Open Quantum Systems with Applications to Precision

Measurements
by
David Tieri
B.A., University of Colorado - Boulder, 2009

M.S., University of Colorado - Boulder, 2013

A thesis submitted to the
Faculty of the Graduate School of the
University of Colorado in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Physics

2015



This thesis entitled:
Open Quantum Systems with Applications to Precision Measurements
written by David Tieri
has been approved for the Department of Physics

Murray Holland

John Bohn

Date

The final copy of this thesis has been examined by the signatories, and we find that both the
content and the form meet acceptable presentation standards of scholarly work in the above
mentioned discipline.



iii
Tieri, David (Ph.D., Physics)
Open Quantum Systems with Applications to Precision Measurements

Thesis directed by Prof. Murray Holland

A spectrally pure coherent light source is an important component in precision measurement
applications, such as an atomic clock. The more spectrally pure the coherent light source, or the
narrower the linewidth of its power spectrum, the better for atomic clock experiments. A coherent
light light source, such as a laser, is intrinsically an open quantum system, meaning that it gains
and loses energy from an external environment.

The aim of this thesis is to study various open quantum systems in an attempt to discover a
scheme in which an extremely spectrally pure coherent light source might be realized. Therefore,
this thesis begins by introducing the two main approaches to treating open quantum systems, the
quantum master equation approach, and the quantum Langevin equation approach. In addition to
deriving these from first principles, many of the solution methods to these approaches are given and
then demonstrated using computer simulations. These include the quantum jump algorithm, the
quantum state diffusion algorithm, the cumulant expansion method, and the method of c-number
Langevin equations.

Using these methods, the theory of the crossover between lasing and steady state superradi-
ance is presented. It is shown that lasing and steady state superradiance might be demonstrated in
the same physical system, but in different parameter regimes. The parameter space between these
two extreme limits is explored, and the benefits and drawbacks of operating a system at a given
set of parameters, i.e. to achieve the most spectrally pure light source, are discussed.

We also consider the phase stability of a laser that is locked to a cavity QED system comprised
of atoms with an ultra-narrow optical transition. Although the atomic motion introduces Doppler
broadening, the standing wave nature of the cavity causes saturated absorption, which can be used

to achieve an extremely high degree of phase stabilization. The inhomogeneity introduced by finite
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atomic velocities can also cause optical bistability to disappear, resulting in no regions of dynamic

instability that would otherwise restrict operational parameters in the experiment to be tuned

outside of the optimum region where the minimum linewidth occurs.
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Chapter 1

Introduction

1.1 Background

Our understanding of the interaction between light and matter is important, both fundamen-
tally, and because it allows for the development of applications that are integral to the operation
of our society. For instance, it was this understanding that allowed for the invention of the laser in
1960, which was then called ”a solution looking for a problem” [81]. Since then, lasers have become
ubiquitous in our society, with a vast scope of applicability, ranging from medical applications, such
as cancer diagnosis and treatment [24, 25, 35], eye and general surgeries [20], and medical imaging
[32], to industrial applications, such as cutting and welding [5]. Lasers are also used in nuclear
fusion research to deliver a tremendous amount of energy to an extremely small fuel cell, in an
attempt to achieve conditions where nuclear fusion [51, 52| will happen. If achieved, this internal
confinement nuclear fusion would provide an inexaustible source of clean energy.

In fundamental biology research, optical tweezers, which rely on a highly focused laser and
can hold microscopic particles in place [3], have opened the doors to new experiments, including the
study of motor proteins [77], which are the mechanism behind transport phenomenon in neurons.
The information obtained from optical tweezer experiments could allow for the development of a
new generation of drugs and treatments to fight disease related to motor proteins [60].

Our understanding of the interaction between light and matter also has allowed for the
development of the atomic clock. The idea was proposed in 1945 by Rabi [4, 71], and by 1955, an

atomic clock based on a microwave transition in Cesium was built [28, 27, 29], which surpassed in



accuracy and precision, the best quartz based clocks of the day [19, 46]. This led in 1967 to the
redefinition of the second, in terms of the frequency between two atomic levels in Cesium [71].

Since then, atomic clocks have increased in accuracy and precision by about an order of
magnitude every decade [45], and a vast number of new technologies, including GPS, have followed.
GPS is a space-based system that uses multiple synchronized atomic clocks to provide time and
location information anywhere on Earth, and it has revolutionized navigation in all aspects of our
society.

Recently, a new generation of atomic clocks based on optical transitions has been created
[82, 40, 43, 8]. These new optical atomic clocks were made possible by the new techniques of
trapping and cooling of atoms with lasers, and by the invention of the optical frequency comb. An
optical frequency comb is a pulsed laser that acts like reduction gears in the frequency domain,
allowing optical frequencies to be geared down to measurable microwave frequencies. Optical atomic
clocks have now surpassed the cesium standard in precision and accuracy by orders of magnitude,
and still are becoming even more precise and accurate [8]. In addition to "being another solution
looking for a problem”, more precise and accurate clocks could be used to detect potential slow
changes to the fundamental constants of nature [7], or to confirm the existence of gravitational
waves predicted in Einstein’s general theory of relativity [6].

Currently, the precision and accuracy of these optical clocks are limited by the linewidth of
the laser used to interrogate the atoms through the Dick effect [17, 70]. Here, the cyclical operation
of these clocks causes an aliasing effect that translates the interrogation laser’s phase noise into the
feedback control loop that keeps the laser on the atomic resonance. The noise in the interrogation
laser is a bottleneck which limits the achievement of better precision and accuracy, and a narrower
linewidth interrogation laser is needed to increase the precision and accuracy of these clocks.

Much effort has already been invested in making a narrow linewidth interrogation laser. The
current state-of-the-art is to send laser light into an ultra-stable reference cavity to reduce the
laser’s linewidth [41, 22, 90, 50, 49]. This method has made for orders of magnitude reduction

in interrogation laser linewidth, but it is limited in further reducing this linewidth by the cavity



length fluctuations due to the thermal vibrations of the cavity mirrors. Even when using these
cavity stabilized lasers, optical clocks still suffer from the Dick effect, so that further reducing
the linewidth of the interrogation laser would directly allow more accurate and precise clocks.
Reduction of a laser’s linewidth by this method, past the current state of the art, is very difficult.

Because of this difficulty, alternative methods of producing a narrow linewidth laser have
been considered. It was proposed, that in addition to a laser, coherent light can be produced in
an atom-cavity system that is operated in an exotic parameter regime. In this regime, the cavity
decay rate is much larger than the collective atomic decay rate, which is smaller than the decay
rate of independent atoms [65, 64, 63]. In this so called "bad cavity” or superradiance regime, the
linewidth can actually be smaller than the atomic transition itself, due to collective effects. In fact,
this light could be used directly as the frequency measure for a clock, circumventing the need for
an interrogation laser all together [12]. This type of coherent light source has been explored only
in the extreme superradiance limit, and the crossover between superradiance and the more familiar
lasing limit has only recently been explored [80].

Another proposed method of producing a narrow linewidth laser is to place atoms with an
extremely narrow transition inside an optical cavity, and to stabilize a laser to an atomic transition,
instead of to an empty cavity resonance [62]. Such a system, which again lies in the bad cavity, or
superradiance parameter regime, is insensitive to thermal cavity length fluctuations, and therefore
circumnavigates the main bottleneck of further reducing the linewidth of empty reference cavity
systems. An experimental effort to realize such a system has been made [85], but in contrast to the
original proposal [62], the atoms had a non-negligible velocity, making Doppler effects important.
Still, it was shown theoretically how these systems could be optimized to allow for linewidths
comparable, or even narrower, than the state of the art reference cavity systems [79].

In this thesis, we will explore in detail the topic of the crossover theory from lasing to super-
radiance, and demonstrate the potential for a crossover system to be used in precision measurement
applications [80]. We will also explore the theory of the stabilization of a laser to narrow linewidth

atoms inside a cavity, including the effects due to atomic motion [85, 79, 14].



Before these topics are explored, the background material necessary for their understanding
will be discussed. Specifically, these aforementioned systems are inherently open, meaning that they
are able to lose and gain energy. Therefore, the equations that describe open quantum systems
will be derived. Exact solution methods to these equations will be discussed. However, these
methods are only able to describe small systems, with ~ 10 atoms. A solution method does exist
which exploits an underlying symmetry in the derived equations, and therefore drastically reduces
complexity, allowing for larger systems to be analyzed [89]. Still, this method is limited to systems
having ~ 100 atoms, and therefore cannot be used to directly describe many realistic experiments,
which can have ~ 10 or more atoms. To describe these larger experimental systems, approximate
solution methods must be used. Therefore, we discuss several approximate solution methods. In
addition to their ability to describe the specific systems previously mentioned, these approximate
solution methods are able to capture the essential physical phenomenon in a wide class of devices,

including the synchronization between two different ensembles of atoms [88].

1.2 Overview

In Chapter 2, the quantization of the electromagnetic field will be discussed. This will prove
necessary in order to correctly describe the Hamiltonian dynamics of our open quantum systems
when few photons are present. Also, it will be necessary in order to describe spontaneous irreversible
processes, such spontaneous emission. The power spectrum, and its relation to two-time correlation
functions will also be discussed. This will allow the spectral properties of a system, such as the
linewidth of the power spectrum, to be calculated.

In Chapter 3, the equation for open quantum systems in the Schrodinger picture of quantum
mechanics, known as the master equation, will be derived. Exact solution methods to the master
equation, such as the quantum jump and quantum state diffusion methods, will be discussed.
In addition, computer simulations of these methods are demonstrated. The cumulant expansion
method, which yields an approximate set of coupled equations for expectation values of system

observables, is then discussed.



Chapter 4 will begin by deriving the quantum Langevin equations, which describe open
quantum systems in the Heisenberg picture of quantum mechanics. Although these equations can
prove useful for some analytical work, for computer simulations, they are very difficult to work with.
Therefore the Fokker-Planck equation for a quazi-probability distribution describing the system,
and its equivalent set of c-number (complex number) Langevin equations will be discussed. These
c-number Langevin equations can be simulated on a computer with relative ease. Once this proof-
of-principle procedure for deriving the c-number Langevin equations is shown, a more practical
way to derive c-number Langevin equations is given. This new procedure becomes more and more
advantageous as system complexity increases. Computer simulations of the c-number Langevin
equations for several systems will be demonstrated.

Chapter 5 will use several of the methods of the previous chapters to present the theory of the
crossover between lasing and steady state superradiance. Although lasing and steady state super-
radiance seem to be disjoint phenomena, it will be shown that they should actually be thought of as
the extreme limits of a single and more general phenomenon. In a laser, the phase information that
allows for coherence is stored in the light field. In steady state superradiance, the phase information
that allows for coherence is stored in the atomic ensemble. In the in-between parameter region, or
crossover region, phase information that allows for coherence can be stored in the light field and
the atomic ensemble simultaneously. The properties of systems that lie in the superradiance, lasing
and crossover parameter regions will be compared.

The rate at which energy is re-supplied to a typical laser allows the system to operate just
above the lasing threshold. It will be seen that a crossover system operating at this same rate of
re-supplying energy will be much farther above threshold, which can allow the linewidth of the
power spectrum to be orders of magnitude smaller than the laser. Such a system also exhibits
a much larger intracavity intensity than a superradiant system, so that the crossover system is
more experimentally accessible. The linewidth and intracavity intensity will then be shown to be
insensitive to atomic dephasing in all parameter regions, so long as the rate of atomic dephasing is

smaller than the rate of energy being resupplied to the system.



It will also be demonstrated that a system in the superradiance region is insensitive to
fluctuations in cavity frequency, while a system in the lasing region is insensitive to fluctuations in
the atomic frequency. A crossover system is less sensitive to fluctuations in cavity frequency than
a laser system, and less sensitive to fluctuations in atomic frequency than a superradiant system.
This is important, since fluctuations in cavity length are the cause of the current limit on the
further reduction of the linewidth in today’s best ultrastable lasers.

In Chapter 6, we will consider the phase stability of a local oscillator (or laser) locked to a
cavity QED (Quantum Electrodynamics) system comprised of atoms with an ultra-narrow optical
transition. The atoms will be modeled as being cooled to millikelvin temperatures and then released
into the optical cavity. Although the atomic motion introduces Doppler broadening, the standing
wave nature of the cavity causes saturated absorption features to appear, which are much narrower
than the Doppler width. These features can be used to achieve an extremely high degree of phase
stabilization, competitive with the current state-of-the-art. A comparison between the developed
theory, and the results of an experiment on the system that we consider will be given. Finally, it will
be seen that the inhomogeneity introduced by finite atomic velocities can cause optical bistability to
disappear, resulting in no regions of dynamic instability and thus enabling a new regime accessible
to experiments where optimum stabilization may be achieved.

Finally, chapter 7 will give a conclusion of the presented material.



Chapter 2

Preliminaries

The equations that describe open quantum systems are comprised of both coherent Hamil-
tonian dynamics, and incoherent dynamics. In the systems that we will consider, the Hamiltonian
parts will describe atoms interacting reversibly with an electromagnetic field, meaning that energy
is transferred between the two, but is not lost to an external environment. If there are only a few
photons present in the field, a quantized electromagnetic field will be necessary for an accurate
description. A quantized electromagnetic field will also be required to describe the incoherent parts
of the systems, in which energy is lost to an external environment. These parts are derived by
coupling the system to a continuum of quantized electromagnetic field modes in vacuum.

In addition, the spectral properties of the light produced by a system will be of interest to us.
This aspect concerns the Wiener-Khinchin theorem. This theorem relates the power spectrum to
a two-time correlation function of field variables. In many cases the two-time correlation function

can be obtained with relative ease.

2.1 Quantization of the Electromagnetic Field

We begin by formulating the quantized theory of the electromagnetic radiation and demon-

strating the discrete photon excitations that this implies. Maxwell’s equations in vacuum and



without sources are,

V- E(r,t) = 0 (2.1)
V-B(r,t) = 0 (2.2)
B(r,t
VxBrt) = -2 g ) (2.3)
E
VBt = poeo Bt (2.4)
ot
Eq. 2.2 allows B(r,t) to be written as the curl of a vector potential A(r,t),
B(r,t) = V x A(r,t). (2.5)
In the Coulomb gauge, where V - A(r,t) = 0, E(r, ) can be written as,
dA(r,t)
E = — 2.
(rJ ) dt ( 6)
Substituting Eqns. 2.5 and 2.6 in Eq. 2.4 yields,
O*A(r,t
V2A(r, 1) = pgeg LA, (2.7)

ot?

The general solution to Eq. 2.7 inside a cubical volume of side length L, with boundary conditions

corresponding to standing wave modes is,

Al t) = 3 (Axun(r)e ™ + A (r)e ). (2.8)
k
where,
27
k:fn , n=(ng,ny,ny) , ny=0£1,£2,+..., (2.9)
and,
wr = ck|. (2.10)

The mode functions uk(r) are given by,

e (r) = (i)g/z sin(k - )y, (2.11)



where ey is a unit polarization vector orthogonal to k. These mode functions satisfy,
Vi (r) = —Euy(r), (2.12)

where ¢ = 1/,/Jig€g is the speed of light in a vacuum. Also, they form a complete orthonormal
basis, i.e.,

/V uy (r)uy (r)dr = Sy, (2.13)
where the integral is over the cubical volume V', and dy, is the Kronecker delta. Note that for
simplicity we have neglected the discrete polarization index, but that can be accounted for by
letting the index k — kA and also summing over A, the discrete polarization index.

The energy H stored in the electromagnetic field is

H = ;/dV [60 (E(r,t) - E(r,t)) + Hlo (B(r,t) - B(r,t))] . (2.14)

From Eqns. 2.5 and 2.6, E(r,¢) and B(r,t) are therefore given by,

E(r,t) = 1) wp (Aeme(r)e ™ — Ajup(r)e™>’) (2.15)
k
B(r,t) = > (Ak(V xuk(r))e ™ + AL(V x uj(r))e+) . (2.16)
k

Eqgns. 2.15 and 2.16 may be substituted into Eq. 2.14, and after evaluating the integrals using

Eq. 2.13, Eq. 2.14 becomes,

H=> H, (2.17)
k
where
Hk = éovwz (AkAlt + Al*{Ak) . (2.18)
After defining the variables ¢ and py as,
Ay = #(w + i)
1
A = — — , 2.19
k QWkW(wqu Zpk) ( )

Eq. 2.18 becomes,

1
Hy, = 5(pk + wiqw). (2.20)
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This Hamiltonian has the form as a harmonic oscillator with position ¢, and its conjugate momen-
tum py, with unit mass. Thus each mode of the electromagnetic field can be formally mapped into
a harmonic oscillator degree of freedom.

The quantization procedure is now preformed in the typical way of quantum mechanics by

demanding that the variables g and px become quantum mechanical operators,

qx — Gk , Pk — Dks (2.21)

that obey the commutation relations,
[Gic, Pxe] = 1Dy - (2.22)
Then, Eq. 2.20 becomes the Hamiltonian for the quantum harmonic oscillator,
~ 1 . 9.
Hk = i(pk + Wka). (223)

This quantization procedure turns each variable Hy into an operator Hy that acts on an infinite
dimension Hilbert space. Therefore, the total Hamiltonian H is a sum over each one of these Hilbert
spaces with each individual space corresponding to a mode of the electromagnetic field. Formally,

to sum over Hilbert spaces means to construct the following:

SR (2.24)

where 1 is the identity operator on each Hilbert space. With this implied meaning, Eq. 2.24 is
written simply as,
H=> H. (2.25)
k
It is convenient to work with annihilation operators ax and creation operators &L which are

dimensionless and defined by,

; S

ax = w 1Pk ),
K Sy (Wil T 1Pk

At 1 . .

a, = w — 1Pk ), 2.26
K 2hwk( Kk — 1Dk) (2.26)



11
where the commutation relations for ax and &L follow from Eq. 2.22, and are given by,
[ak,aﬂ = G (2.27)

The Hamiltonian for each mode indexed by different values of k can now be written as,

A~

Hy = 57?1.% <aka;r{ + a;r(&k> (2.28)

or by using Eq. 2.27,
1
Hk = hwy, (akak + 2> (2.29)

The eigenbasis of Eq. 2.29 are the quantum harmonic oscillator number states, which obey,

axln)y, = vnln—1)
a n)y = vVn+1ln+1),. (2.30)

with ay [n),, = 0 and integer n > 0. It is now obvious that the above quantization procedure is

A \/ Aj 2.31
k= kaeovak ’ k7 2wk€0V ( )

equivalent to letting,

Therefore, the electric and magnetic field operators, E ) and B are given by,
E(r, i) = Z ,/ akuk —wrl _ gl (r)e W) , (2.32)
B(r,t) = Z 2%60 <ak(V X e (r))e " 4+ 6] (V7 x u;;(r))ewkt) . (2.33)

Eqns. 2.32 and 2.33 are operators in the Heisenberg picture, since they contain the explicit time
dependence. Specifically, they include the time dependence of the free evolution of the field under

Eq. 2.25. This can be seen by considering the frame transformation,

2 2 N _
Htake ﬁHt = age wit

erfigl =it = gl ewnt, (2.34)
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Therefore, in the Schrodinger picture the fields may be written as,

BE(r,t) = ZZ\/> akuk —aLuk( )) (2.35)

B(r,t) = Z MEO (@(V x w(r)) + (¥ x uig(r))) (2.36)

For a single mode cavity field of frequency w. = ck, oriented in the z direction satisfying standing

wave boundary conditions, Eq. 2.11 becomes,

u(z) = \/gsin(kz), (2.37)

where V is the volume of the cavity. Since we will be mainly focused on the properties of E(z, t)
rather than E(z, t), it will be convenient to us to put E(z, t) in its simplest form. We therefore let
@ — —a in the expressions for E(z, t) and E(z, t). Then, for the case of linear polarization in the

x direction, Eqns. 2.32 and 2.33 become,

. huw,. _

B(zt) = ‘koﬁewﬁ+ma%ﬂgmmh% (2.38)
A hweto (o —vet st et y

B(zt) = — e e kz) L 2.39
(z,1) 0| = (aemt — afert ) cos( St (2.39)

y . . S . . .
where ﬁ and [y] are unit vectors in the direction x and y directions, and the fact that ¢ = 1/,/up€o

has been used. The Hamiltonian H for a single mode cavity field is,

H, = mu< a+;) (2.40)

Since the zero energy definition is arbitrary, the factor of hw./2 can be dropped from Eq. 2.40

without loss of generality, resulting in,
H. = hweila. (2.41)

In the Schrédinger picture, where the time dependence of H, will appear on to the state vector of

the system under consideration, instead of on a, Eqns. 2.38 and 2.39 are,

BE(z,t) = \/VWE‘J(CL—FCLT) sin(kz)‘—; (2.42)

. hio,
B(z,t) = —u o <a - aT) COS(kZ)l

& et (2.43)
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2.2 Jaynes Cummings Model

The Jaynes Cummings model describes a single two level atom interacting with a single
quantized cavity field mode. Besides being a prototypical cavity QED system, it is used to describe
the Hamiltonian part of the open quantum system that will later be considered. We will find that,
in the Jaynes Cummings model, the atom oscillates between its excited and ground states, similar to
the case where the cavity field is treated classically. However, it differs from the classical case, since
these oscillations can occur even when there are no photons present. Although these oscillations are
reversible, this model provides good motivation for describing the irreversible spontaneous processes
such as spontaneous emission, which are caused by the coupling of a system to the many modes of

the electromagnetic field in vacuum.

