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Abstract

The work presented in this thesis concerns cavity quantum electrodynamics techniques for
generating quantum entanglement and interference effects in various atom-cavity systems
for application in quantum computation and quantum optics.

In chapter 1, we present a brief introduction to field quantization and interaction of
a quantized field with matter. We discuss phase space description of quantum states in
terms of quasiprobability distributions.

In chapter 2, we propose cavity quantum electrodynamics schemes to generate super-

position of four coherent states
V) ~ |a) + i) + | — a) + | —ia). (0.1)

We use resonant as well as dispersive interaction between atoms and the field inside the
cavity. We discuss the nonclassical character of these states in terms of quasi-probability
distributions [M. Hillery, et al, Phys. Rep. 106, 121(1984)]. We also show that these super-
position states can exhibit regions in phase space with sub-Planck structures [W. H. Zurek,
Nature (London) 412, 712 (2001)], i.e. the area of the variations of the two quadratures
can be much smaller than the Planck’s constant /. These structures are direct signatures of
quantum coherence and are formed as a result of interference between two superposed cat
states. We discuss decoherence of such superposition due to the leakage of photons from
the cavity. We discuss methods for monitoring these superposition states.

In chapter 3, we study Ramsey interferometer [N. F. Ramsey, Phys. Rev. 78, 695, (1950)]
with quantized fields and discuss the effects of field statistics on the visibility of interfer-

ence fringes. In our scheme, we replace two Ramsey zones with two identical high quality

vii



cavities and field is treated quantum mechanically. We find that interferences do not oc-
cur if the fields in two Ramsey zones have precise number of photons i.e. in Fock states.
However, by passing two atoms one by one it is shown how an analog of Hanbury-Brown
Twiss photon-photon correlation interferometry can be used to restore interferences as the
two independent Ramsey zones get entangled by the passage of first atom. We also dis-
cuss interferences at a single photon level. Though interferences are absent with precise
number of photons in Ramsey zones but for states like 1/1/2(|0) + |1)) interferences are
restored. This occurs because of lack of information about the cavity in which atom makes
transition. We also discuss generation of various maximally entangled states as well as the
transfer of entanglement from atoms to photons and vice versa using Ramsey interferom-
eter.

In chapter 4, we report an unusual cooperative effect in two photon processes in two
atoms. Earlier studies of two-photon processes in two atoms deal with cooperative effect
in the presence of strong dipole-dipole interaction between the atoms. Such interaction
is significant only when the inter-atomic separation is less than the wavelength of the ra-
diation [G. V. Varada, and G. S. Agarwal, Phys. Rev. A 45, 6721 (1992); C. Hettich et al.,
Science 298, 385 (2002)]. We show that it is advantageous to use a cavity for the study of
such two photon processes as one would not be constrained by the requirement of small
inter-atomic separation. In high quality cavities inter-atomic interactions can arise when
different atoms interact with a common quantized field and thus these interactions do not
depend on the inter-atomic separation. We demonstrate that the two-atom two-photon
resonant effect could be very large thus opening up the possibility of a variety of multi-
photon cooperative phenomena in non-resonant cavities. The two photon transition occurs
as a result of simultaneous excitation or de-excitation of both atoms with two photon res-
onance condition wy + wy ~ w, + wp, Wwhere wy, wy are the atomic transition frequencies
and w,, wp, are the frequencies of the emitted photons. We study such two-photon resonant
processes in two different systems (1) two identical atoms interacting with field in a two
mode cavity, (2) two nonidentical atoms in a single mode cavity.

In chapter 5, we show how a possible control of spontaneous emission can be obtained
in a cavity by using dc-fields. We find that in the presence of dc-fields in the cavities the
spontaneous emission of atoms can be modified significantly as a result of dc-field in-

duced stark shifts. Further, the change in spontaneous emission depends on the square of

viii



applied dc-field. We find that in the case of cavities resonant to atomic transition sponta-
neous emission can be inhibited significantly using dc-fields. In the case of cavities having
negligible mode density around atomic frequency the presence of dc field shows signifi-
cant inhibition or enhancement of spontaneous emission depending on whether the cavity
is tuned below the atomic transition frequency or above the transition frequency.

In chapter 6, we show how quantum random walk can be realized in cavities. Using
resonant interaction between atoms and the field in a high quality cavity, we present a
scheme for realizing quantum random walk. The atoms are driven strongly by a classical
field. Under conditions of strong driving field we could realize an effective interaction of
the form iS%(a — a') in terms of the spin operator S associated with the two level atom
and the field operators a and a' [E. Solano et al., Phys. Rev. Lett. 90, 027903 (2003)]. This
effective interaction generates displacement in wavefunction of the field depending on the
state of the atom. Measurements of the state of the atom would then generate effective
state of the field. Thus in our scheme, measurement of atomic states is corresponding
to the flipping of the coin while the field inside the cavity acts as a walker. Using the
homodyne technique, state of the quantum random walker can be monitored. We also
discuss the decoherence effects and the time scales at which quantum nature of random
walks persists.

Finally, we present conclusions and future outlook.
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CHAPTER 1

Introduction

Cavity quantum electrodynamics (cavity-QED) [1] deals with the interaction of few atoms
with few photons inside a high quality cavity. Thus the effects of quantization of electro-
magnetic field become significant. In this chapter, quantization of electromagnetic field
is discussed and the interaction of a single atom with quantized field inside the cavity is

described. The phase space description for quantum states is presented.

1.1 Quantization of Electromagnetic Field in a Cavity

The classical description of electromagnetic field [2] is given by Maxwell’s equations

VE = 0 (1.1)
VB = 0 (1.2)
. OB
VxE = -7 (1.3)
. OE

B = 1.4
V x HO€0 ot ( )

where E(7,t) and B(7,t) are electric and magnetic field vectors and ¢ and 1 are the free
space permittivity and permeability, respectively. Now taking the curl of Eq. (1.3) and
using Egs. (1.1) and (1.4), it follows that the electric field vector E (7, t) satisfies the wave
equation

O*E

97
V°E — MOEOW =0. (15)
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Solution to the Eq.(1.5) can be written as
B(r.t) = B @e ™ + B (7)™ (L6)

where w is frequency of the field and (E*(7)* = E~(f) is spatial part of the electric field.
A similar description can be found for magnetic field B(7,t).

For quantization of electromagnetic field [3], consider the field inside a cavity of length
L along z-axis and transverse area A. We assume that the field is linearly polarized in

x-direction. The field inside the cavity can be expanded in terms of the modes of cavity as
Z Cngn(t) sin(k, z), 1.7)

where ¢, (t) is amplitude of the n-th cavity mode, k,, = nm/L is corresponding propagation
vector, and the expansion coefficients are given by

2
2wz

Cn = ALey’

with w, = kxc, (1.8)

—-1/2

where ¢ = (pp€) is velocity of light in vacuum. Using Egs. (1.7) and (1.4), the nonva-

nishing component of magnetic field B, inside the cavity is given by
By(z,t) = ; uOGOC’nZ—Z cos(kpz). (1.9

The Hamiltonian H for the field is given by

1 B?
H= / dr (a)Eg + y) , (1.10)
2 Jv o

where the integration is over the volume of the cavity. Now substituting values of £, and

B, from Egs. (1.7) and (1.9) in Eq. (1.10),

H = 72 wagy + dp) (1.11)

= 72 nQn +pn (112)

where p,, = ¢y, is the canonical momentum of the nth mode. From Eq. (1.12), it is clear that
each mode of electromagnetic field inside the cavity is equivalent to a harmonic oscillator
of unit mass. Thus the electromagnetic field inside the cavity can be quantized by identi-

fying two quadratures ¢,, and p,, as operators which satisfy the commutation relations,

[anpm} = 1homn, [an%n] = [pmpm] =0. (113)
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From the analogy to the harmonic oscillator it is convenient to choose the operators ¢, and

pp, in the form

i 1 .
a, e~ int W(wnqn + ipn) (1.14)
n
ajzewnt = o (ann - an)v (1'15)

3

where a,, and a}, are annihilation and creation operator for field in nth mode and satisfy

the commutation relations

= ilibmn, [an,am] = [al,al ] = 0. (1.16)

[an, ain]

In terms of a and af, the Hamiltonian (1.12) becomes
1
H=hY w,|aha,+-). 1.17
Zn:w <ana + 2) (1.17)

Now the electric field (1.7) and the magnetic field (1.9) inside the cavity can be expanded

in terms of a,, and aL as
E.(z,t) = Z En(ane™ ™t 4 af ety sin(k, 2), (1.18)
By(z,t) = —niugeocz En(ane™rt — al ent) cos(ky2), (1.19)
where &, = \/W has the dimension of electric field.

For quantization of electromagnetic field in free space, the classical electric and mag-

netic field are expanded in terms of the plane waves as follow

E(Ft) = Zﬁké'kake_wkt“];f—i— c.c., (1.20)
k
. E X M . o
B(r,t) = Z nké'kake_w’“tJer'r—Fc.c., (1.21)
Wk
k

where the summation is over the discrete values of wave vector k = {k;, ky, k.}, ay is a

dimensionless amplitude and 7y, is unit vector along the direction of polarization and

| hwy
= . 1.22
gk 260V ( )

The value of different components of wave vector k are given by periodic boundary con-

ditions over the length L as follow

27N, 2mny

ky = 7 s ky = 7

27N,
z — 9 1.2
K 7 (1.23)
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where k,, k, and k. are integers (0, £1,+2....). The particular set of values of n,, n,, and
n. defines a mode of the field.

Now, similarly to the quantization in the cavity, the amplitudes «;, can be transformed
to the annihilation operator a; for quantization. The electric and magnetic field compo-

nents takes the form

E(t) = Y fuEpape T L He., (1.24)
k
5= k X i —iwpt k.7
B(Ft) = Y. Epape WHTET L e (1.25)
Wk
k

where H.c. stands for Hermitian conjugate.

1.2 Interaction of Radiation with Matter

Classically, the electromagnetic field is treated by Maxwell’s equations while the atom is
considered to have quantized energy levels and the dynamics is given by the Schrodinger
equation. For simplicity, let us assume the atom has a single electron of charge e and mass
m interacting with an external electromagnetic field. The interaction between atom and

field is described by the following Hamiltonian [4]

N T
H= W Fed(F 1) + V(r), (1.26)

where P is the momentum of the electron, A(7,t) and ®(7,¢) are the vector and scaler
potentials of the external field respectively. Here V (r) is a central potential experienced by
the bound electron due to the presence of motionless nucleus. Quantization of the electron

motion can be done by replacing the classical variable with operators, e.g.,
P — —ihV, H — ihd/0t. (1.27)

Here i = h/27, where h is the Planck’s constant. Therefore, the motion of electron is

described by the Schrodinger equation

G {[—mﬁ—iz@(mn?
i =
ot

= (Ho+ Hp)|[¥(7,1)), (1.28)
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where the unperturbed Hamiltonian is given by

-
Hy=——V?4+V(r) +ed (1.29)
2m

and the interaction Hamiltonian involves only the vector potential A:

2
& — = - — e — —
! 2mece ‘ (T, t) ! (T, t):| 2m02 (T’ t) (r7 t) ( )

hox
e Ot’

leave the E and B as invariant quantities which are thus gauge independent [2]. Here,

In passing we note that, the transformations A — A" = A+ b Vyand ® — & = &—

is any arbitrary scalar function. This allows one to choose a suitable gauge to simplify the
problem. Here we are working in the radiation gauge in which ®(7,¢) = 0 and V-A=0.
Under the radiation gauge condition, the interaction Hamiltonian becomes

ieh - - 2
Hy =LA -
I~ e (71) v+2mc?

A7 1) - A(F,t) (1.31)

The dipole moment approximation is often used in quantum optics [2], which simplifies
the interaction Hamiltonian term. This approximation assumes that the whole atom is
submerged in a plane electromagnetic wave described by a vector potential, A(7 + 7, t),
which is assumed to have no spatial variation in the vicinity of the atom whose nucleus is

located at 7. For such a case,

—

AG+7ot) = AWeap i (7+15)]
= A(t)exp(ik - 7o) (1 + ik - 7+ ---) (1.32)

Taking k-7< 1, we obtain

—

AT+ 7, t) ~ A(t)exp(ik - 7). (1.33)

ie

Using the unitary transformation |¥(7,t)) = e " 4°[4)(7, t)) in Eq. (1.28), we get

7 2 o,
m(w {thw +V(r)—eF- E(t)} [1h(7, 1))

= (Ho+ Hp)|w(7,t)) (1.34)

The atom-field interaction Hamiltonian in the semiclassical picture is given by

—

Hi=—-efE=—d-E (1.35)
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where the dipole moment operator d is e. A significant contribution towards understand-
ing radiation-matter interaction was given by Einstein [5, 6]. He employed the basic ideas
of quantum mechanics to lay the foundation for the quantitative analysis of the absorption
and emission of light by atoms. Later this simple theory has been extensively verified by
rigorous quantum mechanical calculations.

From the above discussion, the complete Hamiltonian for the interaction of radiation

with a single electron atom under the dipole approximation can be written as
H=Hj+ Hp —efE, (1.36)

where H 4 and Hp are the energies of the atom and radiation field respectively, and —e7. E
is interaction between the atom and the radiation.
For atomic energy, let us assume that {|7) } represents the complete set of energy eigen-

states of the atom such that

>l =1, (1.37)

Hali) = Eili), (138)
where E; is the energy eigenvalue of ith atomic state. It follows that
Hy= ZEiIWI (1.39)
The Hamiltonian for electromagnetic field in terms of operators is given by

1
Hp = Zhw <a;an + 2) . (1.40)

Now the interaction part can also be rewritten in the form

Hy=— | Y eli)ilfi) Gl | E (1.41)
4.
=[S Pyl | E. (1.42)
.J

Here e(i|7|j) = Pj; is transition dipole matrix element. For simplicity, if we assume that

initially (¢ = 0) atom is placed at origin, the electric field E from Eq.(1.24) takes the form

E = Z ﬁké'k(ak + CLT). (1.43)
k
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Using Egs. (1.39), (1.40), (1.42), and (1.43), the Hamiltonian (1.36) takes the form
N 1 TR
H = S+ e (afon+5) + DI TLICET D
(2 0
Pk

with g = -

(1.45)

The coupling gfj between field and atom depends on the field amplitude & and the tran-
sition dipole matrix. In the case of superconducting cavities strong coupling has been
achieved by using Rydberg atoms [7] which have large values of transition dipole mo-

ment.

1.3 Jaynes Cummings Interaction

The simplest model, for radiation-matter interaction, is the interaction of a two level atom
with single mode radiation field, which has been solved exactly by Jaynes and Cummings
[8]. Consider a two level atom with upper energy level |e) and lower energy level |g) inter-
acts with a single mode electromagnetic field of frequency w. In this case the Hamiltonian

(1.44) takes the form
H = Hale)el + ula) o) + o (ala-+ 5 ) + o) (ol + o)eDa-+ o). (146)

where fw. and fw, are the energies of the upper and the lower atomic levels and a and
a' are annihilation and creation operators for the single mode field. We have assumed

coupling constant to be real, g.; = g4e = g. The first term in (1.46) can be simplified as

wde)iel +wgla o) = nE 2 eyiel ~loyiah + 1T )
= ") el ~Lo) o). (1.48)

where we use w, —wy = wo and the completeness condition |e) (e|+|g) (9| = 1. The constant
energy term i(w. + wy)/2 has been ignored. In the Hamiltonian (1.46) the interaction part
has four terms. The terms |e)(g|a’ and |g)(e|a are corresponding to the atomic transition
from lower energy level to higher energy level followed by the emission of one photon and
the transition from higher level to lower level followed by the absorption of one photon, re-
spectively. These processes are energy nonconserving and thus can be dropped. Other two
terms are energy conserving and photon is emitted when atom makes transition from up-

per level to lower level and photon is absorbed when transition occurs from lower level to
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higher level. Following the above conventions and simplifications the Hamiltonian (1.46)
takes the form

= "0yl ~ o) al) + e (ala-+ 3 ) + hatalelal + allalel). (149

The Hamiltonian (1.49) can be diagonalized in the basis of atom-field states |e, n) and |g, n+
1), where n represents the photon numbers in the field. The eigenstates of the Hamiltonian

H are given by

|[+,n) = cosbyle,n) +sinb,|g,n + 1), (1.50)
|—,n) = cosby|g,n + 1) —sinb,le, n), (1.51)

where tan 26,, = 2gv/n + 1/A and A = wy — w is detuning of the cavity field to the atomic

transition. The corresponding eigenvalues are

Ein=ho(n+1)+£h0,/2; Q.= /A2+4¢2(n+1). (1.52)

Clearly the atom and the photons inside the cavity behave as a composite system after they
have interacted and are generally entangled. As a remark, we note that the advances of

the Jaynes Cummings interaction are extensively reviewed in the literature [1, 9, 10].

14 Quantum Entanglement in Cavity QED

Entanglement can be defined as a quantum correlation between two subsystems of a com-
posite system. For example, in the case of atom-field system the state of the atom and the
field after interaction remains no more separable as a tensor product of atomic states and
the field states. The measurement of atomic states can project the information about the
field and viceversa. Historically, the concept of entanglement came after Einstein, Podol-
sky, and Rosen (EPR) paradox [11], in which they discussed the state of a composite system
of two spin half particles,

|YEPR) = \}i(’—H’ —2) — |—1,+2)), (1.53)
where |£;), i = 1,2, represents the spin eigen states of particle 1 and 2, respectively. The
state (1.53) is superposition of the states of composite system of two particles which is
not separable as a tensor product of eigen states of the particles. Clearly the measure-

ment of the spin of one particle provides complete information about the spin of the other.
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Entanglement is at the heart of quantum information and has applications in quantum
cryptography, teleportation of quantum states, and realization of various quantum log-
ics. In quantum information a two state quantum system is used as quantum bit (qubit).
The entanglement generated between two qubits, after they have interacted, can be used
for realizing various quantum logic conditions [7] or cryptographic key distribution [12].
Further entanglement is nonlocal correlation and can exist between two widely separated
quantum systems. These nonlocal features have been used for teleporting quantum states
between two distant places [13].

