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A major thrust in the atomic, molecular and optical
physics experiments is mainly on the coherent mani-
pulation of quantum states and research relating to
quantum information processing and quantum com-
putation. These themes are manifested in a number
of major quantum optical topics such as observation
of quantum jumps in ion/atom traps, Bose-Einstein
condensation and atom laser, quantum Zeno
effect (all these topics have already been discussed
in part 1 of this article), cavity quantum electrody-

namics, quantum state engineering, generation of
Schriodinger cat states, atom interferometry, wave-
packet dynamics, quantum non-demolition meas-

urements, etc. In this article we will be discussing
some novel experiments related to these areas.

QUANTUM optics, based on the quantum theory of
atomic systems as well as electromagnetic field has
come out with many novel physical proposals over the
years. There is now a proliferation of experimental
techniques that makes it possible to probe the interpre-
tation of quantum theory via ingeneous quantum optics
experiments. The present review is devoted to the dis-
cussion of these novel quantum optics experiments and
their applications. The first part of this article has dealt
with experiments on quantum jumps, quantum Zeno
effect and interaction-fiee experiments'. In the second
part of the article, we will discuss experiments mainly
related to cavity quantum electrodynamics (QED).
Currently, the major thrust of research in this area is to
develop the necessary tools required to realize a quan-
tum network or quantum internet, by employing atom-—
cavity systems linked by high-fidelity optical intercon-
nects. Photons, when interacting with atoms in small
cavities, show a behaviour that is completely unlike that
in free space. The interaction between an excited atom
and a cavity demands both classical as well as quantum
physics to operate simultaneously. Light emission by
the atom bridges these two aspects of physics, as the
light can be seen as a wave (classically) or as a particle
(photon). Also, devices have been created in which
spontaneous emission can be halted, accelerated or even
completely reversed. A group at Caltech is using optical
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cavities, where mirrors are separated by 1mm distance

and the reflectivity of these tiny mirrors is about
99.996%. This group has recently observed ‘mode-
splitting’ in an atom-—cavity system; we will discuss

about this in detail later in the article. The development
of  superconducting niobium-microwave  cavities  at
Max-Planck Institute of Quantum Optics, Garching has
made it possible to operate a ‘micromaser’ containing
only one Rydberg atom. These cavities have also helped
in quantum engineering of the ‘trapping states’ and the
‘Fock states’ of the electromagnetic field. Questions
pertaining to ‘which-way’ and ‘quantum eraser’ are also
addressed by these cavity QED experiments. The pro-
posed experiments of quantum non-demolition
(QND) measurements of photon number are expected to
be realized in these high-Q cavities and will be dis-
cussed subsequently. Experiments related to the forma-
tion of ‘Schrodinger cat’ will also be discussed. Recent
progress towards the trapping of a single atom within a
cavity by a single photon will be elaborated. A very
recent experiment addressing the issue of wave—particle
duality of non-classical light will be described.

Quantum optics in the cavities
Quantum electrodynamics

In a seminal paper in 1927, Dirac quantized the elec-
tromagnetic (em) field and obtained the transition rate
from spontaneous emission from “first principles™®. This
marked the beginning of QED and quantum field the-
ory. It was shown that quantum theory could deal with
the actual creation of a particle like the photon in this
case. Subsequently, QED was fully developed by
Schwinger, Tomonaga and Feynman and became a para-
digm of all field theories. Basic issues here involve
matter fields where quanta are fermions interacting with
force fields whose quanta are bosons. From this point of
view, the interaction of a fermion with a boson is one of
the most fundamental systems of modern physics.

A primer of basic processes in QED is indicated in
terms of Feynman diagrams’ in Figure 1. QED is con-
cerned with the description of evolution of charged par-
ticles coupled to em fields in terms of elementary
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processes in which photons are emitted or absorbed.
Figure la represents spontaneous emission. The pho-
tons are created ex wmihilo (from vacuum). Figure 15
indicates virtual emission of a photon. An electron
emits a photon as it is perturbed by the vacoum and
shortly thereafter, this photon is absorbed. The -electron
is surrounded by a cloud of wvirtual photons which
slightly change their mass and shift their energy levels.
This is related to the self-energy of the free electron in
which the electron is considered to be in the positive
part of the Dirac’s equation for a free particle. Figure
1c shows the binding of atoms and molecules in solids,
which involves an exchange of a photon between a pro-
ton and an electron (equivalent of Coulomb interaction).
Figure 1d indicates spontaneous emission in an atom.
The electron and the proton are bound together with the
electron undergoing a quantum jump by spontaneously
emitting a photonz.

Each diagram is a possible history for an interacting
charge-field system. QED assigns a complex number
amplitude to each history. The probability of a process
with a given initial state and a given final state is the
absolute square of the sum of the amplitudes corre-
sponding to all possible intermediate photon and parti-
cle states. Due to the wave nature of photons
and particles, interference is expected. At low energies,
particles are conserved but photons can be created or
destroyed. The lowest state of the radiation is vacuum
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Figure 1. Elementary QED processes as described by Feynman
diagrams. a, Spontaneous emission process in which a photon is
emitted when an electron jumps between its quantum states; b, Elec-
tron emits a photon whose energy is different from the electron tran-
sition energy and quickly reabsorbs this photon. So the electron is
surrounded by a cloud of virtual photons; ¢, Interaction between a
proton and an electron by exchange of a photon; d, Bound system of
an electron and proton in which the electron is undergoing quantum
jumps by spontaneously emitting a photon.
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and photons can be created from vacuum. In this state
em fields have non-vanishing fluctuations. This is a
consequence of the relation [q, aT]:l (non-commu-
tation of a and aT). The radiation field is similar to a

collecion of harmonic oscillators which have non-
vanishing ‘zero-point” energy even in their ground state.
Elementary  atom-—photon interactions are  strongly

modified when an atom is confined in a cavity. This is
because in a cavity of length d, modes with wavelength
2>2d are frozen out. This has prompted experiments
for new fundamental tests of quantum theory at very
low energies.

The Jaynes—Cummings model

A simple but non-trivial model of interaction of a fer-
mion with a boson was proposed by Jaynes and Cum-
mings in 1963 (ref. 3). The model considers the
interaction of a single mode of em field with a single
two-level atom. The model has been a useful paradigm
for a wvariety of reasons: (i) It is mathematically tracta-
ble and yields exact analytical solutions for arbitrary
coupling constants. (ii) It predicts certain ‘revival phe-
nomenon’ of Rabi oscillations, which is a signature of
the quantum nature of the field. (iii) It is sensitive to the
quantum statistics of the field. (iv) It exhibits squeezing
and shows chaotic behaviour in the semiclassical limits.
The model had only academic interest initially. How-
ever, the development of tunable lasers allowed study of
the highly excited Rydberg states of atoms for three
reasons: (i) These states are strongly coupled to the ra-
diation field. The probability of the induced transition
between adjacent states is large and scales as nt. (i)
The transitions to neighbouring levels are in the region
of millimeter waves, which permits one to build cavities
with large low-order modes to ensure long interaction
times. (iii) The Rydberg atoms have long spontaneous
emission lifetimes, so that only the coupling with the
selected cavity mode is important. In fact, the spontane-
ous emission lifetime scales as n° and n° for low and
high angular momentum states, respectively. Therefore,
the saturation power for the transition between
neighbouring states becomes extremely small. The other
ingredient of these experiments is the development of
low-temperature ~ superconducting  cavities ~ with  high
quality factors. In such cavities, the relaxation time is
much larger than the -characteristic time of the atom-—
field interaction. The latter is given by the reciprocal of
the Rabi frequency. Thus a periodic exchange of a pho-
ton between the atom and the cavity field can be
observed.

Basic  theory: The JCM considers a single two-level
atom, with the ground state |g) and the excited state |e)
and transition frequency ¢y, interacting with a quan-
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tized single mode of radiation field of frequency @ in a
cavity. The Hamiltonian in RWA? is given by

H=hmS. +hox'a +hg(Sia + S.a'), )
where Si and S; are the atomic operators.

S+ = |€> <g|7 S = |g> <€|, Sz = %[|€> <€|* |g> <g|]7 (2)

and a(aT) is the field annihilation (creation) operator.
The Hamiltonian A can be diagonalized easily. The
resulting  eigenstates |\|I;‘r > (dressed states) and the cor-
responding  eigenvalues 7;1‘; are as follows (under reso-
nance 0y = @i = 1)

@
H|07 g>=_?|oag>7

HyI =% [y,

X =af(n+1/2)+ gn+1],
Qr =g’(n+,

_Umatintl e

2

The quantum electrodynamic calculations of this model
proceed from the fully quantum Hamiltonian (eq. (1)).
We take the atom initially to be in the excited state
[ley which gets coupled to the state |z+1)|g) by the
Hamiltonian (eq. (1)). Then the probability of finding
the atom in the excited state is

P.(1) = cos? (gtyf(n+1)), e

and that in the ground state is

B,(t) =sin’ (gt (n+1)). (5)

This implies also that the inversion ()

Iy,

®)

W (1) = XS, (1)) = cos2grafln +1), ©)
and hence

(@’ Oa() = (N ) ~(S. (1)) = n+sin’(grfn +1). (D)
When »n 1, we have, d(Da@)=n and Pud)=~
cos’ (Q), Py(i)=sin’(Qf), where Q~ gafn is the Rabi

frequency.
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In more conventional (semi-classical) terms,
Q =dFEy/h, where d is the transition dipole moment and
Ey is the electric field amplitude (proportional to «/17 ).
In this limit, the atom is driven by an effectively con-
stant applied field. This is the limit in which semiclassi-
cal radiation theory is expected to hold.

The limit »— 0 implies that there is no field, semi-
classically. However, when #n— 0, the above equations

predict that
Po(f) = cos’(gt), Py(r) = sin’(g1), (8)
(' (Da(n) = sin’(gr) = Py(1). ©)

These equations describe the vacuum field Rabi oscilla-
tions. This is purely a quantum effect describing peri-
odic reversible spontaneous emission! In the normal or
classical sense, the spontaneous emission means that the
excited state irreversibly decays to the ground state.
Here, the field quantization in the cavity has made it
possible for the atom to interact with the vacuum of the
field or the lowest energy state of the quantized har-
monic oscillator (which is not possible classically), and
the field oscillates periodically as the single photon is
tossed between the excited and the ground states of the
atom, describing a periodic reversible  spontaneous
emission. When the atom is in ground state there is one
photon present in the cavity field which is reabsorbed
by the atom. After some time the atom is in the excited
state and there is no photon in the cavity field.

The results can be further generalized to cases where
the initial field state is not one of the definite photon num-
ber, but rather a superposition of all such number states.

For a thermal field, the probability of having n pho-
tons in the field with mean photon number as 7 is
given by P(n) = (7)"/(77+1)"*'. Hence,

n

P.(f) = (ﬁﬂ)li[%j cos® (gtaf(n +1)). (10)
n=0

For the case when the atom is in the upper state at =0,
thermal occupation of resonant cavity modes is impor-
tant. The behaviour is chaotic (Figure 2).