2.2.1 Jaynes Cummings Hamiltonian

The Hamiltonian describing the free evolution of a two level atom is given by,

Ay =" (1) el ~ Io) (o). (249

where |e) and |g) are the excited and ground states of the atom, which form an orthonormal basis,
and where hw, is the energy difference between the two levels.
The energy of an atom with dipole moment operator d interacting with a single mode elec-

tromagnetic field in a cavity E(R, t) is described by,
H; = —d-E(R, 1), (2.45)

where R is the position of the center of mass of the atom. It is valid to evaluate the electric
field E(R, t) at R since we are interested in electromagnetic fields with wavelengths much larger
than atomic dimensions. Therefore, in this approximation, known as the dipole approximation, the

electric field is treated as constant over the dimensions of an atom. After inserting the identity



14
operator 1 = (|e) (e| + |g) (g|) on both sides of d in Eq. 2.45, it becomes,
Hy = —(le) (el +g) (gl d (|e) (e] + |9) (9]) - E(R, ?)

=~ ((eldlg)le) (9] + (gl d e} |g) {el) - B(R, 1), (2.46)

where (e|d |e) = (g|d |g) = 0. This is because under transformation by the parity operator II, the

dipole operator becomes IITdII = —d, and since II]e) = —|e) and II|g) = — |g), it follows that

(e|d|e) = — (e|de) = (g|d|g) = — (g|d|g) = 0. After substituting Eq. 2.38, Eq. 2.46 becomes,
iy = hg(le) (gl +1g) fel) (ae™ + afert) . (2.47)
Here, the coupling rate g between the atom and field is given by,

[we . A X
= — k d- — 2.4
g hVEO SlIl( ZO) <6| |X| |g> ) ( 8)

where zq is the position of the center of mass of the atom.

2.2.2 The Rotating Wave Approximation

We move into an interaction picture that puts the time dependence of the free evolution of

the atom on the atomic operators, defined by,

gl = eifrle) (gle it = |e) (gl !

9) (el = eilet|g) (e el = |g) (e] e, (2.49)

where the tilde over the operators indicates that they are in an interaction picture. After substitu-

tion of Eqns. 2.49, Eq. 2.47 becomes,

—_~

b = (T ) o )
= hg (d‘e) <g‘el(wa*UJc)t + &T’€> <g’€’b(wa+wc)t

P —_——

+d|g) (ele™@atwet 4 af|g) <e|e_’(“’“_w¢)t). (2.50)

Close to resonance, i.e. when w, &~ w,, terms with w, + w. in the exponential oscillate much more

rapidly than terms with w, — w. in the exponential. These fast oscillating terms average to zero on
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a time scale that is much faster than the time in which the slowly oscillating terms would average
to zero, and therefore the fast oscillating terms can be dropped. In this approximation, called the
rotating wave approximation, Eq 2.50 becomes,

—_ —_——

H = hg(aye> (gle'@e) 1 af|g) <e|e*2<wa*wc>f). (2.51)

Moving back to the Schrodinger picture, where the time dependence due to Eq. 2.40 is not on the

operator @ and the time dependence due to Eq. 2.44 is not on the operator |g) (e|, we have,
ity = ng(ale) (gl +a'lg) fel) (2.52)
Adding together the Eqns. 2.41, 2.44 and 2.51, we arrive at the Jaynes-Cummings Hamiltonian,
. 4. hwg X AT
Hye = hualat "2 (1e) (el - g) (g]) + ho (ale) (9] +a lo) (el (259)

2.2.3 Rabi Flopping

The Schrodinger equation with Eq. 2.53 as the Hamiltonian,

(1) = Fe b)), (2.54)

can be solved by first noting that Eq. 2.53 only couples the state |e) |n), where the atom is in the
excited state and the field has n excitations, to the state |g) [n + 1), where the atom is in the ground
state and the field has n+ 1 excitations. Therefore, H ¢ can be split up into independent two-state
manifolds, which can be described by the basis {|e) |n), |g) |n 4+ 1)}. The manifold of Eq. 2.53 with

n excitations may be represented as the 2 X 2 matrix in the reduced subspace,

R (Awq + nwe) gvn+1
Hyc=h (2.55)

gvn+1 (—3wa + (n+ 1)we) -

The time dependent state vector |¢(t)) of the system is given by solving the Schréodinger equation

with this Hamiltonian,

(1)) = e1(t) [e) [n) + ca(t) |g) In + 1), (2.56)
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where ¢1(t) = ({e] (n|) |¥(t)) and ca(t) = ({g] (n + 1|) [1(t)). Projecting Eq. 2.56 on to |e) |n) and

lg) In + 1), and using Eq. 2.54, yields,

z%cl(t) = (;wa + nwc> ci(t) + gvn+lea(t)

Z%Cz(t) = <—;wa + (n+ 1)wc> co(t) + gvn + leg(t). (2.57)

We now assume exact resonance, w, = w,, and define an interaction picture as,
a(t) = ewe(m+1/2)te (1) G(t) = e+ /2ty (1), (2.58)

In this interaction picture, Eqns. 2.57 become,

%él(t) = —igvn+1é(t)
%62(0 = —gvn + 16 (1) (2.59)

The solutions to Eqns. 2.59 with initial conditions ¢;(0) = 1 and ¢(0) = 0 are,

é1(t) = cos(gvn+ 1t)
éo(t) = —usin(gvn + 1t), (2.60)

so that the probability of the system being in the excited and ground states, respectively, are,

& ()] = cos®(gv/n + 1t)
&) = sin®(gv/n +1t). (2.61)

Eqns. 2.61 tell us that the dynamics of the system is to oscillate, or flop, between the excited
and ground state with Rabi frequency gv/n + 1. It is interesting to note that even when there are
initially no excitations in the field i.e. n = 0 to stimulate an excited atom to emit its photon, the
system will exhibit Rabi flopping. Although the expectation value of the electromagnetic field in

the vacuum state |0) is zero,

(0] E(z,1)]0) = ff‘:o (0| (a+a*) \O>sin(kz)%

= 0, (2.62)
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the expectation value for the intensity of the field in the vacuum state is non-zero,

0y = @‘:0 (of (a+a)” 0) sin(k2)

hwe
= Ve sin?(kz). (2.63)

(0] Bz, )|
It can be seen from Eqns. 2.62 and 2.63 that even though the electromagnetic field in vacuum is
on average zero, it fluctuates. Therefore, the Rabi flopping that occurs when there are initially
no excitations in the field is caused by fluctuations in the vacuum electromagnetic field. This is a
consequence of the quantum mechanical treatment of the electromagnetic field; an excited atom in
a classical field that contains no energy would never decay.

Rabi flopping between excited and ground state is a reversible process, unlike spontaneous
emission in which the photon leaves and never comes back. To correctly model the irreversible
dissipative processes that are observed in nature, such as spontaneous emission, the system must

be coupled to a continuum of modes. Models that include irreversible dissipative processes will be

derived in Chapters 3 and 4.

2.3 Wiener-Khinchin Theorem

We will be frequently interested in information regarding the frequency content of the light
that is produced by an open quantum system. The open quantum system that we consider may
for instance consist of atoms interacting with an electromagnetic field inside a cavity. The spectral
information about the cavity field, which is described by the annihilation operator a(t), can be

obtained from the power spectral density S(w), which is defined by,

S(w) = Jim %<a;(w)aT(w)>, (2.64)
where,
T/2 }
ar(w) = /_ ” dte™"ta(t). (2.65)

Eq. 2.64 tells us how the total energy that is contained in the cavity field is distributed as a

function of frequency w. The power spectral density, described by Eq. 2.64, will often consist of a
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distribution of frequencies around a central frequency. The width of this distribution, called the
linewidth, denoted by Av, is measure of the spectral purity of the light emitted by the considered
system.

Since many of the solution methods to the equations of open quantum systems do not give
direct access to a(t), it will often be difficult to calculate the power spectral density from Eq. 2.64
directly. However, an alternative method to obtain Eq. 2.64 is possible. This is demonstrated by
substituting Eq. 2.65 into Eq. 2.64, which yields,

T/2 T/2
S(w) = lim / / it =) <aT(t)a(t')> . (2.66)
T/2 T/2

After changing variables to 7 = t' — t, Eq. 2.66 becomes,
T/2
S(w) Tlg%of / dT/T/2 ) _“"T<AT( )d(t+7)>

/ dt / Z/; " dtei <dT(t)&(t+7-)>}. (2.67)

We assume that the system under consideration is in steady state, so that <&T (t)a(t )> is independent
of ¢, and only depends on 7. Then, Eq. 2.67 becomes,

T
Sew) = Jim o [ dre e (@t + 1)) (T~ Ir)).

T—o00 -T

_ / " dreior (af(Batt+))., (2.68)

or since S(w) is real,

S(w) = /OO dre™ T <&T(t + T)&(t)>

—00

— 2Re UOOO dre= i <aT(t + T)&(t)>:| . (2.69)

Eq. 2.69 is known as the Wiener-Khinchin Theorem. It says that the power spectrum is the Fourier
transform of the two-time correlation function (af (¢ + T)&(t)>. Therefore, the power spectrum S(w)
and its linewidth Av, can be obtained from <aT(t +7) > which in many cases can be directly

accessed.



Chapter 3

Master Equation

To correctly incorporate dissipation into a quantum mechanical system, the system is assumed
to be small, and weakly coupled to a much larger reservoir. Since we only care about keeping track
of system variables, the combined system and reservoir are evolved to second order in perturbation
theory, and then the reservoir variables are averaged over. The resulting equation, called the master
equation, keeps track of system variables only, and allows the system to lose or gain energy from
its weak coupling to the large reservoir.

This approach is in the Schrodinger picture, where the time dependence is put on the state
vector of the combined system and reservoir. Because the reservoir will be averaged over, the
system will evolve into a statistical mixture of states, and it will no longer be able to be described
by a single state vector. Instead, it will be necessary to describe the system by a reduced density

operator, which can account for the system evolving into a statistical mixture of states.

3.1 Density Operator

Operators corresponding to system observables do not act on the reservoir part of the total
Hilbert space. Therefore, if some sort of a partial expectation value over the reservoir part of the
the state vector describing the combined system and reservoir could be performed, the complexity
of the problem would be drastically reduced from the start. Unfortunately, a partial expectation

value of a state vector can not be taken, but an analogous operation can be performed on a density
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operator, which is defined as

X(t) = [ (8)) (L), (3.1)

where |U(¢)) is the state vector for the combined system and reservoir.
Let Ogg be an arbitrary operator of the system and reservoir Hilbert spaces. The trace of

x(t) and fsp is given by,

Tr [;g(t)éSR} - ZZ (t)0sr |s) Ir)
= ZZ (| (r[ 2 (1)) (¥ (D)] Osrls) Ir)
- ZZ ()] Osr[s) Ir) (s] (1))

= (¥(t)|0sr (ZZIS> ) (s] (TI) V(1))
= (V) Osr|P (1),

(3.2)

where the states |s) are a basis for the system Hilbert space, and the states |r) are a basis for the
reservoir Hilbert space. This tells us that performing the trace of x(¢) and Osp is equivalent to
taking the expectation value of Osg.

If we are only interested observables associated with the system, we can preform partial trace
over the reservoir Hilbert space, and arrive at a reduced density operator for the system only. Let

fg, be an arbitrary system operator. The trace of x(t) and O is,

Tr [%(0)6s] = ZZ (£)8s |s) Ir)
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where,

(3.4)

where p(t) is the reduced density operator of the system. From Eq. 3.3 it can be seen that if the
expectation value of a system operator is desired, it is valid to first take the partial trace of x(t)
over the reservoir Hilbert space to get p(t) and then later take the remaining partial trace of p(t)
and 6 to get the total trace. In the next section, the equation of motion for a combined system and
reservoir will be considered, and a partial trace over the reservoir Hilbert space will be preformed.
This will leave us with an equation of motion for the reduced density operator of the system. It is
a drastic simplification to not have to keep track of the reservoir Hilbert space.

A consequence of performing a partial trace over the reservoir Hilbert space is that we will
no longer have complete information about combined system and reservoir. This causes the the
reduced density operator to be a mixed state, or a statistical ensemble of states. It will therefore not
be possible to rewrite the reduced density it in terms of state vectors. Therefore, the reformulation
of the problem in terms of density matrices is not only for convenience, it is essential.

The equation of motion for x(¢) that is equivalent to the Schrédinger equation, ’Lh% |W(t)) =
H(t)|¥(t)), is called the Von Neumann equation. It is derived by taking a time derivative of {(t)

and substituting in the Schroédinger equation,

&‘
~
>0
—~
~
S—
Il
SR
~
=
~—~
~
N—
=
S~
=
—
~
N—
N—

dt

I
7N
IS8
S
—~
~
=

o+ ooy )
(Fr(e) 1w (e)) (w ()] = W(8) (W (t) H (D))

S-Sl
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3.2 The Master Equation for a Damped Harmonic Oscillator

To derive the master equation [66], we will need to make two approximations. First, the
interaction between system and reservoir is assumed to be weak, so that it is sufficient to evolve
the system to leading order in perturbation theory. This is the Born approximation. Also, the
frequency bandwidth of the reservoir is assumed to be very large, so that in the time domain,
reservoir correlations decay away very fast. In the limiting case of infinite bandwidth, the reservoir
is delta correlated in time. This is the Markov approximation.

In order to best illuminate the approximations and the physics involved, the master equation
is derived for a simple system instead of in full generality. Once our foot is in the door, it is easy to
generalize to more complicated systems, since the derivation for those systems follow in an almost

identical manner.

3.2.1 Derivation

Consider a quantum harmonic oscillator of frequency w., which is coupled to many other
quantum harmonic oscillators of frequencies w;. This could be, for instance, used to model the the
coupling of a cavity mode to all other modes of the electromagnetic field in a system cavity QED

system. The Hamiltonian of the combined system and reservoir H, is given by,
H=Hg+ Hgp + Hgp, (3.6)
where Hg is the Hamiltonian for the system,
Hg = hweala, (3.7)
Hp, is the Hamiltonian for the reservoir,

Hp=hY_ wili; (3.8)
j

and Hgp is the Hamiltonian for the coupling between the system and reservoir,

Hsr =1y (Nl + Xjarl) (3.9)
J
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where @ is the annihilation operator in the system Hilbert space and #; is the annihilation operator
of the jth mode in the reservoir Hilbert space, and A; is the coupling between the system and the
jth mode in the reservoir.

At time t = tg, it is assumed that there are no correlations between the system and reservoir,

and therefore x(tp) is of the separable form,

X(to) = plto) ® R, (3.10)

where p(t) is the reduced density operator of the system, and R is the reduced density operator of

the reservoir, which are defined respectively as,

pt) =trr{X(®)}, (3.11)
and
R=trs{x(t)}. (3.12)
The reservoir density operator, R, has no time dependence because we are assuming that the
reservoir is broadband, so that in the time domain, it returns to its steady state value on a time
scale much faster than system dynamics. Therefore at later times we can also assume that ()
will be seperable,

N

X(t) = p(t) @ R. (3.13)

The reservoir is assumed to be in thermal equilibrium at temperature 7', which is described by,

_Hr
e FBT

_Hp )’
trp {e ’“BT}

The first step in our derivation is to move into an interaction picture, so that the time

R= (3.14)

dependence of H s and H r can be rotated out. This is done by the following transformation:

(t) = ei (Hs+Hr)ty ()= i (Hs+Hr)t, (3.15)

>

It is worth noting that Eq. 3.14 implies that R is unaffected by this transformation, since an

operator commutes with an exponential of itself, so that,

R=PR (3.16)
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To find the time evolution in the interaction picture, the derivative of both sides of Eq. 3.15 is first

found,

Upon substitution of Eq. 3.5 into Eq. 3.17, it becomes,

Xﬂ-

(t) = —% (ﬁs + ﬁR) x(t)
tei (fls+Hr) <Zlh [ﬁ(t),f((t)D e~ (Hs+HR)t | %):((t) (ﬁs + HR) . (3.18)

Finally, we now use Eq. 3.6 and simplify, and arrive at,

<.

(1) = —% (#s + fir) X() + %f((t) (15 + fir)
e (410 - ((Fig 4 i+ Fisn(®)) $(0) — () (Hls + Hn + Fion(r)) ) e (s iin)

= bt ) (gn( () — (0 Hsn(t)) e H (i)

= [Hor(0).30)]. (3.19)

where,

Hsp(t) = er (HstHR) o (p)e# (As+ir)t, (3.20)

Next, both sides of Eq. 3.19 are integrated,
~ ~ 1 t X ~
20 - o) = 55 [t [Hsnl), )], (3.21)
to

and then substitute this back into itself to obtain,

f0 50 = [ [fsue) 70— [ [t [Fsate), [fsae) 500]] - 22)

to
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After taking the partial trace over the reservoir of both sides of Eq. 3.22, it is given by,

(1)~ plto) =~ ; dr / " it {[Asnt). [sa(. 5] ]} (3.23)

where the first term on the right hand side of Eq. 3.22 vanishes since the trace over the reservoir
of 7#; and f’; are zero. The vanishing of this term is why Eq. 3.23 was expanded up to second order
in Iif sr- The Born approximation is now made, by neglecting terms higher than this leading order
in f:I SR-

We assume that the integration time interval 7 = t — ¢ is short compared to the time it takes
the reservoir to change, but long compared to the time it takes the system to change. Under this
assumption, it is valid to approximate,

plto + TT) — plto) ~ %5(7)' (3.24)

Under this approximation, Eq 3.23 is turned into a coarse-grained equation of motion for 5(75),

%5(7) - —thT /0 " /0 ) dr'"trg { [ﬁSR(T’), [ﬁISR(T"),i(t)H } (3.25)

where the independent variable has been changed from ¢ to 7, and the time origin has been shifted
by tg.

In order to proceed, the form of Hgp in the interaction picture must be found. To do this,
the time dependence of the system operator a and reservoir operators 7; in the interaction picture

are found,

o (Fls 1)t ot (s 1)

Qe
—~~
o~
N—
I

i 7] e
— eﬁHstfle_ﬁHst

= ge et (3.26)

= e it (3.27)
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Eqns. 3.26 — 3.27, and their Hermitian conjugates are substituted into Eq. 3.9, so that Hgp

in the interaction picture is given by,

Hsp(r) = hY (Aje“wwﬂfaw+A;fe*i<wc*wﬂ'>fafj.),
J

— (aTF(T) - aFT(T)) : (3.28)

where the reservoir operator F(7) is defined as,
F(r)= 1) Ajigelsel, (3.29)

J

After expanding the double commutator, and substituting in Eq. 3.28, Eq. 3.25 becomes,

Since R is diagonal in the reservoir eigenbasis, terms with two F(7) or two FT(7) in the
reservoir trace will be zero. However, terms with one F (1) and one Ef (7) in the reservoir trace will

be non-zero. Consider, for example, the term proportional to,

dr’ / dr'"trg { PN (7 EP(r"\R} = / dr’ / A"y Nijtrg (PR | e i il muee!
], oieed I R M !

0 0 -
J

(3.31)
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where the last line follows again from the fact that R is diagonal in the reservoir eigenbasis.

The sum is changed to an integral over w by including a density of states D(w),

/dT/ dr'’trp FT( ) } ZA |>\| / dT/ dT,/tTR T‘T‘JR} i(we—w;)(r'=7")
b - i / 1"
:/ de(w)|/\(w)\2/ dr’/ dr'"trg {foR} piwe—w)(r'=7")

0 0 0

(3.32)

where A; =1 and B is the bandwidth of the reservoir. Since we assuming that the bandwidth of
the reservoir is very large, the reservoir relaxation rate % will be much larger than the systems
relaxation rate % Then, for 7 << 79, trp {ﬁf}?} will be approximately constant, so that it can

be factored outside of the integral,

/dT'/ dT”tTR{FT(T/)F(T”)R}
0 0
_ / dD(w) (M) trg {71712} / dr’ / dr" i) (7=t (3 33)
0

The resulting integral of the exponential will then destructively interfere when T'= 7/ — 7" >> 75,
resulting in it averaging to zero. Therefore, after changing variables to 7', the upper limit of
integration on the 7' integral can be extended to T' = oo with minimal error, so that Eq. 3.33

becomes,

/ dT'/ dr’"trg {FT(T/)F(TN)R}
0 0

B
= / dwD(w) [Mw)[? trR f R /dT/ dTe!we=w)T
0

- /OBde () @) trR{WR}/O dr' [7n5(w—wc)—i77 <w_1wc>], (3.34)

where we have used,

t—to

/ , 1
lim dt' wemw) (=) — 1im dTe =T = 76(w — w,) — iP ( > . (3.35)

t—o00 to t—o00 0 W — We

Neglecting the principal part, P (1/(w — w.)), which leads to a negligible frequency shift, Eq. 3.34

becomes,

/ dT// dr'"trg {FT(T/)F(TH)R} = ﬂ, (3.36)
0 0 2
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where,

k= 27D(we) | M we)|?, (3.37)
and 7 is the average number of thermal excitations in the reservoir,
7 = trg {WR} . (3.38)

After evaluation of the other reservoir trace terms, which follow in almost an identical manner to

the one demonstrated, Eq. 3.30 becomes the master equation for the damped harmonic oscillator,

d - 1 . . .
At = 5 (—dT&[)(t)/s (7 + 1) — aat p(t)w + at p(t)arn

- —g (7 +1) <aT ap(t) + p(t)ata — 2ap(t)at ) -

+ap(t)ak (n + 1)) + H.C.
A (aa* 5(t) + p(t)aat — 2af B(t)a) :

(3.39)

3.2.2 Analytic Solutions for Photon Number

Eq. 3.39 can be used to calculate the average photon number <de> since in the Schrodinger

picture,

% <a*a> = tr [dedﬁ(t)] . (3.40)

dt
Now, Eq. 3.39 is substituted into Eq. 3.40 to obtain

% (afa) = —S A+t lataatap(t) + alap(ata - 2ataap(al]
—gﬁtr [a*aaa*ﬁ(t) +atap(tiaat — 2at dd*ﬁ(t)d}
- —g (f+1)tr [a* aatap(t) + ataatap(t) — 2atal &&,5(15)}
—gﬁtr [a*aaa* () + aatatap(t) — 2&&*&&*5@)} , (3.41)
where in the last line, we have used the cyclic property of the trace,
tr [ABC’} =tr [C’AB} =tr [BC’A} , (3.42)
with /1, B, and C being arbitrary operators. Eq. 3.41 can be simplified by using the commutation

relations for creation and annihilation operators,

[&, af} —aat —ata=1, (3.43)
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where 1 is the identity operator. We find,

% <aTa> _ g (7 + 1) tr [2&* (aTa n 1) ap(t) — 2&%*&&5(75)}
g [( ) aalp(t) + aat (aa* _ 1) 5(t) — 2aataat ﬁ(t)]
= —x <aT&> + ki (3.44)

The solution to Eq. 3.44 is,
<&Ta> (t) = <aTa> (0)e™ 47 (1 —e ). (3.45)

Eq. 3.45 will prove useful in sections 3.4 and 3.5 when we will wish to compare the numerical
solution methods demonstrated in that section to an analytic solution. These numerical solution

can be used to treat more complex systems, where analytic solutions are not possible.