In cavity-QED experiments, atoms are passed from one side of the cavity and detected
on the other side after they have interacted with the field stored inside the cavity. The inter-
action between the atoms and the field is given by the Hamiltonian (1.44). For simplicity,
we consider the case of two level atoms passing through a single mode cavity one by one
and the cavity mode is resonant with the atomic transition (wgp = w). The hamiltonian in

this case becomes
H = hw(le)(e| — |g){g]) + hwala + hg(ale)(g| + allg){e]), (1.54)

where we have neglected the constant energy term /w/2. The evolution of atom-cavity

system is given by

g, n) — cos(gtv/n)|g,n) — isin(gty/n)le,n — 1) (1.55)
le,n — 1) — cos(gtyv/n)le,n — 1) — isin(gty/n)|g, n) (1.56)

where |g, n) [|e,n — 1)] represents that atom is in its lower [higher] energy state and cavity
has n [(n — 1)] photons.

Let us consider first an atom comes in its higher energy state |¢;) and there is no photon
inside the cavity. The initial state of the atom-cavity system will be |e;,0). If the atom
interacts with the field for time ¢; inside the cavity. The final state of the system after

passage of the atom is given by

[¢1) = cos(gt1)[e1, 0) — isin(gt1)|gr, 1), (1.57)

By selecting velocity of the atom properly, the value of interaction time ¢; can be fixed
arbitrarily. For example, if we choose interaction time such that gt; = 7/4 then the state

(1.57) becomes
91) = s (1e,0) — ilg, 1) (158)
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The state (1.58) is an entangled state of the atom and the field. If the atom is detected in
state |e1) that reflects that the field has no photon, on the other hand, if the measured state
of atom is |g;) the field has one photon. Now, if we pass second atom coming in its ground
state |g2) and select the interaction time ¢; such that gto = 7/2. The atom undergoes
transition from its lower state |g2) to higher state |ez) with 100% probability if photon is
present in the cavity and will leave in the same state |g2) if there is no photon. Finally, the
cavity will have no photon after passage of the second atom and the state of the atoms is
given by

i) = —=(ler. )~ lg1.)). (159
Clearly both atoms are in entangled state similar to the EPR state (1.53). Thus cavity works

as an entangling machine for atoms and photons [7].

1.5 Quasi-Probability Distributions and Phase Space Description

In classical physics, the state of a system is characterized by the position x and the mo-
mentum p, which is represented by a point in the phase space. In the case of ensemble
of large number of systems, = and p follow a well defined probability distribution P(z,p)

statistically. The average of any function f(z, p) is expressed as

<f>classical = /dm/dpf(:l:,p)P(:E,p) (160)

In quantum physics, because of introduced uncertainty, the two quadratures x and p can
not be measured simultaneously, i.e., one can not define a true phase space probability
distribution. A quantum system is described by a density matrix p and the average of a

function of the position and momentum operators, f (&, p) is defined by

(f) quantum = Trace(fp). (1.61)

The quasiprobability distributions provide the way to express Eq.(1.61)in the form of Eq.(1.60).
The average value of any quantum mechanical operator, in terms of quasiprobability dis-

tributions Pg(x, p), is defined in a way similar to classical physics

<]E>quantum = /dx/dpf(xap)PQ(xap)7 (162)

where the function f(z,p) can be derived from the operator f(z, ) by well defined corre-

spondence rules and Pg(x,p) is derived from the density matrix p. Thus quasiprobability
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distributions provide correspondence between quantum physics and classical physics and

have proven to be a useful tool for studying many quantum systems.

1.5.1 Wigner distribution

Historically, Wigner function was defined in terms of position # and momentum p [14] in

the form
1 —2i
Wiep) = [ dyle = slola + e 2mn (1.63)

Here |x) is eigenstate of the quadrature operator . In coherent state representation the

definition (1.63) can be expressed as [3]

9¢2lal?

W(a) = / (—Blp|B)e T "D g2, (1.64)

T2

Wigner function is widely used in quantum optics for visualizing coherence character of
the states. It is well behaved function for all quantum mechanical states. In Fig. 1.1, we
show wigner distribution for Schrodinger cat state N(|3) + | — 3)), where N is normaliza-
tion constant. In the central region there are interference fringes which show the coherence
in the superposition. The Wigner function have negative values in this region which in-
dicates that this state has nonclassical nature. Here it should be noted that in coherent
state representation, real part of a and imaginary part of o correspond to two independent
quadratures.

There is lot of progress for measuring Wigner function in quantum optics. Vogel and
Risken [15] first showed, that for propagating fields Wigner function can be reconstructed
by using quantum tomography methods. In quantum tomography, quadrature amplitude
distributions are measured by using homodyne techniques [16] in which field is superim-
posed on a strong coherent field. By changing amplitude and phase of the coherent field,
quadrature distribution is measured in the different location in phase space. If the two

quadratures are
(a+al) (1.65)

(a —al). (1.66)

3>
Il
~.
N
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Figure 1.1: The Wigner distribution for the state N(|3) + | — 8)) for 3 = 3.

The measured values of quadratures at phase angle ¢ are given by

Ty = Zcos¢+psing

Py = Pcos¢ — Tsing. (1.67)

The Wigner function W (z, p) is the joint probability distribution of measuring both quadra-

tures thus the probability of measuring quadrature amplitude z is
P(z,¢) = / W (&g cos ¢ — pgsin g, gy cos ¢ + Ty sin @)dpy. (1.68)

The Wigner function is then reconstructed from the measured values of P(z, ¢) by invert-
ing Eq.(1.68) using numerical algorithms of Radon transform. Raymer and coworkers [16]
have reconstructed Wigner function for vacuum and a squeezed state of single mode field
using quantum tomography methods. Further, a direct measurement of Wigner function
for vacuum and weak coherent states has been done by Wodkiewicz group [17] using pho-
ton counting. Since the early work of Vogel and Risken, the mapping of the full quantum
state has become a subject by itself [18]. In the case of field states in cavities, Lutterbach
and Davidovich [19] have proposed a simple scheme for measuring Wigner function of the
field in a cavity which has been implemented by Bertet et al. [20] for single photon Fock

state. Their method is based on an operational definition of Wigner function [21], which is
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written as, for the state having density matrix p

W(a) = 2Tr[D(~a)pD(0) (~1)"""), (1.69)

where D(«a) = gcal—a’a

is displacement operator. The Eq.(1.69) is nothing but the expec-
tation value of the parity operator after displacing the cavity field by —a. The parity of
displaced field state has been measured by passing an atom through the cavity in the dis-
persive regime. For the final remark, the work on radiation fields has been extended to

determine the quantum state of an ion trapped in a potential [22].

1.5.2 P-distribution

For establishing equivalence between classical and quantum statistics of electromagnetic
fields, Sudarshan [23] introduced a diagonal representation of density matrix in the basis

of coherent states [24],
p= / d?aP(a)|a){al. (1.70)

Here P(«) is P-distribution in coherent state representation and |«) is coherent state. This
description of density matrix is particularly interesting in the case of operators O(a,al)

expanded in the normal order,
0=> cpm(al)"a™. (1.71)

Here ¢, ,,, are expansion coefficients and a and a! are annihilation and creation operators

for electromagnetic field. Let us calculate the average value of operator O, it follows that

Trace(Op) = % / 23 / 2aP(a)(8|0]a)al) (1.72)
= / d*aP(a)O(a,a*) (1.73)
where
~ [ @aime =1 (1.7)
O(a,a) =Y cpm(a®)"a™ (1.75)

The Eq.(1.73) is similar to the classical description of average value, and the operator

O(a, a') is associated with O(«, *) in this representation.
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Figure 1.2: The Q-distribution for the state |3) for § =1 — 1.

Now, we derive the expression for P(«) from density matrix p in the following. Let |5)
and | — () are the coherent states with eigenvalues 5 and — 3 of the operator a, respectively.

Then calculate the value

(=61p1B)

/ PaP() (~Blo|B). (1.76)

= e|52/d2a{P(a)ea|2}eﬁa*5*“. (1.77)

From Eq.(1.77), it is clear that (—3|p|3) is two dimensional Fourier transform of P(a)e~ oI,

Thus inverse Fourier transform of Eq.(1.77) gives expression for P(«)

|of? *_ga*
P(a) = 5 [ d*B(~p|p|B)el e 0o (1.78)
s
The Eq.(1.78) is the required expression of P-distribution.

1.5.3 Q-distribution

The Q-distribution is defined for antinormally ordered operators Ou(a,al),

Oa =Y dnma(a)™. (1.79)
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The function corresponding to the operator O,, can be calculated similar to Eq.(1.75),
Oala,0") = " dpma"™(ax)™. (1.80)

Let us calculate the average value of operator O, in a state characterized by density matrix

P

(O) = Trace

> dum(aal )mﬁ] ,

n,m

1
= deynTrace [/a”|a><o¢](aT)mﬁd2a} ,

i
= Y duns [ @) alpla)da,
= /Oa(a, o) Q(a)d*a, (1.81)

where we get the expression for Q-distribution as

Q@) = = [(alpla). (1.82)

s

In Fig. 1.2, we show Q-distribution for a coherent state |3). We note that in Ref.[25], it is
shown that the experiments performed for phase measurement of the radiation field are
equivalent to the measurement of @) function. The measured probability distribution for
the joint measurement of the two quadratures x and p, is directly proportional to the @

function.



CHAPTER 2

Generation of Superposition of multiple Mesoscopic States

In quantum mechanics, a system can exist in a superposition of its eigenstates while in
the classical world no such superposition of states exists and the system always stays in
one of its states precisely. This has been pointed out as “cat paradox” by Schrédinger
in his famous paper [26]. Mesoscopic states are the states of a system, which is larger
than the microscopic systems and smaller than the macroscopic systems, thus are interface
between the classical and the quantum world i.e. macroscopic and microscopic world. In
recent times superposition of mesoscopic states has attracted a great deal of attention as
these superpositions exhibit very important interference effects [27, 28, 29] many of which
have now been realized experimentally [30, 31, 32, 33, 34]. It has been proposed earlier that
these superposition states can be produced by passing a single mode field through a Kerr
medium [35, 36, 37]. However, an efficient production of such states would require large
Kerr nonlinearity which is not available though some proposals for the enhancement of
the Kerr nonlinearity exist [38]. The existence of such superpositions is closely connected
to the occurrence of fractional revivals in the nonlinear dynamics of quantum systems
[34, 39, 40, 41].

We note that many authors [31, 32, 29, 42] have shown how cavities, which are far
detuned from the atomic transitions, can be used to produce a superposition of two meso-
scopic states. It turns out that one can have fairly large dispersive interaction in high
quality cavities. This high dispersion has been utilized in many other experiments [43, 20].

Eiselt and Risken [44] had discovered that if a cavity contains a coherent field with

16
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large photon numbers, say of the order of 10, then the state of the field for certain times
splits into two parts. Each part can be characterized approximately by a coherent state.
Several authors have studied many aspects of such splittings [45, 30]. Auffeves et al. [30]
made a successful observation of this splitting and realized Schrodinger cat state in a high
quality cavity.

The simplest superposition would consist of two coherent states one centered at a and
the other at —a, which is known as Schrodinger cat state. Further, the studies of the super-
positions of more than two coherent states have found many novel features. For example,
Zurek [46] noticed that such superpositions lead to structures in phase space which are
smaller than Planck’s constant. In this chapter, we show how to prepare superpositions
of four coherent states by using dispersive as well as resonant interaction in a high qual-
ity cavity. We discuss the nonclassical character of these states in terms of negativity of
the Wigner function [21] as well as zeros of Q-distribution [21]. We discuss methods for
monitoring these superposition states. Using homodyne techniques, one can detect the
phase space position of the coherent states in the generated superposition. We discuss

decoherence of such superposition due to the leakage of photons from the cavity.

2.1 Compass State of the Electromagnetic Field

Let |c) be a coherent state for the field with amplitude «. The most commonly studied
superpositions are of the form

[$) ~ |a) + [ear). 2.1)

Here 6 is an arbitrary phase. Extensive literature on this state exists. It is well known [27,
28] that the quantum character of this state is reflected in the regions of phase space where
the Wigner function becomes negative. The area of the negative region is of the order of
Planck constant. There are several methods of producing such a state [29, 33, 34, 35]. Zurek

[46] has studied a superposition state of four Gaussian wave packets

() ~ exp {— (v —20)® | ip 0‘””} : 2.2)

& h
with one each placed in the east, west, north and south direction in the phase space and

calculated the Wigner function for such a state, defined by

W(x,p) = ﬁlh /eipy/hw (:L' — %) (8 (x + %) dy. (2.3)
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He found that it exhibits negative regions in phase space as well as structures with areas
which could be much smaller than Planck’s constant. Since coherent states correspond
to Gaussian wave packets, in the following we consider a superposition of four coherent
states of the form

9) = N (Jo) + [ic) + [ — ) + [ — i), (2.4)

where N is the normalization constant and « is complex. Because of the positions of the
coherent states in the superposition (2.4) along four directions in the phase space, Zurek
named the state (2.4) as “compass state”. The Wigner function for any state |¢) can be

obtained using coherent states as [21]

% 2 _ *_ 3%
W) = e [(alayeipe e 5)
For the state (2.4) the Wigner function is found to be
« 4@72|’7|2
W(yv*) = NP x

(26729 cosh {(1 -+ D)o + (1~ D)oy} cosh {(1 = i)ar” + (1 + )"}

+2cos{(1 + i)a’y* + (1 —i)ay}cos{(1 —i)ay* + (1 +1i)a* v}

*

te(lal?=(+ar~(1-a™7) ¢ {la]* = 1 +1i)ay* — (1 —i)a*y}
¢ (lal?=(=0ay"=(14+)a™7) o5 {102 — (1 — i)ay* — (1 + i)a™y}
e (0P 040ar™+(1=00"7) o5 {|a)? 4 (1 + i)ay* + (1 — i)™y}
e (P H 1007+ 0400 cog {Jaf? 4 (1 = i)ay” + (1 +1)a™r}] . (26)

Each cosine term in Eq. (2.6) arises from the interference of a pair of coherent states in
the superposition state (2.4). The sub-Plank structures arise from further interference of
two cosine terms which come from the diagonal pairs. The first two terms in Eq. (2.6) are
such terms coming from the diagonal pairs |a), | — «) and |ia), | — ia). The first term is
significant for smaller values of |o| and shows exponential decrease in the Wigner function
away from the center and the second term which is significant for larger values of || shows
the interference pattern in the central region (7 — 0). In Figs. 2.1 and 2.2, we plot the
Wigner function for some typical values of |«|. We found that for smaller values of |«/| (Fig.
2.1), the central part has a continuum and no other structures appear but for larger values
of |a| (Fig. 2.2), a chess board pattern as noticed earlier by Zurek appears in the central

region. The reason for the disappearance of the interference pattern in the central region
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Figure 2.1: The Wigner function for mesoscopic superposition state N (|o) + | — a) + |ice) + | — i) for
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Figure 2.2: The Wigner function for mesoscopic superposition state N (|a) + | — a) + |ict) + | —icx)) for

|a] = 5.
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for smaller values of |a| is because in this case the coherent states overlap to a large extent

so the interference effects are not visible.

2.2 Generation of the Superposition of multiple Mesoscopic States
using Dispersive Interaction between Atoms and Cavity

Consider a single mode high quality cavity containing a small amount of a coherent field

so that the initial state of the cavity field is |«). Let w. be the cavity frequency. Consider the

passage of a two level atom with the excited and ground states |e) and |g) with transition

frequency w. The atom is initially prepared in a superposition state
@) = cele) + ¢glg)- (2.7)
The Hamiltonian of the atom-cavity system is given by
H = hweala+ "2 (o) el ~ 19 g]) + hy(le)igla + lg)(ela). @8)

In a frame rotating with the atomic transition frequency w, the interaction Hamiltonian is
given by

H = hia'a + hg(le)(gla + |g)(ela’), 6 = (w. — w). (2.9)
We assume that the cavity is far detuned from the atomic transition frequency so that 6 >>

g. We can do a second order perturbation calculation and obtain an effective Hamiltonian
H ~ héa'a + ¢oha’alg)(g| — ¢ohaalle)(e], (2.10)

where the parameter ¢y is equal to ¢g%/d. Physically it gives the shift of the excited state
in the absence of any cavity field. Under the effect of the Hamiltonian (2.10), the states

evolve as
’g, n) N efinqﬁm'fmé‘r’g7 n)

le,n) — ! (MHNRT=T e ), (2.11)

where 7 is the interaction time. Using (2.11), we easily obtain the evolution of a field in a

coherent state |a)

9. @) = |g, ae™07T)

e, ) — €le,ae’®™T), ¢ = o (2.12)
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Therefore the atom field system in the state |®, a) will evolve into

1D, a) — ceele, ae™®0T) 4 ¢ylg, aeTIOTOT), (2.13)

The probability of detection of the atom in the state 1)) = vc|e) + 1),4|g) will be

Py = |leepie®|ae® Ty + et e 070 |2 (2.14)

et + ey ? + 2 Real (cjugecvie®lae™@F M |ael @) - (215)

The last term in Eq. (2.15) yields the interference fringes. For the special case of the ini-
tial state and the detection state having equal superposition of the ground and the excited
states |cjiycetps| = 1/4. The visibility depends on the scalar product of two coherent
states that are shifted in phase by 2¢. The phase shift is a measure of the cavity interac-
tion. Haroche and coworkers have used the above for the production and detection of
mesoscopic superposition of the field states. In the present case the generated mesoscopic

superposition is the state
cethl e aet =0Ty 4 cg@b;]ae_i‘b_iéT). (2.16)

We next demonstrate how the compass state can be produced by following similar

ideas. Let us write the state (2.13) in the form

’(bva> = fe‘6>|ae> + fg’g>|a9>‘ (217)

Let us consider the passage of two atoms labeled as A and B in succession through the
cavity. After the passage of the atom A we get the state (2.17). Clearly the net state of the

system consisting of two atoms A, B and the cavity field would have the structure

|\IJ> = f€h6|€A7€B>|Oéee/>+fehg|€147gB>|aeg/>+fgh‘e|gA7€B>|age/>+fghg‘gz47gB>|agg/>‘ (218)

