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Abstract

This thesis presents the experimental demonstration of several novel methods for
generating, storing, and retrieving nonclassical states of light using atomic ensem-
bles, and describes applications of these methods to frequency-tunable single-photon
generation, single-photon memory, quantum networks, and long-distance quantum
communication.

We first demonstrate emission of quantum-mechanically correlated pulses of light
with a time delay between the pulses that is coherently controlled by utilizing 3" Rb
atoms. The experiment is based on Raman scattering, which produces correlated
pairs of excited atoms and photons, followed by coherent conversion of the atomic
states into a different photon field after a controllable delay.

We then describe experiments demonstrating a novel approach for conditionally
generating nonclassical pulses of light with controllable photon numbers, propagation
direction, timing, and pulse shapes. We observe nonclassical correlations in rela-
tive photon number between correlated pairs of photons, and create few-photon light
pulses with sub-Poissonian photon-number statistics via conditional detection on one

field of the pair. Spatio-temporal control over the pulses is obtained by exploiting
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long-lived coherent memory for photon states and electromagnetically induced trans-
parency (EIT) in an optically dense atomic medium.

Finally, we demonstrate the use of EIT for the controllable generation, transmis-
sion, and storage of single photons with tunable frequency, timing, and bandwidth.
To this end, we study the interaction of single photons produced in a “source” en-
semble of 8’Rb atoms at room temperature with another “target” ensemble. This
allows us to simultaneously probe the spectral and quantum statistical properties of
narrow-bandwidth single-photon pulses, revealing that their quantum nature is pre-
served under EIT propagation and storage. We measure the time delay associated
with the reduced group velocity of the single-photon pulses and report observations
of their storage and retrieval.

Together these experiments utilize atomic ensembles to realize a narrow-bandwidth
single-photon source, single-photon memory that preserves the quantum nature of the
single photons, and a primitive quantum network comprised of two atomic-ensemble
quantum memories connected by a single photon in an optical fiber. Each of these
experimental demonstrations represents an essential element for the realization of

long-distance quantum communication.
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Chapter 1

Introduction

1.1 Motivation: Quantum Control of Single Pho-

tons

One of the most exciting challenges in quantum optics is the development of
techniques to facilitate controlled, coherent interactions between single photons and
matter. Beyond their fundamental importance in optical science, such techniques
provide the key elements for the practical realization of a photonic quantum network
- an interconnected web of stationary sites capable of storing and processing quantum
information. Such networks are expected to play a major role in extending the range of
quantum communication and quantum cryptography to long distances, and possibly
for implementing scalable quantum-information processors [19, 20, 34, 27, 28].

Photons are robust and efficient carriers of quantum information, while atoms are

well-suited to precise quantum-state manipulation and long-lived storage of quantum
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information in metastable atomic states. Therefore, a commonly envisioned realiza-
tion of a quantum network involves single-photon transmission through optical fibers
connecting a number of memory nodes that utilize atoms for the generation, storage
and processing of quantum states. The realization of this vision requires: techniques
for generating nonclassical states of light and atoms, techniques for coherent transfer
of quantum states from photons to atoms and vice versa, and a quantum memory
that is capable of storing, manipulating, and releasing quantum states at the level of
individual quanta [31].

Several promising avenues for achieving such interactions are currently being ex-
plored, and remarkable progress has been achieved in just the past few years. In
particular, cavity QED experiments [70, 74, 96, 97] have realized strong coupling be-
tween single optical photons and single atoms using high-finesse micro-cavities. This
approach involves controlled, coherent absorption and emission of single photons by
single atoms, allowing the generation and storage of single photons, as well as the
creation of nonlinear interactions between them. While these experiments are quite
elegant, they are technically very challenging because they require the strong coupling
of a single atom to a single cavity mode. Despite these challenges, the spectacular
experimental progress in this field makes it a viable avenue for studying the fun-
damental physics of atom-photon interactions, as well as for quantum networking,
with possibilities ranging from deterministic single-photon sources to quantum logic
operations.

Another promising avenue involves the manipulation of quantum pulses of light

in optically dense atomic ensembles. In this case, a large photon-atom coupling is
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easy to achieve by using an atomic ensemble with a large optical depth. The primary
challenge of this approach is to control the light-matter interaction and to eliminate
the dissipative processes that normally accompany such interactions. Recently a
number of protocols have been developed [73, 18, 52, 40] that utilize a dispersive
light-matter interaction and the ideas of quantum teleportation to achieve continuous-
variable quantum state mapping into atomic samples. These ideas have recently
been utilized to combine off-resonant, dispersive interactions together with quantum
measurements to map quantum states of weak laser pulses into atoms [65].

At the same time, the desired control over the light-matter interactions in dense
atomic ensembles can also be achieved by using a technique called Electromagnetically
Induced Transparency (EIT) [54, 84, 41]. EIT is a quantum-interference effect that
allows the propagation of a light pulse inside a resonant medium to be controlled
using a second electromagnetic field. This thesis presents experiments that utilize
EIT for the quantum control of multi-photon and single-photon pulses of light and
their interactions with atomic ensembles.

This chapter gives an introduction and background to EIT [54, 83, 41], propagation
in an EIT medium [56, 42], and EIT-based “light storage” [103, 79]. In addition, we
describe the basic idea behind using EIT as a quantum control tool to generate and
store single photons using atomic ensembles. Finally, we describe a proposal for
utilizing these tools to realize both quantum networks and long-distance quantum

communication using atomic ensembles [34].
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1.2 The Control Tool: Electromagnetically Induced

Transparency (EIT)

When the frequency of a laser pulse approaches that of a particular atomic tran-
sition, the optical response of the medium is greatly enhanced. Typically under such
conditions, light propagation is accompanied by strong absorption and dispersion, as
the atoms are driven into fluorescing excited states.

EIT is a technique for the coherent control of light propagation in such a resonant
medium. Consider the situation in which the atoms have a pair of long-lived lower
energy states (|g) and |s) in Fig. 1.1(a)). This is the case, for example, for sublevels of
different total angular momentum within the electronic ground state of alkali atoms.
In order to modify the propagation of light that couples the ground state |g) to
an electronically excited state |e) in such a medium (signal field, red arrow), one can
apply a second optical field that is near resonance with the transition |s) —|e) (control
field, black arrow). The combined effect of these two fields is to place the atoms into
a coherent superposition of the states |g) and |s). The atoms can simultaneously
occupy both states (|g) and |s)) with a definite phase relationship, such that the
two possible absorption pathways (|g) — |e) and |s) — |e)) interfere destructively.
Mathematically, this can be seen by considering the portion at the Hamiltonian that

describes the absorption pathways |g) — |e) and |s) — |e):
H ~ e} (9] + Qe le) (sl (1.1)

where Q. () represents the control (signal) field Rabi frequency (proportional to

the electric field amplitude [113]). In this case, we can define a so-called “dark state”
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Figure 1.1: Electromagnetically induced transparency. (a) Prototype atomic system
for EIT. (b) Transmission (black curve) and refractive index (green curve) of the
signal field under EIT conditions as a function of the signal frequency . Rapid varia-
tion of the refractive index with changing signal frequency causes a reduction of the
signal-field group velocity.

| D), for which there is no absorption to the excited state |e) [41]:

(Qc |g> B Qs |S>)

VIR + [P

Under such conditions, none of the atoms are promoted to the excited state, leading

D) = (1.2)

to vanishing light absorption [54]. In this way, the EIT control field is utilized to

modify the propagation of the signal field.

1.2.1 EIT Basics

Fig. 1.1(b) shows the transmission of the signal field through an atomic medium
under EIT conditions (black line), as a function of the detuning of the signal field from
the |g) — |e) resonance (the control field is assumed to be resonant with the |s) — |e)
transition). In the case when the resonant control field is strong and its intensity is

constant in time but the signal field is weak, the response of the atomic ensemble
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as experienced by the signal field can be described in terms of the signal-field linear

susceptibility x(w) [41]:

n|ﬂge|2 z.('Vgs - Zw)
w) = . ! 1.3
M) = m R G =) (vge — ) + [ (1-3)

Wge (Vge — W) (7gs — iw) + |02
where n is the atomic density, p,e is the |g) — |e) dipole matrix element, €, is the
permittivity, & is Planck’s constant, v;; corresponds to the relaxation rate of the [i)(j]|

coherence, (2 is the Rabi frequency of the control field, NV is the total number of atoms

Wye
2hegV

in the laser mode volume, g is the atom-signal field coupling constant g = /14
(wge the |g) — |e) transition frequency, and V' the quantization volume), and w is
the difference between the signal field frequency and the frequency of the atomic
transition |g) — |e) (with w — 0 corresponding to the exact atom-field resonance).
The imaginary part of the susceptibility describes absorptive properties of the medium
(thereby modifying the signal-field intensity transmission coefficient 7"), whereas the

real part determines the signal-field refractive index n:
T(w) = exp[—Imx(w)kLl], n(w)=1+ Rex(w)/2 (1.5)

where k is the signal-field wave vector and L is the length of the medium. From
these expressions, we see that EIT can be used to make a resonant, opaque medium
transparent by means of quantum interference. Ideal transparency is obtained in the
limit when the relaxation of the low-frequency (spin) coherence (745 = 0) vanishes, in
which case there is no absorption at atomic resonance (see Fig. 1.1(b)).

Many of the important properties of EIT result from the fragile nature of quan-

tum interference in a medium that is initially opaque. Indeed, ideal transparency is
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attained only at exact resonance, i.e., when the frequency detuning w = 0. Away
from this resonance condition, the interference is not ideal and the medium becomes
absorbing. The transparency spike that appears in the absorption spectrum is typ-
ically very narrow (kHz - MHz) in alkali vapors. At the same time the tolerance to
frequency detuning (transparency window Av) can be increased by using a stronger
coupling field, as can be seen using Eq. (1.4).

For a signal field on resonance (w = 0) in an ideal EIT medium, the susceptibility
vanishes and the refractive index is equal to unity. This means that the propagation
velocity of a phase front (i.e., the phase velocity) is equal to that in vacuum. However,
the narrow transparency resonance is accompanied by a very steep variation of the
refractive index with frequency (see Fig. 1.1(b)). As a result, the envelope of a wave
packet propagating in the medium moves with a group velocity v, [42], where

c

L 1.
Y = 1L N/ (1.6)

which can be much smaller than the speed of light in vacuum c. Note that v, depends
on the control field intensity and the atomic density: decreasing the control power
or increasing the atomic density makes v, slower, as demonstrated by Hau et al. [56]
and then by others [23, 66]. The slowing achieved using these methods can be quite

dramatic: for example, light propagation speeds of 17 m/s were observed in Ref. [56].

1.2.2 Dark-State Polaritons

In the previous section, we saw that the essential features of EIT can be understood
using the linear susceptibility. In this section, we consider the experimentally relevant

situation of a pulse of light traveling through an EIT medium. In this case, a very nice
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physical picture emerges, in which the incident light pulse and the |g) — |s) atomic
coherence form a coupled excitation referred to as a dark-state polariton [42].

Consider the situation where a signal pulse is initially outside the medium. The
front edge of the pulse then enters the medium and is rapidly decelerated. Being
outside of the medium the back edge still propagates with vacuum speed c. As a
result, upon entrance into the cell, the spatial extent of the pulse is compressed by
the ratio ¢/v,, while its peak amplitude remains unchanged. Clearly the energy of
the light pulse is much smaller when it is inside the medium. Photons are used to
establish the coherence between the states |g) and [s), or, in other words, to change
the atomic state, with the excess energy carried away by the control field. As the
signal pulse exits the medium, its spatial extent increases again and the atoms return
to their original ground state; the pulse, however, is delayed as a whole by the group
delay 7 = i — %, where L is the length of the EIT medium.

As previously mentioned, the propagation of the signal pulse without absorption
occurs because the atoms occupy a specific superposition of the states |g) and |s)
(a so-called “dark state”) that prevents absorption to the state |e) via quantum
interference between the absorption pathways |g) — |e) and |s) — |e). Inside the
medium, the wave of atomic coherence (sometimes referred to as a “spin wave”,
where |g) = “spin down” and |s) = “spin up”) propagates together with the signal
pulse. The photons in the pulse are therefore strongly coupled to the atoms, with an
associated quasiparticle called a dark-state polariton [42] that is a combined excitation
of photons and atomic coherence. For the case when the decay rate of coherence

between states |g) and |s) is negligible, we can describe the propagating signal by
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the electric field operator &(z,t) = >4 an(t)e’**, where the sum is over the free-space
photonic modes with wave vectors k and corresponding bosonic operators a; . To

describe the properties of the medium, we use collective atomic operators 6, (z,t) =

€
N

Z;V:Zl | Xvjle 't averaged over small but macroscopic volumes containing N, >
1 particles at position z [3].

