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Abstract
An important development in modern physics is the emerging capability

for investigations of dynamical processes for open quantum systems in a

regime of strong coupling for which individual quanta play a decisive role.

Of particular signiÐcance in this context is research in cavity quantum elec-

trodynamics which explores quantum dynamical processes for individual

atoms strongly coupled to the electromagnetic Ðeld of a resonator. An

overview of the research activities in the Quantum Optics Group at

Caltech is presented with an emphasis on strong coupling in cavity QED

which enables exploration of a new regime of nonlinear optics with single

atoms and photons.

1. Introduction

One of the most important themes of quantum mechanics

since its inception has been quantum measurement. Begin-

ning with the then startling revelation of the impossibility of

noninvasively monitoring a quantum system as codiÐed by

the Heisenberg uncertainty relations, advances in our under-

standing of the ““rules and regulationsÏÏ governing the Ñow of

information to and from quantum systems have had a pro-

found impact on the epistimology of science. As anticipated

in the seminal work of Einstein, Podolsky, and Rosen [1], a

landmark achievement in this endeavor was provided by

John Bell, who changed once and for all our understanding

of locality and realism in the quantum world [2].

BellÏs work ushered in a new era in quantum measure-

ment driven by experimental investigations [3]. Prior to this

time and indeed throughout most of its history, the subject

of quantum measurement had all too often been a meta-

physical enterprise due to a persistent fascination of theory

with questions of no operational signiÐcance and to a lack

of technical tools sufficient to the task of laboratory investi-

gations. However, over the past three decades this situation

has changed profoundly with major advances in a number

of areas and with a level of activity that shows no signs of

abatement, as evidenced by the presentations at this Sympo-

sium. Rather than attempt to trace all of the threads that

have been woven to make the Ðne tapestry that has

emerged, here I wish to concentrate on the origins of revol-

ution sown in two particular research communities.

Beginning in the somewhat unlikely quarter of attempts

to detect a classical force, Vladimir Braginsky, Kip Thorne,

and their colleagues (who were investigating the possibility

of the detection of gravitational radiation) recognized the

relevance of quantum mechanics as applied to a macroscopic
mass in limiting the resolution of a ““bar antennaÏÏ [4È6].

Driven by their vision of a new window on the universe via

gravitational-wave astronomy (and at least not initially by a

love of quantum measurement per se), these explorers for-
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mulated but were not daunted by the standard quantum limit
(SQL ) which delineated the then known boundary of know-

ledge. Instead they pressed forward to invent new measure-

ment strategies, including most signiÐcantly the concept of

quantum non-demolition measurement (QND), whereby the

SQL could be circumvented.

A second community engaged in a seemingly disjoint

journey was that of quantum optics, who since the pioneer-

ing days of Glauber [7] and Sudarshan [8] in the 1960s had

been pursuing their own ““golden ÑeeceÏÏ in the form of states

of the electromagnetic Ðeld with manifestly quantum or non-

classical character. Although surely the correct description

of the electromagnetic Ðeld is a quantum one, just as surely

the vast majority of optical phenomena are equally well

described by a semiclassical theory, with atoms quantized

but with a classical Ðeld. In this regard, Einstein is purport-

ed to have said, ““I know that beer comes in pint bottlesÏÏ (in

refering to the quantum features of blackbody radiation).

““What I want to know is whether all beer comes in pint

bottlesÏÏ (that is, whether the “quantum characterÏ of the elec-

tromagnetic Ðeld has its origins in the atoms that bring the

Ðeld to thermodynamic equilibrium or as an intrinsic pro-

perty of the Ðeld). The Ðrst experimental example of a mani-

festly quantum or nonclassical Ðeld was provided in 1977

with observations of photon antibunching for the Ñuores-

cent light from a single atom [9].

As is often the case in science, many profound discoveries

occur in the unexplored domains between more established

territories. In the story at hand, Carleton Caves played a

key role in bridging the gap between the aforementioned

gravitional-wave and quantum optics communities, and

catalyzed especially the later to action. In various disguises,

Caves and others [10] demonstrated that zero-point or

vacuum Ñuctuations were the villians responsible for the

SQL and that they could be vanquished by the nonclassical

states of quantum optics [11]. Nonclassical states thus

became essential ingredients in advancing measurement

science beyond the SQL. After initial work by Slusher and

Yurke in 1985 to generate squeezed states of light [12], the

Ðrst measurement with sensitivity beyond the SQL was

reported [13].

There has since ensued an expanding zoology of nonclas-

sical states of the electromagnetic Ðeld [14], with diverse

““proof-of-principleÏÏ demonstrations ranging from spectros-

copy [15, 16] to communication [17, 18] to the realization

of the original EPR gedanken experiment [19]. Although

these experiments have been conceptually important, a

common ingredient to them all has been the lack of a truly

spectacular advance beyond the borders delineated by the

SQL, with factors of two rather than ten-to-the-two charac-

terizing the state of the art [20]. Even in light of the uncom-

promising task master which is the standard quantum limit,
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this situation must be viewed as somewhat disappointing

given that we are now twenty years past the debut of non-

classical light.

An inquiry into the root cause of this state of a†airs can

easily become mired in the technical details of any one

system, which nonetheless surely does lead to ideas for

further advances. However, it is my view that truly spec-

tacular progress is blocked in more generic terms by our

inability to make an operational accounting quantum by

quantum for system losses, which in turn is related to the

ratio of times scales for coherent, reversible evolution to

that for irreversible, dissipative loss for the systems

employed. In this regard, it is important to note that

although the Ðrst demonstrations have been made for the

electromagnetic Ðeld within the realm of quantum optics,

quantum measurement has advanced on other fronts as

well. A notable but certainly not exhaustive list includes

recent observations of squeezing for phonons [21] and of

the quantum statistical character of electron transport [22].

Here too, the e†ects reported have been modest.

