simple ,
proportional current on-off cycle feedback program. We can 100 0 100
change the number of atoms in the cavity by varying the
oven temperature in a controlled manner. After we verify the
prescence of an atomlp beam, we take a Sa@BPéT) mea- FIG. 4. Second-order intensity correlation for a strongly coupled
surement. This can give us an idea about whether we are_ . . . . —
close to resonance. cal/gy QED system. ThIS'IS _data (_:oll_ected with cavity 4 Mﬂh
o . . ~13 atoms. The intracavity intensit¢=0.084. The dashed lines
We use the oscillation frequengy from a low-intensity €O ¢ ow the limits placed by the Schwarz inequalitygf(7).
relation measurement to determige/N. The frequency is

|_ndependent of the cavity mode geometry at IO.W Intracavity,¢ e features as an inteference of the cavity field and the
fields. As a second check, we measure the ratio of transmi

) e . Lo Gtomic polarization field. As a consequence of the strong
ted intensity without atomsx(Y) to the intensity with atoms coupling of the system, the interference can give rise to in-
(=<X), which givesC using Eq.(7).

. . ., teresting correlation functions qualitatively different from
We attempt to align the cavity mode as close as posmblg—hat attainable in resonance fluorescence

to perpendicular to the atomic beam path. Imperfect align- 1o regits are organized as follows. First we review our

ment'lar;d a shift in tdhe TaVit¥ mode dhuring Eooling g_a” Ie‘:]‘dfindings about the general features of the correlation func-
to a tilt from perpendicular of as much as 1°. We adjust t &ion, considering the kind of nonclassical violations and the

. ) K ledae f &ynamical behavior. We present measurements which dem-
atomic response using our knowledge from OB equa®n  qtrate large sub-Poissonian statistics and how the nonclas-

the transmission out of the cavity is minimized on resonancegjcy) feature disappears as the intracavity intensity increases.
While observing the cavity transmission with the APD'’s, we p comparison is made between our low-intensity data and

adil“ISt the laser freqyency to find the minima. A detunmgthe theory. Next we present results of the effect of introduc-
A=1 (3 MHz for Rb increases the transmission by a factorj,, 4 detuning between the excitation laser and the atoms.
of 2. In practice, we also use the correlation measurementpan we show how the correlations change as the system

itself to find the optimal detuning that minimizeS™(0). coupling is increased. Finally we also present measurements
We make use of the following relation to determine the ;¢ 5 function of the number of atoms.

intracavity intensity normalized by the saturation photon
number{ 28] from the powelP estimated at the cavity output:
3P
X=——". (22 Figure 4 presents a typical correlation function that can be
TWol satl measured using cavity &ee Table)l The plot shows raw
| u= mhel/(3702) (1.7 mWicn? in Rb) is the saturation in- data normalized to the long-time mean counts. The long-time

tensity of the atom with transition fr nay and lifetim mean agrees with the observed levels within the uncertainty
ensily of Ine atom v ansition Irequeneya eUMe  of our counting measurements. The data collection time was
7. T is the output mirror transmission. A simpler expression

> . 2 mi ith f2 t in at | ti . Th
relates the output fluR to the intracavity photon number by min, with @ mean of 200 counts per bin at long times. The

the cavity decay rata: noX—R/(2x). The overall uncer correlation function is nonclassical, as it is antibunched
C e X ToAZIVRAEK) . " [positive curvature atr=0, Eq. (11)] and exhibits sub-
tainty in the determination oX is ~20%. [p =0, Eq. (11)]

Poissonian statistics, with®(0)=0.30+0.02. In addition,
the delayed response at the first peaks=at- 10 ns violates
the second Schwarz conditidieqg. (12)]. Classically, we
We have systematically probed the intensity correlationwould expect a detector to click most often during fluctua-
function of the cavity QED system. This has revealed thdions up in the intensity, and we should have a peak at
damped oscillatory frequency response characteristic of thig‘?)(0).
system and nonclassical features of the correlations, includ- The quantum-mechanical picture of the effect of an es-
ing sub-Poissonian statistics, antibunching, and new violacape of a photon is that it causes the polarization field to
tions at delayed times of the Schwarz inequality. Our studiegump. This is out of phase with the cavity field, and causes a
have also provided important evidence to point to the origindecrease in this field. This explains why the conditional

