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Non-classical light is both easily encoded with quantum information and ro-
bust against decoherence, making it a key resource that enables many quantum
information applications including quantum computing, quantum communication,
and quantum metrology. We present a wide range of experimental and theoretical
research toward the generation, detection, characterization, and storage of non-
classical states of light with an eye toward quantum information applications.

To provide a basis for the rest of the work, we begin by discussing theoretically
the role of photon number statistics in optical quantum information and the use of
second-order optical coherence to characterize non-classical light. Building on that,
we present an original tool for the difficult problem of reconstructing the underlying
mode distribution of multi-mode optical fields using simple measurements of higher-
order optical coherence.

We then move on to the problem of generating and storing single photons. We

do this in a solid-state medium, a rare-earth ion-doped crystal, with a long-lived spin



transition ideal for storing quantum information. We experimentally demonstrate
the feasibility of this concept by showing correlations between the optical fields that
herald storage and retrieval of collective excitations. This scheme can be used for
the two important and distinct applications of generating single photons on-demand
and storing quantum information and entanglement.

The detection of non-classical light is a task as important as its generation. To
this end, we study detectors with near unity detection efficiency and photon number
resolution for use in quantum-enabled metrology. We use such a detector to exper-
imentally demonstrate compression of spatial fringes and investigate the possibility
of improving measurement resolution with classical and non-classical light.

Finally, we report a set of experiments using photon number statistics to char-
acterize classical and non-classical light. We measure suppression of unwanted multi-
photon emission in a heralded single photon source based on four-wave mixing in
microstructure optical fiber. And we, for the first time, experimentally demonstrate
reconstruction of multi-mode classical and non-classical light from measured photon

number statistics.



NON-CLASSICAL LIGHT FOR QUANTUM INFORMATION

by

Elizabeth Anne Goldschmidt

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2014

Advisory Committee:

Professor Steven Rolston, Chair

Dr. Alan Migdall, Co-Chair/Adviser
Professor Christopher Lobb
Professor Christopher Monroe
Professor Luis Orozco

Professor Edo Waks



(© Copyright by
Elizabeth Anne Goldschmidt
2014



Dedication

For Aaron.

i



Acknowledgments

The work in this thesis was all the result of collaborative efforts with colleagues
at NIST, ANU, and elsewhere. First thanks go to my advisor Alan Migdall who
mentored me over six and a half years. My development as a physicist and an ex-
perimentalist would have been impossible without the support, encouragement, and
advice I received from Alan. In addition, Sergey Polyakov at NIST and Matt Sellars
at ANU both provided an enormous amount of guidance on many projects and I
owe them a great debt. And much thanks go to my partner on the praseodymium
experiment both at NIST and ANU, Sarah Beavan.

Many others contributed directly and indirectly to the work presented. Thanks
to the members of the Migdall group at NIST including Elohim Becerra, Jun Chen,
Matt Eisaman, Jay Fan, Boris Glebov, Alex Ling, Aaron Pearlman, and Joffrey Pe-
ters and to the members of the Sellars group at ANU including Rose Ahlefeldt, John
Bartholomew, and Morgan Hedges for all their help. In addition I have benefited
over the years by helpful discussions with many others at NIST and elsewhere includ-
ing Mohammad Hafezi, Zachary Levine, Jevon Longdell, Sae Woo Nam, Alessandro
Restelli, Jake Taylor, and Christoph Wildfeuer. And I would like to thank all my
friends and family for supporting me throughout my PhD work, particularly my
parents, Lynn and Bob Goldschmidt, and my husband, Aaron Pearlman.

Finally, I would like to acknowledge the generous financial support I received

from the Joint Quantum Institute through my graduate career.

il



Table of Contents

Table of Contents

List of Figures

1

Introduction

1.1 Single photons . . . . . . . ... ... oL
1.2 Quantum memory . . . . . . . . . .. ...
1.3 Detection . . .. ... oo

Photon statistics

2.1  Quantized electromagnetic field . . . .. ... ... ...
2.2 Correlation functions . . . . .. ... ...
2.2.1 Cauchy-Schwarz inequality . . . . . . .. .. ...
2.2.2  Measuring correlation . . . . .. .. ..o
23 Typesoflight . . ... .. ... ... ... ...,
2.3.1 Coherent states . . . . ... ... ... ......
2.3.2 Thermal light . . . ... ... ... .. ......
2.3.3 Single photon states . . . . ... ... ... ...
2.4 Characterizing light . . . . . . .. ... ... ... ...
2.4.1 Heralded single photon sources . . . . ... ...
2.4.2 Cross-correlation . . . .. ... ... .......
2.4.3 Mode reconstruction . . . ... ... ... .. ..

Quantum optics in rare-earth systems

3.1 Basic properties . . . . . ... oL
3.2 Spectral hole burning . . . . . .. ... 0L
3.3 Quantum memory . . . . . . .. ...
3.3.1 Experimental methods . . .. ... ... .....
3.3.2 Correlation model . . . . . ... ... ..., ...
3.3.3 Experimental results . . . ... ... ..., ...
3.3.4 Spectral filtering . . ... ...

v

v

vi

10
10
13
16
20
22
22
23
24
26
26
31
33



4 Non-classical detection for metrology
4.1 Fringe compression . . . . . . .. ..o
4.2 Beamcontrast . . . . . . . . ...

5 Characterizing light
5.1 Heralded single photon source . . . . . . .. ... ... ... .....
5.2 Non-local realism . . . .. ... ... ... ... ... .. ...,
5.3 Mode reconstruction . . . . ... Lo

6 Conclusion and outlook

Bibliography

70
73
76

82
82
90
97

104

106



2.1
2.2
2.3
2.4
2.5

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

4.1
4.2
4.3
4.4

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10

List of Figures

Hanbury Brown-Twiss interferometer . . . . . . .. ... ... .... 21
Heralded photon number distributions . . . . . ... ... ... ... 30
g? contour lines . . .. ... 36
Understanding mode reconstruction . . . . . . ... .. ... ... .. 37
Mode reconstruction sensitivity . . . . . ... ..o 38
Rare-earth orbitals . . . . . ... ... ... .. .. 43
Rare-earth energy levels . . . . .. .. ... ... ... ... 44
Pr3t:Y,Si05 level structure . . . . . ... 46
Spectral hole burning . . . . . . .. ..o Lo oo 48
State preparation for quantum memory . . . . . . ... ... L. L. 51
Praseodymium energy levels . . . . .. ... ... ... ... .. 56
Experimental Setup. . . . . ... .. ... L o 60
Phase-matching . . . . . . . . ... oo 61
Storage of collective excitations . . . . . .. ... ... .. .. ... 66
Spectral hole-burning filter . . . . . . . . ... ..o 69
Diffraction . . . . . . . ... 74
Finding the center of a distribution . . . . . .. ... ... ... ... 7
Beam contrast . . . . .. ... 78
Calculated spatial distributions . . . . . .. ... .. ... .. .... 80
Image of microstructure fiber . . . . . ... ... 84
Fiber pair source experiment . . . . . . . . .. .. ... ... ... .. 86
g@) Vs, pump power . . ... 88
Poincaré sphere . . . . . ... o 93
Non-local violation setup . . . . . . . . .. ... .. oL 94
Non-local realism violation . . . . . . . .. .. ... ... ....... 96
Mode reconstruction experiment . . . . . . . .. ... ... ... 99
Reconstructed thermal modes . . . . . . ... ... .. ... ..... 101
Reconstructed Poissonian and thermal modes . . . . . ... .. ... 102
Reconstructed single photon and thermal modes . . . . . ... .. .. 103

vi



Chapter 1: Introduction

For many years after the development of quantum mechanics, debates about
new concepts such as quantum measurement, superposition, and entanglement were
thought to be primarily philosophical. Experiments on single quantum systems
were far outside the technical state of the art at the time and, as such, many
of the counter-intuitive concepts inherent to quantum mechanics were thought to
be untestable. The 1970s and 1980s saw an explosion of results opening up en-
tire new quantum possibilities as new experimental techniques allowed studies of
single quantum systems such as single trapped atoms and single photons [1,2] cul-
minating with the 2012 Nobel prize in physics [3,4]. The paradox presented by
Einstein, Podolsky, and Rosen [5] was shown to be testable experimentally [6] and
quantum entanglement was verified at the expense of hidden variable theories and
local realism [1,7]. It was shown that simulating a large quantum system would
be possible only with another quantum system and the idea of quantum computing
was born [8,9]. The quantum no-cloning theorem [10] along with the uncertainty
principle combined to give rise to the possibility of perfect security with quantum
resources [11]. Since then, there has been an explosion of research in the field of

quantum information designing systems that take advantage of quantum mechanical



phenomena to implement faster computing, more secure communication, and more
precise measurement [12,13].

The fundamental unit of all these quantum information schemes is the quan-
tum bit, or qubit. Unlike a classical bit, a quantum two-state system can be in a
coherent superposition of its two states, or even part of a collective entangled state
with other qubits in the system. The large space of possible states, exponentially
larger than the number of classically possible states, is the underlying reason why
simulating a quantum system is exceedingly hard on a classical computer and why a
quantum computer can perform tasks of much higher complexity. The existence of
multiple, non-commuting bases in which a qubit can be encoded, and the uncertainty
relation that accompanies such observables, leads to quantum secure protocols in
which an eavesdropper cannot collect information without altering the qubits in a
detectable way. And the ability to reduce quantum noise below the limit obeyed by
classical systems opens up the possibility of making measurements with greater and
greater precision.

In the context of quantum information, photons are often referred to as flying
qubits because they are so well-suited for transmitting quantum information. Light
is generally robust against decoherence because it only weakly interacts with its
environment and thus can maintain a quantum mechanical state for a long time. In
addition, light has many natural bases that can be used to define qubit states, includ-
ing polarization, phase, photon number, arrival time, orbital angular momentum,
and frequency. To this end, we present here progress toward generating, storing, and

detecting states of light suitable for a variety of quantum information applications.



1.1 Single photons

A major task in quantum optics today is producing single photons. Optical
quantum information is often encoded in such a way that a single photon holds a
single qubit of information. One reason for this is the inherent security of single
photon communication. Quantum security is based on the ability to measure in
non-commuting bases such that an eavesdropper will alter the state in a detectable
way [14]. However, if a qubit is held in more than one photon, the channel is suscep-
tible to photon number splitting attacks in which an eavesdropper makes different
measurements on different photons. In addition, many other optical quantum in-
formation protocols, such as linear optics quantum computing [15], rely on the two
photon interference effect known as Hong-Ou-Mandel interference, which requires
single photon inputs [16].

Producing photons one at a time, however, turns out to be a difficult task. Vir-
tually all light sources exhibit natural intensity fluctuations. In particular, sources
that we term classical, including the lasers and lamps used in optics laboratories,
produce photons at a rate that fluctuates in time according to a well-known distri-
bution. Even if we attenuate a classical source such that we rarely see any photons
emitted, there will still be a finite probability that the source will emit more than
one photon at a time. Reducing the multi-photon component of a field is therefore
an important task and there are many methods for doing just that [17]. In particu-
lar, in chapters 2 and 5 we discuss theoretical and experimental work characterizing

the single photon nature of a light field [18].



Single photon sources are generally based either on single emitters, such as
single atoms, ions, or solid-state defects, which by their nature can only emit one
photon at a time, or nonlinear processes in macroscopic systems that produce pho-
tons in pairs such that one member of the pair can herald the presence of the other.
In the case of single emitters, collection is a significant issue because the photon is
emitted into 47 steradians unless the system is specifically engineered to emit in a
preferred direction. As a result, although there has been much progress coupling sin-
gle emitters to optical cavities [17,19,20], the primary method to date of generating
single photons has been via pair production. In particular, spontaneous parametric
down conversion (SPDC) in nonlinear crystals is the basis of most single photon
sources used to date [17]. Pair production is an inherently probabilistic process,
resulting in photons at random times. A photon pair source can be combined with
a quantum memory to generate photons on demand, though engineering a highly
efficient quantum memory with spectral properties matched to a photon pair source
is a significant challenge [21].

In chapters 3 and 5 we discuss two methods for producing photon pairs other
than SPDC, four-wave mixing in optical fiber and Raman transitions in atomic
ensembles [18,22]. Producing photon pairs in an optical fiber has a number of
advantages over SPDC because photons are produced directly in the single spatial
mode of the optical fiber. Atomic ensemble-based photon pair sources have the
benefit that the ensemble acts as a built in quantum memory, allowing the photons
to be produced on demand, rather than randomly.

Many pair production techniques, including SPDC and four-wave mixing in

4



optical fiber, produce photons in multiple spectral modes. For quantum informa-
tion applications, this frequency entanglement is generally undesirable as it causes
photons to be non-identical or leads to destruction of other, desired entangle-
ment [23,24]. In chapter 2 we present a new method that can help determine
the degree of frequency entanglement in many photon pair sources and in chapter
5 we present a proof-of-principle experiment demonstrating our method [25].

We noted earlier that the foundations of quantum information were built on the
experimental work demonstrating the triumph of quantum theory over local realism
[5,6]. Recently, a new class of non-local hidden variable theories was shown to have
predictions different from quantum theory [26]. In chapter 5 we use single photons
to show simultaneous violation of both local and non-local hidden variable theories
consistent with quantum theory [27]. By demonstrating the infeasibility of both
local and non-local realism as underlying descriptions of the natural world, this work
suggests that realism (an external reality exists independent of observation), rather
than locality (events in space-like separated regions cannot affect each other), is the

aspect of classical physics that must be abandoned in favor of quantum mechanics.

1.2 Quantum memory

Many quantum information protocols require a quantum memory that al-
lows the transfer of quantum information between propagating photons and internal
states of matter to locally store quantum information [28]. Some form of quantum

memory is necessary for optical quantum computing protocols that have probabilis-



tic gates or teleportation operations [29]. Long distance quantum communication
requires quantum memory to transmit quantum information in a practical amount
of time [30]. Loss in optical fiber increases exponentially with distance. Unlike
classical communication, where we can use bright states and amplifiers to overcome
this loss, quantum communication requires transmission of single photons (or other
similarly loss-intolerant states). Thus, the loss in optical fiber means that the time
to directly transmit quantum information over a fiber link scales exponentially with
distance, making long-distance communication in this manner unfeasible. In [30] it
was shown that quantum memories can serve as the basis for quantum repeaters,
which allow quantum communication in a time that scales polynomially, rather than
exponentially, with distance. A quantum repeater relies on generating and storing
entanglement in quantum memory nodes spaced along the communication channel.
These nodes break the entire communication length into a series of shorter seg-
ments. Entanglement is heralded by transmission of single photons over the shorter
segments between quantum memory nodes. If a heralding photon is lost in one
or more of the segments, entanglement generation only has to be retried on the
segments where it failed. The other quantum memory nodes store the entangle-
ment on the segments that succeeded. The beneficial scaling is a result of the fact
that, unlike with direct communication in which a single photon must traverse the
entire distance, loss in one part of the link does not negate successful transmis-
sion in another. Once entanglement is established over the entire channel, quantum
teleportation allows transmission of quantum information over the full distance [31].

Quantum memory can also be used to engineer sources of non-classical light.



As mentioned earlier, heralded single photon sources in combination with quantum
memory, such as the atomic-ensemble based system in chapter 3, produce photons
on demand, rather than at random, heralded times [21]. One arm of the pair
source (heralding arm) goes to a detector while the other (heralded arm) goes into
a quantum memory. Rather than heralding a propagating photon, the heralding
photon heralds storage of a single photon in the quantum memory, which can be
retrieved from the memory on demand. And quantum memory can allow more
complicated non-classical states of light, such as higher order Fock states, to be
produced by heralded storage of known states [32].

An ideal quantum memory can store quantum information for long enough
to perform some computation or communication protocol. Long storage times are
achieved in systems that keep the qubit isolated from the surrounding environment
because interactions with the environment cause loss and decoherence. In addition,
an ideal quantum memory is based on a system that is strongly coupled to light
so that the quantum information is not lost in the process of converting between
optical and matter-based qubits. Quantum memory demonstrations in rare-earth
ion-doped crystals (REIC) have shown storage times of tens of seconds as well as
recall efficiencies well over 50 % [33-35]. In addition, REIC are solid state systems,
which opens up the possibility of integrated photonic systems in which quantum
protocols are all carried out on chip. In chapter 3 we present experimental progress

toward implementing a quantum memory in a solid-state REIC [22].