The joint detection of the atoms in the state |x) = x,./|ea, eB) + X €4, 98) + X,/ 94, €B) +

Xyq' 1945 98) Will project state(2.18) to (unnormalized state)

(X|¥) = |C) = fehex slo,) + feth:g/|O[€gl> + fgh@X;e”age’> + fghgng,]agg/>. (2.19)

Clearly such a conditional detection reduces the state of the cavity field to a state which in

general would be a mesoscopic superposition of four coherent sates |c;;). The value of o



Generation of Superposition of multiple Mesoscopic States 22

can be read from Eq. (2.13),

/ / ! ’
o ipti o ip—i _ —igpti _ —ip—i¢ .
Q. = et SRS ape'? Qg = Qg€ ¢+io g = e P=ie . (2.20)

2 2 . ot
b= gA(STA, (Z)’ _ gBéTB; ag = ae—zér—z&' ] (221)

Clearly by varying ¢ and ¢ we can produce a variety of superpositions. Consider, for
example, ¢ = 7/4 and qﬁ/ = /2, then

3i7r/4’ —im/4 i7r/4’ o = 050673“'/4, (222)

Qs = ope 99

Qg = Qo€ y Qg = Qe

so the state (2.19) is a compass state. The expansion coefficients in (2.19) depend on the
initial preparation of the atoms A and B and the detection of these atoms.This is usually
done by using two Ramsey zones before and after the cavity. Let us for simplicity assume

that

B) = = (leh +e™la)) i = AB.
X) = [®4)[@p), (2.23)

where |<I>;> is obtained from |®;) by using n; — 7]; and 0; — 9;-. Substituting values of «;

from (2.22) we rewrite (2.19) as

|C) = i (ei(n1+772+37f/4)| —a)+ ei(m+92+7f/4)|a> + ei(91+n2+7r/2)|ia>
peilbr+62)) _ m>) : (2.24)
M = NA—Ta, T2 =15 — T, 01 =04 — 04, 2 =0p — 0,

we have also set g = ae’™/%. For 8, = 1, + m/4 and 6, = 1y + 7/2 the state (2.24) becomes
the compass state (2.4)

1.
C) = e MR (| — )+ [a) + Jia) + | — ia). (2.25)
It is clear that the probability of joint measurements on the atoms A and B would be

where T'r. stands for tracing over the cavity field. Using Eq(2.19) and Eq(2.23), we find the

result

1 1 , )
P = |+ (Real (61(92—n2—7r/2)<,a‘a> F O/ i)

+elOrtb2mm=m=3n/4) | _jq) 4 e Om=T/4) (o] — ja)

fetOrtmemm=bat/4) (]jq) 4 02—/ (jq| — m>) = (C|C).  (2:27)
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Figure 2.3: The probability P for |a|* = 1 is plotted with phases of the initial atomic state and the detected
state. The scale along x axis and y axis is in units of .

In Fig. 2.3, we show P as a function of phases of initial atomic state and the detected
atomic state for |a| = 1. These interferences become less prominent for larger values of |a|.

The exact nature of interferences depends on the choice of the phase factors 7; and 6;.

2.3 Generation of the Superposition of multiple Mesoscopic States

using Resonant Interaction Between Atoms and Cavity

In a recent experiment, Auffeves et al. [30] have observed a superposition of two distin-
guishable states of the field in a high quality cavity using resonant interaction between an
atom and the field inside the cavity. This observation is in agreement with the theoretical
prediction of Eiselt and Risken [44]. When a two level Rydberg atom interacts with a mi-
crowave field, it splits the field into two parts whose phases move in opposite directions.
If the interaction time is chosen such that the phase difference between the split parts be-
comes T, then the cavity field can be projected into a superposition similar to a cat state,
la) + | — o).

In this section, we show that the above method can be used for the preparation of a

superposition of four mesoscopic states of the field. We consider a two level Rydberg atom
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having its higher-energy state |¢) and lower-energy state |g) and the cavity has a strong
coherent field |«). The atom passes through the cavity and interacts resonantly with the

field. The Hamiltonian for the system in the interaction picture is written as

H = ig (|e)(gla + a'lg)el) (2.28)

where g is the coupling constant for the atom with the cavity field, and a (a') is the anni-

hilation (creation) operator. The state of the atom-cavity system is written as

[6() =Y (cen(t)|e;n) + coult)lg.m)). (2.29)

n

Using Hamiltonian (2.28), the Schrodinger equation in terms of c.,, and cgy, is

Cen—1 = _ig\/ﬁcgna (2.30)
Cgn = —1gV/NCen—1. (2.31)
We assume that the atom enters the cavity in its lower state |¢g) and after interacting with

the field for time ¢y, it is detected in the same state |g). Thus, effectively, the atom absorbs

no photon but it projects the cavity field into the state

W) = > cncos(gy/nt)|n), (2.32)
1 . .
= 3Dl ) 4 eV ), (2.33)
o = Ol
n!

As a result, the cavity field splits into two parts whose phases move in directions opposite
to each other. Now we consider the passage of a second identical atom through the cavity.
The second atom enters the cavity in its lower state |g) and, after interacting with the field
for time ¢y, is detected in the same state |g). The state of the field inside the cavity after

passing the second atom is

) = > cncos(gy/nty) cos(gy/nta)In), (2.34)

_ lz Cn [ez‘g\/ﬁ(t1+t2)|n> + e—ig\/ﬁ(t1+t2)|n> + eigﬁ(tl—t2)|n>
4

+etvnrti=t2) |y | (2.35)
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Thus after passing second atom, the state of the field inside the cavity splits into four parts.
In the coherent state |«), the photon distribution follows Poisson statistics, so in Eq.
(2.35), most of the contribution to the summation comes from the terms n =~ |a|?. Thus
we can expand +/n in phase terms around the average number of photons 71 = |a|? in Eq.
(2.35). In fact for 7 ~ 10, only the terms up to second order in (n — n) are significant and
other terms are negligible,
n—n _(n— n)?
2/n 8n3/2

If we substitute the value of \/n from Eq. (2.36) in Eq. (2.35), the term proportional to n

vn=+vn+ (2.36)

will change the phase of the coherent field while the second- and higher-order terms in
(n — n) will distort the shape of the coherent state in phase space. For simplification, in
order to understand the nature of the generated superposition state, we do not consider
the distortion in the coherent state. Then Eq. (2.35) can be approximated by

1

|¢g> = 3 ez’(m+n2)|aez’(91+«92)>+e—i(n1+n2)’ae—i(91+92)>+
ei(?71—172)‘aei(91—02)> +€—i(771—772)|a€—z'(01—92)> : (2.37)

tivn t;
" 92\@ 9’:29\/5’121’2 (2.38)

If we choose interaction times ¢; and t; such that §; = 7/2 and 0, = 7/4, we get the
superposition of four mesoscopic coherent states placed in the east, west, north and south
directions in phase space,

1

o) = -

[e_i(m_"z)\a'> + emAm)| _ of) 4 em=m)|jo/) 4 e~ mIm)| _jo/)|;  (2.39)
4 Y

where we set a = o/e'™/%,
Now we calculate the Wigner distribution for the state (2.34). The density matrix p, for

state (2.34) in terms of number states is

Z — ~laf? cos(gt1v/n) cos(gtay/n) cos(gt1v/m) cos(gtay/m)|n)(m|.  (2.40)

Using equations (2.5) and (2.40), the Wigner distribution for the state (2.34) is

2e2l? atatm
W(y) = — Z L cos(gt1v/n) cos(gtar/n) cos(gt1/m) x
n,m T

cos(gtay/m) / (—3*)mgme VPP exp[—2(8y* — 7)) d?B. (2.41)
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Figure 2.4: The Wigner distribution W (~y) for (a) the generated state (2.35) and (b) the approximated state
(2.37), using parameters o = 4, gt1 = 3.7m, gto = 1.97.
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Figure 2.5: The Q-distribution function Q(v) for (a) the generated state (2.35) and (b) the approximated
state (2.37), using same parameters as in Fig. 1.
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Figure 2.6: The Q-distribution function Q () for the generated state after passing three atoms through the
cavity, for « = 8. The interaction times for the first atom, second atom and the third atom are chosen such
that gtl = 87T, th = 47T, gtg = 2.

After evaluating the integral, Eq. (2.41) is simplified to the form

262|y|2 (_1)n+mana*m o
W) = ™ Z ont+mplm! e 1! COS(gtl\/ﬁ) x
n,m

an—i—m

cos(gtar/n) cos(gt1/m) Cos(gtgm)We*‘th_ (2.42)

In the Fig. 2.4, we show the Wigner distributions for the generated superposition state
(2.35) as well as for the approximated state (2.37) using some typical values of parameters.
There are four patches at the corners corresponding to four mesoscopic states of the field
and between each pair of states of the field there are interference fringes indicating the co-
herence between the states. In the central part, there are subplanck structures as noticed by
Zurek [46] which form as a result of quantum interference between the two diagonal pairs.
The comparison of Figs. 2.4 (a) and (b) shows that a significant squeezing perpendicular
to the arc of the circle |z| = || occurs due to the effects of the higher order terms in (n —n)
(see Eq. (2.36)). Squeezing in the resonant Jaynes-Cummings model [47] has been studied
very well earlier. As a result of small differences in the field statistics, there are differences
in the interference patterns. In Fig. 2.5, the Q-distributions for the states (2.35) and (2.37)

are shown with the same parameters used in Fig. 2.4. We select the interaction times such
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that there is no overlapping between two states of the field. A comparison of Figs. 2.5 (a)
and (b) shows that the states of the field corresponding to the phases +g+/n(t; + t2) [see
(2.35)] in the generated mesoscopic state have more spread along the circle |z| = |a| and
squeezing perpendicular to it in phase space because of larger distortion terms. Thus the
split states of the field in the generated superposition state are situated at the same position
as in the approximated state but with changed shape.

We further mention that after passing NV atoms through the cavity and properly select-
ing the interaction times, we can generate the superposition of 2"V mesoscopic states of the
field placed along the arc of a circle of radius |« in phase space. In Fig. 2.6, we show the
Q-distribution for the generated state of the field after passing three atoms through the
cavity. It is clear that the generated state is a coherent superposition of eight mesoscopic
states.

In this method of preparing superposition of mesoscopic field states, most of the time
atoms are in their ground states, thus decoherence effects due to atomic damping are neg-
ligible. Only the decoherence of the generated superposition states after passage of first
atom may lead to the generation of undesirable statistical mixture of states [29, 31, 32]. The
mesoscopic states in the generated superposition after passage of first atom lie on the circle
of radii |/ in the phase space. Thus they decohere as exp(—2|a|?xt) [c.f. Eq. (2.61)]. The
required interaction time for first atom is given by gt¢; ~ w|a|. The required interaction
time for the next atom is half the interaction time for the previous atom. We assume that
all atoms come in a proper sequence so that total time in the generation of the state is equal
to the total interaction time of the cavity field with the atoms. Then the time required after
passage of the first atom in the preparation of 2"V mesoscopic states, for large N, is given
by

%+%+%+..(N—l)term.. ~t. (2.43)
Thus the probability of generating the desired state, for large IV, is reduced by the factor
exp(—2|a|?t1 /tean), where t.y = 1/k is the life time of the field in the cavity. In the case
of good cavities, gt.., ~ 400 is feasible. The probability of generating state (2.34) in these
cavities, for |a|? ~ 10, will be more than 80%.

The relation between the Q-distribution and the P-distribution for a state, [21], is given
by

Q(y) = /P(a)e_|o‘_7|2d2a. (2.44)
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From Eq. (2.44), it is clear that for () = 0 the P-distribution will oscillate between +ve and
—uve values. The negative value of P is a signature of the nonclassical nature of the state.
Thus the exact zeros of the Q-distribution are also signatures of nonclassical nature. Here
it will be interesting to analyze the exact zeros of the Q-distribution of the approximated
state (2.39). The Q-distribution for state (2.39) is
. , A . 2
Q) = |y 4 ] — @) 4 (i) M) ] — e
(2.45)

The exact zeros of Q(y) will be given by

)<’7|0/>e_i(771_772) + (y] — O/>6i(771+772) + <'y|io/>ei(m_772) + (] — Z'O/>e—i(771+772)

—0. (2.46)

Thus the Q-distribution shows nonclassical behavior at all phase points ~y satisfying the

condition (2.46). For example, if we take ¢ to be real and observe the Q-distribution along

the line y = |y|e’™* in phase space, the condition for nonclassicality (2.46) simplifies to
_ e’ ! lylo’ !
e 7\/5cos{m—l—ng—i-|?|;2)[]—i—evﬂ cos[m—ng+|’z/g}:0. (2.47)

For |y| = 0 the condition (2.47) becomes cos 1, cosnz = 0. For |y| # 0, using the values of
m = m|d|?/2, ne = 7w|d/|>/4 (see Eq. (2.38)), the condition (2.47) can be rewritten as the

simultaneous equations

|y] 3T us
V2! * 4 (21 + )20/27
™ ™
g =12 (249

2

The solution of the equations (2.48) gives o’ 2 = 2(ny —ns), thus o’2 must be an even integer

and the values of || are given by
| = (33 — 1 + 1); 1 > na. (2.49)
2¢/(n1 — n2)

In the above paragraph, we have outlined an analytical approach for getting informa-
tion about the non classical behavior of a state by finding exact zeros of ) function. It is
quite clear from the above that a simple analysis of the @) function can provide informa-
tion of the nonclassical behavior of the state. Thus this is an alternate analytical approach
for checking nonclassical behavior of the state. In general, analyzing zeros of () function
is easier than looking for —ve value of Wigner function. In Ref.[25], it is shown that the

experiments performed for phase measurement of the radiation field are equivalent to the

measurement of () function.
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2.4 Detection of the Generated Superposition of Mesoscopic States

In the previous sections, we have shown how the cavity field can be projected into a super-
position of four mesoscopic states of the field after passing two atoms through the cavity.
In order to explore the characteristics of the state (2.4), we have to bring a third atom C'
and examine the probability of its detection in a given state. This would be similar to what
was done in the experiment of Brune et al. [31] to study the cat state. In fact, the compass
state can be detected using the methods sensitive to its field statistics. For the compass
state photon distribution is very special, it has number states having photon number in
the integral multiple of four. The state (2.4) can be expressed in terms of number states as

follow

Z F e 10*/2) 4y, (2.50)
where p is an integer. We propose a sunple method for detecting the compass state using
a two level atom interacting resonantly with the cavity field as a probe. The Hamiltonian
for resonant interaction is given by (2.28). We can calculate the probabilities of detection
for the atom in its different states after passing through the cavity. The probabilities of
detection if atom enters the cavity in its lower state |g) and detected in its state |g) and |e),

Pj and Py respectively are

PJ = Z| ( ~lal?/2 cos(2gt\/p) %, (2.51)
p
Z| O(é e~lal?/2 sin(2gt/p)|. (2.52)
P

In the Fig. 2.7, we show the comparison of detection probabilities for cavity field in com-
pass state, Schrodinger cat state Ny(|a) + | — «)), and coherent state |«). We observe that
the revival time is larger for cat state than the revival time for compass state and revival
time is larger for coherent state than the revival time for cat states. The reduction in revival
times is because of increasing granular nature of photon distribution from coherent state

to compass state.

2.4.1 Homodyne detection of the generated superposition state

An elegant method for detecting the generated superposition can also be homodyne detec-

tion [30], which can be implemented in the same experimental set up. After preparing the
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Figure 2.7: The probability of detection of the atom in its ground state |g) for cavity field in (a) compass
state, (b) Schrodinger cat state No(|a) + | — «)), and (c) coherent state |), for |a|? = 16.

cavity in the desired superposition state, a resonant external coherent field |53) is injected
into the cavity. After adding the external field, the state of the resultant field in the cavity

is

[Ch) = ND(B)[|a) + [ia) + | = &) + | — ic)]

= N (m|D(B) [|a) + [ia) + | — @) + | — ia)] [m),

= Y Fulm) (2.53)
Frn = Nm|D(B)[la) + licr) + [ — a) + | —ie)], (2.54)

where D(8) = ef'~"a i displacement operator. Now we bring the third atom in its lower
energy state |g) to probe the cavity field. The probability of detecting the probe atom in its

lower state |g) after crossing the cavity in time ¢, is
Py = |Fl® cos®(gtyy/m). (2.55)
m

The interaction time ¢,, for the probe atom is selected such that if there are photons in the
cavity it leaves the cavity, in its higher energy state |e) with larger probability. We have
shown in the earlier section that all the states of the field in the superposition lie on a circle
of radius |a], so if we choose the external field |3) having amplitude |«| and phase ¢, the
probe atom will leave the cavity in its ground state with larger probability when the value
of ™ + ¢ will match to the phases of the states of the field in the generated superposition.
Thus the probability of the probe atom leaving the cavity in its lower state |g) would, as a

function of ¢, have peaks corresponding to the positions of the centers of the superposed
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Figure 2.8: The probability of detecting probe atom in its ground state as a function of ¢ for the generated
superposition (2.4). The interaction time for the probe atom is selected such that gt,, = .

mesoscopic states. In Fig. 2.8, we plot the probability of detecting the probe atom in its
lower state with ¢. It shows four peaks at the positions of the four states of the field in the

generated superposition state.

2.5 Effects of non-unity Detection Efficiency

In this section, we follow the argument of Davidovich et. al. [29] to show that the detection
efficiency is not a serious issue in the generation of state (2.4). After passing the first atom

A through the cavity, the field state is projected
ICa) = N (eml+7r/4|aem/4> i ewl\ae_i”/‘l) ’ (2.56)

where the velocity of atom A is selected such that the phase change in the cavity field
¢ = m /4. If one atom similar to atom A passes through the cavity undetected, the combined
state will be

‘wl> _ Nei(r]1+77/4) (ein1+7r/4‘a/eiﬂ'/2> + 61’01 |O/> ‘e>

4+ Neitr (einl+7r/4‘a’> + eZ't’9l|()/€—l'7r/2) 9), (2.57)
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—10t1

where o/ = ae . We trace out the atomic state as the atom passes undetected, the cavity

field will be in the state
Cl) = N | F /(o) + |ia')) + e (Jo') + | — i0/>)} : (2.58)

Now if the second atom B enters the cavity and detected after passing the cavity in earlier
defined states. The velocity of second atom is chosen such that it changes phase of cavity

field by /2. The detection of second atom will project the cavity field in the state

!/
‘CB> _ N? [6i771+772+37r/4(‘04”6i7r/2> + \ia”e”/z)
+€i(91+772+7r/2)(|a//6i7r/2> + | B ,L-a//eiﬂ/2>)
+ei771+92+7r/4(’a//€—i7r/2> + ‘Z'alle—iﬂ'/2>

+ei(91+92)( a//efiﬂ—/2> + ‘ _ ia//eiiﬂ—/2>) , (259)

where o/ = o/e~*2_ For earlier defined conditions on phases in the method for preparing
the compass state (2.4), 61 = 11 + 7/4 and 63 = 72 + 7/2 the state (2.59) becomes same as
state (2.25). In a similar way one can see that the prepared state will be a compass state if

one atom similar to atom B passes undetected between the atoms A and B.