1(ns)

A. General features of the correlation function

VI. RESULTS
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FIG. 5. Change imy?(0) as a function of normalized intracav- FIG. 6. Data taken with cavity 4 on resonance at weak excita-

ity intensity X/X;. The data were taken with cavity 4 on reso- tion corresponding to the lowest intensity point in Fig. 5 wikh
nance. The two unfilled data points at low intensity are from a=0.02(open circlg. This corresponds to a mean intracavity photon
separate data collection with the same cavity and number of atormgumber ofXny=2x10"3. The continuous line shows the results
(N~13). from the model.

probability to detect a second photon is reduced. In time, thés characterized by anharmonicity in the frequency spectrum
system evolves back to a steady state between the atonfie3]. This can act to amplify small fluctuations in the cavity
polarization and the driving field. This is characterized by adetuning that can translate into large intensity fluctuations.
decaying oscillation at the Rabi frequency of the systemThe spread irg®(0) at high intensity reveals the unstable
gVN. The decay is set by the average of the cavity anchature of the region near to the switching point, where the
radiative atomic decay rates. In our experimental system tharmonic doublet is closer together. This switching point
apparent decgy is faster becausg transit and inhomogeneqyoc,rrespondS tX/X,i;=5.22. Monte Carlo quantum trajec-
broadenings increase the atomic decay raje)( These o1y simulations are required to simulate the behavior of the

broadening mechanisms dephase the interference betweghsiem with a high excitation. At low intensity, the two un-
the polarization and driving field, which significantly reduce:sfilled circles are measurements with the same cavity param-

the size of the nonclassical effects. eters, but taken during a separate data collection. The main

We have previously shown that the oscillation frequencydifference was the tilt of the mode from perpendicular to the

of the system decreases as the driving intensity increase . . . )
[11]. This is the opposite of what occurs in resonance ﬂuo_a%omm beam as discussed above. The unfilled circles had an

rescencé21]. In a coupled atom-cavity system. the coupling angle of 17.3 _mrad, while thg flllgd circles had a 12.2-mrad
between the atoms and cavity decreases with increasing iﬁ—ngle' There is also uncertainty in the Vah.JemKC”‘ b?'

out intensity[12,13, and so does the frequency of oscilla- tween the two data collections due to differences in the
tion. The evolution of the oscillation frequency observed inahgnment of the mode to the detector.

the correlation functions can be determined by Calculatin%itﬁttgzwwggck'_tﬁ:%nt’h\évgr czn iﬁg}ig}nqus;tg%txgn?grsz;ncetgt
the eigenvalues of the linearized Maxwell-Bloch equation y by g exp '

. . . . 2) —
by use of the quantum regression theord8]. This accu- s'j%u(;; (?rs_ho_wi,hth?a corrc;:laﬂonl fun_ctlcl)n ﬁw@]tﬁ I(DO) OdZO
rately describes the evolution when the Gaussian standing- ~:~* IS IS the Targest nonclassical efiect observed in our

wave nature of the cavity mode is included avity QED system, corresponding to a fivefold reduction of
' the Poissonian noise compared to a laser field. Both classical

conditions set by the Schwarz inequality are also violated.
This is with N=13.4 and an intracavity photon number
Theoretical descriptions fay?)(7) assume a weak-field ~2x1072. The solid line shows a theoretical comparison.
limit. We have probed the response of our system to lowThe quantitative agreement is reasonable, and we have not
intracavity intensities. The saturation of nonclassical statisincluded any unaccounted overall scaling factors on the
tics is evident in Fig. 5. We have plottef?)(0) as a func- theory. As the intensity increases, a Gaussian background
tion of the normalized intracavity intensi/X.,i1 . Xcrit IS~ appears. Spontaneous emission events may be the source of
the intracavity intensity at the entrance of the bistable intenthe background26]. Note that the transit time across the
sity region(see Fig. 1L We obtain the largest nonclassical cavity waist is 72 ns.
character as measured Igf?)(0) for low intensities. The We have performed functional fits of Eg1l7) and an
sub-Poissonian nature disappears in the nonlinear bistabiligdditional Gaussian. A reasonable fit can be made, but the
region. As the intensity is further increased, the cavity transvalue of A does not follow from the independently measured
mission becomes noisier and strongly bunched. This regiomalues ofg and . We believe our procedure takes into ac-

B. Intensity dependence
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20

A

FIG. 7. g?(0,A) data taken with cavity 4 an&=0.12. The
nonclassical statistics completely disappear with a detuning of only
A=2. The line is the theoretical curve described in the text.

