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Time-dependent electric field fluctuations at the subphoton level
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We report studies of a third-order correlation function that records the conditional time evolution of the field
of a fraction of a photon. We present results in the strong-coupling regime of cavity QED, where the detection
of a photon from the cavity prepares a state with a well-defined phase that evolves back to equilibrium via a
damped vacuum Rabi oscillation. We perform a homodyne measurement conditioned on the photon detection
to observe the regression of the field amplitude. The measured field-photon correlation is nonclassical and can
be used to determine the spectrum of squeezing in an efficiency independent way.
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I. INTRODUCTION measured in its evolution over time in an efficiency-
independent manner. Carmichastlal. [7] have shown that
Fluctuations of light have occupied quantum optics sincghe full spectrum of squeezing can be obtained from this
its beginnings. The experimental studies have followed tweevolution. This is in contrast to the conventional way of mea-
broad lines: The first focuses on the intensity fluctuations anguring squeezing that suffers from detection efficiency loss.
measures correlations between pairs of photon detections The paper describes our experimental measurements, and
(particle aspect of lighf1—3], while the second kind studies We review the basic theoretical principles that underlie the
squeezing that measures the fluctuation variance of the argxperiments. The organization of the paper is as follows:
plitude (wave aspect of light[4—6]. Section Il introduces the third-order correlation function and
Until recently these two classes of experiments remaineghows its application to the particular system of cavity QED.
separate, but now it is possible to combine them together iection Il describes the experimental apparatus and data
a modified approach that studies fluctuations of the electrotaking procedures. Section IV presents the measurements,
magnetic field both theoretically’] and experimentally8]. ~ and Sec. V contains the conclusions.
This technique draws the particle and wave aspects together
by correlating a photon detection with fluctuations of the
electromagnetic wave amplitude, and introduces an addi- Il. THEORY
tional third-order correlation function of the field. The rela-
tionship between quantum optical correlation functions andco
conditiona_l megsuremenﬁg] underlies_ our approach .WhiCh Hanbury-Brown and Twiss intensity correlator with the
ha_s been illuminated by quantum trajectory calculatl@js “start”/“stop” scheme [15]. The main difference is the bal-
W'Sej“?” h?s shpwn thde conEectlon between the tht{gj'ord%[nced homodyne detector that replaces the photon detector
cc;]r.rle %mn_ unct|o|n i‘ hwea m;aasgre;ner.lts in Red], (photomultiplier tube, or avalanche photodipdén the
whrie .enlsovet al. [11] ave explore the time symmetry “stop” channel. Within a few correlation times before and
properties of the correlation function that we study in th'safter each “start,” the homodyne curreht) is digitized,

Paper. recorded, and used to update a cumulative average. Averag-

u;rr\]tirrllggltecft(?g(rjcie\llvrr(?ic&%%ng)ldsrslgn:hli gﬁ]p?(; ';Oa:j:eg?tying Ng such samples reduce the shot noise; the surviving
q ynamio ystem. g€ signal is a conditional average of the quadrature amplitude
the electromagnetic field interacts with a collectioriNafvo- fluctuations

state atom$12]. This source is known to emit nonclassical

light; this has been demonstrated in both photon correlation

[13—15 and squeezing measuremefit§—18. Other stud- Balanced Homodyne Detector
ies with intensity-field measurements have focused on the
parametric down-conversion process, either as a generator of
single-photon conditional statg€$9,2( or in an optical para-
metric oscillator{7,21].

The strong coupling of our cavity QED system allows us Local Oscillator }
vna

Figure 1 shows the general schematic of the field-intensity
rrelator. It is based on the implementations of the

I(t)

to observe the fluctuation in the wave amplitude of light
[22,23. By conditioning on a photon detection, we are able
to observe the subsequent fluctuations as they occur. Because

we use a normalized correlation function, the fluctuation is S a NEEE {t}
ource

Photon Detector

*Present address: Department of Physics, Yale University, New ) o )
Haven, CT 06520-8120. FIG. 1. Schematic of field-intensity correlator.
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A. The third order correlation function The spectrum of squeezing for the field quadrature in

Consider a general optical source with a power bandwidtfPhase with the mean field is
of 2« and nonzero steady-state average field. We send a
fraction » to a homodyne detector and the remaining %
to a photon detectqisee Fig. 1. The photon flux operator at
the photon detector is given by the number operator on the

source field 7], whereF =2«(a'a) is the source photon flux arfh-(7) is
the measuredy-(7) in the limit of vanishing shot noise.
S=(1-7n)2«ata. (1)  This allows the time-resolved measurement of the amplitude
fluctuations of the squeezed electromagnetic field. Notice
This gives the starts for a homodyne detector. The homodynthat the normalized correlatiom, is independent of the de-
detector samples the quadrature phase amplitude that is taction and coupling efficiency. The squeezing spectrum does

5(9,0°):4FFdrcos(zwm)[ﬁ)o(f)—1], (6)
0

phase with a local oscillatdiLO) field, depend on the quantum efficiency of the photon detector
used to measure the source flux. This technique is less sen-
D= \/—\/ﬂ[ée“%éTe‘ o] 2 sitive to efficiencies than traditional squeezing measurements

[26] since the propagation losses are taken into account by
The conditional homodyne photocurrent ensemble averageiie normalization oh(7).
over many starts is given by Squeezing measurements are directly related to a reduc-
tion in the variance of one of the field quadratures. This can
manifest itself through violations of the classical bounds set

S7)= <:S(t)DA(t+ 7)) D), 3) on the correlation functioh,. We present the derivation of
(S) two such classical bounds here following the work of Car-
michaelet al.in Ref.[7].
with (::) denoting time and normal ordering(t) is residual We begin by rewriting the fluctuations of the two-field

local oscillator shot noise since we only average over a finitgjuadratures as follows:
number of samples.