In particular, the operator ﬁ(z,t) = V/N6,(z,t) describes the atomic polariza-
tion oscillating at an optical frequency, whereas the operator S (z,t) = VN Gg4s(2,1)
corresponds to a low-frequency atomic coherence, or “spin wave”. The control field
is assumed to be strong and is treated classically. The atomic evolution is governed
by a set of Heisenberg equations: iho,A = [A, H }, where H is the atom-field inter-
action Hamiltonian and A = {P,S}. These equations can be simplified assuming

that the signal field is weak and that  and € change in time sufficiently slowly, i.e.,

adiabatically. To leading order in the signal field £ we find [3]

Plet) = —éats, S(zt) = —

R . . gV NE
G (1.7)

The evolution of the signal field is described by the Heisenberg equation

(%“a%) E(z,t) = igVNP(z,1t). (1.8)

The solution of Egs. (1.7) and (1.8) can be obtained by introducing a new quantum

field \if(z, t) that is a superposition of photonic and atomic components:

A

U(z,t) = coshE(z,t) —sinbS(z,t) (1.9)
cos = U siné’:ﬂ (1.10)

NI NI

The field ‘if(z,t), referred to as a dark-state polariton [42], obeys the equation of
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motion:
8 2 a =
— — = 1.11
{at + ccos 982] (z,1) 0, (1.11)
with solution
. . t
B(et) = \I/{z—c/ dr cos 0(r),t = 0] (1.12)
0

which describes shape-preserving propagation with velocity v, = ccos? § that is pro-

portional to the magnitude of its photonic component.

1.2.3 EIT-based Quantum Memory

In this section, we show how the dark-state polariton picture described in the
previous section allows control of polariton properties via the control laser intensity.
Specifically, by dynamically reducing the control laser intensity to zero, the polariton
velocity can be reduced to zero, with the excitation becoming completely atomic in
nature. In this way, the incident photon pulse can be mapped onto the stationary
atomic coherence (so-called “light storage”), allowing the atomic medium to serve as
a memory for the quantum state of the incident photon.

From Egs. (1.9) - (1.12), we see that the dark-state polariton is a coupled exci-
tation of light and matter propagating at velocity v, = ccos?§. This dependence of
the polariton velocity on the control-field Rabi frequency 2 means that the polari-
ton velocity can be controlled via the intensity of the control field. Moreover, from
Egs. (1.9) and (1.10), we see that as the velocity is reduced, the atomic contribu-
tion to the polariton grows, while the photonic component shrinks. As the control

field intensity is reduced to zero [2(t) — 0], the group velocity is reduced to zero as
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cos?f — 0, and the polariton becomes entirely atomic in nature: ¥(z,t) — —S(z, t).
This is the idea behind EIT-based “light storage” [103, 79].

At this point, the photonic quantum state is mapped onto long-lived ground states
of the atoms. For large optical depth and zero ground-state decoherence (v,5 = 0),
the entire procedure has no loss and is completely coherent, as long as the storage
process is sufficiently smooth [43]. The stored photonic state can be easily retrieved
by simply reaccelerating the stopped polariton by turning the control field back on.
In recent years, experiments have shown that weak classical light pulses can be stored
and retrieved in optically thick atomic media using dynamic EIT [79, 103] and that
the storage process preserves phase coherence [89], although significant work remains
to optimize the fidelity [50, 101, 71] and storage time.

Theoretical studies [33] have shown that EIT propagation and quantum-state
transfer using dynamic EIT preserves the nonclassical features of quantum states.
This has been recently demonstrated experimentally for EIT propagation of squeezed
vacuum field incident on an EIT medium [2]. This thesis presents experiments [35]
(simultaneously demonstrated in Ref [26]) in which the quantum nature of single pho-

tons is shown to be preserved during EIT-based propagation, storage, and retrieval.

1.3 Quantum Control of Single Photons using Atomic
Ensembles

In this section, we describe how EIT can be used to obtain quantum control of

single photons using atomic ensembles. Specifically, in Section 1.3.1 we describe how
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Raman scattering, single-photon detection, and EIT-based atomic-coherence retrieval
can be used to conditionally generate single photons using atomic ensembles. We
also describe how EIT with a dynamic control field intensity can be used to store and
retrieve a single photon in an atomic ensemble, thus utilizing the atomic ensemble as
a quantum memory. Finally, in Section 1.3.2, we describe how these techniques can
be combined to realize quantum networks and long-distance quantum communication
using atomic ensembles. The purpose of this section is to introduce the basic idea

behind these methods; later chapters will describe their experimental implementation.

1.3.1 EIT-Based Single-Photon Generation and Storage

The idea behind EIT-based single photon generation is shown in Fig. 1.2. We con-
sider an atomic ensemble of three-level “A-type” atoms, with two metastable ground
states |g) and |s), and excited state |e). The first step is to create the desired atomic
state by utilizing spontaneous Raman scattering combined with single-photon detec-
tion. An off-resonant laser, referred to as the “write” laser, is applied to an ensemble
that has been optically pumped into the state |g), resulting in the spontaneous Ra-
man scattering of so-called Stokes photons with a frequency less than that of the write
laser by an amount equal to the |g) - |s) transition frequency. Ideally, conditioning
on detection of a single Stokes photon at the single-photon detector ensures that only
one atom in the ensemble has made the transition from the state |g) to the state |s).
Moreover, since we do not know which of the N atoms addressed by the write laser is

in the |s) state, by detecting a single Stokes photon, we project the atomic ensemble
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Figure 1.2: Basic idea behind EIT-based single-photon generation. In the first step
at some time t;, the write laser, which couples the states |g) and |e), is applied to
an atomic ensemble that has been optically pumped into the state |g). This results
in the spontaneous Raman scattering of a Stokes photon with a frequency less than
that of the write laser by an amount equal to the |s) — |g) transition frequency. By
conditioning on detection of a single Stokes photon, the atomic ensemble is prepared
in a state with a single excitation in the state |s). At some time to > t;, this atomic
excitation is mapped onto a single photon (a so-called anti-Stokes photon resonant
with the |g) —|e) transition) by application of a retrieve laser resonant with the |s)—|e)
transition. The retrieve laser prevents the population in state |g) from absorbing the
single anti-Stokes photon by acting as an EIT control laser.

onto the state
N

1
N Z |91 92 +-Gi—15i Giv1---9N) - (1.13)
i=1

That is, we create a collective atomic coherence, or spin wave, with a single excitation,

where each atom has an equal probability of being in state |s). The momentum

conservation equation

kwrite = kStokes + kspina (114>

where Kypite, Kstores, and ki, are the wave vectors of the write laser, Stokes photon,
and spin wave respectively, ensures that detecting Stokes photons in a small solid
angle in the forward direction projects the atomic state onto a well-defined spin-wave
mode.

After creating this atomic state, the atomic coherence is retrieved onto a single
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photon pulse! using EIT, as shown in Fig. 1.2. A laser referred to as the “retrieve”
laser is applied on resonance with the |s) - |e) transition, converting the atomic
coherence into a dark-state polariton that propagates out of the medium and emerges
as an anti-Stokes photon resonant with the |g) - |e) transition. The retrieve laser acts
as an EIT control laser for the single anti-Stokes photon, preventing it from being
absorbed by the large atomic population in state |g). The physics behind this is
identical to that utilized in classical EIT “light storage” experiments [79, 103].

One advantage of generating single photons using EIT is that EIT allows a measure
of control over the single-photon properties. For example, the retrieve laser intensity
determines the width of the EIT transparency window (see Eq. (1.4) and Fig. 1.1(b))
and thus also determines the bandwidth of the single photons. In addition, the timing
of the single-photon emission can be controlled via the turn-on time of the retrieve
laser. Finally, the direction of the retrieve laser determines the direction of the single-
photon emission via momentum conservation.

One can also imagine utilizing the coherent control enabled by EIT to create an
atomic-ensemble based single-photon quantum memory. By sending a single photon
produced in one ensemble to another ensemble, one can store the photon in the second
ensemble by applying a dynamic EIT control field as discussed in Section 1.2.3. The
single photon is then stored as an atomic coherence, and can be reconverted into a
photon by reapplication of the EIT control field. Such a scheme could serve as the

basis of a quantum network. Chapters 4 and 5 present experiments, based on these

IStrictly speaking, there is no such thing as a photon “pulse”, or a “wavepacket for a pho-
ton” [113]. Nevertheless, the spatial localization produced by the photodetector does allow a “wave
function” for the photon to be defined [100]. In this thesis, we adopt the operational definition in
which the “photon pulse” amplitude is simply the probability amplitude for detection of the photon,
but one should still treat the concept of a photon pulse with care [113, 90, 32, 78, 100].
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ideas, that demonstrate a single-photon source, quantum memory, and a primitive

quantum network using atomic ensembles.

1.3.2 Quantum Networks and Long-Distance Quantum Com-

munication using Atomic Ensembles

Two potential applications of these techniques are now being actively explored:
quantum networks and long-distance quantum communication. Much of the work
on single-photon generation and storage using atomic ensembles has been motivated
by the proposal by Duan, Lukin, Cirac and Zoller for long-distance quantum com-
munication [34], hereafter referred to as the DLCZ proposal. This proposal is based
on earlier theoretical suggestions [77, 88] for storing photonic states in atomic en-
sembles [83]. Figure 1.3 illustrates how the Raman scattering scheme described in
the previous section can be used to implement the backbone of this protocol - the
probabilistic generation of quantum entanglement of two atomic ensembles using an
absorbing photonic channel. The two ensembles are illuminated by synchronized
classical pump pulses. The forward-scattered Stokes photons interfere at a 50%-50%
beam splitter, with the outputs detected respectively, by two single-photon detectors.
The basic idea is that in such a configuration a single detector click implies that one
quantum of spin excitation has been created in one of the two ensembles, but it is
fundamentally impossible to determine from which of the two ensembles the photon

was emitted. In this case, the measurement projects the state onto an entangled state
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Figure 1.3: Atomic-ensemble based quantum repeater. (a) First step: entanglement
generation. Interference of spontaneous Stokes photons from two ensembles (R and L)
on a beam-splitter (BS) leads to generation of entanglement between the correspond-
ing modes in the ensembles, provided a single Stokes photon was detected in one of
the avalanche photo detectors (APD). If zero or more than one photons are detected,
the process must be repeated. (b) Second step: entanglement swapping. The en-
tanglement between atomic ensembles created over a characteristic absorption length
Lgps in the first step, indicated here by filled circles connected by a line, is extended
to two absorption lengths via entanglement swapping. Entanglement swapping is
accomplished by interference of retrieved anti-Stokes photons on a beam splitter and
detection as in (a), provided a single anti-Stokes photon has been measured.

of the two ensembles of the form

1
V2

where L(R) labels the left (right) ensemble, |n), denotes n atomic excitations in

(10), 115+ e (1) 10)g) , (1.15)

ensemble 7, and ¢ denotes an unknown phase-shift difference between the left and
right channels [34].

The most remarkable feature of the above process is that it can be made robust
with respect to imperfections and losses during the optical propagation. In particular,
when the total losses in both left and right optical paths are equal, the loss will affect

only the overall probability of success but not the purity of the resulting state condi-
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(photons) (matter)

Figure 1.4: Quantum network. Green circles represent matter-based storage and
processing nodes. Blue lines represent photonic quantum-transmission lines.

tioned on the detection of a single Stokes photon. These techniques for probabilistic
manipulation of atomic ensembles may have interesting applications for long-distance
quantum communication over realistic photonic channels, where absorption leads to
an exponential decrease of the signal.

Fig. 1.3(b) demonstrates how this generated entanglement, combined with the
nonzero decoherence time of the |g) — |s) coherence and the EIT-based retrieval of
this coherence, can be used to efficiently extend this entanglement to large distances.
The entanglement between atomic ensembles created over a characteristic absorption
length L., in the first step, indicated by filled circles connected by a line, is extended
to two absorption lengths via entanglement swapping. By repeating this process,
long-distance entanglement is created. Entanglement swapping is accomplished by
interference of retrieved anti-Stokes photons on a beam splitter and detection as in
Fig. 1.3(a), provided a single anti-Stokes photon has been measured. In such a proba-
bilistic scheme, the “memory”, i.e., the nonzero decay time of the |g) — |s) coherence,
is essential for polynomial scaling of the required time with distance, compared to
exponential scaling for the case of direct entanglement generation [34].

The ability to transmit quantum information between remote locations using pho-

tons, combined with EIT-based atomic memory for photons, allows for the realization
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of quantum networks, as shown in Fig. 1.4. Photons, which travel quickly and interact
weakly with the environment, are ideal candidates to transmit quantum information;
matter, which is stationary and allows EIT-based storage of photonic information, is
an ideal candidate for long-term storage and processing. Quantum networks will likely
play an integral role in any future realization of quantum computation or commu-
nication. Chapter 5 describes experiments [35] demonstrating a primitive two-node

quantum network using two room-temperature atomic ensembles of 8"Rb.