FIG. 8. g?(7) as a function of detuning.. These are data taken

] ] ] ] with cavity 1 withN~20 andX=0.11.
count the main mechanisms which reduce the size of non-

classical effects. consist of the sum of the coherent driving field and an out-

of-phase polarization field from the atoms. This polarization
field is squeezed, and the self-homodyning of this squeezed
Detunings of either the cavityp or the laser from the field with the coherent driving field gives rise to the sub-
atomic transition frequency affect the measured nonclas- Poissonian statistics that we observe. When we introduce a
sical correlations. The cavity detuning is less of a problendetuning, the cavity field acquires a phase shiftAAt 1, the
since we actively stabilize the cavity length to stay on resophase is shifted by 45°. The detuning allows us to shift the
nance, typically to withirt x . A more serious problem is the phase of the field fluctuations that we are sampling. The
atomic detuning which is brought about by the cavity modein-phase and in-quadrature fluctuations exhibit an opposite-
and the atomic beam not being exactly perpendicular. Aphase oscillatory respon§26.
mentioned above, we compensate for this shift by adjusting Figure 8 shows the evolution of the correlations as the
the laser frequency to minimize the cavity tranmission withlaser is detuned from the atomic transition. The effect of
atoms. The shift in the laser frequency has been as much aetuning is symmetric ich. We plot a set of negative detun-
7.5 MHz. Since the beam has a velocity spread in the longiings for cavity 1 operated wittN=20. On resonance/(
tudinal direction, the laser frequency shift does not correct=0), we sample the in-phase component and observe sub-
for this, and most interacting atoms have detunings. Thifoissonian antibunching. AA=—1, which shifts the phase
decreases the size of the nonclassical effects. We can také the cavity field by 45°, we sample roughly equal portions
this into account using a weighting procedure as discussedf the two quadratures. The correlation exhibits a noisy sig-
above. nal with remnants of the large delayed peaks. As we increase
Figure 7 demonstrates how the nonclassical feature oo A= —2.3, which corresponds to a phase shift of 66°, we
sub-Poissonian statistics disappears and the signal becomssmple more of the out-of-phase quadrature, and we observe
noisier with increasing atomic detuning. The plot showsa classical bunched oscillation which is out of phase with the
g2(0,A) and a comparison with theory. The theory is calcu-on-resonance measurement. Note the signal is reduced be-
lated as outlined above. From the known frequency shift otause as we detune, we also decouple the atoms from the
the laser which minimizes the transmission ayfd0) (7.5  cavity mode. This is qualitatively different from resonance
MHz) and the mean atomic veloci{@40 m/g, we determine fluorescence where detunings modify the generalized Rabi
the angle from perpendicular between the beam and mode feequency and lead to oscillations, but do not alter the anti-
be 17.3 mrad. A Gaussian offset of 0.3 is added on resonandrinched nature of the observed correlatip?2%]. We have
(A=0). This offset is scaled by 1/(4A?) off resonance, as recently directly measured the cavity field with a conditional
would be expected for spontaneous emission. The theory isomodyne schemég34], and obtained additional evidence
in good quantitative agreement with the data. Note that thesgupporting this interpretation.
detuning data were taken at higher intensities than the data of We can compare the evolution of the frequencies to
Fig. 6. theory. Figure 9 shows the fast Fourier transforms of the
On the flip side, we can approach detuning as anothemeasurements with a comparison from the linearized theory
knob to probe our system. This leads us to a better undef22]. The agreement is quantitative and very good. The spec-
standing of the processes occurring between the atoms amdim dies away aroundh=1 and then grows. This is the
the cavity. We can consider the signal from the cavity topoint where the phase is reversing. These frequencies are

C. Detuning
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&, shows the theoretical calculation for on resonance and off reso-
g, nance in the inset.