When the electromagnetic field of interest is small and R TURUIr S A L2 .
nonclassical, its fluctuations, a manifestation of the uncer- (Aalda)=(:Aap:)+(:A8, o). @)

tainty principle, dominate over the steady-state amp“tUd%ombmmg Eq(5) with Eq. (7) leads to an expression far,
[24]. The field operatora is better described bya=a gt ;= 0,

+Aa, with a=(a)=|ale'* and Aa a fluctuation. In this

way, we can follow the influence of the fluctuations in the 2<-Aéz')
guantities we compute or measure. We can evaluate3q. hy(0)—1= e
by substituting Eqs(1) and (2) and separating the field into ey A _ 2

its mean and fluctuations. We make one further assumption ((:Aag:)+(:Aag, w/2->)( 1+ m)

that is clearly valid for the case of Gaussian fluctuations, that

third-order moments are zero, but as Denissihal. have

shown [11], this is not a necessary requirement and it isin the classical case, both quadrature variances are greater
directly related to the assumptions of detailed balance. Thehan zero, so from Eq8) we get the following upper and
resulting correlation function is lower bounds forh,(0):

2(:Aa Aa,(7):)

|a|?+(AaTAa) (1 a? ) ©
+

+E(1). @ (Aa'Aa)

With the mean field in phase with the local oscillatgs ( This may be generalized for nonzero values of time. We
=), we obtain a normalized correlation function by divid- begin by stating the Schwarz inequality

ing Eq. (4) by the mean field/2« 5| a| [7],

Hyo(7) =2k 7|a|| 2 cogd—0)+ 0<h,(0)—1=<

|(:AayAa,(7):)?<(:Aa%:)(:Aa%(7):). (10)

2(:0a,08)(7)) &1
la|?+(AaTAd)  2k7|al

hy(7) can be factorized with the help of the quantum regres-

ho(r)=1 (5) This implies the following inequality:

(:Aa%:)(:Aa%(7):)

_1]2
sion theorem[23] into hy(7)=(E(7,6))./{E(t)), the nor- Iho(m)—1]*< la2+(AatAB)|2 (1)
malized field amplitude conditioned upon the detection of a
photon. which is equivalent to
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[hy(7)—1|<|h,(0)—1]. (12 where|G) is theN-atom ground state arjé&) is the symme-
trized state for one atom in the excited state with all others in
the ground state. We assume that all thatoms are coupled
to the cavity mode with the same strengtfy, with x, 3,
and p derived from the master equation in the steady state

This second Schwarz condition is similar to that associ
ated with photon antibunchin@].

[22],
B. Cavity QED system

The cavity QED system consists of a single mode of the —1-2¢ - g= 1+2C o \/Ngo)\

electromagnetic field interacting with a collection of two- x=1-2Cy ; B= 1+2C—2C! p== vy,
level atoms. The atom-cavity coupling rate is given by ! (15)

MZw 1/2 13 where
gO_ Zhéov ( )

c=NG,, Cl=— 16
N ST T 1o

for cavity mode volumé/ and atomic transition frequeney

and dipole momeny . Dissipation plays an importantrole as  after detecting the escaping photon, the conditional state
both the atoms and the field couple to reservoirs. An atom .

can spontaneously emit light into modes other than the pre'-S initially the reduced stata|y)/), which then relaxes back

ferred cavity mode, and light inside the cavity can escap%gzegg'“b”um‘ The reduction and regression is traced by
through the mirrors. Dissipation occurs through the decay of=’
energy from the cavity at rate and the decay of the atomic
inversion y= 1/ (7 is the radiative lifetime of the atomic |)—1{[0)+ N1+ AF(D]|1)+---}G)+---, (17
transition) and polarizationy, . For purely radiative decay,
y)=2v, . We drive the system with a field injected throug
one of the mirrors and detect the light that escapes from the
cavity mode through the output mirror. 4C’C
Work on optical bistability(OB) [25] produced a large A=—————, (18
amount of experimental and theoretical literature on the 1+2C-2C,
transmission properties of an optical cavity filled with two-
level atoms. Two dimensionless humbers from the OB litera- —(k+y)7T K+y,
ture are useful for characterizing cavity QED systems: the }"(T)=9XI{ T)(COSQOT-‘F WSIHQOT '
saturation photon number, and the single-atom cooperat- 0 (19
ivity C,. Defined asny=2y, ¥/3g5 and C,=g3/2xy, ,
they scale the influence of a photon and the influence of an
atom in the system. The strong-coupling regime of cavity
QED ng<1 andC;>1 implies very large effects from the
presence of a single photon and of a single atom in the sys-
tem. From Egs.(14) and(17) we see that after a photodetection,
The equilibrium state of the atom-cavity system is signifi-the quadrature amplitude expectation makes the transient ex-
cantly altered by the escape of a photon. The dynamics COWUI’SiOI"I(AOo(T)>—>)\[1+.AF(T)] away from its equilibrium
sists of a collapse of the system staye followed by a value(Age)=X\.
damped Rabi oscillation back to equilibrium. We are inter- | the weak-field limit, which assumes up to two excita-
ested in the reduction of the equilibrium state of the cavitytions in the steady state of the system, the conditional field
QED system after detecting a photon emitted from the cavityneasurement is
mode(see Fig. L Defining A,=[aexp(-if)+a’exp(6)]/2,
wherea is the annihilation operator for the cavity field aéd hy,(7)=[1+ . AF(7)]cosé. (21
is the homodyne detector phase, we consider the quadrature
amplitude,Ag-, in phase with the steady state of the field  The correlation function measures the coefficient of the
N={(a). We limit our discussion to the case where the cavitySingle-photon state in Eq17); it is usually a very small
and laser are resonant with the atomic transition. For weaRUmber and it is appropriate to talk of a field fluctuation at
excitation, and assuming fixed atomic positions the equilibthe subphoton levelA is the relative change of the field

rium state to second order s the pure statf22,23 inside the cavity caused by the escape of a phd@Ba2]:
The limit of largeN gives A~ —2C,/(1+ vy, /«), showing
the importance of the single-atom cooperativity as the pa-

h where

— 2 1 2
Q0= \/goN—Zu—m. (20

=710V + 1)+ (N2/\2 Nt ...11G)+[pl0 rameter that establishes the nonclassicality of the field. The
|59 =[10) + A1)+ ( V2)x8) ) 11G)+[pl0) sign of A tells us that the cavity field goes negative causing
+ApB|1)+ - ]E)+ -, (14 a possible reduction. The jump occurs because the polariza-
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FIG. 2. Top: hg-(7) calculation for 11 atoms maximally Q (MHz)

coupled. Bottom: Normalized spectrum of squeezing.