Leaving aside for the moment this tale of the trials and

tribulations of quantum measurement, let us turn to another

important trend of modern physics, namely an unrelenting

march to isolate and manipulate the dynamical processes of

individual quantum systems, with interactions studied

quantum by quantum. In optical physics, one example of

such research is cavity quantum electrodynamics with single

atoms and photons, while in condensed matter physics, a

notable example is Coulomb blockade with discrete electron

energies [23]. Note that the emphasis is not simply to

observe event by event as in traditional scattering experi-

ments, but rather to control quantum evolution in a deter-
ministic fashion, where the sense of this seemingly

contradictory phrase will be made clear shortly.

Just as in the discussion of quantum measurement where

the convergence of disparate communities made possible a

series of spectacular advances, another potentially profound

conÑuence is underway with the merging of quantum infor-

mation science with the ability for quantum control of the

dynamics of complex systems. Examples in this arena

include quantum computation and communication, which

require for their implementation the ability to manipulate

quantum systems in a prescribed fashion at the level of indi-

vidual constituents (be they photons, phonons, or electrons)

[24]. Within this context, I would like to advance the point

of view that quantum measurement should now rightly be

considered as subsumed within the broader context of

quantum information science. Indeed, it is my belief that

quantum measurement will not pass beyond its current

plateau of proof-of-principle demonstrations until and

unless we learn how to implement diverse quantum control

algorithms, including quantum error correction to conquer

the debilitating e†ects of dissipation for open quantum

systems.

An essential ingredient in this endeavor is the ability to

bring two components of a complex quantum system

together in a control fashion. Qualitatively, assume that the

o†-diagonal components of the systemÏs interaction Hamil-

tonian are characterized by where s is the rateSHintT D +s,

of coherent, reversible evolution [25]. If the interaction pro-

ceeds for time T (which must be under our external control),

then a necessary requirement for conditional quantum

dynamics whereby one component has appreciable impact

on a second component of the system is for the quantity

h \ sT D 1. Certainly, in any real world situation, there will

be irreversible interactions of the system with the external

environment, which lead to dissipative decay at rate ! for

any individual constituent (e.g., decay of a quantum spin). In

addition to the requirement h D 1, we must also then have

s ? C.

In terms of these criteria for s, it is straightforward to

divide the future from the past by noting that almost

without exception, previous experimental investigations in

the domain of quantum measurement and information

science have been carried out in a regime of weak coupling,

for which s > (T ~1, C). By contrast, the future of this Ðeld

depends upon the ability to operate in a domain of strong
coupling, for which s [ T ~1 ? C. Note that the quantity

plays the role of a ““criticalÏÏ number of quantam0 \ C2/s2
for such a system, where with few exceptions in physics,

is the rule so that single quanta have negligiblem0 ? 1

impact on the systemÏs dynamics.

The Nobel Symposium has provided beautiful examples

to illustrate the broad front on which research is being

pursued into the largely unexplored domain of strong coup-

ling, with the work of M. Devoret (see contribution by Bou-

chiat et al.) being a notable example from the condensed

matter community and that of D. Wineland from the area of

cooling and trapping of individual ions in AOM physics. A

third area is that of cavity QED, with exemplary presen-

tations by S. Haroche and H. Walther describing their

research in the microwave domain. The Quantum Optics

Group at Caltech pursues research in the area of cavity

QED in the optical domain. Although there are many facets

to our endeavor, the primary motivation is the quest to

exploit strong coupling in cavity QED as an enabling capa-

bility for research in quantum measurement and more gen-

erally, in the emerging Ðeld of quantum information

dynamics. It is to this cavity QED circus with Ñying photons,

falling qubits, and fantastic Ðnesse that I would like now to

focus attention.

2. Cavity quantum electrodynamics

As illustrated in Fig. 1, our model system is taken to consist

of a single two-state atom located in an optical cavity

formed by two spherical mirrors. The Hamiltonian forHs

Fig. 1. Schematic illustrating a two-state atom interacting with the quan-

tized Ðeld of an optical cavity with coupling coefficient g. In addition to

this reversible evolution are irreversible decay channels denoted by (c, i).
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this system is well-known and takes the form of a sum of

atomic, Ðeld, and interaction terms [26È28],

HŒ s \ +uA
2

pü z ] +uC aü saü ] i+[g(r)aü spü ~ [ g*(r)aü pü `]. (1)

The operators and are the annihilation and creationaü aü s
operators for the single-mode of the resonator under con-

sideration, while pü z and pü B are the Pauli operators for the

atomic inversion, raising, and lowering, respectively. (uA ,

are the atomic and cavity resonance frequencies. TheuC)

coherent coupling between the atom at position r and the

cavity mode is g(r), with

g(r) \
A k2uC

2+e0 V
m

B1@2
U(r) 4 g0 U(r), (2)

where the cavity-mode function U(r) is chosen so that the

cavity-mode volume k is the transition-V
m

\ / d3xo U(r) o2.

dipole moment for the (assumed) two-state atom. Of course

is responsible for coherent (reversible) evolution in ourHŒ s
problem, with playing the role of s from the previousg0
section.

In addition to the dynamical processes associated with HŒ s
alone, we must also include the ubiquitous dissipative pro-

cesses arising from coupling of the atom to modes of the

electromagnetic Ðeld other the privilidged mode of the res-

onator. By way of a weak-coupling approximation for the

atomic interaction with these ““externalÏÏ modes [28], we

arrive at rates for longitudinal and transverse decay(c
A
l , c

M
l )

of the atomic energy and polarization. While these rates are

in general speciÐc to the location of the atom within ther
l

cavity (as is the position dependent radiative frequency

(Lamb) shift dl) [29], it suffices in many cases to neglect

variations in with position [and also in d],(c
A

, c
M
) r

l
although we have recently analyzed the radiative coupling

of an atom to the whispering gallery modes of quartz micro-

spheres where this is not the case [30]. Damping of the

cavity mode through the boundaries of the resonator is like-

wise accounted for by a rate i, where now (c, i) play the

role of C from the preceding section.