1.4 Progress towards Long-Distance Quantum Com-

munication using Atomic Ensembles

The first proposal for long-distance quantum communication using atomic ensem-
bles was published in 2001 [34]. Since then, experimental demonstrations of the basic
ingredients of this technique have been rapid, leading to a dynamic, fast-paced field
of investigation.

The first experimental demonstration of these ideas was achieved simultaneously
by two groups in 2003. Jeff Kimble’s group at Caltech demonstrated nonclassical
photon-number correlations between the two photon fields associated with the gener-
ation and retrieval of atomic coherences in a Cs magneto-optical trap (MOT), in the
pulsed regime at the single-photon level [76]. Simultaneously, our group at Harvard
demonstrated (see Chapter 2) nonclassical relative intensity correlations between the
two photon fields associated with the generation and retrieval of atomic coherences

in a warm ®Rb atomic vapor in the continuous-wave regime at the level of a few
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microwatts [118].

In 2004 G.-C. Guo’s group in China reported nonclassical correlations between
the two photon fields associated with the generation and retrieval of atomic coher-
ences in the pulsed regime at the single-photon level in a room-temperature atomic
vapor of 8"Rb atoms with 30 Torr of Ne buffer gas [64]. Conditional single-photon
generation produced by retrieving a stored excitation in a MOT of Cs atoms was
then demonstrated by the Caltech group [30]. In addition, Alex Kuzmich’s group at
Georgia Tech demonstrated the quantum state transfer between matter and light in a
MOT of cold #¥Rb atoms by measuring polarization correlations between the photons
associated with the generation and retrieval of atomic coherences [94]. Experiments
in our group (see Chapter 3) demonstrated nonclassical photon-number correlations
at the single-photon level, conditional generation of nonclassical photon states, and
the ability to use EIT-based retrieval to control the timing and bandwidth of these
pulses, all in a warm vapor of 3’Rb atoms [37].

In 2005, Steve Harris’s group at Stanford demonstrated the creation of counter-
propagating nonclassically correlated pairs of photons with controllable waveforms at
a rate of 12,000 pairs per second using a MOT of cold ¥Rb [9]. This experiment
was also the first to work in the regime where the intensity of the retrieve laser
causes a Rabi-flopping which manifests itself in oscillations of the correlations in time.
The Georgia Tech group then demonstrated entanglement between a photon and a
collective atomic excitation in a MOT of cold 8Rb atoms by measuring polarization
correlations between the photons emitted during creation and retrieval of the atomic

excitation [95]. In addition, Vladan Vuleti¢’s group at MIT created quantized spin
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gratings by single-photon detection, and converted these gratings on-demand into
photons with retrieval efficiencies exceeding 40% (80%) for single (a few) quanta. In
December of 2005, three papers were published, each of which took an important
step toward the realization of the DLCZ scheme. The first paper [29], published by
the Caltech group, was the first observation of measurement-induced entanglement
between two atomic ensembles (MOTs of Cs atoms, in this case), as suggested by
the DLCZ proposal [34], and as illustrated in Fig. 1.3(a). The other two papers
each demonstrated the preservation of the quantum nature of single photons created
in one atomic ensemble after being stored in and retrieved from a second atomic
ensemble using EIT. The Georgia Tech group accomplished this in MOTs of cold
%Rb atoms [26]. Our group performed these experiments (as described in Chapters 4
and 5) using room-temperature ensembles of ¥Rb atoms [35].

Finally, in 2006, the Georgia Tech group entangled two MOTs of ®Rb atoms [93],
using EIT-based storage of single photons to generate the entanglement, rather than
the method suggested in the DLCZ proposal [34].

In addition to applications in quantum communication, the experimental demon-
stration of EIT at the single-photon level [35, 26] opens the way for investigations
into controlled nonlinear interactions between quantum pulses of light. For example,
Axel André and co-workers recently suggested combining the techniques of EIT-based
stationary pulses of light [8] with resonantly enhanced Kerr nonlinearities to create
efficient nonlinear interaction between two single-photon pulses [1]. This proposal is
an extension of earlier theoretical work by Atac Imamoglu and co-workers [85, 86].

Demonstration of EIT at the single-photon level is an important step toward realizing
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these proposals for nonlinear interaction between two single-photon pulses.
All these developments indicate that the coming years will witness exciting ex-
perimental developments in the applications of EIT-based techniques to quantum

communication and controlled nonlinear interactions of quantum pulses of light.

1.5 Overview

This thesis presents experiments that realize basic building blocks of the DLCZ
protocol by utilizing EIT in atomic ensembles for the control of quantum pulses of
light. Chapter 2 describes experiments utilizing Raman scattering and EIT-based re-
trieval of atomic excitations to generate nonclassically correlated photon pulses using
atomic enembles [118]. In these experiments, the time delay between the pulses is
coherently controlled via storage of photonic states in an ensemble of 8’Rb atoms.
Chapter 3 describes experiments demonstrating a novel approach for conditionally
generating nonclassical pulses of light with controllable photon numbers, propagation
direction, timing, and pulse shapes [37]. Spatio-temporal control over the pulses is
obtained by exploiting long-lived coherent memory for photon states and EIT in an
optically dense atomic medium. We observe EIT-based generation and shaping of
few-photon light pulses, and also observe nonclassical correlations in relative pho-
ton number between the Raman scattered photon pulses and the retrieved photon
pulses. Chapter 4 demonstrates conditional generation of single photons with tun-
able frequency, timing, and bandwidth using a room-temperature atomic ensemble
of Rb [35]. Chapter 5 demonstrates a primitive quantum network by transmitting

these single photons from the “source” ensemble in which they are created, to a second
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“target” atomic ensemble, where we then use EIT to store them in atomic coherences,
and retrieve these coherences back onto a photonic field at a later time [35]. We probe
the spectral and quantum statistical properties of narrow-bandwidth single-photon
pulses, revealing that their quantum nature is preserved under EIT propagation and
storage. Finally, we measure the time delay associated with the reduced group veloc-

ity of the single-photon pulses and report observations of their storage and retrieval.



Chapter 2

Generation of Correlated Photon

States using Atomic Ensembles

2.1 Introduction

In this chapter, we describe a proof-of-principle demonstration of a technique in
which two correlated light pulses can be generated with a time delay that is coherently
controlled via the storage of quantum photonic states in an ensemble of ' Rb atoms.
This resonant nonlinear optical technique is an important element of the DLCZ long-

distance quantum communication proposal [34] described in the previous chapter.

2.2 Generating Correlated Photon States

Fig. A.1 in Appendix A.1 shows the full atomic level structure for the D; line

(52512 — 52Py/2) of ®"Rb, the transition used in our experiments. By using magnetic

23
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shielding, the magnetic field experienced by the atoms is zero, meaning that the
Zeeman states within each hyperfine level are degenerate. Our experiments can be
understood qualitatively by considering a three-state “A configuration” of atomic
states coupled by a pair of optical control fields (see Fig. 2.1(a)), where |e) represents
the two hyperfine levels [5%P; o, F' = 1) and [5°P o, F' = 2), |g) = |5%S1y2, F = 1),
and |s) = [52S1)2, F' = 2).

To begin, a large ensemble of atoms is optically pumped into the ground state
lg) (“spin down”). Atomic excitations to the state |s) (“spin up”) are produced via
spontaneous Raman scattering [106], induced by an off-resonant control beam with
Rabi frequency €y, and detuning Ay, which we refer to as the write beam. In this
process correlated pairs of frequency shifted photons (so-called Stokes photons) and
flipped atomic “spins” are created (corresponding to atomic Raman transitions into
the state |s)). Energy and momentum conservation ensure that for each Stokes photon
emitted in a particular direction, there exists exactly one flipped spin quantum in a
well-defined spin-wave mode. As a result, the number of spin-wave quanta in a given
mode and the number of photons in the Stokes field are strongly correlated. These
atom-photon correlations closely resemble those between two electromagnetic field
modes in parametric down-conversion [55, 62]. This Raman process creates a Stokes
signal field (S), and a small population in the |s) state with a corresponding |g)(s|

coherence. In addition, the momentum conservation equation
kwrite - kStokes + kspin> (21)

where Kypite, Kstokes, and ki, are the wave vectors of the write laser, Stokes photon,

and spin wave respectively, ensures that the Stokes photons detected in a small solid
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Figure 2.1: Atomic-level configuration and experimental setup. (a) 3"Rb levels used
in the experiments (D; line, Zeeman sublevels and excited-state splitting are not
shown in this simplified scheme, the ground-state hyperfine splitting is 6.835 GHz).
Optical pumping prepares the atoms in the |g) = [52S)/2, ' = 1) state. The write
step (red) is a spontaneous Raman transition into the |s) = |52S0, F' = 2) state.
The transition is induced with a control beam with Rabi frequency {2y, that couples
|g) with detuning Ay to the excited state |e) (two nearly degenerate hyperfine levels
52Py 2, F' = 1) and [5?P s, F’ = 2)). In the retrieve step (blue) this coherence is
mapped back into an anti-Stokes field (AS) via a second Raman transition induced
with a near-resonant retrieve control beam with Rabi frequency Qg. (b) Schematic
of the experimental setup. Two lasers provide the write (W) and retrieve (R) control
beams, with acousto-optic pulse modulation (AOM).

angle in the forward direction are correlated with a well-defined spin-wave mode.

In order to probe the state stored in the spin wave, it can then be retrieved
with a second Raman transition: a coherent conversion of the atomic state into a
different light beam (referred to as the anti-Stokes field) is accomplished by applying
a second control laser (the retrieve laser) with Rabi frequency Qg (Fig. 2.1(a)). This
retrieval process is not spontaneous; rather it results from the atomic spin coherence
interacting with the retrieve laser to generate the anti-Stokes field. As mentioned in
the the previous chapter, the physical mechanism for this process is identical to the
retrieval of weak classical input pulses [42] discussed in the context of “light storage”

experiments [79, 103]. Due to the suppression of resonant absorption associated with

EIT, the retrieved anti-Stokes field is not reabsorbed by the optically dense cloud of



Chapter 2: Generation of Correlated Photon States using Atomic Ensembles 26

atoms. Hence, this retrieval process allows, in principle, for an ideal mapping of the
quantum state of a spin wave onto a propagating anti-Stokes field, which is delayed
but otherwise identical to the Stokes field in terms of photon-number correlations.
The variable delay (storage time) and the rate of retrieval are controlled by the timing
and the intensity of the retrieve beam.

We explore relative intensity correlations between the photon fields associated with
the preparation (Stokes) and the retrieval (anti-Stokes) of the atomic state. The onset
of quantum-mechanical correlations between the photon numbers of the Stokes and
delayed anti-Stokes light (analogous to twin-mode photon-number squeezing [6, 114])
provides evidence for the storage and retrieval of nonclassical atomic states. The
storage states used in our experiments are the long-lived hyperfine sublevels of the

electronic ground state, |g) = |5%512, F = 1) and |s) = [52S; )2, F = 2).

2.2.1 Experimental Setup

A schematic of the experimental apparatus is shown in Fig. 2.1(b). The volumes
of the write and retrieve lasers overlap in the 8"Rb vapor cell. The intensities of
these lasers are modulated with acousto-optic modulators (AOMs). The Stokes (anti-
Stokes) field co-propagates with the write (retrieve) control laser, and a small angle
(~ 3mrad) between the control lasers allows for spatially separated detection of the
Stokes and anti-Stokes signals. The vapor cell is placed in an oven inside three layers
of magnetic shielding, allowing control of the atomic density via temperature, and
zeroing of the magnetic field.

A warm 8"Rb vapor cell with external anti-reflection coated windows and a length
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of 4 ¢cm is maintained at a temperature of typically ~ 85°C, corresponding to an
atom number density of &~ 1012 cm™ (see Fig. A.2 in Appendix A.1). The hyperfine
coherence time is in practice limited by atoms diffusing out of the beam volume,
and is enhanced with a buffer gas (we used cells with 3 and 4 Torr Ne), resulting in
measured atomic coherence lifetimes in the us range. This agrees well with calculated
diffusion times out of beam diameters of ~ 0.5 mm and 4 Torr of Ne buffer gas [119],
corresponding to our experimental conditions (see Appendix A.1 for details).