3.2.3 The Quantum Regression Theorem
Consider the two-time expectation value of two arbitrary system operators A and B,
<A(t + T)B(t)> tr [ AT e~ 11T B (1)) (3.46)

where H is the total Hamiltonian of system and reservoir. Using the cyclic property of the trace,

we find
<A( t+7)B(t )> = tr [e—%HTB(t)pe%HTA(t)}
= tr [S(T)A(t)}, (3.47)
where,
S(r) = e AT B(t)pei ™. (3.48)

Eq. 3.48 says that S (1) obeys the same equation of motion as p. Since p obeys the master equation,

so does S (7). Taking the derivative with respect to 7 of both sides of Eq. 3.47 yields,

(A +nB) = tr[(jTS(T)) A(t)]' (3.49)
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Thus, since ( I S (r )) is known, the equation of motion for the two-time correlation function
<A(t +7) > can be calculated. This is the the quantum regression theorem.
To demonstrate the quantum regression theorem, <aT(t +7) > is calculated for the damped

harmonic oscillator. We let A — af and B — @ in Eq. 3.49,

Faernan) = ((550)d0) (3.50)

Using Eq. 3.39 for S(7) yields,

dd < Tt + 7)a(t )> - —g (fi+1)tr [&T&S(T)dT + S(r)ataat — 2@5‘(7)@*&*]
.
—gﬁtr aatS(r)at + S(ryaatat — 2at$(r)aat }
_ _g (74 1) tr [deTdS(T) +ataatS(r) — 2atat &S’(T)]
K ~

—atr [&T&dTS(T) +aatatd(r) — 2&&*&@(7)} , (3.51)

where in the last line, the cyclic property of the trace has been used. The commutation relations

for creation and annihilation operators are used to simplify, yielding,

ddT< fema) = @+ fatatas(r) +at (ala+1) $(r) - 2a'ata$(r)]
—gﬁtr [(aaf 11) t$(r) + aatat §(r) — 2aatatd(r )]
= S+ )tr [afS(n)] + Satr [atS(r)]
_ —g” [aTS(T)]. (3.52)

Eq. 3.48 is substituted with B — a, and the cyclic property of the trace is again used. Then,

4d [ i fr A i
d <&T(t+7)&(t)> - Ly dTe_EHTB(t)ﬁeEHT]
-

- -2 (af(t+ (). (3.53)

The solution to Eq. 3.53 is,

< Tt +7)alt )> - <eﬁ(t)a(t)> erT/2, (3.54)
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and from Eq. 3.45,
<aT(t + T)&(t)> - (<a*a> (0)e ™ +n (1— e*“t)) erT/2, (3.55)
3.3 The Master Equation for a Damped Two Level Atom

The master equation for a two level atom coupled to a reservoir of harmonic oscillators
follows almost instantaneously. This system could, for instance, describe the spontaneous emission
of radiation from a two level atom due to its coupling to the many modes of the electromagnetic
field. Describing how two level atoms are damped by a reservoir will be essential to systems that
will be treated later.

The Hamiltonian of the combined system and reservoir, H , is again given by Eq. 3.6, but

now, the system Hamiltonian Hg is given by,

67, (3.56)

where w, is the frequency difference between the two atomic levels. The Hamiltonian for the

coupling between the system and reservoir, Hgp, is now given by,
fsr =1y (\oT7; +X5677)) (3.57)
J

where 7; is the annihilation operator of the jth mode in the reservoir Hilbert space, A; is coupling
rate between the system and the jth mode of the reservoir, and 6=, 6+, and 67 are the Pauli

operators, which obey,

67,67] = 267, (3.58)
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To find Eq. 3.57 in the interaction picture, 6~ in the interaction picture must be found,

G(t) = er(HstHr)ts =5 (HstHr)t

= G e Wal (3.59)

Eqns. 3.26 and 3.27, and their Hermitian conjugates are substituted into Eq. 3.57, so that

H sgr in the interaction picture is given by,
Hsp(r) = hY (Aje“wfs—wﬂ%m n Aje_i(wC_“’f)Ta—_f;) ,
j
— ((3+F(T) - &—F*(T)) : (3.60)

where F(T) is defined identically to the way it was defined in Eq. 3.29. After making the replace-
ments @ — 6~ and & — 6T, Eq. 3.60 has the exact same form as Eq. 3.28, so the derivation is

identical, except now the decay rate for the atoms, ~, is given by,
v = 27D (wa) |Mwa)|?, (3.61)

The master equation for the damped two level atom is therefore,

9o = ~Tarn) (ao it + it 207 o)
—%- (a——a—+5(t) + (e et — 2&+,5(t)6_) . (3.62)
3.4 Quantum Jumps

The master equation can be solved numerically, without any approximations, by using the
quantum jumps algorithm. In this algorithm, many random pieces, or trajectories, of the Dyson
expansion of the master equation are found, and they are then averaged over. Because these
trajectories are chosen with the correct weights to reproduce the Dyson expansion of the master
equation, the correct evolution is given. The Dyson expansion of the master equation, how to find

the correct weights of specific trajectories, and how to preform the algorithm are described.



3.4.1 The Dyson Expansion of the Master Equation

A general master equation can be written in the form,
d 1 al
2
k=1

where Hy describes the coherent evolution of the system, and

Sk = Sk,

is a jump operator, where 3 is a system operator, and -y is a system decay rate.

We define an effective Hamiltonian as

A A ’Lh /\.'. N
Heff = Hy— 2zk:sk5k,

so that Eq. 3.63 becomes

d 7

2p) = =5 (oot = o1l ) + 3 SLa(t)Sk.

Eq. 3.66 can now be written in the form

& p() = Zp(0),
with
Lp(t) = Lop(t) + Zip(t),
where

VA A~ R R A
— (Begrilt) = ()L} )
Zipt) = Y Sip(t)S].
k
In an interaction picture defined by the transformation,

(t) = e Dp(1),

n

Eq. 3.67 reduces to

o) =~ [Ho,o0)] — 5 S {8ESiat) + o055y 287508}
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(3.63)

(3.64)

(3.65)

(3.66)

(3.67)

(3.68)

(3.69)

(3.70)

(3.71)
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Both sides of Eq. 3.71 are integrated from ¢ = 0 to ¢ = ¢ to obtain,

t . e~
A(t) = p(0) + / dt' e~ L0 5(t). (3.72)
0

The above equation is substituted into its self to yield

~ ~ t/ ! 1"
3(6) = 3(0) + / dt'e2ot' oDt 5 / ' / it et PPt P Dt 5y (3.73)
0

This procedure can be repeated an infinite number of times to yield the Dyson expansion for 5(75),

n

5 g " - D41l ~
(t) = ﬁ(O) / dte ot gJefot / dt / dt// —th fg(t —t )fjefot ,5(0)

t/ t//
/ dl/ dt”/ dt" e —fot’ jo(t _t”)g jo(t”—t”/)g jotmp((]) L.

_ tn t3 to
= ,6(0)+Z/ dtn/ dtn_l---/ dtQ/ dty

e~ Hoin Py Polintn1) P ... PyePolta=tn) 2yePot (). (3.74)

Applying the inverse transformation that was applied in Eq. 3.70 yields the Dyson expansion in

the Schrodinger picture,

. > t tn i3 to
ISV CEDY / O e Y A
0

xeZolt= tn&ﬂ olin—tin-1) @, ... PePolta=tn) @ %ot (), (3.75)

where 5(0) = p(0), by definition. After plugging the more explicit form of the jump Liouvillian into
Eq. 3.75, it becomes,

tn t3 t2
pt) = D) +Z Z /dtn/ dty_1 - /dtg/ dt,

n= 1k‘1
><6_2”0(t—tn)g}kn)e.,?’o(tn—tn_l)ozp}knfl) .. Ds/ﬂ}kZ)efo(tz—tl)z}kl)ejotlpA(O)

i

(3.76)

where

2 = () 8] (3.77)
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3.4.2 Definition of Quantum Trajectories

Justifying the name later, we define a ”trajectory” to be the quantity inside all of the sums

and integrals in Eq. 3.76,
A 20 (t— >(kn, Z —t, >(kn— >(k 2 — >(k oty ~
Pho st st st (1) = €200 i) e Zoltnmtan) @ibncn) . i) e olta=tn) i) ot (0. (3.78)

A trajectory depends explicitly on the values of k; and the values of ¢; that appear in its definition.
In a trajectory, there are only two types of operations being performed. One is the free evolution
under H, Ffs

pt:) = et p(t; ), (3.79)
which is the solution to the equation,

d A P 0 A .
ditip(tz) - «iﬂop(tz)

= — (ﬁeffﬁ(ti) - ﬁ(ti)ﬁgff) ; (3.80)
2V p(ts) = Srp(t:) 8] (3.81)

p(0) = [4(0)) (¥ (0)], (3.82)

evolution under H, 7f preserves the purity of the state and therefore is equivalent to a Schrodinger

type evolution,

(e} = - By (). (383)

Also, the application of a jump operator to a pure state preserves the purity of the state,

2P () (k)] = Sk () (k)] S| <= S [(t:)) (3:84)
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Therefore, the trajectory can be rewritten in terms of state vectors as
—2H e (t—tn) & —2Hopr(tn—tn_1) &
(Gt hsta o st (1)) = 7ottt Gy emiblegsUn=tn-) Gy
x Sp,e” wHers(t2=t) & o= iHerstt |4(0))

= ﬁtytngkn Utnytnflgknfl e SkQ ﬁtz,tl Skl [A]tl,o ‘w(0)> ? (385)

where

A~

Ut t;oy = e_%ﬁeff(ti_ti_l)~ (3.86)
Eq. 3.85 says that a quantum trajectory is constructed by evolving an initial state [¢)(0)) with H, £f
from 0 to ¢1, and then applying the jump operator gkl, evolving this resulting state from t; to to,
applying the jump operator S’kz, and repeating this procedure n times.

3.4.3 Unraveling the Master Equation

After taking the rest of the trace of Eq. 3.76, it can be written as,

t
1= (@(0)|Tf Ui [1(0)) + /0 dtr > (W(0)| U], oSt U, Uy S, Ut o [1(0)) + -+
k1

t ts to
+ ) /dtn---/ dtQ/ dt,
ey, ke 70 0 0

< ((0) U} oS1 UL SE 81 U, Ut S+ St Utarty S Uty 0 [1(0)) + -+ (3.87)

The first term in Eq. 3.87 can be identified as the probability that no jumps will occur in
the interval [0,¢]. The second term can be identified as the probability that exactly one jump will
occur in the interval [0, ¢], and likewise, the (n 4 1)th term can be identified as the probability that
n jumps will occur in the interval [0, ¢].

In the (n + 1)th term, the sum over k; is a sum over all of the possible jump operators that
could be applied in the trajectory, Uss, Sk, - - - Sty Utg.t Sk, Uty 0 [10(0)). Furthermore, the integral
over dt; is an integral over all the possible times that the ith jump operator is applied. Therefore,

the quantity,
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Ploy hsstoskase stk = (WO T 0S5 OF ST -+ ST U, U, Sk, -+ S Uty Sy Uty 0 19(0)) - (3.88)

can be interpreted as the probability of the specific jumps {S’kl, S‘kQ, - ,S’kn} occurring at the
specific times {¢1,ta,- - ,t,} in the interval [0, ¢].

Because of this, Eq. 3.85 is rewritten as

ey sttt (D) = /@O TF 0810, 88 - 88 UF, - 81Uty Sy Uty 0 [(0))
Ut St Uttt S+ Sk Uty Sy Ut 0 [90(0))
V@O oSL 0L SE, 8L 0L O S+ 81U 51 Ui [90)

|¢t1 kito, ko stn,k (t)>
= Pty kyito ki stn kn = , (3.89)
\/ (1 e )\/<wt1,k‘1;t2,kﬁ2;~-;tn,k‘n(t)|¢)t1,k;1;t27k2;...;tn7kn(t)>

Thus, we know the probability with which every single possible trajectory will come into the Dyson

expansion of the master equation.
The probability of getting a specific trajectory can be split up into a product of the proba-

bilities of intermediate steps. This can be seen by rewriting it as
(¥(0)] ﬁtTl,Oglil UIL,“S;Q EE S’;nﬁztnﬁt,tns’kn Sty Uty 1S5, Uy 0 [90(0))
((0)] U, oS, Uy SE, -+ SE Sk Sha Ut Sk Ut 0 1£0)
(OO, 085, O, S+ 5L, S+ Sk Ut S Ut 0 1(0))
WO TS oSL UL o SE -+ SE - Skty SkaUtaiy Sk Ut 0 14(0))
X rs
SOOI T, o5}, Uty Sy Sk Ut 13 Sk Ui 0 [90)
(W(0)| U, oS}, Sta Uy0 [1(0))
((0)] U, 054,55, Uns 0 [1(0))

g (W(0)[H(0)) (3.90)

Therefore, a trajectory with the record (t1, k1;te, ka;- - ;tn, kn) can be constructed in a piecewise

Pty ksto ks stn k)

fashion, one time evolution and jump at time. It is beneficial to construct a trajectory this way,
since it is fairly easy to obtain the probability distribution for getting the record {¢1,kq;--- ;t;, ki }
conditioned upon having gotten the record {t1,ky;--- ;t;i—1,ki—1}.

To find this, it is noted that for a small time interval [0, 7], the probability that an emission

occurs at time 7 should be related to the probability that no emission occurs on the interval. The
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equation of motion for the norm of |y (7)) is

d AW dJp(n))
L ey = LDy 1 ) AL
= WO (=l ) o) + ) (5 s ) 1960

Integrating both sides from ¢ =0 to t' = 7,

W) () — (B(O)(0)) = — /0 @ 3 (010 )| 858 (), (3.92)
or since {(1/(0)[4(0)) =
/OTdt'Zw(t')\S,iékw ) + () (r)) = (3.93)
k

The above equation says that the loss of norm of |¢(7)), produced by evolving with H, £, is taken
up by the set of states {S'k W(T»}, and that the sum of the norm of both is equal to one.
3.4.4 The Quantum Jumps Algorithm

We are now in a position to describe the quantum Monte Carlo algorithm that simulates the

Dyson expansion of the master equation. This algorithm can be performed as follows:
(1) Start in the state [¢;) at time ¢;.
(2) Pick a random number 7 in the interval [0, 1].

(3) Evolve |¢;) under ﬁeff,
() = e~ i Hers=ti) |y (3.94)

until ((t)]1(t)) = r1, and call this time ¢;4;.

(4) Choose another random number r3 on the interval [0, 1].
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(5) Set ro equal to the cumulative distribution function of the conditional probabilities of a

decay into mode k at time t;41,

= Sico (0| SESk (i)
Dok (W(tig)] S;ZSk: [ (tiz1))

(3.95)

and solve for k;, the ith random mode of decay.

(6) Apply the jump operator corresponding to k; to the state |1(¢;11)), normalize, and call this

new state
Sk |V (tiv1))

Yiy1) = —— .
Vi (¢(ti+1)|511i5ki [(tiv1))

(3.96)

(7) Repeat steps 1-6 until t > T, the time at which the experiment ends, keeping track of the

pieces of the trajectory |1);) and construct a trajectory out of these pieces,

lP1) 0<t<t

[YR) = W) heish (3.97)

‘wn> tn—l S t < t'm

where R = {t1, k1;to, ko;- -+ ;tn, kn}, is the record of the random times and modes of decay

of the trajectory.

(8) The simulation the Dyson expansion of the master equation, and hence the full time evo-
lution of the density operator under the master equation, is given by repeating steps 1-7

N times, and forming,
N

5(1) = lim l W}R>m <¢R’m
ZORN I D e (3.98)

where [¢g),, is the mth trajectory constructed by repeating steps 1-6 N times. The ex-

m=1

pectation value of any observable @ can be found by,

ot = i L Sl OR)
tr{Op(t)] = lim Z Ol om) (3.99)
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3.4.5 Computer Simulation of Quantum Jumps

Although analytical solutions exist for simple systems, such as the damped harmonic oscil-
lator, for more complex systems, for instance where multiple atoms are coupled to a cavity field,
analytic solutions do not exist. To treat these more complex systems, the numerical solution meth-
ods must be relied on. Even so, it will be advantageous to demonstrate these methods for the
simple systems since they are easily extended to more complicated systems.

In Fig. 3.1, the results of a computer simulation which implements the quantum jumps algo-
rithm for the damped harmonic oscillator is shown. We consider the average number of excitation
(a'(t)a(t)) in the damped mode with 7 = 1 as a function of ¢/k . For reference, the analytical
solution for (a'(¢)a(t)), Eq. 3.45, can be seen in black. In a single trajectory, which is shown in
blue, there is a precise number of excitations until a random jump occurs at a random time. Then,
the number of excitations is increased or decreased by one, depending on which jump operator was
randomly chosen. When many of these random trajectories are averaged together, the correct evo-
lution for (a'(t)a(t)) is approached, which is demonstrated in red, where 1000 random trajectories

are averaged over.

3.5 Quantum State Diffusion

The unraveling of the master equation into quantum jumps is only one of many possible
unravelings. It corresponds to a measurement scheme in which light from the system is directly
detected on a photodetector. Another possible measurement scheme is homodyne detection, in
which the light coming from the system is mixed with a strong laser called the local oscillator.
An unraveling of the master equation that corresponds to homodyne detection yields the quantum
state diffusion equation. It is basically the limit of the quantum jump method in which the mixed

light from the system and local oscillator has an infinite number of infinitesimally small jumps.
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Kt

Figure 3.1: The quantum jumps algorithm is used to find <dT(t)d(t)> for a damped harmonic
oscillator with # = 1, and «(0) = 2. The analytic expression for (af(t)a(t)) is shown in black, a
single trajectory is shown in blue, and 1000 trajectories is shown in red.
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3.5.1 Master Equation of a Homodyne System

Consider the master equation for a damped single mode cavity field of linewidth x,
() = =5 {dT&ﬁ(t) + p(t)ata — 2ap(t)at } . (3.100)

Where a is the annihilation operator of the mode, and p(t) is the system’s density operator. If this
damped cavity field is mixed with strong local oscillator of amplitude 8 through a beam splitter
with high transmittivity, the amplitude of the resulting field that is incident on a detector is given
by,

C=vk(a+p)), (3.101)
where we have assumed that the phase of the local oscillator is zero. In an interaction picture that

rotates at the frequency of the cavity field, the master equation describing this system is of the

form of Eq. 3.63 with S, — C and Hy dropped,

d 1 ( an e
il - _Z TOh 5 T 5 T
() 5 {C1CH) + p(t)CTC —20p()CT
= Loplt) + Zip(t), (3.102)
where,
Gop(t) = —~ (Hopep 5(t)H 3.103
00(t) = — (Hegsih) — SO H ) (3.103)
with
N 1h At A
Hepp= —EC C, (3.104)
and
ZLip(t) = Cpt)CH. (3.105)

The Dyson expansion of Eq. 3.102 has the same form as Eq. 3.76, so that the analysis of the
previous section carries over directly into this section.

In a time interval At, the photon flux that reaches the photodetector is

<C’Té> At = kAt <dT + 5> <& + B>
~ kAt (B <a* + d> v 52) , (3.106)
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where <&Tfl> has been dropped since 8 is large. We assume xAt ~ B7%/2, so that for large
3, the number of photodetections n = kAt82 ~ BY/2 is large, while the change of the system
KALS <&T + d> ~ B~Y2 is small.