Even with this brief statement of the problem, consider-

able insight into the nature of the dynamical processes can

be obtained by introducing two dimensionless parameters

formed from the three rates c, i) [Here we take(g0 , c 4
as appropriate to radiatively broadened decay toc

M
\ c

A
/2

external background modes]. We deÐne

n0 4
Ac

M
c
A

4g02
B

b \ 4

3

c2
g02

, N0 4 2c
M

i/g02 \ 2ci/g02 , (3)

where for an average over a Gaussian standing-waveb \ 83
mode, while b \ 1 for an atom with U(r) \ 1 [25]. Note

that gives the ““saturationÏÏ photon number for the atom-n0
cavity Ðeld interaction, while serves as a measure of theN0
““criticalÏÏ atomic number gives the cooperativity(N0~1
parameter per atom) [27]. In qualitative terms, (n0 , N0)

specify the role of a single photon and of a single atom,

respectively.

From its inception in the 1960s, quantum optics has been

a Ðeld concerned almost exclusively with processes in a

regime of weak coupling for which i), so thatg0 > (c, (n0 ,

and for which one photon or one atom more orN0) ? 1,

less is of no consequence. For example, note that a typical

laser is operated with a threshold photon number Jn0 D
and that typical nonlinear optical processes such as103È104

parametric down conversion have photons,Jn0 Z 104È105
with the number of atoms in each case. In this limitN0 ? 1

of weak coupling, the quantum master equation can be

solved by a system-size expansion based upon the small

parameters [20, 28], with the generic result that(n0~1, N0~1)

dynamical processes take the form of more or less classical

trajectories with small bits of quantum noise. Note that in

this case, the internal time scale for coherent quantumg0~1
dynamics is scaled away.

This is not to say that processes in a domain of weak

coupling are without interest from the perspective of

quantum measurement and information science. Indeed, the

Ðrst measurements to generate and apply nonclassical states

to such problems (as well as many of the contributions to

the Nobel Symposium) were carried out in a domain of

weak coupling. However, as described in more detail in Ref.

[31], weakly coupled systems are not capable of providing a
priori quantum states of the Ðeld in a controlled fashion, but

rather o†er only a posteriori post dictions of such behavior,

as for example, in experiments to explore entanglement via

photon pairs generated via parametric down conversion,

including recent work on teleportation [32, 33].

By contrast, in the regime of strong coupling the internal

clock which speciÐes coherent quantum time runs fasterg0~1
than the external dissipative clock (c~1, i~1). The atom-

cavity system then has time to couple itself coherently and

at least the possibility of a life of manifestly quantum

dynamics before the grim reaper of dissipation enters. It is

to this domain of strong coupling that we turn our attention

in a quest to explore qualitatively new phenomena in

quantum optics associated with the exquisite interplay of

coherent and dissipative dynamics.

While it is straightforward to specify the criteria necessary

for strong coupling (i.e., i)), it is an altogether di†er-g0 [ (c,

ent task to achieve these conditions in the laboratory, as

evidenced by the paucity of realizations across physics gen-

erally. Our progress in this regard is illustrated in Fig. 2,

which plots the critical photon number achieved for an0
series of our experiments dating to 1979 when our e†ort

began. Note that most recently, we have implemented a

system with a cavity of length 10 lm and mirrors with radii

R \ 5 cm, for which

(g0 , c, i)/2n \ (120, 2.5, 35) MHz

and

(n0 , N0) \ (2 ] 10~4, 1.2 ] 10~2), (4)

which is the last point in Fig. 2 [34]. An essential under-

lying technical advance that has enabled the steady

reduction of evidence in Fig. 2 has been an ever increas-n0
ing rise in the Ðnesse for the spherical mirror interferometers

employed in our research, beginning with Ðnesse values

I D 102 in 1980 and reaching I \ 1.9 ] 106 in 1992 (i.e.,

mirror reÑectivity R \ 0.999 998 4 and cavity

Q \ 1.8 ] 1010 (for length l \ 4 mm)) [35], which remained

for many years the highest Ðnesse recorded for an optical

cavity. However, recently we have pushed to somewhat a

higher value I \ 2.2 ] 106 for the whispering gallery

modes of quartz microspheres [36].
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Fig. 2. Critical photon number vs. year. The data for this plot aren0
described in Ref. [25], with the exception of the last two points which are

from Refs [34, 48], respectively.

Within the context of other experimental work in cavity

QED, there are two experiments in the microwave domain

which employ Rydberg atoms in high-Q superconducting

cavities and which are reviewed by the contributions of S.

Haroche [37] and H. Walther [38] in these proceedings. By

following our lead, the group of M. Feld has also achieved

strong coupling in the optical domain [39].

3. Survey of research activities

In the following sections, we brieÑy review some of our

scientiÐc activities enabled via strong coupling in cavity

QED. The discussion is a blend of advances to date together

with glimpses of future prospects to whet the appetite, with

a common theme being a continuation of the quest for low-

loss resonators of small mode volume. In addition, the mar-

riage of laser cooling and trapping with cavity QED should

lead to a splendid set of progeny from the interplay of inter-
nal (atomic dipole ] quantized cavity Ðeld) and external
(atomic center-of-mass wavepacket) degrees of freedom.