Two extended-cavity diode lasers provide the write and retrieve control beams.
The control beams have typical powers of 0.7 mW (write) and 3.2 mW (retrieve) and
are focused in the cell to diameters of about 0.5 mm. The relevant number of atoms
interacting with the laser beams along the cell length is about 10° — 10%°. The write
laser was typically tuned about Ay ~ +1GHz away from resonance with the F' =
1 — F' = 2 transition of the D; absorption line (|g) — |e) transition in Fig. 2.1(a)),
while the retrieve laser was tuned near resonance with the ' = 2 — F’ = 2 transition
(Is) — |e) in Fig. 2.1(a)). The retrieve laser was also used for preparation of the
atoms into the ground state |g) via optical pumping.

Filters following each laser are used to suppress the spontaneous emission back-
ground and spurious modes of the lasers. Since both the write and retrieve beams are
generated using diode lasers, the spontaneous emission background typically spans
~ 10nm. The broad bandwidth of this noise means it cannot be easily filtered, and
therefore can propagate through the setup to our detectors. Reflecting the lasers from
diffraction gratings converts these different frequencies to different spatial positions.

By selecting only a small portion of this spatial distribution with a pinhole, we were
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Figure 2.2: Fluorescence as a function of frequency for the Dy line (52512 — 5%P o)
of rubidium. Rubidium vapor is at room temperature and thus the transitions are
Doppler-broadened. The splitting of the [525;/5) state for Rb and ®"Rb is 3.036
GHz and 6.835 GHz respectively [119]. Peaks are labeled by the |525; /2 ) state from
which the atoms are excited.

able to reduce the spontaneous emission noise bandwidth from ~ 10 nm to ~ 100 GHz
(~0.21nm) .

In general, we observed spontaneous Raman signals for both linear and circular
polarizations of the control beams. Filters following the vapor cell block the trans-
mitted control beams so that only Raman fields reach the detectors. For different
experimental circumstances, we used filters based on isotopically pure 8°Rb absorp-
tion cells or crystal polarizers. For example, ¥ Rb absorption cells were used to absorb
the write and retrieve lasers and transmit the Stokes and anti-Stokes fields when the
detunings of the write and retrieve lasers put them on resonance with Rb. Fig. 2.2,
which displays the fluorescence spectrum of rubidium, illustrates this principle. Since
the write (retrieve) laser and the Stokes (anti-Stokes) field are separated in frequency

by the |g) — |s) frequency difference of 6.835 GHz, but the ground-state splitting of
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%Rb is only 3.036 GHz [119], the write (retrieve) laser can be detuned such that it is
absorbed by ®Rb , while the Stokes (anti-Stokes) photon is not resonant with $Rb .

Under conditions where the write or retrieve laser was not on resonance with Rb,
crystal polarizers were used to achieve the filtering. In this case, we utilized a Lin ||
Lin polarization configuration for the write and retrieve lasers, meaning they are both
linearly polarized, and in the same direction. We observed that the scattered Stokes
(anti-Stokes) photons that are emitted are primarily polarized orthogonally to the
write (retrieve) laser polarization. Therefore, by placing a polarizing beamsplitter
(PBS) after the 3Rb cell in both the Stokes and anti-Stokes channels, the Stokes
(anti-Stokes) and write (retrieve) fields can be separated to 1 part in 10°, limited by
the quality of the PBS . The physics underlying the orthogonal polarizations of the
Stokes (anti-Stokes) compared to the write (retrieve) has been explored theoretically.
It is seen to result from a destructive interference for the production of Stokes (anti-
Stokes) photons with the same polarization as the write (retrieve) laser when the full
8"Rb atomic-level structure (see Fig. A.1) is considered [60].

In addition to filtering based on frequency and polarization, it was also possible
to spatially separate the Stokes (anti-Stokes) photons from the write (retrieve) laser
to some degree by utilizing phase matching [15, 3, 98]. Fig. 2.3 shows the transverse
spatial position of the retrieve laser and anti-Stokes field in the far-field, as imaged
with a CCD camera. We observe that as the angle between the write and retrieve
lasers (see Fig. 2.1) is increased, the angle between the anti-Stokes photons and

retrieve laser increases. For large enough angles, the separation is large enough to

In our experiments, each PBS is a beam-splitting Glan-Thompson crystal polarizer made of two
cemented prisms of calcite
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Increasing write/retrieve angle ——p anti-Stokes Retrieve laser

Figure 2.3: Transverse spatial position of the retrieve laser and anti-Stokes field in
the far-field, as imaged with a CCD camera. Moving left to right, each picture was
taken for successively larger angles between the write and retrieve lasers.

allow some degree of spatial filtering of the retrieve laser by selectively transmitting
the anti-Stokes field with an aperture.

To detect the Raman (Stokes and anti-Stokes) fields, we used home-built detectors
based on high-efficiency low-capacitance Si photo-diodes placed in low current-noise
transimpedance amplifier circuits (see Appendix A.2 for details). The measured quan-
tum efficiency was about 88%. Scanning Fabry-Perot etalons and beatnote detection
of the Raman fields in the presence of the two transmitted control beams (i.e., without
the Raman filters) were used for identifying the Raman modes. For small angles be-
tween the write and retrieve lasers, we only observed detectable Stokes (anti-Stokes)
fields in narrow conical volumes near the write (retrieve) laser (see Fig. 2.3). This
directionality is associated with a long pencil-shaped Raman gain medium (formed
by the optically-pumped |g)-state atoms dressed by the write beam), and is closely

related to the concept of collective enhancement [34].
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2.2.2 Continuous-Wave Regime

We first present the results of simultaneous, continuous-wave (cw) excitation by
both the write and retrieve control beams. Fig. 2.4 presents an example of syn-
chronously detected signals at the Stokes and anti-Stokes frequencies (Fig. 2.1(a))
in modes that co-propagate with the control beams. The observed Stokes light
(Fig. 2.4(a)) is a sequence of spontaneous pulses, each containing a macroscopic num-
ber of photons, but with significantly fluctuating intensities and durations. The
noisy character of the signals results from the thermal photon statistics (described
by a Bose-Einstein distribution) of the spontaneous Stokes mode (see Refs. [91, 108]
and Appendix A.3). The bandwidth of the fluctuations is limited by the Raman pro-
cess (not by the detection bandwidth). The pulses were observed to have 10% — 107
photons per pulse, with an average depending on the write beam intensity and de-
tuning, and the atomic density. We estimate that the Raman gain coefficient could
be varied over a broad range from ~ e! to e¢* by relatively small changes of these
parameters [106, 84].

The observation of fluctuations with thermal photon-number statistics (see Ap-
pendix A.3 and also Fig. 2.5(c)) indicates that the transverse mode structure of
the Raman fields is approximated reasonably well by one, or at most a few, spatial
modes [106]. In essence, each pulse corresponds to a spontaneously emitted Stokes
photon that subsequently stimulates the emission of a number of other photons. As
each Stokes photon emission results in an atomic transition from the state |g) into
the spin-flipped state |s), the Stokes light fluctuations are mirrored in the anti-Stokes

light, as shown in Fig. 2.4(b). Striking intensity correlations between the two beams
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Figure 2.4: Correlations in the continuous-wave regime. Synchronously detected
Stokes (a) and anti-Stokes (b) signals showing strong intensity correlations. The
Raman transitions are induced with continuous-wave control beams. (c) The first
25 ps of the traces in (a) and (b). The Stokes signal (red) is plotted as in (a), the anti-
Stokes signal (blue) is multiplied by 5.167 and given a small intensity offset (to correct
for a weak constant background signal from the control beam leaking through the
filter) to match the Stokes signal. (d) Theoretically simulated propagation dynamics
of Stokes (red) and corresponding anti-Stokes (blue) intensities in the continuous-
wave excitation regime. The propagation distance is in units of the four-wave mixing
gain length Lguin = v,(QwQr/Aw )™, and time is in units of the inverse Raman
bandwidth (QQr/Aw )7, see Refs. [84, 3] and Fig. 2.1(a).

are evident. The ratio between the observed Stokes and anti-Stokes fields was gener-
ally smaller than unity, due to incomplete retrieval. We experimentally determined
that the observed retrieval efficiency (10% —30%) was limited by (in order of decreas-
ing relevance): imperfect spatial mode matching, power limitation of our retrieve
beam laser, and the ground-state coherence time.

These observations can be viewed as resulting from a resonant four-wave frequency
mixing process in a highly dispersive medium [87, 58]. A high degree of intensity
correlations is common for nonlinear parametric processes, as is well-known in the
case of parametric down-conversion [55, 6, 114, 57]. However, the effect demonstrated

here has one important distinction. In down-conversion, photon pairs are emitted

simultaneously to an exceptionally high accuracy [62]. Close examination of the data
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in Fig. 2.4(c) indicates that this is not true in the present case: the anti-Stokes
fluctuations are delayed with respect to Stokes fluctuations. Experimentally, this
delay could be varied in the range of 50 ns to about 1 us; for example, increasing the
intensity of the retrieve beam resulted in a smaller delay.

The delay in Fig. 2.4 (here measured to be 292 ns) corresponds to the finite
time required for the retrieve laser to convert the |g)(s| atomic coherence into anti-
Stokes light. To further illustrate this point, we have theoretically analyzed [3] the
propagation dynamics of a fluctuation of the Stokes field in the presence of cw control
beams (Fig. 2.4(d)). In these calculations, an initial Stokes fluctuation propagates
and evolves into an amplified pair of Stokes and anti-Stokes light pulses with locked
propagation. This semiclassical simulation represents the solution of a boundary-
value problem, and is based on Eqgs.(38-41,48,49) of Ref. [84], in which the effect
of group velocities are included. The intensities are normalized to the amplitude of
the initial Stokes fluctuation. The simulations assume non-decaying spin coherence,
resulting in 100% retrieval efficiency.

At the beginning of the retrieval process, during the time required to convert
the |g)(s| atomic coherence into anti-Stokes light, the group velocity of the Stokes
field is close to the speed of light in vacuum ¢, whereas the group velocity v, of the
near-resonant anti-Stokes field is greatly reduced (v, < ¢), since it propagates under
EIT conditions. After this initial retrieval stage, the two pulses lock together and
propagate with equal group velocities, being simultaneously amplified further in a
four-wave mixing process. Thus, the observed delay corresponds to a storage of the

excitation in atomic states. Theoretical estimates from Fig. 2.4(d) for parameters



Chapter 2: Generation of Correlated Photon States using Atomic Ensembles 34

corresponding to our experiment yield delays in the 100 ns - 1 us range, comparable

with the experimental observations.

2.2.3 Pulsed Regime

The essential feature of the present technique is that the delay and hence the
storage time can be controlled using time-varying write and retrieve control beams.
Fig. 2.5 presents the results of pulsed experiments in which a write pulse is followed
by a retrieve pulse after a controlled time delay. The retrieve control laser is first used
for optical pumping, followed by sequential write and retrieve control pulses that do
not overlap in time, and which create and retrieve Stokes and anti-Stokes signals,
respectively (see Fig. 2.5(e)). We find again that, at fixed control pulse intensities
and durations, the Stokes and anti-Stokes pulses strongly fluctuate from pulse to
pulse in a highly correlated manner (see Fig. 2.5(a) and (b)).

As a control experiment, we confirmed that without the write control pulse or
without the optical pumping pulse, both the Stokes and anti-Stokes signals vanish.
In addition, removing the retrieve control pulse after the write control pulse showed
results with only Stokes signals. In these plots, weak background signals from control
beams leaking through the filters are subtracted; the signal pulse shapes are limited
by the detection bandwidth. Previous related experiments have been carried out for
weak, coherent, classical pulses [79, 103]; our results demonstrate storage and retrieval
of a spontaneously created hyperfine coherence.

Fig. 2.5(c) displays a histogram of the measured Stokes pulse energies. The dis-

tribution closely resembles a negative exponential as a function of pulse energy, con-
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firming thermal photon-number statistics of the spontaneous Stokes transition (see
Appendix A.3). This indicates that the transverse mode structure of the Raman fields
is approximated reasonably well by one, or at most a few, spatial modes [106].

Fig. 2.5(d) plots the retrieval efficiency (ratio between the average energy in anti-
Stokes and Stokes pulses) as a function of the time delay between the end of the
write control pulse and the onset of the retrieve control pulse. The exponential
decay in retrieve efficiency, with a characteristic 1/e time of ~ 0.5 us and observable
retrieve signal out to ~ 4 us, agrees with the time scale for the atomic-diffusion limited
coherence time expected for our experimental parameters (see Appendix A.1).

Fig. 2.6 presents data from the same experimental run as Fig. 2.5 in a slightly
different form. The index ¢ = 1,2, ..., 8 labels consecutive realizations of pulsed ex-
periments in which a write pulse is followed by a retrieve pulse after a controlled time
delay. Each of the eight realizations have identical experimental parameters. We see
again that at fixed control pulse intensities and durations, the Stokes pulse energy
has large fluctuations from run to run, and that these fluctuations are strongly cor-
related with those of the anti-Stokes pulses. In the next section, we turn to the task

of quantifying the strength of these correlations.