Consider the case when the field in the cavity is in a
coherent state |ofy with mean photon number |o|*=7
and photon distribution P(n)=(7)"e " /n!. Here the
excitation probability is given by

B(n)=Y (" /e cos?(g+f(n+ D)

n=0

(11

N | =

{l +i (7" /nl)e™ cos(2gt."(n + l))} .
n=0
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Figure 2. Atomic excitation probability as a function of time for a

two-level atom undergoing one photon transition in an ideal cavity
with thermal field of mean photon number 7 = 10.

An atom interacting with a coherent state field sees a
spread in field strength and a spread in Rabi frequen-
cies. This gives rise to collapses and revivals of Rabi
oscillations (Figure 3). Spread in Rabi frequencies leads
to dephasing of Rabi oscillations, as was pointed out by
Cummings4. The dephasing time

c

7 =Al—ng(ﬁ+An)”2—g(ﬁ—An)”z]:g, (12)

which is independent of #. Oscillations are damped
with a Gaussian envelope. For longer times, the system
exhibits a series of revivals and collapses. The revival
time

271:\/%

t = . (13)
g
Revivals are due to grainy nature of the field. The
atomic  evolution is determined by the individual
quantas.

Let us surmise the basic reasons for the revivals. A
single-mode quantized em field is expressed as the op-
erator

E= iE, (ae @) _gtgitorkn)y (14)
5 1/2
Ey=|—2| | (15)
2eV

The expectation values of the field E and E? in a Fock
state |n) are given by
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Figure 3. Same as Figure 2, but for the coherent field of mean
photon number 7 =10.

(n|E|ny=0, (n|l:]2|n)=E02(2n+1). (16)

Even when n=0, (0| £|0)=0, but {0]£?| 0y=E; #0.
This is due to vacuum fluctuations.
Now consider the coherent state d |0y =ot|0).

2 - 0(,” .
oy =e ™72y | n), cu=|ox| ™. (17)
LT

The expectation values of £ and £ 2 in the coherent
state |0} read as

(0| £ |0y =2, |0t | sin(k 7 —ar +0), (18)
(| E? | oy = EX(4| o |? sin’ (k.7 —oot+)+1), (19)
(AE)” =(au| £ |0y - (@ | E|a)) = E. (20)

Thus, a coherent state of the field is equivalent to a
classical field plus vacuum fluctuations. This means
that when the cavity field is in a coherent state |0}, the
effective Hamiltonian is

H=hoS. +d'a) +ng[S (a +oy + (' + ot*)S]. (1)

In this picture, the initial state is the ground state atom
and the vacuum cavity field state. The coherent field
excites the atom from the lower state |g,m) to the upper
state |e,n) without changing the photon number ». How-
ever, the excited atom decays from l|e,n) to the ground
state |g,n+1) by virtue of the JCM coupling. Thus the
collapses and revivals are a consequence of the ‘grainy’
nature of the field which introduces quantum ‘leakage’
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correction to the sinusoidal Rabi oscillations predicted
classically. If we replace the right hand side of the eq.
(11) by a semiclassical expression, but assume that
atom initially be in its ground state than we have

[ ]
P(t) = % 1= Y P(mycos2gtyfin+ 1)J|
L n=0

(22)
P jP(I)cos(thw/T)dl—‘ ,
2 9 J
where P(I) = eﬁl/w/(l). The resultant expression is
P(1) =8D(0), 23)
in which ©=(1)""%gr and D(8) is Dawson’s Integral:
)
2 2
p@) = [ (24)
0

The excitation probability shows a single collapse and
no revivals, thereby indicating that the revival is a sig-
nature of the quantum nature of the field (Figure 4).

Note also that in the case of an initial thermal state,
the collapses and revivals are present but much less dis-
tinct. This is because of the much broader distribution
of photon number in this case compared to the coherent
case®. Many interesting effects in JCM arising due to
atom—field coupling coefficient have been discussed
recently®.

Experimental observations

Evidence for collapse and revival in the JCM has been
observed in some extraordinary experiments at MPQ,
Garching near Munich’, with Rydberg atoms in high-Q
cavities. In these experiments a velocity-selected beam
of Rb atoms was excited by ring-dye laser systems to
the 63P3/2 Rydberg state and then the atoms passed
through a superconducting microwave cavity operating
on a singlemode frequency of 21.6GHz near the
8Py, —°'Ds;, transition frequency. The cavity was
cooled to 0.5K, so that the mean thermal photon num-
ber 7 =2 and the photon decay time in the cavity is
sufficiently large (2ms) that an atom could interact
with the spontaneously emitted photon. The atomic
beam flux was so low (500-3000 atoms per second) that
only a single atom at a time was present in the cavity,
and the cavity field could relax back to the equilibrium
between passage of successive atoms. Thus, the experi-
ment was designed to simulate JCM with an initial
thermal state of mean photon number 7 = 2.
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Atoms exiting the cavity were detected via field ioni-
zation with a field strength such that 63P3/2 atoms were
ionized. The interaction time of an atom with the field
was varied by selecting different atomic velocities and
the probability of detection is reconstructed as a func-
tion of interaction times. The use of larger flux of atoms
than the 500s ' increased the cavity photon number.
Evidence of both collapse and revival of Rabi oscilla-
tions was seen and the data are consistent with theoreti-
cal analysis and prediction of JCM.

One-atom maser

The one-atom maser or the micromaser is physically a
very tiny device in which atoms are radiating in a high-
Q cavity one by one and the field so generated is ‘non-
classical’. This is one practical example where concepts
of cavity QED are directly applicable. Experimental
techniques with Rydberg atoms, similar to those used to
study the JCM have been applied to the development of
a ‘one-atom maser” (see Figure 5). The basic idea of
these experiments is to pass atoms through a cavity fast
enough compared with photon decay rate, that a photon
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Figure 4. Time evolution of the inversion of two-level atom driven
by classical chaotic field vs ©=(I)'"*gz.
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Figure 5. Schematic diagram of one-atom maser or micromaser.
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emitted by an atom remains in the cavity long enough to
interact with the next atom. Then the -cavity photon
number can grow by stimulated emission. Maser action
with atomic beam flux as low as 100 sfl, with an aver-
age of only 0.06 atom in the cavity at a time has been
achieved in this way. The atoms in a sense ‘kick’ the
field mode as they pass through the cavityg.

It has also been possible to construct a two-photon
micromaser using an Rb atomic beam excited to the
408y, state'®. The beam passed through a superconduct-
ing cavity tuned to half the 40S;,-39S;, transition fre-
quency. At this frequency, tuning the 40S;,,-39P5» (one
photon) spontaneous emission is suppressed so that
two-photon  transition becomes the dominant radiative
channel. The two-photon process in the cavity is dis-
cussed later in the article.

Vacuum Rabi splitting

Another interesting area of cavity QED deals with dis-
persive effects and the radiative shifts of atomic energy

levels due to the cavity and also the corresponding
shifts of frequency of the «cavity containing several
atoms''. If the strength of atom field coupling is more

than the system dissipation rate, then it is called the
strong coupling cavity QED regime“. Under strong
coupling conditions, nonlinear effects such as Rabi os-
cillations of atomic population and the dynamical split-
ting of the system resonance lines are expected. These
effects have to be dealt by non-perturbative methods,
even if the field is in the vacuum state'''*. The atom-
em field mode coupling parameter is Q@)= E (r)p/h,
where E,()= f(r)(ho/ ZEOV)UZ. It is called rms (root
mean square) amplitude of vacuum field in the mode at
the wvector coordinate 7. The dipole operator matrix
element conmnecting the ground state |g) to the excited
state |¢) is defined by p, f(7) is related to the spatial
distribution of the mode and the effective cavity volume
is V. For the strong cavity coupling condition Q 2y K
(¢ x are radiative and cavity damping coefficients, re-
spectively) must be satisfied. This has been achieved in
two different kinds of experiments. For the experiments
in optical wavelength region, advancement in the tech-
nology to fabricate small-sized mirrors has made it pos-
sible to construct millimeter-size Fabry—Perot cavities
of very high finesse and enclosing large vacuum fields.
In such cavities, experiments have been performed us-
ing alkali or alkaline earth resonant lines and Q, vy K are
found to be of comparable magnitude (~ 10° to 107s7).
In yet another set of experiments, £y is much weaker as
® is smaller and ¥V is larger. However, this drawback
can be overcome by coupling the cavity to a Rydberg
transition. The Rydberg atom intrinsically possesses a
large electric dipole transition matrix element. The co-
efficient <y is small in Rydberg atoms and K can be made
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smaller by using superconducting cavities cooled down
to 0.5-20K. Typical values of Q, 7y kare in the region
~10°, 1, 10°s7, depending upon the atomic transition
and other parameters of the cavity.

The dressed states introduced earlier can be conven-
iently used for analysing radiative shifts in non-
perturbative cavity QED regime. We consider a system
consisting of a single two-level atom and a photon (of
the cavity mode) which can drive it. The ground state of
this system is |g,0) meaning thereby that the atom is in
its lower state and the field in the vacuum state. The
lowest excited states of the system are |e,0) and |g, 1):
meaning that the atom is in the upper state and the field
in the vacuum state, and that the atom is in the lower
state with a photon in a mode. These uncoupled states
are separated by an amount A=@®- @, which is called
cavity—atom  detuning. However, at resonance, Viz.
A=0, the states le, 0) and |g, 1) are degencrate in
energy. The degeneracy is lifted once the atom—field
coupling Q(r) is switched on. We get two dressed
states which are a linear combination of these states
le,0) and g, 1). Specifically, the two dressed states are
|+) = cos(6) (—sin(@))le, 0y + sin(O)cos(O)g, 1) with
tan(20) =-2Q/5 (0<O<m2). This manifold is shown
in Figure 6 (inset). At resonance the spliting in the
manifold is 2Q(7). When this system of atom—cavity is
probed with a weak field whose frequency Vv is being
swept across, then the probe can resonantly couple en-
ergy into the atom—cavity system only when its fre-
quency exactly matches with one of the dressed-state
frequencies. At exact resonance, @, also, the
probe beam does not get absorbed at v=0) but there is
absorption at wv:=@t. This spectrum is called dy-
namical vacuum Rabi splitting spectrum (Figure 6.
This splitting spectrum is similar to the dynamical Stark
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Figure 6. Vacuum Rabi splitting observed on the Fabry—Perot
cavity transmission spectrum (here, D =v— ). The cavity is filled
with atomic vapours. (Inset) Ground state and first two dressed
(atom—cavity) states. The two transitions probed by a weak field
constitute vacuum Rabi splitting.
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splitting spectrum seen in optical and microwave reso-
nance of the atoms. The cavity resonance splitting also
reminds us of the cavity frequency pulling effect which
occurs when a macroscopic medium, whose refractive
index is different from unity, is placed inside the mode.