We will not attempt to describe our past work in cavity

QED, for which a review is available in Ref. [25], choosing

to focus instead on current and future activities. Suffice it to

say that an important component has been an investigation

of ““structuralÏÏ issues to validate the shared partnership of

Ðeld and atom, and has included observations of the

““vacuum-RabiÏÏ splitting for a single atom [40, 41] and of

the nonlinear response of the system [41, 42]. Here ““struc-

tureÏÏ refers to the eigenstates and eigenvalues which follow

from the diagonalization of the system Hamiltonian Hs
[43]. In addition to this work on ““spectroscopyÏÏ of the

atom-cavity system, we have also studied quantum dynami-

cal processes in a regime of strong coupling, such as

quantum-state reduction leading to photon antibunching

[44]. This work has provided an explicit demonstration of

the failure of traditional system size expansions in describ-

ing open quantum systems in a domain of strong coupling.

Note that the atom-cavity system is a particularly attractive

system for these investigations because of an absence of

complicating nonessential features ; both the reversible

atom-Ðeld interaction and the irreversible dissipative pro-

cesses are fundamental radiative interactions that are well

understood as constituent pieces. Complexity arises from

the interplay of these otherwise fundamentally simple, well-

characterized components.

4. Nonlinear optics with single photons and atoms

As described in Ref. [45], by suitably coupling an atom to a

single mode of a high-Ðnesse cavity, it is possible to create

an e†ectively ““one-dimensionalÏÏ atom, whereby the domi-

nant channel for atomic radiative interactions is via the

cavity mode and thence to and from the external environ-

ment. In this setting, input Ðelds such as squeezed light and

monophotonic pulses can be generated for excitation of the

atom-cavity system, and output Ðelds can be detected with

high efficiency by various strategies. An example of the non-

linear response of such a ““one-dimensionalÏÏ atom is shown

in Fig. 3, which plots the normalized transmission of the

atom-cavity system vs. the mean intracavity photon number

m. As previously discussed, note that a single intracavity

atom has a large impact on the cavity properties (for m ] 0,

the transmission is reduced to 20% of its value for the

empty cavity with no atoms, illustrating the role of N0).

More recent measurements record a reduction of 10~2 for

the passage of a single atom [34]. Likewise, ““saturationÏÏ

onsets for m B 0.02 intracavity photons (on average), in cor-

respondence to the critical photon number for thisn0 \ 0.02

system. Current research centers on a system with n0 \ 2

] 10~4.

One application of these capabilities for nonlinear optical

processes with photons is to the implementation ofn0 > 1

quantum logic in cavity QED. Indeed, we have made the

Ðrst demonstration of conditional dynamics at the single

photon suitable for this purpose, which we termed a

quantum-phase gate (QPG) [46, 47]. Our measurements uti-

lized the circular dichroism of an atom strongly coupled to

the Ðeld of a high Ðnesse optical cavity to rotate the polar-

ization state of a linearly polarized ““probeÏÏ beam (i.e., a

one-atom waveplate). Because the rotation angle of the

probe beam could be controlled by the intensity of a circu-

larly polarized ““pumpÏÏ beam for intracavity Ðelds with

average photon number much less than one, our obser-

vations demonstrated conditional dynamics between pump

and probe Ðelds at the level of single quanta (the analog of

the Kerr e†ect, here for single quanta). The ““truth tableÏÏ for

our quantum-phase gate was experimentally veriÐed, with

Fig. 3. Transmission of the atom-cavity system vs. mean intracavity

photon number m. Note the onset of a nonlinear response for m B 10~2
photons. These measurements are for a probe Ðeld resonant with the coin-

cident atom and cavity frequencies. The transmission is normalized to that

of the empty cavity (no atoms). (Ref. [46]).
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the measurements indicating that the transformation

a†ected by the atom-cavity system is ““non-trivialÏÏ in that it

could serve as a universal element for quantum computa-

tion. Here the quantum carriers of information (the

““qubitsÏÏ) are Ðelds which propagate in two frequency o†set

(and hence functionally distinct) channels, with the internal

state in each case speciÐed by the circular polarization states

Although we have not made measurements of entangle-p
B

.

ment for the Ðelds emerging from the QPG, detailed calcu-

lations carried out by S. Tan (University of Auckland)

indicate that it should be possible to observe nearly

maximal violations of Bell inequalities for the output Ðelds

(even with coherent-state inputs). Note that beyond the

context of quantum logic, the large values recorded for the

dispersive nonlinear interaction between intracavity Ðelds

represents a unique achievement within the Ðeld of nonlin-

ear optics.

5. Real-time cavity QED with individual atoms

A major technical shortcoming of our work in cavity QED

has been that atomic beams have been employed, so that

there are unavoidable Ñuctuations in atomic number and

position. To remedy this situation, we have undertaken a

program to localize single atoms within the cavity at well-

deÐned positions. The Ðrst step in this process is the real-

time detection of single atoms transiting through a

high-Ðnesse optical cavity [34, 48]. For these experiments,

Cesium atoms are dropped from a magneto-optical trap

(MOT) located a few millimeters above a FabryÈPerot

cavity, as illustrated in Fig. 4. By recording the reduction of

the cavity transmission as an atom enters the cavity mode,

we can monitor the ““trajectoryÏÏ of an individual atom as it

transits through the cavity, with detailed examples of such

data given in Ref. [34, 48] and with changes in cavity trans-

mission of 102 having been recorded for the transit of a

single atom as indicated in the Ðgure [34].

Some sense of the advance that this work represents rela-

tive to other experiments in the area of cavity QED is

obtained by noting that the product of coherent coupling

constant g with the transit time T is g0 T D n Æ 103È104,

whereas for all other experiments (which employ atomic

beams), [25, 37È39]. Because the ““optical informa-g0 T D n
tionÏÏ per atom is given by and I ? 1 in ourI 4 (g02/i)T
experiments, we are thus able to extract detailed informa-

tion about the atom-Ðeld dynamics for a single atom in real

time. For example, we have recently made observations of

the ““vacuum-RabiÏÏ splitting based upon the system

response atom-by-atom [34]. Likewise, we have made mea-

surements of nonlinear optical response in the domain

m > 1 intracavity photons (on average) as in the preceding

section, but now recorded for individual atomic trajectories

[34]. By contrast, note that for experiments in the micro-

wave domain, the transit of a single atom leads to one bit of

information (i.e. the atom is measured to be in either the

ground or excited state), with the transit of many atoms

required to obtain a meaningful measurement [37, 38].