(9o, Kk, 7, )/2m=(12,8,3) MHz. FIG. 3. Top:hg(7) for N=2 atoms beyond the low-intensity

regime. Bottom: squeezing spectrum from the correlation function

. . . above.
tion of the medium increases when a photon leaves the cav-

ity. The collective cavity enhancement of the dipole decayncreased driving field intensity, the spatial distribution of the

rate is reduced by the ratidNc—1)/N and this increases the 41oms inside the cavity mode, and the transit time of the
polan;anon amplitudéwhich is inversely proportional to the  5i0ms across the cavity mode. We now show how each of
damping ratg these refinements, considered individually, lead to the modi-

We are not sensitive to in-quadrature fluctuations becausgeation of the maximally coupled, weak-field results of the
on resonance, as established in OB, the mean field is zero ﬁieceding section.

0=90°. A mean field of zero does not permit normalization

of the correlation function as we do in E(b). A possible 1. Low intensity
way to get to the other quadrature component of the fluctua- . _ " i L
tions is by adding a coherent offset to the signal before send- We beg!n by plottmg the conditioned field evoIgUon in the
ing it to the start detector and homodyne detector to provid ow-|nter_15|ty regimen/no<1, Wh_ere Eq(21) applies. The

a mean field to allow triggers at that phd3g Another way top of Flllg. 2 sho;/vz the calculation ¢-(7) for 11 atoms h
would be to operate with the system off-resonance to ensur@@Ximally coupled to a cavity in a system wit

that there is a steady-state fieid in the other quadrature. (0. %,71)/2m=(12,8,3) MHz. The parameters are similar
to those of our experiments. The correlation function violates

the two Schwarz inequalities of EqE®) and (12). The bot-
C. Predictions and refinements of the model tom of Fig. 2 shows the corresponding Fourier transform of
he correlation. Squeezing, a nonclassical effect, appears at a
j[_equency close to the coupling constamj,{(N) with a
‘width of the average of the decay procesges+ vy, )/2].

The analytical expressions for the behavior of the syste
are based on assumptions that all atoms are at rest, ma
mally coupled to the cavity field mode, and under weak ex
citation. Our experimental implementation involves an
atomic beam that places an ensemble of moving atoms at
random positions in the cavity mode. Our experiment also Figure 3 shows the result for two atoms maximally
may not operate in the regime of weak excitation. We wouldcoupled to the cavity mode with a drive that corresponds to a
hope that the analytic expressions still provide a qualitativesteady-state intracavity intensity of ny=18, far from the
prediction of what we would expect. To completely modellow-intensity limit. We carry out numerical calculations with
the effects of our experimental regime, a full atomic beama larger basis that takes into account more excitafior&9].
guantum Monte Carlo simulation would be required. We cariThe coupling constang, produces a similar vacuum Rabi
gain significant insight with somewhat less involved numeri-oscillation ), as that of Fig. 2. The background that is vis-
cal studies that refine the model by taking into account arible aroundr=0 comes from the spontaneously emitted pho-

2. Higher intensity
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FIG. 4. Averagedhy-(7) with N=190 fixed atoms in the mode
volume coupled according to the distribution from E22). FIG. 5. hyo(7) calculation for one atom coupled to a 8n
waist cavity, with three different velocities. The solid thick lide
tons[9]. For every photon that exits the cavity through theshows the atom at rest. The solid thin liBéas the atom leaving at
mode there are +2C Spontaneous|y emitted photons_ This 185 m/s. The dashed ling has the atom exiting the cavity at 590
background leads to a modification of the spectrum ofTV/s. Note the difference of scales faron the right, and foB and
squeezing shown in the bottom of Fig. 3. Comparing theC on the left.
spectra in Fig. 2 to that of Fid a positive peak centered at
the LO frequency =0) has appeared, corresponding toFig. 2, but increase the number of atoms such gtre-
the higher spontaneous emission. mains the same. Notice both the reduction in the amplitude
and the increase in the decay rate of the oscillation compared
3. Spatial distribution of atoms in the mode of the cavity to Fig. 2. Nevertheless, the nonclassical features are pre-