2.6 Decoherence of the Generated Superposition State

Next we study the decoherence of the generated superposition state (2.4). This can be done

using the master equation
p= —g(aTap — 2apa’ + pa’a), (2.60)

where « is cavity field decay parameter and we carry analysis in the absence of thermal

photons. For initial state (2.4), we find the density matrix after time ¢

p(t) = % [(Jou) (| + | = o) (—ou| + liow) (icw| + | — dow) (—icy)

+ 200 () (o] + | — o] + liaw) (—ice| + | — i) (i)

+ e P00 () (i | + | — i) {ou] + | — ae)(—iou] + iow) (—ou])

+ e 1P ORI (i) (| + |au) (—iay] + | — deu) (—au| + | — ) (i )| ; (2.61)

oy = e "2,
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Figure 2.9: The decoherence of the state (2.4) in terms of Wigner function at different times, (a) for kt = 0,
(b) for kit = 1/2|a|?, (¢) for st = 1/]a|?, (d) for kt = 2/|a|?, for |a| = 4.
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In Eq. (2.61), the second, third, and the fourth terms reflect the coherent character of the
superposition. These are the terms which decohere due to interaction with the environ-
ment. The contribution to the Wigner function from the second term in Eq. (2.61) is

e 2P —2la?(1—e™")

47

{cos[i(ay™ — a™y)] + cos[(ay" + a™y)]}, (2.62)

—2la?(1=e™"") o o=2la’st for kit << 1. This term arises from the coher-

which decays as e
ence between the pair |«), | — «) and the pair |ia), | — ic), and is responsible for the cen-
tral sub-Planck structures. The term in curly bracket can be written as {cos[2«a/|y|sin 6] +
cos[2aly| cosf]}. Thus in any direction § # nm/2 one has an interference pattern which
arises from two cosine terms with different periodicity. Thus the sub-Planck structures de-
cohere as e21°I°#t The third and the fourth terms in Eq. (2.61) show the coherence between
other pairs of coherent states, and decay as e~lol’st n Fig. 2.9, we plot the decoherence
of the state (2.4) in terms of the Wigner function at different times. As time progresses in
Fig. 2.9 from (a) to (d), the central interference patterns decay faster and disappear earlier
than the interference fringes between the coherent states, say |«) and |ia), disappear. This

is clear from the equation (2.61) that the central interference patterns decohere two times

faster than the interference fringes between the coherent states like |a) and |icy).

2.7 Summary

We have discussed the properties of the compass state for radiation field and the meth-
ods of generating a compass state using the dispersive as well as resonant interaction be-
tween atoms and field inside the cavity. The conditional measurements enable one to study
some aspects of the mesoscopic superposition of coherent states. We have shown that the
nonunity detection efficiency in the preparation of the compass state is not a serious issue.
We have discussed the properties of the quasi-probability distributions of the generated
state. We have discussed the time scale over which the state decoheres and discussed the
methods for monitoring the generated state. Another way to detect such superposition is

by doing tomography [48] of such states.



CHAPTER 3

Ramsey Interferometry with Quantized Field

Entanglement is one of the most interesting phenomena in quantum mechanics. A large
number of methods exist for generating various types of entangled states [7, 11, 49, 50].
Many of these states have been implemented in quantum information processing [12, 13,
51, 52]. In chapter 1, we have discussed nonlocal characteristics [53] of entanglement and
shown how cavities can be used to generate atom-atom and atom-field entangled states.
In this chapter, we discuss how one can generate entangled state of two spatially sepa-
rated cavities. We note that entanglement between two modes in a single cavity has been
reported by Rauschenbeutel et al [54]. Further, in a recent experiment, the entangled spin-
state of two macroscopic atomic samples has been realized by passing a polarized light
pulse [55].

We consider two spatially separated high quality cavities aligned along their axis and
atoms are passed one by one through the cavities. Thus, our arrangement is equivalent
to the Ramsey interferometer [56]. We discuss the role of quantum statistics of the fields
in Ramsey interferometry and examine the conditions on the fields so that interference
fringes are obtained. In the case of fixed number of photons in the cavities, interference
does not occur in the excitation probability of a single atom [57]. We show how the in-
terference can be restored by passing successively two atoms through the cavities and
measuring atom-atom correlations [58]. We generate various entangled states by passing
a single or two atoms through cavities and show entanglement can be transferred from

fields to atoms and viceversa.

37
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Figure 3.1: Ramsey interferometry with two spatially separated fields.

3.1 Ramsey Interferometry

Ramsey proposed a new technique of doing molecular beam resonance experiments [56].
He used two spatially separated fields instead of using uniform single field as shown in
Fig. 3.1. Ramsey technique has advantage of higher precision measurement over an exper-
iment with continuous single field. The higher precision in Ramsey technique is due to the
occurrence of sharper resonance curves with two spatially separated fields. It was origi-
nally proposed as a technique in the microwave domain [56] which was then extended to
studies in optical domain [59]. Achieving higher resolution by using two separated fields
in molecular or atomic beam experiments can be understood as follows.

Consider a two level atom having upper level |e) and lower level |g). The state of the

atom at anytime ¢ is given by

[¥a(t)) = ce(t)]e) + cq(t)]g)- 3.1)

The field in each Ramsey zones is E(t) = £ coswt. When an atom enters in the field, the

atom-field interaction is given by

Hr = —(Pegle)(gl + Pyelg)(e])€ cos(wi),
= —N(Qrle){g| + Qg|g){e]) cos(wi), (3.2)
where Py, = Py, are transition dipole matrix elements and [Qg| = [P, /R is Rabi fre-

quency. Thus the Hamiltonian of the atom-field system is given by

H = hwele){e| + hwglg) (gl — h(Qrle) (gl + Qxlg)el) (" + ™), (3.3)
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Figure 3.2: Comparison between resonance curves using single field and Ramsey method of two spatially
separated fields.

where w. and w, are frequencies corresponding to the higher and the lower energy levels,
respectively. Using interaction picture and rotating wave approximation, the Hamiltonian

H reduces to
H = —fh(Q At + O3 —iAt wh A= (we —wy) —w 3.4
2 RE ’€><g‘ RE ’9><6D7 €re ( e g) . ( . )

Therefore, the Hamiltonian for Ramsey method is given by

h
2
H=0,forr<t<T+T.

H = ——(Qgre®e) (g + Qpe B g)e]), for 0 <t <7, T+7 <t <T+2r (3.5)

Using atomic state (3.1) and Hamiltonian (3.5), Schrodinger equation takes the form

Ce(t) = ZTReZAtcg(lt), Cq(t) = ZTRe_ZAtce(t), in Ramsey zones, (3.6)

Ce(t) = ¢4(t) = 0 every where else.

Using differential equation (3.6), the evolution of the atomic state can be calculated. The

probability of detecting the atom in a particular state [¢)) after total time 7"+ 27 is defined
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as

Pro = (p|t0a(T 4 27)) (Y (T + 27) |¢)y). (3.7)

If an atom is coming in lower state |g), the probability of detecting the atom in the upper

state |e) is found to be, for spatially separated fields

Qr? (7 L (QT\ L (AT A2, /Qr\ ., (AT
Py = 0z sin 5 cos 5 cos 5 + 02 sin 5 sin 5 , (3.8

and for single field
Qr|* . Qr
Py = 02 sin? <5 ) (3.9)

Here Q = /A2 + Q3. Generally Q7 is a small number, so we can drop the terms having
sin(Q7/2) and the expression (3.8) simplifies to

QP o (QTY 5 (AT
Py~ gz sin” () cos 5 ) (3.10)

In Fig. 3.2, we show the transition probabilities F.,, for the two separated fields and for
the single field, defined by equations (3.9) and (3.10). Clearly, the presence of cosine term
in (3.10) modulates the transition probability and the resolution in the resonance curves
becomes proportional to 1/AT.

In an interferometer interference occurs when two monochromatic coherent waves
travel to the detector through two different ways. In Ramsey method of two separated
fields, a particular transition in atomic states occurs through two different ways and inter-
ference fringes appear in the transition probability similar to wave interferometer. For the
transition of an atom from its lower state |g) to higher state |e) in Ramsey interferometer,

the atom follows two different paths

first zone second zone
|9) l9) 2 (3.11)

’g> first zone ’6> second zone ‘6) (312)

The existence of fringes in the transition probability has been interpreted as due to quan-
tum interference between the transition amplitudes [56], therefore Ramsey method is a
way of doing atomic interferometry.

More recently, Ramsey interferometry has been used very successfully in the studies
of quantum entanglement resulting from the interaction of atoms with radiation in a high

quality cavity. Haroche and coworkers [7, 60, 61] have detected a variety of cavity-QED
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effects [62] using Ramsey interferometry. Other potential applications of Ramsey interfer-
ometry are in the context of quantum nondemolition measurements [43], complementarity
test [61], quantum gates [51], EPR states [7] etc. Ramsey technique has also been suggested
for the measurement of phase diffusion in a micromaser [63]. Most of these studies con-
sider the field in each Ramsey zone as a coherent field which does not evolve even though

it is interacting with the atom.

3.2 Ramsey Interferometry with Quantized Fields

These days interference effects at a single photon or few photon levels are becoming quite
common [64, 65, 66, 67], it is natural to enquire how the results of Ramsey interferometry
would be modified if the coherent field in each Ramsey zone is replaced by a quantized
field [68].

We consider a high quality cavity [62] as the Ramsey zone of quantized field. If the
number of photons in the cavity is large and the field has a well-defined phase, then it
would approach to the classical Ramsey interferometry. We thus consider the situation
shown in the Fig. 3.3. An atom with two levels |e) and |g), with frequency separation wy,
interacts with two single-mode cavities with identical frequencies w. Let the annihilation
and creation operators in the i-th cavity be denoted by a; and alT, respectively. For the

situation shown in the Fig. 3.3, the Hamiltonian in the interaction picture is

Hy = hgi(le){glare’™ + af|g)(ele ™) 0<t<m,
H =0 n<t<T+m1, (313)
Hy = hga(le)glaze™ +alg)ele™) TH+n<t<T+7+7.

Here A = wp — w and g; is the coupling constant of the atom with the vacuum in the i-
th cavity. Let us consider an initial state with atom in the lower state |g) and the fields
characterized by the state _,  Fi, u[n, p). Here [n)(|p)) represents the Fock state in first
(second) cavity and F, , is photon distribution function. Let ¢., ¢, be the phase shifts in |e)
and |g), which we might introduce using some external perturbation between the cavities.

Using the interaction Hamiltonian (3.13), the time evolution of the state can be calculated.
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Figure 3.3: A schematic arrangement for Ramsey interferometry with quantized fields. Each classical Ram-
sey zone is replaced by a cavity. There is a phase change between two cavities as |e) — e~<le) and
l9) = 7" ]g).

The state of the atom and cavity fields is found to be

W+ T+7)) = Y [FupCn1(r)Cui1(r2) exp (—iA(T1 + 72) /2 — igyg)
i

Fry1,,-190(11)Su—1(m2) exp (—iA(11 + 72 + 2T) /2 — ige)] |g, s 1)
+ ) [Far1uSi(11)Ch(2) exp (iA(11 + 72) /2 — i)

N,
+ quHC’n_l(ﬁ)S;(Tg) exp (tA(11 + 12+ 2T)/2 — i¢g)] le,n, u)3.14)

where

Co(1) = cos(Qa7/2) + ;ZAQ sin (Q,7/2)

Salr) = VO LG (ur/2),
Q0 = V(A2 +4g2(a+1) (3.15)

a=mn,pand g, = g1, gu = ga-
The functions C, and S, describe the dynamics of the atom interacting with a single mode
cavity with initial state as a Fock state . Note that C,(S,) gives the probability amplitude
of finding the atom in the excited (ground) state given that it was in the excited state at
time ¢ = 0.
The structure of the state clearly suggests that a given final state is reached in two dif-
ferent ways. Consider a measurement in which the outgoing atom is found in the excited

state. The probability of excitation P, defined by

Peg = Trpiciale|Y(T + 11 + 72)) (Y(T + 71 + 12)|e) (3.16)
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can be calculated using Eq. (3.14). We find the result

Peg = Z |Fn+1,an+l7u + eiAT+i¢Fn7M+1Yn7M+1‘2 , (317)
n,p
where
¢ = QZ)@ - ¢g
Xnyip = Sp(m)Cp(m2)
Yopt1 = Cpo1(11)S)(72) . (3.18)

A similar result is obtained for P, i.e., the probability of finding the atom in the

ground state if initially the atom is in the excited state,
Pge = Z |Fn717uX;;7u—1 + e_iATH(bFn,ule;JrLuF ) (3.19)
n,pn

Results (3.17) and (3.19) are important for understanding Ramsey interferometry with
quantized fields. These give rise to a number of important consequences as far as the
fundamentals of atom-field interaction are concerned. For classical fields, result (3.19) can
be modified, since probability amplitude functions F;, , is peaked around average number

of photons 7 and fi. So in the summation, we can replace

Xnp—1 = Xap,

Yn+1,u - Yﬁ,ﬂ- (3.20)
Further for large n and p, make the following replacements:

Fo1pt1 = Foyp

Frp1 — Fo. (3.21)
For normalized photon probability amplitude functions F,, ,,, Eq. (3.19) reduces to

Pge = |X;_kb,/,_l, + e_iAT+i¢Y;,ﬁ 2. (3.22)

Equation (3.22) is the result for classical fields.
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3.3 Dependence of the fringes on quantum statistics of the fields

We now examine the consequences of the quantized nature of the field and, in particular,
investigate when the interferences are most pronounced. From result(3.17), we see there

are two paths which contribute to the amplitude for detecting the atom in excited state:

‘gan>:u> - ]e,n—l,,u}—>|e,n—1,,u>,

lg,n, ) — |g,n,p) — le,n,p—1). (3.23)

The interference between these two paths depends on the nature of the photon statistics,
i.e., on the functions F,, . Clearly, if the field in each cavity is in a Fock state |ng, 10), then
the interference terms in (3.17) drop out and the two paths (3.23) become independent.
This happens even for Fock states with large number of photons. Interferences are ob-
tained as long as the photon statistics is such that the cross terms in (3.17) are nonzero.
Consider a situation where detuning A can be ignored while considering evolution in
Ramsey zone, i.e., in each cavity. It can be shown that the cross terms in (3.17) are nonzero

if the field statistics is such that,

1 ) 1 ) /
(a{ sin(g1 714/ alai) cos(g171/ aial) cos(gaT21/ agag) sin(gaTo CL2(1£)(I2> 0,
\/ alaJ{ \/ CLQCL;

which for small interaction times reduces to

(3.24)

(alag) #£0. (3.25)

Thus, the nature of interference depends on the quantum statistics of the fields in the two
Ramsey zones. The conditions (3.24) and (3.25) imply that if the cavities are independent,
then the field in each cavity must have a well defined phase for interference to occur. The
interference would also not occur if one cavity has a definite number of photons and the
other has a field in coherent state. However, interference is obtained if fields in the two
cavities are entangled even though the field in each cavity does not have a well-defined
phase. In Fig. 3.4, results for classical as well as quantized fields are plotted when each
Ramsey zone has a coherent field with average number of photons (Ja|? = 5). Interference

fringes for classical fields show higher visibility than in the case of quantized fields.
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is initially in the ground state for quantized (solidlines) and classical (dashedlines) fields. The parameters are

Figure 3.4: Interference fringes in the probability of detecting a single atom in the excited state when the atom

(a) g7

1.00 . V., V, are the visibilities for classical fields and quantized fields.

T,01=92=9,Vc

T — T =
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3.3.1 Ramsey fringes with fields at single photon level

Having shown that Ramsey fringes vanish if each cavity contains one photon, the next
question is what happens if the field in each cavity is at single photon level [65]? For this
purpose, we consider a case where each cavity is pumped by a weak coherent state so that

the initial state of the cavities is

1 :
Veavities) = ————(|0) + a|1))(]0) + ae[1)). (3.26)
|[Yeavities) (1+|a|2)(| )+ a[1))(]0) 1))
In this case, the result (3.17) leads to
4fal? g1 . A
Py = (ESEDE Q—Osm(Qoﬁ/Q) cos(Qo72/2) — Q—Osm(Qng/2)
2
+ % sin(Qo72/2) expli{ A(T + 11/2) + 0+ ¢}]| +O(lalh), (3.27)
0
which for A = 0 and g171 = v2g2m = /2 reduces to
P., = L (1 + sin(m/v/2) cos(6 + qﬁ)) (3.28)
“ (14 af?)? ' '

This leads to high visibility for the fringes (about80%) though the absolute value of the
signal is small. It is clear that the interference in Eq. (3.27) arises from the cross terms in

Eq. (3.26), as such cross terms lead to the same final state via two different pathways:

19,1,0) — [e,0,0) — [e,0,0),
19,0,1) = g,0,1) — |e, 0,0). (3.29)

The other terms in Eq. (3.26) do not result in interference, since |1, 1) leads to different
final states and |0,0) can not produce excitation. It should be noted that Eq. (3.27) is
different from the result obtained for classical fields, i.e., when one ignores the back-action

of atoms on the field. Recently, an arbitrary superposition of |0) and |1) states [¢,,) =
1

V1+|al?

a state is highly nonclassical and is quite distinct from a coherent state with very small

(10) + (1)) has been realized [66, 67]; here the parameter a need not be small. Such

excitation. This nonclassical state also has the important characteristics that the average
value of the field is nonzero and thus the off-diagonal elements of the density matrix are

nonzero. For such a nonclassical state and for A = 0, the Ramsey fringes are given by
Py = (ESPRE Isin(g171) cos(gam2) + sin(gams) exp{ip}|*

7042)2 {sin2(9171) cos? (92\/57'2) + cos®(g171) sin2(9272)} (3.30)
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Figure 3.5: The visibility of interference fringes vs. |a| for weak coherent fields (solidline) and for a nonclas-

sical state (dashedline) \/liITP(M + 1)), with parameters g1 = gv/2m = 7/2 and A = 0.