Beyond the domain of cavity QED, the work reported in

Ref. [48] represents an improvement of 105 over previous

work aimed at detection of single atoms or molecules by

absorption [49, 50]. Our more recent activities as described

Fig. 4. Schematic diagram of our experiment with cold atoms. (b) Cavity

transmission vs. time after dropping the Cesium atoms from the MOT. The

sharp down going spikes correspond to the transits of individual Cesium

atoms, are of duration D100 ls, and represent atomic detection near the

quantum limits. Note that the cavity transmission is given on a logarithm

scale, with m B 1 photon as the steady-state level (at [50 dB) and with

reductions approaching 102 for some atom transits through the center of

the cavity mode. The inset illustrates the empty cavity proÐle (the central

Lorentzian) and that in the presence of an atom (the ““vacuum-RabiÏÏ

splitting) for coincident atomic and cavity frequencies. These data are taken

for resonant excitation (the central arrow in the inset), while to trap an

atom, we switch during a transit to drive the lower component of the

vacuum-Rabi doublet as indicated by the second arrow on the left. See Ref.

[34].

in Ref. [34] demonstrate so-called ““interaction-freeÏÏ mea-

surements at the level of single atoms and photons [51], and

lay the foundation for the demonstration of a quantum
switch [52], which can be in a coherent superposition of

““openÏÏ and ““closedÏÏ.

6. Continuous quantum measurement and the SQL

Of course our ability to monitor atomic trajectories by the

schemes discussed above cannot improve indeÐnitely, since

at some point we must confront the quantum limits for

detection of atomic motion. Stated more formally, we must

move from a semiclassical description of the atomic center-

of-mass motion to a fully quantum description of the atomic

wavepacket, including the impact of the measurement

process on the systemÏs dynamics. Here the context of the

research is that of the dynamics of continuously monitored

quantum systems whereby the strong coupling of atom and

cavity implies a back reaction of one subsystem on the other

as a result of a measurement [53È55]. As applied to mea-

surements of the atomic CM motion, we are particularly

interested in the ultimate limits with which the atomic tra-

jectory can be followed.

The basic mechanism for sensing atomic position within

the cavity mode is through the spatial dependence of the

cavity mode-function g(r). In the case of a constant external
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drive, the magnitude and phase of the intracavity Ðeld x
depend in a self-consistent fashion on the atomic position r.
By monitoring the transmitted and reÑected Ðelds from the

cavity with high bandwidth and efficiency, we gain informa-

tion about the atomic position, albeit with a concomitant

(measurement-induced) back-reaction on the atomic motion.

Stated more explicitly, as the external drive and thereby the

intracavity Ðeld increases, our ““sensingÏÏ error (e.g., due to

Ñuctuations in photon number) for estimating the intraca-

vity Ðeld decreases, with correspondingly better resolution

for the atomic position r. On the other hand, an increase in

the intracavity Ðeld perturbs the atomic motion (which is

then no longer ““freeÏÏ), so that as the ““sensingÏÏ error

decreases, the ““back-reactionÏÏ from the measurement

increases. The standard quantum limit (SQL) for sensing

atomic position is reached when the ““sensingÏÏ and ““back-

reactionÏÏ contributions to the uncertainty of atomic posi-

tion are equal. For the case of impulsive measurements

separated by a time interval q, the SQL for the position of a

free particle of mass m is given by the well-known expres-

sion [5]

*zsql \ J+q/m. (5)

The SQL as expressed by this equation applies to certain

““in principleÏÏ situations. However, the extension of this limit

to more practical settings such as our work in cavity QED

is not completely straightforward. For example, the infer-

ence of the atomic coupling g(r) (and thence the atomic posi-

tion r) from measurements of the Ðeld external to the cavity

is itself a nontrivial problem within the context of quantum

parameter estimation (QPE) for a dynamical quantum

system, as has recently been analyzed by H. Mabuchi of our

group [56]. Although considerable progress has been made

on the general front of continuous position measurements

for open quantum systems [53È55], we believe that better

deÐned criteria are necessary in order to frame more clearly

the operational signatures and signiÐcance of the SQL.

These comments notwithstanding, some indication that

we are nearing an interesting frontier with respect to

quantum position measurements is provided by an explicit

evaluation of eq. (5) for our experiments with cold atoms

[34, 48]. For atom-transit signals as in Fig. 3 of Ref. [48],

we observe a broad envelope which we associate with the

Gaussian variation of g(r) as the atoms fall along the verti-

cal direction. However, many of the signals display addi-

tional, highly structured variations within this overall

envelope with a typical ““periodÏÏ of roughly q D 30 ls. Given

initial transverse velocities along the cavityvt D ^1.5 cm/s

axis (as set by the collimation provided by the mirror

substrates), we then infer a distance scale dz D 400È500 nm

associated with this structure, which corresponds quite

nicely with that expected for the standing-wave structure of

the cavity Ðeld with periodicity j/2 \ 426 nm. We have thus

tentatively assigned this structure to atomic motion through

the sinusoidual variation in g(r), with the principal caveats

being the role of recoil-induced heating and our limited

detection bandwidth. On the other hand, if we evaluate eq.

(5) for q D 30 ks, we Ðnd so that*zsql D 100 nm, dz D 4*zsql .
Thus these initial measurements are already remarkable

close to the naive quantum limit for sensing atomic position,

although we are well aware that the evidence to date is sug-

gestive and non conclusive.