. . served.
The atoms from the atomic beam are not all maximally

coupled to the cavity mode. The model takes into account
two effects: The spatial distribution of the atoms in the mode
of the cavity, and the transit time of the atoms through the The atoms in the experiment are not at rest but they cross
cavity. Both reduce the size of the nonclassical effects, buthe cavity waist in typically four to five atomic lifetimes. We
still permit their manifestation in the experiment. Carmichaelbegin by assuming that a single atom is maximally coupled
and Sanderf31] showed that for a standing wave, Gaussianto the cavity long enough to let the system reach equilibrium.
cavity mode, the distribution of atom-cavity coupling con- Then the atom moves out of the mode at different velocities
stantsg is following a cavity emission. We find two significant effects
associated with this.
4 The first effect is to reduce the size of the normalized
P(g/gy) = A cos “(g/go) (229 fluctuation. This occurs because the steady state reached by
/9o ' the cavity is much higher without atoms for the same input
drive. This effect is enhanced in our simplified picture be-
whereA is a normalization constant that depends on the totatause, in the experiment, the total number of atoms is always
mode volume considered. Equati¢22) shows that for an nonzero. The second effect is that the decay rate of the sys-
atomic beam there will be many atoms weakly coupled to théem increases with increasing atomic velocity. This is under-
cavity. stood in terms of a modified atomic decay rate . The
We consider the effect that this spatial distribution aloneatom now sees a “pulsed” excitation that translates into an
has on the size of the quantum fluctuation. We perform affective decay. Brechet al. [23] studied the effects of this
weak field, quantum trajectory simulation for an ensemble oflephasing in the intensity-intensity correlations for cavity
atoms at rest by first randomly distributidjatoms accord- QED and found a rapid degradation of the nonclassicality as
ing to Eq.(22). We then allow this system to evolve towards the ratioy)/2y, decreased.
a steady state with all the atoms at rest. Then we force the Figure 5 demonstrates the qualitative effect of transit
cavity to emit a photon. We follow the conditioned field evo- broadening due to the atomic beam by considering a single
lution for this distribution of atoms. Finally we average the atom coupled to a cavity with parametergq(x,y, )/2m
conditioned field evolution over 1000 ensembles in order to=(35,8,3) MHz. TraceA showshy(7) for an atom with no
arrive at an averaged conditioned field evolution. We find avelocity. In contrast, traceB and C show the correlation for
typical decrease in the size of the quantum fluctuation by aatoms leaving the cavity at 185 m/s and 590 m/s, respec-
least a factor of 2 compared to that seen with the atoms&vely. The amplitudehy(7=0) is dramatically reduced by
maximally coupled. nearly two orders of magnitude. The change of the decay
Figure 4 shows a calculation of the conditional field, constant is also remarkable as the oscillations damp out with
hq-(7), averaged over 1000 ensembles, each containing 19@creasing velocity, completely disappearing at 590 m/s, a
atoms. We use the same system parameters as those usedyipical thermal beam velocity. This simulation gives us a

4. Transit time of the atoms
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CAVITY transmission input mirror. The fractional solid angle sub-
INTENSAJJ_ANCHE tended by the cavity mode is small enough¥0®) that we
PHOTODIODE do not have to make corrections to the atomic decay rates.

An effusive oven 35 cm from the cavity produces a ther-
mal beam of Rb atoms in a chamber pumped by a large
diffusion pump with typical operating pressures of (1
X 10~ ® Torr). Collimation comes from a water cooled cop-
per plate 5 cm from the oven openingdaa 3 mmslit 5 cm
further downstream. Final collimation is provided by a
70 um slit on the front of the cavity holder. The oven is
heated to~430 K. A computer controlled feedback system
maintains the temperature of the oven withir0.1 K. The
1-mm-wide oven opening and the slit before the cavity form
a beam with an angular spread of 3.4 mrads. A welded bel-
lows provides vibration isolation between the diffusion pump
and the six-way cross containing the cavity. A liquid nitrogen
cooled Cu sleeve surrounds the cavity to reduce background
FIG. 6. Simplified diagram of the experimental setup. atomic vapor. The presence o_f a background atomic vapor
destroys the observed correlations.

qualitative understanding of effects due to atomic transit 1he excitation source for the experiment is a Verdi 5
across the cavity mode, but a full quantum Monte CarloPumped titanium sapphirdi:sapphirg laser, a modified Co-

simulation would be necessary to obtain quantitative resultd)€rent 899-01. The laser beam is split into a signal beam and
auxiliary beams for laser frequency locking, cavity locking,

and optical pumping. The linewidth of the laser is less than
200 kHz over 1 sec as measured independently on a Fabry-
A. Correlator Perot fringe with detection bandwidth @£400 kHz. The

The measurement requires a homodyne measurement %ipnal and lock beams are on resonance with tBg,5 F
q y 23 _.5P,),, F=4 transition of ®Rb at 780 nm. A double

:!;i;ra\?vserr]iﬁ;?eﬁ@gg ds'gnrilogﬁirézla;ﬂegcrf gghpnzcgf?nseﬁi?:passed acousto-optic modulator in the laser lock allows us to

. . adjust its frequency around the Rb resonance.
ometer to perform the measurement. Figure 6 is a schematic . . X
An optical pumping beam of diameter 2 mm, parallel to

of the experiment. Light enters the Mach-Zehnder interfer- / : .
o . the cavity mode, intersects the atomic beam 1 cm before the
ometer, driving the cavity QED system on one arm and pro-

viding an LO for the balanced homodyne dete¢@HD) on atoms enter the cavity. The atoms are excited into the strong
9 : ocyne et cycling transition 5,,, F=3, mg=3—5P3,, F=4, mg

the other[27]. A fraction of the signal is directed to the Z4 A25 G uniform maanetic field applied along the axis

intensity detectorfavalanche photodiodéAPD)]. The re- ) . : gnetic field app 9 ;

maining signal is sent to the BHD. The photocurrent fromOf the cavity pr_owdes a quantization aX'S_SUCh that the cir-

the BHD is proportional to the signal field amplitude. We cular polarization of the optical pumping beam takes

correlate photon detections with the BHD photocurrent toaII t:hg atoms into the ground-state magnetic subléveB,

measure the field-intensity correlation. We will discuss eactF~ 2 . .
An electro-optic modulator generates frequency sidebands