1.3 Detection

Detection at the single photon level is a crucial aspect of optical quantum
information protocols [17,36]. Most single photon detectors produce an electronic
signal upon absorption of one or more photons, without discriminating the number
of photons present. There are many applications in quantum information and else-
where, however, where photon number resolution is useful or required [15,17,25].
One such method for implementing photon number resolving detection is by multi-
plexing single photon detectors. In chapter 5 we report an experiment using such
a detection scheme to reconstruct the modes of mixed states of light. Multiplexed
detection, while relatively simple to implement, has drawbacks that include photon
number resolution limited by the number of detectors available (or the acceptable
time delay for temporal multiplexing) and reduced sensitivity due to splitting proba-
bilities [37] (which can be reduced, but not eliminated with active multiplexing [38]).
True photon number resolution is possible using detectors such as a transition edge
sensor (TES), which measures the change in resistance in a superconducting film
due to the temperature rise that accompanies absorption of photons. In chapter 4
we report results using a TES to study how photon number resolution can be used
in imaging and metrology applications [39].

We also report in this thesis theoretical and experimental work showing that
photon number resolved detection can be a useful tool for characterizing light. In
particular, we study the relationship between the photon number statistics of a

light field and the properties of its source in chapter 2 and show that we can use



multiplexed single photon detectors to reconstruct the underlying mode spectrum
of various light fields in chapter 5, an important task for engineering and diagnosing

many sources of non-classical light [25].



Chapter 2: Photon statistics

Throughout this thesis we will frequently use photon number statistics to char-
acterize various light fields. That light is composed of discrete particles (photons)
is an inherently quantum concept, and thus photon number statistics provide an
inherently quantum description of light. We will show that such a description is
useful for discussing light in the context of many quantum information applications.
In addition, modern photodetection makes it possible to directly access the photon
number statistics of many fields and we will discuss experiments that take advan-
tage of photon number resolved detection. In this chapter we introduce the language
for discussing photon number statistical properties and introduce some specific sce-
narios in which we can use photon number statistical measurements to learn more

about a light field.

2.1 Quantized electromagnetic field

Following is a brief review of the well-known quantization of the electromag-
netic field that can be found in many books [13,40,41]. Classically, light is described
by propagating electromagnetic waves obeying Maxwell’s equations in free space.

We write the transverse electric (E) and magnetic (B) fields in terms of a vector

10



potential (A):

VxE=-28 V.E=0

VxB=%% V-B=0

Working in the coulomb gauge (V- A = 0) we can solve the wave equation for

the vector potential (—V2A + c%a:—QA = 0) to obtain:

Alr,t) = D ek (A ) A ilntlen) (2.1
k,e

where we have decomposed A into modes of particular wavevector components k
(wr = c|k|) and polarizations e. We can now write the transverse electric field for a

propagating electromagnetic wave as

EF) (r,t) = er. (iwy) A e @rt—kr)
(r,t) ;k(k)k (2.2)

EC) (r,t) =) ege (iwy,) A e’ 7k
k,e

where ey, is a unit polarization vector and the energy contained in the field in a
volume V' is

£=> eVwp (AreAi, + ApAwe) - (2.3)

k,e
We notice that under the following transformation each mode acts as an inde-

pendent quantum harmonic oscillator with frequency wy:
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s h ~ * . h A~
Age = —i4/ oV ke A, — iy / eV Qe

in which @ and &' are the bosonic creation and annihilation operators for a single

mode of the quantized electromagnetic field and the quantum hamiltonian is

1 At oa F
H = Z §hwk <aL€ak6 + akga};) . (2.4)

k,e

We can write the quantum mechanical electric field operator for a single mode
k, € in units of ;Z“T‘{/ and define the phase of the field 6 = wit — k - r:

(0) = ae™ + ate. (2.5)

Unless otherwise noted, we will assume we have a single mode of the quantized
electromagnetic field and drop the ke subscripts. It is often useful to write the
quantum state of a light field in the photon number, or Fock, basis where a photon
is defined as a single excitation in a single mode of the field and an n photon state
is written as |n). We recall some of the properties of the bosonic creation and

annihilation operators in the Fock basis:

dta=n, a'ln)=vn+1ln+1), aln)=ynln-1), [4,a4] =1

In the next section we will show some implications of the quantum description

of light.

12



2.2  Correlation functions

We discuss here how to describe light in terms of its intensity fluctuations and
the real implications on those fluctuations due to the quantized nature of the field.
In particular, we discuss the normalized correlation functions of a light field, where
the j*® order correlation function is the (normalized) 7' moment of the intensity of
the field. We see that the limits placed on these quantities are different under the
classical and quantum descriptions of light, giving rise to the well known Cauchy-
Schwarz inequality for classical light ¢(®(0) > 1 which we discuss in detail below
40,41].

(2 is a special case of

The second-order auto-correlation in this inequality, ¢
the j' normalized correlation function that describes the correlation between the
electric field at up to 27 positions in space and time. We can write the general form
of these functions in terms of the electric field operators introduced in the previous

section. We use subscripts to denote the points in space (r;) and write the field

operators as functions of time.

j / /., / /
g( )<t1, ...,tj,tl, ...,tj, ry,...,r;, I, ...,I'j)

(B W) ED B ) - B0) 26)

. R 1/2 . N 1/2
(EQ@E w) - (EO@EN @)

Classically, we measure the energy contained in a light field to obtain the

classical intensity I = E(E®). Thus, with classical detection schemes we have
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straightforward access to the j™ order intensity correlation functions between j
points in space and time. Classically, the electric field is described by complex
numbers and we can regroup terms to obtain:

() i\%j
U CSTRINS 35 SN ) IE . 2.7
gclassmal( 1 Jr+1 ]) <[1(t1)> . <[ )> ( )

The quantum mechanical formalism tells us that the electric field should actu-
ally be described with quantum mechanical operators. In this case, photodetection
involves measuring the photon number operator a'a, which gives us access to the
same set of correlation functions, written with care taken to preserve the normal
and time ordering of the quantum mechanical operators [42]:

t
) : =
ty oo tiT, o Ty) = - -
gquantum( 1 ERS! rj) <n1(t1>> T <7’L](t])>

We will focus on some special cases of these correlation functions that give us
intuition into the statistical properties of light. The second-order intensity corre-
lation function in particular provides a framework for describing light that is very
useful. We are interested in particular in the second-order intensity auto-correlation
of a stationary field with itself at some time delay as well as in the second-order
intensity cross-correlation between two fields. For stationary light fields, where the
average intensity is constant in time, we only need to identify a time delay between

and the averaging denoted by () is over time. We write the intensity auto-correlation

14



as a function of time delay 7 as:

_ {al(t = 7)al(t)a(t)a(t — T)>' (2.9)

The auto-correlation function tells us about the statistical properties of a single
stationary field. At long enough time delays ¢ (1) always approaches 1 because
the field loses its memory of previous times and can thus have no correlation with
its past self. The value at zero time delay tells us about the “bunching” of a light
field. A field with ¢ (0) > 1 is termed “bunched” and a field with ¢?(0) < 1
“anti-bunched”. These terms refer to the photons arriving together more or less
frequently than they would for a random distribution. The dynamics in time of the
auto-correlation function, in particular the time scale over which it approaches 1,
provides information about the coherence and bandwidth of the light.

We can write a more general form of the second-order correlation function
for any two fields, labeled 1 and 2, assuming that those labels refer to well-defined
regions of space-time over which we integrate the total intensity, or photon number,
of the field. gﬁ) refers to the auto-correlation at zero time difference, which we will
see below holds a special position. The auto-correlation at non-zero time difference
g (1) is obtained by defining the fields 1 and 2 as the same field at different times.
We write the correlation functions in terms of photon creation and annihilation
operators and in terms of photon number operators using the notation (::) to denote

normal ordering of operators (all a operators following all a' operators).
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— L2 (2.10)

The cross-correlation between two different fields tells us about whether the
fluctuations in two different fields are correlated, however we still require the in-
dividual auto-correlation functions to learn about the nature of the fluctuations
themselves. For the cross-correlation we can assume that the photon creation and
annihilation operators for the two different fields commute and remove the normal
ordering.

Other correlation functions that we will discuss in this chapter are the zero

time difference auto-correlation functions of arbitrary order:

() <<&T>j @)j> (2.11)

2.2.1 Cauchy-Schwarz inequality

We can use quantum formalism to write states of light which are not possible
using the classical description of light. Under the classical formulation, there are no
non-commuting operators. We use 2.7 to write the second-order classical correlation

function:

@) (1115) (2.12)
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Next we note that all real variables obey the Cauchy-Schwarz inequality:
(XY)? < (X (Y?) (2.13)

We can apply this to the classical statement of the correlation function to
obtain constraints on the statistical distributions that are possible in the classical

realm.

gﬁ) >1— 9(2)(0) >1

(2.14)
2 2 2 2 2
a3 <\ x 653 = 9P (r) < g®(0), 9P < \/ Gemro1(0) X g, 5(0)

In particular, we see that anti-bunched light is not possible under the classical de-
scription of light, nor are two fields with cross-correlation greater than the geometric
mean of their auto-correlations.

However, with the quantum description of light (eq. 2.10), the auto-correlation
function is affected by measurement on the state. In particular, rather than the

classical gﬁ) = (n?) / (n)? we obtain the quantum version:

) _ {nf) = () (2.15)

This changes the constraints on the correlation functions due to the Cauchy-

17



Schwarz inequality. The new limits are (with the new terms in bold):

B 1
(n1)

1 1
o= (o4 o ) (24 o)
(n1) (nz)

We can see that these new limits allow states that violate the classical in-

2
g%,l) >1

(2.16)

equalities, including anti-bunched light. We refer to such light as non-classical light
because it must be described with the quantum formalism. We discuss below various
types of classical and non-classical light. Finally, we note that for bright states of
light ((n) >> 1) the quantum limits approach the classical limits, and there is only
a narrow range of non-classical light in this regime. At higher powers, other signa-
tures of non-classicality, such as squeezing, are typically used to verify the quantum
nature of light [43,44].

It turns out that there exists a whole class of inequalities for the higher order
auto-correlation functions as well [45]. The general form, as well as some more useful

formulations are below.

gE D gm=D > ok g(m) o>y 5
S 3 o (2.17)

gUtD) glk=D) > g(k)

As the higher order correlation functions are in general more difficult to mea-

sure (see below), the second-order inequalities are in significantly more common us-
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age, however there are some examples of demonstrating non-classicality with these
quantities [46,47].

We take a brief moment to discuss the relationship between squeezing and
photon number statistical fluctuations. Quantum mechanics, and in particular the
quantum noise required by the Heisenberg uncertainty principle, ensures that light
has naturally occurring fluctuations. In addition to the uncertainty relation for
the electric field ((AE(0))(AE(0 + m/2) > 1) we can introduce a phase operator ¢
and write a similar uncertainty relation for the phase and photon number of a field.
There are many versions of such a phase operator, and using the Hermitian operator
introduced in [48] we obtain (An)2(A¢)? > 1/4 [49]. For these uncertainty relations
we term a light field “squeezed” if the the noise in one quadrature is reduced below
its value for a minimum uncertainty state (the standard quantum limit), with a
corresponding increase of noise in the other quadrature to satisfy the uncertainty
relation [50]. The standard quantum limit for photon number variance is the same
as the limit set by the Cauchy-Schwarz inequality on the classical formulation of
g@: (AR)? = (n?) — (n)® > (A). So light that violates the classical Cauchy-Schwarz
inequality can also be termed number-squeezed. However, light that is quadrature
squeezed, in which the noise on the electric field is reduced below the standard
quantum limit at some phase, does not necessarily violate the classical Cauchy-

Schwarz inequality.
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2.2.2 Measuring correlation

The first thing we note is the classical and quantum definitions of the second-
order cross-correlation are identical, as the creation and annihilation operators com-
mute with one another. As a result, we can measure the two fields with either
classical intensity detectors or single photon counters. In the former case we simply
take the time average of the product of the two detectors divided by the product of
the time averages of the two detectors. In the latter we take the probability of joint
detection divided by the product of the individual detection probabilities.

Measuring the zero time auto-correlation using either classical intensity detec-
tion or single photon counters (click/no-click detectors) requires inserting a 50/50
beamsplitter into the field and measuring the cross-correlation between two detec-
tors at the output ports of the beamsplitter in a Hanbury Brown-Twiss geometry
(see fig. 2.1) [51]. Assuming the two detectors are single photon counters that we
label a and b, we denote the probability of a count in detector a (b) as p, (py) and
the probability of a joint detection p,,. We then have ¢ = pu/(paps) as long as
1 >> pa,pp >> pap. Attenuation of the field does not affect the auto-correlation,
so if this last assumption does not hold it is always possible to attenuate the field
and obtain a more accurate measurement of ¢ (until detector dark counts begin
to affect the measurement).

To measure higher order correlation functions we must continue to split the
field onto more and more detectors, making such measurements increasingly diffi-

cult. If we have classical intensity detection that is absolutely calibrated to the real
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50/50 beamsplitter

Field to be
measured > d

Figure 2.1: Hanbury Brown-Twiss interferometer. A field is incident on a 50/50
beamsplitter and detectors a and b at the output ports measure the photon counts.
The auto-correlation of the incident field is ¢® = pay/(paps) where p; denotes the
probability of a photodetection at detector(s) .

photon number, we can measure the classical versions of the higher order correlation
functions (¢ = (I*) /(I V") and then correct with terms that are functions of the
mean photon number of the field. (e.g. géi)antum = g((:lza)ssical —1/(n)). The uncertain-
ties of the intensity measurement and calibration lead to increasing uncertainty on
the value of the correlation function for higher and higher order.

Photon number resolved detection, in which we obtain the photon number
distribution of a field up to some maximum number k, allows direct measurement of

the correlation functions up to the & order. We can convert from a photon number

distribution to the auto-correlation functions as:

e’} n! [es] n!
o _ Siawigr) _ i gppin) .

(Cnzgnp(n))" (n)*
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This final method has the benefit of allowing direct detection of the correlation
functions with a single detector, however such photon number resolving detectors

are relatively rare.

2.3 Types of light

We discuss here several types of light that are common in nature and/or rel-
evant for quantum information science. We start by discussing classical states for
which the classical versions of the Cauchy-Schwarz inequality (eq. 2.14) hold. We
then discuss non-classical light and list some particular non-classical states and their

corresponding statistical properties.

2.3.1 Coherent states

Optical coherent states, first described in 1963 by Roy Glauber, are a corner-
stone of quantum optics and are the states produced by ideal single mode lasers
operated well above threshold [42]. Coherent states are denoted by a complex value
« which is the eigenvalue of the state with respect to the annihilation operator
(d]a) = a]a)) and related to the mean photon number of the state as (2) = |a|*.
Coherent states can be written in the number state basis and form a non-orthogonal,

over-complete set of basis states:

o) = el Z \/_ n). (2.19)

We see that the probabilities of finding n photons in a coherent state |«) fall
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along a Poisson distribution with mean photon number |a|* (p(n) = eI’ %ﬁ) The
Poisson distribution governs uncorrelated, or random, events and thus coherent light
exhibits auto-correlation functions ¢*)(0) = 1 and minimally satisfies the classical
Cauchy-Schwarz inequality (eq. 2.14). In fact we often refer to light with ¢ (0) > 1
as super-Poissonian and ¢®(0) < 1 as sub-Poissonian.

Coherent states have important similarities to classical, stable light waves. The
quantum noise on the electric field quadratures of a coherent state is the minimum
possible given the requirements of the Heisenberg uncertainty relation, and coherent
states are termed minimum uncertainty states for this reason. Because they have
a well-defined phase they are used in phase sensitive detection schemes such as
homodyne and heterodyne detection that provide access to the complex field values

of light rather than just the intensity.

2.3.2  Thermal light

Another type of classical light common in nature is thermal light, also called
chaotic light [40,41]. Sources in which many atoms or other discrete systems emit
radiation independently of each other produce light with thermal number statistics.
Thermal photon number statistics are what one expects from a harmonic oscillator
in equilibrium at some temperature 7. The probability that a harmonic oscillator
(frequency w) is in the n't excited state is p(n) = e~ "w/ksT /5~ emnhw/ksT — (1 —
e—he/kpT)g=nho/kpT

. The mean number of excitations of this probability distribution

is (n) = 1/(e™/*#7 —1) and the probability distribution can be rewritten as p(n) =
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<1J<r”<)n>> ﬁ Here, the harmonic oscillator is a particular mode of the quantized

electromagnetic field and a thermal state is light with photon number distribution

_ (" 1
p(n)_(1+(n)> [ER

This distribution gives a zero-time auto-correlation 9(2)(0) = 2, denoting pos-

itive intensity correlation, or bunching. This intensity correlation occurs within
some characteristic coherence time determined by the properties of the system.
The bunched statistics apply to a single mode of thermal light. Many sources of
chaotic light emit multiple independent spectral and/or spatial modes simultane-
ously. Because these modes are independent, they add together randomly, reducing
the bunching, and the photon number statistics of the multi-mode field approaches
Poissonian for many modes. Processes that produce chaotic light include blackbody
radiation, fluorescence and luminescence, and spontaneous emission from a system
of many emitters. In addition, many sources of twin beams or photon pairs that
are based on spontaneous parametric processes in nonlinear media exhibit thermal
number statistics in the number of pairs produced. We discuss the statistics of such

a pair source later in this chapter.