Against this backdrop, our current experimental e†orts

are being devoted to making more deÐnitive observations to

connect the recorded variations in transmitted intensity to

atomic motion through the standing waves, including recent

measurements of the time evolution of the phase as well as

of the amplitude of the intracavity Ðeld during an atomic

transit for nonzero detunings. Within a broader context, we

are attempting to explore the issue of ““realismÏÏ for contin-

uously evolving open quantum systems. In a regime of

strong coupling, the evolution of such systems is condi-

tioned upon the ““measurementÏÏ record, which in turn

relates to our actions in the external environment, as in our

prior observations of photon antibunching in cavity QED.

Here we attempt to address the questions of ““how much

informationÏÏ quantum mechanics allows us to extract from

the atom-cavity system and of the ““consequencesÏÏ of this

knowledge on the dynamics of the system itself. We view the

atom-cavity system as providing a very fruitful setting for

the exploration of such questions in the arena of quantum
information dynamics.

7. The marriage of cavity QED with cold atoms

Beyond the context of cavity QED, certainly one of the

most exciting areas of research in optical physics in recent

years has been that of laser cooling and trapping. However,

from the perspective of the current discussion, these investi-

gations have been carried out in a regime of weak coupling.

In broad conceptual terms, we are attempting to go beyond

this state of a†airs and to explore the consequences of the

marriage of the mechanical motion of atoms with a quan-

tized light Ðeld. The central theme of our research is an

exploration of the progeny which spring from the union of

atom optics with cavity QED, especially with regard to the

mechanical consequences of strong coupling. We are inter-

ested in situations for which the coupling energy is+g0
larger than the atomic kinetic energy and in the interplayEk
of external-state dynamics (associated with atomic center-of-

mass motion) with the internal degrees of freedom (for the

atomic dipole ] quantized cavity Ðeld). In the regime +g0 [
+(c, i)), a single quantum is sufficient to a†ect pro-(Ek ,

foundly the atomic center-of-mass (CM) motion as well as

to excite an appreciable nonlinear response. The experimen-

tal requirements for these studies are stringent and have so

far been obtained only in our laboratory at Caltech.

From the perspective of continuous quantum measure-

ment for open systems, quantum-state entanglement is gen-

erated between Ðelds which escape from the cavity into the

external environment (and are then measured) and internal

states of the atom-cavity system (including the quantized

atomic center-of-mass) [57È60]. Qualitatively distinct evolu-

tions can arise for the atom-cavity system conditioned upon

the measurement process (e.g., photon counting vs. hetero-

dyne detection) and its outcome (i.e., the measurement

record) in the external environment. Apart from the implicit

back-action from the measurement process, explicit feed-

back can be employed in an attempt to enforce selected

coherent evolutions.

For our experiments which combine laser cooled atoms

with cavity QED, the normal-mode splitting corre-^g0
sponds to a ““temperatureÏÏ which can be muchT0 \ 2+g0/kB
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Fig. 5. The center-of-mass wavefunction t(o, z) and the spatially depen-

dent coupling coefficient g(o, z) are seen to have variation on similar spatial

scales for a ““whispering atomÏÏ bound in orbit around a quartz micro-

sphere. Here o is the radial coordinate (with the edge of the sphere at

o \ 50 lm), while z measures distance along a line of longitude perpendicu-

lar to the equator. The interplay of t(o, z) and g(o, z) gives rise to new

structural as well as dynamical phenomena in cavity QED, as analyzed in

Ref. [30, 67].

larger than the temperatures obtained with polarization-

gradient cooling [61, 62], with T D 15 lK having been

achieved in our initial attempts, corresponding to T0/T P
103 for the parameters of eq. (4). In this combined domain of

strong coupling with respect to both the internal and exter-

nal degrees of freedom (i.e., and(n0 , N0) \ 1 +g0/kB [ Ek)
changes in potential energy for motion through a region of

spatially varying coupling coefficient U(r) (as arisesg(r) \ g0
for example in the Gaussian mode U (r) of a Fabry-Perot

cavity) can profoundly a†ect the atomic CM dynamics, even

for a single intracavity photon [63, 64]. Likewise, as the

atom travels through the cavity with a constant external

drive E, the intracavity Ðeld x can be substantially modiÐed.

Indeed, for weak excitation of the cavity, x D E/i/[1

where For the parameters of eq.] 2C1 o U(r) o2], C1 \ 1/N0 .

(4), this means that the motion of an atom from a node to

an antinode can cause a change of the intracavity intensity

by a factor x2 [ 104, with a corresponding large modiÐ-

cation of the atomÏs motion. Note that this situation is very

di†erent from the usual case for trapped atoms or ions in

Ðxed external potentials, in that here the conÐning Ðeld and

the atomic motion are strongly interacting, with the overall

state of the system determined in a self-consistent fashion.

Quite recently we have had some success in initial experi-

ments to localize atoms in a cavity with single photons. The

basic setup again involves a magneto-optical trap (MOT)

situated a few millimeters above a high Ðnesse optical

cavity, as shown in Fig. 4. When the MOT is switched o†,

the atoms fall between the cavity mirrors with some small

fraction of the atoms actually transiting through the cavity.

With a probe beam tuned to the common atom-cavity reso-

nance, we monitor in real time the transit of an individual

atom entering the cavity [34, 48]. Given such a detection

event, the next step is to switch the intracavity Ðeld to trap

the otherwise falling atom. Following the initial calculations

of A. S. Parkins and more recent work from the group of D.

F. Walls, we make use of the fact that the lower peak of the

vacuum-Rabi splitting corresponds to an attractive (pseudo)

potential, with the average ““well depthÏÏ with as the+g0 n6 , n6
probability for occupation of the lower dressed state, at

least in the limit of weak intracavity Ðelds with photon

number To date, the result of this protocol has beenn6 [ 1.

to lengthen the transit time of an individual atom from 100

to beyond 300 ls, which is to say that the atom spirals

within the Gaussian waist for several orbits before being

lost. This represents the Ðrst demonstration of the role of

strong coupling on the mechanical degrees of freedom of an

atom in cavity QED and sets the stage for trapping with

single photons.