component of the measurement in detail below. on the lock beam. The reflected lock beam is used to hold the
cavity on resonance. During data collection, we send the
beam through a chopper wheel that alternately passes the
The cavity QED system consists of a beam of opticallylock beam and opens the path from the cavity to the photon
pumped Rb atoms traversing a driven high finesse Fabryeounting detectors at+1.1 kHz. The lock beam is blocked
Perot cavity. This serves as the source in the field-intensityjor a longer time than the signal path is open, ensuring that
correlator. The heart of the experiment is the optical cavityno lock beam light enters the cavity while we collect data.
This is formed by two high reflectivity curved mirrors coated The duty cycle of signal open/closed is typically 1/3.
by Research Electro-Optics. Each mirror is mounted to a The lock and signal beams have orthogonal linear polar-
stainless steel holder that is inserted into a stainless steel tulzgtions when they are combined at a nonpolarizing beam
with a collimating slit. Piezoelectric transducers attached tasplitter before the cavity. The resulting beam is sent through
the mirror holders allow us to control the mirror spacing.a\/4 plate and mode matched into the cavity with more than
During measurements, a feedback loop holds the cavity 080% of the signal beam intensity into the TgjMnode. The
the resonance. The cavity tube rests on a stack of sorbothapelarization of the signal is in the same sense as that of the
and lead which provides isolation from mechanical vibra-optical pumping beam. On the output side of the cavity, the
tions. The cavity defines a transverse electromagnetic Gausseam passes through anothgd plate to convert back the
ian standing-wave mode (TEJ) with waist wo=21 um, lock and signal beams into orthogonal linear polarization. A
and lengthl=410 um. We use a one-sided configuration polarizing beam splitter sends the lock beam to a photomul-
with a 300 ppm transmission output mirror and 10 ppmtiplier, for monitoring purposes. The signal beam is directed

LOCAL
OSCILLATOR

CORRELATOR
BALANCED

HOMODYNE
DETECTOR

FIELD

PHOTOCURRENT

I1l. APPARATUS

B. Cavity QED system
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to the correlator, passing through the chopper wheel on the (180°x633/780). There is also an optical path delay that
way towards the avalanche photodiodes. We typically sendan be mechanically adjusted to bring the IR and red in
between 50% and 85% of the signal emitted from the cavityphase at a particular fringe. The path lengths of the two arms
to the homodyne detectors. The remaining 50%-15% of thare nearly equal to minimize the effect of frequency drift of
signal is directed to the avalanche photodiodes. the red laser.

The three rates for the atom-cavity coupling, cavity decay,
and atomic decay of our apparatus arg,k,vy, )/2m 3. Amplitude detectors
=(12,8,3) MHz, withC;=3 andny=0.08 placing it in the
strong-coupling regime of cavity QED. We operate with an
average intracavity field less than that of one photon.

The combined signal and LO field is directed to a pair of
biased silicon photodiodd&lectro-Optics Technology EOT
2030 configured as a BHIP27]. These are characterized by
low noise, fast response time<@00 ps), and quantum effi-
ciency of y=~85% at 780 nm.

Homodyne detection permits the detection of a signal The ac coupled current from the photodiodes is amplified
field by interfering it with the LO, a strong field at the same and subtracted. The current from a detector first passes
frequency as the signal, of known intensity and fixed phasethrough a biasT that filters dc components less than 100
This allows a phase-sensitive measurement of the signal fiekHz. The dc component gives a direct measure of the local
guadratures and also amplifies weak signals by the local o®scillator current. The filtered current is then sent to a low-
cillator field amplitude. The local oscillator and the signal arenoise amplifierMinicircuits ZFL-500LN) that amplifies the
derived from the same laser beam, which ensures they haygwer by~ 20 dB over a frequency range from 100 kHz to

C. Balanced homodyne detection

the same initial phase. 500 MHz. The currents from the two photodiodes are then
_ subtracted in a splitter/combinéMinicircuits ZFSCJ-2-1
1. Mach-Zehnder interferometer Subtracting the two currents from the photodiodes allows

A Mach-Zehnder interferometer is used to separate th€0mmon mode rejection of local oscillator intensity noise
laser into the local oscillator and a signal beam which follow(téchnical noisg[27]. The signal in one output port of the
separate paths but maintain a constant relative phase. A bdflZ beam splitter acquires a phase shift after reflection
anced Mach-Zehnder consists of an input 50/50 beam splittdfom the coated beam splitter surface, so the signals add in
that splits an incoming beam into two paths, which are rethe combiner. The combined signal is then amplified 40 dB
combined at the output 50/50 beam splitter. To ensure max@nd low-pass filtered with 70 MHz. The output is then sent to
mum interference, the two beams must have the same sizBe digital oscilloscopélLecroy 9354A for data collection.
and wave-front curvature. We can quantify the spatial over- We characterize the detector response by looking at the
lap by the fringe visibility as the relative phase between thedutput in a spectrum analyzer. A typical local oscillator
two arms varies. Only the fraction of the signal given by thePower of 15 mW per detector produces 10 dB of shot noise
visibility is detected in the mode defined by the local oscil-above the electronic noise floor with a 300 kHz bandwidth.

lator. We mode match the local oscillator to the signal andBlocking one detector or the other results in a factor of 2

typically achieve a visibility of 0.80 or better. reduction(3 dB). No bright lines are evident over the detec-
tion window of 10—70 MHz.
2. Phase control We optimize the common mode rejection by balancing the

photocurrents. The detectors are aligned to couple as much

Usting th h diff f1h th i as possible and to reduce backscatter light. Additional bal-
adjusting the path difference of the two arms with a PI€Z0-3ncing of the detector current is accomplished by placing a

actuated mirrofPZT). Control of the phase between the LO g, attenuatofl dB) in the electronic path of one of the
and the_ signal is critical in the homodyne technique we em'signals before the current subtraction.
ploy. Since we have to perform repeated averages to reduce
the intrinsic shot noise, a drifting phase will average out the
signal. We actively stabilize the interferometer length with a
feedback system. The intensity detectors are arranged as a photon correlator
We use a thermally stabilized He-Ne lasar<633 nm) that consists of two APDs EG&G SPCM-AQ-151 behind an
or a diode laserX =640 nm) locked using FM sidebands to unpolarized 50/50 beam splitter. These detectors have a
an iodine cell. The cavity QED system is transparent to thesquantum efficiency of 50%, less than 50 Hz dark count rate,
red wavelengths, but they form fringes at the Mach-Zehndeand a dead time of 30 ns. The detector electronics produce a
(MZ) output. An edge filter separates the 780 nm and redransistor-transistor logi€TTL) pulse for each photon detec-
wavelengths after the MZ output beam splitter. We apply aion. An unfortunate property of APDs is the light emitted
small dither at 5 kHz to the mirror. We send the amplifiedfrom the APD during the avalanche proc¢28]. Since the
output of a(red) photodiode to a lock-in amplifigiStanford  detectors are mode matched to the cavity output, light emit-
Research SR51Q0 obtain an error signal. This allows us to ted from the one APD can reflect from the cavity and enter
maintain the MZ length such that it sits at a red fringe maxi-the other APD, causing false counts. The emission is broad-
mum or minimum. We can adjust the phase by locking theband and unpolarized, so a combination of spectral filters
length to different red fringes, at either a maximum or mini-and polarizers in front of the APDs alleviates the problem.
mum. The IR phase can be adjusted in stepg@k=146°  The spectral filters are an Andover 10-nm-wide interference