2.3.3 Single photon states

Pure photon number states, and in particular single photons, have an impor-
tant place in quantum information. Many quantum information schemes rely on
single photons as flying qubits and exhibit degradation of security and/or fidelity

in the presence of multi-photon states. To this end, much work has been done in
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the last thirty years developing single photon sources based on a variety of physical
systems. We note that higher order photon number states are also useful in some
quantum information protocols, but are in general much more difficult to produce
and much more sensitive to loss than single photons. We thus focus in this chapter
solely on single photon sources.

Coherent and thermal states of light are insensitive to loss, in the sense that at-
tenuation reduces the mean photon number of the light, but does not change the form
of the statistics or the values of the auto-correlation functions ¢*). Analogously, we
discuss in this section attenuated single photon states (p(1) = p, p(0) = 1 —p, and
p(n > 1) = 0) which exhibit loss-insensitive auto-correlation functions ¢g*)(0) = 0,
clearly violating the classical Cauchy-Schwarz inequality g(z)(O) > 1. Pure one-
photon Fock states, in which the vacuum component is zero, become attenuated
single photon states under loss. And so we will refer to the mean photon number
of a single photon state, which is simply (n) = p(1) = p. Also, for any real single
photon source, it is likely that the multi-photon component will not be completely
suppressed. To this end, we use the second order correlation function ¢? (0) to char-
acterize the multi-photon emission from a single photon source. The closer g (0)
is to zero, the closer the field is to a perfect attenuated single photon state.

There are two primary ways to generate single photons, collecting emission
from a single two level system or producing photons in pairs and detecting one pho-
ton to herald the other. In this thesis we discuss the latter process in two different
physical systems, four-wave mixing in microstructure optical fiber in chapter 5 and
Raman transitions in an atomic ensemble with quantum memory in chapter 3. For
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any real application, there are requirements on the properties of a single photon
source including photon rate, heralding efficiency, spectral and temporal shape, in-
distinguishability, and multi-photon emission. For a comprehensive review of single

photon sources and their properties see [17].

2.4 Characterizing light

2.4.1 Heralded single photon sources

Rather than reducing the photon number fluctuations of a single field, for
instance by interacting with a single emitter, it is often easier to reduce the fluctu-
ations in the number difference between two fields. Many systems produce photons
in pairs such that the members of the pair can be separated into two arms by differ-
ences in emission direction, emission time, frequency, or polarization. Even though
the number of pairs may fluctuate (often with thermal statistics, as we will see),
there are always the same number of photons in the two arms of the source. At low
mean photon number, such a system can be used as a heralded single photon source.
At high mean photon number such a system is typically referred to as two-mode
squeezed because noise on the amplitude difference of the two fields is reduced below
the standard quantum limit [43].

A perfect single photon source exhibits g*) = 0 as there is never more than one
photon present in the field (we drop the time argument in the correlation functions,
which is zero throughout this section, for simplicity). Typical heralded single photon

sources are based on physical systems that produce pairs with a classical number
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distribution. We denote the statistics of pair production, and thus the unconditional

statistics of either arm, with py,.(n) and gl(li)c. In general, either arm of the pair

source, unconditioned by detection in the other arm, exhibits Poissonian or super-

Poissonian statistics that do not violate the classical Cauchy-Schwarz inequality

(2)

wonq) of one arm (the signal

(gl(i)C > 1). We can measure the conditional statistics (g
arm) by only considering pulses or time bins during which a photon is detected in the
other arm (heralding arm). This conditioning suppresses the instances in which there
is no photon in the signal field, increasing the effective mean photon number of the
signal field. However, since the conditioning does not substantially alter the relative

probabilities of the non-zero number states, the conditional normalized correlation

g2 | can be extremely small (for weak fields g = 2p(2)/p(1)? so increasing p(1)

while maintaining p(2)/p(1) decreases g?)). We see below that in the regime of a

(2)

ond approaching zero.

weak pair source (pune(1l) << 1) we can achieve g

We can calculate directly how heralding alters the statistics of the signal field.
We note that while losses in either arm reduce the overall rate of photons, only losses
in the heralding arm reduce the multi-photon suppression and increase ¢(®). This is
because ¢? is insensitive to loss in the field being measured, and thus insensitive
to loss in the signal arm. We can calculate the 9((:?)31(1 expected for a heralded source
with arbitrary, but known, statistics of pair production and noise in the heralding
and signal fields and loss in the heralding arm. We denote the statistics of pair
production, heralding field noise, and signal field noise as p,, pn, ps respectively

and use the same subscripts for ¢/® and y as well. We also define the quantity F (n)

as the probability of getting a heralding click given n incident heralding photons.
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(2 .

We can write general expressions for the conditional photon statistics and g, 4:

(n) = > Pp(D)ps(n — )pp () E( + j)
Peond it > e () EG + )
(

L (Zm,k Po(i)pn(5)ps (k) (i + k) (i + k — 1) E(i —|—j)) (Zi,j p(§)pn(G) B +j)>

(S o )P (3)ps(R) i+ )G +j>)2

(Zm Pp()pn(7) ( (i = 1) + 2ip, + 2! ) (i + ) ) (Zm Pp(i)pn(5) E i +j))
(S popn ()G + )G+ 7)) |

(2.20)

These expressions are general and can be used for any implementation of a heralded
single photon source. We apply them to the most common case, single photon count-
ing in the heralding arm (with collection efficiency 1) and mean photon numbers
much less than one. Under these assumptions we obtain:

Hr
02 = (i + ) 2 — m)g® + 2, <1+ )

Hp

(2.21)

géoild /‘LUHC(Q - T’)gunc fOI' ,LLh - ,us - 0

The conditional intensity auto-correlation function is approximately the uncondi-
tional correlation function scaled by the mean number of pairs produced (which we
assumed was much less than one). géizld is increased by any loss in the heralding
arm (1 < 1) or noise in either arm (up, s # 0). In the limit of no noise, we find
that géizld approaches zero as the pair production approaches zero. Thus we can
obtain significant suppression of multi-photon states over the unconditioned field.

However, reducing the rate of pair production also reduces the singles rate (the real

time rate of photons in the signal field), often an important metric for characterizing
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a single photons source.

This analysis also makes clear the impact of unpaired emission in either arm
on gézild‘ It is extremely important for obtaining a pure source of heralded single
photons to minimize the unpaired photons collected from a pair source. We discuss
in the next section a method for reconstructing the underlying modes of a light field,
which can be used to improve the mode-matching in collection from pair sources,
reducing unpaired photons.

We can see graphically how the photon number distribution of one arm of a
pair source is altered by heralding and varies depending the losses in the system. For
all of the processes we discuss in this thesis, including four wave mixing in optical
fiber, parametric down conversion in nonlinear crystal, and Raman scattering in
atomic ensembles, each mode of pair production exhibits thermal number statistics
with g;(,Q) = 2 so we use these pair statistics in this example [40,41]. We look at
the conditional photon number distribution in four cases, all assuming no noise.
The four different assumptions are no heralding (Fig. 2.2a), heralding with perfect
efficiency in both arms (Fig. 2.2b), and heralding with reduced (n=20 %) efficiency
in each of the arms (Fig. 2.2c¢d).

Using photon pair sources to generate heralded single photons has been the
primary method for obtaining single photons for a number of years, even though
there is a trade off between the real time rate of photons and the multi-photon
suppression [17]. We can make some progress overcoming this trade-off between
single photon purity and rate by using a multiplexed or photon number resolving

detector in the heralding arm. With such a detection scheme we are able to throw
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Figure 2.2: (a): Unconditional number distribution of one arm of a pair source
with. (b-d): Conditional photon number distribution of one arm of a pair source
with (b) no loss, (c) loss only in the heralding field, and (d) loss only in the heralded
field. frefrective 1S the conditional mean photon number and the singles rate is the
unconditional rate of photo-detection events.

away time bins containing higher order photon numbers in addition to time bins

that contain no photons, thus potentially engineering a source with a high rate of

pure single photons. In this case we do not want to make the assumption of a weak

field and must go back to eq. 2.20. We can make some progress by assuming thermal
(2)

number statistics (g, = 2) for the pair source and no noise in either arm. For a

photon number resolving detector in the heralding arm with transmission n we find
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that

@  2up,(1=1)(2+ (3 —1n))

cond ~ 2
4p,(1 —
gzz}d%M for 1 —n << 1.
L+ 1

For perfect efficiency, this goes all the way to zero for any pair rate. However, as
the efficiency n drops from unity we see a non-zero multi-photon component in the
signal field, though g((f)zld is smaller with a number resolving heralding detector than

without.

2.4.2 Cross-correlation

In addition to being the basis for many single photon sources, photon pair
sources are useful in quantum information for the non-classical correlations they
exhibit [43,52]. We can go through a similar process to write the cross-correlation
between the two arms in terms of the statistics of the pair production and unpaired
photon production in the arms. In this case, we may be interested in fields that
are not operated in the weak pair regime. In fact, whereas the conditional auto-
correlation only violates the classical Cauchy-Schwarz inequality for a weak pair
source (assuming single photon counters in the heralding arm) the cross-correlation
can violate the classical Cauchy-Schwarz inequality for any mean photon number,
though we will see that the violation becomes smaller for brighter sources. Pair
sources are often characterized in terms of the degree of squeezing they exhibit,

rather than the degree of correlation. The quantum noise on the intensity difference
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of the two arms can be below the standard quantum limit (squeezed), however these
two hallmarks of nonclassicality, squeezing and violation of the Cauchy-Schwarz
inequality, are not equivalent [53].

We assume a source with two arms, a and b (collection efficiencies 7, and
m), that produces photons in pairs (with underlying statistical properties ppais(n),

Hpairss ggrs) as well as unpaired photons in each arm (p,(n), fa, 95 and py(n), .,

952)). We can write the auto-correlation of each arm as well as the cross-correlation
between the two arms in terms of the statistics of the three underlying processes. We
define p(ny,ny) as the probability of collecting n; photons in arm a and ny photons
in arm b, which is straightforward to write down in terms of ppairs(n), pa(n), pp(n),

74, and m, with the appropriate binomial factors. We write the auto-correlation only

for arm a but we note that it is fully symmetric for arm b.

p<n17 ?7/2) =
)Py (J i ith—n T o AW
Zpa(z)pb(])ppairs(k)nalnb2(1 — na) +k 1(1 _ nb)J‘H*C 2( ) (] )
1,5,k 1y N9
9(2) _ <: ,ﬁ’a,ﬁ’a :> _ Zn1,n2 n1<n1 - 1)p(n1an2)
auto <ﬁa>2 Z - 5
ni,no 1p(n17 n2)
> 2 2.23
1 M?)airs <gl()a)irs - 1> + ,U% (g((z ) 1) ( )
(:U’pairs + ,ua>2
@ = Aale) > my M1N2P (01, 112)

<na> <nb> <Zn1:n2 nlp(nl’ n2)> (Znhnz nQp(nla n?))
2
/JJIQ)aiTS <g}()a)irs - 1) + Mpairs

=14+
(,upairs + ,ua) (,upairs + /flb)

We see that the auto correlation has the form of a weighted average of the auto-
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correlations of the paired and unpaired emission in that arm. The statistics of pair
production and of any noise processes in the system are typically classical (¢(?) > 1),
which means the cross-correlation is greater than the uncorrelated limit of unity for
any amount of pair production and equal to one for no pair production.
In the case of no unpaired photons (p, = g = 0) this system clearly vio-
2)

lates the classical Cauchy-Schwarz inequality (ggross < géi)toﬂgﬁ)toyb), though the

violation falls off as 1/ fipairs:

1
Hpairs (2.24)

(2) (2) +

Yeross — gpairs

(2) (2)

Jauto = 9 pairs

In the presence of unpaired photons the system may or may not violate the classical
Cauchy-Schwarz inequality depending on the fraction of light that is paired, the
overall rate of pairs, and the statistics of the processes. We revisit this analysis in

chapter 3 in the context of an atomic ensemble-based pair source.

2.4.3 Mode reconstruction

Characterizing the underlying mode spectrum of a light field has wide ranging
applications throughout physics. For instance, knowledge of the mode structure is
vital for engineering sources of nonclassical light that minimize loss and decoher-
ence of quantum information due to coupling to unwanted modes. Such applica-
tions include mode-matching biphoton collection [54], producing factorizable states

of photon pairs [23], minimizing classical background emission from single-emitter
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sources [55], and characterizing the number and degree of squeezing in multimode
continuous variable entangled states [52,54,56-59]. Also, full mode reconstruction
allows a more subtle distinction between classical and nonclassical fields. We show
how a full reconstruction of the underlying mode structure of a field can provide
information about nonclassical components of a nominally classical field [25].

First- and second-order photon-number statistics are used to characterize
a variety of optical systems including single-photon sources [60-62], photon pair
sources [18, 63, 64], cavity quantum electrodynamics [65, 66], and lasers [67, 68].
However, in terms of understanding the underlying processes contributing to the
light field, one- and two-fold photodetection can provide only limited information.
Recent developments in photon number resolving (PNR) detectors [37,69-71] allow
simpler measurement of higher-order correlations, and such measurements should
continue to become more routine [72-74]. We show that this additional information
can allow a full characterization of the various quantum and classical modes present
in a light field.

Typically, full characterization of the mode structure involves a series of sep-
arate measurements in spatial, temporal, frequency, and polarization domains, re-
quiring a range of instrumentation. However, our method can be easily integrated
into existing optical systems as it uses only a single measurement of the photon num-
ber distribution of a field. We consider multimode light from a single source, such
as multimode thermal light from spontaneous parametric down conversion (SPDC),
as well as from multiple sources, each producing light in one or more modes, such

as attenuated single photons from a single emitter and coherent light from a laser.
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We note, however, that this method is extremely general and can be used for any
combination of sources, though only the total fraction of the power with underlying
Poissonian statistics can be determined. We also theoretically study the robustness
and prospects of our method in experimentally accessible regimes.

It is straightforward to write down the full photon-number probability dis-
tribution for a given mode structure with mean photon numbers p; in the modes.
For thermal and Poissonian statistics g = (n) is the mean photon number and for
attenuated single-photon statistics p is the probability of finding a single photon.
The photon number probability distribution is uniquely described by a probability
generating function G(s) with ¢® = G® (s = 1)/ (juerar)”, where G®)(s = 1) is
the k'™ derivative of G(s) evaluated at s = 1. The generating function for a multi-
mode field is the product of the generating functions for all the underlying modes.
For the statistical distributions we consider here Gipermal(s) = (1 + u(1 — s))7,
Gingle photon(8) = (1 — p(1 — 5)), and Gpoissonian(s) = e #1179 [41]. For any other
mode with arbitrary photon number statistics we could write down a generating
function and use the same method.

This gives us a set of non-linear relations between the ¢*) and the u;. By
measuring the photon number statistics (which gives us the ¢*)) we can find the
full mode distribution in the form of a set of u;. For the mixed states considered
here, N orders of correlation functions are required to fully determine the mode
occupation for light with contributions from N modes. For pyoa << k, photon
number resolution up to k photons is required to accurately measure g*) (recall

that ¢*) is loss-insensitive, so we can always attenuate the light until Miotal << k for
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any k). Overdetermining the system, by using more than N correlation functions to
reconstruct N modes, can improve the accuracy of reconstruction. It is important
to note that we must guess what types of modes could be contributing to the field,
though we see in chapter 5 that there is no penalty for assuming potential modes
that are not, in fact, present.

1\9(2)=0

0.87

g?@=05

0.6

Single photon fraction

0 0.2 0.4 0.6 0.8 1
Poissonian fraction

Figure 2.3: Example case of one thermal mode, one single photon mode, one Pois-
sonian mode and fixed fioa1. Lines of constant ¢®) are drawn for ¢ =0.5, 1.0, 1.5
and the corners of the figure where ¢(®) reaches its extreme values of 0 and 2 are
noted.