[N variety of effects related to the atomic beam. Nevertheless
using cavity 3(see Table )l which had the strongest cou-
FIG. 9. Magnitude of the fast Fourier transforiRFT) of the pling of those used@;=9.7n,=0.04), we have observed
g®(7) as a function of detuning for similar conditions as in Fig.  |arge bunched oscillations. Figure(&Dshows the measured
8: theory(a) and datab). correlation function on resonande=0, and for a detuning
of A=1.5 in the inset. The large size of the oscillations dis-
very different than those observed by Bruteal.[8] in their  tinguish this from earlier measurements. The features do not
work in cavity QED with Rydberg atoms. They exited higher violate the Schwarz inequalit¢&gs.(11) and(12)] and the
levels of the Jaynes-Cummings ladder, and studied their evgorrelation exhibits large bunching. There also appears to be
lution. a Gaussian background with=50 ns. The effective number
We have observed that the detuning offset needed to bringf atoms is lowN~3, so that fluctuations of the atom num-
the laser into resonance with the atoms in the beam caher lead to large changes of the coupling and cavity trans-
change between data collections. We have traced this to thgission, which contributes to the Gaussian background.
liquid-nitrogen-cooled surface that is needed to reduceddowever, on top of this, there is still a strong coherent cou-
atomic background. The cavity holder also cools during thigling rising above the atomic fluctuations. In Fig.(80 we
time, as is evident by a contraction of the cavity lengthplot the theoretical result using the procedure outlined above.
which leads to a drift in the cavity resonance. After a run isA Gaussian background is added to the final result, but the
over, the system warms back up to room temperature. Thisize and frequency of the oscillations match very well. The
cooling and heating causes the different parts of the cavity tsize of the Gaussian background decreases as we detune off

contract and expand. resonance. The reduction is close to that expected for the
reduction of spontanteous emission, H{A?)~0.3. The
D. Strong coupling transit time of the atoms to cross the cavity mode waist is
~100 ns.

Carmichaelet al. [24] showed that for large atom-cavity
couplings the correlation function exhibits bunching yet still
violates classical bounds through the existence of delayed
zeros. The mechanism for these zeros is the large jump in the The measurements of Remeeal.[10] demonstrated that
atomic polarization after the escape of a photon from theantibunching persisted with little change in the size between
system, that reverses the sign of the cavity field. As disN=18 and 110, sincel is independent oN for large num-
cussed above, the predictions are significantly modified by &ers of atomgEq. (20)]. We have probed over a range of

E. Number of atoms
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VII. CONCLUSIONS

We have measured the second-order intensity correlation
function of the light emitted from a cavity QED system com-
posed ofN two-level atoms coupled to a single mode of the
electromagnetic field. The intensity correlations show that
the emitted field is nonclassical. The observed features point
to an underlying interference phenomenon occurring be-
tween the atomic polarization field and the coherent driving
field. The dynamical processes are driven by escape of single
photons from the cavity system. This escape projects the
system in a state out of equilibrium, and we observe the
dynamics of the system going to a steady state.

The intensity correlations reveal information about the
underlying nonclassical field state produced by the system.
The variance of the photon number of the field from the

FIG. 11. Evolution ofg®(7) as a function of the effective  cavity QED system is reduced by a factor of 5 compared to
numner of atoms foNe=0, 0.1, 3, and 8. Each correlation is taken 5; ‘expected from Poissonian statistics. The nonclassical
on resonance. For the cases with atoms, the intracavity intensitigs o+ res are fragile, and degrade significantly with increasing
wereX=0.2, 0.06, and 0.03, respectively. intensity or the presence of atomic detuning. We have ob-

o _tained quantitative agreement by taking into account experi-
small N, where the qualitative features of the correlationmental factors previously neglected.

change. Figure 11 shows the evolution gif’(7) from a We observed how the correlations changed qualitatively
small bunched peak to a large bunched peak with hints os the mean number of atoms interacting changed. Under-
oscillations, and then into antibunched oscillations. standing the characteristics of the light emitted from the cav-

For N=0, the correlation function is flat, demonstrating jty QED system is necessary if this system is to be used as a
the Poissonian statistics of the excitation laser. At a lowsource of nonclassical light for other experiments.
mean atom number, the peak appears Gaussian with no
structure. Recent work with cool atoms launched through a

qavity used an intensity correlaf[ion measurement to obse_rve ACKNOWLEDGMENTS
light forces on the slowly moving atoms. This was mani-
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