We control the relative phase of the LO and signal by

4. Intensity Detectors
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filter with 88% peak transmission, and a piece of antireflec-
tion coated Schott RG-9 glass, which significantly attenuates
wavelengths greater than Am. The total transmission at
780 nm is 84%. 40

When we measure the intensity correlation function of the
system, we let pulses from the start APD serve as the triggers
for a Lecroy 3377 time to digital convert¢fDC) that reg-
isters the arrival time of up to 16 pulses from the stop APD
with 0.5 ns resolution. The TDC registers photodetections for 204
a 1 usec window per start. The timing data is transferred
across a CAMAC crate to a Lecroy 4302 memory module -40
that stores up to 16 000 hits. When the memory is full, the
data is transferred over a GPIB bus to a computer. A program 200 100 ) 150 200
controls the data collection by creating both a histogram of % (ns)
the data and corresponding plot.

The pulses from the APDs pass through a series of gates, FIG. 7. Averaged conditioned photocurrent.
logic boxes, and delays before arriving at the TDC. The
pulses from the start detector are gated so that additional \\e need to have as much sampling resolution as possible,
pulses from the start detector are blocked from retrigger.inq)ut we can only average for 256which creates a sample of
the TDC. Both the start and stop pulses are then gated with fhite length that is too short to average the low-frequency

signal derived from the optical chopper wheel so that pulseg ;o ions present in the shot noise. A filter limiting the

get to the TDC only when the signal is open and the lock . . .
beam blocked. The stop pulses are delayed#00 ns to detection bandwidth to frequencies above 100 kHz can cause

o the average ac photocurrent to show an offset, this is artifi-
allow us to see zero delay coincidences. A copy of the pulses. | and can be further aggravated by problems of imperfect

from each detector goes to a Stanford Research Syste X . .
ncellation at low frequency of common mode intensity

SR400 photon counter to measure the count rates from ea(?t‘?‘ X . .
APD. These rates yield the mean intensity of the light emit- luctuations of the local oscillator. The additiofi@6 MHz

ted from the cavity after correcting for efficiencies and linearigh pass filter significantly reduces this problem.
losses.

A small fraction of the LO reflects off the BHD photo- IV. RESULTS
diodes and can bounce off the cavity into the APDs, causing We initially characterize the system with intensity corre-
false starts. A Faraday rotator inserted before the outpL% y y y

60

20

H(t)ac (LA)
1)

beam splitter of the Mach-Zehnder interferometer reduce tl_on mgasurer_nents. .W'th this systgm, we can pbserve sub-
this to a negligible level. oissonian antibunching at a low intracavity field. If the

beam is not perpendicular to the cavity mode, we compen-
sate for the resulting Doppler shift by adjusting the laser
D. Correlator data acquisition frequency to minimize the transmitted intensity and to maxi-

We sample the homodyne current with a digital OSCiIIO_mize th_e size of the nonclassical effec_t seen in the ph_oton
scope triggered by photon detections registered at the APDg(()zr)relatlons[1$]. When we have obtained a nonclassical
The photon counting apparatus used for correlation measurd-~(7), We switch to the field measurement. We send a frac-
ment produces the trigger. Instead of doing time correlationdion of the signal to the BHD and then lock the Mach-
we take the nuclear inline modul®IM) signals from the Zehnder output. We then begin sampling the homodyne pho-
two APDs and logicallyor them. The combined trigger is tocurrent. _ _ o _
gated by the lock/signal chopper gate and is delayed by To characterize the intracavity intensity, we use the (_:oqnt
~50 ns. The total delay between the homodyne input andates measu.red by the APDs. To calculate thg intracavity in-
the APD trigger arriving at the oscilloscope including optical tensity, we first determine the flux at the cavity output, by
path differences is- 150 ns. taking into account the.5.0/50 beam sp_Iltter in fror!t qf the

The digital oscilloscope samples the BHD photocurren?®PDS, the quantum efficienc{0.5), the filter transmission
over a 500 ns window at 2 G/s with an 8 bit analog to digital(0-89, the signal/lock duty cyclg0.39, and the splitting
(AD) converter. The oscilloscope performs a summed averfaction » of the beam splitter directing the signal to the
age of the triggered samples. Typically we average for up t§HD and APD’s. We make use of the following relation
5% 10* samples. from OB to determine the intracavity intensity normalized by

The square root of the number of sampliéssets a limit ~ the saturation photon number from the po#edetermined
to the signal to noise ratio achievable. The AD converter hagt the cavity —output: X=n/ng=3P/mWglsaT. lsa
8 bit resolution, so the minimum standard deviation is 1 bit.= T ®/(37\%) (1.7 mW/cnf in Rb) is the saturation inten-
Assuming that originally the noise is as large as the digitizesity of the atom with transition frequenay and lifetime 7.
allows, then the number of averages will reduce the size of is the output mirror transmission, and the output flux
the noise by the number of samplék, until the noise F relates to the intracavity photon number through
reaches a limit aNy= 256, F=2«(a'a).
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FIG. 8. Average conditional photocurrent fga) 6000, (b)

FIG. 9. Plots(a) and(b) are un-normalized homodyne averages
18000, andc) 59 000 samples.

with a phase difference of 146°.