2.3 Observation of Correlations

We now turn to investigating the degree of correlations in relative intensity be-
tween the Stokes and anti-Stokes fields. In order to do this, we first need a method
for quantifying the degree of the correlations; we introduce these methods in Sec-

tion 2.3.1. In Section 2.3.2, we present data demonstrating nonclassical correlations
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Figure 2.5: Correlations in the pulsed regime. Spontaneous Stokes signals (a) and
retrieved anti-Stokes signals (b) obtained with pulsed control beams. The traces in
panel (e) represent the modulation of the control beams. Consecutive realizations of
the experiment with identical control parameters (solid, dotted, etc.) show strong
fluctuations in the Stokes signal pulse energy, and correlated fluctuations in the anti-
Stokes pulse. (c) Histogram of Stokes pulse energies. (d) Retrieval efficiency (ratio
between the average energy in anti-Stokes and Stokes pulses) as a function of the time
delay between the end of the write control pulse and the onset of the retrieve control
pulse. (e) Modulation of the control beams as a function of time.

in the cw regime in the frequency domain.

2.3.1 Quantifying Correlations

Introduction

When the number of photons in two modes of light are measured in a repetitive

manner (with paired results n; and ny), the statistical criterion for correlations (here
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Figure 2.6: Fluctuations and correlations in the pulsed regime. Spontaneous Stokes
signals (red) and retrieved anti-Stokes signals (blue) from light storage with pulsed
control beams. The modulation of the control beams is the same as in Fig. 2.5(e). The
index ¢ = 1,2,...,8 labels consecutive realizations of the experiment with identical
control parameters, showing strong fluctuations in the Stokes signal pulse energy,
and correlated fluctuations in the anti-Stokes pulse. Anti-Stokes pulses have been
multiplied by the factor 5.

termed classical correlations) between n; and ns is

Var(n; — ny) < Var(ny) + Var(ns) , (2.2)

where Var(z) = (2?) — (x)? denotes the variance of a set of measurements z =
{1, xq,...}. This makes sense, since for two completely independent signals = and
y, Var(zx —y) = Var(z) + Var(y). Therefore, any value of Var(z — y) less than
this uncorrelated value indicates that the signals are correlated to some degree, a
condition referred to as being classically correlated. A repetitive measurement on a
single classical mode of light with average photon number (n) = 7 yields a variance
Var(n) = 7, due to quantum fluctuations with Var(n) = (n) in the photon number
of the mode. The case Var(n) = 7 holds for a coherent state, which has Poissonian

photon statistics, and is referred to as the standard quantum limit of noise (see
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Appendix A.3 and Refs. [124, 109]). The standard quantum limit represents the
minimum possible fluctuations according to the classical theory of electromagnetism.
Accordingly, one can define that two modes of light have nonclassical correlations

when for paired measurements n; and ny
Var(ny — ng) <y + g, (2.3)

and meeting this criterion is known as twin-mode intensity squeezing [6]. To summa-
rize, two modes of light with recorded photon number statistics satisfying Eq. (2.2)
are said to exhibit classical correlations; two modes satisfying Eq. (2.3) are said to be
nonclassically correlated, or to exhibit twin-mode intensity squeezing.

The two Raman fields (Stokes and anti-Stokes) in light-storage experiments as
presented in the previous sections are predicted to show such twin-mode intensity
squeezing. However, to date, due to to losses and inefficiencies in the retrieval process,
the measured values 77 # Ty (Fig. 2.4). While this inefficiency can probably be
improved, in many future experiments losses and other imperfections will remain,
causing significant differences between observed values of m; and 7, in experiments
where they are in principle equal. Furthermore, spontaneous Raman modes have
thermal photon statistics (i.e., large excess noise [124, 109] compared to Poisson
statistics, with Var(n) = m + m?). As a result, Var(n; — ny) will be very large
for data sets with m; # Ta. A second problem that hampers tests for twin-mode
intensity squeezing is a delay between the detection of correlated pairs n; and and
ny (Fig. 2.4(c)). Subtraction of measured values n; and ny without compensation for
this delay will also lead to increased values for Var(n; — ns).

The question that we address in the next section is how tests for twin-mode in-
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tensity squeezing can be performed in experiments with significant unbalanced losses
and delays between the Stokes and anti-Stokes fields. For a discussion of the require-
ments on detection systems for such measurements, see Appendix A.4; for a detailed

description of the photodetectors used in these detection systems, see Appendix A.2.

Tests for twin-mode squeezing with unbalanced losses and delays

Fig. 2.4(c) illustrates that the residual signal (n; — ng) is strongly reduced by
multiplying the retrieved anti-Stokes data set by a relative compensation factor A,.
Accordingly, the variance of Var(n; — A,ns) is reduced as well. This compensation can
be carried out without adding noise, because it can be implemented as a simple mul-
tiplication of photon-count results after the results have been recorded. Alternatively,
the measured values of n; and n, can be made equal by inserting additional losses into
the stronger mode before detection. However, such optical attenuation will introduce
additional noise. When implementing such strategies for reducing Var(n; — ns), one
needs to reexamine the definition and meaning of twin-mode intensity squeezing in
Eq. (2.3). This will be analyzed below.

For this analysis we assume the simple model shown in the inset of Fig. 2.7.
Two sources S; and S, send out states with well-defined photon numbers n; and
no. The values for ny and nsy fluctuate, but are perfectly correlated in pairs with
ny = ny. However, the emission from S; is delayed by At, with (At)~! larger than
the emission repetition rate. The photon number in the emitted modes are detected at
this repetition rate with photon counters D; and D,. Losses in the channels between

the sources and detectors are modeled with beam splitters with transmission 77 and
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Figure 2.7: Modeling twin-mode intensity squeezing in the presence of unbalanced
losses and delays. (Inset) Model used for investigating twin-mode intensity squeez-
ing in the presence of unbalanced losses and delays (see text for details). (Main
graph) Twin-mode intensity squeezing parameter SQP = Var(m; — A,ms)/SQL,
with SQL = m; + A%my, for the two modes detected in the model of the inset. The
solid line is for 75 = T and A, = 1. The dotted line is for T, = T} — 0.3, and
compensating the difference between T and A,T5 by inserting additional losses into
channel 1 and keeping A, = 1 (i.e., T} = Ty). The dashed line is for T, = T} — 0.3,
and compensating the difference between 77 and A,T; with a noise-free amplification
factor A, =T1/Ts.

T5, and we assume T} = T5. Due to the losses, the measured photon numbers will be
smaller than what is emitted, and the photon-count results will be denoted as m; and
ms. The detectors are assumed to be perfect (no dark counts, and imperfect detection
efficiencies are included in 7} and T5). The detectors report photon number per event.
Before subtraction and comparison to Eq. (2.3), the count results in channel 2 can
be multiplied by a noise-free relative amplification factor A,, and delayed by At.
When the paired fluctuations in n; and ny are large and 77 # T3, the variance

in the subtracted signal Var(m; — ms) will be large as well. In this case, the value
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Var(m; — ms) is not representative for the fundamental correlations between the
signals, but a trivial artifact of the unequal losses in the two channels. As mentioned
before, this can be dealt with by inserting additional losses into channel 1 to give
T] = T or by amplifying the results of channel 2 with A, = T} /Ty = T, /Ms. More
generally, one needs to realize T} = A,T5. This suggests that one can replace the

condition for twin-mode intensity squeezing (Eq. (2.3)) with
Var(m, — A,my) < iy + A%y, (2.4)

assuming that one has set

Ar = ml/mg y (25)

since the standard quantum limit in this case is given by
Var(ml) =m y (26)

and

Var(A,my) = A2 Var(my) = A2, . (2.7)

The right hand side of Eq. (2.4) is the adjusted level for the standard quantum limit,
SQL = m; + A*my. The factor A2 needs to be introduced because (2.4) compares the
fluctuations of a mode to the fluctuations of a coherent state, and these are amplified
in our model as well. Below we analyze four cases where this new definition for

squeezing is used (see also Fig. 2.7). We will calculate the squeezing parameter SQP,

defined as
Var(m; — Ay;mg)  Var(m; — A,my)

SQP = T+ AZm, SOL ’

(2.8)

which is smaller than 1 in case of twin-mode squeezing, and equal to 0 for perfect

twin-mode squeezing.
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(i) 71 =T» and A, = 1: The beam splitters, with equal transmission, randomly
remove photons from the modes, and this process gives partition noise in m;, with, for
fixed n;, a binomial variance Var(m;) = n;T;(1-T;), i = 1,2, see Refs. [124, 109]. This
leads to the familiar result SQP = (n1 Ty (1=T1)+nTo(1-T5))/(niT1+noT3) = 1-T7.
Squeezing can still be observed, but the value for SQP approaches 1 for significant
losses. See the solid line in Fig. 2.7.

(ii) Ty > Ts, which is compensated by inserting additional losses into channel 1
to give T = Ty, A, = 1: The analysis goes as for the previous case, but now the
result is SQP = 1 —Ts. The squeezing parameter is set by the channel with the most
losses. See the dotted line in Fig. 2.7.

(iii) 71 > Ty and A, = T\/T, = Ty /Ty Working it out as for case (i) gives
SQP =(1—-T,+ (T1/T5)(1 = T3)) /(1 + T1/T»). As compared to case (ii) there is an
improvement in the observable minimum SQP. See the dashed line in Fig. 2.7.

(iv) T4 > Ty and A, = T1/Ty = Ty /Mo, but the sources Sy and Sy send out
classical pulses of light instead of Fock states: For comparison, we analyze SQP for
the parameters of (iii) for the situation where the sources S; and Sy send out classical
pulses of light (coherent states, with uncorrelated quantum fluctuations) with photon-
number expectation values m; = my. We consider the simplest case where m; and ns
are constant in time. When a coherent state is attenuated its photon statistics remain
Poissonian [124, 109]. This gives m; = T;n; with Var(m;) = m;, and yields SQP = 1.
This shows that SQP < 1 cannot be realized with very stable classical fields.

The above analysis shows that Eqgs. (2.4)-(2.8) provide a valid test for twin-mode

intensity squeezing useful in many realistic experimental situations. Squeezing is



Chapter 2: Generation of Correlated Photon States using Atomic Ensembles 43

identified by values SQP < 1, and this cannot be realized with two classical fields
(coherent states) with uncorrelated fluctuations. However, as usual, observation of
significant squeezing (say SQP < 0.5, i.e., more than 3 dB squeezing) requires both
Ty > 0.5 and T3 > 0.5.

The method used in the experiments described in Section 2.3.2 corresponds to
case (iii) above. We digitally record the signals m; and ms, then compensate for the
loss and delay by multiply the data msy by the factor A, = T)/Ty = T, /M9, and

advancing or delaying signal my by the appropriate delay.

2.3.2 Nonclassical Correlations in the Continuous-Wave Regime

We now turn to investigating the degree of correlations between the Stokes and
anti-Stokes beams in the cw regime. To this end we obtained Raman signals with
cw control beams, recorded signal intensities with high resolution, and analyzed the
spectral densities of the Stokes and anti-Stokes signal fluctuations using the discrete
Fourier transform [21]. The fluctuation spectra of the Stokes and anti-Stokes fields are
peaked at low frequencies, with the large noise reflecting the super-Poissonian nature
of single-mode spontaneous Raman excitations (Fig. 2.8(a)). The spectral half-width
of this spontaneous noise could be tuned in the range from 100 kHz to 1 MHz (with
tails up to about 2 MHz), by varying the write and retrieve beam intensities and
the write beam detuning. At higher frequencies, larger than any physical process
in the atomic medium, the measured spectra generally approach a flat noise floor.
Correlations between the two fields result in a large noise reduction in the spectrum

of the signal that is formed by subtracting the Stokes and anti-Stokes signals in
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the time domain, and then taking the discrete Fourier transform. In this difference
intensity analysis it was essential to compensate for the unbalanced intensities and
the delay between the Stokes and anti-Stokes beams.

In the case that the optical fields have losses before detection, the level of twin-
mode squeezing that can be observed is reduced (see Section 2.3.1 and Ref. [6]). For
our data, the anti-Stokes signal appears identical to the Stokes signal except for an
apparent attenuation by a factor of ~ 5 and a time shift (Fig. 2.4(c)). In this case,
twin-mode squeezing can still be investigated when the time shift is compensated and
when the unbalanced attenuation is compensated by unbalanced linear amplification
of the two signals. We have developed a method using fast, high-accuracy sampling
of the Raman signals followed by software compensation of the time shift and linear
amplification. In this procedure the re-scaling of photon shot noise and detector dark
noise levels are accounted for accordingly. The resulting signals are subtracted for
calculation of the spectrum in Fig. 2.8. The details of this procedure are described
in Section 2.3.1.