By Eq. 3.87, the probability that n jumps occur in a time interval At, is given by

At t3 to
Py(At) = / dty - / dt / dt;
0 0 0

W) UL (€T, CT---CTUL, , Uni,C -+ CU 1, CUt, o [(0)),  (3.107)
where,

U, — e nHers(ti—ti-1)

ef%CA’TCA'(ti*ti—l)‘ (3.108)

To order O(573/2), (7ti7ti—1 and C' commute, so that,

Paat) = L ((0)| Uy (€16)" Tro 0(0)). (3.109)

After substitution of Eqns. 3.101 and 3.108, Eq. 3.109 becomes,

_(arg?) (RALE*)"

P,(At) =e¢ py

(1 +(n— (kALS2))2287 + 0(5—3/2)> , (3.110)

where z = (1(0)| (@' +a)/2 |¢(0)). From Eq. 3.110, it can be shown [86] that the random variable n
corresponding to this probability distribution can be approximated by a Gaussian random variable

of the form,

n = rAtE (1420871 + O(B7)) + VEAWS (1+0(8717)), (3.111)

where AW is a Wiener increment [33] which satisfies (AW}iU g = At
The state of a specific trajectory after a time interval At, is given by Eq. 3.85 which now

takes the form,

[WR(AL) = Uats, CU, 1, ,C -+ CUt, 1, CUL o [1(0)) (3.112)

where the subscript R denotes a specific record of jump at times R = {t1,t2, -+ ,t,}. To order
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O(B~3/?), Utiytifl and C' commute, so that Eq. 3.112 can be rewritten,

[r(AD) = UaroC" [4(0))

= e 5@BR@EAA (a4 B))" [1(0)) (3.113)

Finally, Eq. 3.113 is expanded to O(573/2), Eq. 3.111 is substituted for n, and the limit of 8 — 0 is
taken, resulting in the quantum state diffusion equation for a trajectory corresponding to homodyne

measurement,

WR(t+ At)) = {1 + AL (—;eﬁa + 2x(t)d> + \/EAW(t)d} WR(t)) . (3.114)

In numerical simulations, Eq. 3.114 must be normalized after each time step. The density operator

is then reconstructed by simulating N random trajectories, and forming,

N [YR) m (VR
At = JVILMNZ 1/1R! [YR) (3.115)

The expectation value of any observable O can be found by,

tr{Op(t)] = lim — mz::l W (3.116)

3.5.2 Computer Simulation of the Quantum State Diffusion Equation

In Fig. 3.2, the results of a computer simulation which solves the quantum state diffusion
equation for random trajectories, for the damped harmonic oscillator is shown. We consider the
average number of excitation (af(t)a(t)) in the damped mode with 7 = 1 as a function of ¢/x . For
reference, the analytical solution for <dT (t)d(t)>, Eq. 3.45, can be seen in black. In a single trajec-
tory, which is shown in blue, there are many very small jumps, so that the number of excitations
randomly diffuses in time. When many of these random trajectories are averaged together, the
correct evolution for <dT (t)&(t)> is approached, which is demonstrated in red, where 1000 random

trajectories are averaged over.
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Figure 3.2: The quantum state diffusion equation is solved for random trajectories which are used to
find (a'(t)a(t)) for a damped harmonic oscillator with # = 1, and «(0) = 2. The analytic expression
for (a'(t)a(t)) is shown in black, a single trajectory is shown in blue, and 1000 trajectories is shown
in red.
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3.6 The Master Equation for a General Cavity QED System

In a cavity QED system, in which energy is re-supplied to the atoms, energy can not be
supplied directly at the frequency of the considered transition. Otherwise, when a large number
of atoms become excited, stimulated emission would occur, and the inversion would never become
positive. However, if a higher third level is repumped, and this level spontaneously decays down,
the system can achieve positive inversion. This repumping process can be thought of as reverse
spontaneous emission, and can be modeled with the master equation for a two level atom with
v —w, 67— 67,and 6~ — 67, where w is now the repumping rate.

In addition to the damping of the excited state population due to spontaneous emission, it
is also possible that decoherence of the phase between excited and ground states can occur. This
dephasing can occur, for instance, due to elastic collisions in an atomic cloud. It can be modeled

by a system reservoir coupling Hamiltonian Hgp of the form,
s =0y (\o*i+ Aol (3.117)
J

where 7; is the annihilation operator of the jth mode in the reservoir Hilbert space, A; is coupling
rate between the system and the jth mode of the reservoir, and 67 is a Pauli operator, which obeys
Eqns. 3.58. This form of Hgp models the dephasing between excited and ground states, since the
action of the operator 67 is to change the relative phase between the excited and ground state by
7. Eq. 3.117 is the same as Eq. 3.57 with 6+ — 6%. Therefore the derivation is preformed in the
same way as in Sec. 3.3, with v — 1/2T5, where 1/T5 is the dephasing rate. Then, the master

equation describing atomic dephasing is given by,

%ﬁ(t) = —41T2 (n+1) (&z&Zﬁ(t) + p(t)6%6% — QUZp(t)&Z>
—41T2n (&Z&Zﬁ(t) + p(t)576° — z&zfs(t)&z>
= 21T2 (n+1) (6°5(1)6" — (1)) 21T2n (62p(06% = (1)) - (3.118)

Many cavity QED experiments are done at close to zero temperature, so that average number

of thermal excitations n = 0. Putting it all together, the master equation for N two level atoms
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of frequency w,, decay rate vy, repumping rate w, and dephasing rate ﬁ, coupled with rate g to a

single mode cavity of decay rate k is given by,

N
d . 1A . B bmn  oantn . % o .
ap = -3 [H,p}—E{aTap+paTa—2apaT}—§Z{ ;L Pt p ;r j —2ajpa;-L}
=1
w N 1 N
N S WP PP St s Yy 5
_§Z{j j P+ 0o, j_QUjPUj}JFQTQZ{fPf—P}’ (3.119)
=1 j=1
with,
N N
A hw . +. R . o
H= 2a205+hwcaTa+?g (aj aT—I—a;-ra>, (3.120)
=1 j=1

where p is the system density operator, and & is the annihilation operator for the cavity mode. The

jth atom is described by the operators,

o; = lg);{el;

57 = le); (9l

57 = le); (el; = 19); (9l

i; = le)(el; +9), (gl;, (3.121)

where [e); is the excited state, |g); is the ground state, and 1; is the identity operator for the

J
jth atom. Then we can use the fact that |e); and |g); are orthonormal, ie. (e|;[g); = 0, and

(el;le); = (gl;19); = 1, to simplify calculations. The commutation relations between the atomic

operators are,

o6y = iy

[&f,&j_ = 2514y

[5{75}- = 26, bij, (3.122)
where 6;; is the Kronecker delta.
3.7 Cumulant Expansion to Second Order

The quantum jumps and quantum state diffusion methods are only able to describe very

small systems, with atom numbers N ~ 10. This is because the basis used to describe the system
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scales with atom number N as 2. Many experiments done today have atom numbers N ~
10° or higher, and in order to describe these larger systems, approximation methods must be
employed. The cumulant expansion is one such approximate method that allows large systems
to be described. In this method, equations for expectation values of observables of interest will
be derived. These equations will couple to higher order moments, which will in turn couple to
even higher order moments. We choose to factorize all moments higher that second order, using
the cumulant expansion [54]. This will allow a closed set of equations for expectation values to
be derived. With the help of the quantum regression theorem, and again using the cumulant

expansion, equations for two-time expectation values can also be derived.

3.7.1 Closed Set of One-Time Expectation Values

We begin by deriving the equation of motion for (67), the inversion for a single atom of the

atomic ensemble. Using Eq. 3.119,

d . d
Gn = it L)
w N g al
= o wloieio—ojeia) - 3w |of (574! +67a) o (74" +ofa) 3]
7=1 j=1

1 Mrazaza sz
+2—T22tr[ 25567 — 67p) (3.123)



49

where the cyclic property of the trace has been used. After using Eq. 3.121 to simplify, Eq. 3.123

becomes,
Liony = Yy |:—A-_CALT+ stap—6-al + ”Fa}
dt 92 J J J J
—tr 67 o7 p+ o o1 p+ 26167 0]
v [—6761p— o767 p— 26767 B
B 191P—=0101P 191 P
= g ((a'er) — (@o7)) — (w+) ((57) — do) (3.124)
where dy = ;”—3 Since <&T61_ > couples into Eq. 3.124, its equation must also be calculated.

Eq. 3.119 is used again to find,

d /.5._ . d .
g (@lor) = wlaley g
N
w it aamn amata ] W bt bt
= —711 Eltr [aTal ip— jaTal p}——ctr [aTal atap —ataa’o; p}
]:

N
-2 Zl trlafer (65at +57a) p - (67a" +67a) aler |
J:

—Cr atoratap+ afaaler p— 2ataler ap)

Y Ataada—n | oada—ata— A ad At A—aA— A
—52757" [aTal ;L P+ ]+ JaTalp—2 ;“aTal jp]
j=1
N
—5 Yotr|aferoy ot p+ oy ofater p— 207 alor o] )
j=1
N
1 irata—azA  Afa—a
JrTTQZtT [J;aTal sz»pfajfo'l ol - (3.125)
j=1

With the use of the commutation relations for creation and annihilation operators, Eq. 3.43, and

with the help of Eqns. 3.121, Eq. 3.125 becomes,
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The coupling term requires closer attention, since here, the j # 1 terms in the sum are not zero:

o) = (cria=§-3-Y-5) (wor)
a'oc = —Ww We — = — = — = — — | (a'c
dt 1 @ 2 2 2 T 1

2
1 1 1
+5 (< fagi) +5 1+ <&f>)) + 2 (V- 1)(ater), (3.127)
where § = w, — w,, and the identical atom assumption has been invoked in the last term. It is
clear now that it is the coupling term that causes nth order moments to couple to (n + 1)th order
moments. We therefore use the cumulant expansion [54], dropping cumulants higher than second
order. Applying this to <€LTdc}f> yields,
<dT&c}f> - <aTa> (63) + <&T&f> (@) + (a67) <eﬁ> —2 <eﬁ> (@) (6%)
- <aTa> (63) (3.128)

where the last line follows from the fact that (

Q>
S~
Il

0. Eq. 3.128 is substituted into Eq. 3.127 to

obtain,

1 7
+3 <<eﬁ&> (67) +5 (1+ (&f))) 2N -1 (Efey).  (3.120)
The equations of motion of both <dT&> and <61+ Gy > are now calculated, and the cumulant
expansion is used to expand moments higher than second order, dropping all cumulants of higher

than second order. Then, we arrive at the closed set of equations,

t
glie) = (=535 -g) @)
+ <<eﬁa> (6%) + % (1+ <&1>)) + (N =1 (56y)
Goto)y = (e 2 ) totey) - en ((alor ) - ao))
C‘llt (afa) = —n{ata)- ZNTQ ((aer) - (aot)) (3.130)
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with dg = % Eqns. 3.130 can be solved on a computer with a numerical differential equation

solver in fractions of a second. Even so, for most purposes we are only interested in the steady

state solution, which can be found by setting the time derivatives to zero, and solving the resulting

algebraic equations. These algebraic equations can also be easily solved on a computer, which is

what is typically done in practice. However, for a broad strokes understanding of the physics, simple
1

analytic solutions are desirable, and can be obtained in the limit of large N. We set § = 7 =7=0

for simplicity, and combine Eqns. 3.130 with the time derivatives set to zero,

0 = -r(afa)- ZNTQ ((ater) - (as57)). (3.131)

Then, after defining,

Ng? K
= = — .1
¢ w+ K ‘ N(w+ k)’ (3132)
we arrive at the quadratic,
0=C(1—¢)(1—(65)?+ (1 —C+2C) (1 — (5%)) — 2¢C. (3.133)

For e =0, (1 —(67)) =1 — &, so for e < 1, we add the quantity ¢ to this,
2 1
(1_<Ul>):1_5+§ (3.134)

where £ is of order e. Eq. 3.134 is substituted into Eq. 3.133, and only first order terms in € are

kept. In this way, £ is found to be,
e C?>+1

From Eqns. 3.131, the rest of the steady state observables are easily solved for. All together, they
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e = Lo+

c Cc(C-1

(6763) = 5061) (1~ (61)

(la) = 520067
<aT&;> - Z(l—@@). (3.136)

The optimum repumping value w = wypt, at which the maximum photon number is achieved,

is found by setting % <dT&> = 0 and solving for the w at which this occurs. Doing this, it is found,

0= % <aTa> - % - “;’f (3.137)
so that
Wopt = ]\;‘ZQ (3.138)
Substituting Eq. 3.138 into Eqns. 3.136 yields,
o = CEIE
COMEE - ST i

3.7.2 Closed Set of Two-Time Expectation Values

The cumulant expansion method can also be used to calculate <dT(t+T)d(t)> using the

quantum regression theorem demonstrated in Sec. 3.2.3. With A—atand B—ain Eq. 3.49, and

H

. A i fraa i .
noting now that S(7) = e~ 7 apen’™ we arrive at,

% <aT(t + r)d(t)> — K;ﬁ(ﬂ) dq
= uwtr [af ataS(r) —ataals (T)]

N
—% tr [a* (a;a* + &ja) S(r) — (a;a* + &ja) aTS(T)}
j=1

—gtr [a* atap + ataat p — 2atal a,a} , (3.140)
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where the cyclic property of the trace has been used. The commutation relations for creation and

annihilation operators, Eq. 3.43, are used to simplify,
N
% <aT(t + T)a(t)> = it [aTS(T)} - gtr [aTS(T)} + 95t [ jS(T)}
= (- g) (al(t+m)a(t)) + Z= (s7(t+ma(),  (3.141)

where we have assumed identical atoms in the last line. Since (&7 (¢t + 7)a(t)) couples into Eq. 3.141,

its equation of motion must also be found. We therefore calculate,

d . R d ; .
. (67 (t+7)a)) = tr [(dTS(T)) Uf]
Wg At Az O Az A+ O
= _TZW {af Z8(T) — JUTS(T)}
j=1
ngtr 61 (67a" +6ta)S(r)— (67ar +6Fa) 67 S(r)
1 1
250 o o) - (76 +59) 150
N
")/ A a_ A A A e ada_ A
—§Ztr [crfr ;r S S(r) + ]+ ]afS’(T)—2cr;fo ]S(T):|
j=1
N
w R .~ A~ .~ R A~ .~ “ ~
—EZtT [Jf‘ 7675(r) + 65 67675(r) — 265 67 ;_5(7'):|
j=1
1 ; -
+2T2jz:;tr[7&1+75(7)—&1+5(7) , (3.142)

where the cyclic property of the trace has been used. After simplifying using Eq. 3.121, Eq. 3.142

becomes,
O Ma0) = e [580)] - Jir [at o7 ~o7t) S0)
Lir[58)] - Str [s05 0780 - g o1 8]
_ <Ma v 7{2 (575(m) -2 (alo75(r)
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To be consistent with the approximations of Sec. 3.7.1, the third order moment in Eq. 3.143 is

factorized and the third order cumulant is dropped, which yields,

(aft+ o+ na) = (ala) (o5) + (a'er) (@) + (aef) (al) — 2 (a") (@) (57)
— (GF(t+ 7)) <aT(t + T)a(t)> . (3.144)

Putting it all together, in an interaction picture that rotates at w,, defined by,

(t) = e ™ala(t) o (t) = e ™ale (1), (3.145)

QN

we have,
(alt+ma(t) = —<25+g>< f(t + r)a(t )>+@< F(E+ma) )

(Gre+mam) = -2 @it+n) (alt+nawm)

(2 +5 +1{2>< T+ 7)a)), (3.146)

d
dr
d
dr

where § = w, — we.

To solve Eqns. 3.146, we note that they are of the form,

LA = aA(m) +aBE)
%B(r) = 3 A(7) + eaB(7), (3.147)

which can be solved by taking the Laplace transform of both sides,

/OOO dre” " {ddA(T)} = /OOO dre " {c1 A(T) + 2 B(7)}

-
o0 d oo
/ dre—sT {B(T)} _ / dre= {e3A(r) + caB(r)} . (3.148)
0 dr 0
After integrating the left hand sides by parts, and defining,
A(s) = / dre=T A(r)
0

B(s) — /0 " dreTB(r), (3.149)
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Eq. 3.148 becomes,

—A(0) + sA(s) = 1. A(s) + c2B(s)
_B(0)+ sB(s) = c3A(s) + caBi(s). (3.150)

Eq. 3.150 is algebraically solved for A(s), yielding,

(s —cq) A(0) + c2B(0)

A(s) =
() s2 — (c1 4+ ca) s+ (c1c4 — cacs3)
—c4) A(O B(0
_ (5= 1) A(0) + 2 B( )’ (3.151)
Avg Av_
(=) (- %)
where,
Avy = — (61 + 64) F \/(Cl + 04)2 —4 (6164 — 6203)
1 1 5 -
= Sltw)F 5\/(—/<;+w> _ANg? (57). (3.152)
By the method of partial fractions, Eq. 3.151 can be put into the form,
X Y
A(s) = (S - AV+> - (S - AV_), (3.153)
2 2
so that taking the inverse Laplace transform yields
AV+T Av_T
<aT(t v T)a(t)> —A(r)=Xe 3 4Ye 7. (3.154)

Since Avy < Av_, the second term decays fast to zero, so that the first term dominates. Then,
since the Fourier transform of an exponential with decay rate Av is a Lorentzian with a full width

half maximum linewidth Av, the steady state linewidth Av of a system described by Eq. 3.119 is

given by,
Av = %(FH-w) - %\/(—wrw)z — 4Ng2 (67). (3.155)
By plugging Eq. 3.136 into Eq. 5.51, and again assuming N > = . we find a simple
expression for the linewidth,
Ap— CHL D (3.156)

C(C—1) (wrtr)?
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3.8 Conclusion

We have seen that an open quantum system can be described by coupling it to a large
reservoir, and evolving the combined system and reservoir to second order in perturbation theory.
Then, after taking the partial trace over the reservoir Hilbert space, and making the Markov ap-
proximation, the master equation was obtained. For simple systems, such as the damped harmonic
oscillator, the master equation can be used to derive exact analytical solutions for expectation
values. With the help of the quantum regression theorem, analytical solutions for two-time ex-
pectation values can also be derived. We also introduced the quantum jumps and quantum state
diffusion methods which can be used to solve the master equation using a computer. The quan-
tum jumps method unravels the master equation into random trajectories, which correspond to
the random measurement record of photons leaving the system and being detected. The quantum
state diffusion method unravels the master equation into random trajectories, which correspond
to a randomly fluctuating homodyne photocurrent that results from mixing the photons from the
system with a strong local oscillator. In both cases, the random trajectories are averaged over
to obtain the correct evolution in the ensemble sense. Computer simulations using both of these
methods were demonstrated in the system of the damped harmonic oscillator. For systems with a
large number of atoms, the quantum jumps and quantum state diffusion methods are not possible,
since the size of the Liouville space grows exponentially with atom number. For very large systems,
approximate methods such as the cumulant expansion method must be employed. We derived a
closed set of equations for expectation values by factorizing all moments higher than second order
that appear in the equations. With the help of the quantum regression theorem, equations for

two-time expectation values were also derived.



Chapter 4

Langevin Equations

Another way to incorporate dissipation into quantum mechanics is through the quantum
Langevin equations. This formalism is completely equivalent to the master equation approach,
but instead of the time dependence being on the state of the system, it is put on the operators
themselves. Thus, the Langevin equations are in the Heisenberg picture of quantum mechanics,
while the master equation is in the Schrédinger picture. In analogy to the master equation approach,
dissipation occurs in the Langevin approach due to the coupling of the small system to a large
reservoir.

The quantum Langevin equations are operator equations, which are cumbersome and not
easily simulated on a computer. Therefore, for solutions methods that do not make approximations,
the quantum master equation is a better starting point. However, the quantum Langevin equations
can be used to derive approximate equations that can describe large systems, where exact solution
methods are not possible. Therefore, after the quantum Langevin equations are derived from
first principles, the Fokker-Planck equation for a quazi-probability distribution which describes the
quantum system, is derived. With the aid of stochastic calculus, this Fokker-Planck equation will
be shown to be equivalent to a set of c-number Langevin equations, which can be used to describe
large systems, and are easily simulated on a computer.

Once this correspondence between quantum operator Langevin equations and c-number
Langevin equations is demonstrated, a more practical route to obtain the c-number Langevin

equations is given.
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4.1 Derivation of the Quantum Langevin Equations

We will begin by deriving the quantum Langevin equations [66] for N two level atoms coupled
to a single cavity mode. The derivation will focus on the decay of the cavity only, for simplicity.
However, in analogy to the master equation derivation, the incoherent decay and repumping of
the atoms is derived in an almost identical manner as presented here. The Hamiltonian H of the

combined system and reservoir is given by,

hw
2

H="227, + hweala + % (J-a+Ja) + n > wblbe+n > A (Bla+bat), (@)
k k

which describes NV two level atoms of frequency w, coupled with frequency g to a single mode cavity
of frequency w,, which is coupled with rates A\ to a large reservoir of other harmonic oscillators
of frequency vi. The cavity mode is described by the annihilation operator @, and the reservoir is

described by the annihilation operators Ek, while the N two level atoms are described by,

N
T z
J. o= ) 0},
=1
N
7 Z +
Jr = Jj )
j=1
where o, a;-r, a;f' are the Pauli matricies for the jth atom.

In the Heisenberg picture, the equation of motion of & is given by,

i - i
_ illuatar 95 4t 5at) s
= z[(wca a+2J_a —l—;)\kbka),a]

— iw, [a*a, a] + z‘g [a*,a] J_o i [a*,a] Zk:Akz}k

AN .9 > . 2
= —iw.a — z§J_ —1 Zk: b, (4.2)
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and the equation of motion of by, is given by,
by = [H z}k}
= 4 [(Z Vli);fl;l + Z )\li);rfl> ,Bk]
! !
= 1 17 [i);i)l, l;k} + ia Z Al [i);, l;k}
!
= —inI;k — i)\kd. (4.3)

As an aside, it is now apparent that if the decay of the atoms was accounted for, it would not
change the form of Eq. 4.2 or Eq. 4.3, but would change the equations associated with the atoms.