For gim1 = ¢2V2m = /2, it reduces to the previously derived result (3.28). Remarkably,
the visibility from result(3.30) does not depend on .. We show in the Fig. (3.5) a compar-
ison of the visibility in the case of coherent field and a nonclassical field. It may be noted
that for the state |0) + «|1), the P-distribution is highly singular. We note that in the context
of cavity quantum electrodynamics the state |¢,,) can be produced by following scheme

[69]. We could consider a resonant cavity in vacuum state. If a two level atom in the su-

perposition state m
@
adjusted so that the atom can emit one photon in the cavity, then the state of the cavity

would be |¢,).

(lg) + ale)) is sent through the cavity with the interaction time

3.3.2 Photon-photon interaction mediated by a single atom and quantum entan-

glement of two cavities

It is well known in nonlinear optics in a macroscopic system that the fields effectively inter-
act and one knows many examples of three wave and four wave interactions in a medium.
Such interactions are significant at macroscopic densities of atoms. In this section, we
demonstrate a rather remarkable result that a single atom in a high quality cavity can pro-
duce photon-photon interaction. For this purpose, consider an atom in the ground state

passing through the two cavity system. We calculate the state of the two cavity system
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subject to the condition that the atom at the output is detected in the ground state. Such a

conditional field state is found to be

[Yeg) = (glV(T + 71+ 7)),
= Cp-1(11)Cpu-1(72) exp (—iA(11 + 72)/2 — i) |n, )
+ Sno1(1)Su(m) exp (—iA(Ty + 72 +2T) /2 —i¢e) n — L, +1) . (3.31)

This involves a linear combination of states |n, 1) and |n — 1, u + 1) leading to the entan-
glement of two cavities. We note that the entanglement of two macroscopically separated
cavities was proposed by Meystre [70]. In addition, the passage of one atom transfers one
photon from the first cavity to the second cavity. The transfer from one cavity to the other
will be complete if C;,—1(71) = Cy—1(72) = 0. Other entangled states are also possible; for
example, if the atom was initially in the ground state and if it is detected in the excited

state, then the conditional state of the cavities is,

W}c,e> = <€W(T + 71+ T2)> )
= Spo1(n)C(me) exp (1A(T1 +72)/2 —ige) [n — 1, 1)
+ Cn—1<7_1)SZ_1(7_2) exp (iA(Tl + 7+ 2T)/2 — Z¢g> ’TL, nw— 1> . (3.32)

We may also note that the entanglement of two modes in the same cavity has been achieved

by Rauschenbeutel etal [54].

3.4 Two Atom Interferometry

In previous section, we considered the possibility of producing entanglement between
the two cavities by conditional detection of the atomic state [50]. We next examine how
such entanglement (3.32) can be detected. From our previous discussion leading to Eq.
(3.17) and Eq. (3.24) it is clear that if we send a second atom and measure its excitation
probability, then such a probability would exhibit interference fringes.

For a second atom coming in the ground state |¢g) and detected in the excited state,
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following are the possible pathways:

n—=1Lmlg) — In—1ulg) —|n—1,p—1)e),
nu—1lg) — [n—1u—1)e) —[n—1,pu—1)e),
n—1,umlg) — In—2pmle) —In—2,u)e),
np—"1)g) — In,p—1)]g) — |n,u—2)e) .

(3.33)

In summary, the system as a whole starting with an initial state |n, u, g1, g2) has two differ-

ent pathways leading to the detection of the atom-cavity system in state [n—1, p—1, €1, €2).

|nvuaglag2> - |7’L—1,ILL,€1,92>—>|7’L—1,M—1,€1,€2>,
‘nau7glag2> - |n7u_1761792>_>|n_]—7u_17€17€2>'
(3.34)

The joint probability of detecting both atoms in the excited state PJ!72 can be used for
doing atomic interferometry even if each cavity is in Fock state. This is reminiscent of
photon-photon correlation measurements with light produced in the process of down con-
version. Mandel and coworkers [71] carried out a series of measurements with photons
from a down converted source where they reported no interferences in the measurement
of mean intensities, whereas photon-photon correlation exhibited a variety of interference
phenomena. In the context of Ramsey interferometry with quantized fields, we suggest a
measurement of the atom-atom correlation. An explicit form of the joint detection proba-
bility can be obtained following Jaynes-Cummings dynamics. A long calculation leads to

the following expression for the joint probability if the initial state of the cavities is |n, ):

2

peiez —

0122 = |51 (1) a2 () CURICEE)| + | Cact (M) Caoa(7]) S () 2(73)

Sn—1(71)Cr=1(11) S—1(12) C5s_1 (73) + Sn—1(71) Cr—a(71)Spu—1() C (72)

+

expli( AT —T) + ¢ — ¢)] ‘2 . (3.35)

Here, we allow the possibility of different interaction times and phases (denoted by a dash)
for the second atom. In the special case where A = 0,91 = g2, 71 = T2 = T{ = Té and

g7 = /4 and when initially cavities are in state |1, 1), the joint detection probability has
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the form

Post = w1 eos(n/2v/3) + g cos(n/2v/D) cos(6’ — 6)

= 0.1118 +0.1110cos(¢ — ¢). (3.36)

Interference fringes with almost 100% visibility are obtained. Thus, two atom interferom-
etry could produce perfect visibility in the situations where single atom interferometry
exhibits no interferences. Other joint detection probabilities like finding one atom in the
excited state and the other in the ground state also display interference fringes. An inter-
esting situation also corresponds to sending both atoms in the excited state and measuring
the final states of the two atoms. In the case when initially cavities are in the state |0, 0)
and A = 0, the expression for the probability of detecting both the atoms in their ground

states has the form

PLE = sin?(g171) sin®(g1 \/57'{) +sin®(ga72) sin®(g2v/27) cos® (g171) cos”(g17y) +
AN ’ . o, Ty 2
cos(gim1) sin(g17, ) sin(ga7) cos(gary) + sin(gi7 ) cos(g1v/27 ) sin(gary)e ®~¢ )’ . (3.37)

Consider the case when ¢ \/57'{ = gzﬁé = 7mand ¢g;71 = g2 = /4. The probability of
detecting both atoms in the ground states is given by

2

11 m T ™ /
9192 —  _ | sin — cos — — sin — expli(¢p —
2|3 g g TS g el = 0]

= 0.4327 + 0.3835cos(¢ — ¢ ). (3.38)

)

The visibility of fringes in two atom interferometry is quite significant. We next show how

two atom interferometry can be used to produce a variety of entangled states.

3.4.1 Preparation of the entangled state «|2,0) + 3|0, 2)

Consider the situation when two identical atoms are coming in their excited states and
each cavity is in vacuum state. The mode of each cavity is in resonance with the atomic

transition frequency. If after passing through the cavities both atoms are detected in their
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ground states, the state of the field inside the cavities is given by

B(ri+ T+ 7)) = sin(gim)sin(g1v27) exp{—i(¢y + ¢,)}2,0)
+ cos(g171) cos(gi7y) sin(ga7z) sin(g2v/27y) exp{—i(¢e + ¢,) }0, 2)
+ [costrm) sin(gr 7)) sin(g272) cos(ga73) exp{ ~i(6. + &)}
+  sin(gim) cos(g1V2r) sin(gamy) exp{—i(dy + )} | [1,1) . (3.39)

The |1, 1) component drops out for g;7; = ga7, = 7 and the cavities will be in the entangled

state

|®(11 + T + 7)) = sin(gi7i)sin(rv/2) exp[—i(¢g+¢;)]!2,0>
—  cos(gi71) sin(go72) sin(mv/2) exp[—i(¢e + 6,)]|0,2).  (3.40)

This entangled state is very interesting; we can change the degree of entanglement by
changing the value of g1 7 and ga72. The state will be maximally entangled for g; 7 = 7/4
and gom2 = /2. This can be seen as first atom comes in excited state |e), interacts with the
first cavity for a time such that g; 7y = 7/4. The interaction is like an interaction with a 7/2

pulse; the state of the system evolves into

le,0,0) — —(le,0,0) — i|g, 1,0)). (3.41)

1
V2

In the second cavity, the interaction is a 7™ pulse interaction and then the state of the total

system becomes,
1 7
—(le,0,0) —i|g,1,0)) — ———(|g,1,0) + |g,0,1)). 3.42
75(1€.0.0) ~ila.1.0) = == (19, 1,0) +19.0.1) (3.42)
Thus, after passing the first atom, the state of the fields in the cavities is
7
= ———(|1,0) + 0, 1)). 3.43
) = =—5(11.0) + [0.1) (3.43)

The second atom comes in the excited state |e), interacts with the fields inside the cavities
for times 7, and 7, such that g;7; = g27, = 7, and after passing through the cavities the
atom is detected in the ground state |g), so the atom can follow the two paths. The first

path is

le)|1,0) — cos(mv/2)|e, 1,0) — isin(mv/2)]g,2,0) — —isin(mVv2)|g,2,0) — cos(7v/2)]e, 1,0),
(3.44)



Ramsey Interferometry with Quantized Field 52
The second path is
€)]0,1) — —|e,0,1) — isin(7v/2)]g,0,2) — cos(mv/2)|e, 0, 1). (3.45)

Thus, passing both the atoms initially in the excited states and subsequently detecting
them in their ground states, we obtain a maximally entangled state

1
V2

of the fields inside the cavities. The phase terms in Eq. (3.46) come from the phase change

o) = = sin(mv/2) (expl-i(ég + ¢,))|2.0) — expl=i(ge + 6)1[0.2)) . (346)

in the region between the cavities. Now, if we pass another atom initially in the excited
state |e) through the cavities having field in state (3.46) and the atom is detected in its
ground state |g) after passing through the cavities, an entangled state of three photons is
generated. The degree of entanglement is controlled by the selection of interaction times

in the cavities. For a special case, a three photons maximally entangled state,

v3) = — 5 sin(rv2) sin(rV3) [ei@r0rt60)[3,0) + 1O+400)0,3)] | (3.47)

is generated if we choose interaction times 7, and 7, for third atom such that g7, =
GaTy = .
3.4.2 Entanglement Transfer from Fields to Atoms

Here we show how entanglement of fields [50, 55] is transferred to the atoms. For this

purpose, consider the fields inside the cavities are in an entangled state:
|ter) = a0, 1) + B|1,0). (3.48)

An atom initially in the ground state |g) is passed through the cavities and the fields inside
the cavities are in resonance with atomic transition frequency; then the state of the cavity-

atom system is

[g) = {oz cos(ggTQ)e_’% — Bsin(g1711) Sin(ngQ)e_M)e} lg,0,1) + ﬂcos(glﬁ)e_wﬂg, 1,0)

- i (a sin(gama)e % 4 Bsin(g 1) COS(QQTQ)e_i¢e> le,0,0). (3.49)

If another atom coming in the ground state |g), interacts with the fields in both the cavities

for the times 7, and 7, such that g;7, = go7, = 7/2, then the state of the cavity-atom system
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is

[Ys) = —i (a Siﬂ(g2T2)€_i(¢g+¢;) + Bsin(g171) 005(9272)€_i(¢e+¢/9)) le, (0, 0)
- (a 005(9272)6711(%%;) + Bsin(g171) Sin(ngz)efi(%W;)) lg,€)[0,0)

— Beos(gim)e @+ g, g)[1,0). (3.50)

If we choose the interaction time for first atom in first cavity such that g; 71 = /2, the state

(3.50) becomes

[Ye) = —i (a sin(gamy)e " (%o +99) ﬁCOS(ngQ)B_i((ﬁewg)) le,9)[0,0)

— 4 (a cos(g272)e_i(¢9+¢;) + ﬁsin(gng)e_i(¢e+¢;)) lg,€)]0,0). (3.51)

State (3.51) shows that the atoms are now in entangled state and fields are in independent

states, so the entanglement of fields has been transferred to the atoms.

3.5 Summary

We have discussed in detail the theory of Ramsey interferometry with quantized fields.
The interference is very sensitive to the quantum statistics of the fields in the two Ramsey
zones. We have derived general conditions for interference to occur. We have shown
how an analog of Hanbury-Brown Twiss photon-photon correlation interferometry can be
used to discern a variety of interference effects even in situations where the single atom
detection probabilities do not exhibit interferences. We have demonstrated atoms acting
as a mediator for photon-photon interaction between two cavities and entanglement can
be transferred from fields to atoms. We have generated entangled state of two and three

photons by passing two and three atoms through the cavities.



CHAPTER 4

Multi-photon Processes in Cavities

In high quality cavities most of the studies deal with the interaction of single atom with
field [72, 73]. On the other hand, the investigations of cooperative effects such as optical
bistability [74] involve a large number of atoms. In this chapter, we discuss cooperative
two-photon processes in two atoms in a cavity. Earlier studies of two-photon processes
in two atoms deal with cooperative effect in the presence of strong dipole-dipole interac-
tion between the atoms [75, 76]. Such interaction is significant only when the inter-atomic
separation is less than the wavelength of the radiation. These dipole-dipole induced two
photon processes involving two atoms in free space are widely studied theoretically [75] as
well as experimentally [76]. We show that it is advantageous to use a cavity for the study
of such two photon processes as one would not be constrained by the requirement of small
inter-atomic separation [77, 78]. In high quality cavities inter-atomic interactions can arise
when different atoms interact with a common quantized field and therefore, these inter-
actions do not depend on the inter-atomic separation. We demonstrate that the two-atom
two-photon resonant effect could be very large, thus opening up the possibility of a va-
riety of multi-photon cooperative phenomena in non-resonant cavities. The two photon
transition occurs as a result of simultaneous excitation or de-excitation of both atoms with
two photon resonance condition w; + ws ~ w, + wp, Where wy, wy are the atomic transition
frequencies and w,, wy, are the frequencies of the emitted photons. The actual resonance
condition depends on the vacuum Rabi couplings. We study such two-photon resonant

processes in two different systems: (i) two identical atoms interacting with field in a two

54
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Figure 4.1: (a)The system of two identical atoms interacting with two modes of the vacuum. (b) Two
pathways for two atom two photon emission.

mode cavity (see Fig. 4.1), (ii) two nonidentical atoms in a single mode cavity (see Fig. 4.2).

4.1 Two Photon Processes

In a single two level atom, two-photon transitions between the excited state |e) and the
ground state |g) occur at a frequency given by we, = 2w, where w,, is the atomic transition
frequency and w is the frequency of the photons. The process proceeds via intermediate
states |i), which are away from a single photon resonance and thus no population is trans-
ferred to the intermediate states in the process. We note that the two photon micromaser
in a single mode cavity has been realized [79].

Now consider a cooperative two photon emission process involving two two-level
atoms with distinct transition frequencies w; and ws such that w; — w and wy — w are large,
so that single photon transitions in individual atoms are negligible. However, a two pho-
ton resonant process such that w; + wy = 2w, as shown in Fig. 4.2(a), can dominate in
such systems. The composite system of two two-level atoms is equivalent to a four level
atomic system as shown in Fig. 4.2(b). The two photon emission from state |e;, e2) to
lg1, g2) occurs through two possible pathways via intermediate states |e;, g2) and |g1, e2).

The interaction Hamiltonian for the system can be written as
Hr=H e ™'+ H “t 4.1)

where H, (H_) is the interaction corresponding to the absorption (emission) of a photon.
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Figure 4.2: (a) Two nonidentical atoms interacting with a single mode vacuum. (b) Two pathways for two
atom two photon emission corresponding to two possible intermediate states |e1, g2) and | g1, e2).

The second order perturbation theory leads to the following expression for the rate of two
photon emission
_ 27 {91, 92| H-|g1, e2)(gn, e2|H_ler, e2) | (91, 92| H-|e1, go)(er, 92| H-|e1, e2) ?

h? h(w; — w) h(wa — w)
d(wr + we — 2w). (4.2)

R

Surprisingly R. = 0, as the two terms in the expression cancel each other when w; + wy =
2w. This can be explained as the two paths for two photon emission interfere destruc-
tively. Therefore, it is necessary to include inter-atomic interactions [75, 76] for nonzero
two photon emission. However, these interactions are significant only if the inter-atomic
separation is less than a wavelength. Thus, it imposes a nontrivial constrain to study two
atom two photon processes in free space, as it is not easy to resolve the spectrum of such
closely placed atoms. Though a beautiful demonstration of such two photon cooperative
effects in solids is given in a recent work [76], using very sophisticated techniques. Similar
results apply to the case of two photon emission by two identical atoms if the photons of

frequencies w, and wy, are emitted (see Fig. 4.1), such that
Wa + wp = 2wyg. (4.3)

We examine such two photon emission processes in a cavity. We demonstrate that in
high quality cavities such processes lead to a large two photon Rabi oscillation [80, 81, 82,

83] involving two atoms.
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4.2 Two Photon Emission in two Identical Atoms in a two Mode

Cavity

Let us consider two identical two level atoms, with transition frequency wy, interacting
with two modes of the vacuum having frequencies w, and wj, in a cavity as shown in Fig.

4.1. The Hamiltonian for the system is

H = hweala+ hwpb'd +

Z h [%ﬂei)(eﬁ —1gi){gil) + |ei){gi|(g1a + g2b) + |9¢>(€i|(glaT —I—gng) ,(4.4)
i=1,2

where a and a' (band b') are annihilation and creation operators for the first (second) mode
of the cavity, g; and g are the coupling constants. In a frame rotating with frequency wy,

the Hamiltonian (4.4) becomes

H = —hAd'a—néb'b+ Y h [’€i><gi’(91a + g2b) + |gi) el (gra’ + g201) |, (4.5)
i=1,2
A =wy—we, 6=wy— wp.