Fig. 2.8(a) shows the fluctuation spectral density of the anti-Stokes field (blue)
and of the signal formed by subtraction of the Stokes and anti-Stokes signal in the
time domain (green). The spectrum of the Stokes fluctuations is not shown, but is
nominally identical to that of the anti-Stokes signal. The super-Poissonian character
of the Raman signals leads to strong fluctuations at low frequencies (within the Raman
bandwidth). At high frequencies (outside the Raman bandwidth) the fluctuation
spectrum is flat and set by the shot-noise level for photon detection, and agrees

with the independently determined level for the photon shot noise (PSN). The PSN
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represents an experimental measurement of the SQL defined in the previous section.
At frequencies near the high end of the Raman bandwidth (around 1.6 MHz, see the
inset), the fluctuations in the subtracted signal fall bellow the measured PSN (gray
curve in the inset).

We routinely observed 30 dB of intensity correlations over a broad range of low
frequencies. The degree of subtraction is limited by the precision of the electronic
components used in our detection system (see Appendix A.2). Although this level of
subtraction was not sufficient to eliminate spontaneous noise entirely at low frequen-
cies, this was readily achieved in the higher frequency range where fluctuations in the
Raman fields were smaller. Whereas at large frequencies the difference intensity noise
approaches a flat noise floor, at intermediate values, near the high end of the Raman
bandwidth, the difference intensity noise consistently drops a few percent below that
level.

To quantify the degree of correlations in this intermediate regime, we performed
several experimental tests. The benchmark level representing nonclassical effects is
set by the photonic shot noise (PSN) associated with the Poissonian photon-number
statistics of coherent classical light, and it corresponds to a flat fluctuation spectrum.

As described in the previous section, the criterion for two modes of light to be
photon-number squeezed is that for a sequence of photon-number measurements n;
and ny the variance in (n; — ngy) is less than the sum of the averages (7 + 72) [6].
For measurements on two continuous photon flux signals, analyzed in the frequency
domain, this corresponds to the fluctuation spectrum of the time-domain difference

signal being less than such a fluctuation spectrum from two classical fields with the
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Figure 2.8: Twin-mode intensity squeezing in the continuous-wave regime. (a) The
fluctuation spectral density of the anti-Stokes field (blue) and of the signal formed by
subtraction of the Stokes and anti-Stokes signals in the time domain (green). The data
point at 1.6 MHz shows a 4+ 1 standard deviation error bar. The data is the result of
averaging over 23 data sets, each of 2 ms duration and 10% retrieval efficiency, taken
with identical control parameters over the course of one hour. The spectra have an
averaging bandwidth of 200 kHz. (b) The fluctuation spectral density levels at 1.6
MHz (green) for the green line in (a), for different values of the time-shift between
Stokes and anti-Stokes signal before subtraction subtraction. The level at 1.6 MHz
only drops below the measured PSN level (gray line) for time-shifts around 81 ns, in
agreement with the observed delay between the Stokes and anti-Stokes signal for this
data set.

same average photon flux and classical intensity correlations, such as obtained by
splitting a single light beam on a perfect 50-50 beam splitter.

We performed several checks to define the PSN level. The difference signal for
two output beams from a single laser beam on a beam splitter possessed a flat fluc-
tuation spectrum at a level that was linearly (rather than quadratically) dependent
on beam intensity, characteristic for PSN. Fig. A.6 in Appendix A.2 shows this for
the frequency range of 200 kHz - 300 kHz; similar results were obtained for the en-

tire bandwidth of the detector. The measured level of the fluctuation spectrum is
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in excellent agreement with PSN values calculated using the shot-noise formula and
independently determined detector and amplifier parameters taking into account an
offset from the detector dark-noise levels; the data in Fig. 2.8 represents noise with
contributions from both detected fields and detector dark noise. The observed onset
of nonclassical correlations is limited by the finite retrieval efficiency, the dark-noise
levels of the detectors, and the similarity of the gain versus frequency behavior of the
detectors.

In addition to this PSN calibration, we performed a control experiment by mea-
suring the difference signal between two beams formed by splitting the Stokes field on
a beam splitter. In this measurement, the average intensity in each detection channel
was carefully adjusted to match the Stokes and anti-Stokes channels in the correla-
tion measurement of Fig. 2.8. This control experiment yielded a flat noise spectrum
in agreement with the PSN level (gray line in the inset of Fig. 2.8(a)) and, unlike
the green line in Fig. 2.8(a), did not show the reduced noise level around 1.6 MHz.
This confirms that the Stokes/anti-Stokes difference spectrum in Fig. 2.8(a) (green)
drops at intermediate-frequencies about 4% below the PSN level. Finally, Fig. 2.8(b)
shows that the degree of correlations depends sensitively upon the delay compensa-
tion between the Stokes and anti-Stokes signals: the onset of nonclassical correlations
appears only when one properly compensates for the time that the atoms spend in a
spin-flipped state. This sensitivity to delay compensation represents evidence for the
storage of nonclassical states in atomic ensembles.

Several factors limit the degree of the observed quantum correlations. One of the

most significant limitations is associated with the incomplete retrieval process. The
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retrieval efficiency (10%-30%), limited in our experiments by imperfect spatial mode
matching and the available laser power, did not allow for large quantum correlations
to be observed in the presence of uncorrelated noise. In principle, the observed
bandwidth of the nonclassical correlations could be greatly improved by working at
lower light levels, since the relative magnitude of the super-Poissonian noise would

then be lower.

2.4 Conclusions

The experiments described in this chapter demonstrate the generation and tem-
porary storage of spin-wave states in an atomic ensemble, and retrieval of these states
by mapping onto correlated nonclassical states of light. We have probed the correla-
tions between photonic and atomic states by measuring the correlations between the
separate photon fields produced in the generation and retrieval of the atomic state.
Strong correlations in the relative intensity of these two photon fields were observed
in both the pulsed and cw regimes in the time domain. In the cw regime, large ex-
cess noise at low frequencies prevented the observation of nonclassical correlations in
the time domain, but by analyzing the correlations in the frequency domain, non-
classical correlations were observed in the frequency range of ~ 1 — 2MHz. At the
time, this was the first observation of nonclassical correlations in such a system, and
represented a first step towards implementation of the DLCZ long-distance quantum

communication proposal.



Chapter 3

Shaping Quantum Pulses of Light

using Atomic Ensembles

3.1 Introduction

The existence of nonclassically correlated photon pairs demonstrated in the pre-
vious chapter implies the ability to create nonclassical states of the radiation field by
performing conditional detection on one of the fields of this correlated pair. In recent
years much effort has been directed toward generating quantum-mechanical states of
the electromagnetic field with a well-defined number of quanta (i.e., photon-number or
Fock states). Motivated in part by the ideas of quantum information science, tremen-
dous progress has been made in generating single-photon states by using photon pairs
in parametric down-converters [61], single emitters [99, 110], and single atoms in high-
finesse cavities [74, 97]. While parametric down-conversion techniques have recently

been used to generate multi-photon states [123], it remains experimentally challenging
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to implement schemes that allow for simultaneous control over both photon number
and spatio-temporal properties of the pulse. Control over the spatio-temporal prop-
erties of a pulse may prove useful in experiments where the indistinguishability of
single photons is a requirement, such as linear-optics quantum computation [72].

In this chapter, we describe proof-of-principle experiments demonstrating a novel
approach for generating pulses of light with controllable, well-defined photon numbers,
propagation direction, timing, and pulse shapes. These experiments exploit long-
lived coherent memory for photon states in an optically dense atomic medium [83],
and combine aspects of earlier studies on “light storage” [79, 103] and the Raman-
scattering based preparation and retrieval of atomic excitations [34, 118, 76, 30, 64,
104] discussed in Chapter 2. These experiments expand previous studies of EIT-
based control of light propagation [54, 79, 103, 16] into the domain of few-photon

nonclassical light pulses.

3.2 Few-Photon Pulse Shaping

As was the case for the experiments described in Chapter 2, the experiments in
this chapter utilize an ensemble of 8’ Rb atoms inside magnetic shielding, allowing us
to approximate the full rubidium level structure shown in Fig. A.1 with a three-level
“A-type” atomic configuration as shown in Fig. 3.1(a). In our approach we first op-
tically pump a large ensemble of N atoms to the ground state |g) = |5%S1 /2, F = 1).
Spontaneous Raman scattering [106] is induced by a weak, off-resonant laser beam
with Rabi frequency Qy and detuning Ay, referred to as the write laser. This two-

photon process flips an atomic “spin” into the metastable state |s) while producing



Chapter 3: Shaping Quantum Pulses of Light using Atomic Ensembles 51

@) (b)
—
Wptical w
Laser Pumping
7
Write ;
Laser Write

Figure 3.1: Experimental procedure. (a) 3"Rb levels used in the experiments (D,
line): |g) = |5%S1y2, F = 1), |s) = [52S1)2, F' = 2), and |e) corresponds to |52Py o, F' =
1) and [52P, 5, F' = 2). The write (retrieve) laser and Stokes (anti-Stokes) beam are
illustrated in red (blue). The write (retrieve) laser has a diameter of 200 pym (2 mm)
at the center of the atomic ensemble. Ay, ~ 1GHz. (b) After the optical pumping
pulse (provided by the retrieve laser), the 1.6 us-long write pulse is followed by the
retrieve pulse after a controllable delay 7.

a correlated frequency-shifted Stokes photon. Energy and momentum conservation
ensure that for each Stokes photon emitted in certain direction there exists exactly
one flipped spin quantum in a well-defined spin-wave mode. The number of spin wave
quanta and the number of photons in the Stokes field thus exhibit strong correlations,
and as a result, measurement of the Stokes photon number ng ideally projects the
spin-wave onto a nonclassical collective state with ng spin quanta [34]. After a control-
lable delay time 74 (see Fig. 3.1(b)), the stored spin-wave can be coherently converted
into a light pulse by applying a second near-resonant laser beam with Rabi frequency
Qg (retrieve laser), see Fig. 3.1(a). As discussed in previous chapters, the retrieval
process utilizes EIT [54, 113, 87, 14, 42]. The direction, delay time 74, and rate of
retrieval are determined by the direction, timing, and intensity of the retrieve laser,
allowing control over the spatio-temporal properties of the retrieved anti-Stokes pulse.

Since the storage and retrieval processes ideally result in identical photon numbers

in the Stokes and anti-Stokes pulses [87], this technique should allow preparation of
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Figure 3.2: Schematic of the experimental setup. The write and retrieve lasers overlap
at a small angle (~ 10 mrad) inside a magnetically-shielded 8"Rb vapor cell held at
~ 75°C with 6 Torr of Ne buffer gas. AOM is acousto-optical modulator. Arrows
and circles give the polarization of the write and retrieve lasers and the Stokes and
anti-Stokes fields. PBS is a polarizing beamsplitter (beam-splitting Glan-Thompson
crystal polarizer). S1,S2 (AS1,AS2) are avalanche photodetectors (APDs) for the
Stokes (anti-Stokes) channel (Perkin-Elmer model SPCM-AQR-16-FC, with a dark
count rate of less than 25s71).

an n-photon Fock state in the anti-Stokes pulse conditioned on detection of n Stokes
photons.

The experimental apparatus (see Figs. 3.2 and 3.3) is similar to that described in
Chapter 2. The primary difference between these experiments and the experiments
described in Chapter 2 is that the experiments in this chapter investigate few photon
pulses, whereas the experiments described in Chapter 2 involved pulses with ~ 10? to
107 photons per pulse. As a result, the experiments of Chapter 2 utilized photodetec-
tors with PIN (positive-intrinsic-negative) photodiodes [59] for photon detection (see
Appendix A.2), while those described in this chapter use avalanche photodetectors
(APDs).

The primary experimental challenge lies in transmitting the few-photon Stokes and

anti-Stokes pulses while simultaneously blocking the write and retrieve laser beams.
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87Rb cell

Figure 3.3: Photograph of the experimental setup. (a) The 8"Rb ensemble (inside
three layers of magnetic shielding), and the paths for the write and retrieve lasers, are
marked. As described in Section 2.2.1, the grating is used to filter the spontaneous
emission noise from the write laser diode. (b) Polarizing beamsplitter (PBS) used for
polarization filtering. Etalon used for frequency filtering of the write laser from the
Stokes field, and the ®Rb ensemble used for frequency filtering of the retrieve laser
from the anti-Stokes field.