Eq. 4.3 is now integrated,
A . t - /
bi(t) = b (0)e™ ™kt —ix,, / dt'e= g (1, (4.4)
0

and substituted into Eq. 4.2 to obtain,

. t . 7
i = —iwea—ilJ —iy M (bk(o)e_“’kt—z’)\k / dt’e"”k(t_t)d(t’))
2 - 0

t
= —iwed — igj, - N / dt'e ™ a(t') — iy " e (0)e ™™ (4.5)
k 0 k
An interaction picture is defined by,

a = e“la,

J_ — elwct J_ ,

so that in this interaction picture, Eq. 4.5 becomes,

e

(4.6)

)

. - t . /
a = figj, _ Z)\z/ dt/e—z(uk—wc)(t—t )&(t,) +
0

where,

ﬁw — Z )\k[;k(o)e*i(%*wc)t. (4.7)
k
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In the second term on the right hand side of Eq. 4.6, the sum over k is changed to an integral

over v by including a density of states,

t
ZAQ/ dt' et (Ve —we) (t— t)&(t) _ ZAk)‘ / dtlefi(ukfwc)(t—t/)d(t/)
k 0

B
dvD(v) |A(v))? /dt e rmwe) (=t 5 (¢

B

/
/0 D) Aw)|? / dre=i T4t — 7). (4.8)

In analogy to the derivation of the master equation, it is assumed that the reservoir has a very
large bandwidth B, so that the reservoir relaxation rate % will be much larger than the systems
relaxation rate T— Then, for 7 << g, a(t — 7) will be approximately constant, so that it can be
evaluated at 7 = 0 and factored outside of the integral. The resulting integral of exponentials will
then destructively interfere when 7 >> 7p, resulting in it averaging to zero. Therefore the upper
limit of that integral can be extended to 7 = oo with minimal error. In this Markov approximation,

Eq. 4.8 becomes,

t _ o0 e8] )
> X / dt'e= (=51 = / dvD(v) [A(v)[* a(r) / dre (Ve
k 0 0 0

— lim [ D) N0 ate) [ drenimer
0

n—0 0

oo 1
= / dvD (V) AW)|* a(t) [Tré(u —we) +iP < )] . (4.9)
0 V— We
where D(v) is a density of states, and Eq. 3.35 has been again used. Neglecting the principal part

of Eq. 4.9, which leads to a small frequency shift related to the Lamb shift, and substituting it into

Eq. 4.6 results in,

s 97  Kx 2

a= ’L2J_ 2a—|—F, (4.10)
where,

K = 20D (we) [A(we)|* . (4.11)

For use in later calculations, using Eq. 4.7, we calculate,

<ﬁ> = —t Z Ak <[:)k(0)> e~ i(e—we)t
k

= 0, (4.12)
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since <l;k (O)> = 0, because it is the trace of an annihilation operator. We also calculate,

(FOFE)) = 303 Nihw (L0)h(0)) eltemolemit o
k:l

k
B e
k

[e.o]

~ D(wc)|)\(wc)|2ﬁ(wc)/ dyeivi—we)(t=t)

—o0
= ki(we)d(t —t'), (4.13)
where the discrete sum has again been approximated as an integral over a density of states, and
the slowly varying variables have been pulled outside the integral, which is valid under the Markov

approximation described above. Also, the fact that,

/ dye w0 0=1) — ong5(t — ), (4.14)

—o0
has been employed. In the same way, it can be shown that,

<F(t)F‘f(t’)> =k (A(we) + 1) 6(t — 1), (4.15)

and
<1?(t)15(t')> - <ﬁf(t)ﬁf(t')> —0. (4.16)
The quantities defined in Eqns. 4.13, 4.15 and 4.16 are called the diffusion coefficients, and are

needed to characterize the system, as we will see later.

4.2 Adiabatic Elimination and the Superradiance Master Equation

As a brief aside, we are now in a position to derive the superradiance master equation. This

is done by first integrating Eq. 4.10, obtaining,

X X K t K ’ gz X
alt) = d(0)62t+/ dt’e*f(t*”(—zeJ_JrF)
0 2
~ K t K n = t K n =
= a(O)e*at—z‘g / dt'e 21 4 / di'e 2= (4.17)
0 0

Assuming the system is in the steady state, t is large enough so that e~ 2* — 0. This allows

the first term in Eq. 4.17 to be dropped, but not the other terms because they have exponentials



62

that depend on t — ¢’ which can be small. The second term in Eq. 4.17 is now integrated by parts

multiple times, and under the steady state assumption,

t ko 5 25 2\* d 3
dte 20 =2 —(2) —J_+... 4.18
/0 €’ K k) dt * ( )
Eq. 4.18 tells us that if,
x 11d =
J_ —|—=J_ 4.19
>> = (4.19)

it is valid to make the adiabatic approximation, keeping only the first order term in Eq. 4.18. Under

this approximation, Eq. 4.17 becomes
oy 973 A
a(t) =—i=J_ +G, (4.20)
K

where

G= [ dte 5 (4.21)
0

An upper limit on the adiabatic condition, Eq. 4.19, in terms of the parameters of the problem

can be obtained by finding the equation of motion for J_,

~

.9 =
J_o = 1=
12a

= LJJ +igGl., (4.22)

~

substituting this into Eq. 4.19, and noting that the largest value of |J,| occurs when the Bloch

vector points to one of the poles, having the value N. Eq. 4.19 then says,

Kk >> NCv, (4.23)
where
g2
C==. 4.24
= (4.24)

The master equation for a system of atoms interacting with a damped cavity mode, which has

been adiabatically eliminated is then given by inserting Eq. 4.20 into Eq. 3.119. Since the master



63

equation is course grain averaged over the timescale of the reservoir, it is valid to set G — <C¥>R
in Eq. 4.20 before inserting it into Eq. 3.119, and still consistent with the approximations of the

master equation. The expectation value <C¥(t)>R is given by,

<é(t)>R - /0 e 50 <15(t')>
0.

= (4.25)
Therefore, we arrive at the superradiance master equation,
d ~ C X . % Z 3
2h = T g pd =20l
dt 2
5 N
AdA— X XadaA— — XAt
_52{ j i PY PO, _ngpga}
j=1
w
w A A X DA a4 gad i
_QZ{j jPTPo;0; 2%'0%'}' (4.26)
j=1

4.3 Fokker-Planck Equations for the P Function

Since Eq. 4.10 is an equation of quantum operators, it cannot simply be used in numerical
simulations. We therefore seek a method that can be used for numerical simulation. To this end, the
Fokker-Planck equation for a quazi-probability distribution describing the system is derived from
the master equation. It is then demonstrated that the resulting Fokker-Planck equation can be
equivalently described in terms of a set of c-number Langevin equations, which can be easily solved
using numerical simulations. The method is demonstrated for the damped harmonic oscillator.

The master equation for the damped harmonic oscillator is,

5 = —wun [afa, ;3} + % (7 +1) (2&;3@* _atap— pa*&) n %ﬁ (szﬁ& _aatp— ﬁaaT)

= —uwp [a* , f)} + % (2@;3&* —atap — ﬁd*d) + 7 (af)&f +atpa —atap — paat ) . (4.27)
It is assumed that p can be expanded as,

= / RaP(a,t)a) (ol (4.28)
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where P(a,t) is a quazi-probability function called the P function, and |«) is a coherent state.

Eq. 4.28 is substituted into Eq. 4.27, yielding,

/d2a|a) (o gtP(a,t) - /dZaP(a,t){—zwo (aT&ya><ay—|a> (a|&T&)

+% (2& @) (afa’ — alaa) (o - |a) {of dT&)

+yn (a la) (a]at +at |a) (o] a — ata|a) (o] — | (af aa’f) }

(4.29)
To simplify Eq. 4.29, the fact that,
o) = e3lo’ g0’ gy (4.30)
is used to show that,
8 a _ 2 ~T * A
v - Y la|® jada a*a
-la)(al = 5 (e7Fer jo) (o] )
- (a* - a*) o) (o], (4.31)
and that also,
0 0 2 . ‘s
_ —la|? aal a*a
=la)(al = o (e e o) (ofe?)
= o) {a|(a—a). (4.32)

Eqns. 4.31 and 4.32 can then be used to simplify the various terms in Eq. 4.29, which then becomes,

0 ~ 0
2 o _ 2 _ (Y 9
/d ala) (af 8tP(a’t) = /d aP(oz,t){ (2 +zw0> am—
Y , 0 92
- (2 zwo) oo + (e } la) (] . (4.33)

Eq. 4.33 is now integrated by parts, assuming that P(«,t) vanishes sufficiently rapidly at infinity

so that the surface terms can be dropped. Then,

/d2a|a><a|§tP(a,t) _ /d2aya><ay{(g+wo) %a

v o .,
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Eq. 4.34 implies that,

gtp(a,t) ={ (g + o 8‘104 + (% — ) ai* o + i 3&882@* b P(at). (4.35)

This is the Fokker-Planck equation for the damped harmonic oscillator in the P representation.

Eq. 4.35 can be put into a more convenient form by defining a@ = x + 2y and substituting,

0 (v /[0 0 0 0 n [ 0? 0?
&P(a,t) = {5 <w$ + ayy) + wo <axy - 8y$> + 5 (8332 + 8.1:2> }P(a,t). (4.36)
4.4 Equivalence of Langevin and Fokker-Planck Equations

It is now demonstrated a Fokker-Planck equation for a probability distribution has an equiv-
alent Langevin equation for the random variable of that probability distribution. To do this, we
will need to take a brief aside into Stochastic calculus [33].

A Langevin equation is a stochastic differential equation of the form,

d
= = ala.t) + b, OE(1), (4.37)
where £(t) is a rapidly fluctuating random function of time. We assume that £(t) is idealized in the

sense that we assume that £(t) and £(¢') are statistically independent. Mathematically this is the

statement that the time average of £(¢) and £(t') are delta correlated,

(Ee)) = a(t — 1), (4.38)

We also assume that
(€(@)) =0, (4.39)

since any non-zero mean can be absorbed into the definition of a(z,t). This idealized random
process is called white noise.

It can be shown that

/ Cae(ty = W), (4.40)
0
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where W (t) is the Wiener process. Since the Wiener process is not differentiable, Eq. 4.37 does not

actually exist. However, the integral equation
t t
z(t) —z(0) = /dt'a(m,t’)+/ E)dt'b(x,t)
0 0
¢ t
= /dt'a(m,t’)+/ dW (t")b(z,t'), (4.41)

0 0

where

AW (t) = dW (t + dt) — dW (t) = £(t)dt (4.42)

does exist, but comes with its own difficulties, namely that the last term is not well defined. This

can be seen by looking at the integral before dt is allowed to be come infinitesimal. Consider

Sn =Y G(r) {W(t:) = W(ti-1)}, (4.43)
=1

where 7; is some value between t; and ¢;_1. The crux of the whole situation is that the value of S,
is dependent on the value of 7; that we choose. This issue, which does not occur with an ordinary
Riemann sum defined integral, is caused by the discontinuous nature of W (¢). The choice 7; = t;_1,
defines what is known as the Ito stochastic integral. Other choices, such as 7; = % (t; + ti—1), which
defines the Stratonovich stochastic integral, will not be considered here. By using the definition of

the Ito integral, it can be shown that in the Ito interpretation of a stochastic integral,
dW(t)? = dt,
dw ()N = 0,

where N is a positive integer. This causes the chain rule from ordinary calculus not to hold. To

find the Tto calculus chain rule, consider the differential of a function f(z(t)) of a stochastic variable
(t),
dflz@)] = fla(t) + da(t)] - fle)]
= fla(t)|dz(t) + %f”[m(t)]dx(t)Q .
= f'lz@®)]{a(z,t)dt + b(z,t)dW (1)}

b F(t)] e, )t + b, AW (1)) + .. (4.44)



67

To first order in dt, this gives,

dflz(@®)] = flz®)]{a(z t)dt + bla,t)dW ()} + %f"[x(t)]b(% t)dw (t)*

= fllz@®)]{a(z, t)dt + b(z,t)dW ()} + %f”[x(t)]b(m, t)dt. (4.45)

This is known as Ito’s formula.
The equivalence between a stochastic differential for a stochastic variable z(t) and a Fokker-
Planck equation for the stochastic variable’s probability distribution P(x(t)) can now be demon-

strated. Consider the time development of the average value of an arbitrary function f(z(t)),

a ()
< ey = T
— (FleOla(e0) + 3 O ). (4.46)

where the average value of the term multiplied by dW (t) is zero because dW (t) = &(t)dt and
(&(t)) = 0. The average value of a stochastic variable is found by integrating the stochastic variable
multiplied by its conditional probability density P(z',t'|zg,to) from time zy to z. Following this

procedure, Eq. 4.46 becomes,

d

G 160 = [ do{ F@atet) + 51"@a,0) | Pla o o) (4.4

Integrating by parts and discarding the surface terms results in,
2

(falt) = [ def(o) {—Cji (e, )Pl thao, o)] + 3 g [b(a, 2P o, )] } (a4

4
dt

The time development of the average value of an arbitrary function f(z(t)) can also be written as

GG = [ dofe) 5Pt o). (1.49)

Equating Eqns. 4.48 and 4.49 and remembering that f(z) is an arbitrary function of z results in,

d d 1 d2
%P(m,ﬂxo,to) = T dz [a(x,t)P(z, t|o, to)] + > da2

[b(z, t)* Pz, t|z0, t0)] - (4.50)
Eq. 4.50 is the Fokker-Planck equation for the conditional probability density P(z,t|zo,tq) for
the stochastic variable z(t). This shows the equivalence between a stochastic differential equation,

Eq. 4.37, for a stochastic variable z(t) and a Fokker-Planck equation for the probability distribution

of that variable.
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4.5 C-number Langevin Equations For Coherent State Amplitudes

Eq. 4.50 is now used to find the stochastic differential equations for «(t) that is equivalent
to Eq. 4.36. Since P(q,t) is complex, there are two stochastic equations; one for the real part of
P(a, t),

dz = — (%x + woy> dt + \/gdwl (1), (4.51)

and one for the imaginary part of P(a,t),

dy = — (%y - wox) dt + \/?dWQ(t). (4.52)

These equations can be rewritten as one complex Langevin equation as

do = — (% + zwo) adt 4+ v/ndn(t), (4.53)

where
(AW (t) +1dWs(1))
V2 '

Eq. 4.53 can be used to generate trajectories for a. These trajectories can then be used to calculate

dn(t) =

various expectation values of interest, even n time expectation values because,

(@Y(t1) - al (tm)altmsr) -~ altn)) /anP(a) {a”(t1) - o (tm)altmsr) - - altn) }

1 N
= D ai) el ltm)ailtn)ailt), (454)
=1

where «o;(t) is a single trajectory, and N is the number of trajectories.

The results of a computer simulation that solves Eq. 4.53 and uses Eq. 4.102 to find (a'(¢)a(t))
and ¢V (1) = Re [(&T(tss + T)&(tss)>] are shown in Fig. 4.1 and Fig. 4.2, respectively, where ¢4 is
the time in which the system reaches steady state.

In both figures, the analytical solutions, Eqns. 3.45 and 3.55 are shown in black. In a single
trajectory, which are shown in blue in both figures, the system is undergoing a random walk, so

that the number of excitations randomly diffuses in time. When many of these random trajectories
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are averaged together, the correct evolution for (af(t)a(t)) and g (1) are approached, which is
shown in red, where 1000 random trajectories are averaged over. The figures show good agreement

between the analytical results and the numerical results from the above Langevin method.

4.6 A More Practical Derivation of Quantum Langevin Equations

In theory, the quantum Langevin equations, along with the corresponding diffusion coeffi-
cients, for an arbitrarily complicated system can be derived as they were in section 4.1. In practice,
however, there is a much simpler way to derive them, which proves very valuable with increasing
system complexity. Langevin equations consist of two separate terms, called drift and diffusion
terms. The drift terms consist of the Hamiltonian dynamics, and the decay due to the coupling of
the system to a large reservoir. The diffusion terms contain the fluctuations caused by the coupling
of the system to a large reservoir. The generalized Einstein relations provide a way to obtain the
diffusion terms if the drift terms and all of the second order moments are known. The drift terms,
and the second order moments can be calculated using the master equation that describes the
system. Then, the diffusion terms can be found using the Einstein relations. We begin by deriving

the generalized Einstein relations.

4.6.1 The Generalized Einstein Relations

Consider the Langevin equations for a general system described by the operators flu,
A, (1) = Dult) + Fu(t), (4.55)

where lA)M(t) are the drift terms and F, ,.(t) are the diffusion terms, or noise operators. We assume
that the noise operators obey

<Fu(t)> —0, (4.56)

and

(Fu®)B(t)) = 2M,u (1)3(t — ), (4.57)

where M, (t) are called the diffusion coefficients.
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Figure 4.1: The c-number Langevin equations are used to find <&T(t)d(t)> for a damped harmonic
oscillator with # = 1, and «(0) = 2. The analytic expression for (af(t)a(t)) is shown in black, a
single trajectory is shown in blue, and an average over 1000 trajectories is shown in red.
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Figure 4.2: The c-number Langevin equations are used to find ¢ (7) = Re [(af(tss + 7)a(tss))]
for a damped harmonic oscillator with 7 = 1, and «(0) = 2, and tss is the time in which the system
reaches steady state. The analytic expression for g(l)(T) is shown in black, a single trajectory is
shown in blue, and an average over 1000 trajectories is shown in red.
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We substitute Eq. 4.55 into the identity,

t
A, (t) = Au(t — At) + / dt'iAM(t’), (4.58)
t—ar  dt

multiply by Fy(t) on the left, and then arrive at,

t

~

(Au0F0) = (At - 8B (0) + [

t—At

~

dt! <l§u(t’)ﬁ,,(t) n Fu(t’)Fy(t)> : (4.59)

The first term on the right hand side of Eq. 4.59 is zero on physical grounds. This is because
a system operator at a given time can have no correlation with a reservoir operator at a later
time, hence this term is factorizable, and <Fu(t)> = 0. A similar line of reasoning shows that
<Du(t’)ﬁy(t)> =0, unless t = t/, so the lower limit of integration on this term can be changed to

t, and hence this term is zero. Then,

t

(A E(0)) = /t L (BuED) (4.60)

Using Eq. 4.57, combined with the fact that a delta function lying on one of the limits of integration

causes the value of the integral to be half of what it would be otherwise, results in,

(A () = My (). (4.61)

In an analogous manner to the method just described, it can be shown that,

(Fu®Au (1)) = My (). (4.62)

Now consider,

G (A0im) = (5 (40) o)+ (40g (A0))

>

,,(t)> (4.63)

(4.64)

where in the last line Eq. 4.55 and linearity has been used. Substituting Eqns. 4.61 and 4.62 into
Eq. 4.64 and solving for M, (t), results in,

Mut) = 4 {Au0)A,0) ~ (A,0D.0) ~ (DuDAD) . (4.65)
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Eq. 4.65 is called the generalized Einstein relation. It shows how to calculate the diffusion coef-
ficients M, (t) if the drift terms and the equations of motion for <A#(t)fll,(t)> are known. The
generalized Einstein relation proves invaluable when the system under consideration is complex and

the exact form of the noise operators is unknown.

4.6.2 Obtaining the Drift Terms

We specialize to the system of N damped two level atoms with decay rate v and frequency
wq at zero temperature, driven by a strong classical field that couples to the atoms with Rabi

frequency 2. By Eq. 3.119, this system is described by,

N
d (NP ¥ A n o A DI
=ty == [H.60)] = 23 (o767 p(t) + p(t)57 07 — 257 5(1)57 ) (4.66)
j=1
with
N N
o hw hQ
H==2) 65+ ) (67 + 5T, (4.67)
j=1 Jj=1
where,

H_Ko

I
] =
SN

~

where 6]-_, 6;7, ;‘ are the Pauli matricies for the jth atom.

We seek equations for J_, j+, J, that are of the form of Eq. 4.55,
—Ju(t) = Dpu(t) + Fu(t), (4.68)
where = {—,+, z}. From Eq 4.56, the drift terms are,

(Dut) = {Aut0)

= tr {fl“jtﬁ(t)} , (4.69)



where the last line is valid in the Schrédinger picture. Using Eq. 4.66 we find,

(7 5o0) = oo oo}
- (e () e g

so that,

and therefore,

where,

We move into an interaction picture by defining,

J = elwct J_ ’

J+ = eiletJ-i-a

and combine these with Eqns 4.72 — 4.74 to obtain,
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where § = w, — we.

74

(4.70)

(4.71)

(4.72)

(4.73)

(4.74)

(4.75)

(4.76)

(4.77)
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4.6.3 Obtaining the Diffusion Coefficients

Now that the drift terms are known, Eq. 4.65 can be used to find the diffusion coefficients.

We first find,
i = (00 (D) (5.
o TR ().
N X

(= (A4 1)@ (T 7)) ), (4.78)

where Eqns. 4.77, and the fact that,

~ ;NN
LI = S5 ) 00
i=1 j=1
| X
I
- NQZUJ'
j=1
1 =
= wJ+ (4.79)

have been used. Also, to obtain Eq. 4.79, Eqns. 3.121 have been employed. From Eq. 4.68, it is
easy to see that % <j+> = <l§+>, so that after substitution of Eq. 4.77, and further simplification,

Eq. 4.78 becomes,

I A ((CRER )
1 1

- %’Y <J+> . (4.80)

Likewise, it can be shown,

- B3,
i = 2(4(3))
oOM_, = % (4.81)
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Putting it all together, the quantum Langevin equations for N two level atoms driven by a strong

classical field in an interaction picture that rotates at the field frequency are,

T B P Y
N (FTA T AT 3

where the noises are correlated according to,

(EuOE()) = 2ML0(t — 1),

with,
— + z
2 X
T COEE B (8
2M,, =
+10 0
Ao w0 w040

It will be convenient in the next section to work with real quantities, so we define,

>

8
|

= j+—|—j, Z*E'ZEF++1§L
— (f+—f_>

Using these definitions, and Eqns. 4.82 and Eqns. 4.84, it is then trivial to show that,

S
Il

d = v 3 x X

-V Jdxr = **x*(s F:):a

dt 2 vt

d = X v % N X
% Y - 5Jx—§ y—QJZ+Fy,
d ~ ~ X X
@z = _’Y<]l+Jz)+Qy+FZa

where the noises are correlated according to,

~

(FuF (1)) = 20L(t ),

(4.82)

(4.83)

(4.84)

(4.85)

(4.86)

(4.87)
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with,
T Y z
o i -% % (=) = i(4))
QM,W = y % % % <<jx> _; <J:y>> (4.88)
AR () + i) 7 () +ilh) w1+ (5)
4.7 A More Practical Derivation of the C-number Langevin Equations

4.7.1 Solving for the C-Number Diffusion Coefficients

There is also a more practical way to derive c-number Langevin equations than the method
described in Sections 4.3 - 4.5. We assume that there exists a set of c-number equations that have

a correspondence with the quantum Langevin equations,

d 04

%jx = _5\7x_6s7y+fma

d gl

@jy = 5Jx_ §jy_sz+fy)

d

0 = A+ T)+ QT+ F (4.89)

with,

(Fu(t)) =0, (4.90)

where = {—,+, z}. Also the noises are correlated according to,
(FuOFo(t) = 2Mu (1)5(t — 1), (4.91)

where M, is a 3 X 3 an unknown matrix of c-numbers, as a function of time. The entire problem
thus boils down to finding the c-number diffusion matrix elements M,, that make the c-number
Langevin equation have a correspondence with the quantum Langevin equation. To make this
correspondence, we force the second order moments from the quantum equations to be equal to

the second order moments from the c-number equation. However, since c-numbers commute, and
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quantum operators do not, we must choose an ordering for the quantum equations before the
correspondence can be made.