A. Signals samples. The survival of the signal after many averages is

Figure 7 depicts a typical averaged conditioned photocurdue to the fact that every APD photodetection prepares the
rent from the BHD detectorr=0 is defined by APD photo- cavity QED system in the same state described by(Ed,
detection, which triggers the scope to average the BHD phoahich then evolves back to equilibrium in a time set by the
tocurrent. The measured BHD photocurrent is a combinatiolecay parameters of the system.
of events with and without a cavity signal. If, after the initial ~ The BHD measures the interference between the local os-
photodetection there are no remaining excitations in the cawillator and the emitted cavity field, which depends on the
ity, the BHD signal will contain only shot noise from the relative phase between thefq. (3)]. Figure 9 shows the
local oscillator. If, however, there is energy in the system, ashange in the average ac photocurremitage across 501)
given by the different coefficients of the conditional state infor two different local oscillator phases with the system op-
Eqg. (17), the evolution of the field will be recorded in the erates at low intensity. When the relative phase is changed by
photocurrent of the BHD. We optimize the BHD by an ap- 146°~180° (see Sec. IlI B 2 on phase confrtthe sign of the
propriate choice ofy (fraction sent to BHD and operation interference changes. The apparent change in the dc is due to
point of the system. This is necessary, given the finite numthe mechanisms discussed previously. Normalization is dis-
ber of averages that we can get. cussed in detail in the following section. Notice that the

The decaying oscillation is the evolution of the cavity value of the measured field at=0 in Fig. 9a) is less than
field back to steady state. With the system initially in itsthe steady-state value. This is evidence of a nonclassical
steady state, Eq14), a photodetection at the APD reduces field, since it violates the lower bound of the E§) inequal-
the cavity state, Eq17). Physically, this photodetection tells ity. This nonclassical feature demonstrates that the field fluc-
us that an excitation has escaped through the cavity mirraiuations are anticorrelated with the conditioning photon that
and was detected in the APD. Then the system has to evohalows for the dynamics to show explicitly in this measure-
back to steady state by exchanging the remaining excitatioment. Rather than showing random field fluctuations, we see
between the atoms and the cavity at the vacuum Rabi freexplicit evidence of the projection of the polarization field
guency{),. This exchange of excitation is described by theout of phase with the intracavity field.
time-dependent amplitude4dF(7) in Eq. (19). This is the We have performed a series of checks on our measure-
evolution recorded in the BHD photocurrent. ment. These included blocking the atomic beam and trigger-

Figure 8 depicts the reduction of the shot noise as théng the digital storage oscilloscope from a thermal source
signal is averaged. Since the cavity output is mixed with anstead of from photodetections from the output of the cavity
local oscillator that is at least eight orders of magnitude mor€)ED system. The field correlation disappeared in both cases.
intense, the shot noise fluctuations in the local oscillatoMe also have directed varying fractions of the signal to the
dominate over the signal. This requires averaging. Figurd®@HD and observed the expected scaling in the size of the
8(a) shows the result after 6000 averages with the randonsignal.
shot-noise fluctuations averaged to a level where they are The fluctuations are always due to the emission of a single
approximately equal to the cavity signal. In Fighg the  photon. The size of the saturation photon numgin our
signal is more evident after 18 000 averages, and finally Figexperiment is less than 1. Figure 10 shows data taken at an
8(c) shows the random fluctuations averaged to a level wheritracavity intensityn/ny=0.30. This corresponds to a mean
the cavity signal is clearly distinguishable after 59 000intracavity photon numbers of 0.027, in the low-intensity
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We assume the data can be scaled with two consfnts
204 andY, such that
R
Q h(7)=Ehgp(7)+Y. (24
IE 20
40 For r—x, Eq. (24) is equal to 1,
200 -100 0 100 200 ENep(*) +Y=1. (25
T (ns)
We can determin&Z by noting that= dhe,p=sh and as-
suming that the coherent transmission dominates the incoher-
T ent transmission(@)~ \/(a'a)
2 2 I H
i
I B~ \/ .
E 4‘Shexpt <3Ta> 7]NS
, , Y can then be recovered from E@5). This method is based

6 10 20 30 40 50 60 70 on measured quantities from the experiment. We record the

Q (MH2) number of starts on the scope. The intracavity intensity and

FIG. 10. Low-intensity ©/ny,=0.3) field correlation and FFT. 77 &€ obtained from the measured flux at the APDs, and the

detection bandwidth is determined by the 70-MHz low-pass
filter. The noise amplitudéh,,,is determined by taking the

tandard deviation of the un-normalized data.

A second approach to the normalizationhgfr) uses our

knowledge that the normalized field correlation is the square
B:)ot of the intensity correlatiom®(7) in the weak-field

regime. The top trace is the unnormalized correlation func
tion H(7), it shows nonclassical behavior, as the correlation®
is minimal at7=0, the bottom trace shows the FFT of the
top trace. Equatiori6) establishes the relationship between
the correlation function and the spectrum of squeezing, s
the bottom trace is proportional to the spectrum of squeezin . ,
and shows a dip at the vacuum Rabi Splittifig of the easurement that properly scales the normall)zed f|eld corre-
system. There is qualitative agreement between these traclion. The comparison to the square rootgsf(7) is not

and those in Fig. 2. The amplitude of the field should be thé:_omplet_ely valid because this data is not taken in a weak-
greatest at=0 as given by the initial jump Eq21) in the  feld regime. . . .