8. Well-dressed states in cavity QED

As an atom becomes yet even colder and better localized

within the cavity mode, it becomes necessary to consider the

full, nonperturbative wave-packet dynamics including

bound states for the system. We have thus undertaken an

investigation of structure and dynamics for an atom strong-

ly coupled to a cavity mode in the domain for which Ek \
[30, 67È69]. Beginning with the spectrum of eigenvalues,+g

we have extended the familiar dressed states for the Jaynes-

Cummings Hamiltonian [43] to include bound CM states

that arise either because of the intrinsic spatial variation of

g(r) or because of an externally applied atomic potential Vext
(r), as for example in an RF Paul trap [70]. Our analysis

supplements the system Hamiltonian of eq. (1) with terms

for the atomic kinetic energy and an external potential,

namely

H \ p2
2ma

] Vext(r) ] +g(r)HIF , (6)

where is the Jaynes-Cummings inter-HIF \ (p~as ] ap
`

)

action written in a rotating frame at Here,uA \ uC \ u0 .

r,p are CM position and momentum operators for an atom

of mass is assumed to have a bound-state structure,ma . Vext
and similarly, the term in g(r) can be interpreted as an inter-

nal state-dependent potential. Spatially localized eigenstates

for both the external motion in a potential well and for the

internal atom-Ðeld interaction are termed ““well-dressedÏÏ

states with the spectrum of eigenvalues which follow from

eq. (6) illustrated in Ref. [67].

An emphasis on localized bound states distinguishes our

work from most previous treatments of quantized motion in

cavity QED [71], which have largely dealt with scattering of

unbound momentum eigenstates. By contrast, our analysis

explores the interplay of the Ðnite spatial extent of a CM

wavepacket t(r) with the quantum Ðeld mode structure g(r),
as illustrated in Fig. 5. For example, for an atom bound

near the surface of a dielectric microsphere, we Ðnd signiÐ-

cant (100%) state-to-state variations in the spontaneous

decay rates associated with the overlap of t(r) and g(r). To

investigate further the type of dynamical phenomena that

can arise, we consider an atom initially localized in the

mode g(r) with one photon and Ðnd substantial modiÐ-

cations to the familiar Rabi nutation rate 2g(r) brought

about by new CM-dependent spatial and temporal scales

implicit in the eigenvalues of the ““well-dressedÏÏ states. We

anticipate issues such as these will become increasingly
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more important as cavity QED moves into a domain with

spatially localized atoms.

9. Evolution of open quantum systems in the presence of
feedback

As intimated in various components of the preceding dis-

cussion, we are investigating quantum-limited feedback for

the atom-cavity system, following the theoretical lead of G.

Milburn and colleagues [72È74]. As noted in [72], the

general master equation for homodyne-mediated feedback

shares much in common with that describing continuous

quantum measurement of position, so that our work in this

area is formally as well as practically a natural extension to

pursue. Moreover, as applied to studies of atomic CM

motion, the setting of cavity QED with a single intracavity

atom is unique with respect to the bandwidth and efficiency

with which quantum-limited information about atomic

motion can be extracted.

With the attainment of the experimental objectives

described above, it should be fairly straightforward to

implement rudimentary quantum servos, with the Ðrst such

example being that previously described where a sensing

Ðeld actuates a trapping potential, with these actions under-

taken near the quantum limits for the Ñow of information to

and from the system. To supplement such an operational

approach, we are working to develop design principles for

the control of experimental systems in a regime of strong

coupling, which is a nontrivial undertaking both with

respect to implementation as well as empirical assessment.

Given the goal of meeting certain speciÐcations for the

system density operator oü via quantum-limited feedback,

two problems of principle are (1) the estimation of the actual

quantum state of the system at any moment and (2) the

actuation of a control response conditioned upon this esti-

mate. With regard to estimation, it is clear that the optimal

strategy is not necessarily that of inference based upon

mean values (e.g., SrT from Sg(r)T), but rather should be

derived from more general statistical properties of the

detected signal Ðeld (e.g., from exclusive probability den-

sities as in the work of Mabuchi in Ref. [56]). Likewise, the

criteria for formulating the control law have not been fully

developed, but presumably some guidance can be found in

the literature on quantum control in molecules [75]. H.

Mabuchi is leading this e†ort in our group.

10. The one-and-the-same atom laser

As previously stressed, far and away the most common situ-

ation in optical physics is that for which (weak(n0 , N0) ? 1

coupling). Stated somewhat more speciÐcally, for laser oper-

ation we have that the threshold for lasing is characterized

by a cooperativity parameter where MD \ M/M0 4 MD1,

speciÐes the atomic inversion (in number of atoms) and D1
is the single-atom cooperativity parameter for the laser [76].

is deÐned in a fashion analogous to but nowM0 N0 , M0
depends upon the particular details of the level scheme and

pumping process. For conventional lasers, and(M0 , n0) ? 1,

consequently a large number of atoms and photons are

associated with the lasing threshold, which occurs for D ^ 1.

By contrast, note that in our experiments as in eq. (4), we

have already achieved a single-atom cooperativity param-

eter The connection between and isC1 4 1/N0 \ 80. C1 D1
roughly where f is the fraction of the total popu-D1 D fC1,

lation that gives rise to inversion on the lasing transition. In

various circumstances in Cesium, it is possible to achieve

for candidate upper state lasing transitions andf Z 0.1

hence to have Thus it seems reasonable to projectD1 Z 8.

““lasingÏÏ for N D 1 atom and much less than one photon,

which is a projection substantiated in general terms by the

work of Mu and Savage for one-atom lasers [77]. Much

more relevant to the current discussion is the recent analysis

by Meyer et al. for the single-ion laser [78].