As described in Chapter 2, this is accomplished by a combination of polarization and
frequency filtering. As shown in Fig. 3.2, the write and retrieve laser polarization
are in a Lin L Lin configuration, with both of the fields being linearly polarized
but in orthogonal directions. In this case, we observe that the scattered Stokes
(anti-Stokes) photons that are emitted are primarily polarized orthogonally to the
write (retrieve) laser polarization. Therefore, by placing a polarizing beamsplitter
after the ' Rb cell as shown in Fig. 3.2, the Stokes (anti-Stokes) and write (retrieve)
fields can be separated to 5 parts in 10° (measured value), limited by the quality of
the beamsplitter. As discussed in Chapter 2, the physics underlying the orthogonal
polarizations of the Stokes (anti-Stokes) compared to the write (retrieve) has been

explored theoretically. It is seen to result from a destructive interference for the

production of Stokes (anti-Stokes) photons with the same polarization as the write
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Figure 3.4: Write and retrieve laser frequencies, relative to the fluorescence spectrum
of the Dy line (5252 — 5%Py2) of rubidium. Rubidium vapor is at room temperature
and thus the transitions are Doppler-broadened. The write laser is detuned 1 GHz
above the F' =1 — F’ = 2 transition; Stokes photon frequency is 6.835 GHz smaller
than that of the write laser. In order to filter out the retrieve laser via 8°Rb absorption,
the retrieve laser is detuned 400 MHz above the F' = 2 — F’ = 2 transition; the anti-
Stokes photon frequency is 6.835 GHz larger than that of the retrieve laser, and is
therefore off-resonance with **Rb .

(retrieve) lasers [60].

Further filtering is provided by an etalon or an optically-pumped 8Rb cell in the
write channel, and a ®Rb cell in the retrieve channel; this combined filtering separates
the write (retrieve) laser from the Stokes (anti-Stokes) Raman light to a few parts
in 10° (10'?). The principle behind using *Rb to filter the retrieve laser from the
anti-Stokes field is shown in Fig. 3.4. By detuning the retrieve laser slightly from
resonance with the F' = 2 — F’ = 2 transition of 8’ Rb , the retrieve laser frequency
is on resonance with 8°Rb | and thus will be absorbed by the ®Rb ensemble; the

anti-Stokes field, which is 6.835 GHz higher in frequency than the retrieve laser, is

then far-off resonant with Rb (the ®*Rb ground-state hyperfine splitting is just 3.036
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Figure 3.5: Stokes pulse shapes. Experimentally measured (black) and theoret-
ically calculated (red) values of the Stokes photon flux dng/dt. For each plot,
ng = [ dt dng/dt represents the total number of photons emitted from the cell. Write
laser power was varied from 25 yW to 100 uW.

GHz [119]), and therefore propagates through the ®*Rb ensemble unabsorbed.

Experimentally, we take advantage of the long coherence time of the atomic mem-
ory (~ 3 us in the present experiment, see Fig. 3.8) to create few-photon pulses with
long coherence lengths (~ few us) that significantly exceed the dead-time of the APDs
(~ 50ns). This allows us to directly count the photon number in each of the pulses
and to directly measure the pulse shapes by averaging the time-resolved APD output
over many experimental runs. Connected to each APD is a multi-mode fiber, meaning
we detect more than one transverse spatial mode.

Fig. 3.5 shows the average number of detected Stokes photons per unit time (pho-
ton flux) in the write channel as a function of time during the 1.6 ps-long write pulse.
The magnitude of the photon flux is controlled by varying the excitation intensity of
the write laser. The shape of the Stokes pulse in time changes qualitatively as the

total number of photons in the pulse exceeds unity: for pulses containing on average
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one photon or less, the flux is constant in time, whereas for pulses containing more
than one photon, the flux increases with time.

The observed evolution of the Stokes pulses can be understood qualitatively by
considering the mutual growth of the photon field and spin excitation: the first flipped
spin stimulates subsequent spin excitations which are accompanied by increased prob-
ability of Stokes photon emission [3]. This process is governed by the collective Ra-
man scattering rate & = n|Qu|*y/A%,, which is equal to the product of the optical
depth 7 and the single atom scattering rate |Qu|*y/A%,, where v is the decay rate
of |e). For short excitation times t, we consider the evolution of several Hermite-
Gaussian modes of Stokes radiation [106], and find that the photon flux is given by
dng/dt = NE(1+ €+ ...), where N is the effective number of transverse modes (from
experimental measurements we infer N ~ 4) [3]. This prediction for dn,/dt agrees
with our observation that the flux will increase with time for ny ~ &t > 1. The tran-
sition from a spontaneous to stimulated nature of the Stokes process also affects the
spatial distribution of the atomic spin wave. For n, < 1 the excitation is calculated to
be uniformly distributed in the cell, while for ny > 1 the spin-wave amplitude grows
toward the end of the cell (see inset to Fig. 3.6(b)). The observed dynamics provide
evidence for the collective nature of the atomic spin excitations.

After a time delay 74, we apply the retrieve beam to convert the stored spin wave
into anti-Stokes photons. Fig. 3.6 demonstrates that the duration and peak flux of
the anti-Stokes pulse can be controlled via the intensity of the retrieve laser. The
resonant retrieve laser converts the spin coherence into a dark-state polariton, and

eventually into an anti-Stokes photon. Note that the retrieve laser establishes an
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Figure 3.6: Anti-Stokes pulse shapes. (a) Experimentally measured, and (b) theo-
retically calculated values of the anti-Stokes photon flux dnsg/dt. The experimental
pulse shapes correspond to a Stokes pulse with ng ~ 3 photons, and the theoretical
curves assume an initial spin wave with n,;, = 3 excitations and an optical depth of
~ 20. Each curve is labeled with the power of the retrieve laser. (b, inset) Theoret-
ical calculation of the number of flipped spins per unit length dngyi,/dz (cm™!) for
Nspin = 3.

EIT configuration for the generated anti-Stokes field, so that the anti-Stokes light
propagates unabsorbed through the cell. In the ideal limit of perfect EIT and large
optical depth, the temporal shape of the anti-Stokes pulse is equivalent to the spatial
shape of the atomic spin coherence, delayed by the time required to propagate out
of the atomic cell at the group velocity v,(t) o [Qg(t)|? [42]. For larger (smaller)
retrieve laser intensity, the excitation is released faster (slower), while the amplitude
changes in such a way that the total number of anti-Stokes photons is always equal to
the number of spin-wave excitations. In practice, decay of the spin coherence during
the delay time 7; and finite optical depth flatten and broaden the anti-Stokes pulse,
reducing the total number of anti-Stokes photons which can be retrieved within the

coherence time of the atomic memory, as indicated by theoretical calculations [3] (Fig.

3.6) based on Ref. [42]. The detailed comparison between theory and experiment in
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Figure 3.7: Measured anti-Stokes pulse width (full-width at half-max) and total pho-
ton number as a function the retrieve laser power. Lines are to guide the eye.

Figs. 3.5 and 3.6 suggests that the bandwidth of the generated anti-Stokes pulse
is close to being Fourier-transform limited, while the transverse profile effectively
corresponds to only a few spatial modes.

Figure 3.7 shows a plot of the full-width at half-max and total photon number
for the retrieved anti-Stokes pulses shown in Fig. 3.6. Since the retrieve laser acts
as an EIT control laser for the anti-Stokes field, as the strength of the retrieve laser
is decreased, the group velocity should decrease (see Eq. (1.6)), corresponding to an
increase in the time duration of the pulse. This is in agreement with the data shown
in Fig. 3.7, which shows the width in time of the retrieved pulse increases as the
intensity of the retrieve laser is decreased. In addition, as the strength of the retrieve
laser is decreased, the photon-to-atom ratio of the polariton propagating through
the atomic medium should also decrease (see Egs. (1.9) and (1.10)). Since the total
number of photons retrieved depends not on the retrieve laser, but on the amplitude

of the initial atomic coherence, the changes in group velocity and photon-to-atom
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ratio should compensate each other so that the total number of retrieved photons is
the same regardless of the retrieve laser intensity. Under ideal conditions, where the
lg) — |s) atomic coherence does not decay, this would indeed be the case. However, we
see from Fig. 3.7 that the decay of the |g) — |s) coherence (characteristic time ~ 3 us,
see Fig. 3.8) does result in a decreased number of retrieved photons as the width of

the retrieved pulse increases.

3.3 Quantum-Correlated Photon States

As demonstrated in Chapter 2, at fixed laser intensities and durations, the number
of Stokes and anti-Stokes photons fluctuates from event to event in a highly correlated
manner [118]. In order to quantify these correlations in the present experiment, we
directly compare the number of Stokes and anti-Stokes photons for a large number
of pulsed events (each with identical delay times 7, and laser parameters). The
variance of the resulting distributions is then compared to the photon shot noise level
PSNy, = ng + nag, which represents the maximum degree of correlations possible
for classical states [91]. We experimentally determine the photon shot noise for each
channel by using a 50-50 beamsplitter and two APDs per detection channel (see
Fig. 3.2) which allows us to accurately determine the measured PSN,,cqs = Var(nas;—
nase) + Var(ng; — ngo) value for each experiment. To quantify the correlations, we
consider the normalized variance V = Var({nas — ns})/PSNyueas, which is one for
classically correlated pulses and zero for pulses exhibiting perfect number correlations.
Using this method, we measure V' = 0.942 + 0.006 for the data shown in Fig. 3.8 at

delay time 7, = 0. For the experimental conditions of Fig. 3.8, we estimate that
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dead-time effects reduce the measured 749 by 2.5% from its actual value and increase
V = Var({nas — ns})/PSN,eas by less than 0.2% from its actual value (well within
the ~ 0.6% error bars).

Fig. 3.8 shows the normalized variance V as a function of storage time 7;. Non-
classical correlations (V' < 1) between Stokes and anti-Stokes pulses are clearly ob-
served for storage times up to a few microseconds. The time scale over which the
correlations decay is determined by the coherence properties of the atomic spin-wave:
nonclassical correlations are obtained only as long as the coherence of the stored ex-
citation is preserved. Fig. 3.8 also shows that the retrieval efficiency (the ratio of
the average number of anti-Stokes photons to the average number of Stokes photons)
decreases in a similar manner as 7, is increased. A fit to this time dependence (dashed
line) yields a 1/e characteristic decoherence time 1/7, of about 3 s, consistent with
the timescale for atomic diffusion from the detection-mode volume (see Appendix A.1
for details). These results demonstrate that within the atomic coherence decay time,
it is possible to control the timing between preparation and retrieval, while preserving
nonclassical correlations.

It is important to note that at 7, = 0 the observed value V' = 0.942 4+ 0.006
is far from the ideal value of V' = 0. One source of error is the finite retrieval
efficiency, which is limited by two factors. Due to the atomic memory decoherence
rate ., the finite retrieval time 7, always results in a finite loss probability p ~ 7.7;..
Moreover, even as . — 0 the retrieval efficiency is limited by the finite optical depth
n of the ensemble, which yields an error scaling as p ~ 1/,/7 [3]. The anti-Stokes

pulses in Fig. 3.8 have widths on the order of the measured decoherence time, so the
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Figure 3.8: Observation of nonclassical correlations. Normalized variance V (blue
diamonds) and mean number of anti-Stokes photons (red triangles) versus delay time
74- The open and closed symbols represent two experimental runs with similar exper-
imental parameters. The dashed line is an exponential fit (characteristic time ~ 3 us)
to the mean number of anti-Stokes photons. The solid line is the result of a theoretical
model described in the text.

atomic excitation decays before it is fully retrieved. The measured maximum retrieval
efficiency at 7, = 0 corresponds to about 0.3.

In addition to finite retrieval efficiency, other factors reduce correlations, including
losses in the detection system, background photons, APD afterpulsing effects, and
imperfect mode matching. To understand the effects of such imperfections, we created
a theoretical model which incorporates loss, background, and several spatial modes.
Based on experimental measurements, the overall detection efficiency () and number
of background photons (ngg) used in the model are ag = 0.07, n5¢ = 0.3 (a5 =
0.21, nfS = 0.12) on the Stokes (anti-Stokes) channel, with a retrieval efficiency
decay time of 3 us and 4 transverse spatial modes assumed. The results of this model

are represented by the solid line in Fig. 3.8, and agree quite well with experimental
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Figure 3.9: Signal and noise processes in EIT-based retrieval of atomic coherences. (a)
Ideal picture of EIT-based retrieval. Retrieve laser on-resonance with the |s) — |e)
transition coherently generates an anti-Stokes photon (the signal) at a frequency equal
to the |g)—|e) frequency difference. (b) Four-wave mixing process that produces noise
photons uncorrelated with the stored atomic coherence. The process results because
the retrieve laser couples not only the |s) — |e) transition, but also the |g) — |e)
transition at a detuning of 6.835 GHz (the |g) — |s) frequency difference.)

observation.