To illustrate this point, consider the following c-number second order moment, constructed

from Eq. 4.89,
d d d
_ A A
= (3% -6, + ) 3,) + (7 (67 = 37, - 0T. + F,) )

where M, = <ijy> = <jwﬁy> Since c-numbers commute, and quantum operators do not,

Eq. 4.92 can correspond with equal validity to the quantum second order moment,

ailih) = (i) 2+ (2 (34))

= ((-Lh-sh+ B) )+ (B (62~ LGy -0d+ B))
Q

(L) s (- () (RAY) 0 (R o, ey
or its anti-ordered counterpart,
i (i) = (i) %)+ (G (35%))
= (04— 2y - L+ B)) L)+ (Jy (-2Js = 6J,+ £))
() 5 (= () + (L)) ~ 0 (L) 4ot e

A3, = & (30 L))

Here, we choose to make the symmetric correspondence, so that,

Mgy = Mxy—i—Myw

NN

_— (4.96)
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We choose the symmetric correspondence for several reasons. First, in this case, and in many other
cases, it allows for the simplest diffusion matrix 2M,,,. Second, in the symmetric correspondence,
2M,,, is, by construction, automatically a symmetric matrix. This fact allows an easy algorithm
to be performed to find the noises that reproduce 2M,,,, for numerical simulations. Finally, again
by construction, there will not be any commutator pieces left to be absorbed into the diffusion co-
efficients when the symmetric correspondence is made. To demonstrate this, consider the following

c-number second order moment,

0 - ((45)0)+ (o (49)

= ((67 - 2Ty — Q.+ Fo) )+ {7, (67 - 2Ty — Q.+ 7))

= 20(Juy) = v (TyTy) = 22(TTy) + 2Myy, (4.97)

and the following quantum second order moment,

(W) = () 3+ (0 ()
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Since, for instance, (J.Jy) can not correspond to both <jyjz> and <J2Jy> simultaneously, commu-
tation relations must be used to put Eq. 4.98 in terms of one or the other before a correspondence
can be made. The resulting left over commutator piece will have to be absorbed into the definition

of 2M,,. However, in the symmetric correspondence, since,

LAY, - (1) + Y (1)
every term will automatically have its symmetric counterpart, so that there will be no left over
commutator pieces to absorb into M,,. Therefore, in the symmetric correspondence, we can
automatically set,

2Mp,u = M;u/ + Myu- (4100)
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In the symmetric correspondence, therefore, the c-number diffusion matrix is,

x Y z
[ N 0 x (T
2Myw = y 0 2 (7 (4.101)
\F (%) ¥ FA+T)

Eqns. 4.89 and Eq. 4.101 are the c-number Langevin equations for N two level atoms driven by a
strong field, corresponding to symmetric ordering. These c-number Langevin equations correspond

to a Fokker-Planck equation for a Wigner quazi-probability distribution.

4.7.2 Numerical Simulation of C-number Langevin Equations

The final problem that must be overcome before a numerical simulation can take place is how
to choose the noises in Eqns. 4.89 so that Eq. 4.101 is reproduced. Since Eq. 4.101 is symmetric, it
is easy to diagonalize. In this diagonal basis, the noises are simply the square root of independent
real Wiener processes. Then the inverse transformation is applied, and in the original basis, the
noises will be linear combinations of the independent real Wiener processes, and they will reproduce
Eq. 4.101.

Now that this final problem has been solved, Eqns. 4.89 with noises that satisfying Eq. 4.101
can be used to generate trajectories. These trajectories can then be used to calculate various

symmetric expectation values of interest,

. 1 Y

<ju(t1) T Jl/(tm)>s Y Zju(tl) o Tu(tm), (4.102)
i=1

where 7,(t) is an operator for a single trajectory, and IV is the number of trajectories.

The results of a computer simulation that solves Eqns. 4.89 subject to Eq. 4.101 to find
<jz(t)> and S(w), the normalized Fourier transform of ¢(!)(7) = Re {<j+(tss +T)j_(t55)>:| are
shown in Fig. 4.3 and Fig. 4.4, respectively. Here, ¢, is the time in which the system reaches

steady state.
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Figure 4.3: The c-number Langevin equations for symmetric ordering are used to find the inversion
<jz(t)> for resonance fluorescence for N = 100 atoms, with {2 = 5y and § = 0. The analytic

expression for <jz(t)> for N = 1 is shown in black, a single trajectory is shown in blue, and an
average over 1000 trajectories is shown in red.
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=5 WY

Figure 4.4: The c-number Langevin equations for symmetric ordering are used to find S(w), the
normalized Fourier transform of g(!)(7) for resonance fluorescence for N = 100 atoms, with Q = 57
and § = 0. The analytic expression for S(w) for N = 1 is shown in black, a single trajectory is
shown in blue, and an average over 1000 trajectories is shown in red.
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In both figures, the analytical solutions for single atom resonance fluorescence [84] are shown
in black. In a single trajectory, which are shown in blue in both figures, the system is undergoing
a random walk, so that the number of excitations randomly diffuses in time. When many of
these random trajectories are averaged together, the correct evolution for <jz(t)> and S(w) are

approached, which is shown in red, where 1000 random trajectories are averaged over.

4.8 Conclusion

We have seen how Langevin equations for quantum operators are derived. The approxi-
mations that go into this derivation are equivalent to the approximations used in the derivation
of the master equation. In the superradiance limit, the cavity field described by the quantum
Langevin equations can be adiabatically eliminated, and used to derive the superradiance mas-
ter equation. Since Langevin equations of quantum operators are difficult to solve numerically, a
Fokker-Planck equation for a quazi-probability distribution was derived. Here, we used the normal
ordered quazi-probability distribution, called the P-function, which can be used to calculate nor-
mal ordered moments. This distribution was shown to be equivalent to a set of c-number Langevin
equations by using methods of Ito stochastic calculus. These c-number Langevin equations were
solved for many trajectories, which can be used to find general n-time expectation values. Since
the derivation of the Fokker-Planck equation becomes quite complicated for systems of increasing
complexity, a method to more practically derive c-number Langevin equations was described. This
involved deriving the generalized Einstein relations, which allow the diffusion, or noise terms of
a set of quantum Langevin equations to be known, if the diffusion terms are known. The drift
terms and second ordered moments were found using a master equation, and the Einstein relations
were then used to find the diffusion terms. Then, the method to find a correspondence to a set
of c-number equations for a given ordering was described. We specialize here to use a symmetric
correspondence, because in this ordering, the form of the equations are best suited for the numerical
algorithm that we describe. Although this method may seem like unnecessary machinery to solve

such a simple problem, it really proves worth its weight in gold when more complex systems are



analyzed involving large numbers of atoms.
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Chapter 5

The Crossover from Lasing to Steady State Superradiance

The bulk of this chapter is being prepared for submission to Physical Review A.

Since its first demonstration in 1960 [59], the laser has had a profound impact on fundamental
science research, and has also become ubiquitous in other areas of society. Lasers are integral to
many areas of research and applications, ranging from atomic and molecular physics research,
atomic clocks, global positioning system, nuclear fusion research, biology research, medicine and
consumer electronics.

Although many different types of lasers exist, with their key parameters spanning many
orders of magnitude, all lasers share the same conceptual foundation. A laser is a cavity quantum
electrodynamics (QED) system consisting of a gain medium inside of an optical cavity. We will
oftentimes refer to the gain medium as “atoms” for brevity. Lasers typically operate in the so called
good cavity regime of cavity QED where the linewidth of the cavity is much narrower than the
bandwidth of the gain medium. The atoms generate a coherent electromagnetic field in the cavity
by means of stimulated emission [72]. Stimulated emission is a quantum mechanical interference
effect in which the presence of a large number of photons in a certain mode of a light field increases
the probability that an atom will emit into that mode. The energy emitted into the cavity field has
to be replenished by some repumping mechanism to achieve steady state operation. In a laser, the
macroscopic phase information that is associated with the coherence of the generated radiation is

stored in the light field.
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Around the same time as the laser was first demonstrated, the effect of superradiance was
predicted [18], and soon thereafter, experimentally demonstrated. Superradiance is a quantum
mechanical interference effect in which correlations between atoms cause them to emit collectively.
Superradiance has most commonly been considered as a pulsed phenomenon. Atoms in an ensemble
are prepared in the excited state. Spontaneous emission into one or a few spatial modes is then
enhanced via a quantum mechanical interference effect. However, it has been known for some time
that superradiance can also occur in steady state [65, 64, 63, 21] by placing the atomic ensemble
inside a cavity. In contrast to lasers, superradiance in steady-state requires a cavity with a much
broader linewidth than the atomic linewidth. This regime is referred to as the bad-cavity limit
of cavity QED [83, 56, 13, 38, 39]. The radiation produced in steady state superradiance is also
coherent. However, in contrast to a laser, the coherence is stored in the atomic medium. Progress
has recently been made towards the experimental verification [9] of this proposal.

An important application of lasers is as a stable local oscillator for optical atomic clocks
and precision spectroscopy. These lasers rely on stabilization against reference cavities. The most
advanced such lasers reach linewidths of < 0.1Hz corresponding to quality factors of Q > 105 [15].
The limiting factor in the way of further improvement of these local oscillators are thermal vibra-
tions of the dielectric coatings in the cavity mirrors [50]. To overcome this challenge, it has been
proposed to use steady state superradiance based on clock transitions to create an even more stable
light source [65, 13]. However, this proposal has challenges of its own. First of all, in spite of the
enhancement that occurs due to superradiance, the produced intensity is typically much lower than
a conventional laser. Second of all, perturbations of atomic transition frequencies can potentially
lead to phase and frequency perturbations in the generated field.

Balancing the advantages and disadvantages of the two systems (lasers and light sources
based on steady state superradiance) leads to the following question: Why not consider a cavity
QED system in which coherence is stored in both the light field and atoms on an equal footing?
The linewidth of such a system should be less sensitive to thermal fluctuations of the cavity mirrors

than a laser, and it should be able to produce more output power than a device based on steady
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state superradiance.

The focus of this paper is to consider the properties of such a hybrid system, and to compare
and contrast them to the properties of systems based purely on lasing and systems based purely on
steady state superradiance. To this end we develop a theoretical model that is applicable throughout
the entire crossover. We analyze the model using different levels of approximation: An exact method
using SU(4) operators, a semi-classical method based on ¢-Number Langevin equations, a quantum
phase diffusion model for the field amplitude, a cumulant expansion of system expectation values,
and a mean field model. By comparing the results from these different models we clarify the role
played by quantum fluctuations and correlations.

The rest of this chapter is organized as follows. In section 5.1 we summarize the physical
model upon which our analysis is based. In 5.2 we discuss the different levels of approximation and
to what extent they are able to capture the various physical signatures. In section 5.3 we define a
crossover parameter which characterizes the relative importance of stimulated emission to collective
atomic effects in a cavity QED system. In section 5.4 we discuss the results of the various solution
methods, and compare the properties of systems which are operated in the different parameter

regimes of the crossover.

5.1 Model

We model our system as a collection of NV two-level atoms inside a single mode optical cavity

using the quantum Born-Markov master equation to describe the open quantum system,

d 112 4
fA:fH,A} 215, 5.1
“p == |H.p| + L7 (5.1)
where,
N N
N . U s TNV
H = 5 Z j—i-hwcaTa—F?Z(aTUj + ;“a), (5.2)
i=1 i=1

and £ [p] denotes the Liouvillian superoperator.
The Hamiltonian H describes the coherent evolution of the coupled atom cavity system,

where w, is the frequency between the two levels of each of the atoms, and w, is the frequency of
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the cavity mode. The Pauli spin matrices for the atoms are 6;7 ,0; and 67, and a is the annihilation
operator of the cavity mode. The atom-cavity coupling rate is 2. That we take this to be the same
for all items implies assumption of the equivalence of the atom-cavity coupling at the positions of
all of the atoms. This could be achieved by strongly confining the ensemble in a optical lattice

potential at the antinodes of the cavity modefunction.

The incoherent evolution is described by the Liouvillian £ [7],

N
1 Z frarz

where p is the system’s density matrix, s is the decay rate of the cavity, v is the incoherent decay
rate of the atoms, w is the incoherent repumping rate of the atoms, and T% is the inhomogeneous

dephasing rate.

5.2 Solution Methods

Eq. 5.1 becomes increasingly complex with increasing atom number IV, since the associated
Hilbert space scales as 2V. Exact simulation methods, such as the quantum jump and quantum
state diffusion methods, are limited to N ~ 10 with the cavity field basis truncated to just a few
photons.

The SU(4) solution method [42] [87] exploits an underlying permutation symmetry in Eq. 5.1
to drastically reduce the number of basis states needed to describe the problem, allowing systems
with N ~ 100 to be treated. However to treat this many particles, the cavity field basis must
also be truncated to just a few photons. In order to treat systems which have a larger number of

photons, we combine the SU(4) method with the quantum jump method [16] [26] [68]. Even with
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the ability to describe problems with larger photon number, N ~ 100 is still too few particles to
describe many realistic experimental situations.

We therefore also describe the c-number Langevin equation method [74, 53], which approxi-
mate the quantum Langevin equations that are equivalent to Eq. 5.1. These equations do not scale
with N in the same way, and therefore can often be used to treat systems with large N where an
exact treatment is not possible. Another method that does not scale with N in the same way is the
mean field solutions of the quantum Langevin equations, along with an analytic solution for the
linewidth of the power spectrum, which assumes Gaussian phase fluctuations and neglects ampli-
tude fluctuations [38, 39]. Finally, the cumulant expansion method [55] does not scale exponentially
with NV, and can therefore also be used to treat large systems. These methods are now described

in detail.

5.2.1 Langevin Theory

The Langevin equations that are equivalent to Eq. 5.1 are are derived using the method

demonstrated in Chapter 4.6, and are given by,

d iNQ .
%CL:—*(KZ—FQZWC)CL— 5 + F, (5.4)
d A Q- .
Lo — ST 42w 8 + Sast 4 B (5.5)
dt 2
d A .
Loz z : ~TQ— _ A G+ z
=8 (w+w(s do) +i0{af$™ —as*} + F7, (5.6)
N
—Z 1 ~(+,—,2
S+ ,)_N gih=2),
k=1

where I'=w + v + T%, and where dy = % The noises are correlated according to,

<ﬁwﬁww>:ﬂwma—w, (5.7)



where the DM are calculated using the Einstein relations [66],

2D = i

20t = (w+ =+ <SZ>)>
2D+ = % <v+ 1{2 (1- <S>)>
2D+Z_—2Ww <5~+> oD*t —
2D—Z:2ﬁ7<” 9D = —

5.2.1.1 Mean Field Langevin

90

Much of the physical insight into our system can be gained by considering analytical ex-

pressions in which quantum fluctuations are treated at varying levels of approximation. Since our

system is composed of a large number of constituent parts, the overall effect of quantum fluctua-

tions is expected to be small. To this end, we first look at the expectation values of Eqns. 5.4-5.6,

whereby the fluctuations drop out since they have zero average. In an interaction picture that

rotates with the frequency of atom-cavity coupled system w, these equations become,

@ao = _5(;@ + 2i(we — w))ag — D) So 5

d_ 1 i
@ =73 2

(T + 2i(wq —w)) Sy + —=aSg,

d
255 = —(w+7) (S5 — do) +i92 (agso— - aos;) .

In steady state, Eqns. 5.9 — 5.11 yield that either ag = 0, or,

S; =

(k4 2i(we — w)) (T + 2i(wq — w)) '

NQ2

(5.10)

(5.11)

(5.12)

Since S§ is determined by atomic populations, it must be real, and this sets frequency for the

atom-cavity coupled system to be
Kwq + Twe
k+T

(5.13)
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It is assumed that 6 = w, — w, is small, so that terms proportional to 62 can be neglected. Then

Eq. 5.12 becomes,

Sg = o (5.14)
where C = NTS%Q is the many-atom cooperativity. We also find,
N(w + 1
laol* = Nw +7) (do — 5)- (5.15)

2K C
Eq. 5.15 is a quadratic function of w (note that dy and C depend on w), and therefore has an

extremum value. By setting the derivative of Eq. 5.15 with respect to w equal to zero, the optimum

value of w which gives the maximum |ag|? can be found:

NQ? 1
Wopt = ? i ?2 (516)
In the limit Nng >> 7, T%, then,
N2Q?
(|a0‘2)opt = g2 (5.17)

The first and second thresholds are defined to be the values of w at which Eq. 5.15 equals zero.

The first threshold is defined to be w1 < wep. In this case, the zero of Eq. 5.15 yields,
wy = 7. (5.18)

i.e. the first threshold occurs when the repumping becomes greater than the natural linewidth of
the atoms so that coherence can establish. The second threshold occurs around wy ~ wgp. In this

case, the zero of Eq. 5.15 yields,

NQ?
wy = ——. (5.19)

At this point, S§ is close to unity, and the repumping is so strong that it prevents coherence in the

system developing.

5.2.1.2 Phase Diffusion Linewidth

It is also possible to derive an analytic expression for the linewidth from the quantum
Langevin equations, Eqns. 5.4 — 5.6 by assuming that only phase fluctuations of @ are impor-

tant, and neglecting amplitude fluctuations. To this end, we follow closely to the derivation done in



92

[38, 39]. Eq. 5.4 is differentiated, and substituted into it Eqns. 5.4 — 5.5 and the integral of Eq. 5.6,

to arrive at an equation for a alone,

. 1 . k[ NQ2 . .
i=—5(r+T)a - %a NRRALLEy Sy o) (5.20)
where
~ t ’ A
5* = / dt'e(w+7)(tt)<(w+7) + F*
0
2 (d A
— (dt(aﬁa) + rala —al F* — Fa*a) ) (5.21)
and,
. T..  iNQ._
F=_p0- 20 fa, (5.22)

The annihilation operator a is decomposed according to,
i = (ao + p)e'®. (5.23)
Above threshold, amplitude fluctuations are expected to be small, so that
<a*(t)a(0)> = a? <ei<¢3<t>—<?$<0>>> . (5.24)
After substituting Eq. 5.23 into Eq. 5.20, we take the imaginary part to first order in products
of operators, and find,
2 1 X 1 -
¢»=—=(k+T1)p+ —Im[F], (5.25)
2 ag
where a factor of e~ has been absorbed into £'. Eq. 5.25 is then integrateed, assuming that (k+T)

is large, to arrive at,

X X 2 t o [T .., iNQ .
- = Im |- F* — F . 2
o0~ 600 = 2 [Cavm |57 - DR (5.26)
Since F@ and F'~ are Gaussian, we can use
<ei<é(t>—a%(0)>> — o3 {(@®)=(0))?) (5.27)
Therefore, we use Eq. 5.26, along with Eqns. 5.8 to find,
R . (C+1) r 0%k
t) — 2) = t 2
(60 -600%) = (e o s e ) (5.28)
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so that the linewidth Av given by,

 (C+1) r 02k
AV = S Cdo—1) (wt) (hF T (5-29)

5.2.1.3 C-number Langevin equations for numerical simulations

We now derive c-number Langevin equations that have a correspondence to the quantum
Langevin equations, and that can be easily numerically simulated on a computer, by following the
procedure demonstrated in Chapter 4.7. These equations do not neglect amplitude fluctuations, as
was done in section 5.2.1.2. Since operators do not necessarily commute, and c-numbers do, care

must be take in making this correspondence. We define,

d 1 , iNQ
Pk —i(m + 2iwe)a — ?S + F, (5.30)
d 1 , _ i, _
%S = —5 (F + 22wa) S + 7@5 + F 5 (531)
d z z . tQ— + z
28T = —(w+9) (S —d0)+m{as —aS }+F, (5.32)

where the omission of the hats over the variables signifies that they are c-numbers. The noises are
correlated according to,

(FME)FY (') =29"6(t — 1), (5.33)

where the elements of 2" depend on the precise operator order correspondence that is chosen.
The elements of 2" are determined by calculating the c-number second order moments using
Eqns. 5.30 — 5.32, and then making a correspondence between them and the the quantum second
order moments calculated using Eqns. 5.4 — 5.6. This procedure determines Z2** since the c-number
second order moments contain Z*¥ (i.e. " = (AFFY) = (FFAY) where A* is a system variable),
and the quantum second order moments contain D*”. A correspondence is then made by choosing
an ordering for the operators, and enforcing that the c-number second order moment equations are

equal to the operator second order moment equations in that ordering.
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To illustrate the procedure, we note that since, (STS™) = (S7S7), they also have the same

equations of motion,

d jgrg-y _ A Ly
ZAstsT) = —T(stsT) - S (alstsT)

+§ (aSTS%) +297. (5.34)

Since operators don’t commute, there are several options for operator second order moment equa-

tions that could correspond to Eq. 5.34. For instance,

3 (8187) = r(58) - 5 (e

+5(as787) 120, (5.35)
L) - r(ss) Rlass)

+50(a5+5) a0, (5.36)
3 (8187, = w(ss) G (aies),

+§ d§+§Z>S+D+_+D_+,

(5.37)

are all equally valid, where the symmetric expectation value of two operators A and B is given by
<AE>S = % <<AB> + <B’fl>) Therefore, depending on the ordering chosen, 2271~ can either be
equal to 2DT~, 2D~ _or Dt~ + D~T. All orderings are equally valid, but one must be chosen,
and consistently used. The difference lies in the inability of the semiclassical theory to completely
describe the full predictions of quantum mechanics.