We consider the special case of two photon emission when both atoms are in their excited
states and there is vacuum inside the cavity. Thus the initial state of the atom-cavity system
is

[4(0)) = le1, €2,0,0). (4.6)
Considering all possible states of the system in evolution, the state of the system at time ¢
can be written as

[¥(#) = calt)ler; e,0,0) + \2 (le1; g2) + lg1, e2)) {e2()[1,0) + ¢3(2)|0, 1)}

+lg1, g2){ea@®)|1, 1) + ¢5(8)2,0) + ¢6(1)[0,2) }- (4.7)

Different terms in the wave function (4.7) correspond to no photon emission, one photon
emission, and two photon emission. The photon emission can take place in either mode.
Here we are interested in a resonant two photon emission i.e., when one photon is emitted
in each mode. A very interesting aspect of the state (4.7) is its entangled nature. This pro-
vides a method of producing entangled states, say, entanglement of two cavity modes [54].

Now using Schrodinger equation and Hamiltonian (4.5), the time dependent amplitudes
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¢i(t) are determined by

& = —igiV2es —igaV2cs

éo = iAcy —ig1V2e1 —igaV/2cy — 2igics
¢y = idcg —igaV2c1 —igi1V2cs — 2igacs
& = (A4 0)es —igaV2ey — i1V 2¢3

s = 2ilAcs — 2igico

0'6 = 2@(506—21'9263. (48)

In order to understand the nature of the two atom two photon resonance we present nu-
merical as well as approximate analysis which can capture the physics of the cooperative
process. We consider the case when detunings to the cavity field are much larger than the
couplings, i.e., |A|, |0] >> g1, g2 but |A + §] is small, keeping in mind that the condition
for two photon resonance is A + § = 0. In such a case cooperative two photon process
should dominate and single photon processes would be insignificant. The results of nu-
merical integration of Eq. (4.8) are plotted in Fig. 4.3. In the case when g; # g2 a novel
resonance is achieved. The probability of two photon emission at resonance is quite high.
The resonance is shifted from the position A+¢ = 0. This shift is due to the strong coupling
to the vacuum field in the cavity. For g/g1 = 1.5 and A = —5¢; maximum two photon
emission probability is approximately 0.9 and the interaction time required for achieving
maximum probability is given by ¢t ~ 6.

Having established numerically that the two photon resonance can be large in cavities,
we present approximate analysis to demonstrate it. Under the above mentioned condi-
tions for two photon resonance we can eliminate fast oscillating variables c3, c3, ¢5, cg and
effectively reduce the dynamics in terms of slowly oscillating variables ¢; and c4. We note
that in an adiabatic approximation, where one sets ¢; = ¢3 = ¢é5 = ¢6 = 0, does not yield
the correct physics of the two atom two photon emission. We relegate the procedure for
eliminating fast oscillating variables to the appendix-A. The reduced form of the Eq. (4.8),
in terms of slowly oscillating variables, is written as

2 2
@ <A§g—1§9% i 522?259%) ot g <A2 ng% TR j2g§> 64’

. A 5 ‘ 2970 2054
o A+§— 1 _ 2 .(49
o 19192 (AQ—I—QQ% + 62+QQ%>CI+Z< + 52_293 A2—29% C4 ( )
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Figure 4.3: Two atom two photon emission probability, |c,(t)|* in a system of identical atoms interacting
with vacuum in a two mode cavity, for g2/g1 = 1.5 and A/g1 = —5.0.

The solution of Eq. (4.9) gives
4G? L VAG?P 4+ Q%

2
lea(®)]* = TN T 5 , (4.10)
A )
ith G =2 411
9 9 A 0
Q = A + (5 + 2(91 — g2) A2 — 292 — 62 — 292 . (4.12)
1 2

Note that in the limit g; = g» and A + ¢ = 0, the probability amplitude c4 for two photon
emission tends to zero, as both 2 and the numerator in Eq. (4.10) become proportional to
(A + §). Thus when couplings to the modes are same, two photon emission probability
has no resonance. In this case the transitions from |ej, e2,0,0) to |g1, g2, 1,1) via states
%ﬂel, 92) + |g1,€2))[1,0) and %ﬂgl, e2) + |e1, g2))|0, 1) interfere destructively. We further

note that to order g7¢2 the two photon resonance does not occur

16g2g2 . , 0t . o At
2 _ 109193 . 2 2
lea(t)]” = SIA2 S o sin” —-. (4.13)
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The usual second order perturbation theory cannot lead to inter-atomic two photon reso-
nance. One has to consider higher order terms in ¢g; and g». However, then the excitation

itself would be negligible. Therefore one needs high quality cavities. The probability of
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Figure 4.4: The maximum value of the two atom two photon emission probability, |c4(t)|? in the system of
two identical atoms interacting with vacuum in a two mode cavity, is plotted with respect to (a) detuning o
and (b) time, for go/g1 = 1.5 and A = —10g¢;. The solid line is corresponding to approximate result and the
dotted line (...) corresponding to exact numerical result.

cooperative emission of two photons in different modes is a periodic function of time. In
Fig. 4.4(a), we plot the maximum value of |c4(t)|? as a function of § and in Fig. 4.4(b) as a
function of time ¢, for fixed values of ¢1, g2, and A. At two photon resonance the probabil-
ity corresponding to two photon emission in one of the two modes is much smaller than
the probability of two photon emission in different modes. From Egs. (4.10) and (4.12) it
is clear that the two photon resonance occurs at A + & + 4 (g7 /A + g3/8) ~ 0. Thus the

interaction with the cavity modifies the condition of two photon resonance. This is seen
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quite clearly in Fig. 4.4(a). We note the connection of the resonance frequency {2 to the one
photon Stark shifts. It is well known that the shift in the frequency of a two level atom in
the presence of a field with n photons is given by 2¢g2(n + 1) /A which is equal to 42/ A for
n = 1. Thus the change 4 (g7 /A + ¢3/6) is equal to the frequency shift of both the atoms
due to the presence of a single photon. However, it should be borne in mind that the ex-
act result is not periodic and exhibits rapid variations though the envelop agrees with the
result (4.10). The above mentioned approximate results are valid for larger values of de-
tunings but for larger values of detunings a large interaction time is required to reach the
maximum of two atom two photon transition probability. This should be possible with the
recently developed method of trapping atoms in a cavity [84]. The other possibility is to
work under the conditions of the Fig. 4.3.

4.3 Two Photon Emission in two Nonidentical Atoms in a Single

Mode Cavity

In this section we analyze a system of two nonidentical atoms interacting with a single
mode vacuum field in a cavity (Fig. 4.2). Consider two nonidentical two level atoms
having their excited states |e1), |e2) and their ground states |g1), |g2) interacting with a

single mode cavity-field of frequency w. The Hamiltonian of this system is

H = h[Sle(erl = lg) 0] + 5 (lea)lea] — g2) g2l) + wala]

+hg1 (Jer)(grla+allgi) (er]) + hgo (Jez) gela +allga(eal ), (414)

where w; (w2) is transition frequency for first (second) atom, a and a’ are annihilation and
creation operators for the field, and g; (g2) is the coupling constant to the cavity mode with

first (second) atom. In a rotating frame the Hamiltonian H can be written as

H = ~hAg1) (1] = hlga) (g2l + a1 (lex){gila+allgr)(erl) + hgs (lea)(gala + aflga)eal )

(4.15)
where A = w; —w, § = wy —w. Let us consider an initial state [1/(0)) = |e1, e2,0) with both
atoms in the excited state and cavity in the vacuum state. The state of the system at time ¢

can be written as

[0(8) = ci(t)]er, e2,0) + ca(t)]er, g2, 1) + e3(t)|g1, €2, 1) + ca(t)|g1, 92, 2), (4.16)
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where the expansion coefficients ¢; satisfy

&1 = —igace —igics,

Gy = idcy —ig1V2cs —igacy,

é3 = iAcs—igaV2cs —igicy,

éy = i(A+0)cy — ig1V2¢9 — igaV/2cs. (4.17)

The two photon resonance condition for this system would be A + § = 0. For couplings

g1, g2, much smaller than |A|, |§|, the solution of Eq. (4.17) gives

4 At
ety = gléqu sin 5 sin > + higher order terms. (4.18)

The first term in Eq. (4.18) represents independent emission by each atom. Clearly, to
lowest order in g;g2 no two photon resonance occurs. Such a resonance can come from
the terms of the higher order. Assuming that |A| and |J]| are large but |A + §| is small, we
eliminate fast oscillating variables c; and c3 in a way similar to the previous case and the
Eq. (4.17), in terms of slowly oscillating variables reduces, to

2 A 1)
T —i<‘21+952>61+19192f< >C4,

A +2g2 5—1—2g§

) 1) . 291 292
= A+d4+ ==+ 2= . 4.19
Cy 29192W<A+2gl+5+29g>c1+2< + 6+ A + 5 ) (4.19)

We find the approximate result for the two photon emission probability

167 o VAGR TP
2
lea(®)]” = wcr e 5 (4.20)

A 1)
ithG' = V2
wi \f9192 (A2 n 29% + 521 29%

9 95
),QZA+5w<1+2>.@m)

A b
For large |A| and |§], the Eq. (4.20) shows two photon resonance at A+46+3(g7/A+g3/0) ~

0. Further such two atom two photon resonance appears for g; # g2, which disappears
when g; = ¢o. In the latter case the antisymmetric state (|g1, e2,1) — |e1, g2,1)) / V2 is de-
coupled from |ej, e2,0) and |g1, g2, 2). We present numerical results in Fig. 4.5 . The graph
shows two photon resonance for g; # g. It is clear that the position of resonance is shifted
from A 4+ § = 0. This shift in the position of resonance is due to larger values of g; and
g2, and depends on the ratio g2/gi1. There is a large enhancement in the probability of two
photon resonant emission in a high quality cavity. It is expected that such effects can be

studied by placing the system used by Hettich et al. [76] in a cavity.
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Figure 4.5: Two atom two photon emission probability, |c4(t)|? in a system of nonidentical atoms interacting
with vacuum in a single mode cavity, for A/g1 = —5.0 and g2 /g1 = 2.0.

4.4 Effects of Cavity Damping

In this section, we examine the effect of cavity decay on two atom two photon vacuum
Rabi oscillations. We do a calculation based on master equation. Let 2x, and 2x; be the
rate of loss of photons from the first mode and the second mode, respectively. The density
matrix of the system of two atoms interacting with two mode field in the cavity will evolve

according to the master equation

1
pP=—7

h[H’ p| — Ka (aTap — 2apa’ + paTa> — Kp (bTb,o — 2bpbT + prb> . (4.22)

The density matrix for this system can be expressed in terms of all the states which are
generated by the combined effect of H and dissipation. Because of the cavity decay, many
more states are involved in the dynamics. For example, for identical atoms interacting
in a bimodal cavity, the relevant states are |ej, 2,0, 0), |g1, €2,0,0), |91, €2,1,0), |g1, €2,0,1),

|617927 07 0>/ |€17927 17 0)/ ‘617927 07 1>/ ’glvg27 07 0>/ ‘91792707 1>I |917927 17 0>/ ’917927 07 2)/ ‘917927 17 1>/
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Figure 4.6: Periodic behavior of two atom two photon emission probability |c4(t)|?, for identical atoms
interacting with vacuum in a bimodal cavity, for 6 = 3.5g1, A = —5¢1, g2 = 1.5g1 and cavity damping
constants, (a) kg = kp = 0.00, (b) kg = kp = 0.03g1, (c) kg = Ky = 0.1g;.

and |g1, g2, 2,0). For this system density matrix is expressed as

1 iy ity K itk

p= . ZZ Z Z @5 KU Gk, DI G K UGG,k (423)

Here i, (j,j') represent states of the first (second) atom with the convention |0) corre-
sponding to excited state and |1) corresponding to ground state, the indices k, £’ (I, I')
represent the number of photons in the first (second) mode. Thus the dissipation requires
considerable numerical work. Results for two identical atoms in a bimodal cavity are
shown in Fig. 4.6. We show results for optical cavities with g/x =~ 30 in Fig. 4.6(b) and for
currently realizable cavities (g/x = 10) in Fig. 4.6(c). The two atom two photon vacuum
Rabi oscillations survive in the limit of small damping g/x ~ 30 but for larger damping
(9/k = 10) die fast. Similar results are found for two nonidentical atoms in a single mode

cavity.



Multi-photon Processes in Cavities 65
4.5 Summary

We have reported large two atom two photon vacuum Rabi oscillations in two systems,
one having two identical atoms in a two-mode cavity and another having two nonidentical
atoms in a single-mode cavity. We have shown that for asymmetric couplings (g1 # g¢2), the
probability of two photon emission is quite large but for symmetric couplings (g1 = g2), the
two photon emission probability is very small. Further, we have shown that the condition
of two photon resonance in the case of strong atom-field interaction is modified from its
free-space form (A+9 = 0). These two photon transitions involving two atoms can be used
for generating and detecting different types of entanglement between two field modes and

two atoms [85].



CHAPTER D

Manipulation of Atomic Lifetime in Cavities Using dc-Fields

It is well known that vacuum field drives excited atoms to their ground states in sponta-
neous emission. The rate of spontaneous decay I' for a two level atom can be obtained

with the help of Fermi golden rule
27
I'= ﬁ“/egﬁp(weg)a (51)

where V., is atomic dipole matrix element corresponding to the transition from the excited
state |e) to the ground state |g) and p(wey) is the vacuum mode density around atomic
transition frequency wey. The mode density p(wey) can be changed by putting boundaries
around the atom. Cavity structures are most suitable for changing local field density. In-
hibition [86, 87, 88, 89] and enhancement [89, 90, 91] of the spontaneous decay in cavities
has been studied in detail and realized experimentally. If the cavity is detuned to atomic
transition frequency, spontaneous decay is inhibited significantly and enhanced in the case
of the resonant cavity.

Typically, there are two regimes according to the atom-field interaction [92, 93, 94],
weak coupling regime and strong coupling regime. The weak coupling regime is char-
acterized by the exponential decay and decay rate is enhanced or inhibited from its free
space value depending on cavity is resonant or detuned to the transition frequency we,.
On the other hand, strong coupling regime is characterized by reversible Rabi oscillations
where spontaneous decay becomes reversible. The basic difference in both the regime is
weak coupling regime occurs in low quality cavities while strong coupling regime can oc-

cur in high quality cavities, where cavity decay is negligible. A lot of literature is available

66
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on cavity-modified atomic decay [95, 96, 97, 98, 99, 100]. All these theoretical as well as
experimental results provide strong base to the cavity quantum electrodynamics.

There are not only static effects for modifying spontaneous emission but few dynamic
effects have also been reported to suppress spontaneous emission [101, 102, 103, 104, 105].
A strong resonant driving field can decouple the atom from the vacuum. Lange and
Walther [102] in their experiment found that if an external resonant field is injected in
to the cavity, spontaneous decay can be almost completely suppressed.

In many experiments of modern quantum optics viz quantum computation, lasing
without inversion, atom interferometry where long lived excited atomic states and coher-
ence is required, spontaneous emission controls the results and appears as a limiting factor.
In such experiments suppression of spontaneous emission is essential. In this chapter, we
show how a possible control of spontaneous emission can be obtained by using dc-fields.
We find that in the presence of dc-fields in the cavities the spontaneous emission of atoms
can be modified significantly as a result of dc-field induced stark shifts which provides an
additional control over life time of the atom. Further, the change in spontaneous emission
depends on the square of applied dc-field. We find that in the case of cavities resonant to
atomic transition, spontaneous emission can be inhibited significantly using dc-fields. In
the case of cavities having negligible mode density around atomic frequency the presence
of dc field shows significant inhibition or enhancement of spontaneous emission depend-
ing on whether the cavity is tuned below the atomic transition frequency or above the

transition frequency.

5.1 Spontaneous Decay of an Atom inside the Cavity

We consider a two level atom of transition frequency wy placed in a single mode cavity.

The Hamiltonian for the atom-cavity system is
H = hwa'a + hwoS* 4+ hg(STa +a'S7), (5.2)

where 5% = 1(|e)(e| — |g)(g]) and ST = (S7)T = |e)(g| are spin operators associated with
the two level atom. We consider that the cavity has finite quality thus there is leakage

through the mirrors. The cavity relaxation is described by the master equation for the
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density matrix p of the atom-cavity system
dp _ 1
dt — h
Lp = —k(atap — 2apa’ + pa'ta), (5.4)

[H, p] + Lp, (5.3)

where we have assumed that the cavity is nearly at zero temperature so that there are no
thermal photons. The constant « is the damping rate of the photon number in the cavity.
It is related to the cavity @) via K = w./2Q. We work in the interaction picture. The density

matrix in interaction picture is given by

b= ei(woserwaTa)t/hpefi(woSz+waTa)t/h. (55)

The Hamiltonian (5.2) in interaction picture takes the form
H; = hg(STae™™ + alei®t57), (5.6)

where A = wy — w. The master equation (5.3) in this picture becomes

dp_ @

We now eliminate the cavity field adiabatically. By adiabatic elimination we obtain the

equation of motion for the reduced density matrix g, of the atom
Pa =Trep, (5.8)

where T'r. stands for trace over cavity field.
For adiabatic elimination of field variables we proceed as follows. We make transfor-

mation to new density matrix p’ defined by
P =eFp. (5.9)

On using (5.6) and (5.9), the Eq. (5.7) takes the form

dp’ -
— =LA, (5.10)

where

Hy = hg(Sta(t)e™ + a(t)Te'A157), (5.11)

a(t) = e “ae*t,
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Note that Eq. (5.11) involves only the cavity-atom interaction. Now we assume that the
cavity is overdamped i.e., ¢ << k. In bad cavity limit, we can do second order perturba-
tion calculation with respect to g, which is Born approximation. Further, using Markov
approximation, Eq. (5.10) leads to

dpa o0 - - s

o == | T [0, (= 7)o 0)7ul0)] (512)

where p.(0) = p.(0) is the density matrix of the cavity in the absence of the atom, and

pa(t) = Trep'(t) = Trep(t). Now substituting (5.11) in (5.12), we get terms involving
correlation functions of the cavity field. These correlations can be derived from the master

equation for cavity relaxation [95]. They are
Trea(t)a' (t — 7)pe = (a(t)al(t — 7)) = (7 + 1)e™ "7, (5.13)

Treal (t)a(t — 7)pe = (a' (t)a(t — 7)) = e ™", (5.14)

where 7 is the average number of thermal photons inside the cavity. On using correlations

(56.13) and (5.14), Eq. (5.12) reduces to

:6(1 = _7;[50527 ﬁa] - I‘O (S+S_ﬁa - 2S_ﬁa5+ + ﬁaS+S_) s (515)
where
2 2
gk _g°A
To=— A3 0="3 A (5.16)
Now transferring result (5.15) to original frame, we get
Pa = —1 [(WO + 50>Sz7pa] — T (SJrSipa - 257@15+ + paS+Si) . (517)

For resonant cavity w. = wp, dp = 0 and the decay rate I'y = g% /K. There is cavity induced
enhancement if g%/x is greater than the free space decay rate. Note that as the cavity is
detuned (A # 0), I'g decreases which is Kleppner’s result for a single mode cavity. The
first experimental observation of the Purcell effect was made by Goy et al [87]. Next we

investigate the effect of the applied dc or low frequency field.