Within the context of other experimental work in cavity

QED to achieve single-atom ““lasingÏÏ, there are two experi-

ments in the microwave domain [37, 38] and one in optical

regime [79] with c). However, in each case theg0 [ (i,

transit times T are such that T ~1 ? (i, c), so that although

individual atoms in passing through the cavity are each

strongly coupled, steady state is reached only as a result of

many atomic transits (so that each atom provides only an

incremental e†ect) and with many photons in the cavity at

““thresholdÏÏ. Indeed, An and Feld conclude that their

““single-atomÏÏ laser is well described by the standard semi-

classical laser theory (which is obtained in the weak-

coupling limit with N ? 1 atoms) [80], although this is

certainly not the case for the experiments in the microwave

domain due to the larger values of In our work weg0T ^ n.

have achieved conditions for which (forg0 [ c [ i ? T ~1
the cold atom experiments, so that indi-g0T ^ 103 [ 104n),

vidual atoms in single transits are responsible for the

observed characteristics. Hence, as opposed to previous

work in this area with single atoms in the cavity at any one

time but with many atoms responsible for the steady-state

response [37, 38, 79], our experiments would operate with

““one-and-the-sameÏÏ atom and with a ““thresholdÏÏ photon

number > 1.

11. Technical advances to the future

Over the years, our scientiÐc investigations have been

enabled by an intertwining of technical advances, which

have led to, for example, a reduction of by a factor of 108n0
since we embarked on our ““mad pursuitÏÏ in 1979. In this

section, we o†er examples of technical engines that might

continue to power this enterprize into the future.

To achieve yet higher Ðnesse cavities with increased elec-

tric Ðeld per photon (i.e., reduced i and increased we areg0),

exploring the whispering gallery modes of small fused-silica

spheres (diameter D100 lm) [30, 81, 82], as in the pioneer-

ing work at Moscow State University [83]. Although there

are a number of complex issues related to mode identiÐca-

tion and coupling, a central question relates to the quality

factors Q that can be attained with these resonators. Pro-

jected values range to Q ^ 1011 [83] (which would corre-

spond to a cavity storage time of 50 ls, with g0/i D 104
[81]). In our group, we have recently achieved

Q ^ 0.8 ] 1010 at three wavelengths extending into the near

infrared (namely, M670, 780, 850N nm), with Ðnesse values of

2.2 ] 106 [36]. Together with the work Ilchenko et al. [84]
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these measurements represent the highest Q values on

record. More importantly, by way of atomic force micros-

copy of the surface of the microsphere and a simple model

we have quantiÐed the role of surface scattering as an

important loss mechanism [36], and are formulating stra-

tegies to remediate the residual surface roughness (on the

nanometer scale).

Relative to the discussion of cavity QED combined with

cold atoms, alternate avenues for cooling and trapping

within the cavity mode involve the use of a far-o†-resonance

trap (FORT) [65, 66]. In such a strategy, the functions of

cooling and trapping would be essentially classical in char-

acter (and would serve as the ““actuatorÏÏ for control of

atomic motion) and would be separate from the quantized

atom-Ðeld interaction for the resonant mode (which would

provide the ““sensorÏÏ). Yet another prospect that we are fol-

lowing is to employ an ion trap for atomic localization in

cavity QED, with the trapping potential corresponding to

in eq. (6).Vext

12. Coherent processing of quantum information

From a somewhat more global perspective, we are attempt-

ing to lay the foundations for quantum information tech-

nology by way of advances in cavity QED. Our vision is to

pursue two complimentary paradigms which exploit the

atom-Ðeld interaction. In the Ðrst, the photons become the

carriers of quantum information (the ““qubitsÏÏ), with inter-

actions between these ““ÑyingÏÏ qubits mediated by an atom

in a cavity, much as in our prior work with a quantum-

phase gate [46]. In the second approach, the internal states

of atoms are employed as the qubits, with interactions pro-

ceeding by way of photons in the intracavity Ðeld [85].

These two paradigms are not disjoint, but interactive as in

the schemes that we have analyzed for the generation of a

deterministic bit of single photon pulses [86] and for the

synthesis of entangled states such as that described by

Greenberger, Horne and Zeilinger [87]. Surely there are

many technical hurdles to overcome (such as for atomic

localization within the cavity), but as emphasized in the pre-

ceding sections, we are beginning to take signiÐcant steps

down this road.

Some indication that such a journey is worthy of the

e†ort is provided by our research to combine these capabil-

ities to form quantum networks to implement fundamental

quantum communication protocols and for distributed

quantum computation [88]. The enabling capability for this

work is the successful trapping and localization of atoms

inside high-Ðnesse optical cavities. As illustrated in Figs 6

and 7 and as discussed in more detail at the Symposium by

P. Zoller (see the contribution by J. I. Cirac), multiple atom-

cavity systems located at spatially separated ““nodesÏÏ could

be interconnected via optical Ðbers to create a quantum

network (QN) whose unique and powerful properties have

been anticipated by recent advances in quantum informa-

tion theory. Indeed, as led by Professor ZollerÏs group, a

complete set of elementary network operations has been

proposed and analyzed including local processing of

quantum information, transmission of quantum states from

one node to another, and the distribution of quantum

entanglements [88È91]. I would emphasize that these proto-

Fig. 6. Illustration of the protocol of Ref. [88] whereby a component of an

entangled state for a set of atoms at one site can be transferred to an atom

in another set at a remote location. By simple repetition any component of

the original state may be so transferred to create nonlocal entanglements.

cols are fully realistic and well within reach of the current

technical capabilities, as described in the preceding sections.

With respect to quantum computation, we have proposed a

distributed paradigm for ultrascale quantum computing

that has the potential to overcome size-scaling and error-

correlation problems through the use of a multiple pro-

cessor architecture.
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