field caused by the escape of a photon from the system. The Finally, we can normalize by calculating the dc field ex-

continuous line in the FFT has the functional form predictedPected from the measured photon flux from the cavity. From
by the low-intensity theorysee Ref[9]). the measured flux, the expected dc voltage level can be cal-

culated. Adding this level, then dividing by the mean level
normalizes the correlation data to a long time mean of unity.
The difference between the first method or normalizing by
The field correlation defined by E@5) is normalized to  the expected noise and the other two is that we have only
the mean field. Obtaining a proper normalization requiresncluded the fraction of the light directed to the BHD without
precise knowledge of the average mean field. Our detectioimcluding the signal LO overlap, quantum efficiency, and ad-
system is ac coupled, so we have to determine the meatitional losses(mainly from the Faraday isolator transmis-
steady-state field in some other manner. sion). We employ the first method for our normalized results
We determine the proper dc level and normalization bypresented here.
comparing the expected shot noise after averaging with the Figure 11 showsh(7) for a large intracavity intensity
measured noise in our data. The knowledge of the averagingh/n,=1.2). The size of the field amplitude is nearly un-
procedure allows us to extract the normalized correlationchanged, but the background has appeared. The intensity cor-

mit. This allows us to determine a dc level for the raw field

B. Normalization

The noise amplitude for the normalized correlation is relation for an input intensity within 10% of that for the field
measurement shows only classical fluctuations. Qualitatively
1 Br this conditional field agrees with that in Fig. 3 where the
Sh=———\/=, (23)  increased drive causes many more spontaneous emissions,
2(a)v2kn ¥ 2Ns which can interrupt the evolution of the system back to

steady state following the escape of a photon as set by Eq.
whereNg is the number of startss is the cavity bandwidth, (21). Reineret al.in Ref.[9] study the effects of spontaneous
B is the detector bandwidth in units of the cavity bandwidthemission in greater detail. The dashed area in Fig. 11 marks
k, n is the fraction of the output power sent to BHD, and the limits from the Schwartz inequalities in E48) and(12).
(a) is the mean intracavity field. The field is clearly nonclassical.
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FIG. 13. Amplitude of the oscillating conditional photocurrent
H(0) as a function of the square root of the normalized field.
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T (ns) multiply by a factor of 2 instead of 4 because our Fourier

transform is performed for both positive and negative times,

FIG. 11. Normalized field correlation for an in-phase fighl. ~ While the squeezing spectrum is defined for positive times.
=13 andn/ny=1.2. The dashed region is classically allowed. ;rhedso”? line is the squeezing spectrum with the noise fil-
ered out.

We observe squeezing below the standard quantum limit
(or the shot-noise leveht ), the coupling frequency of the

The Fourier transform of the normalized field correlationsystem. At this frequency, the field exhibits squeezing of
times the source fluk yields the spectrum of squeezifi§q. ~5%. The positive component centered at zero is a result of
(6)]. A single time domain measurement of the field fluctua-spontaneous emission noif@| and is in qualitative agree-
tions yields the entire frequency domain spectrum of squeeznent with that obtained in Fig. 3.
ing. To compute the spectrum in Fig. 12 we use the normal-
ized data of Fig. 11. First, we symmetrize the time series of D. Amplitude of signal
t_he dat"’.‘ so that the'datz_;l IS ordereq in an array with positive We have measured the conditional field evolution for sev-
times with the nggatlve times followmg..We take the real Party o) different values of the cavity input intensity. Figure 13
o_f the fast F_ouner transform and multl_ply the result by theShOWS the amplitude of the measured oscillatib0) as a
time resolution of the data and by twice the fléxdeter- ¢, qion of this driving intensity. The response is approxi-
mined ffo.”.‘ th? meagured rates at the APD.s.and the me nately linear for low driving intensities, a relationship that is
sured efficiencies. This cancels the tlmg un_|t |ntrc_)duced b¥ st for stronger drives. From OB studies we know that the
the FFT and ensures that the spectrum is dimensionless. iving field and the transmitted field are linearly related by
1+2C. We infer the driving field from the measured photon
count rates. Quantum trajectory simulatid®$ indicate that
the deviation from linearity of the relationship is due in part
to spontaneous emission. There is also an increased probabil-
ity for the system to have more than two excitations. The
spontaneous emission eventsi2C times more common
than the escape out of the cavity only show their presence
indirectly in the correlation function as they escape through
other modes outside the preferred one.

For low enough drives, the amplitude of the conditional
field is given by Eq(21). Note that this is\ the coefficient
of |1) in Eq. (17). This term describes the probability for
occupation of the cavity mode by a single photon. Our mea-
surements record the evolution of this coefficient.

C. Spectrum of squeezing

ot

15 1

=0°)

102 $(Q,0

V. CONCLUSION

0 T T 5'0 T T 100 The strong coupling between the cavity and the atom in
cavity QED permits us to follow the dynamics of the field on

a time scale many orders of magnitude slower than the opti-
FIG. 12. Squeezing spectra for cavity system witlmy=1.2,  cal frequencies using the field-intensity correlation. The

and source fluF =10.9x 1¢° photons/sec. strong coupling creates a regime in which a single photon
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fluctuation is an order of magnitude larger than the meanure of the field as it evolves in time. This would involve
intracavity photon number. In this sense cavity QED is idealkampling the field at various phases and performing some
for the study of the time evolution of the field at the subpho-type of tomographic reconstruction to arrive at a quasiprob-
ton level. ability distribution, such as the Wigner distributip®9].

The remarkable feature of the cavity QED system is that The conditional homodyne technique may have more gen-
the detection of a photon projects the system into a welleral application to study other sources, both classical and
defined quantum-mechanical state that evolves in time in aonclassical, since the information obtained through this
phased way. The field-intensity correlation measurementield-intensity correlation approach complements and synthe-
uses this feature to observe this evolution in the emitted fieldsizes the one coming from intensity-intensity correlations
By triggering the homodyne field detector on the photon de{particle aspegtor squeezingwave aspegt
tection, we can recover this subphoton field fluctuation from
the large shot-noise background. The time domain field cor-
relation provides us with the information to construct the
squeezing spectrum for the source in an efficiency- We would like to acknowledge the interest and help in
independent manner. this work of H. J. Carmichael and P. Rice. This work was

Future studies may try to map out a full phase-space picsupported by NSF and NIST.
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