5.2 Manipulation of Atomic Lifetime Using dc-Fields

We consider a two level atom placed in a cavity, and a dc field (or low frequency field) is

injected inside the cavity . The Hamiltonian of the system can be written as

Hg = hwoS? + hweala + hg <aS+ n S—QT) + hE cos QU (ST + 57, (5.18)
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where wj is atomic transition frequency, w,. is cavity mode frequency, and g is the atom
cavity coupling constant. The term & cos 2t corresponds to a low frequency field, if 2
is chosen to be very small. Note that £ has dimensions of frequency. We perform master
equation calculation for atom-cavity system. The density matrix of the system p will evolve
as

p = —%[Hg, pl — Kk (aTap — 2apa’ + paTa) . (5.19)
We will work in a frame rotating with atomic frequency wg. The density matrix in this
frame is given by

b= eiwo(Sz—i-afa)t/hpe—iwo(Sz—i-afa)t/h. (520)
Using Egs. (5.19) and (5.20) we obtain the equation for p

{ ?

p = —#Ha, pl —k (aTaﬁ —2apal + ﬁaTa> h[Hd’ pl; (5.21)
where
H, = —hAata+hg (as+ + S*af) ,
H, — h% {S* (ei(wo+ﬂ)t n ei(wrﬂ)t) e <efi(wo+ﬂ)t 4 efi(wOfQ)t)} .(5.22)

and A = wy — w, is the detuning. We note that the experiments of Lange and Walther [102]
correspond to using a microwave field, and thus 2 ~ wy. Note that the last term in the
master equation (5.21) is highly oscillating. We do time averaging for this, as such terms
oscillating at the cavity frequency would not be normally observed. The time averaging is

L k=1, A= are much larger than (wo+

well justified here, as all other relevant time scales g~
Q)~L. The inequality wy >> g, , A enables us to do the time averaging in a much simpler
fashion, i.e., we can essentially ignore the terms having H, and & in (5.21). We relegate the
details of time averaging to the appendix-B. The calculation leads to the following time

averaged master equation

po= i [AeaTa,ﬁ} —ig [(aS"r + S_aT> ,ﬁ} —K (aTaﬁ — 2apa’ + ﬁaTa) , (5.23)
where

Ac = A+ 2wpE? (Wi — Q?). (5.24)

We note that the dc field contributes to the Stark shift of the two levels in question. We

further note that these two atomic levels can also be shifted because of the interaction of
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Figure 5.1: The probability of the atom remaining in its excited state, p.. = (e, 0|p|e, 0) vs time, for k = 5g,
A =0, Q = 0, and for the different values of the dc field &;.

the dc field with other levels. These can be accounted for by introducing the polarizabilities
a. and oy of the levels |e) and |g) [106, 107]. We can rewrite Eq. (5.24) as

A=A+ aoﬁg , = Qe — Oy, (5.25)

where &, is now the dc field in esu. The formulation of the appendix-B can also be used to
produce the well known expressions for the . The value of ag is known for many low
lying as well as Rydberg transitions. The values of o have been calculated in the literature
by converting infinite sums into the solution of differential equations.

The Eq. (5.23) can be solved, assuming that the atom is initially excited and the cavity
field is in vacuum state. The Eq. (5.23) can be converted into a set of coupled equations
in terms of the states |e,0) , |g, 1), and |g,0). The results of the numerical integration are

shown in the Fig. 5.1 for different values of the parameter A.. Clearly there is inhibition
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as A. increases. The effective detuning A. changes due to the applied dc field . For a fixed
cavity detuning A the dc field can make A, larger or smaller depending on the sign of A.
The results can be understood by deriving analytical results in the bad cavity limit g << &
(and more precisely g* << x? + A2). In this limit we can obtain a simpler equation for the

atomic density matrix p, defined by Eq. (5.8). The final result for the atomic system is
Pa = —i[6eS%, Pa) — Te (STS™ pa — 257 paST + paSTS7), (5.26)

where

2 2
g K g A
Ile=—2——, 0= ) 27
K2+ A2 K2+ A2 (5-27)

Here, I, is the dc field modified decay parameter and d. is the net frequency shift. The

ratio 1 of the decays in the presence and absence of dc field is given by

I, k2+A2

Clearly the dc field modifies the decay rate, which depends on the detuning. For the cavity
resonant to the atomic transition (A = 0), using Eq. (5.24), n reduces to
K2 484\
_ ~ (1 for Q = 0. 5.29
1 K%+ o3& < * mzwg)) o (5:29)
It is clear from the Eq. (5.29) that dc field inhibits the decay rate. Note that the inhibition

starts becoming significant for
agég ~ K. (5.30)

Let us estimate the condition (5.30) for Na Rydberg transition 235, ,, — 22P;/5, whose
frequency is 340GHz . For the sake of argument, we also assume agE? ~ 2% /wy. This
transition has a dipole moment d ~ 10~ esu. The atom is placed in the cavity having one
mode resonant to the atomic transition. Let us choose the cavity decay rate xk = 1M H z.
The condition (5.30) then leads to a Rabi frequency £ of the order 400M H z, which in turn,
requires a dc field of the order of 10~2esu. We note that the required dc field is small
enough, so that the perturbative results for the Stark shift hold. We further note that the
scalar and tensor polarizabilities are available for some S and P levels of Na [106, 107],
though the absolute values for both 235/, and 22P;/, level are not available in Fabre et

al. [106]. However, the reported polarizabilities for say, 23P level, are of the order of
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few MHz/(Volt/em)?. Thus the condition (5.30) is realistic, and our finding that the dc
field can be used to control spontaneous emission, can be implemented by the appropriate
choice of the Rydberg transitions. We emphasize that we are discussing the inhibition or
enhancement of spontaneous emission on a given transition which is resonant with the
cavity. This, for example, is the transition 235 — 22P in the experiments of Goy et al.
[87]. It must be noted that the field ionization techniques enable one to study transitions
selectively [108].

In the case of cavities detuned from the atomic transition, spontaneous decay is smaller
and the decay rate is given by I' = g/ (k* + A?). Further inhibition of decay rate is pos-
sible by applying dc field. When cavity is tuned below the atomic transition frequency (A
is positive), then there is significant inhibition of spontaneous decay, which increases fur-
ther as the applied dc field is increased. On the other hand, when cavity is tuned above the
atomic frequency (A is negative), there is enhancement in the atomic decay, i.e., on increas-
ing the value of applied dc field, the atom decays faster. In Fig5.2 we show the behavior
of the factor n as a function of A for different values of the dc field. The enhancement, as
well as inhibition of spontaneous decay, occurs depending on whether the cavity is tuned
above or below the atomic frequency. The results shown in the Fig. 5.2 are consistent with

the results obtained by direct solution of the Eq. (5.23).

5.3 Summary

We find that in presence of dc field, spontaneous emission can be inhibited significantly in
the case of cavities resonant to atomic transition. In the case of cavities having negligible
mode density around atomic frequency, spontaneous emission itself is smaller, and the
presence of dc field shows significant inhibition or enhancement depending on cavity is

tuned below the atomic transition frequency or above the transition frequency.
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CHAPTER 6

Quantum Random Walk of Photons in High Quality Cavity

In classical random walk, a walker flips a coin, and moves one step forward or backward
depending on the outcome of the coin [109]. The probability of finding the walker at posi-
tion m after n such steps is given by the binomial distribution
n! 1\"
P(m) = oy fammyy <) : (6.1)
() () \2
For large values of IV, the probability distribution (6.1) tends to the Gaussian

Plm) = | e m/m, (6.2)

™

Thus, the probability of finding the walker at its initial position is always maximum. In
quantum random walk, a system is assigned one additional quantum mechanical degree
of freedom, like spin of the particle, and the motion of the system is controlled by this
additional degree of freedom. After few steps, the state of the system is exceptionally
displaced from the initial position. This exceptional displacement occurs as a result of
quantum interference between various states generated in intermediate steps. Quantum
random walk is one of the phenomena which are strikingly different from their classical
counter parts. In a very interesting paper Aharonov et al. [110] found that the walker’s
distribution could shift by an amount which could be much larger than the classically
possible displacement. Several proposals [110, 111, 112, 113, 114, 115, 116, 117] exist for
realizations of the quantum random walk. For example, Aharonov et al gave a cavity

QED model where the photon number distribution can get displaced. Sanders et al. [111]

75
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considered a dispersive interaction in the cavity of the form S*(a + a') and considered
the random walk of the field on states on a circle. Other interesting theoretical schemes
for implementing quantum walks have been suggested in ion-traps [113] and in optical
lattices [114]. Knight et al. [115] further showed that an earlier experiment [116] was a
realization of quantum random walk. A scheme using linear optical elements has been
recently implemented [117].

In this chapter, we show how quantum random walk can be realized in microcavities.
Using resonant interaction between atoms and the field in a high quality cavity, we present
a scheme for realizing quantum random walk. The atoms are driven strongly by a classical
field. Under conditions of strong driving field, we could realize an effective interaction of
the form iS%(a — a') in terms of the spin operator S* associated with the two level atom
and the field operators a and af. This effective interaction generates displacement in the
wavefunction of the field depending on the state of the two level atom. Measurements of
the state of the two level atom would then generate effective state of the field. Thus in our
scheme, measurement of atomic states is corresponding to the flipping of the coin, while
the field inside the cavity acts as a walker. Using the homodyne technique, state of the
quantum random walker can be monitored. We also discuss the decoherence effects and

the time scales at which quantum nature of random walk persists.

6.1 Cavity-QED Model for Quantum Random Walk

We consider a two level Rydberg atom having its higher energy state |¢) and lower energy
state |g) interacting with a single mode of the electromagnetic field in a cavity. The atom
passes through the cavity and interacts resonantly with the field. Further, the atom is
driven by a strong classical field. For simplicity we choose atomic transition frequency,
the cavity frequency, and the frequency of the driving field to be same. The schematic
arrangement is shown in Fig. 6.1. The Hamiltonian for the system in the interaction picture
is written as

H = —ihg (S+a _af S—) +h(STE+SEY, 6.3)

where g and £ are the coupling constants of the interaction of the atom with the cavity field
and with the deriving field. We have chosen g as real and £ as complex. The annihilation

(creation) operator for the field in the cavity is a(a') and S*, S~ are atomic spin operators.



Quantum Random Walk of Photons in High Quality Cavity 77

The last term in Eq. (6.3) is the interaction with the external field. We further rewrite the
above Hamiltonian in a picture in which the interaction with the external field has already
been diagonalized :

) = ™) h=S8TE+ 87, (64)
where [1)) is transformed atomic state in new picture from old atomic state |¢)). The Hamil-

tonian in this picture is

H = —ihge"(STa — S~ al)e ™, (6.5)
e = cos(|E|t) + ’gh’ sin(|€[t). (6.6)

The atomic spin operators S* transform as
Mt = §* cost (] + g; sin?(|€]6) S ’;g‘*sz sin(|€]) cos(E[D),  (67)
MG = S cos(|Et) + ’;22 sin(|E]t) ST + |;SZ sin(|€t) cos(|E]t).  (6.8)

Using Egs.(6.7) and (6.8), Eq. (6.5) becomes

Ex2 _2iE
sin“(|E|t
fep S €05 =g

We note that the Hamiltonian of the above form has been previously used to treat the

H = —ihg (S+ cos®(|Et) + S#sin(|€|t) cos(]é’t)) a—H.c. (6.9)

inhibition of the spontaneous emission [118] and for the production of mesoscopic super-
position states [119, 120]. We assume that the atom is driven strongly so that |£| is large
and hence we drop rapidly oscillating terms from Eq. (6.9) i.e. e*?!€l = 0. Then Eq. (6.9)

reduces to

= 1hg n g2
H = 5 <S +|5’25 a— H.c. (6.10)

We choose £*2/|€]? = 1; in general, this can also be done by adjusting phases with atomic

operators. Then the Eq. (6.10) takes the form

a.i‘
Heff_hgs< Z > (6.11)

Note the appearance of the well known displacement D(a) = exp(afa — aa*) in the evo-
lution operator e~ *# t/h for Hamiltonian (6.11). Further it should also be noted that h as
defined by Eq. (6.4) commutes with H, tf- In the original interaction picture the Hamil-

tonian for our model will be

a — aT
Heff = thx ( ) + 2ﬁ\€|5x (6.12)
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Figure 6.1: The schematic arrangements for realizing quantum random walks. A continuous strong driving
field inside the cavity can be applied by an external source. The time interval between two atoms in the atomic
beam is selected larger than the interaction time in the cavity so that only one atom is presented inside the
cavity at a time. The atoms are detected at the exit of the cavity by a state selective detector.

In the effective Hamiltonian (6.12) field displacement operator appears with atomic oper-

ator, which can produce a displacement in field state depending on the atomic state.

6.2 Quantum Random Walk of Photons

We next discuss the possible realization of quantum random walks in the system of the
two level atom and the field inside the cavity. In Fig. 6.1 we show a schematic diagram
for realizing quantum random walks. In our scheme atom passes through the cavity and
is detected at the exit of the cavity. A continuous strong driving field is applied by using
an external source. Let us consider that, initially, the atom is in the superposition state
|®) = (ci1]e) + c2|g)) and the field inside the cavity is in a coherent state |a). Using Eq.

(6.12) the combined state of the atom-cavity system after time ¢ is given by

() = exp [gtSI(aT —a) - 2@']8\th] 1)), (6.13)
= S g+ D o+ ot/ + S () — D la— gt/ (619
= 1) [= 0k gt/2) + S gty2)]

+ e [”Zw o+ gt/2) — C‘;w oo — gt/2)] : (6.15)

6 = (\6|+%Im(a))t; (6.16)
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where c¢; = ¢1 + ¢ and ¢ = ¢; — cp. Using normalization of atomic states we can select
c_/cq = tanf. Thus the detection of the atom in state |e) or |g) leaves the cavity field in a
superposition of states |« + ¢gt/2) and |a — gt/2). For small values of gt the states |a+ gt/2)
and |a—gt/2) overlap completely and thus quantum interference effects between |a+gt/2)
and |a — gt/2) becomes significant. If we assume that the atom is detected in its ground

state |g), then the state of the field inside the cavity can be written as
) o< [ e~ D(gt/2) + eV tan () D(—gt/2)] |, 6.17)

Clearly after passing one atom through the cavity the field inside the cavity is displaced
backward or forward along the line in a random way by the step of gt/2. We can now
iterate the above step to obtain the state of the field after the passage of NV atoms. We
assume that atoms enter in the cavity in the state |®) and after interaction with the field
inside the cavity detected in their ground state |g). Note that the displacement operators
appearing in the above state commute with each other [D(gt/2), D(—gt/2)] = 0 for real gt.
Thus the field state after the passage of N atoms is given by

(V) = C[e 1D gt/2) + ¢V tan(0) D(~gt/2)] o). (6.18)
N[N . £\ t
_ 6—zm|€| m [ 9t ez(N—m)\S| n N-—mpN-m [ 9t o
— sz—:o N [ ‘D (2) t(tan )N "D ( 2>}| ),
NN
= C)Y. !N =2m)EL (gan g)N=m DN=2m(_ gt /2)|ar), (6.19)
m=0 m
NN\
= CZ eWN=2m)8 (tan )N — (N — 2m)gt/2)), (6.20)
m

where C' is normalization constant and we have used the property of the displacement
operator D~!(a) = D(—a). On writing the above result in coordinate space representation,
we get the wavefunction ¢y (x, a) = (x| (N))

NV v -2m6 ()N

e P (tan 0)" "o (x + [N — 2ml]l) , (6.21)

m

N
Un(z,a) =C Z
m=0

where 1, (z) = (z|a) is the wavefunction corresponding to the initial cavity field state |«)

which is centered at z = a and the step size of the random walker is [ = gt/2.
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Figure 6.2: The probability distribution P(x) for the position of the quantum random walker, assuming
initial wave packet as Gaussian exp[—(x — «)? /2] for o = 0, step size | = 0.05, ¢ = 2w and 0 = 27 /3.
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Figure 6.3: The probability distribution P(x) for the position of the quantum random walker, after dropping
offdiagonal terms. Parameters used are same parameters as in FIG. 6.2.
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Figure 6.4: The probability distribution P(x) for the position of the quantum random walker after 10 steps,
using different set of values of 6 and ¢ and for o = 0, step size | = 0.05.
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Figure 6.5: The Wigner function W (z, p) of the state of the random walker, after number of steps (a) N = 0
(b) N = 10, using same parameters as in FIG. 6.2.
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We note that we have recovered the result of Aharonov et al [110]. In Fig. 6.2 we have
plotted the probability amplitude distribution for initial wave function v (x) ~ exp[—(z —
«)? /2] for real values of z and o = 0. The displacement depends on 6, ¢, and, the number
of steps, V. The unexpected displacement in the state of the random walker is the result
of constructive quantum interference between the states generated in various steps which
comes from the off diagonal terms in P(z) = |n(«, z)|?. The displacement of the random
walker is not bounded by the classically possible maximum and minimum displacements
£ NI. The quantum interference leads to an arbitrary displacement in the random walker’s
position and can be much larger than =NI. We have checked this by dropping the off
diagonal terms in P(x). In Fig. 6.3, we show the results after dropping the off diagonal
terms in |1y (o, )|? in this case P(z) remains same in shape as for the initial wave packet
but shifts by an amount N/.