As an example, we consider a field that is a mixed state with contributions
from one thermal mode, one single-photon mode, one Poissonian mode and a fixed
Itotal- By varying the fraction of power contributed by each mode, such a mixed
state can exhibit g® between 0 (all single photon) and 2 (all thermal). For any ¢(?
between these extremes, there is a family of possible mode distributions. Figure 2.3

shows lines of constant ¢(® as a function of the fraction of light from the Poissonian
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and single photon modes. The corners of the figure where ¢® reaches its extreme
values of 0 (all single photon) and 2 (all thermal) are noted. In order to determine
the actual mode distribution of a given mixture of these three modes we clearly

require more information. Figure 2.4 adds lines of constant ¢'® that intersect the

0.8

g®=0.21 - 0.375

Single photon fraction

0 0.2 0.4 0.6 0.8 1
Poissonian fraction

Figure 2.4: Example case of one thermal mode, one single photon mode, one Pois-
sonian mode and fixed fio11. We have added lines of constant ¢® that intersect the
lines of constant ¢® at their extrema. Noted are the range of values of ¢(® that a
field with that ¢® can take.

lines of constant ¢(® at their extrema. We note on the figure the range of values of
¢®) that a field with that ¢ can take. Together, ¢ and ¢® intersect at a single
point in the parameter space and uniquely identify any mixture of three modes (with
fixed total mean photon number). For a field with more underlying modes, we would
require additional orders of the correlation function for each additional mode.

Including additional orders of correlations (more ¢ than the number of modes

in the field) will further distinguish different sets of modes. We study the expected
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Figure 2.5: Sensitivity gained by using an overdetermined set of six correlation func-
tions compared to three for an example case of one thermal mode, one single photon

mode, one Poissonian mode and fixed piyo12. Color represents the ratio of the figure
of merit for six- to three-fold detection at each point in the space. Figure of merit

is a function of the gradients of the correlation functions, Y, (Vzg™[i]/¢® [ﬂ])Q,
where [i is the set of y;.

improvement gained by using higher order correlations in terms of the sensitivity
of the photon number distribution to the mode structure. The particular figure
of merit we consider is a function of the gradients of the correlation functions,
> (Vag® [/ g™ [ﬁ])Q, where /i is the set of p;. In Fig. 2.5 we show the ratio of
this figure of merit using six orders of the correlation function compared to three.
We see a gain in sensitivity for all mode configurations and the gain is largest near

the fully Poissonian configuration. Higher order photon number resolution, up to
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ten photons or more, is becoming possible with new PNR detectors. With such
detectors, one can trade off including additional modes in the reconstruction for
increasing the fidelity of reconstruction. We describe in chapter 5 an experimental

demonstration of this reconstruction method.
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Chapter 3: Quantum optics in rare-earth systems

Most quantum information protocols are based on interactions between light
and matter. In particular, atoms with narrow optical transitions and long-lived
microwave or rf transitions are excellent candidates for processing and storing quan-
tum information [28,75]. A common way achieve strong coupling between atoms
and light is to use an optically dense ensemble of atoms in which a single photon is
likely to interact with the atomic system during a single pass through the ensem-
ble. This approach is typically technically simpler than the alternative of coupling
a single atom to an optical cavity that ensures a single photon has many chances
to interact with the single atom. The quantum information stored in the ensemble
is generally stored in collective atomic states in which the information is spread
among all the atoms in the ensemble. As a result dephasing, decoherence, or loss
of any single atom reduces the fidelity of the full state by only a small amount.
Atomic ensembles have become a workhorse platform throughout quantum optics
for quantum memory, quantum information processing, generation of non-classical
light, and many more applications.

Gases of alkali atoms have been the primary systems for quantum optics in

atomic ensembles to date. However, there is much interest in finding a solid state al-
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ternative that can be integrated with existing solid state infrastructure and devices.
In addition, in order to achieve second-scale coherence times, which are required for
long-lived quantum memory, alkali atoms must be cooled and loaded into optical
lattices, which has a large experimental overhead cost [76]. Rare-earth ion-doped
crystals (REIC) are solid state materials containing a “frozen gas” of rare-earth ions
with narrow optical transitions (at liquid helium temperatures) and rf transitions
with demonstrated coherence times of many seconds, which makes them promising
candidates for quantum information applications [77]. In this chapter we will dis-
cuss the properties of REIC, the challenges of working with these systems, the state
of the art of the field, and finally we report experimental progress toward imple-
menting quantum memory in a REIC, praseodymium doped yttrium orthosilicate

(PI‘3+ZYQSiO5).

3.1 Basic properties

The rare-earth elements, or lanthanides, are the elements from atomic num-
ber 57 (lanthanum) to atomic number 71 (lutetium). These elements are used in a
wide variety of applications from lasers and optical amplifiers to optical data stor-
age and processing. In this chapter we discuss implementing quantum memory in
REIC at cryogenic temperatures. The relative insensitivity of rare-earth ions to
the surrounding crystal environment results in sharp optical transitions with high
spectral densities and long coherence times. For instance, the hyperfine coherence

time in Pr¥":Y,SiO5 has been measured in excess of 30 s [78], which is among the
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longest coherence times observed in a candidate material for quantum memory. Iso-
lation from the surrounding environment and accompanying long coherence times
are important to reduce loss of stored quantum information.

The different rare-earth elements have very similar chemical properties. The
3+ oxidation state is the most common, and in this state they have partially filled
4f orbitals with electronic configurations [Xe|4f™ for n = 0 to 14. The electrons
in the partially occupied 4f shell are shielded from their environment by the full
5s and 5p shells whose spatial extent extends farther than the 4f shell (see Fig.
3.1) [79]. This shielding contributes both to the ions’ insensitivity to the crystal
environment and the chemical similarity of the different elements.

For quantum memory applications, the important transitions in REIC are
within the 4f orbital and have optical frequencies in the visible and infrared. For
the free ion, electric dipole transitions between 4 f levels are forbidden due to parity.
However, these transitions do occur when the ions are doped in low symmetry crystal
hosts, albeit with relatively weak transition strengths [80,81]. We point out here
that there are bright, strongly allowed 4f — 5d transitions in the ultraviolet, but
these processes are outside the scope of this work as they do not have the coherence
properties that make the 4f — 4f transitions of interest for quantum memory [80].
Because of the shielding of the 4f electrons, the crystal field can be treated as a
perturbation to the free ion energy levels. The free ion energy levels are determined
mainly by the coulomb and spin-orbit interactions. The spin-orbit interaction mixes
states with different orbital angular momentum L and spin S (maintaining total /).
The resulting (2J + 1)-degenerate energy manifolds are labeled according to J and
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Figure 3.1: Hartree-Fock calculation of the radial charge densities for the 4f, 5s, 5p,
and 6s orbitals for Gd™. The shielding of the 4f shell by the full 5s and 5p shells is

common to the rare-earths (the trivalent ions have empty 6s orbitals). From [79].

the dominant L and S values with Russell-Sanders notation 2°*!'L;. The crystal
field of a low symmetry host fully lifts this 2./ + 1 degeneracy for ions with an even
number of electrons (non-Kramers ions) such as Pr¥*:Y,SiO5 [80]. For ions with an
odd number of electrons (Kramers ions) the 2.J + 1 degenerate manifolds are split
into at most a set of doublets. Figure 3.2 shows the rare-earth energy levels in the
crystal host LaClz where the width of the line represents the splitting due to the
crystal field. These energy level structures are similar for other low symmetry hosts
such as Y,SiO; [82].

We are interested in the transition between the lowest energy, zero angular
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Figure 3.2: Dieke diagram of the rare-earth energy levels in the crystal host LaCls.
The width of the line represents the splitting due to the crystal field. Energy levels
are qualitatively similar in other low-symmetry hosts. From [82]. The 3Hy —' D,
transition in praseodymium is highlighted.

momentum levels of the *H, and 'D, manifolds in Pr3*:Y,SiO5 at 605.977 nm

Praseodymium has one naturally occurring stable isotope ('*!'Pr)
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with nuclear spin 5/2. The hyperfine structure of the ground and excited manifolds
is determined by the hyperfine, nuclear quadrupole, electronic Zeeman, and nuclear
Zeeman interactions, which are many orders of magnitude smaller than the free ion
and crystal field interactions [83]. In zero magnetic field, the ground and excited
levels split into 3 doubly degenerate states, which we label with the nuclear quan-
tum numbers, though these states are highly mixed and far from angular momentum
eigenstates. The hyperfine structure (in zero magnetic field) is shown in fig. 3.3.
All nine transitions between these two manifolds are allowed with known transition
strengths [83]. In Pr3*:Y,SiOj5 at liquid helium temperatures (4 K), the lifetime
(T7) of the optical transition is ~160 ps and the coherence time (75) of the optical
transition is ~150 ps with the extra non-radiative decoherence (75 < 217) resulting
from nuclear spin fluctuations in the crystal host [84]. The ground hyperfine tran-
sitions exhibit lifetimes of ~100 s though the coherence time is only ~500 us [85].
However, this coherence time has been extended to nearly 1 s with a static magnetic
field [86] and to tens of seconds with dynamic decoherence techniques [33,34].
Many different REIC systems have been used to date in quantum op-
tics schemes. As of this writing, we are aware of experimental schemes using
praseodymium, neodymium, europium, erbium, and thulium systems. Typically
Kramer’s ions are avoided because large magnetic fields are needed to lift the J
degeneracy. Erbium and neodymium are the only Kramer’s ions on the above list.
Erbium is of particular interest because of its telecommunications band transition
wavelength. In addition to low site symmetry, typical hosts have small nuclear mag-

netic moments as nuclear spin flips in the host are a primary source of decoherence
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Hyperfine structure of Pr3*:Y,SiO;

45/ —
. >/ 4.8 MHz
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+1/2
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Vo3 ——
*H, 17.3 MHz

+5/2

Figure 3.3: Hyperfine structure of the lowest-to-lowest *H; —! D, transition in
Pr3+:Y,SiO5. Levels are labeled with nuclear quantum numbers, however there are
no true good quantum numbers for these states and all ground to excited transitions
are allowed with various transition strengths for linearly polarized light [81].
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for the rare-earth ion dopants. For an extensive review of quantum optics in REIC

see [77].

3.2 Spectral hole burning

A major challenge of working with REIC is the substantial inhomogeneous
broadening of the optical transition. Crystal field variations and ion-ion interac-
tions result in variation of the optical transition frequencies of different dopant ions.
The inhomogeneous width (typically 1-100 GHz in Pr3*:Y,SiOs) depends on the
doping concentration. In all REIC systems used in quantum optics schemes to date,
the inhomogeneous broadening is larger than the hyperfine splitting and prevents
resolution of this splitting without special state preparation discussed below. Work
toward growing REIC with reduced inhomogeneous broadening is ongoing and would
be a major boon to implementing quantum information protocols in these materi-
als [77,87].

We think of this broadening as a spectrum of homogeneously broadened lines
for the many frequency classes of ions present in the system (see fig. 3.4). At 4 K,
the homogeneous linewidth of the optical transition can be very narrow (< 1 kHz in
Pr¥t:Y,Si05) and there are a million or more lines in the broadened profile [84]. This
broad absorption feature can be shaped via a process called spectral hole burning. In
REIC, the large ratio of the hyperfine state lifetime to the optical state lifetime (10°
or more) and the non-zero matrix elements of most ground — excited transitions

allow optical pumping with narrowband laser fields. In particular, a laser applied
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somewhere in the inhomogeneous profile will pump ions out of states resonant at the
laser frequency and into “dark” ground states that are not resonant. This opens up a
transparent spectral region, or hole, that persists for the ground state lifetime of the
system (see fig. 3.4). In general, the absorption spectrum in the region around the
hole burning laser frequency will exhibit a set of side holes and anti-holes, regions
of lower and higher absorption respectively, whose positions and depths depend on
the hyperfine splittings and transition matrix elements of the particular system (not

shown in fig. 3.4).

Hole burning
laser field

Absorption

Frequency

Figure 3.4: The inhomogeneous broadening in REIC can be thought of as a series of
homogeneous lines. Applying a laser field somewhere in the inhomogeneous profile
optically pumps ions into states that are not resonant with the laser, opening up a
transparent window at the laser frequency.

The absorption profile can be shaped arbitrarily via spectral hole-burning by

appropriately modulating the frequency and amplitude of the hole-burning laser

field or fields (with limits on maximum and minimum hole width set by the hyper-
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fine level structure, laser linewidth, and homogenous optical linewidth). One such
scheme that is important for many quantum information applications is isolating a
narrow frequency class of ions in order to optically address a particular ground hy-
perfine transition. Such isolation is necessary to take advantage of the seconds-scale
coherence times of the ground states for quantum storage. This requires a spectral
hole-burning procedure that empties a wide spectral region around the optical tran-
sitions involving the two ground states of interest and populates one ground state
in a narrow spectral region. The result of such a procedure is to obtain an ensemble
of ions with a A-type energy level scheme, two ground states that can be optically
coupled to an excited state, initialized into one of the ground states.

A particular implementation of such a scheme modified from [81] is shown in
Fig. 3.5 for a system such as Pr**:Y,SiOs with three ground and three excited
states. The result is a narrow absorbing feature of atoms in a particular ground
state on a background emptied of absorbers in the surrounding spectral region. At
least one additional auxiliary ground state must be present in the system to hold the
population in the spectral region around the narrow feature. And it is important
to note that the width of the transparent region surrounding the narrow feature is
limited by the hyperfine structure of the system.

In this hole-burning sequence, two fields that are either spectrally broadened or
swept back and forth in frequency burn out spectral trenches around the transitions
from the upper two ground states to the lower two excited states, while a narrow
field connects the lowest ground state to the upper state manifold. Together these

fields select one particular frequency class of ions that has no dark ground state,
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ions that are resonant with one of the fields in any ground state. The fields pump
away all ions in other frequency classes to dark ground states such that they will no
longer be excited by any of these fields. We choose the upper two ground states and
lower two excited states because in Pr3*:Y,SiOj the four transitions involving these
states have similar transition strengths, while the +5/2 ground and excited states
couple strongly to each other and weakly on all other optical transitions. Once
all ions in other frequency classes are pumped away, one of the broadened fields is
turned off so that atoms can populate a narrow region inside that trench. Finally,
the narrow field is turned off to ensure that the trench in the second ground state
is fully emptied, a step that is not strictly necessary, but we show here because we
required this step given the specific hole-burning fields used in our experiment. The
width of the feature is in general determined by a combination of the homogeneous

linewidth of the transition and the linewidth and intensity of the hole burning laser.

3.3  Quantum memory

Photons are excellent carriers of quantum information. However it is often
necessary to locally store qubits for tasks including synchronizing operations, per-
forming quantum gates, and generating single photons on demand [28]. In addition,
a major application of quantum memory is for quantum repeaters that allow long
distance quantum communication over a lossy optical channel [30]. Loss in optical
fiber increases exponentially with distance. Unlike classical communication, where

we can use bright states and amplifiers to overcome this loss, quantum communica-
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Figure 3.5: Process for generating a narrow absorbing feature in a particular ground
state on a background emptied of absorbers while also emptying another ground
state. Two fields that are either spectrally broadened or swept back and forth in
frequency burn out spectral trenches around the transitions from the upper two
ground states to the lower two excited states. Along with a narrow field connecting
the lowest ground state to the upper state manifold these fields select a particular
frequency class of ions. lons in other frequency classes will all be pumped to “dark”
states by these fields such that they will no longer be excited by any of these fields.
In step two, one of the broadened fields is turned off so that atoms can populate a
narrow region inside that trench. Finally, the narrow field is turned off to ensure
that the trench in the second ground state is fully emptied.

tion requires transmission of single photons (or other similarly loss-intolerant states).
Thus, the loss in optical fiber means that the time to directly transmit quantum
information over a fiber link scales exponentially with distance and long-distance
communication in this manner is unfeasible. Quantum repeaters overcome this loss
and allow quantum communication in a time that scales polynomially, rather than
exponentially, with distance. A quantum repeater relies on generating and storing

entanglement in quantum memory nodes spaced along the communication channel.
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These nodes break the entire communication length into a series of shorter seg-
ments. Entanglement is heralded by transmission of single photons over the shorter
segments between quantum memory nodes. If a heralding photon is lost in one or
more of the segments, entanglement generation only has to be retried on the seg-
ments where it failed. The other quantum memory nodes store the entanglement
on the segments that succeeded. The beneficial scaling is a result of the fact that
unlike with direct communication, in which a single photon must traverse the en-
tire distance, with a quantum repeater, loss in one part of the link does not negate
successful transmission in another. Once entanglement is established over the entire
channel, quantum teleportation allows transmission of quantum information over
the full distance [31].