With this in mind, we make our correspondence, by first changing variables to,

g= % (&T + &) p= % (dT - &) (5.38)
g = % (v +57) &= 2l (5+-5). (5.39)

This allows us to deal with real quantities only, and therefore by this construction, the c-number

equations will have a! complex conjugate to a, and S+ complex conjugate to S~.
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We choose to match the c-number second order moments to the symmetrically ordered quan-
tum second order moments. This ordering is chosen since, by construction, this correspondence
will always give 29" = DM 4 DV# | i.e. there are never any left over commutator pieces in Z*.

The c-number equations with this symmetric noise are given by,

1= THe— 2wep — NQSY + F9, (5.40)
d X
P = TPt 2w+ NQS* + FP, (5.41)
d xr X z xr
2757 = ~T8" = 2w, S + OpS™ + F7, (5.42)
d Yy X z
%S = —I'SY + 2w, 5% — QqS* + FY, (5.43)
d
55 = (W +7) (5 —do) +20{¢S” — pST} + F, (5.44)
with,
K K
20049 — ogprp —
7N =7 7 4
r r
2 X — 2 yy -
7 4N 7 4N

29T — 9T _ *U)N+’Y <Sm>
g =2 = U ()

29 = % ((w+'y) +(~w+7) <S>> (5.45)

Symmetric ordering also gives the added benefit that Z2#¥ is by construction symmetric,
which allows us to use a simple algorithm to find the noises F'* for a computer simulation that
will reproduce 2#*. The noises are found by finding the unitary transformation that diagonalizes
M, and then applying the inverse transformation to the product of the square root of each of
its eigenvalues with an independent Wiener process. This gives the correct linear combination of
independent Wiener processes that reproduces Z*”. Eqns. 5.40 — 5.45 are equivalent to a Fokker-

Planck equation for the Wigner quasi-probability distribution.



96
5.2.2 2nd Order Cumulant Theory

The cumulant theory is derived in the same way as in Chapter 3.7. Eq. 5.1 is used to find
equations for expectation values of system observables, which are truncated to second order in a

cumulant expansion, resulting in the closed set of equations,

9 65) = ~(w+7) (55) — do) +i0{ (ala7 ) — (ao}) ) (5.46)
% <df(3—> _ _%(r + Kk — 2i0) <aT&;> + Z;Z{ <dT€L> (67)

43 (69) +1) + (V ~ 1) (67 67) } (5.47)

G loroy) =T (ovey) + 5 o1 {(alor ) — (asy)} (5.48)

4 (ala) = —x ata)y + T2 {(alo7 )~ (as)). (5.49)

This second order cumulant expansion, along with the quantum regression theorem, can be used in

the same way as in chapter 3.7.2, to find a closed set of equations for two-time expectation values,

at(ma —E gy O af(m)a
4 (@' ()a() | ifj 2| | @@a) | (5.50)
(& (1)a(0) S e | (e (mac)

These equations are written in a frame rotating at the atomic frequency. They are important, since
the Fourier transform of <&T (T)d(0)> is the spectrum of the light inside our cavity QED system.
By using Laplace transform methods, it is found that the solution of the (a'()a(0)) equation,

of Eq. 5.50 is dominated by a single exponential with decay constant,

1 1
Av = S (s +T = 2id) - 5\/(—»; 4T+ 2i6)2 + ANQ2 (53), (5.51)
and hence the spectrum is a Lorentzian with linewidth given by Eq. 5.51.
5.3 Characterization of the Crossover

A characterization of the parameter space of a cavity QED system can now be given. Since

the repumping rate w is varied in a typical experiment, the system is characterized by considering
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the value w = wep, at which there is a maximum number of intra-cavity photons. We define a
crossover parameter £ to be the ratio of the modified atomic linewidth (including repumping w and
dephasing 1/T5) evaluated at the optimum repump rate w = wqp, to the cavity linewidth &,

wopt+7+7%

= 5.52
=] (552)
Inserting Eq. 5.16 into Eq. 5.52 yields,
NQ?
= . 5.53
e=10 (559)

Eq. 5.17 can then be used to rewrite & in terms of (|ag|?)opt. We do this since it provides an

alternative interpretation of £ as a parameter that characterizes the crossover, since,

(la0/*)opt

§="nN (5.54)

i.e. it is proportional to the ratio of the intra-cavity photon number to atom number. Thus one may
interpret £ as a quantity that expresses the relative importance of stimulated emission to collective
atomic effects. If & < 1, the system is in the bad cavity or superradiant regime. If £ > 1 the
system is in the good cavity or laser regime. The region £ ~ 1 defines the intermediate or crossover

regime.
5.4 Results

5.4.1 Simulations with N = 40

As mentioned previously, the SU(4) method is capable of yielding exact solutions to our
model for N = 40. This is a large enough number of atoms to expect our three solution methods to
be reasonably accurate. We therefore first compare the analytic Langevin method, the c-number
Langevin method, and the 2nd order cumulant method to the exact SU(4) result for three different
values of the crossover parameter: & = 0.2, £ = 1, and £ = 5, which put the system in the
superradiance, crossover, and lasing parameter regions, respectively. This comparison, seen in
Fig. 5.1, is made for N = 40. The SU(4) method becomes more computationally intensive as & is

increased, since there are more photons as £ is increased, and hence more basis states need to be
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Figure 5.1: Comparison of the different solution methods in the superradiance ({ = 0.2), crossover
(£ = 1), and lasing (§ = 5) regions for N = 40 and C' = 1. The analytic Langevin solution is shown
in red (light gray), the 2nd order cumulant solution is shown in blue (dark gray), The exact SU(4)
solution is shown by grey triangles, and the c-number Langevin simulation results are shown by
black circles. The observables considered are (a) the inversion (%), (b) the correlation between
atoms (67 65 ), (c) the intracavity photon number (a'a), (d) the linewidth Av, and (e) the intensity
correlation function G?)(0).
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tracked. For £ = 5, the SU(4) simulation was very computationally intensive, so that only a few
values of w are included.

Fig. 5.1 shows that there is an excellent agreement between c-number Langevin and the exact
SU(4) theory for N = 40, in all parameter regions, for all of the considered observables. Therefore,
the c-number Langevin theory can be relied upon for larger atom numbers, where it is not possible
to apply the SU(4) theory.

The analytic Langevin solution works well in the region around w/wqy = 1, but disagrees
outside that region. That is because in Fig. 5.1 (a) and (c), the analytic Langevin solution excludes
all quantum fluctuations. In Fig. 5.1 (d), while the leading order of quantum fluctuations are
included, it is assumed that only phase fluctuations are present, which is not true away from
w/wepr = 1.

The 2nd order cumulant solution works well qualitatively in all parameter regions, but as
seen in Fig. 5.1 (b) and (c) in the superradiance row, and in column (d), there is a quantitative
disagreement between this theory and the SU(4) and c-number Langevin theories.

This quantitative disagreement is due to the fact that there is a difference between a Gaussian
theory, one in which all moments factorize into products of no higher than second order moments,
and a theory that uses Gaussian noise. This difference can be seen by considering the third order
moment (a'ag?). According to the cumulant theory, (afas?) = (a'a) (67), a fact which was
essential to use in deriving the closed the set of equations used to find the spectrum, Eqns. 5.50.
In the Langevin theory, however, <de&f> #+ <€LT&> (67), a fact we have checked with our Langevin
simulations. Even though the difference between <&T&&f> and <€LT&> (67) decreases as %, it is
precisely the % terms that gives rise to the linewidth according to the cumulant theory.

The merit of the 2nd order cumulant theory lies in its simplicity. It is simple to derive the
cumulant equations and it is not computationally intensive to solve them numerically, while the

theory still captures the correct qualitative behavior of the system.
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Figure 5.2: Solutions using the various methods in the superradiance (§ = 0.1), crossover (§ = 1),
and lasing (£ = 10) regions for N=10000 and C' = 0.1. For 1/T5 = 0, the analytic Langevin
solution is shown in solid red (solid light gray), the 2nd order cumulant solution is shown in solid
blue (solid dark gray), and the c-number Langevin simulation results are shown by black circles. For
1/Ty = %wopt, the analytic Langevin solution is shown in dashed red (dashed light gray), the 2nd
order cumulant solution is shown in dashed blue (dashed dark gray), and the c-number Langevin
simulation results are shown by black diamonds. (a) All observables considered except linewidth
Av show universal behavior in the superradiance, crossover, and lasing regions, after appropriate
scaling. The red (light gray) curves have been artificially widened in order to be seen underneath
the blue curves. (b) Av/k in the superradiance region (¢) Av/k in the crossover region, (d) Av/k
in the lasing region.
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5.4.2 Simulations with N = 10000

Now that an agreement between the c-number Langevin and exact SU(4) theories has been
established, we study more experimentally realistic systems with N = 10000 by applying c-number
Langevin theory. We also include the analytic Langevin and 2nd order cumulant theories for
reference. The results of these simulations can be seen in Fig. 5.2. Both the situation in which
1/T5 = 0 and in which 1/T5 = wep/5 are considered.

As seen in Fig. 5.2 (a), when 1/T5 = 0, the inversion (6*), the correlation between atoms
<6f62_ >, the intracavity photon number <&T&>, and the intensity correlation function G® (0) all
show universal behavior in the superradiance, crossover, and lasing regimes after appropriate scal-
ing. When 1/T5 is large, 1/T5 = wqpt/5, these observables still show universal behavior after
appropriate scaling, and do not change their values significantly from the 1/75 = 0 case.

It is worth noting that even though <6;’ Oy > has universal behavior throughout the crossover,
typical lasers are operated just above threshold at w < wept, where the resulting value of <6f€72_ >Opt
is much smaller, which is why atom-atom correlations are not usually thought to be important in
lasers.

The linewidth Av, however, does not show universal behavior in the superradiance, crossover,
and lasing regimes. As seen in Fig. 5.2 (b), in the superradiance region, when 1/75 = 0, Av/k is
flat in the region of w/wep, < 1. In contrast, the linewidth in the lasing regime, shown in Fig.5.2
(d), linearly decreases as w/wqp: increases towards unity. This is the typical Schawlow-Townes
behavior, which can be seen by considering x/ <&Td> using Eq. 5.15. In the crossover region, shown
in Fig. 5.2 (c), we see that for w/wey, small, Av/k is flat, and as w/wepe approaches unity, Av/k
starts to linearly decrease as in the lasing regime. Therefore, a system in the crossover region
displays characteristics of both superradiance and lasing.

When 1/T5 is increased to 1/T5 = wep/5, Fig. 5.2 (b) shows that Av/k is increased for
w/wepe small, but it is not significantly affected by 1/T% as w/wepe approaches unity. In any case,

this is the region in which a superradiant system should be operated, since this is the region of
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Figure 5.3: Comparison of (a) linewidth and (b) Intracavity intensity for a system operated in the
crossover (£ = 1) shown in blue solid, lasing (£ = 10) shown in red dashed, and far lasing (£ = 100)
shown in magenta dotted, regions. wept is the optimum w value in the crossover region. For all
systems, N = 10000.

maximum intracavity intensity.

In the crossover region, seen in Fig. 5.2 (c), when 1/T5 = wep/5, Av/k is increased for
w/wept small, where the system is displaying superradiant behavior, but is completely insensitive
to w/wep: approaching unity, where the system starts to display lasing behavior.

As seen in Fig. 5.2 (d), in the lasing region, when 1/T5 = wep /5, Av/k is not increased, but
actually decreased in the region slightly below w/wey: = 1, when compared to the 1/75 = 0 case.
This reduction has also been observed for smaller atom numbers using the exact SU(4) code. It

Wopt

can be shown that the value of 1/75 that maximally reduces the linewidth is 1/T5 = ok

A typical laser is operated just above threshold, where w/wq, < 1. As seen in Fig. 5.3 (a),
for the same pump strength w, and a fixed IV, a system in the crossover region could be operated
with w/wepe = 1, allowing the crossover system to have a linewidth orders of magnitude smaller
than the linewidth of the lasing system. Fig. 5.3 (b) shows that the intracavity intensity, <€LT€L>,
will be roughly the same for the crossover system operated at w/wy,y = 1 as for a laser system

operated at w/wep < 1.
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dw dw

do, dw,
1.0 1.0
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2

0.01 0.1 1 10 100 0.01 0.1 1 10 100

3 3
() (b)

Figure 5.4: Instability in the atom-cavity system frequency w with respect to (a) the cavity fre-
quency w. and (b) atomic frequency w, as a function of crossover parameter &

5.4.3 Effect of Cavity and Atomic Level Instabilities on the Spectrum

The effect of instabilities in the cavity frequency and atomic frequency on the linewidth is
now investigated. Cavity frequency instability can be caused by fluctuations in cavity length due
to the thermal fluctuations of the cavity mirrors, which are unavoidable in an experiment. The
energy levels in an atom can also be shifted by stray electromagnetic fields. The frequency of the
combined atom-cavity system w lies somewhere between the bare atom and cavity frequencies, and
is given by Eq. 5.13.

If w is varied, the resultant time averaged linewidth will be an average over these values,
and will hence be much broader than the quantum limited linewidth. Therefore, the derivative
of w with respect to w., and with respect to w,, gives us an idea as to how much of an effect an
instability in these frequencies will have on broadening the linewidth. These derivatives are plotted
in Fig. 5.4.

Fig. 5.4 (a) tells us that on the lasing side of the crossover, w is shifted proportionally to the
shift in w,, while on the superradiant side, w is insensitive to shifts in w.. Conversely, in Fig. 5.4

(b) it can be seen w is shifted proportionally to the shift in w, on the superradiance side of the
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crossover, while on the lasing side, w is insensitive to shifts in w,. In the intermediate regime
(£ = 1), wis not as sensitive to a shift in the w, as it is in the laser regime, and it is not as sensitive

to a shift in the w,, as it is on the superradiance side.

5.5 Conclusion

A model that is capable of describing a system operating in any parameter region of the
crossover between steady state superradiance and lasing has been introduced, and three solution
methods to that model were demonstrated. The first method solves a set of c-number Langevin
equations that approximate the quantum Langevin equations that are equivalent to our model.
This method was seen to have outstanding agreement with the exact SU(4) method. Also, analytic
expressions for the expectation values of the quantum Langevin equations were derived. Along
with these solutions, an analytic solution for the linewidth of the power spectrum, which assumes
Gaussian phase fluctuations, and neglects amplitude fluctuations was derived. It is demonstrated
that these analytical results agree with SU(4) and c-number Langevin methods in the region in
which the value of re-pumping is such that the system has the maximum number of intra-cavity
photons, but disagree far from this region. Finally, a closed set of equations to second order in a
cumulant expansion were derived, and shown to agree qualitatively with the SU(4) and c-number
Langevin methods.

Although a system in the lasing parameter region is capable of possessing the smallest
linewidth, typically lasers operate with a re-pumping rate that puts them just above threshold,
which does not allow the smallest linewidth for the system to be realized. For the same re-pumping
rate, a system operating in the crossover region will be much farther above threshold, potentially
allowing for a linewidth orders of magnitude smaller than in the laser region. Also, a crossover
system will have a larger intracavity intensity than a superradiant system, making the former more
experimentally accessible.

It was also demonstrated that a system in all regions of the crossover is insensitive to atomic

dephasing as long as the re-pumping rate is smaller than the dephasing rate. Also, as the crossover



105

is traversed into the lasing region, atomic dephasing can actually cause a reduction in the linewidth.

Finally, it was shown that the linewidth on the superradiance side is insensitive to fluctuations
in cavity length, and that these fluctuations become more important as the crossover is traversed
toward the laser side. Conversely, it was shown that the linewidth on the lasing side is insensitive to
fluctuations in the atomic energy levels, and that these fluctuations become more important on the
superradiance side. A system in the crossover region will be less sensitive to cavity frequency fluc-
tuations than a lasing system, and it will be less sensitive to atomic frequency instabilities than a
superradiant system. Both of these fluctuations cause a broadening of the linewidth. These conclu-
sions are significant since fluctuations in the cavity frequency are a principal limitation preventing

further reduction of the linewidth in today’s most ultrastable lasers.



Chapter 6

Laser Stabilization using Saturated Absorption in a Cavity QED System

The bulk of this chapter was published in Physical Review A as Phys. Rev. A 92,

013817 (2015) [79].

Today’s ultra-precise and accurate atomic clocks continue to make important contributions
to fundamental physics as well as applied technology. Atomic clocks have imposed significant
constraints on the drift of fundamental constants [57, 44, 34|, may have the potential to enhance
the sensitivity of gravitational wave detectors, and have provided ultimate tests of the general
theory of relativity [73]. With the current stability of optical clocks at the 1x107!8 level, there are
prospects for applying atomic clocks for the detailed mapping of the Earth’s gravity field [37, 10].

A highly stabilized laser is an integral component of high precision measurements, such as
optical atomic clocks and precision spectroscopy. Current technology for achieving highly phase
stable laser sources relies on locking a laser to a high-Q reference ultra low expansion (ULE) glass
cavity [22, 90, 47]. The phase stability of this method is currently limited by the thermal noise
induced in the mirrors, spacers, and coatings of the reference cavity [67], but has been significantly
reduced over the past few years with new engineered materials [48, 61].

As an alternative approach to overcoming the thermal noise problem, it was recently proposed
[62] to lock the laser to the saturated resonance feature exhibited by a collection of atoms with an
ultra-narrow electronic transition trapped in an optical cavity. Here, the atoms were assumed to be

trapped in an optical lattice inside the cavity. Due to the narrow atomic line, such a system would
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typically operate in the parameter region corresponding to the bad cavity limit of cavity QED.
There, the atomic linewidth is significantly narrower than the cavity linewidth. In contrast to the
reference cavity stabilization method described above, the cavity QED method offers a distinct
advantage since no drift compensation is needed.

The cavity QED system exhibits optical bistability in the intracavity intensity [11, 23] where
several solutions exist for the steady-state intracavity field. Working at an input intensity in the
region where bistability is present would in principle allow the greatest degree of stabilization [62].
However, it is not practical to work in the bistable region since quantum and classical fluctuations
between the semi-classical eigenmodes cause the system to be dynamically unstable. Therefore, one
is restricted to working at input intensities above the bistability, where the achievable stabilization
is orders of magnitude worse. Still, it was shown [62] that phase stability corresponding to the
sub-mHz level should be achievable.

Recently [85], an experimental effort to demonstrate the cavity QED system was made by
probing the ‘ISO> - ’3P1> intercombination line of ®Sr atoms (i.e. 7,/27 = 7.6 kHz) inside an
optical cavity. There, however, the atoms were not trapped in an optical lattice, but loaded into
the center of the cavity using a MOT, which was then turned off during probing. Typical MOT
temperatures correspond to a few millikelvin which is equivalent to a Doppler width of several MHz.
Considering the narrow 7.6 kHz line of the optical transition, this implies that motional effects will
be important.

In this chapter, we extend the many-atom cavity QED theory of [62] to include atomic
motion, and study its effect on the stabilization precision. In spite of the large Doppler effect, the
standing-wave nature of the cavity field induces sharp saturated absorption and dispersion features
to appear in the considered observables. These features are nestled in the center of the overall
Doppler broadened features [76, 31, 75, 58]. The stabilization that is achievable by utilizing these
sharp features is impeded by multi-photon scattering processes that occur when an atom’s velocity
matches one of its Doppleron resonances [1, 78]. The dependence of the stabilization on the number

of atoms and the temperature due to the Dopplerons is discussed. We demonstrate that the motion
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locked to probe laser Detuning
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Laser stabilization on atomic resonance, Ai=0

Figure 6.1: Schematic of the cavity QED experiment with a thermal sample of atoms with Doppler
width I'y, each of which have a narrow optical transition of width v, << I'y. The atoms are probed
with a carrier with frequency w,, and two sidebands located at w.£FSR, where FSR is the free
spectral range of the cavity. The carrier frequency w., which is close to the atomic frequency wy, is
locked on the cavity mode frequency w, while the sidebands are assumed far off resonance, typically
~ 10* atomic linewidths. By demodulating the light transmitted through the cavity at the FSR,
detection of the non-linear phase response of the transmitted light is achieved. This phase response
results in a photocurrent that serves as a frequency discriminating error signal that stabilizes the
laser frequency through the requirement Ai = 0.
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of the atoms causes the bistability region to disappear, so that no restrictions on input power are

necessary to avoid the dynamic instability that would otherwise result.

6.1 Model

We model our system as a collection of NV two-level atoms inside a single mode optical cavity

using the quantum Born-Markov master equation to describe the open quantum system,

d 1 .
=p == 5] + L 1], 6.1)
where,
LAY N
H="2% a4+ (af +a) + 1Y g5 (aley +6fa) (6.2)
Jj=1 j=1

and £ [p] denotes the Liouvillian.