A small squeezing in the wavepacket is also generated from these interference effects.
The selection of phases ¢ and 6 is also critical for displacement in the position of quantum
walker. This can be understood from Eq. (6.21), each term in Eq. (6.21) corresponding
to a particular value of m represents a possible state of the quantum walker. The final
displacement of walker after NV steps comes as a result of quantum interference among
all such possible states. Thus the final displacement depends on the relative weights and
the relative phases of these states. The relative weights of the states in Eq. (6.21) are
proportional to (tan#)¥~™ while the relative phases are given by ¢. Depending on the
the values of 6 and ¢, final displacement in the position of quantum walker can take any
value from the possible maximum to the minimum. For example, for the parameters used
in Fig. 6.2 we plot P(z) using different values of § and ¢ in Fig. 6.4. The displacement in
the position of quantum walker is minimum when § = 27/3 and ¢ is half integer multiple
of w. Further for §# = 7/3 and ¢ = 37/2 the displacement is maximum again.

For visualizing quantum interferences, we plot the Wigner function of the random

walker in Fig. 6.5. The Wigner distribution for any state ¢)(x) can be obtained by using
the definition [21],

Wie,p) = o [ MG — )i o+ )y (622)

In the Fig. 6.5(a) the field is in its initial coherent state and the Wigner function is perfect
Gaussian. As the field is displaced by random steps, by passing atoms through the cavity,
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quantum interference effects start deforming the shape of the Wigner function from the
Gaussian. After few steps the Wigner function is squeezed in x quadrature and gets dis-
placed by an arbitrary distance in . In Fig. 6.5(b) (see also Fig. 6.7(a)), we have shown the
Wigner function after 10 random steps for initial Gaussian wave packet. The squeezing
is also clear from the Fig. 6.2 which shows the narrowing of the distribution P(x). It is
clear that the displacement in the position of random walker comes as a result of quantum
interference which is consequence of quantum coherence between the states generated in
random steps.

Here it should be noted that the quantum walks appear as a consequence of quantum
interference. Thus maintaining coherence of the system through out the experiment is
an essential requirement. In the context of currently available technologies these require-
ments can be fulfilled by using Rydberg atoms in a very-high-quality cavity. We also note
the recent success in trapping atoms in high-quality cavities [121, 122]. The question is if
one can use trapped atoms to realize the quantum random walk instead of flying atoms.
We believe that this should be possible by using (i) a trigger pulse, the duration of which
would set the interaction time (ii) the detection of atomic state possibly by using a very
short pulse, and (7ii) resetting of the atomic state. In this arrangement the same atom is
used repeatedly rather than sending atoms one by one. As a matter of fact some of these

ideas are in vogue [123].

6.3 Measurement of the State of the Random Walker

We next discuss how we can probe the quantum state of the random walker. We propose
homodyne techniques [30] for measuring the state of the random walker. Such homodyne
measurement can be performed by mixing an external resonant coherent field to the cavity
and then probing the resultant cavity field by passing a test atom through the cavity. In the
previous section, we have shown how the cavity field is displaced backward or forward
in a random step by passing single atom through the cavity. The state of the field in the
cavity after such IV steps can be monitored by homodyne measurements which can be
implemented in the same experimental set up. After displacing the field inside the cavity
by N random steps, by passing N atoms, a resonant external coherent field |/53) is injected

into the cavity. After adding the external field, the state of the resultant field in the cavity
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Figure 6.6: The probability of detecting probe atom in its ground state as a function of ¢ for the state of the
quantum random walker after number of steps N = 0 ( solid line) and N = 10 (dashed line). The parameters
used are same as in Fig. 6.2 and the interaction time for the probe atom is selected such that gt,, = 1.57.

is
N[N
) = C Y !N =22 (tan )N D(B) o — (N — 2m)gt/2)),
m=0 m
N[N
= CY > HN=2m0 (tan )N (n| D(B) o — (N — 2m)gt/2))|n),
n m=0 m
= > Fun) (6.23)
F, = CY e N=2m)% (tan )N =" (n| D(B)|oc — (N — 2m)gt/2)). (6.24)
m=0 m

Now we bring a similar atom in its lower energy state |g) to probe the cavity field. The
probability of detecting the probe atom in its lower state |g) after crossing the cavity in
time ¢, is

Py = |Fu|? cos®(gtpv/n). (6.25)

The interaction time ¢,, for the probe atom is selected such that if there are photons in the

cavity, it leaves the cavity in its higher energy state |e) with larger probability. If we choose
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the external field |3) such that 5 = —a + J, the probe atom will leave the cavity in its
ground state with larger probability when the value of § will be opposite and equal to the
displacement of the random walker from the initial position a. Thus the probability of the
probe atom leaving the cavity in its lower state |g) would, as a function of §, have peak
corresponding to the positions of the random walker after IV steps. In Fig. 6.6, we plot
the probability of detecting the probe atom in its lower state with . The solid line curve is
result of homodyne measurement of the position of the random walker corresponding to
its initial state. The dashed line curve corresponds to the homodyne measurement after 10
steps using the same parameter as in Fig. 6.2. Clearly the homodyne measurement yields
the state of the quantum walker (Fig. 6.2). Thus the homodyne measurement can be an
elegant way for monitoring the position of the random walker in our model of realizing

quantum random walks.

6.4 Decoherence in Quantum Random Walk

Quantum random walks are different from the classical random walks in the sense of
quantum interferences which may lead to much larger displacements in the position of
quantum random walker than the classically possible maximum displacements. These
quantum interferences are the consequences of coherence in the system. Clearly we need
the coherence to live for a long time, and thus it is important to study the effects of the
decoherence of the system. In this section we study the decoherence of the state of the

random walker due to damping in the cavity. This can be done using the master equation
p= —g(aTap — 2apa’ + pa'a), (6.26)

where & is cavity field decay parameter and we carry the analysis in the absence of thermal

photons. For the initial state (6.20) we find the density matrix after time ¢ :

N N .
e2z(n7m)¢ (tan 9)2N7mfn

N N
plt) = [CPY >

m=0n=0 m n

<Ol - (N — 2m)l|a — (N _ Qn)l)>(1_e—nz)
o — (N = 2m)l)¢(a — (N = 2n)l; , 627)
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Figure 6.7: The decoherence of the state of the random walker in terms of Wigner function at different times,
for N = 10,1 = 0.05, 0 = 27/3, ¢ = 2m, and (a) kt = 0, (b) st = 1/4N?1?, (c) Kt = 1/2N?I?, (d)
Kt = 2/N?[2.

where |¢); = |[Ce™*/2). In the limit kt << 1, Eq. (6.27) simplifies to

N N
N N ;
o) = [CE D 7m0
m=0n=0 m n
e—2ntl2(n—m)2|a — (N =2m)l){a — (N — 2n)l]|. (6.28)

Thus the coherence of the state decays on the time scales 1/2N?[2. In Fig. 6.7 we show the
decoherence effects due to the cavity damping in the state of the quantum random walker
in terms of the Wigner function. As the time progresses from (a) to (d) the decoherence
reduces the quantum interference effects and the state of the random walker decays to its
initial state. In Fig. 6.7(a) the Wigner function for the state of the random walker after 10

steps using the parameters of Fig. 6.5(b) is plotted which is squeezed in x quadrature and
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centered at x ~ —2. As a result of decoherence due to cavity damping the quantum in-
terferences start decaying and the Wigner function changes to the perfect Gaussian shape,
Fig. 6.7(c) centered at x = NI. Now the field inside the cavity is almost in a coherent state
and decays with the cavity damping rate. Further the lifetime for the state of the quantum
random walker is given by Ty = T./2N?I? where T, = 1/ is the lifetime for field in the

cavity.

6.5 Summary

We have presented a simple possible realization of quantum random walks using cavity
QED. We have proposed homodyne detection for monitoring the position of the random
walker. We have also discussed the decoherence effects and the time scales at which quan-
tum nature of random walks survives. As a result of new emerging technologies various
improved cavities are feasible these days which makes our proposal much interesting and
realistic. Such a realization of quantum random walks may be useful for implementing

various algorithms [124] based on quantum random walks.



Conclusions and Future Outlook

In conclusion, this thesis reports various interesting phenomenons occurring in cavity
quantum electrodynamics as a result of quantum entanglement and quantum interference.

In chapter 2, we have proposed cavity quantum electrodynamics schemes to generate
superposition of four coherent states, |¢) ~ |a)+|ic) +| — ) +| —ia) using resonant as well
as dispersive interaction between atoms and the field inside the cavity. We have discussed
the nonclassical character of these states in terms of negativity of the Wigner function as
well as zeros of Q-distribution. We have also shown that these superposition states can
exhibit regions in phase space with sub-Planck structures, i. e., the area of the variations of
the two quadratures can be much smaller than 7. These structures are direct signatures of
quantum coherence and are formed as a result of interference between two superposed cat
states. We have discussed decoherence of such superposition due to the leakage of photons
from the cavity. We have also discussed methods for monitoring these superposition states
in the cavity. These studies need further exploration for efficient methods of tomography
of such states. The central pattern in the Wigner function of such superposition states
depends on the phases of coherent states in the superposition, thus there is possibility of
investing new methods of quantum metrology [V. Giovannetti et al., Phys. Rev. Lett. 96,
010401 (2006)], using superposition of multiple coherent states.

In chapter 3, we have studied Ramsey interferometer with quantized fields and dis-
cussed the effects of field statistics on the visibility of interference fringes. We found that
interferences do not occur if the fields in two Ramsey zones have precise number of pho-
tons i.e. in Fock states, however, by passing two atoms one by one it has been shown

how atom-atom correlation interferometry can be used to restore interferences. We have
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also discussed interferences at a single photon level. Though interferences are absent with
precise number of photons in Ramsey zones but for states like |0) + |1) interferences are
restored. This occurs because of lack of information about the cavity in which atom makes
transition. We also discussed generation of various maximally entangled states, as well as,
the transfer of entanglement from atoms to photons and vice versa using Ramsey interfer-
ometer. Transfer of entanglement can have very useful applications in quantum computa-
tion. Further, these studies can be explored for realizing various quantum logics, as well
as, for teleporting quantum states from one cavity to another cavity.

In chapter 4, we have reported an unusual cooperative effect involving two atoms in a
non-resonant cavity. This cooperative effect arises when the atoms interact with a common
field in the cavity and can lead to a two-photon two-atom resonant absorption phenom-
enon. Earlier studies of dipole-dipole induced two photon processes involving two atoms
in free space require very high resolution because of very small interatomic separation.
In high quality cavities inter-atomic interactions can arise when different atoms interact
with a common quantized field. The cavity induced interatomic interactions do not need
small interatomic separation and atom can be placed anywhere inside the cavity. We have
demonstrated that in a high quality cavity the two-atom two-photon resonant effect could
be very large thus opening up the possibility of a variety of multi-photon cooperative
phenomena in non-resonant cavities. We have derived two-photon two-atom resonance
condition. We have studied such two-photon resonant processes in two different systems:
(1) two identical atoms interacting with field in a two mode cavity, (2) two nonidentical
atoms in a single mode cavity.

In chapter 5, we have discussed a new method of controlling spontaneous emission by
using dc-fields. We have shown that in the presence of dc-fields in the cavities the spon-
taneous emission of atoms can be modified significantly as a result of dc-field induced
stark shifts. Further, the change in spontaneous emission depends on the square of ap-
plied dc-field. We have found that in the case of cavities resonant to atomic transition
spontaneous emission can be inhibited significantly using dc-fields. In the case of cavities
having negligible mode density around atomic frequency the presence of dc-field shows
significant inhibition or enhancement of spontaneous emission depending on whether the
cavity is tuned below the atomic transition frequency or above the transition frequency.

These studied need further exploration in the case of high quality cavities where we can
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not neglect the back action of the field.

Random walk is a very useful tool in various computational algorithms, in a similar
fashion, quantum version of random walk, i.e., quantum random walk can also be used
more efficiently in quantum computation. In chapter 6, we have shown how quantum
random walk can be realized in microcavities as a consequence of quantum interference.
Using a homodyne technique, the state of the quantum random walker can be monitored.
We have also discussed the decoherence effects and the time scales at which quantum na-
ture of random walks survives. So far most of the models for realizing quantum random
walk are proposed using classical states of walker. Thus, these studies need further explo-
ration about the question, what could be the actual quantum random walk which depends

on the quantum nature of the state of the walker.



Appendix

A. Averaging over Fast Oscillating Variables

Our procedure for eliminating fast oscillating variables is extended form of the procedure

discussed in Ref.[125]. The Hamiltonian (4.5) can be written as

H=Hy+¢€V,

where

Hy = —Aafa—ob'b, eV = >~ n[lei)(gil(gra + g2b) + lgideil (gra” + g261)] (A1)

i=1,2

The eigenstates and corresponding eigenvalues of H are

1) = |e1,€2,0,0) Ei =0,

12) = 27%(ler, g2) + lg1, €2))[1,0) By = —A,

3) = 27%(lex, ga) + g1, €2))[0,1) B = =6,

14) = 191,92, 1,1) Ey=—(A+96),
15) = [91,92,2,0) Es = —2A,

16) = |91, 92,0,2) Eg=—26

The resolvent for Hj is the function

1

Gole) =y

where z is complex. If P; is projection operator for the eigenstates of Hy

(A.2)

(A.3)
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The resolvent G can be expressed as

P
Go(z) = E . (A4)
The resolvent for the full Hamiltonian H is

G(z) =

1 1
= Z_HO<1—|—6VZ_H>,
= Go(l+€VQ). (A.5)

From Eq. (A.5) the resolvent for the full Hamiltonian H can be expressed in the power
series of € as

G=> €Go(VGy)". (A.6)

For small values of ¢, G(z) has singularities in the complex z-plane in the neighborhood of

Figure A.1: The contour in complex plane shielding two eigenvalues Ey and E4 and leaving others outside.

poles of function Gy, i.e., eigenvalues of Hy. Further eigenvalues E; and E4 are very close
to each other under the condition A + J ~ 0 and other eigenvalues are largely separated.
We consider a contour, I' in the z-plane that encloses eigenvalues E; and E4 only and

leaves others outside as shown in the Fig.A.1. We define a new projection operator Pr as

Pr = P+ Py,

- L d e (A7)
2im Jr

Here P, and P, are the projection operators for eigenstates of full Hamiltonian H corre-
sponding to the eigenvalues inside the contour. The effective Hamiltonian will have the

form

Heff = (Pl + P4)HPF(P1 + P4). (A8)
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From the definition of the resolvent we have

(z—H)G=G(z—H)=1.

HPr = i 2G(z)dz. (A.9)
2 Jr

Substituting value of G(z) from Eq. (A.6) in Eq. (A.9) and interchanging summation to the

integration we have
1
HPr = — "dz. Al
0= 557 f, 2oV ol (A10)

The effective Hamiltonian can be expressed as

o0
H.ry = E1PL+ EyPy+ Z rAM);

n=1

=1
mm:(a+mgbm%wmmww®+&) (A11)
n=1 r

Inside the contour I', Gy has singularities at £/; and E; only so the integral in the Eq. (A.11)
is nothing but the sum of the residues at = = E; and z = E,. Further as in our case e P,V P,
eP,V P, and e PV P4 equal to zero, there is no first order and third order terms. The second

order term is

AP = PVQIVP + PVQ4V Py + PLVQV P, + P,VQ4V Py, (A.12)
P;
i#1,4

The forth order term is

1 P, P, P,
A%:f : L) v Ly
247 FZ z—E1+z—E4 i#2142’—Ei ®

P Py PJ Py, Py Py
% \%4 dz (A.13
Z—E1+Z—E4+.ZZ— ' Zz—Ek z—E1+z—E4 z ( )
j#1,4 k#£1,4

For simplification we use the condition for resonance A + 6 = 0, i.e., £y = Ej. Thus the
forth order term is

1 Py Py P
AW = — VY ——V
2im Ji” Z—E1+Z—E1 b ?
T ”

P; P P Py
dz. A.l4
Z Z_EjVZZ—EkV<z—E1+Z—E1> : ( )
j#1,4 k£1,4
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Integrating Eq. (A.14) we have the forth order term
AW = (P + P)VQIVQIVQV (P) + Py). (A.15)

Using the values of £y, E», Es, E4, Es5, Eg, and V the effective Hamiltonian expressed in
basis |e1, e2,0,0) and |g1, 92,1, 1) is

291 292 491 492 29192 29192 49192 49192
+ + + A + +

H. ¢ = (A.16
eff _29392 _ 29192 + 49192 I 49195 (A6 — 292 _ 291 i 49192 i 4919 ( )

53

With some algebraic manipulation and considering ¢g; and g2 up to forth order effectively

the Hamiltonian (4.5) reduces to

291 2956 _
A2—2g? + 52— 292 29192 A2+2g2 + 52+2g

2g2A 2928
—29192 (A2+292 + 52+29 ) - <A +0— AQEQQ% — 52 129 )

It should be noted here as two-atom two-photon resonance appears at large interaction

Hopp = (A.17)

time in dispersive limit, the terms in the effective Hamiltonian up to forth order are im-
portant to predict correct evolution. Using the effective Hamiltonian (A.17) the Eq. (4.8)
reduces to Eq. (4.9).



Appendix 95

B. Time Averaging

We outline how the time averaging is to be done. Let us consider schrodinger equation

0 i
5.0 () = = V({O(t)), (B.1)

where V (t) consists of rapidly oscillating terms only, so that the time average of V'(¢) is

zero. Let |¢) be written as
[¥) = [¥) + 19), (B.2)

where |) is time averaged part and |¢) is the rapidly oscillating part. On substituting (B.2)
in Eq (B.1) we find that to the lowest order in V'(¢),

. t
0=~ | vy, (B3)
and

D15 = ~Lv @) (B.4)

ot h ’ '
where

_ i t

V(t) = —hV(t)/O V(T)dT. (B.5)

The field induced shift term in (5.23) is obtained by using Eq. (B.5).
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