The experiments usuvally performed to observe vac-
uum Rabi splitting effects involve a large number of
identical Na atoms coupled to a high-Q cavity mode.
The lowest state of the system is the product state
L) =|2)...lg)..., which means all the atoms are in
their lower levels |g). A weak excitaion by a single
photon brings the atomic system in a collective state |H)
in which energy is evenly shared by the atoms. The di-
pole matrix between these states is equal to p(Na)m.
This collective atomic system is more strongly coupled
to the cavity than the single atom. So, the weak excita-
tion spectrum of the cavity, when probed by a weak
field, consists of two lines whose separation under reso-
nance condition (A=0) is given by 2£2av(Na)1/2 in which
Q, is average coupling (averaged over the spatial
extent of the atom). In the optical regime, the vacuum
Rabi spliting has been observed on the transmission
spectrum  of a small Fabry—Perot cavity crossed by
sodium or barium atomic beam with N, =300 atoms' .
The minimum number of atoms giving rise to an
observable splitting is approximately 30. These experi-
ments, when performed in microwave regime using su-
perconducting microwave cavity, show a vacuum Rabi
splitting with about 10 atoms''. The experiments, per-
formed by Mossberg’s group'! for investigating vacuum
Rabi splitting in optical regime, utilizes both continuous
wave input as well as pulsed input. Besides this, they

have also shown that their results are in excellent
agreement with a ‘completely classical model’. The
‘classical model’ involves calculation of cavity trans-

mission function from the standard theory of multibeam
interferometery applied to the Fabry—Perot cavity con-
taining atoms with linear absorption and dispersion11

Complimentarity in quantum mechanics

In quantum mechanics, the question of ‘complimentar-
ity is intﬂ'guingm. In certain physical processes, matter
exhibits particle-like properties, but in other processes,
it displays wave-like properties and gives rise to inter-
ference phenomenon of matter waves. The Welcher—
Weg (German word for ‘which path’) information es-
sentially comes from the particle nature of matter or
light.  Young’s  double-slit expen'ment15 has  demon-
strated the wave—particle duality in a convincing man-
ner. In this experiment, while observing the interference
pattern on the screen it is not possible to predict from
which slit the light has come from. If we make an at-
tempt to find out ‘which path’ information then the in-
terference  pattern  will  disappear.  Einstein tried to
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modify this experiment by using recoiling slits so that
we can simultaneously observe an interference pattern
as well as get the ‘which path’ information. However,
this proposal was found to be deceptive in the sense that
the position of recoiling slits is known within some un-
certainty governed by the uncertainty principle. Conse-
quently, a random phase will be imparted to the light
beams and hence interference pattern washes out".

Welcher-Weg detection: A Welcher-Weg detection
experiment analogous to Young’s double slit experi-
ment has been proposed by the Munich group utilizing
two consecutive micromasers'®. The *°Rb atomic beam
in which each atom is in coherent superposition of
states 63p3/2 and 63p1/2 enters the first micromaser cavity
and undergoes a transition 63p3/2 to 61d5/2 in the micro-
maser cavity (Figure 7). When the atom enters the sec-
ond micromaser cavity, it undergoes another transition
63p1/2 to 61d3/2. The control of these transitions in two
maser cavities is extremely sensitive to various experi-
mental parameters like atomic velocity, etc. Essentially,
the initial atomic coherence (of p-states) is transferred
to d-states in this process of crossing two micromaser
cavities. This can be observed via field ionization of the
atoms in d-states, where the detector current shows up a
modulation or quantm beating'®'’. Whether the ioniza-
tion current will show modulation or not depends on the
nature of the field states set in the microwave -cavities.
Suppose the micromaser fields are initially in a coherent
state with large mean photon number, the emission of
two photons, one by one, in the two micromaser cavities
will not change the initial field state appreciably. This
implies that it will be difficult to know whether the
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Figure 7. Welcher-Weg detection using micromasers. Rb atom in a
coherent superposition of its states *ps/» and ®*p1s» is moving in ma-
ser 1 such that the state *’ps» de-excites to *'ds». When it moves to
maser 2, the state ®pi» de-excites to *'dy». Quantum beats in
photoionization will or will not be detected depending on the state
(coherent or Fock) of the field in the masers.
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emission of atoms has taken place or not in the maser
cavities and coherence will be preserved, giving rise to
the modulation in ionization current. On the contrary, if
the micromaser cavities are initially in a Fock state with
well-defined photon number, then emission of a photon
by the atom will be possible as the photon number will
be increased by 1 but, in the process, the coherence will
be destroyed and ionization current will not show any
modulation'®!”.  The ‘Welcher-Weg®  information  about
the emission path of atoms comes when the microma-
sers are initially in Fock states. Any emission will cause
a change of Fock state by one photon. For example, let
initially the first micromaser be in the Fock-state |ny). If
after the Rydberg atom passes through it, we come to
know that it has become |n; +1) then we know that the
emission path of the atom is transition 63p3/2 to 61d5/2.
Similarly, if we have a knowledge about the Fock state
of the second micromaser cavity after the atom has
passed through it, then clearly the atomic emission path
is 63p1/2 to 61d3/2. Thus we can now draw an analogy of
the micromaser experiments with the Young’s double-
slit experiment. Here the role of recoiling slits (that
provide information on emission path) is being played
by the photon states of the micromaser cavity.

As we have discussed above, the ‘which-way’ detec-
tor suggested by Einstein in the Young’s double-slit
interference  experiment does not work because it is
inconsistent with the wuncertainty relation. However,
another  question under debate has been  whether
Heisenberg’s  uncertainty relation is more fundamental
or the Bohr’s principle of complimentarity! Usually, it
is presumed that the uncertainty relation enforces com-
plimentarity, but this is not always the case because in
a recent thought-experiment, a possibility to construct
a ‘which-way’ detector that does not affect the motion
of the observed object, has been clearly brought out. In
other words, the possible experiment of ‘which-way’
detectors that will get around the uncertainty relation
has been clearly proposed.

Conceptually, this experiment is a variant of the dou-
ble-slit  experiment interferometer along with  Feyn-
man’s proposallg. Feynman, in his proposal for ‘which-
way’ information experiment, suggested to replace pho-
tons by electrons in the usual double-slit experiment. As
the electrons are charged particles, they can interact
with the em field or the photon field Feynman sug-
gested to put a source of photon symmetrically between
the two slits. If the photon collides with the electron,
then it will be scattered. The direction of scattering will
precisely determine the slit it has originated from. In
this experiment, the momentum imparted to the electron
and the uncertainty in the position are both important

parameters. These parameters should be very small
(than those allowed by Heisenberg’s uncertainty rela-
tion) in order to have interference as well as ‘which-

way’ information.
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In the proposed new thought-experiment by the
Munich groupw’zo, electrons are replaced by atoms. The
arrangement is as shown in the Figure 8a. Essentially,
it i single-atom using  micromaser-like
cavities. A laser is used to put collimated atoms into
their excited state. Once the atoms move (one by one) to
the upper or lower cavities, they are forced to de-excite
to a lower state by emitting a longer wavelength photon,
giving us ‘which-way’ information. But one does not
get any interference pattern. Perhaps the atoms are la-
belled by the photons they have left in the cavity. This
means that one cannot get around the Bohr’s principle
of complimentarity, though it is possible to circumvent
the Heisenberg’s uncertainty relation. In a recent ex-
periment by Haroche’s group (see ref. 19), the confir-
mation of complimentarity has been reported.

it s a experiment

This is just like the
but with a

Quantum  eraser  experiment:
‘which-way’ detection type of experiment,

SCREEN

N
—
=
L]

L

A -BEAM

LASER SLITS

SCREEN
b
. N

A -BEAM S2

LASER SLITS

Figure 8. a, Collimated atomic beam excited by a laser is moving
in such a way that when the atom crosses the upper (U) or the lower
(L) cavity, it is de-excited and leaves a photon in that cavity and
could be detected. De-excitation of an atom has no effect on the
atomic motion, so the uncertainty relation is circumvented. However,
the interference pattern (atoms are behaving as waves) is washed out
due to ‘which-way’ information or the photon tagging on the cavity;
b, Quantum-eraser counterpart of the experiment (a). Here S1 and S2
are shutters and P the photosensor. When an atom comes out and hits
the screen, both the shutters get open. When the photon gets ab-
sorbed by the photosensor, the atom on the screen is marked as x,
otherwise y. The x spots make an interference pattern and the y spots
make a complimentary pattern.
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slight variation. The motivation for this experiment is to
find the answer for the converse proposal for the com-
plimentarity issue. What we mean by this is to erase the
‘which-way’ information by allowing the labelling pho-
ton to get absorbed within the little box (cavity) and
then see whether the interference pattern re-emergeslg.
We first discuss the thought-experiment demonstrating
the quantum eraser of ‘which-way’ information as given
by the Munich grouplg. Essentially, the set-up is that
shown in Figure 85 where a photon detector sits be-
tween the cavities and it is covered on both sides by a
shutter. When the shutters are closed, we have two dif-
ferent cavities and the situation is similar to the ‘which-
way’ detector as discussed above (Figure 8a). Next, in
the empty cavities the atom is sent. After crossing the
cavities the atom leaves behind a photon in one of the
cavities and it reaches the screen and makes a spot.
When this is happening, the shutters are simultaneously
opened and as a consequence the two cavities are now
merged to become a single large cavity. It is quite obvi-
ous to assume that now photon will strike the detector.
But, something interesting happens at this stage. Ini-
tially when the shutters were closed, there were two
partial waves associated with the photon in each cavity.
After opening the shutters, these two partial waves
combine to form a single wave. Suppose the partial
waves combine in such a way that they reinforce each
other at the photon detector, then one observes a signal
If the partial waves have opposite phase at the photon
detector, then no signal will be obtained. One can say
that there are equal chances for each event to occur. The
positions of the atoms striking the screen can be marked
when there is a signal and no signal. These positions
will be different in the two cases. The pattern emerging
on the screen due to the collection of the atoms can be
analysed. An interference pattern emerges (similar to
the Young’s doubleslit experiment) when one collects
those positions of atoms from which there were signals
in the photon detector, i.e. when the photon is destroyed
or ecrased. The pattern formed by those atomic spots
which are obtained when there is no signal in the pho-
ton detector (i.e. photon is intact) is just the complimen-
tary of the interference pattern obtained with the photon
erased. It is important to note that only by correlating
the atoms hitting the screen with the response of the

photon detector, the interference patterns are brought
back.
Practical realization of the quantum eraser experi-

ment is found to be very difficult as the excited atoms
supposed to enter the tiny cavities are very fragile and
can be lost very easily. Besides this, there are some
technical problems, for example, the release of the pho-
ton may cause disruption of the atom’s forward momen-
tum. The Innsbruck g;roup21 resolved this issue by using
photons in the experiment rather than atoms as sug-
gested in the thought-experiment by the Munich group.
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The photon source used in the experiment is an ultravio-
let laser photon down-converting itself into two corre-
lated red photons of equal frequency, while nonlinearly
interacting with a crystal. In case down-conversion of
the photon does not occur while moving in the forward
direction, then this photon is reflected back by the mir-
rors and reallowed to pass through the same crystal so
that two photons in pair can be generated. The pair of
photons have definite correlation and move in separate
directions and eventually get recorded by the detectors.
So, there are two ways in which this pair of photons can
be generated and thus constitute two objects that inter-
fere (Figure 9). This is because the placement of mirrors
and the reflection of the light take place in such a way
that it is impossible to know whether photons are cre-
ated by the forward laser beam or the returned beam. In
other words, these two possibiliies of generation of
photons create two paths corresponding to those of the
double-slit experiment, in which a photon can move
through. The interference pattern emerges at each detec-
tor due to the phase difference between two photons
striking at the detectors. This phase difference arises
due to slightly different optical paths taken by the pho-
tons. Suppose photons arrive in phase at the detector,

then it is called as a bright fringe part of the interfer-
ence pattern. When the photons arrive out of phase, then
it corresponds to dark fringe part. The interference pat-
tern can be made to disappear if the photons can be
tagged or marked. If one of the photons can be tagged,
then it provides
pattern  disappears

‘which-way’ information and hence the

interference concurring  with  Bohr’s

a
CRYSTAL
D1 Q M
b
[ M3
C
CRYSTAL y P2
p2 M2

Figure 9. Quantum eraser experiment scheme of Herzog ef al.”'.
Laser (L) produces two correlated photons from a down-conversion
crystal in two ways (@) when the laser beam goes through directly;
(b) or when the reflected laser beam (from M3) passes through the
crystal. Polarization rotator P2 gives the ‘which-path’ information
while the polarization rotator P1 erases the information.
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complimentarity principle. Tagging to the photon can be
provided by giving it a rotation in its polarization so
that its momentum is not affected. This kind of tagging
can be erased by restoring the polarization of the photon
at some other place in the optical path. Hence the inter-
ference pattern reappears and thus the scheme
pletes the quantum eraser experiment.