Simple delay lines or switchable optical cavities can be used as quantum mem-
ory to some extent, but they can suffer from high loss for even moderate storage
times because the light propagates in lossy optical fiber or undergoes many imperfect
reflections off the cavity mirrors. To this end, there has been substantial research
into using atomic ensembles as the basis for quantum memories. The strong coupling
possible between atomic ensembles and single photons can allow qubits to be read
in and out of an ensemble-based quantum memory with high fidelity. In addition,
atoms often have rf or microwave spin transitions with coherence times of seconds
or longer. The maximum storage time for a quantum memory is set by the coher-
ence time of the qubit transition. It is important to note that in atomic ensembles,
dephasing of the qubit will occur on a time scale set by the inhomogeneous broad-

ening of the qubit transition, but this dephasing can be mitigated with dynamic

52



decoherence control techniques that involve a sequence of rephasing m-pulses on the
qubit transition [78,88]. In general a A-type energy level system is used to optically
manipulate the long-lived spin transition via an excited state, whose coherence time
may be substantially shorter than the spin coherence time. REIC have a number of
properties that make them promising candidates for quantum memory protocols as
solid-state systems with narrow optical transitions and long coherence times.
There are many different physical processes by which light may be stored in
an atomic ensemble. Many quantum memory protocols have been demonstrated in
rare-earth systems in the last several years [33-35,89-91]. Many of the quantum
memory schemes in REIC are based on photon echo-type techniques in which de-
phasing due to the inhomogeneous profile of the absorption is rephased, producing
a coherent echo of the input light [92]. These protocols have shown great promise,
particularly in memory efficiency and fidelity. The rephasing can be due to an
initial periodic structure of the inhomogeneous profile as in the atomic frequency
comb (AFC) protocol or by switching electric fields to flip the inhomogeneous pro-
file by the dc stark effect as in the gradient echo memory (GEM) and controlled
reversible inhomogeneous broadening (CRIB) protocols [35,89,90]. In these cases,
the light is stored directly in the optical transition of the material, and in order to
take advantage of the seconds-scale ground coherence times in REIC the coherence
must be transferred to and from another ground state via optical m-pulses. Any
deviation from ideal m-pulses will reduce the fidelity of retrieval. In addition, these
protocols require hole-burning sequences that generate sharp and narrow absorbing

features. Thus, exquisite control over the frequency and intensity of the optical
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fields is required.

Another set of quantum memory protocols store the coherence directly on the
long-lived ground state via Raman transitions. These include electromagnetically
induced transparency (EIT) and rephased amplified spontaneous emission (RASE),
which have both been demonstrated in REIC and have shown great promise, par-
ticularly in achieving long memory times [33,34,91]. These protocols do not require
particularly stringent hole-burning schemes, though the RASE scheme does employ
optical m-pulses to transfer coherence between states. Here we describe our work im-
plementing a variation of the scheme introduced in ref. [93] (DLCZ scheme) storing
collective excitations directly on a ground state transition via spontaneous Raman
transitions, closely related to both EIT and RASE [22]. This protocol involves
probabilistically generating and storing, and deterministically retrieving, a single
collective excitation directly on the long-lived ground transition. While this process
cannot store an arbitrary qubit state, it lends itself directly to the task of building
a quantum repeater [93] and does not require precise optical pulses or particularly

narrow absorbing features.

3.3.1 Experimental methods

We first describe the ideal case for our protocol, and then detail the modi-
fications made to perform our initial demonstration. An ensemble of atoms with
a A-type energy level scheme is prepared with all atoms in one of the metastable

ground states |g). A write pulse weakly couples the occupied state |g) to an ex-
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cited state |e,) (Fig. 3.6). With small probability, this write field scatters a single
atom from state |g) to state |s), accompanied by a single photon detuned from the
write field by the |g) — |s) splitting. Detection of this single heralding photon in
a particular direction projects the N atoms in the ensemble into the superposition

state:
N

wzzemk'l‘j lg1g2- -85+ gn) (3.1)
j=1

where Ak is the difference between the wavevectors of the write field and heralding
photon Ak = Kyrite — Knerading and r; is the position of the 4™ atom. This state
evolves coherently for the coherence time of the |g) — |s) transition. We note that
if the |g) — [s) transition is inhomogeneously broadened, that broadening sets a
dephasing time for the collective excitation, but one or more rephasing m-pulses
on the |g) — |s) transition allow storage of the collective excitation for the full
coherence time [88]. As long as we have maintained the |g) — |s) coherence, a
bright read pulse that couples state |s) to an excited state |e,) will return the single
scattered atom to state |g) and convert the collective excitation into a phase-matched
single photon, detuned from the read field by the |g) — |s) splitting. The single
retrieved photon will be emitted in a direction set by the k-vectors of the write,

heralding, and read fields Kot = Kyrite + Kread — Kher-
This basic process can be used as a source of single photons in a well defined
spatial and spectral mode (the retrieved photon). In particular, single photons gen-

erated in this way are perfectly suited for use with the atomic system from which

they are generated. This is important, as many common single photon sources
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Figure 3.6: Level structure for generation and retrieval of collective excitations in
Pr3*t:Y,SiO5. Doubly degenerate ground and excited hyperfine states are labeled as
are the states of the double-A system. The third ground state is used as an auxiliary
state for unwanted ions during the spectral hole-burning process.

produce single photons with spectral properties that are incompatible with atomic
systems. In addition, by sending identical write pulses to identically prepared en-
sembles and erasing the which-way path information of the heralding photons we
can entangle two ensembles in such a way that we have a superposition of a single
collective excitation in one ensemble and no excitations in the other and vice-versa.
Generating and swapping this entanglement among many ensembles can be used
to build up a quantum repeater in which entanglement is distributed over a long

distance.
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For both of these applications, it is important to limit the probability of gen-
erating multiple collective excitations [93]. The excitations, and the corresponding
heralding photons, exhibit classical, thermal number statistics. In the limit of weak
excitation probability, this means that the probability of a double excitation is the
square of the single excitation probability. Thus, suppressing higher order excita-
tions is a matter of reducing the rate of single excitations. Typically, the write pulse
is detuned from the |g) — |e) transition to reduce the probability of generating mul-
tiple excitations at the expense of reducing the rate of single excitations. Clearly,
there is a trade off between suppressing multiple excitations and speed, which can be
mitigated by the use of photon number resolving detectors or multiplexed memory
nodes.

The signature of generating and retrieving collective excitations is a cross-
correlation function between the heralding and retrieved fields that is larger than

unity. The quantum nature of the protocol can be confirmed by violating the clas-

sical Cauchy-Schwarz inequality g}(i)r,ret(T) < \/ gfl?r’her(()) X gﬁj&mt(o) (see eq. 2.14).
Assuming thermal number statistics of the excitations, the classical limit becomes
g}EQe)r,ret(T) <2

Resolving the weak heralding and retrieved fields in the presence of the bright
write and read fields requires either strong, narrowband spectral filtering or a detec-
tion scheme with spectral resolution. We opt for the latter, which is straightfoward
using heterodyne detection in which the heralding and retrieved fields are mixed with
a local oscillator detuned by some rf frequency. However the silicon PIN diodes we

use in our detection are not sensitive at the level of single photons. We thus operate
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in a high gain regime with many excitations per write pulse (exactly the scenario
we noted earlier was to be avoided). While this regime is not useful for real quan-
tum information applications, we are able to demonstrate the feasibility of storing
and retrieving collective excitations while working toward implementing narrowband
spectral filtering. We discuss at the end of this chapter progress toward demonstrat-
ing such a spectral filter. We also note that violating the Cauchy-Schwarz inequality
in such a regime is challenging as the maximum violation goes as 1/ (n) where (n)
is the mean number of excitations (see eq. 2.16).

The hyperfine level structure is shown in Fig. 3.6 and we store excitations on
the £1/2 — 4+3/2 ground transition at 10.2 MHz. We use a double-A configuration
to ensure that the four fields present in the system (write, heralding, read, and
retrieved) are at four distinct frequencies and a small write detuning (600 kHz)
leads to multiple excitations generated by each write pulse, though without full
depletion of the population in the initial state (Fig. 3.6). We implement a spectral
hole-burning procedure similar to that of ref. [81] to isolate a narrow frequency class
of ions in a particular ground state (Fig. 3.5). The final spectral profile consists of
two 6 MHz-wide transmissive spectral trenches, one covering the write and retrieved
transitions and the other the read and heralding transitions, with a 100 kHz-wide
absorbing feature in the write trench.

We use a 4 mm x 4 mm x 20 mm Pr?**:Y,SiOs crystal with 0.005 % Pr
doping concentration. The optical transition we use is the *H; —! D, transition
at 605.977 nm. This is the transition wavelength only for ions substituting for one
of the two yttrium sites and is detuned by =2 nm from ions in the other dopant
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site. The unit cell of Y5SiO5 contains 8 molecules and has dimensions a=1.44 nm,
b=0.671 nm, c=1.04 nm and $=122.17 ° [80]. Our hole burning and excitation fields
propagate along the 2 cm length of the sample and have beam waists ~300 pm.
Using the width of our absorbing feature (=100 kHz) and the full inhomogeneous
broadening of the sample (=1 GHz) we estimate that we interact with an ensemble of
~10'" praseodymium ions [(0.005 %)(8 Y ions)((100 kHz) /(1 GHz))((2 cm)(300 pm)
(300 pm))/(1.44x0.671x1.04xsin(122.17 °) nm?3)]. The sample is in a liquid helium
cryostat pumped below the lambda point (=2 K) to suppress phonons and magnetic
field coils are used to roughly null the local magnetic field. This field compensation
reduces the splitting of the +1I states to within the inhomogeneous broadening of
the spin transition (<10 kHz) in order to avoid the extra dephasing that would be
present due to any larger splitting.

Our experimental setup is shown in fig. 3.7. We use a continuous wave ring dye
laser frequency stabilized to a Fabry-Perot cavity via a Pound-Drever-Hall locking
scheme that achieves a sub-kHz linewidth. We use acousto-optic modulators to
generate the hole-burning, write, and read fields. The write and read fields overlap in
the crystal at a small angle (§~0.5 °) and we collect the co-propagating heralding and
retrieved fields with a single-mode fiber directly between the write and read fields.
The angle prevents the bright write and read fields from saturating the detector.
This co-propagating geometry leads to a small phase mismatch Ak = ke, + Kot —
(Kynite + Kread) = (87/N)sin?(#/4) ~ 2 cm™" in the direction of propagation. The
phase mismatch leads to reduced efficiency of readout, however the co-propagating

heralding and retrieved geometry has the advantages of simpler alignment and the
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need for only a single detection system as perfect phase matching would require
collecting heralding and retrieved fields in separate and well-matched modes.

We can estimate the loss we expect due to the phase mismatch by following the
treatment in, for example, [94] to find the emission as a function of angle due to the
read field. We find that, compared to a system with no phase mismatch, the intensity

2
1 iAk-r;
N2, €M, the

of the emission in our collection mode is reduced by a factor of
square of the average phase seen by each atom in the ensemble, which clearly goes to
zero for large Ak. If we assume our atoms are randomly distributed over the length,
L, of the sample we can rewrite the loss factor as sin? (AkL/2) / (AkL/2)* ~ 0.2
giving a maximum retrieval efficiency of 20 % for our geometry (we note also that
this is highly sensitive to the angle between the read and write beams, doubling the

angle to 1 ° reduces this number to 1.5 %).
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Figure 3.7: Experimental Setup.

We align this phase-matching configuration by performing a three-pulse photon

echo and looking at the fields with a charge coupled device (CCD) camera (Fig. 3.8).
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The photon echo sequence is 7/2input, T/2rephasing,s 7/2rephasing,; €cho. The phase
matching condition for this echo sequence maps onto our quantum memory scheme
with the input and echo as the heralding and retrieved fields and the rephasing
pulses as the write and read. In Fig. 3.8 we see all four fields for reference, but for
the experiment we use the image on the CCD to overlap the heralding and retrieved

fields.
Rephasing Input

Echo Rephasing

Figure 3.8: Example CCD image of a three pulse echo sequence used for aligning
the phase-matching of the fields.

The write and read pulses are 10 us long transform limited pulses separated by
35 ps. We implement the spectral hole-burning procedure described above before
each write-read trial and repeat the full sequence 37,500 times. The detection is
implemented with a commercial balanced amplified rf difference photodetector . We
mix the heralding/retrieved mode on a 50/50 beam splitter with a local oscillator
blue-detuned from all four fields by detunings Ajper, Aread; Awrite; Aret Tanging from
5 MHz to 20 MHz. The signal from the difference amplifier is proportional to

Bhere™rert 4 Bl qetPreadt 1 [ ethwrivet L [ etBrert where Fgoq are the amplitudes
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of the electric fields in the various components.

We process the data in software and use the same time traces to obtain the
intensities of the heralding and retrieved fields as functions of time. The amplifier
output during each trial is beat down to dc by mixing it with a signal at Aper (Avet)-
The signal is Fourier transformed, put through a 1 MHz-wide filter, and inverse
Fourier transformed back into the time domain. The square of the amplitude of
the result of the inverse Fourier transform is proportional to the intensity in the

heralding (retrieved) field.

3.3.2  Correlation model

As mentioned earlier, the signature of generation and retrieval of correlations
is the cross-correlation between the heralding and retrieved fields. We defined the
correlation functions in chapter 2 as a function of time difference 7. Here we will
look at the time resolved auto- and cross-correlations as a function of the times of
the heralding and/or retrieved field detections with respect to the beginning of the
trial. In this expression the () implies average over trials, not over all time, and j

and k stand in for heralding or retrieved.

(3.2)

o2 (1, 10) = L))

JI\"J
(n;(85)) (P (tr))
In practice, we normalize not by the overall mean number of photons in fields

but by the correlation with the neighboring trials (<ﬁ,(;ria1 i)ﬁg-trial Z‘H)> where the

average is over trials 7). Slow drifts in the system cause the mean number of exci-
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tations to vary over the course of many trials. This manifests as bunching in the
canonical definition of the correlation function. The cross-trial normalization as-
sumes that the trials are independent, which is the case in our system because we
reset the medium with an incoherent hole-burning sequence each time.

We also note that in practice we compute the classical versions of the cor-
relation functions, without normal ordering, because we do not insert a Hanbury
Brown-Twiss interferometer into the detection. The error is proportional to 1/ (i),
which is small in our high gain regime. In order to properly obtain the normally or-
dered auto-correlation functions we would have to split the signal on a beam splitter
before detection or calibrate the intensity detection to the true mean photon number
and correct the classical version. Using the classical versions of the correlation func-
tions also makes it impossible to observe violation of the Cauchy-Schwarz inequality,
but as noted earlier the high gain regime makes the potential violation extremely
small even with the correct correlation functions.

We can model what we expect to obtain for the auto- and cross- correlation
functions of the heralding and retrieved fields. We assume a single mode of cor-
related emission with mean photon number p and thermal statistics; independent,
uncorrelated emission in each arm with mean photon numbers oy, and . and
auto-correlation functions gr(l?))ise,her and 91(12) ; and independent, random losses in

oise,ret)

each arm 7., and 7. We do not assume anything about the statistics of the
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uncorrelated emission. We find

noise

(1 +0)’
1% (1 — Oher — Uret) — OherOret (33)
(1 + Oner) (0 + Oret)

2u0 + <2 —¢® > o?
2) for each field

Gauto — 2—

9D =2+

1
ggc))ss =2+ — for Oher = Oret = 0.
1

We note that this does not depend on the losses in the heralding and retrieved arms.
However, we see that the cross correlation decreases for larger mean photon numbers
produced. For a given mean excitation number, g((;fc),ss is bounded by 1 < gggss <
2+ i Thus, in practice, loss in the system forces operation at higher mean photon

numbers and makes it more difficult to achieve large values for the cross-correlation.

We discuss our experimental results below in the context of this model.

3.3.3 Experimental results

Figure 3.9a shows the mean number of photons detected in the heralding and
retrieved fields (solid lines) and the timing of the write and read pulses for reference
(write and read are not to scale, only shown for timing). The heralding field is
delayed with respect to the write field due to the strong absorption of the nearly
resonant write field. The retrieved field is magnified 100x in the figure due to the
low retrieval efficiency we observe. The shaded regions in figure 3.9a will be dis-
cussed below. The retrieval efficiency we observe (<1 %) is much lower than has
been previously demonstrated in atomic gas systems (>50 %) or in other quantum

memory protocols in REIC (69 %) [35,95], but similar to other spin-state storage
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protocols [96,97]. One likely factor contributing to this inefficiency is the inherent
phase-mismatch in our geometry discussed above. We expect moving to a geome-
try without an inherent phase mismatch would substantially increase the retrieval
efficiency.