The Hamiltonian H describes the coherent evolution of the coupled atom cavity system in an
interaction picture which rotates at the frequency of the cavity, and A is the atom-cavity detuning.
The Pauli spin matrices for the atoms are 6; ,6; and 6;, and @ is the annihilation operator of
the cavity mode. Furthermore, n = \/(kPj,)/(fw) is the classical drive amplitude, where « is the
decay rate of the cavity, P;, is the input power, and w is the frequency of the cavity mode. The
atom-cavity coupling rate is g;(t) = go cos(d;t), where gg is the maximum coupling amplitude, and
0; = kvj is the Doppler shift in terms of the velocity v; of the jth atom, and wave number k of the
light.

The incoherent evolution describes the various forms of dissipation in this system and is

described by the Liouvillian £ [7],

L[ = —g {&T&ﬁ + pata— 2@,6&*}
~ N
~3 2 {oerh+ ovfey — 267507
j=1

N
3 24 950 = ). (63)
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where p is the system’s density matrix, « is the spontaneous emission rate for the atoms, and T% is
the inhomogeneous dephasing rate.

We derive Langevin equations corresponding to Eq. 6.1. Assuming that the classical drive 7
is sufficiently strong, a mean-field description provides an accurate representation [36]. We define
the mean values for the field & = —i (a), and for the atoms, o; = <&;> ,o*j = <(3;.r> 05 = <c};-r>,

which evolve according to the semiclassical evolution,

N
& = —Rka+n+ Z gj(t)oy (6.4)
j=1
6; = —(p+id)o; +g;(t)aos, (6.5)
o7 = —y (0 +1)—2g;(t) (040;r + oz*Uj_) ) (6.6)

where v, = T% + 7 is the total decay rate of the atomic dipole. In the moving frame of reference of
the jth atom, the cavity field appears as a traveling wave, containing two frequencies shifted above
and below the cavity frequency by the Doppler shift §; (refer to Fig. 6.1).

It is convenient to approximate Eqns. 6.4 — 6.6 as a function of the continuous variable § = kv,

& = —Kka+n+ 9o / déP(6) cos(dt)o™, (6.7)
67 = —(yp+iA)o~ + gocos(dt)ao”, (6.8)
% = —v(c"+1)—2ggcos(dt) (o™ +a*c7), (6.9)

where P(9) is the Maxwell velocity distribution of width ¢, which is related to the temperature by
the equipartition theorem.

To solve this problem that intrinsically contains a bi-chromatic drive, we proceed in two
ways. Our first approach is to numerically integrate Eqns. 6.7 — 6.9, partitioning the integral into
finite-size velocity bins. The velocity partition must be chosen with care, since the system exhibits
Doppleron resonances, which have a strong dependence on the atomic velocity. Specifically, at
lower velocity, more resolution in the partition is required.

Our second approach is semi-analytic, and involves a Floquet analysis [30, 2], in which we
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expand 0, o, and 07 in terms of their Fourier components,

o~ = Zelwtf’«"g),

ot = Z zZEtmgl),

oF = Ze’mtajg , (6.10)
where xgl),xgl), and ;Uél) are the amplitudes of the [th Fourier component. Upon substitution of

Eqns. 6.10 into Eqns. 6.7 — 6.9, equations for the amplitudes are found:

i) = = A+ 1) +yp) el + BT (2 a7V,
(6.11)
iD= (A +16) — ) 2+ go?a* (:ngl“) + ng—n) ,
(6.12)
i) = =G0 — (i1 +7) 2
—do (amgﬂ) +a*$§l+1) +(m;z 1) +a*x§l‘1)>.
(6.13)

In order to find a steady state solution, we set the time derivatives in Eqns. 6.11 — 6.13 to

zero, and substitute Eqns. 6.11 — 6.12 into Eq. 6.13, yielding,

0= b0 + ) + diey T + bl (6.14)
where 6; ¢ is a Kronecker delta, and
2|12
ap = ild + 7+ + + + , 6.15
l K 2 Q1 P11 Qi1 B (6.13)
2012
_ Golo 1 1
by =d;—2 5 <Q11 + ) (6.16)

where,

= i(I6+ A) + 7y, (6.17)
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For a given «, Eq. 6.14 defines a tridiagonal linear system that can be solved by truncating
[ at some finite value, and applying the Thomas algorithm for matrix inversion [69].

Since the atoms have motion, the condition for resonance between an atom and photon is
achieved when the atomic frequency and photon frequency are offset by §. However, higher order
multi-photon processes, known as Doppleron resonances, involving 2n + 1 photons where n is an
integer, are also possible. The nth order Doppleron resonance corresponds to the terms of order
[/2 in the Floquet theory [1, 78]. This correspondence is why only even values of [ can couple into
Eq. 6.14.

In steady state, Eq. 6.7 simplifies to,

2
_n ., %N -1, (1)
o=+ 8= [asp) (331 +al ) . (6.19)

Since xl_l and z} depend on «, the self-consistent field amplitude « that solves Eq. 6.19 is found
numerically by applying Newton’s method for root finding [69].

We have seen excellent agreement between the two previously described solution methods,
and for the remainder of the chapter, focus our attention on the Floquet solution, which most

transparently illuminates the underlying physics.

6.2 Discussion of Steady State Solutions

We first consider the lowest order solution to Eq. 6.19, by truncating at [ = 0, which means we
have not included higher order Doppleron processes. We have verified that this solution displays the
correct physics qualitatively by comparing to higher order solutions that are truncated at increasing
values of [. We define scaled intracavity and input field amplitudes = = o/\/ng, y = 1n/(ky/n0),

where ng = (77,)/(4g2) is the saturation photon number. Eq. 6.19 then becomes,

y = x<1+NCO d5P(5){ L HA+0)/

2 2
4 L+ 1S58 4 B (14 e)
L—i(A—=0)/v
1 (A—=5)? EE _ ) (620)
+ 8 R (14
p
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v2+(A+5)2

2
— 90 + _ TpT\8L9)
where Cp = =2, and {* = V(AT

KYp?
It is interesting to consider the relation corresponding to Eq. 6.20 for a ring cavity system that

has a field traveling in only one direction, assuming equal intracavity power. The corresponding

expression is given by,

y=a(1+ Y [sp =12t 0/ ) (6.21)
P

In the experiment described in [85], the measured observables are the cavity transmitted
power T' = |z/y|> and transmitted phase shift ¢ = arg(z/y) of the intracavity light relative to
the input light. Fig. 6.2 shows that the presence of ¢ in Eq. 6.20 results in extra absorption and
dispersive features (blue solid) around resonance in the transmission and phase shift, as compared
to a ring cavity field (red dashed) where ¢+ = 0.

These extra absorption and dispersive features are caused by the following: The distribution
of atomic velocities results in a different Doppler frequency shift of the light for each atomic velocity
class, so that each velocity class will be resonant at a different detuning A. When |A| < 7,|z|,
the resonant velocity class of the atoms is interrogated by both components of the standing wave
field, whereas when |A| > 7,|z|, the resonant velocity class of atoms is interrogated by only one
component of the standing wave field. Thus, there is an increased saturation in atomic absorption,
with a corresponding saturated dispersive feature, for |A| < 7,|x|. These sharp features are absent
from the traveling wave cavity situation where there is only one propagating field.

As seen in Fig. 6.2 (a), for low input intensities, there is no atomic saturation at any detuning.
In Fig. 6.2 (b), the atoms in the velocity class around resonance are saturated by both components
of the field, and the velocity classes away from resonance are saturated by only a single component
of the standing wave field. Therefore, the features caused by the two component saturation and
the features caused by the single component saturation are clearly able to be distinguished. It can
be seen in Fig. 6.2 (c¢) that as the amount of saturation becomes large, the central feature becomes

power broadened, but is still identifiable. Fig. 6.2 (d) shows the intracavity intensity for a given
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Figure 6.2: Development of the extra absorption and dispersion features in the transmission (T)
and phase shift (¢), as the input intensity is increased. Blue (dark gray) solid curves are for
a standing wave cavity, red (light gray) dashed are for a traveling wave cavity. For all plots,
NCy = 600 and 6y/~, = 260, which in the case of 83Gr, corresponds to a temperature of ~ 15 mK.
(a) |ly|> =5 x 1071, (b) |y|?> =6 x 10, (c) |y|> = 9 x 102; The inset is zoomed in to emphasize the
central features. (d) Input vs intracavity intensity at resonance. The black dots label the input
and intracavity intensities of (a) (b) and (c), and the dashed line is |y|? = |z|? for reference. Note
that there is no bistability.
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input intensity with the values used in Figs. 6.2 (a-c) labeled by black dots.

In Fig. 6.3 and Fig. 6.4, a comparison between the solutions to Eq. 6.19, with [ truncated at
[ = 6, and the experimental results of [85] can be seen. Fig. 6.3 shows the transmitted phase shift
¢ = arg(z/y) of the intracavity light relative to the input light around resonance for several systems
of varying input probe laser power. Here is demonstrated a linear increase in phase slope as the
input laser power is reduced. Fig. 6.4 shows the transmitted phase shift for several systems with
varying numbers of atoms. Here is demonstrated a linear increase in phase slope as the number of
atoms is increased. In both figures, an excellent agreement between the theory and experimental

results can be seen.

6.3 Shot Noise Limited Laser Stabilization

For laser stabilization, the central part of the phase response close to the atomic resonance
serves as an error signal, see Fig. 6.2 (c), and allows for the generation of a feedback signal to
the laser frequency. Through the photodetector, the error signal is converted to a measurable
photocurrent. Any photocurrent measured by the photo detector should, in principle be zeroed by
an ideal feedback loop of infinite bandwidth to the laser frequency.

To determine the potential phase stability that could be achievable using our system, we
consider the shot noise limited stabilization linewidth assuming a strong local oscillator, as derived
in [62],

Av = o 5= Co 5 (6.22)
87e Pyig (%) dmery|x|? (%)

where Py;, is the signal power, ¢ is the photo-detector efficiency and (3—2) is the dimensionless phase

slope at resonance A = 0. In the case that FM spectroscopy, such as NICEOHMS [85], is used for
the detection of the absorption or cavity transmitted phase, Eq. 6.22 must be modified as follows.
In general, in a configuration where sidebands are applied at the free spectral range of the cavity,

Eq. 6.22 must be multiplied with (1 + Pyig/2Psideband), Where Psigepand is the sideband power.
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Figure 6.3: Measured phase shift of the cavity transmitted field when scanned across the atomic
resonance. The input probe laser power, P;,, is progressively decreased from 1950 nW (a), 900 nW
(b), 700 nW (c) to 650 nW (d). The number of atoms is about 2.5 x 107. Each point is an average
of three data points. The solid lines are the predictions of the theoretical model.
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Figure 6.4: Measured phase shift of the cavity transmitted field when scanned across the atomic
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(a), 2.0 x 107 (b), 1.7 x 107 (c) to 1.2 x 107 (d). The input power used for all plots was 650 nW.
Each point is an average of three data points. The solid lines are the predictions of the theoretical
model.
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Eq. 6.22 is the smallest, and hence the phase is most stable, when the product of the slope
around resonance and the intracavity intensity is as large as possible. The optimal input intensity,
which allows this product to be as large as possible, is the value used in Fig. 6.2 (¢), and is labeled
by the black dot at |y|? ~ 103 in Fig. 6.2 (d).

To achieve a quantitative agreement between theory and experiment [85], higher orders in [
in Eq. 6.19 must be included. These higher order terms correspond to Doppleron resonances, i.e.
multi-photon scattering processes between the atoms and cavity mode.

To study the importance of these higher order Dopplerons, we calculate the linewidth from
Eq. 6.22 at the optimum input power while varying the order of [ at which the truncation occurs.

Fig. 6.5 shows the dependence of the linewidth at the optimum input intensity on the order
of [ at which the truncation occurs for 3 different sets of parameters. The first set, shown in blue
circles, converges by [ = 12. The linewidth calculated with up to [ = 12 included before truncation
is around 5 times larger than the linewidth with only [ = 0 included. This shows that Doppleron
effects are crucial to include for a correct quantitative analysis of this system.

Shown in red squares, we increase the number of atoms by a factor of 10, and again calculate
the linewidth as a function of the order of [ at which the truncation occurs. As a result of N being
increased, the optimum value of |y|? is also increased. Convergence occurs around [ = 16. Now, the
difference between the converged linewidth and the linewidth with only [ = 0 included has increased
by a factor of around 2. This demonstrates that as N is increased, higher order Dopplerons play
an increasing role.

We also decrease the temperature by a factor of 10, and again calculate the linewidth at the
new optimum value of |y|2, as shown by the black diamonds. Even though the optimum |y|? occurs
at a lower value, there is still an increase in the difference between the converged linewidth and
the | = 0 linewidth. Convergence occurs around ! = 12. This shows that as the temperature is
decreased, higher order Dopplerons also play an increasing role.

We next study the effect of optical bistability, and its effects on the optimum input intensity.

As can be seen in Fig. 6.6 (a), when &y/7, = 0 there is a bistability in input (Jy|?) vs intracavity
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Figure 6.5: Linewidth at the optimum |y|?, which gives the smallest linewidth, as a function of
included orders of I, normalized by the [ = 0 linewidth. Blue circles: NCy = 600, do/v, = 260,
ly|*> = 1270. Red squares: NCy = 6000, 6o/, = 260, |y|?> = 7700. Black diamonds: NCj = 600,
do/p = 80, [y[* = 850.
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(|z|?) intensities. As the temperature is increased, the bistability becomes less pronounced, until
eventually it disappears entirely, which can be seen in the dy/7, = 30 curve.

The slope at resonance, which can be seen in Fig. 6.6 (b), has very a different behavior for
the zero and non zero temperature cases. For /v, = 0, the slope is largest on the lower branch,
decreases slightly in the bistable region, and then drops exponentially to zero as the intensity is
increased on the upper branch. When the temperature is increased, the bistability disappears, and
a dispersion feature with negative slope appears. Then the slope goes to a maximally negative
value before power broadening eventually causes it to increase to zero.

The disappearance of the bistability is important for achieving the highest possible degree
of stabilization. In the zero temperature case, the optimal combination of |9:|2 and % to give
the smallest Av occurs on the far left side of the upper branch, when the input intensity has the
fixed value |y|? = 4NCy, labeled with the black dot in Fig. 6.6 (a) and (b). However, this value
of intensity is in the bistable region, so the system is dynamically unstable when the full quantum
dynamics are accounted for. If the tunneling rate between the different branches is not small, we
are constrained to work at input intensities that are above the bistable region where the achievable
frequency precision is much less. The grey dot in Fig. 6.6 (a) and (b) is at the far right side of
the bistable region, at the fixed input intensity value |y|?> = (NCp)?/4. The stabilization linewidth
is orders of magnitude worse here, because the slope is so small. Nonetheless, working above the
bistability allows for shot noise limited stabilization line widths of ~ 1 mHz [62].

Fig. 6.6 (c) shows the stabilization linewidth as a function of NCj for several temperatures. In
the d9/7p = 0 limit of zero temperature, the black dashed curve corresponds to the input intensity
corresponding to the black dot, and the black solid curve corresponds to the input intensity of the
gray dot. When the temperature is increased sufficiently, the bistability disappears. Then, there are
no longer any regions of dynamic instability and therefore no restrictions on input intensity. Each
of the dp/7p # 0 cases in this plot are calculated at their respective optimal input intensity, and stop
at a critical value of NCj, where the bistability reappears. It follows as reciprocal information that

for a given value of NCjy, there exists a critical temperature at which the bistability disappears.
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Figure 6.6: (a) Scaled input (|z|?) vs intracavity (|y|?) intensities for several temperatures with
NCp = 800 (b) Slope at resonance for several temperatures with NCy = 800 (c) Stabilization
linewidth as a function of NCy for several temperatures. For dg/7, = 0, black dashed is calculated
at the fixed input intensity |y|*> = 4NCp; black solid is calculated at the fixed input intensity
ly|?> = (NCp)?/4. For &p/7, # 0, the linewidth is calculated with the input intensity fixed to the
optimum value that gives the smallest linewidth. In the case of 88Sr, dg/ vp = 150 corresponds to a

temperature of ~ 5 mK.
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Therefore, by using Fig. 6.6 (¢) to note the values of temperature and NCj at which the bistability
disappears for the different curves, it is seen that the critical temperature increases as N Cj increases.

In general, a lower temperature will yield a smaller linewidth. However, because one must
avoid working in a region of optical bistability, the optimal shot noise limited linewidth for certain
values of NCy and dy/7, in which there is no bistability can actually be smaller than the dy/v, =0

linewidth which is constrained above the bistability.

6.4 Conclusion

We have seen that thermal atoms in a standing wave cavity field exhibit additional phenomena
that were not observed when considering a frozen arrangement of atoms. Specifically, when the
detuning of the laser and atoms is less than the power broadened linewidth, the system interacts
with both components of the standing wave field. This causes new absorptive and dispersive
features in the observables, which are the features that can be used as an error signal for frequency
stabilization. Multi-photon scattering processes due to Doppleron resonances cause the stabilization
linewidth to increase. This effect becomes more dominant as the collective cooperativity NCjy is
increased, and as the temperature is decreased. A system with sufficient NCj and no atomic motion
will exhibit optical bistability. Atomic motion may cause this bistability to disappear. When
optical bistability occurs, one is generally restricted to using an input intensity that lies outside of
the bistable region in order to prevent hopping between semiclassical solutions. When there is no
optical bistability, there are no dynamically unstable regions, so that no such restrictions on input

intensity are necessary, allowing the optimally smallest stabilization linewidth to be achieved.



Chapter 7

Conclusion

In this thesis, we have examined a variety of open quantum systems in an attempt to discover
a scheme in which an extremely spectrally pure coherent light source might be realized. Before
these systems were examined, the necessary preliminary material was provided. To begin, the
electromagnetic field was quantized. This was necessary to correctly describe the Hamiltonian
dynamics of our open quantum systems when only a few photons are present. Also, a quantized
field is needed in order to describe spontaneous irreversible processes, such spontaneous emission.
The power spectrum, and its relation to the two-time correlation functions through the Wiener-
Khinchin theorem was also discussed. This allowed the spectral properties of a system, such as the
linewidth of the power spectrum, to be calculated.

Next, we derived the master equation, which describes the Schrédinger evolution for a system
that is weakly coupled to a much larger reservoir. The coupling was treated in time dependent
perturbation theory, and the reservoir was approximated as having infinite bandwidth, and then
averaged over. Exact solution methods to the master equation, such as the quantum jump and
quantum state diffusion methods were presented, and computer simulations of these methods were
demonstrated. The cumulant expansion method, which consists of an approximate set of coupled
equations for expectation values of system observables, was also demonstrated.

The quantum Langevin equations, which describe open quantum systems in the Heisenberg
picture of quantum mechanics, were then derived. The same infinite bandwidth approximation

that was made in the master equation derivation was made here. Since these equations prove
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difficult for computer simulations, a Fokker-Planck equation for a quasi-probability distribution
describing the system was derived. It was shown that a set of c-number Langevin equations are
equivalent to the Fokker-Planck equation. These c-number Langevin equations can be simulated on
a computer with relative ease. Once this procedure for deriving the c-number Langevin equations
from the Fokker-Planck equation was demonstrated, an easier, but less mathematically rigorous
way to derive c-number Langevin equations was shown. This new procedure becomes increasingly
advantageous as the system complexity increases. Finally, computer simulations of the c-number
Langevin equations for several systems were demonstrated.

The theory of the crossover between lasing and steady state superradiance was presented. It
was shown how lasing and steady state superradiance can actually be thought of as the extreme
limits of a single and more general phenomenon. In a laser, the phase information that allows for
coherence is stored in the light field. In steady state superradiance, this phase information is stored
in the atomic ensemble. In the crossover region between these two limits, the phase information that
allows for coherence can be stored in the light field and the atomic ensemble simultaneously. The
parameter space between these two extreme limits was explored, and the benefits and drawbacks
of operating a system at a given set of parameters, to achieve the most spectrally pure light source,
were discussed.

Specifically, it was shown that for a given rate of re-supplying energy, a crossover system will
be much farther above threshold than a laser, which is typically operated just above threshold.
This can allow the linewidth of a crossover system to be orders of magnitude smaller than the laser,
while maintaining a similar intracavity intensity. A crossover system also exhibits a much larger
intracavity intensity than a superradiant system, so that the crossover system is more experimen-
tally accessible. The linewidth and intracavity intensity were shown to be insensitive to atomic
dephasing in all parameter regions, so long as the rate of atomic dephasing is smaller than the rate
of energy being resupplied to the system.

The sensitivity to fluctuations in cavity length and cavity frequency were also discussed.

The superradiance region was shown to be insensitive to fluctuations in cavity frequency, while a
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lasing system is insensitive to fluctuations in the atomic frequency. A crossover system was shown
to be less sensitive to fluctuations in cavity frequency than a laser system, and less sensitive to
fluctuations in atomic frequency than a superradiant system. This is important, since fluctuations
in cavity length are the bottleneck in further reducing the linewidth in today’s narrowest linewidth
lasers.

Finally, we considered the phase stability of a local oscillator locked to a cavity QED system
comprised of atoms with an ultra-narrow optical transition. The atoms were modeled as being
cooled to millikelvin temperatures and then released into the optical cavity. Even though the atomic
motion introduced Doppler broadening, the standing wave nature of the cavity caused saturated
absorption features to appear, which are much narrower than the Doppler width. These features
can be used to achieve an extremely high degree of phase stabilization, competitive with the current
state-of-the-art. A comparison between the developed theory, and the results of an experiment on
the system that was considered was given. It was demonstrated that the inhomogeneity introduced
by finite atomic velocities can cause optical bistability to disappear so that there exist no regions
of dynamic instability that would otherwise restrict operational parameters in the experiment to

be outside the optimum region where the minimum linewidth occurs.
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