There is a practical utility of quantum eraser experi-
ments in quantum computing and quantum cryptogra-
phy. The qubit used in quantum computing/cryptogra-
phy demands entanglement of two quantum states and
the system must exist in these two states simultaneously
and consequently these states must interfere. It is quite
difficult to keep the system in a superposed state until
needed. By utilizing the quantum eraser experiment this
problem can be solved and interference can be main-
tained when desired.

Next, we discuss yet another experiment based on
Feynman’s idea (discussed above) or a Heisenberg light
microscope  providing ‘which-way’ information  in
Young’s double-slit experiment with electrons or atoms.
The basic element of this experiment22 is a three-grating

com-

Mach—Zehnder atom  interferometer (Figure 10) in
which single photons are scattered from interfering
de-Broglie waves, and the loss and revival of fiinge

contrast are measured as the separation of the interfer-
ing path at the point of photon scattering. In this ex-
periment, the loss of coherence cannot be attributed to
the momentum transferred in the scattering. It is due to
the random phase shifts between two interfering paths.
This is because the photons can be scattered into vari-
ous modes of the reservoir so that coherence is not
destroyed but gets entangled with final state of the res-
ervoir. So selective observation of atoms which scatter

ATOMIC BEAM

WA
o
L

SLITS ks
PUMP LASER
EXCITATION
LASER

Figure 10. Schematic diagram of an atom (Mach—Zehnder) inter-
ferometer. Initial trajectories of atoms are shown as dotted lines;
solid lines represent the atom trajectories after a photon (indicated by
wavy lines with initial and final momentum % and ks, respectively) is
scattered from the atoms. Atom diffraction gratings are indicated by
vertical dotted lines. Deflection Ax is used for measurement of final
photon momentum projection k. and Ak;.
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photons in a restricted part of the accessible phase
space, results in regaining fringe contrast.

In this expen'mentzz, a Na atomic beam having almost
a single velocity is produced in a seeded inert-gas su-
personic jet. This beam is irradiated by a o polarized
laser and the atoms are pumped into F=2, mp=2 state.
This beam travels through two slits (85cm apart) for
collimation (Figure 10). The atom interferometer con-
sists of three nanofabricated diffraction gratings. By
measuring the transmitted atomic flux through the grat-
ings while varying their positions, intereference pattern
gets recorded; contrast of these fringes along with the
phase information is retrieved by data fit. Single-photon
scattering (within the interferometer) by the atoms is
obtained by exciting them to F =3, mp =3 state using
a o polarized laser beam. The atom then de-excites
back to the ground state via spontaneous scattering. In
order to study how the photon scattering affects atomic
coherence as a function of separation d, the excitation
laser beam is translated slowly along the atomic beam
axis z and the contrast/phase of the fiinges is deter-
mined at each point with and without spontaneous pho-
ton scattering. In the experiment, initially no correlation
measurements were made between detected atoms and
the scattered photon. As a result there was no change in
the fringe contrast or the phase of the interference pat-
tern. With increase in the separation of the interfering
beams, the fringe contrast decreases sharply to zero. A
further increase in d causes a periodic rephasing of
interference and hence partial revival of contrast and a
periodic phase modulation take place.

The next part of the experiment involves correlation
measurement of atoms detected and the photons scat-
tered into a restricted range of final direction. Normally,

this is achieved by coincidence measurement of atoms
with photons scattered in a specific direction. Due to
technical reasons an equivalent experiment was per-

formed in which, with the help of deflection of the
atom, the final photon momentum projection as well as
a small change in the momentum could be measured
(see Figure 10). The outcome of such an experiment is
partial regaining of the loss of coherence and hence the
fringe contrast as d increases.

Two-photon JCM

Consider an atom which has a lower state |g) coupled to
an excited state |¢) by dipole-allowed transitions
through intermediate states |, (f=1,2,..). The atom
interacts with the em field in a cavity tuned to the fre-
quency = (k. — Eg)2h, where FEy(E;) is the energy of
the lower (excited) state. If the frequencies (& — Eg)h
and (E.— Ej)/h (where E; is the energy of an intermedi-
ate state [))) are sufficiently different from @ the atom
acts like an effective two-level system absorbing and
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emitting two photons of frequency @ each at a time. The
effective Hamiltonian of the system is given by

H=2hos, + han'a + hg(aS. + S.d*). (25)

The parameter g is related to the two-photon matrix
element and it is equal to the vacuum-Rabi frequency
for two-photon transitions. With a suitable choice of the
atomic transitions and cavity size, one can make it rela-
tively large. In the two-photon maser: g~4000 st for
44§ — 39P — 39S transition in Rb.

The corresponding dressed states obtained by
nalizing the Hamiltonian are given by23 (h=1x

diago-

H]Oa g> = 70‘&7 g>7
H|l,g) =0,
Hiy) =%, v,

1

)= 7
X =[ox(n+1)E g.‘/(n+l)(n+2)]. (26)

The probability for an atom initially in the excited state
le) to remain in the excited state is

[ne)x|n+2, g,

P.(1) =% l+ZP(n)cos(2gt1/(n +1)(n+2) | 27)

n=0

If the cavity field is in a coherent state |op, then

Pay=(7)"e ™ /n!  and using f(n+ D(n+2) =(n+372)
we have
P.(t) = %[1— e 2T g Cos (Tsin(2 gf) +320)). (28)

There is complete revival of the Rabi oscillations after
their collapse. Many other interesting effects such as
self-induced  transparency, adiabatic following in single
as well as two-mode two-photon JCM have been pre-
dicted recent1y23. This model has been further investi-
gated with driving field and a long time collapse and
revival phenomenon have been observed in orbital mo-

.23
tion™".

Cavity quantum electrodynamics

In 1946, Purcell® pointed out that the spontaneous
emission rate for an atom in a lossy cavity should be
increased by the cavity Q-factor®®. The fact that an atom

is contained in a cavity can modify the rate of sponta-
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neous emission, since the allowed modes into which the
atom can radiate are different from those of infinite free
space. A cavity of length 4 expels modes of wavelength
2>2d. In the late sixties, some spectacular experiments
using molecular monolayers deposited on  reflecting
plates showed that the rate of spontaneous emission
near a mirror is a function of the distance from the mir-
ror’”. These results were also explained theoretically by
both fully classical'”  and fully quantum mechanical
treatments”®.  These and the other early paper327
prompted the present cavity QED experiments and the-
ory which are concerned with the effects of electomag-
netic boundary  conditions on atomic radiative
properties. Enhancement of the spontaneous emission
rate of a single atom prepared in a tuned cavity has been
observed by Goy er al?®. Kleppner” had predicted sup-
pression of spontaneous emission in an off-resonant
cavity. Such  suppression of spontaneous emission
has also been observed experimentally by Hulet er al’®
using an atomic beam of Rydberg cesium atoms passing
between mirrors separated by about 0.2 mm. Before the
beam entered the cavity, an n=22 state of cesium was
prepared by excitation with two dye lasers, and then the
atoms were put into a ‘circular state’ with |m|=n—1

using an adiabatic passage technique30. With  such
an anisotropic circular state preparation, the dipole
moment for the ®=22, |m|=21)>®m=21, |m=20)

transition was parallel to the mirror planes, so that sub-
stantial suppression of spontaneous emission could be
investigated.  Here  applicability = of  selection rule
Ajm|=—1 definitely tells that the radiation is polarized
perpendicular to the quantization axis defined by an
electric ~ field. ~ The  mirrors were  separated by
230.1pm=1.02 (X2), where A is the zero-field transi-
tion wavelength. The transition wavelength was Stark-
shifed with an electric field (small enough to avoid
ionization) over a tuning range ANA=0.04. The state
of the atom emerging from the cavity was determined
by field ionization, using the fact that the »=22 and
n=21 levels have significantly different ionization
rates. As A was varied by application of an electric field
from 0 to 3.1kV/em, a dramatic suppression of sponta-

neous emission was indicated for A2L>1: the lifetime
becomes about 20 times larger than in free space.

Experiments with transition wavelengths in the near-
infrared have been performed wusing much  smaller

mirror spacings by Jhe et al?'. In these experiments,
a cesium atomic beam prepared in the 54 level entered a
cavity with mirror spacing 1.1 um, so that the 54— 6p
transition wavelength of 34um was larger than the
cavity cut-off wavelength 2L =22pm. It was observed
that the atoms passed through the cavity for 13 natural
lifetimes without emission. Using an applied field A
could be varied, and it was confirmed that spontaneous
emission was no longer suppressed when the dipole has
a component perpendicular to the mirror planes.
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Both inhibition and enhancement of spontaneous
emission in the optical region have been observed using
a spherical Fabry—Perot resonator. In this case, the rate
of spontaneous emission into the solid angle subtended
by the Fabry—Perot resonator was varied by tuning it
through  different resonances. Reported inhibition and
enhancement factors were 42 and 19, respectively.

Ey(r) as defined above is generally position-
dependent, with its tangential component vanishing at
the cavity walls. Its maximum value is inversely propor-
tional to the square root of the cavity volume V. Large
Qs are obtained when small cavities of the size of the
order of wavelength are used. In microwave cavities of
centimetre size, typical values of FE, are ~ 107 Viem
and coupling these cavities to Rydberg atom with large
electric dipoles yields € in the range 10°-10°s™!. With
optical atomic transitions coupled to millimetre size
Fabry—Perot resonators, £ is in the range 10°-10" 7",

As mentioned previously, coherent effects discussed
hitherto occur when the atom field coupling exceeds the
rate at which the atomic and field energies are dissi-
pated by relaxation. The cavity damping is character-
ized by its rate oQ and one requires that Q > Q.
With Q factors of the order of 1010, coherent QED ef-
fects can be explored easily.