The measured cross-correlation between the detected heralding and retrieved
fields is shown in figure 3.9b as a function of the detection times of both fields, t;, and
t,. The highest value of the cross-correlation is near the theoretical maximum for the
high gain regime, 2.0(1) (statistical uncertainty). The correlation between the time
separated heralding and retrieved fields is a signature of generation, storage, and
retrieval of collective excitations. We note that the cross-correlation remains largely
constant over the main part of the retrieved emission, seen as a broad maximum
along the vertical axis. However the correlation peaks early during the heralding
emission, and drops for later heralding detection times.

We check potential sources of correlations other than the generation and re-
trieval of collective excitations. We operate in a strongly phase mismatched configu-
ration by applying co-propagating write and read pulses while collecting the herald-
ing and retrieved light in a single spatial mode at a small angle (the only difference
from Fig. 3.7 is that the read field propagates in the write mode). The heralding
and retrieved fields in the detected mode should not be correlated with each other.
The heralding field should be correlated with retrieved light in an undetected mode
on the other side of the write/read mode at the same small angle. Unlike the small
phase mismatch in the primary geometry, in which there is no better phase-matched

mode for the retrieved field, this phase mismatch should eliminate correlations rather
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Figure 3.9: a) Mean detected heralding and retrieved (x100) photons per us. Timing
and width of write and read fields shown for reference, not to scale. Shaded bands
are calculated profiles of the emission in the two channels that is correlated with
correlated generation and retrieval. The widths of the bands represent the range of
values that are consistent with the experimental results. b) Cross-correlation as a
function of heralding (horizontal) and retrieved (vertical) detection times, ¢y and
tret. Write (read) temporal profile is fixed and shown along the heralding (retrieved)
axis for reference.

than simply reducing retrieval efficiency (Ak = (47/\)sin(0/2) =~ 900 cm™!). This
configuration yields values of 1.0 < gg())ss < 1.3 at all times, well below the values

for the (nearly) phase-matched case. The lack of correlations in this configuration
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implies that the correlations in the phase-matched case indicate coherent generation,
storage, and retrieval of collective excitations.

The overall temporal behavior in our system is qualitatively different than
what was seen in early experiments in cold atomic gas systems. Decoherence was
so fast as to dominate the temporal dynamics, and the storage time (t,eq — ther) Was
the primary factor that determined the correlation [98]. Our system exhibits cross-
correlation that is largely constant during the retrieved field, suggesting that there is
negligible decoherence of the collective excitation during storage. This is consistent
with previously reported coherence times for the spin transition Pr3*:Y,SiOs, which
are longer than the storage time demonstrated here [99]. However, the reduction
of the cross-correlation for later detection times of the heralding field suggests the
presence of an additional noise process with a temporal profile delayed with respect
to the generation of collective excitations. We use equation 3.3 and our measured
values of gé?gss(ther, tret) to estimate the amount of uncorrelated emission in the fields
(Oner and oyer) as functions of ¢y, and t,,. We assume some fluctuation of the mean
collective excitation rate, u, due to drift of experimental parameters such as laser
intensity and pointing and find ranges of oy, and oy, that are consistent with the
data. Our results for the fraction of emission that is correlated with the generation
and retrieval of collective excitations are plotted as the shaded bands in figure 3.9a
along with the measured emission in each field. While the retrieved field is composed
primarily of correlated emission, we find that the heralding field contains significant
noise. We further note that the correlated and noise photons in the heralding field

exhibit distinctly different temporal dynamics. Namely, we find that the correlated
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field in the heralding channel peaks earlier than the overall emission, and that the
tail of the emission is largely noise. This temporal separation should allow for gating

of the heralding field to improve the fidelity of the heralding process.

3.3.4  Spectral filtering

As mentioned earlier, moving to the single excitation regime requires narrow-
band spectral filtering that allows detection of single photons in the heralding and
retrieved fields in the presence of the bright, classical write and read beams. We
have begun work to develop a switchable, narrowband spectral filter based on spec-
tral hole-burning in Pr®™:Y,SiO5 [100]. The switching is accomplished via the dc
Stark effect that shifts the transition frequencies of the ions in the ensemble and
importantly allows the same crystal to act as a filter during both the write and read
processes.

The filter is prepared by first burning a spectral hole centered at w; with a
particular electric field configuration applied to the crystal. The electric field is
then switched (switching time <1 pus) to an alternate distribution to shift all ions
via the dc stark effect, and a spectral hole is burned at wy. This hole-burning
process is repeated many times, iterating between the two field configurations. The
final result is two spectral profiles encoded in a single ensemble with the ability to
choose which profile to use by switching the electric field. This scheme has been
demonstrated with 60 dB attenuation for each of two 1 MHz-wide spectral holes in

a 2-cm Pr3t:Y,Si05 crystal (Fig. 3.10).
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Figure 3.10: Filter transmission measured via heterodyne detection for two electric
field configurations (100 V). In both cases the ratio of the maximum to minimum
transmission is >65 dB. [100]

A filter of this type, integrated into a quantum memory system, should allow
storage and retrieval of collective excitations in a DLCZ-type scheme at the single
photon level. Along with the results storing and retrieving collective excitations this
work suggests that a DLZ-type quantum memory is entirely feasible in rare-earth

systems.
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Chapter 4: Non-classical detection for metrology

Since the advent of photomultiplier tubes in the 1930s it has been possible to
detect light at the level of single optical photons. Most detectors that are sensitive
at the level of a single photon, however, cannot distinguish the number of photons in
a pulse. Such single photon counters simply signal a photo-detection event for any
number of photons detected. This lack of photon number resolution is a challenge
for many applications throughout quantum optics and quantum information [17]
and has led to substantial research in recent years into developing photon number
resolving (PNR) detectors.

A common method for obtaining photon number resolution is by multiplexing
single photon counters, which is a technique we use in chapter 5 of this thesis to
reconstruct the underlying modes of a light field. Such schemes are generally easy
to implement and flexible due to the variety of single photon counters with different
fundamental properties that are available. Such multiplexed systems, however, are
limited in their degree of photon number resolution by the number of detectors,
or in the case of temporal multiplexing with a single detector, the repetition rate.
They also have reduced sensitivity for photon numbers near the number of detectors

and tomography of such a system is generally required to fully characterize its
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photoresponse [37].

Detectors with the ability to directly resolve the number of incident photons
are rare, but becoming more common in the last decade [17]. One intrinsically
PNR detector is the transition edge sensor (TES), a microbolometer capable of
distinguishing photon number for a monochromatic source based on the amount
of energy deposited on its superconducting tungsten film [101-103]. The energy
deposited causes a temporary change in current whose integral is proportional to the
energy absorbed. Thus, output photoresponse pulses from the TES can be integrated
to yield the number of photons absorbed in each pulse. Clear discrimination of
photon number greater than ten has been observed for 1550 nm photons [101, 104].

In this chapter we describe an experiment using a TES to study the limits
of resolution and sensitivity in imaging and metrology applications [39]. There is
widespread interest in improving resolution and sensitivity in imaging and metrol-
ogy applications [105-109], but many of the proposed improvements for precise
phase measurements and high-resolution imaging employ highly non-classical pho-
ton states such as photon-number (Fock) states and path-entangled photon-number
(NOON) states or squeezed states [108,110]. Unfortunately, such non-classical states
are highly sensitive to loss [111]. This has led to interest in combining loss-tolerant
coherent states with photon-number-resolving detectors to realize some improvement
over standard classical techniques and avoid the immense challenges associated with
generating exotic quantum states [112-116].

In the context of imaging, much attention has focused on improving resolution

beyond the Rayleigh limit [117]. This limit is imposed by diffraction rather than
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by quantum fluctuations of the light [116]. Giovannetti et al. proposed that PNR
strategies could result in high-resolution images beyond the standard Rayleigh cri-
terion [118]. They note that using a coherent source and a PNR measurement com-
presses the point spread function of an image but does not lead to improved image
resolution. This compression could also be accomplished by classical post-processing
of the data; however, it is not clear whether post-processing has an advantage in the
presence of noise. Near the single-photon level, the presence of stray light degrades
the utility of such post-processing, and classical detection itself becomes challenging.
Nonetheless, direct detection of fringe compression can be used to improve the con-
trast between closely spaced diffracted beams. Similar techniques can also be used
to improve contrast for applications other than imaging, for instance spectroscopy
of radioactive atoms where the background count rate is high, but the increased
likelihood of higher order photon number events on resonance allows better contrast
of the spectral features by conditioning on higher order events [119].

Here, we report two experiments using PNR detectors to study the spatial ir-
radiance profile of diffracted laser beams. The main components of our experimental
setups are a laser source, a TES and a single slit, or pinhole. Our 1550 nm laser
diode source has linewidth ~0.1 nm, is modulated at 50 kHz, and is pulsed with 100
ns-wide pulses. We first diffract a Gaussian beam at a single slit and observe the
expected narrowing of spatial fringes with increasing detected photon number. We
then use this fringe compression to demonstrate increased contrast of two beams
with Airy disk profiles separated by less than the separation given in the Rayleigh

criterion.
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4.1 Fringe compression

In our first experiment, we study the photon-number-resolved spatial profiles
of a single-slit diffraction pattern. In the experimental setup, a beam exits a single-
mode fiber and is collimated to generate a Gaussian profile with a beam waist several
millimeters in diameter. It is then diffracted through a single ~250 pym-wide slit. We
scan a standard 9 um core single-mode fiber coupled to the TES detector across the
diffraction profile in 50 pm steps, ~23 cm from the slit, and detect a mean of ~3.6
photons per pulse at the position of maximum irradiance. At each fiber position,
we resolve photon number by integrating TES photoresponse pulses and placing
them into histograms to reveal the photon number distribution [101]. The detected
photon numbers can be extracted from these histograms, and in this experiment,
we distinguish up to nine photons (higher photon numbers are neglected due to
low count rates). Thus, the spatial diffraction patterns of different photon-number
states are extracted.

We observe increased compression of the central lobe with increasing detected
photon number, by up to a factor of three over a classical (average irradiance) signal
(see Fig. 4.1). We reconstruct this classical signal from the PNR measurements by
taking > kny where k is the detected photon number and ny, is the number of counts
at a given k (see Fig. 4.1a). We observe the sinc? (dsinf/)\) dependence we expect
from diffraction through a single slit, where d is the slit width, A is the wavelength,
and 6 is the angle (0 ~ x;/z where x; is the transverse position seen in Fig. 4.1

and z ~ 23 cm is the distance from the diffracting slit to the detection plane).
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Figure 4.1: (a) Reconstructed classical spatial distribution with fit. (b) Full width
at half maximum of the central fringe vs. photon number. Expected widths using
reconstructed classical and conventional single-photon detectors shown for reference.
(c) Spatial distribution of the diffraction pattern for up to nine photons with fits.
Solid black lines are fit generated by minimizing the least-squares error between the
data and a Poissonian distribution with a mean photon number that falls along the
curve u(z) = posine? (dsinf/\).

We then generate a fit to this curve by minimizing the least-squares error between
- sinc? (dsinf/\) and the data by varying p and . We derive the photon-number

profiles straightforwardly from the Poissonian distribution of a coherent source with

a spatially varying detected mean photon number u(z) = pgsinc? (dsinf/\) (see
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Fig. 4.1¢). The photon number distribution at each point is given by the Poisson
distribution for the mean photon number at that position u(x).

This result can also be derived using an effective beamsplitter approach, as
described in Ref. [113]. In this case, the diffraction limited beam profile is mod-
eled as a plane wave incident on a beamsplitter with spatially varying transmission
coefficient 7' [113,114,120]. The equivalence between the two approaches can be
shown directly in that the beamsplitter expression for the probability of detecting

k photons reduces to a Poisson distribution:

i 2%k 2k _ —plT? (“‘T|2)k
)= Zk, TP (= TPy = et @)
where |T|2 is replaced by the spatial profile of the beam, which in this case is the
single slit far-field diffraction profile (sinc? (dsinf/\)).

The compression of the central fringe width we observe could also be obtained
by post-processing of a classically detected signal. However, because classical de-
tection at low intensities is difficult, such measurements are often performed with
conventional single-photon detectors (with no photon-number discrimination). We
compare our results with what we would have obtained with a conventional single-
photon detector, which records a photodetection event for every pulse with one or
more detected photons. By treating the single and multi-photon detection events
from all of the photon-number resolved profiles in Fig. 4.1c¢ as identical photode-
tection events, we reconstruct the spatial profile obtainable with a conventional

single-photon detector and find that our result is compressed by a factor of more
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than four (see Fig. 4.1b). We note that the fringe width obtained with a conven-
tional single photon detector is wider compared to a classical average irradiance
measurement because the response of a non-number-resolving detector cannot scale
with photon flux, but saturates with the detection of a single photon.

We can convert the width o of the feature into an error on the ability to find
the center of the distribution. We take the error on the peak location for a set of data
as € = 0//n where n is the number of counts in the distribution. We can combine
the different theoretical photon number resolved profiles using a weighted average
depending on the overall mean photon number. Figure 4.2 shows the relative error
for single photon detection (SPAD), classical intensity detection, and photon number
resolved detection with 12- and 4-fold resolution. This illustrates the advantage
of accessing the higher photon number statistics of the radiation field over using
conventional single-photon detectors as the error for both PNR detection schemes
falls below the error for the single photon detector at all mean photon numbers.
However, we see that if classical intensity detection is possible, it will provide a

lower error than photon number resolved detection.

4.2 Beam contrast

In the second experiment, we exploit the fringe compression observed above
to study improved contrast of spatial profiles of two overlapping diffraction patterns
with approximately equal irradiance, which are difficult to distinguish classically. To

obtain this profile, we first diffract a ~2 mm diameter Gaussian profile beam through
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Figure 4.2: Error on the location of the center of the distribution that can be found
using single photon detection, classical intensity detection, and 12- and 4-fold photon
number resolved detection as a function of the mean photon number at the peak of
the field.

a standard 75 pm pinhole, obtaining a beam with an Airy disk profile. A 100 mm
focal length lens, ~155 mm after the pinhole, focuses the diffraction profile. The
beam is split and recombined non-interferometrically using polarizing beam splitters
in a Mach-Zehnder interferometer configuration (see Fig. 4.3b). We approximately
equalize the photon flux in the arms using a fiber polarization controller and tune
the spatial separation of the two beams by moving one of the mirrors. The detec-
tion system scans across the two nearly identical images for several different beam
separation values while recording all photoresponse pulses. The maximum detected
mean photon number per beam for all measurements is /5.3, and we distinguish
photon numbers up to twelve.

The Rayleigh criterion defines the classical limit for the minimum resolvable
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Figure 4.3: (a) Spatial profile at approximately the Rayleigh criterion for the recon-
structed classical signal and photon-number detection at selected photon numbers
larger than the mean photon number. (b) Experimental setup. PBS: polarizing
beam splitter. (c) Contrast (C' = (Inax — Isaddie) / (Imax + Isaddle)) vs. beam sep-
aration (in units of the Rayleigh criterion) for select photon numbers larger than
the mean photon number. Contrasts derived from the reconstructed classical profile
and single-photon counter profile are shown for reference.

separation between two imaged, focused Airy disk profiles

2, <7TD\/{172 F2/A f>
mD~\/x2 + 42 /N f ’

(4.2)

where J; is a Bessel function of the first kind, x and y define the position in the image
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plane, f is the focal length, and D is the aperture radius of the diffracting pinhole.
This separation occurs where the main lobe of one beam falls on the first minimum
of the other, and the angular separation with respect to the aperture is given by
1.22)\f/D. The classical irradiance profile of two overlapping Airy disks is a saddle,
and the contrast of this profile is defined as C' = (Inax — Lsaddie) / (Imax + Lsaddie)s
where I.c and Igqqie are the intensities at the peak and saddle points (see Fig.
4.3a).

The expected classical contrast for two equal intensity beams at the Rayleigh
limit is 15 %. We observe contrast values greater than 80 % for detected photon
numbers k >> p at a separation of the Rayleigh limit (see Fig. 4.3c). At the
smallest separation value studied, 90 % of the Rayleigh limit, a contrast of over
60 % is obtained for k£ = 12. We note that the contrast value of 13 % obtained from
the reconstructed classical profile just below the Rayleigh limit matches closely
with the theoretical Rayleigh limit value of 15 %. As expected, the contrast of
reconstructed profiles assuming the use of a conventional single photon detector is
<5 %, because it saturates and loses information by not exploiting the full photon
statistics. We show a sample set of measured photon-number-resolved profiles for a
separation near the Rayleigh limit along with a theoretical fit derived analogously
to the fit used for the single-slit configuration. Fitting parameters account for the
intensity difference of the two beams and the difference in optical path lengths. We
show good agreement between the fits and data.