Pancharatnam phase in cavity QED

The quantum mechanical phases such as geometric
phase (Berry phase)32’33 and Pancharatnam phase34 are
topics of current interest. There are many examples of
systems whose behaviour is specified up to a phase by
certain parameters. The total phase acquired by the
wavefunction of a quantum system in a cyclic or non-
cyclic evolution contains two parts, viz. the dynamical
phase part and the geometric phase part. The dynamical
phase of the state vector of a system is Hamiltonian-
dependent, but the geometric phase depends on the cho-
sen path in space spanned by all the likely quantum
states of the system. The Pancharatham phase is impor-
tant in the propagation of a light beam, where its polari-
zation state is changing pen'odically34’35.

The Pancharatham phase for the
for one- and two-photon JCM as
shows interesting behaviour, and
information about the statistics of the field and atomic
coherence®®.  The  Pancharatnam phase ¢ has both
the dynamical (qy) and the geometric () phase parts
ang‘ can be defined between the vectors W0) and w(#)

entangled  state

described  above
explicitly ~ contains

O, = arg (WO0)| W) 29)

The dynamical phase for an arbitrary quantum evolution
from time =0 to ¢ is given by the time integral of the
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expectation value of the Hamiltonian over the time
interval t=0to ¢,
1 1
0 == [ W H [wina. (30)
0

So, the geometric phase under Schrodinger evolution is
given by

Q=0 Q. G

Both the ¢ and ¢ are important in determining the
behaviour of ¢).

Assuming that both the levels of the two-level atom
are equally populated initially, we have shown the
behaviour of inversion and phase in Figure 11 for one-
photon JCM. Figure 1la depicts population inversion
of a one-photon JCM in the coherent field, which exhib-
its the phenomenon of collapses and revivals of Rabi
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o

_01 5 ] 1 1 H 'l 1 1
0 20 40 60 80 100 120 140 160
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-3 1 1 1 1 L L !
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Figure 11. a, Population inversion for a two-level atom undergoing
a one-photon transition as a function of scaled time 7, with the cavity
field initially in the coherent state having mean photon number 25
and the atom in symmetric superposition of its state; b, Pancharat-
nam phase as a function of scaled time 7 for the same system under
similar conditions of parameters.
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Figure 12. Same as Figure 11, but for an atom undergoing a two-
photon transition.

oscillations. It is interesting to note that a similar

behaviour is seen in the evolution of the Pancharatham

phase ¢ (Figure 115).
Figure 12 shows inversion for the two-level atom
undergoing  two-photon transition in the single-mode

coherent field (the two-photon JCM) which exhibits the
periodic collapse and revival phenomenon of Rabi os-
cillations with a period of 7 (Figure 12a). However, it
is important to note that the Pancharatnam phase (¢)
evolution in 7 (Figure 125) for the two-photon JCM is
also similar to the periodic collapse-revival phenome-
non of Rabi oscillation, but with a period of 2 Thus
the behaviour of the Pancharatham phase (¢) is in con-
trast to the behaviour of the dynamical phase (¢)) (eq.
(30)). Also, if the atom is initially either in its lower or
upper state only, then we do not observe any phase evo-
lution for this system.

Thus, the Pancharatnam phase for a system of cavity-
quantized field interacting with a two-level atom is
quite sensitive to the initial conditions of its constituent
sub-systems. If the initial conditions are such that they
produce some kind of entanglement, only then does one

970

observe Pancharatnam phase as well as the dynamical
phase. In such cases, the phase ¢ can distinguish
between different statistics of radiation in the cavity as
well as the type of photon transition involved. Such
entanglement is important in schemes to transmit quan-
tum information, such as teleportation, quantum cryp-
tography and quantum computation (qubits, etc.y’. The
phases  discussed above are physically observable
interferometrically through a ‘structured’ approax:h38 or
can be estimated by other techniques of phase estima-

tion”.

New experiments in cavities and ion traps

Experiments conceived in cavities

The two basic and important properties of a high-Q cav-
ity and a two-level atom coupled system are (i) the atom
and the field evolve into an entangled state with high
correlation between the two sub-systems, and (ii) these
correlations may affect the internal as well as the exter-
nal degrees of freedom of the atom interacting with the
cavity.

Possible realization of these ideas are now devices
like an ‘inverse optical Stern—Gerlach’ apparatus (where
the usual magnet is replaced by a cavity) or a ‘Young’s
double-slit interferometer’ for matter waves with retard-
ing plates made of a cavity containing a quantum field
adiabatically coupled to a beam of atoms. These devices
make it possible (i) to measure photon number in the
cavity, (ii) to prepare Fock state of the field, and (iii)
to generate a variety of non-classical states, e.g.
the ‘Schrodinger cat states” of radiation. These are
merely not ‘Gedenken’ experiments, but have become
practically feasible with the state-of-the-art technology
related to atomic beams and high finesse cavities in
the microwave as well as in the optical domain. Such
experiments have been conceived and are being carried
out at Ecole-Normale Superieure in Paris*’.

The basic system involved is a two-level atom of
transition frequency ¢ resonant or near resonant with
a single mode of high-Q cavity of frequency @ The
essential parameter is the ‘Vacuum field Rabi fre-
quency’ Q(r ) which represents the rate at which the
atom and the initially empty cavity reversely exchange
a photon (as discussed earlier). = This coupling
Q(7 Y=pE|r Yh, where p is the dipole matrix element
between levels |¢) and |g) and Ey(7 ) the vacuum field
mms amplitude in the cavity which depends on the
geometry.

Let us invoke the dressed states defined earlier. Apart
from the ground state |g,0), all other system eigenstates
appear to be ‘entangled’, with the internal state of
the atom correlated to the state of the photon field. The
eigenstate |y,) (and energy XA.) evolves continuously
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as the atom moves across the cavity. If the atom and
cavity are detuned by a small mismatch & then |e,n)
and |g,n+1) states are non-degenerate outside the cav-
ity. As the atom moves inside, these states repel each
other and evolve into the |\|I:> coupled states. This is
shown in Figure 13, where a microwave cavity is as-
sumed to sustain a sin(7z/L) mode which vanishes on
the cavity axis at z=0 and z=L, and has a maximum at
the cavity centre. We are assuming a small negative
detuning & The energy levels are shown in two-state
manifolds whose maximum separation at the cavity cen-
tre is 2Qoan+1 (Qy is the vacuum Rabi frequency at
this point). If the atom—cavity system is initially pre-
pared in |e,m) or |g, n+1) state and the atomic motion
is slow enough, it will follow one of the atom—cavity
levels. In this adiabatic approximation the total internal
energy is either decreased or increased as the atom
moves inside the cavity40.

Note that the eigen energies (k:f (7)) play the role of
potential energies for the motion of the atom in the cav-
ity field. The atom is either attracted in the cavity
(lw,) state) or expelled from the cavity (|, ) state).
This force experienced by the atom being proportional
to a/n+1 is, in fact, quantized taking discrete values
depending on the photon number.

A wave packet yg,(r,f) associated with the external
motion of atom obeys the Schrédinger equation

2

ih i\I’g,n(f’, )= Ay, (r, 0+ X (MY, , (1) (32)

ot 2m

This wave packet follows the trajectory of a classical
particle in the same potential 7“2 (F). The atom packet
will cross the cavity if the initial atomic kinetic energy
exceeds the potential barrier height.

After exiting from the cavity the position of the cen-
tre of the wave packet depends on the potential seen
during cavity crossing and hence the photon number .
So, we have an elastic atom—cavity ‘collision’ whose

‘final” external state contains information about the ‘in-
verse Stern—Gerlach’®  experiment, because the field gra-
dient itself is the quantum object having discrete

internal state (photon number) and the atomic trajecto-
ries get correlated to these numbers. A conceptual ex-
periment is shown in Figure 14. Atoms enter the cavity
on one side and get deflected along different trajectories
depending on the photon number in the cavity™*’.

An interesting case is when the cavity is initially in

the coherent superposition of  photon states
| =Y., C.|m). In this case
W 0= Y C,,. (s 0, (33)

provided the trajectories corresponding to different #
values are well separated. The detection of the atom at a
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given point will produce a ‘collapse’ of this wavefunc-
tion and reduce the field in the cavity to a well-defined
n value.

Another approach to determine 7 is shown in Figure
15, which is based on atomic wave packet dephasing
with cavity QED experiment. The figure shows a wave
packet (X) impinging on a cavity containing 7 photons.

After exiting from the cavity, the packet is dephased
(shown as Y)) by an amount Adgn) given by
A(])(n)z%J‘QO(F)s/n+l d&z, (34)

for small & Here, k is the momentum of the atom
(k=2mpp, where 2Zyp is atomic de-Broglie wave-
length). A dephasing of 27 is equivalent to a delay of
the atom wave packet equal to 2pp AZ (packet
width). Measuring A¢Q is a sensitive way of determining
photon number in the caVity40.

ENERGY LEVELS

_/—\- on>
\_/_ & 1>

|g,0>

4

CAVITY

O CAVITY AXIS
Z

— | —

Figure 13. A cavity having sinusoidal mode sustained in the cavity
(bottom). (Top) Energy levels of the atom—cavity system as a func-
tion of length along the cavity axis.

ATOMIC
BEAM CAVITY
DEFLECTED ATOMIC
BEAM
Figure 14. Schematic diagram of inverse Stern—Gerlach experi-

ment. Note that the atoms enter the cavity at one end near a side and
get deflected along different trajectories which are dependent on the
photon number.
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X

CAVITY

WAVE PACKET

Figure 15. Dephasing of matter wave packet (X) adiabatically
crossing a cavity. The phase difference is evident in the wave packet
marked Y. X’ represents the wave packet as it would be at the same
time as in Y, provided there is no cavity in the path.

Matter Waves I]
WVWWWWW
| ——
VVWVYWWWWWA [I
CAVITY
Interference
Pattern
Figure 16. Apparatus for matter wave interferometry. Upper slit is

designated as slit 1 and the lower as slit 2 in this case. Phase shift
can be clearly seen on the screen.

To measure the phase shifts, interferometry is the
best choice. A simple scheme is shown in Figure 16,
where an atom wave packet is sent through a pair of
Young’s double-slit apparatus. The cavity, whose field
is to be measured, is placed after the slits. The -cavity
mode is so chosen that there is a field antinode behind
slit 1 and a field node behind slit 2. The atom wave is
dephased only if it follows the path through slit 1. The
atoms are sent through this set-up one by one, and their
position on the detection screen is recorded. The
recorded patten of atoms results in the interference
pattern. When this interference pattern is compared with
the interference pattern of atoms recorded without the
cavity field, there will be a spatial phase shift observed,
which will directly yield the dephasing produced by the
cavity field*".

If the cavity is in a coherent superposition of Fock
states, then something interesting happens. In this case,
there is an initial (photon) #s-indeterminacy and the
phase of fringe pattern is not defined a priori. The first
atom can be detected at any point in the detector plane.
The photon ‘reveals’ itself as successive atoms cross the
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apparatus and get recorded, making the fringe pattern to
progressively emerge on the screen. This is a typical
example of a quantum nondemolition (QND) measure-
ment of the field intensity.

There are other variations of this experiment. For
instance, one can use the Ramsey fringe interferometer
instead of Young’s apparatus40. To realize this method,
a superposition state comprising states |e¢) and |g) must
be prepared, then its evolution in the cavity should be
allowed. The resulting phase shift of atomic dipole
processing at the Bohr frequency between |¢) and |g) is
measured. This shift proportional to the number of pho-
tons will provide QND information on the cavity field.
The detuning of atomic frequency and cavity-mode fre-
quency is large compared to the atom-—field coupling so
that there is no loss of photon. At the same time atom-—
field coupling, is quite sufficient to induce substantial
shift in levels | and |g) (which eventually leads to
dressed energy eigenstates), once the atom enters into
the cavity. In this particular ‘Ramsey method’, sepa-
rated oscillatory fields are utilized for the purpose of
preparation of superposition state of |¢) and |g), and
detection of phases of the amplitudes associated with |e)
and |g) state (Figure 17a). The cavity is sandwiched
between two zones, RAMI1 and RAM2, where auxiliary
fields are applied to the atoms.

Atoms initially in level |e) are sent across the cavity
along a single, well-defined trajectory. The cavity is
interposed between two ‘Ramsey zones’, RAMI and
RAM2 in which a classical field (laser) or the auxiliary
field is applied. In RAMI, a 72 pulse interacts with the
atoms and prepares them in a linear superposition of
their states |¢) and |g) before they enter the cavity CAV.
After entering the cavity, each of these states is
dephased by a different amount by the cavity field. As a
result, the atom packet ‘splits” into two overlapping
components dephased by different angles. After the
atom leaves the cavity, the second Ramsey zone RAM2,
coherently mixes the two components again, in such a
way as to restore the initial state |¢), when the cavity
dephasing is precisely zero (or a multiple of 2. This is
done by a second 782 pulse in RAM2. After the second
zone, the atoms are detected selectively by two counters
sensitive to levels |e) and |g), respectively. The prob-
ability of finding the atom in either level is a sinusoidal
function of the cavity dephasing. The experiment thus
records fiinges versus time spent by the atoms in the
cavity and leads to an elegant QND measurement of the
photon number, ie. counting the photons without
destroying them. The same set may be used to detect
‘photon quantum jumps’40.

The ‘resonant’” method using Ramsey interferometry
has been applied to measure a single photon without
destroying it''. This scheme is slightly different from
what we have discussed above and is only feasible for
single photons. Hence it is called a restricted QND
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scheme. Here, a three-level atomic configuration is
exploited to carry out QND measurement. In an experi-
ment recently carried out by Haroche’s group, an open
geometry cavity having two electrically isolated spheri-
cal niobium mirrors has been used to demonstrate this
experiment. The system is cooled to 0.6K in a He cry-
ostat to control the average thermal photons to be less
than 0.02 or so in the cavity. The atomic source is an
effusive Rb atomic beam pumped by a laser for veloc-
ity-selected excitation to circular Rydberg state having
principal quantum number n=50 (for state |g) or
n=>51 (for state |¢)). The transition frequency of inter-
est and the labelling of atomic levels are depicted in
Figure 17 b.

The cavity is in resonance with |g) — |¢) transition,
but non-resonant with |g) — |) transition, and it con-
tains either 0 or 1 photon. The atom initially in state |g)
enters the cavity and the velocity of the atom is so ad-
justed that the interaction time satisfies the condition
Qppy =21 (Q is the Rabi frequency between levels |e)
and [g)). The Ramsey fringes on the transition |g) — |
are recorded by the method discussed above. The Ram-
sey zone fields are applied to |g — |)) transition in this
case, rather than the |g) — |¢) transition. The fringe pat-
terns recorded when there is 0 and 1 photon in the cav-
ity has a phase shift difference of 7 So, the maxima of
0 photon case interference pattern become minima of 1
photon case and vice versa. This effect of measuring

phase shift in interference pattern gives rise to QND
measurement of single photon and it is called single-
photon QND (SP-QND) scheme''.  The unrestricted

scheme of QND measurement for an arbitrary photon
number with this method is yet to be realized experi-
mentally. Such an unrestricted scheme will not be based
on the ‘resonant method’, but the atom-—cavity field
detuning will be maintained so that the photon absorp-
tion can be completely suppressed.

Conditional ~phase gate and QND: The
system in these experiments behaves as
(qubits) carrying Dbinary information. The Rabi pulse
having pulse area 27t acts as a quantum phase gate
(QPG)42 and causes the following transformations on
the four combined atom-—photon states: [0,2 — 0,2,
1,9 > &Ml,g, [0,d—0,i, |l,i)—[,). This type
of a gate together with unitary rotations, when applied
on each qubit, can produce any unitary two-qubit opera-
tion. Also, the SP-QND measurement scheme obeys the
conditional dynamics of controlled-not (C-NOT) gate.
The C-NOT gate is an important constituent of a quan-
tum computer.

photon—atom
quantum  bits

OND and preparation of Fock state field: The method
of QND measurement is also useful to prepare Fock
state of the em field. For this purpose, a cavity with
almost infinite quality factor (Q) sustaining a definite
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photon number distribution po(N) is employed and the
atomic beam is allowed to pass through it. This atomic
beam is almost monokinetic and having a fixed veloc-
ity. The states of the atoms are monitored when they
leave the cavity. Any measurement carried out on atoms
changes the cavity field density operator and hence the
photon number distribution. Thus after the nth atom
leaves the cavity and its state is measured, the photon
number distribution reduces to p,(N). Detection of each
atom produces partial reduction of field density operator
as the atom—field combined density operator is entan-
gled. As more and more atoms pass through, many pho-
ton number states get lost from the original photon
number distribution and only one particular photon
number state is left behind, and the field is reduced to a
Fock state®. This has also been simulated by a numeri-
cal experiment employing Monte Carlo simulation
method. In another numerical simulation experiment by
one of us, in which all the atoms are projected into their
excited state at the time of detection, we get Fock state
generation in the cavity (Figure 18).

Schrédinger cats: In  the Ramsey set-up, the atom
crosses the cavity in a linear superposition of its states
l) and |g). After the atom leaves the cavity and before it
reaches the second Ramsey zone, the atom—field system
is in the ‘entangled’ state:

1 ) )
W, =—I[e,0e”)+| g, 0] (35)

2

The evolution of the system in this second zone has the
effect of ‘splitting’ the levels |¢) and |g) again, so that
the new state becomes

ATOMIC a
OVEN

LASERS MICROWAVE STATE
CAVITY DETECTOR
@=51) —— e b
511 GHz
(v=50) —————— |2)
54.3 GHz

=49 —

Figure 17. a, Schematic diagram for measuring photon number in
the cavity with quantum nondemolition (QND) method. Atomic beam
is pumped by the lasers to prepare them in Rydberg state. RAM1 and
RAM?2 are two Ramsey field zones and CAV is the microwave cavity
followed by a state detector using field ionization technique for
detection; b, Schematic of atomic levels and the microwave transi-
tions involved in resonant (or restricted) QND method.

973



REVIEW ARTICLE

1.0 After 45 atoms / Al atoms projected in le> state
10 o
0.75 - Q=5x10", T=70°mK I
ng=308 (7 msec)
gtin=2.2
—_ Regular Atomic Inputs
£ s -
=
0.25 I
0.0 4 T T r
0 10 20 30 40
n
Figure 18. Simulation of Fock state generation for the conditional

measurement of all atoms in the excited state. The field is initially
in the thermal state having photon number distribution used in
eq. (10) at 7=70 mK and the process is independent of interaction
time.

L

Yy = \/E

[ e, 06 )+ g,0e®)]+[ g,08 ) |e,0e )]

(36)

Detection of the atom in level |e) (lg)) then leaves the
field in one of the final (not normalized) states:

y= o) F o). (37)
When ¢=m2, the two components have opposite
instantaneous  amplitudes. These states are known as
‘Schrodinger cat’ states and are non-classical. There are
schemes in which one can produce general states like

yi=[o+p)F[o—P). (38)

In particular, when [B=ot we have the state [20) + |0},
which is the sum of the coherent state and the vacuum
field. Note however, that such states must be prepared
and analysed in a time interval short compared to their
quantum coherence decay times. This condition can be
satisfied for  microwave superconducting cavities.
Interest in such states is because it is an experiment

investigating test ground of quantum mechanics at the
frontier between macroscopic and microscopic  phys-
40

ics™ .

In experiments by the NIST group43 Schrodinger cat-
like state of matter has been generated at a single-atom
level. In this experiment, a ’Be" ion was trapped and
cooled down to its ‘zero-point’ energy by employing
laser cooling and then a superposition of spatially sepa-
rated coherent harmonic oscillator states was produced
with the help of a sequence of pulses. Each spatially-
separated state or the wave packet is correlated with a
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particular internal state of the atom. The production of
Schrodinger cat state is analysed with the help of addi-
tional laser pulse that couples internal states and gives
rise to quantum interference of wave packets. In this
method of production of Schrodinger cat state, no con-
ditional measurement has been imposed.

To achieve the above methodology of production of
Schrodinger cat state, a coaxial-resonator RF ion trap
has been used to confine a single “Be’ ion with har-
monic  oscillator frequencies  (v;, V,, w)~(11.2, 182,
29.8 MHz) along the principal axes of the trap. The ion
is then laser-cooled so that it reaches the ground state of
the motion. The atomic states of interest (Figure 19a)
are 281, (F=2, mp=-2) and Sip (F=1, mp=—1) de-
fined as |D); and |U);, with separation ay=1.25GHz.
These states are Raman-coupled through an excited
level 2P1/2 (F=2, mp=-2), which acts as a virtual
level. The Raman coupling is provided by means of off-
resonant laser beams A and B. By tuning the Raman
beam difference frequency near o) and adjusting the
exposure time of lasers A and B, the internal states can
flip or splitrecombine. A pulse with area 7¢2 on the
carrier actvally splits the wave function into an equal
superposition of states |D)i|0)e and |U)i|0). (where |0)
represents  initial  zero-point state of motion). Since
these beams are co-propagating, they do not signifi-
cantly affect the motion of the ion. When the Raman
beam difference frequency is tuned near 3 and dis-
placement beams B and C are applied, then the initial
zero-point state of motion is displaced to a coherent
state. The polarization of Raman beams A, B, C is so
adjusted that the displacement beams (B and C) affect
only the motional state correlated with |U); internal state
and provide quantum entanglement of the internal state
with external motional state.