We have thus far demonstrated improved contrast between two Airy beam

profiles at the Rayleigh criterion, using a coherent source which obeys Poissonian
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statistics. This raises the question of the effect of a source’s statistical properties on
the fringe compression and contrast measured with photon-number-resolving detec-
tors. We point out that the compression of the central fringe is merely a consequence
of the beam’s photon statistics in combination with PNR detection rather than a
consequence of a particular aperture. Thus, this compression effect can be observed
for any photon-number-resolved, diffraction-limited beam. To this end, we simulate
photon-number-discriminated spatial distributions of Gaussian beam profile fields
with coherent, thermal, and Fock statistics. We use the effective beamsplitter ap-
proach described above with a Gaussian profile replacing ]T!Q in Eq. 4.1 and the
appropriate photon statistics. As shown in Fig. 4.4 for k£ = 10, the Fock state

(In) = 10) shows the highest degree of narrowing of the central fringe.

10 k

thermal —

10 k 10

Fock =

coherent —

Figure 4.4: Calculated spatial distribution of (from left to right) a classically de-
tected Gaussian profile coherent beam with a mean photon number of 10, a 10-
photon detection of the same coherent state, a 10-photon detection of thermal light
and same mean photon number, and a 10-photon detection of N=10 Fock state.

This narrowing can translate directly into improved contrast if we add two
coherent states or thermal states near the Rayleigh limit without interference as

in our setup. The reason is that the compression from photon-number-resolved
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detection acts on the sum of the irradiance profiles of the beams [118]. Thus, for
these cases, the contrast is dictated completely by the amount of compression, which
results in higher contrast for the Fock state profile over the thermal or coherent
state profile. We note in this case that any increase in contrast can only occur for
separations larger than the Sparrow limit, ~ 0.8 of the Rayleigh criterion, where the
two overlapping beam profiles combine to form a flat top [121]. The reason is that
the photon-number-resolving detection amplifies the dip feature in profiles between
two beams. In the case of two beams separated by less than the Sparrow limit, no
such feature can be exploited.

In conclusion, we have experimentally observed the photon number resolved
transverse profile of diffracted beams. We directly observe fringe compression of the
diffraction pattern that is not possible with classical detectors or conventional single
photon detectors. This fringe compression leads to the ability to better locate a peak
than is possible with conventional single photon detectors. We further demonstrate
that this fringe compression allows increased contrast of two nearly overlapping Airy
disk profiles and discuss the effect of the source statistics on fringe compression.

These studies may be useful for designing better metrology and imaging techniques.
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Chapter 5: Characterizing light

In chapter 2 we discussed how photon number statistics can be used to charac-
terize light. In this chapter we present three experiments in which we do just that. In
the first experiment we used the zero-time second-order intensity auto-correlation

(2) to characterize the multi-photon emission of a bright, broadband,

function, g¢
fiber-based heralded single photon source [18]. In the second experiment we demon-
strated the quantum nature of light by using entangled photons from this fiber
source to violate theories of local and non-local realism [27]. In the third experi-
ment we demonstrated the mode reconstruction method outlined in chapter 2. We
reconstruct mixed states with contributions from up to three modes with thermal

statistics, up to one mode with attenuated single-photon statistics, and up to one

mode with Poissonian statistics [25].

5.1 Heralded single photon source

A common way to generate single photons is by producing photons in pairs
and using one member of the pair to herald the presence of the other. Most physical
processes that produce photon pairs do so in such a way that the number of pairs has

a classical number distribution (¢ > 1). So while either arm of the pair source will
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exhibit ¢® > 1, we can measure the conditional ¢® of one arm by only considering
pulses or time bins during which a photon is detected in the other arm. This condi-
tioning decreases the probability of finding no photons in the signal, increasing the
mean photon number without significantly changing the ratio of multi-photon emis-

(2)

sion to single photon emission. Thus, the conditional normalized correlation g, 4

can be well below one, signifying a nearly pure single photon source. In the regime
of a weak pair source with unconditional probability pun.(1) << 1 we demonstrate
g2 | <0.02.

This has been the primary method for obtaining single photons for a number
of years even though there is a trade off between the real time rate of photons
and the multi-photon suppression. To date, the most common physical system for
photon pair generation has been spontaneous parametric down conversion (SPDC)
in nonlinear crystal. On the other hand, pair production in optical fiber, rather than
bulk crystal or waveguide, has the advantage photons can be produced, collected,
encoded, distributed, and detected in a single transverse spatial mode.

Four-wave mixing (FWM) is a third-order nonlinear process in which two pump
photons are converted into a pair of photons, termed signal and idler, constrained by
energy and phase matching constraints. In amorphous-silica optical fiber, there is no
second-order nonlinear susceptibility (and thus no possibility of SPDC). FWM in op-
tical fiber has been shown to produce correlated photon pairs with high two-photon
spectral brightness over a broad spectral range in a single-spatial-mode [122-125].
These features give fiber-based sources of correlated photon pairs unique advantages

as heralded single-photon sources. The broad spectral bandwidth allows wavelength-
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division-multiplexing at the single-photon level and the single-spatial-mode output
allows photon collection with high efficiency. We measured the conditional second-

(2)

eongs Of heralded single-photons generated via

order correlation function [42,126], g
FWM in optical fiber to be much less than unity over a broad spectral range, sug-
gesting that fiber-based heralded single-photon sources may be suitable for future
quantum information applications.

We generate photon pairs in microstructure fiber, which is standard silica
optical fiber that has a pattern of air holes that run the length of the fiber with the
central hole absent (see fig. 5.1). The central, filled region acts as the fiber core in
which the mode is guided and the surrounding air-filled holes act as the cladding.
Compared to traditional single mode fiber, microstructure fiber has a smaller core
diameter (=1 pum vs. =10 pum) and a larger index difference between the core and the
cladding (An ~ 0.4 vs. An ~ 0.01). Both of these effects contribute to an increased

nonlinear coefficient, and thus a larger four-wave mixing gain, in microstructure

fiber over standard single mode fiber [127].

e e e e Yoo o T T )
S4700_NECI 2.0kV 13.5mm x1.10k SE(M) 9/26/02 14:0550.0um

Figure 5.1: Scanning electron microscope image of microstructure fiber. The small
core size and large index difference between the silica core and air cladding lead to
high nonlinearity and four-wave mixing gain.
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In the experiment (Fig. 5.2), 8 ps pulses from a mode-locked Ti:Sapphire laser
are coupled into a microstructure fiber at a repetition rate of 76 MHz, with pump
wavelength (Apump = 740.6 nm) located slightly on the normal-dispersion side of the
fiber (zero-dispersion-wavelength Azpw = 745 nm £ 5 nm). The high third-order
nonlinearity (v = 70 W—'km™!) of the fiber enables efficient FWM over a broad
spectral band, depending on phase matching. A major source of noise in FWM in
optical fiber is Raman scattering, which produces single, uncorrelated photons in a
spectral region near the pump wavelength. The primary Raman scattering spectral
band peaks at 765 nm in our fiber (see Fig. 5.3 inset), but careful selection of phase-
matching conditions allowed us to efficiently produce photons outside the Raman
band, detuned from the pump by 25-35 THz.

We measured a 20 nm wide bandwidth where the FWM signal is large but the
accidental two-photon coincidence noise is small [124]. A two-pass grating configura-
tion selects the frequency-conjugated signal (w,) and idler (w;) photon wavelengths
that are connected by energy conservation, 2wpump, = ws + w;. A slit following a
transmission grating in the signal (idler) path allows selection of the signal (idler)
wavelength via the position of the slit and the signal (idler) bandwidth via the width
of the slit. Because the FWM process creates correlated pairs of signal and idler
photons, the detection of a signal photon can be used to herald the existence of an
idler photon, or vice versa.

The idler goes through a Hanbury Brown-Twiss interferometer in which the
field is split on a 50/50 beamsplitter and sent to two single photon avalanche de-

tectors (a and b) while the signal field goes directly to a single photon avalanche

85



Microstructure N Transmission
fiber grating

A— —f£=

Pump pulse
%/ 50/50
beamsplitter

2

Figure 5.2: Experimental setup for the microstructure fiber pair source. Pair wave-
lengths are selected by the slits and retroreflecting mirrors following the transmission
grating.

Signal slit and
retro-reflection

Idler slit and
retro-reflection

diode (detector ¢). Thus, the conditional second-order correlation function is

(2)

Geond = DPabd/ (PacPpe) While the unconditional correlation is 91(12)

ne = Pab/ (Papy) where
piji is the probability of a time bin containing photodetections in the subscripted
detectors. We measure the overall single-photon detection efficiencies to be n, =5 %
for the signal arm, and 7, =7 % (n, = 7 %) for idler arm a (idler arm b). [Breakdown
of signal (idler) photon detection efficiencies: detection efficiency = 60 % (50 %),
fiber coupling efficiency = 53 % (58 %), interference filter transmittance = 53 %
(60 %), two passes through transmission grating efficiency = 39 % (58 %), efficiency
from other optics = 75 % (70 %)].

In the experiment, photons collected in the signal and two idler arms are inde-
pendently coupled into a Perkin Elmer SPCM-AQ4C four-channel silicon avalanche
photodiode (APD) array. Each APD functions independently, outputting an electri-

cal signal when detecting a photon (with 50 ns deadtime after each detection). The
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electrical signals are fed into a home-built field programmable gate array (FPGA)
that is synchronized to the 76 MHz pulsed laser and has 13 ns wide time bins [128].
The FPGA compares the input signals and reports coincidence analysis to a data-
taking computer. Relative delays between signals from different channels are opti-

mized for maximal coincidence rates with the temporal resolution of 100 ps.

(2)

cond

We measure the conditional and unconditional correlations (g,.; , and gg)c) of
the idler for different signal-idler wavelength pairs (Fig. 5.3a) and different collection
bandwidths (Fig. 5.3b) to demonstrate that the multi-photon emission is suppressed
over a wide bandwidth. It is important to note that shifting to a different signal-

idler wavelength pair simply requires moving the slits in front of the retro-reflective

mirrors (see Fig. 5.2) using micrometer stages, and does not require any optical

(2)

wong 18 far below the classical limit of unity at low

realignment. We observe that g
pump power. We see the expected rise in ggld for higher pump powers. As discussed
in chapter 2, the degree of multi-photon suppression possible with a heralded source
decreases with increasing pair production rate.

We see that gl(ﬁl)c ~ 1.5 and is larger for smaller collection bandwidths AX. We
are collecting multiple spectral modes of the idler field, each of which we expect to
exhibit thermal number statistics. Thus we expect a value of gg)c between 2, the
value for a single thermal mode, and 1, the value for an infinite spectrum of thermal

modes. At smaller bandwidths we collect fewer modes and thus see larger gl(li)c. The

dip in gl(ﬁl)c at low pump powers is due to the contribution of random dark counts at

those count rates, otherwise we observe constant gl(fq)c for each set of experimental

parameters, as expected from one arm of a pair source.
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Figure 5.3: Conditional and unconditional ¢® vs. pump power. (a) Different

wavelength pairs. géifld is near zero for low pump power (low pair production)

and rises above the classical limit at high power. gfm)c is between 1 and 2 for all

wavelengths as expected for a multimode thermal source. (b) Different bandwidths
2)

eong 1s near zero for low pump power (low pair production) and rises

above the classical limit at high power. gl(m)c is larger for smaller bandwidth, as

expected for a source with multiple spectral modes. The lower values of gl(li)c for low
pum power are a function of detector dark counts, which have a much smaller effect
on gcond because all quantities are coincidence counts in the latter. (inset) Raman
spectrum of the fiber with collected wavelengths noted. We collect wavelengths
outside the main part of the Raman emission.

for the pairs. g

For comparison, we also measured ¢® of the pulsed Ti:Sapphire pump laser
and found it to be equal to the expected value of one for all applied power levels,
demonstrating that our pump laser approximates an ideal coherent source. Note
that for the measurement of the pump laser, ¢'® is plotted versus pump powers

that produce similar detected idler photon rates as the detected photon rates for
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the ¢g® measurement of the laser (Fig. 5.3).

Our Source

Asignal (NIN) Aidler (M) géiild Pair rate (s™') p(1)

697 790 0.039(3) 280 0.47
0.140(4) 2910 0.53
0.330(8) 11900 0.60

693 795 0.014(2) 350 0.51
0.095(3) 3210 0.54
0.300(7) 14400 0.59

689 800 0.023(2) 330 0.51
0.096(3) 3240 0.57
0.200(7) 12700 0.63

686 805 0.029(3) 290 0.46
0.110(3) 2660 0.52
0.310(8) 11900 0.58

SPDC source [129]

810 1550 0.0014(3) 350 0.61

Table 5.1: Some values of g((f)ild, detected signal-idler pair rates, and probability of
emitting an idler photon given detection of a signal photon, p(1), for different pump
powers and signal-idler wavelengths along with data for a high quality SPDC source.
Uncertainties are one standard deviation and represent statistical errors.

(2)

cond &t various wavelengths in Table 5.1.

We list some values of conditional g

2)

cond

In addition to g we note the detected pair rate (recall that the pulse repetition
is 76 MHz) and the probability of idler emission given a signal detection based on
our measured idler detection efficiency of 7 %. At 350 s~! detected coincidence
rate, we have géild as low as 0.014, suppressed by a factor of more than 50 relative
to the classical, Poissonian limit of one. This detected pair rate corresponds to 50
uW average pump power (80 mW peak pump power) and, with our idler detection
efficiency of 7 %, the probability of emitting an idler photon from the end of the

fiber given detection of a signal photon is p(1) = 0.51.

2)

As the coincidence rate is increased (by increasing the pump power), g/, in-
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creases due to the increased number of multi-pair events. At a detected coincidence
rate of 12000 s™! (peak pump power = 490 mW, p(1) = 0.6, ggld = 0.3) we still

observe suppression of multi-photon events below the classical limit. For a given

2)

cond Temains the same over a broad spectral range. For compari-

coincidence rate, g

2)

ng as low

son, we include in Table 5.1 a high quality SPDC source which exhibits g£
as 0.0014 at a bandwidth of AX = 6.9 nm, a pump power (continuous wave) of 1.6

mW, and p(1) = 0.61 [129].

5.2  Non-local realism

Quantum theory confounds our conventional perceptions of locality (events
in spacelike separated regions cannot affect each other) and realism (the idea that
an external reality exists independent of observation). Entanglement, for exam-
ple, which lies at the heart of quantum theory, connects two polarization-entangled
photons such that by measuring the polarization of photon 1, the polarization in-
formation of photon 2 is immediately determined, even when these two photons are
spacelike separated. This behavior runs counter to our everyday experience with
locality and realism. Locality demands the conservation of causality, meaning that
information cannot be exchanged between two spacelike separated parties or actions,
while realism requires that physical observations are properties possessed by the sys-
tem whether observed or not. Quantum theory offers only probabilistic explanations
to physical observations. Hidden-variable theories are an attempt to complete this

description in the sense described by Einstein, Podolsky, and Rosen [5].
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In local hidden-variable (LHV) theories, the quantum state of a physical sys-
tem is completely characterized by a unique set of hidden variables (\) and a
system-defined distribution function p(\). In the case where photon polarization
is the observable of interest, the expectation value of the polarization observable
(A) on photon 1 is given as A = [, A(A\)p(A)d\, which is independent of the same
measurement conducted on photon 2, B = [, B(A)p(A)dA.

Even without assuming explicit forms of the hidden variables and their distri-
bution functions, it is possible to make experimentally testable predictions with LHV
theories. The most famous prediction is Bell’s theorem [6], which proves that the
predictions of quantum mechanics do not agree with local realistic theories. Exper-
imental investigations of Bell’s theorem typically test the Clauser, Horne, Shimony,
and Holt (CHSH) form of Bell’s inequality [130]. The violation of this inequality
has been consistently reported in many experiments [7], and the primary loopholes
have been closed in various systems [131-133] and are likely to be closed in a single
test in the next few years. These experimental results strongly suggesting that LHV
theories are invalid and we must abandon either locality or realism, if not both.
However tests of the CHSH inequality do not tell us which (locality or realism) to
abandon.