We can say that the displacement beams excite the
|0)e state associated with the state |U); to a coherent
state |Be??).. After this, a pulse with area Tt on the car-
rier is applied and it swaps the internal state in the
superposition. In the next step, another displacement
beam is applied which shifts the state of motion corre-
lated with |U); to a second coherent state |[3616/2>e and
finally a 72 pulse on the carrier combines these coher-
ent states (see Figure 196 for these steps). After each
preparation cycle, the internal state of the atom inde-
pendent of its motional state is determined by the detec-
tion beam D. Once a Schrodinger cat state is formed
(step 5 in Figure 195b), then it contains quantum inter-
ference in it. Hence the formation of the Schrodinger
cat state can be diagnosed by measuring quantum state
interference using detection of ion in |D); internal state
for a given value of ©. The experiment is repeated sev-
eral times while slowly changing the phase © and the
interference  pattern  (by measuring the signal) is
recorded. That tells wus whether ‘even” or ‘odd’
Schridinger cat state has been produced.
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Figure 19. a, Energy levels of a trapped "Be’ ion. A two-photon
Raman coupling between the levels 2S1n (F, mp=2, -2) and 281
(F, mr=1, —1) is denoted by |D); and |U);, respectively (the hyper-
fine ground states) is shown. The difference frequency of laser
beams A and B is 0y =27tx 1.25 GHz and the difference frequency
of the displacement Raman beam B and C is & =27tx 11.2 MHz.
Laser beam D is the detection beam to know the internal state of
atom after each cycle. b, Atomic wave packet entangled with internal
states |D); and |U); during Schrodinger cat state formation. Wave
packets are shown at various positions of harmonic trap parabolas; 1,
Initial wave packet for the laser-cooled ion in its ground state of
motion; 2, A 782 pulse causes splitting of the wave packet; 3, |U);
wave packet is displaced to a coherent state by a displacement beam
(with a force of displacement f); 4, |D); and |U); wave packets are
swapped following a 7t pulse; 5, |U); wave packet is displaced to a
coherent state by another displacement beam (with a force of dis-
placement —f). This displacement is out of phase with that in 3. The
state corresponding here in 5 is a Schrédinger cat state; 6, |U); and
ID); are eventually combined following a 722 pulse. This is done to
verify the Schrédinger cat state formation in step 5.

Besides this, the NIST group has also demonstrated
creation of thermal, Fock, coherent and squeezed states
of motion of the harmonically-bound ’Be" ion. The last
three states are coherently prepared from an ion which
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has been initially laser-cooled to zero-point of motion.
We refer readers to ref. (43) for more details.

Analogies to cavity QED

Quantum mechanical wave packets are analogous to
a spatially localized classical particle travelling along a
well-defined trajectory. The uncertainty principle places
a limitation on this localization. For bound systems
excited well above their ground states, this may not be
a stringent limitation. The problem is that generally a
wave packet does not remain localized, but spreads. In
some cases, however, the spreading reverses itself and
the wave packet relocalizes again. An example of this is
the decay and revival of classical coherence predicted
and observed in the micromaser realization of the JCM.
The decay and revival here correspond to the Rabi
oscillations of the inversion of a Rydberg atomic transi-
tion. An analogous case is the observation of the decay
and revival of a spatially localized Rydberg electronic
wave packet44. This revival may be attributed to the
discreteness of the quantized energy states. In JCM it is
the quantized nature of the cavity field, while in the
present case it is the quantized nature of atomic energy
levels. Another necessary feature in both cases is the
fact that the coherence superposition state is made up of
frequency components that are almost equally spaced.
In the experiment, the Rydberg electronic wave packet
is formed in the excited states of atomic sodium. The
wave packet is excited by a one-photon process from
the ground state to the Rydberg series by a short, ultra-
violet pulse (Toump=15ps, A=2858A). The evolution
of the wave packet is the photoionization signal as a
function of delay time. The Rydberg states have a range
of wvalues for the principal quantum number »n, with
average value of #(7 =65 in this case). The resulting
wave packet has the appearance of a shell oscillating
between the nucleus and the outer turning point with the
classical orbital period T=27m " au. The period of the
decay and revival is g, = % 7o lau

Another example is the behaviour of a single trapped
ion constrained to move in a harmonic oscillator poten-
tial and undergoing laser cooling at the node of the
standing wave. Under conditions in which vibrational
amplitude of the ion is much less than the wavelength
of light (Lamb-Dicke limit), this problem is mathemati-
cally equivalent to the JCM, with negligible damping of
the oscillator.

This system can be used for investigating several fea-
tures of JCM which have so far been studied only in the
context of cavity QED. For example, it should be possi-
ble, in principle, to prepare a Fock state corresponding
to the quantized motion of the ion in analogy to prepa-
ration of the photon number state in the cavity QED*
(see later in the article). Likewise, one can think of a

975



REVIEW ARTICLE

scheme for preparing coherent squeezed state of motion
of the trapped ion based on the multichromatic excita-
tion of ions by standing and travelling wave light fields
(see ref. 43). The squeezed state is produced when the
beat frequency between two standing-wave light fields
is equal to twice the trap frequency, and is indicated by
a ‘darkk resonance’ in the fluorescence emitted by
the ion. Also, the nonlinear coherent states (NCS) of
the harmonic oscillator, which could be realized in the
motion of trapped atoms have been introduced*®. The
NCS can display nonclassical properties such as ampli-
tude squeezing and quantum interferences.  Various
properties of NCS, including entropies, phase properties
and the presence of ‘number cat’ within number-phase
Wigner formalism have been reported recently®

Cold atoms in cavity QED: Quantum
measurements and quantum traps

Recently, experiments in cavity QED have been pursued
using cold atoms from a Cs magneto-optical trap (MOT)
falling one by one through a small high-finesse optical
cavity (Figure 20), with just one photon (on the aver-
age) present in the cavity47. The cavity atoms are ex-
cited by a weak on-resonant field which is detected as
transmission  signal  using  quantum-limited  heterodyne
techniques. The transit time of the atoms in the cavity
waist of 45um is about 100 ps. The radius of curvature
of the mirrors of cavity was 100 cm, with finesse of the
order of 200,000. It is the strong atom—field coupling
go=2m(11)MHz together with long transit time that has
provided a means to observe single atoms in real time in
the transmission of weak probe field The atom—field
coupling is varied spatially in the cavity and the combi-
nation of spatial and temporal resolution becomes prom-

ising to explore quantum limits to the position
measurements of  single atoms. Further experiments
related to continuous quantum measurements can be

visualized with such systems.

Trapping and laser cooling of atoms is one of the
research areas of current interest in quantum optics. As
far as optical cavity QED is concerned, in the strong
coupling regime (igy kpIpoppler), a single quantum of
photons is good enough for the laser-cooled atoms to
profoundly affect the atomic centre-of-mass motion
which can change the cavity field significantly. Thus it
is possible to trap the atoms in the cavity with single-
photon field, as the spatial variation of the coupling
energy provides mechanical potential of depth ~Agy. In
optical cavities 7gy ~50 kpTyoppler~6 mK, and this is
quite large compared to the energy of the laser-cooled
atoms. Thus, it opens a way to realize a quantum trap
for the individual atoms in the cavity (details of the
experiment are given later in the article). The utilization
of cold-trapped atoms in cavity QED experiments will
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be wuseful in determining quantum-limited measurements
of atomic positions and in quantum state synthesis.
Also, such experiments would be wuseful in realizing
diverse protocols in quantum information sciences.

Trapping of an atom with single photons: In recent
experiments (Figure 21a) by Pinkse er al*® (Rempe’s
group at MPQ, Garching) and Hood et al’ (Kimble’s
group at CalTech), using a high-finesse optical -cavity
sustaining a Gaussian TEMyy mode, the trapping of an
atom has been demonstrated with light field containing
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Figure 20. Schematic of the experiment in which atoms from the

magnetic-optic trap (MOT) are dropped in the cavity. The cavity is
probed with a weak field which is resonant with cavity frequency and

atomic transition frequency.
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Figure 21. a, Experimental set-up showing trapping of an atom

with single photon. Atoms are put into the high finesse cavity with a
fountain. The acousto-optic modulator (AOM) is triggered due to the
presence of the atom in the cavity and thus the laser light intensity
is increased. b, The ground state is |0) and the first set of dressed
states is [£). Atomic transition frequency, cavity frequency, laser
frequency and Rabi frequency are indicated as oa, ox, @@ and €,
respectively.
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on the average just a single photon. The trapped atom
having oscillatory motion in the light field thus induces
oscillations in the transmitted light intensity. The oscil-
lations are caused due to the atomic motion within the
cavity mode. Such kind of trapping is possible, ie. a
single atom trapped by an intracavity field having mean
photon number of the order of 1, as the coherent cou-
pling energy #7Aigo=53mK (go is atom—field coupling
coefficient) is larger than the atomic kinetic energy for
the cold atom that is going into the caVity48. There are
certain crucial differences between the wusual laser cool-
ing and trapping and its counterpart in the cavity QED
domain of strong atom-—field coupling. In free space it is
just the nonlinear response of the atom, while in the
cavity QED system it is the combined response of the
atom and the cavity providing single quantum force just
appropriate to trap the atom. Another difference is that
in the cavity QED experiment it is possible to sense
atomic motion in real time with very high signal-to-
noise ratio, because of strong coupling.

The interaction of a single two-level atom with a sin-
gle-mode field is well described by the Jaynes—
Cummings model discussed earlier. The dressed states
) and energies arising in this model are shown in Fig-
ure 21b. The spatial variation of the dressed energies is
governed by the spatial profile of the cavity field mode,
which is a Gaussian. So, the cavity mode function has a
maximum at the antinode (at the centre of the -cavity)
where the atom—field coupling coefficient has value go.
The spatial variation in the dressed energy profile of
state |-) represents a pseudo potential well of depth lar-
ger than the kinetic energy of atoms. So, when the atom
is near the cavity centre, then driving it at frequency @,
populates the state |-) and atoms with kinetic energy
<hgo will be trapped. The atom and cavity thus form a
bound quantum state in the potential well, and a ‘mole-
cule’ of a single atom and the cavity is prepared, in
which the atom and the cavity are sharing on the aver-
age one photon excitation and the centre of mass motion
is bounded.

In the experiment of Pinkse ef al®®, the experimental
set-up  consists of (Figure 21a) a  high-finesse
(~43 % 10°) optical cavity in which a fountain of laser-
cooled *Rb atoms (which is pulsed) is injecting very
slow atoms (~20cms ') into the cavity. The cavity
length is about 116 um, so the transit time of the atom
is about 0.12ms. The cavity is undergoing active stabi-
lization and the atoms are optically pumped into the
state 5251/2 (F=3, mp=3). The cavity is sustaining a
circularly polarized Gaussian-shaped TEMgg-mode laser
beam which is near-resonant with the transition 5251/2
(F=3)<> 5Py, (F=4) at A=780nm. An acousto-
optic modulator is employed to control the intensity and
the frequency of this lightt The strength of atom-—field
coupling is go=27x 16 MHz, atomic damping rate
Y=2ntx3MHz and the cavity damping coefficient
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kK=2mx 1.4 MHz. The potential depth for trapping an
atom in this case is limited to #Agp. In this experiment, as
soon as an atom enters the cavity and is detected, the
cavity triggers an external feedback switch and the laser
intensity is increased. By doing so, the kinetic energy of
the atom is compensated by the increased potential bar-
rier. In order to demonstrate trapping, one requires the
presence of the restoring force which is evident in the
oscillatory motion of the atom or eventually in the laser
transmission signal. With larger laser intensity (about
300 pW), the atom remains for about 1.7ms in the cav-
ity. Laser transmission power with respect to time is
recorded in the experiment and information about the
time-dependent atom—field coupling and the atomic tra-
jectory is obtained. To better understand this experi-
ment, quantum-jump Monte Carlo (QIMC) simulation
was carried out. Based on the analysis of atomic motion
it has been concluded that with oscillatory transmission
signals, single atoms are actally trapped with light
field having one or two photons. The limitation of the
trapping time is governed by the spontaneous emission
kicks by which the atom escapes radially. Some feed-

back-based cooling techniques can prevent such phe-
nomena. Potentially, such a system of single particles
trapped in a high finesse cavity has applications in

quantum communications, to engineer arbitrary state of
the em field and to generate a bit of stream of single-
mode photons.

The experiment by Hood ef a s quite similar to
what we have discussed above. Instead of Rb atom
fountain, they used Cs atoms captured in a magneto-
optical trap (MOT) and then dropped them to a high
finesse optical cavity. In this experiment, besides all
other observations as discussed above, they proposed
time-resolved microscopy or the atom—cavity —micro-
scope  (ACM). By measuring the cavity transmission
power of the laser in the presence of a single moving
atom within the resonator, the real time recording of
photocurrent  is obtained’. Then an inversion algorithm
is applied to this recorded data from which the position
of the single atom is deduced. This implies that the cav-
ity field acts as a microscope in tracking down the
atomic motion in real time. In their experiment Hood er
al’” obtained spatial resolution of 2pum attained in
10pus. The ACM has a potential application to track
molecular dynamics in real time for a single molecule
within the cavity and could provide information about
molecular conformation also.

Role of cavity QED experiments in particle—wave
duality of non-classical light

In a recent experiment conditional homodyne detec-
tion has been carried out which combines detection of
light as a particle (photocounts) along with the detection
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of light as a wave (homodyne detection of wave ampli-
tude). Thus this experiment (Figure 22) simultaneously
addresses both the particle and wave attributes of a fluc-
tuating light beam. Measurements of g(z) (the second-
order  intensity—intensity  correlation) and  squeezing
separately can be seen as addressing the particle and
wave attributes  separately, while their simultaneous
measurement addresses both the attributes together and
hence runs into the expected difficulties of interpreta-
tion due to mutual inconsistency of the two attributes.
Cavity QED is important since it provides the means to
construct a source of light with the sort of quantum
fluctuations needed to see this wave—particle conflict in
the laboratory. When this experiment is compared with
the standard textbook illustrations of wave-particle
duality, perhaps the most important difference to note is
that this experiment relies on the two-particle correla-
tions of quantum fields, while usually wave-particle
duality is presented in single-particle terms (the photon
goes either through one slit or another). The perspective
relies on experimental techniques that did not exist dur-
ing the early years of quantum mechanics. For the cor-
relations observed with the equipment shown in Figure
22, one needs to have a composite notion like the two-
particle wave in order to take care of both the discrete
ttiggf;l’ng event and the continuously measured ampli-
tude™”.

Cavity QED experiments for preparing Fock states
of radiation

Fock states or the number states of the radiation field
are characterized by a fixed photon number. Usually all
other quantum states of the radiation field, e.g. coher-
ent, thermal, binomial, etc. are a linear superpositions
of various Fock states with different weightage factors.
Thus the Fock state is the most fundamental quantum

ATOMS
LIGHT SOURCE ﬂ PARTICLE DETECTION
CAVITY
TRIGGER
4
WAVE DETECTION CORRELATOR

(BALANCED HOMODYNE)

Figure 22. Schematic of the experiment used to measure wave—
particle correlations for cavity QED light sources. The apparatus
consists of a particle detection unit as well as a wave detection unit
in terms of a balanced homodyne detection system.
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state. In ion traps, the Fock states associated with vibra-
tional motion of the ions could be observed readily®,
but in order to see the Fock state of radiation field in the
cavity QED experiments, care has to be taken to reduce
the losses in the cavity, and thermal field fluctuations
have to be minimized as the Fock states of the em field
are fragile and extremely difficult to generate.

We first discuss the trapping state of the em field "
The trapping states which peak at a single photon occu-
pation number are features of the dynamical evolution
of micromaser field, where the field is quantized in

the micromaser cavity. The atom—field dynamics is
governed by the JCM>®. The trapping states are
observed in micromaser cavity when it satisfies the
condition

gtm“’nc +1=mm, (39)

where g is the atom-field coupling parameter, f,, is the
time for which the incoming atoms interact with the
field of cavity having n, photons and atoms are under-
going exactty m Rabi oscillations. Here m=1, 2, 3.,
etc. represents the first, second, third.., etc. ‘trapping
states’, respectively of the micromaser cavity field sat-
isfying the above conditions (eq. 39). When a trapping
state is realized by choosing proper parameters in eq.
(39), the photon number distribution has got a cut-off at
n=n, (see Figure 23) and hence the trapping state pho-
ton number distribution has an upper-bound photon
mumber 7. In order to observe trapping states in the
cavity QED experiment (micromaser), the lifetime of
the atomic state should be large and the cavity damping
factor should be small (cavity with large O wvalue is
preferable). In order to reduce thermal fluctuations, the
cavity temperature should be as low as possible. The
velocity distribution of the atomic beam should be very
sharp and the atomic flux must be controlled in such a
manner that the multiatom effects in the cavity experi-
ments can be excluded. The experiment reported by the
Munich group45 has used a superconducting cavity with
0=15x10", T=300mK pumped by excited “Rb
atoms (in state 63ps3, with the frequency-doubled dye
laser). The micromaser Rydberg transition used here is
63psn — 61ds;,  at frequency 21.5GHz. In this experi-
ment, the field variance of the micromaser cavity is
measured using the statistics of the outcoming atoms. A

trapping state shows ideal sub-Poissonian statistics
(variance <1) (Figure 24). Consequently, when the
trapping state is realized by wusing proper interaction
time, the atomic statistics is also sub-Poissonian. The

Fano—Mandel parameter is equal to O for the Poissonian
statistics and it is less (greater) than O for sub (super)-
Poissonian statistics. Their methodology to analyse data
is based on two different techniques. The first one is
based on the atomic inversion measurement and the
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second is a statistical approach based on the time spac-
ing of the emerging ground state atoms.

The dips observed in inversion correspond to trapped
states which correspond to reduced fluctuations in the
atomic statistics. This is because at the photon number
position of the trapping state, the cavity field builds up
until it satisfies the conditions in eq. (39). So once the
micromaser cavity field has achieved its trapping state,
it will remains there whatsoever may be the pump rate.
This is manifested as a dip in the atomic inversion*.
The trapping state so generated under steady state
represents a Fock state within a certain situation, as we
will discuss subsequently. The method employed by the
Munich group for generating Fock state in the cavity is
based on entanglement between the atom and the field,
and state reduction’’. When the atom leaves the cavity

the wave function of the entangled system is given
according to Jaynes—Cummings dynamics
1.0 - . -
AFTER 1000 ATOMS
Q=5d+10 T=70 mK
0.75 1 gT(P)=308 -
gT(int)=pi/2
Stochastic Atomic Input
£ 051 -
0.25 - i
0.0 - T r r
' 10 20 30
n
Figure 23. Trapping state dynamics observed for N = 1000 atoms,

gt =702, 0=5x10"", T=70 mK, gTr=308. Stochastic atomic
input has been used (see ref. 51 for details). The cut-off in photon
number can be seen at n = n, =3 for the value selected here for the
interaction time.

AL ] L L
0.75 + Q=5.0x10"", Temp=70"mK
gliy= /2
gT, =308 (7 msec)
Stochastic atomic input
0.5 1
o~~~
z
>
0.25 4 "
6.0 T Y ¥ T
0 200 400 600 800 1000
N
Figure 24. Variance as a function of number of atoms inside the

cavity for the trapping state dynamics for the same parameters as in
Figure 23. Clearly, we observe sub-Poissonian statistics.
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[W(D)) = cos(O)] &) | m) —sin(®) | g) | n +1). (40)

A simple meaning of the above wavefunction (in which
© is a phase) is as follows: when the atom is in the
excited (ground) state |e)(lg)), the cavity field is in the
Fock state |m) (n+1)). So, state-selective photoioniza-
tion measurement of the atomic state will reduce the
field state to either one of the Fock states [ or |n+1),
depending upon whether the atom is detected in the
excited state or in the ground state. Suppose the atoms
are detected in their excited state, then the field will
reduce to the |n) state. Hence determination of the state
of outgoing atoms leads to a Fock state in the cavity.
This method of production of the Fock state is called
method of state reduction and it is independent of the
cavity interaction time. The Monte Carlo simulation for
this method is also presented elsewhere (see also Figure
18). The experimental conditions used in the Fock-state
generation are quite similar to those used for detecting
the trapped states. The O factor of the cavity used here
is  34x10° (corresponding  to  photon lifetime of
25ms). In this experiment pulsed excitation of the atom
has been used, so that the number of atoms passing
through the cavity is predetermined. To verify whether
the Fock state has been produced in the cavity, the
pump-probe technique is utilized. With pump atoms,
the cavity is producing a definite quantum state as the
atoms are projected into or detected in the definite state.
For verification of projection of the cavity field state in
the proper quantum state, probe atoms are introduced
into the cavity and the phase of the Rabi cycle of the
emerging probe atom is measured to confirm the quan-
tum state of the cavity. With this methodology they
have demonstrated the preparation of the Fock state up
to =2 in the microwave cavity. As mentioned earlier
the ‘trapping state’ occurs at a definite interaction time;
hence when the Fock state preparation experiment
meets the condition of the ‘trapping state’ interaction
time, the cavity field is identical to what is observed in
steady-state conditions and the probe atom will undergo
integral number of Rabi oscillations.

Concluding remarks

In conclusion, the fundamental model of a fermion—
boson interaction has been exploited to great lengths
both theoretically and experimentally, to study several
basic aspects of quantum mechanics. New situations can
be envisaged as the experimental techniques become
progressively  better. These experiments have strong
influence on the upcoming technology of quantum
information/computation. Current experiments are dire-
cted towards trapping and localization of atoms inside
small cavities. This is being pursued by employing
novel forces in cavity QED at the single-photon level,
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and by utilizing dipole force traps within the cavity
mode. To provide some kind of classical pondermotive
potential for trapping an atom ‘indefinitely’, a new kind
of trap called FORT (far-off resonance trap) is being
utilized. There is intense thrust to investigate algorithms
for continuous quantum  variables besides  quantum
information processing within the internal states of the
atoms with photons serving as qubits. A genuine quan-
tum teleportation for the quadrature amplitude of light
has been demonstrated™ . Experiments for super-dense
quantum coding are under progress. Hopefully, in the
near future, with the progress in cavity QED experi-
ments, it may be possible to teleport the center-of-mass
wave function for atoms trapped in optical cavities™.
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