In going beyond LHV theories, Leggett defined a class of non-local hidden
variable (NLHV) theories, violation of which supports abandoning realism by ruling
out both local and non-local realism [26]. For the class of NLHV theories, expec-
tation values of observables depend on the orientations of polarization analyzers

@ (in detecting photon 1 which has polarization @) and b (in detecting photon 2
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which has polarization @), A(@) = [, d\paz(N\)A(@,b,\) = @-a@, B(0) = [, d\pas(\)
B(@,b,\) = @b, and AB(@) = [, d\pzs(\)A(@,b, \) B(d@,b, \), where pg () is the
distribution function in the subensemble space spanned by photon 1 and photon 2
of different hidden variables. The joint property is averaged over all subensemble
spaces, (AB) = [ fa‘,ﬁ didv'F (i, 7) AB (i, U), where, F(ii,v) is the distribution func-
tion and [, dA\pzs(N) = [ [;;dddvF(i,v) = 1. Leggett theoretically proved that
the prediction of this class of NLHV theories is incompatible with quantum theory,
based on which, Groblacher et al. further introduced a Leggett-type NLHV inequal-
ity to make this class of NLHV theories experimentally testable using polarization-
entangled photon-pairs [134].

The introduced Leggett-type NLHV inequality [134] is expressed as

Sneav = |E11(¢) + E23(0)| 4+ |Ega(¢) + Eas(0)]

A (5.1)
<4 - — sin? ,
s 2
where F11(¢), Fa3(0), and E(¢) are given as

Cy; is the joint correlation measurement, Cj; = [ [ fﬁ@/\ dudvd\F (i, V)
A(d;, bj, \)B(d;, bj, \)p(u, V), with A(Ji,gj,)\) = 1 for detecting photon 1 and
A(&’i,gj, A) = —1 for failing to detect photon 1 (and similarly for B(&’i,gj, A) and
photon 2). The subscripts 4, j, i+, and j* correspond to polarization analyzer
settings with orientations along d;, gj, d;1 (orthogonal to @;), and gjj_, respectively.
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Signal Measurement settings Idler
'H on Poincaré sphere H

A

Figure 5.4: Poincaré spheres showing the polarization analyzer settings in detecting
the signal (left) and idler (right) photons.

As shown in Fig. 5.4, with orientations of polarization analyzers chosen to

have the plane a; x by orthogonal to the plane as x by in the Poincaré sphere, and

’51Xb1| |52><b2’

@] fal B

@y = by, at ¢ = 18.8° (sing =

), quantum theory predicts SxLuy =
2(1+4cos¢) = 3.893 for polarization-entangled photon pairs of singlet, while the class
of NLHV theories to be examined gives a bound of 3.792, resulting in the maximal
violation of the inequality, thus excluding a class of NLHV theories [134]. In the

meantime, the Bell’s inequality can be examined in the form of

Scusu = |E11(¢) + E12(¢) + Ea1(¢) — Exa(9)] < 2. (5.3)

At ¢ = 18.8°, quantum theory predicts Scgsg = 2cos¢ + sing = 2.215, while
the LHV limit is 2 at all angles, thus simultaneously invalidating the LHV theories.
In addition to the derivation of the Leggett type NLHV inequality, Groblacher

et al. conducted the first experiment to show the violation of this inequality us-
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Figure 5.5: Schematic of the experimental setup. PBS: polarizing beam splitter,
A/2: half-wave plate, \/4: quarter-wave plate. The Sagnac interferometer outputs

Bell states in the form of &~ = \%(HsignaHidler — Viignai Vidier), Which are rotated to

be the singlet state ¢~ = \%(Hlvg — Vi1Hy) by the first half-wave plate in the idler
arm.

ing polarization-entangled photon pairs created via spontaneous parametric down
conversion [134]. We examine Bell’s inequality and the Leggett type NLHV inequal-
ity using a polarization-entangled two-photon singlet state ¢~ = \/LE(H Vo — Vi Hy)
where H;(V;) denotes that photon i(j) is horizontally(vertically) polarized. We show
the simultaneous violations of the local and non-local inequalities by 15 and 3 stan-
dard deviations respectively, excluding LHV and a class of NLHV theories.

We use the fiber-based pair source described above, this time in a Sagnac
interferometer configuration (Fig. 5.5) to generate our entangled photons. The mi-
crostructure fiber is polarization maintaining and its principal axis is twisted by 90°
from on end to the other. Two identical pump pulses (8 ps, A\,=740.7 nm, repe-
tition rate 76 MHz) counterpropagate along the fiber with each creating biphoton

states over a broad spectral range via FWM. The twisted fiber configuration causes
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the biphoton states from the two FWM processes, which are cross-polarized with
respect to each other, to combine on the polarizing beamsplitter to form polariza-
tion entangled pairs. The same two-pass grating configuration used in the previous
experiment is used to select the signal-idler wavelength pairs (bandwidth AX = 0.9
nm). With appropriate phase control of the pump, the Sagnac configuration outputs
the Bell state = = \%(HsignalHidler — ViignalVidier) [123]. A half-wave plate in the
idler path converts this to the singlet state.

Considering the rotational symmetry of the singlet state, the correlation mea-
surement of Cj; can be obtained from two-photon coincidence events counted for
a few groups of polarization analyzer settings. Following the experimental scheme
proposed by Gréblacher et al. [134], the orientations of the polarization analyzers
are chosen to have @; = D (D is diagonal H + V), b, at an angle ¢ to d@; in the
D x H plane, a, = H, 52 at an angle ¢ to dy in the H x L plane (L is left circu-
lar H + V), and 53 = dy. A half-wave plate and a polarizing beamsplitter allow
linear polarization analysis of the signal. For the idler, we perform more general
elliptical polarization analysis and use a quarter-wave plate, a half-wave plate, and
a polarizing beamsplitter.

With a two-photon coincidence rate of 3500 s™! we measure interference visi-
bilities greater than 97 % for the singlet state in the H-V, A-D, and L-R bases (Table
5.2). As shown in Fig. 5.6, the violations of the non-local and local inequalities occur
for a range of polarization analyzer settings. At ¢ = 20° we observe simultaneous
violations of the non-local and local inequalities by 3 and 15 standard deviations

respectively (Table 5.2). This violation demonstrates not only the quantum nature
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Figure 5.6: Measured values (blue circles), the quantum prediction (red line), and
the classical limit (black line) of Sxpav [(a) and (¢)] and Scusu [(b) and (d)] as a
function of ¢ at two pairs of wavelengths: Aggnar = 689 nm, Aigier = 800 nm [(a) and
(b)], Asignal = 685 nm, Ajgier = 805 nm [(c¢) and (d)].
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of our source, but also its suitability for many quantum information applications

that require high-quality entangled photons.

Asignal  Aidler  Visibility — Correlation Inequality Violation
(nm) (nm) (%) coefficients parameter
685 805 Vpja = Es3 = —0.9886(71)
98.5(8)
VR/L == E11 == —08776(66) SNLHV = 3.20
97.5(8) 3.824(14)
Vi = Ey = —0.9689(74)
98.6(7)
E12 = —00637(55) SCHSH = l4o
2.176(13)
Ey = —0.3935(51)
689 800 Vpja = FEy3 = —0.9902(76)
99.0(8)
VR/L = EH = —08949(75) SNLHV = 3.40
98.0(8) 3.831(15)
Vi = Ey = —0.9557(81)
99.0(7)
E12 = —00555(60) SCHSH = 170

2.205(12)
Ex = —0.3886(56)

Table 5.2: Summary of local and non-local realism test measured for two sets of
wavelengths. The non-local inequality parameters were extracted from FEa3, F1q, and
E55 while the local inequality parameters were extracted from Eyq, Fas, E1o, and E;.
All measurements here are at ¢ = 20°. Visibilities given here are after subtracting
background coincidences and all uncertainties are one standard deviation. Violations
are calculated by subtracting the classical limits for Sypgv and Scpsp from the
measured values and dividing by the standard deviation.

5.3 Mode reconstruction

We presented in chapter 2 a method for reconstructing the underlying modes
of a light field using the photon number statistics of the field. Characterizing the

underlying mode spectrum of a light field has wide ranging applications including
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mode-matching biphoton collection [54], producing factorizable states of photon
pairs [23], minimizing classical background emission from single-emitter sources [55],
and characterizing the number and degree of squeezing in multimode continuous
variable entangled states [52,54,56-59]. Also, full mode reconstruction allows a more
subtle distinction between classical and nonclassical fields. Here we present a proof-
of-principle experiment demonstrating such a reconstruction for mixed states with
contributions from one or more modes with thermal statistics, up to one mode with
attenuated single-photon statistics, and up to one mode with Poissonian statistics.
We detect with four-fold photon number resolution and successfully identify the
distribution of contributions from up to three total modes of classical and non-
classical light.

Figure 5.7 shows the three light sources and the photon number resolving
detection scheme that we employ for our experimental demonstration. We generate
pseudo-thermal light by sending a pulsed laser through a rotating ground glass disk.
The random phase and amplitude perturbations imparted on the coherent light by
the disk produce an incoherent field that approximates a thermally distributed field
[135,136]. We find our pseudo-thermal state has g > 1.9 in all cases, signifying that
we are close to a true thermal state (¢ = 2). We use attenuated light directly from
the laser for our Poissonian distributed field. And we obtain single photons from
a low-noise heralded single-photon source based on SPDC in a periodically-poled
lithium niobate crystal [137]. We find that the state of the idler field, conditioned on
detection of a signal photon, is close to a single-photon Fock state, with ¢® < 0.05
[137].
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Figure 5.7: Source and detector configurations. SPDC: spontaneous parametric
down conversion. APD: avalanche photo-diode.
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We combine up to three pulsed modes of such light using beam splitters and
insert short time delays between the fields to avoid coherent interference between
them. We detect the resulting field with four single-photon avalanche diodes in a
tree configuration. After some post-processing of the data according to the positive-
operator valued measure of the detection system, we obtain photon number reso-
lution up to four photons [37]. We perform a least-squares minimization over the
space of all possible mode configurations to find the distribution that best fits the
measured photon number statistics.

We point out that our method can reconstruct all modes within the (typ-
ically broad) spectral range of the detector and can reconstruct spectral modes
with arbitrarily small frequency difference. And our reconstruction requires only
a single measurement of the photon number distribution of the field, unlike most

quantum tomography procedures, which require measurements in multiple config-
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urations to reconstruct the unknown quantum state [138]. We use a pulsed source
with pulse length much shorter than the coherence time of the pseudo-thermal light
to ensure that the detection window is within the temporal width of the photon
bunching [136]. The temporal resolution of the detection, set by the shorter of the
detector resolution and the pulse duration, must be within the coherence time of
the source to perform an accurate reconstruction. For applications such as SPDC,
pulsed excitation is a common operation and generally ensures correct measurement
of the zero-time correlation functions [139].

We take data in a variety of regimes. We define a fidelity of reconstruction as

fo 2 (5.4)
(|Mm’ + |:ur| )
where [i,, and ji, are the sets of measured and reconstructed mean photon numbers
respectively. This fidelity goes to one if the measured and reconstructed values are
identical.

First, we detect fields containing one, two, and three thermal modes. We use
the data to reconstruct detected photon numbers in three thermal modes. Figure
5.8 shows examples of these fits for one, two, and three incident thermal modes.
We find excellent agreement for a range of powers with f > 0.98 in all cases. In
addition, the reconstruction correctly identifies the actual number of modes present
and sets the remaining mean photon numbers to zero.

Reconstructing a set of modes with underlying thermal statistics is useful for

applications involving photon pair sources with such statistics, such as SPDC-based
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1 thermal mode 2 thermal modes

Figure 5.8: Bar heights are mean photon numbers p. Each group of three bars
represents a single experiment with a particular set of mean photon numbers. Dark
bars in back are measured mean photon numbers, fi,,, and translucent bars overlaid
are the reconstructed mean photon numbers, ji,. Noted above each plot is the set
of input modes.

sources. In particular, there are applications which require performing a Schmidt
decomposition of such a source [23,140, 141] or ensuring the overlap of collected
pairwise modes from a highly multi-mode source [54]. Our method, if applied to the
pairwise statistics of such a source, would reconstruct the distribution of pairwise
modes without the need to measure the spectral or spatial distribution of the pairs.
The extension of this method to pairwise statistics is, however, beyond the scope of
this thesis.

We next take data with zero, one, and two thermal modes plus one Poissonian
mode and fit it to two thermal modes plus one Poissonian mode. We also fit data

with two input thermal modes to a distribution with two thermal modes plus one
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Poissonian mode. In Fig. 5.9, we see excellent agreement for a range of input powers
with f > 0.99 in all cases and correctly identify which modes are present and which

are absent.
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Figure 5.9: Bar heights are mean photon numbers pu. Each group of three bars
represents a single experiment with a particular set of mean photon numbers. Dark
bars in back are measured mean photon numbers, [i,,, and translucent bars overlaid
are the reconstructed mean photon numbers, fi,. Blue bars are thermal modes and
rightmost, green, crosshatched bar is Poissonian mode. Noted above each plot is
the actual set of input modes.

Many sources of non-classical light for quantum information applications, such
as SPDC or four-wave mixing, produce single- or multi-mode light with thermal
statistics. In these cases it is important to ensure the desired state is not polluted
by laser light, which has Poissonian statistics. Our method identifies how much laser
pollution is present, even at the same frequency as the thermal light.

Finally, we take data for the SPDC-based heralded single-photon source de-
scribed above. We fit the data to two thermal modes plus one single photon mode.
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We also combine the single photon data with data for a single thermal mode and
fit it to two thermal modes plus one single photon mode. In Fig. 5.10 we again
find excellent agreement for a range of input powers with f > 0.96 in all cases and
our method identifies how many modes (up to three) and which type of mode are

present.
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Figure 5.10: Bar heights are mean photon numbers pu. Each group of three bars
represents a single experiment with a particular set of mean photon numbers. Dark
bars in back are measured mean photon numbers, [i,,, and translucent bars overlaid
are the reconstructed mean photon numbers, ji;. Blue bars are thermal modes and
rightmost, red, crosshatched bar is single-photon mode. Noted above each plot is
the set of input modes.

In the second case in Fig. 5.10, the non-classical source is heavily polluted with
classical thermal light. The mixing of non-classical and thermal light is common to
heralded single photon sources such as those based on SPDC, because the unheralded
statistics are thermal. All the states of mixed classical and non-classical light are
in the nominally classical regime (g > 1). However our method is robust enough
to identify the presence of the non-classical component, even when there is a strong
classical component present masking the non-classical field.

Our method clearly recognizes cases where only one or two modes are present

as well as faithfully reconstructing all modes present. We obtain substantially more
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information than is contained in the second order correlation function alone, partic-
ularly in the cases where we allow the reconstruction to determine the occupation of
modes with different statistics. With additional detectors, or a true photon number

resolving detector, we should be able to reconstruct more modes, and do so more

faithfully.

104



Chapter 6: Conclusion and outlook

We have presented a variety of experimental and theoretical work toward the
generation, characterization, storage, and detection of non-classical light with an
eye toward applications in quantum information. We characterized a heralded sin-
gle photon source based on four wave mixing in microstructure optical fiber and
showed that such a source produces high purity single photons over a broad spectral
bandwidth. We demonstrated storage and retrieval of collective excitations in a
solid-state rare-earth doped system, a necessary step toward implementing a quan-
tum memory in such a system. We studied how photon number resolved detection
can improve resolution for metrological applications. And finally we developed and
implemented a method to use photon number statistics to reconstruct the underlying
mode spectrum of a multi-mode light field.

Some extensions of this work are already underway. We are moving toward
the single excitation limit in our quantum memory scheme. This requires a narrow
spectral filter that can reject the bright, classical write and read fields so that we can
detect single heralding and retrieved photons with single photon detectors, which
do not have the spectral resolution that our heterodyne detection scheme provides

but can detect at the single photon level. We have already demonstrated such a
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filter and are working toward integrating it into our system. The RASE protocol,
which is similar to the DLCZ scheme, though requires optical m-pulses which add
noise, has been demonstrated at the single photon limit by collaborators in [91].
We are also applying our mode reconstruction method to a quantum dot-based
single photon source. We are combining higher order photon number detection
with temporally resolved detection to better understand the sources of both multi-
photon emission and distinguishability when exciting the quantum dot in a variety of
regimes. As quantum dots become more common as bases for single photon sources,
improved metrics are important for characterizing their emission in the context
of quantum information applications. We believe that our mode reconstruction
method can be used in just such a way for many sources of non-classical light,
building up information about many features of a light source without resorting to
an entire toolbox of equipment, but rather making a simple measurement of the

photon number statistics in a single configuration.
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