Losses arise from decoherence of the atomic memory, imperfect transmission through
the filtering etalon (Stokes) and ®Rb ensemble (anti-Stokes), and coupling into the
detection fibers. Background is caused by imperfect filtering of the write and retrieve
lasers, as well as a four-wave mixing process resulting from the undesired coupling of
the |g) and |e) states by the retrieve laser.

Fig. 3.9 shows an atomic level structure demonstrating the origin of this four-
wave mixing process. Fig. 3.9(a) shows an ideal picture of EIT-based retrieval. The
retrieve laser is on-resonance with the |s) — |e) transition, and coherently generates
an anti-Stokes photon at a frequency equal to the |g) — |e) frequency difference. This
retrieved anti-Stokes photon is the “signal” we wish to detect. In addition to these
signal photons, however, are noise photons generated in a four-wave mixing process
shown in Fig. 3.9(b). The process results because the retrieve laser couples not only

the |s) — |e) transition, but also the |g) — |e) transition. This results in photons
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generated at +6.835 GHz (anti-Stokes) and —6.835 GHz (Stokes) from the retrieve
laser frequency. These photons are not correlated with stored atomic coherence,
and therefore serve as noise background for our detection of the “signal” anti-Stokes
photons shown in Fig. 3.9(a). While the retrieve laser is filtered by the 5Rb ensemble
(see Fig. 3.2), the Stokes and anti-Stokes noise photons are not on resonance with

8Rb , and therefore are not absorbed by the ¥ Rb ensemble.

3.4 Conclusions

The experiments described in this chapter utilized Raman scattering and EIT-
based retrieval of atomic coherences in atomic ensembles to investigate the spatiotem-
poral and quantum statistical properties of correlated photon states produced in the
generation and retrieval of few-excitation collective atomic coherences. By measur-
ing the spatiotemporal properties of the Stokes photons emitted upon generation of
the atomic coherence, we verified the collective nature of the atomic coherence. Us-
ing EIT-based retrieval of these atomic coherences, we demonstrated the ability to
shape the temporal envelope of the retrieved anti-Stokes photon pulses. We studied
the quantum statistical properties of this process by observing nonclassical photon-

number correlations between the Stokes and anti-Stokes pulses.



Chapter 4

Conditional Generation of Single

Photons using Atomic Ensembles

4.1 Introduction

In this chapter, we describe experiments that utilize the nonclassical correlations
demonstrated in the previous chapter to generate single-photon anti-Stokes pulses
conditional on detection of a single Stokes photon. In Section 4.2.1 we theoreti-
cally analyze the experimental conditions necessary for generating high-fidelity single
photons using this method. Section 4.2.2 describes the experimental generation of
nonclassical anti-Stokes light, conditioned on detection of ng = 2 Stokes photons,
using the experimental setup described in Chapter 3. Section 4.3 describes changes
and improvements made to the experimental setup in order to achieve single-photon
generation. Finally, in Section 4.4 we describe experiments demonstrating the gener-

ation of single-photon anti-Stokes pulses, conditioned on detection of ng = 1 Stokes

64
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photon.

Single-photon generation, an essential capability for many applications in quantum
information [20], has been accomplished in many different systems, including para-
metric down-converters [61, 117, 116, 105, 25], semiconductor quantum dots [99, 128,
111, 110, 126, 127], mesoscopic quantum wells [69], molecules [92, 22, 82], single atoms
in cavities [74, 97], single ions [13, 67], one-atom masers (i.e., micromasers) [122, 17],
nitrogen-vacancy centers in diamond [75, 10, 11|, microstructure fiber [38, 39|, and
most recently, in experiments performed in our group and others, atomic ensem-
bles [64, 30, 9, 35, 26]. There are several criteria a single-photon source needs to
meet for applications in quantum-information science. These criteria include: direc-
tional emission, narrow bandwidth, high emission rate, high fidelity (i.e., very low
probability of more than one photon being emitted), and on-demand emission (i.e., a
photon can be produced with certainty at any desired time). In addition, each photon
emitted by the source should be indistinguishable from all the others, a requirement
necessary for the realization of linear-optics quantum computation [72], for example.
Each method for single-photon generation listed above has its own advantages and
disadvantages, and because of this, specific methods may be more suited to some
applications than others.

The method of producing single photons described in this chapter has many desir-
able properties. As described in previous chapters, momentum conservation ensures
that detection of a Stokes photon in a well-defined spatial mode ensures direction
emission of the single-photon anti-Stokes pulse upon retrieval of the atomic coher-

ence. This directional emission means that our photons can easily be coupled into a
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single-mode fiber for transmission to other locations, as is done in the experiments
described in Chapter 5. The single-photons produced in our experiments have narrow
bandwidths of a few MHz (as measured in the experiments described in Chapter 5),
because the single-photons are retrieved using EIT, which has a transmission window
with a bandwidth of a few MHz in our experiments. This is important since a narrow
bandwidth reduces group-velocity dispersion in optical-fiber propagation [125], and
also implies large coherence lengths, which makes the indistinguishability criterion
easier to achieve. Narrow bandwidth photons also allow narrow filtering that may
enable daytime free-space quantum cryptography [5, 107]. In addition to the long co-
herence lengths of our photons enabled by EIT-based retrieval, EIT also gives us the
ability to control the shape of our photons pulses to some degree (as demonstrated in
Chapter 3 and Ref. [37]), giving us an additional degree of control over the indistin-
guishability criterion. We plan to explicitly verify the indistinguishability of different
photons emitted by our source in future Hong-Ou-Mandel-type [62] experiments.
While our source meets the necessary criterion for directionality, bandwidth, and
indistinguishability, the on-demand emission, emission rate, and fidelity need to be
improved in order to be useful for applications in quantum cryptography and quantum
communication. The current status and potential improvements to these properties

are discussed in the conclusion to this chapter.
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4.2 Conditionally Generated Nonclassical States

of Light

4.2.1 Conditions for High-Fidelity Single-Photon Generation

The correlations between the Stokes and anti-Stokes pulses allow for the condi-
tional preparation of the anti-Stokes pulse with intensity fluctuations that are sup-
pressed compared with classical light. That is, under ideal conditions, conditioning
on detection of n Stokes photons creates and atomic excitation with n excitations,
which is transferred to an n-photon anti-Stokes pulse upon retrieval. We now turn to
a quantitative examination of the feasibility of conditional Fock state generation using
our preparation and retrieval technique. For applications in long-distance quantum
communication, the quality of the atomic state preparation is the most important
quantity. Assuming perfect atom-photon correlations in the write Raman processes,
we can find the density matrix p for the number of atomic spin-wave excitations con-
ditioned on the detection of ng Stokes photons. Here we consider only the spin-wave
modes correlated with our detection mode. For example, in the absence of losses
and background, the conditional atomic density matrix is simply p(ng) = |ns)(ng|.
Loss on the Stokes channel (characterized by transmission coefficient ag) leads to a

statistical mixture of spin-wave excitations,
1 = n
ps(ns) = s 3 P () 0 (1= ag)™™ [n)(n],  (41)
s S n=ns ng

where P°W(n) is the unconditional probability to obtain n spin-wave excitations,

P, (ng) is the probability to detect ng Stokes photons (ensuring normalization), and
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n
represents the binomial coefficient. Background on the Stokes channel fur-

ns
ther complicates the picture, as one cannot distinguish between Stokes signal photons

and background photons. Including the probability for m background counts Pg(m)

in our model, we find

HB)(ns) = ﬁ 3 (s = ) Pasns = ) Pol0) (4:2)

where the normalization factor pas (ng) is the overall probability to have ng counts
of either Stokes signal or background photons.

Since we are primarily interested in the conditional quantum state of the atomic
ensemble, we can use the density-matrix formalism to calculate the fidelity with which

we create the desired atomic state, |ng):
F= <ns\ﬁ£)(ns)|ns>- (4.3)

We can furthermore calculate the Mandel Q-factor [91] associated with this atomic

state

Q _ <n%W> - <nSW>2 —1, (44)
(nsw)

where ngy is the number operator for spin-wave excitations. This quantity can also
be interpreted as the Mandel Q-factor associated with a perfectly retrieved anti-Stokes
pulse. () > 0 for classical states and @) = —1 for Fock states.

To determine the unconditional probability distribution for the spin-wave excita-
tions P°W(n), we must find the effective number of transverse modes which contribute
to the Raman processes. We identify two extreme regimes which permit analytic treat-

ment: a single mode regime where the number of excitations in the 8"Rb cell follows
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Bose-Einstein (thermal) statistics because they are created in a spontaneous process,
and a multimode regime that has Poisson statistics since the statistics of many Bose-
Einstein modes quickly approach Poisson statistics as the number of modes increases
(see Appendix A.3 and Ref. [109]). We find in both cases that the quantities F' and
Q depend on two experimental parameters 6 (~ number of lost Stokes photons) and

v (~ noise to signal ratio on the Stokes channel), which are defined in Table 4.1.

Regime Single mode Multimode
Parameters Or = 7= (1 — as) Op = n(1 — ag)
nBG nBG
vr = aSSFL vp = ﬁ
1+asﬁ
[% n n
Q (U = 0) l—TlgT o nstT _nS"fQP
Q (v#0) ~ Qlor = 0]+ vr(1 + 67) (T or) (s L0r T or07)
F (v=0) (1 — p)nst! o—0p
F(v<<l) ~ (L= 01— wp) ~ g (L+ O(vrbp))

Table 4.1: Scaling for the anti-Stokes pulse Q-parameter and Fock state fidelity F. n
refers to the mean number of excitations in the rubidium cell, n5% is the mean pho-
ton number of background counts in the write channel (we assume they are mainly
due to leak of the write laser and so follow Poisson statistics), ag is the Stokes de-
tection efficiency and ng is the number of Stokes photons on which we condition.
The mean number of atomic excitations is calculated via (ngw) = tr(pagsnew); sim-
ilarly (n%y) = tr(pasny ). The subscript T (P) refers to thermal (Poisson) photon
statistics of the unconditional Stokes light.

We now turn to the conditions under which high-quality Fock states can be gen-
erated in the presence of loss and background. In principle, one can compensate for

loss in the Stokes channel by decreasing the probability for excitations in the atomic

ensemble, so that the probability for more than one spin excitation is negligible. In
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this situation, a lossy Stokes channel will rarely register a photon, but when a photon
is detected, it almost certainly came from a single spin-wave excitation. Conversely,
one can compensate for background in the absence of loss by increasing the number
of spin-wave excitations so that 7 > n5%. When both losses and background are
present, there exists an optimum value for n that maximizes fidelity and minimizes
the Mandel Q-parameter. Tuning the mean number of excitations to this optimum
gives us the smallest possible Q. However, this minimum is not always negative, which
means that for certain conditions we cannot conditionally produce nonclassical states.
For example, in the multimode case, the border between classical and nonclassical

state generation is determined by the parameter

C:l)pep :ﬁgG (1—0&5’)' (45>

Ng ns

Provided that ¢ < 1, one can always find a specific number of excitations in the cell
that allows conditional production of number-squeezed atomic states. For instance,
if ( ~ 0.1, the optimal Q is found to be ~ —0.5 in both multi-mode and single-mode

cases.

4.2.2 Experimental Observations

In order to quantify the performance of this technique, we measured the second-
order intensity correlation function g%)(AS ) (from which we calculate the Mandel Q
parameter) and mean number of photons ﬁﬁss for the anti-Stokes pulse conditioned on
the detection of ng photons in the Stokes channel, using the experimental setup shown
in Fig. 3.2. The results of these measurements are shown in Fig. 4.1. The second-order

intensity correlation function, first defined and utilized in a pair of seminal papers
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published by Roy Glauber in 1963 [48, 49], can be defined for a field at position z at

time ¢, and position y at time t' as

gD (xt,yt') = (ag(t) iy () )/ (Ra()) {2y (1)), (4.6)
where 7;(t) denotes the photon-number operator for the field at position i and time
t, and :: denotes operator normal ordering.

In our experiments, the positions x and y are the anti-Stokes detectors AS1 and
AS2 in the two arms of the 50-50 beamsplitter that divide the anti-Stokes field (see
Fig. 3.2), and we measure these two fields at the same time. We denote this specific

second-order correlation function g®(AS), defined as

9P (AS) = (fasy asz) [ (fuast) (fLase), (4.7)

where (Nas1,M4s2) is the number operator for detector (AS1, AS2). For classical
anti-Stokes fields, ¢ (AS) > 1, whereas an ideal Fock state with n photons has
g?(AS) =1 —1/n (see Appendix A.3 for details).

In the measurements shown in Fig. 4.1, we measure g (AS) and the mean number

A

of anti-Stokes photons 7% conditioned on detection of ng Stokes photons, which we

denote g%)(AS) and ﬁfl‘g , respectively. Note that the mean number of anti-Stokes
photons grows linearly with ng, while g%) (AS) drops below unity, indicating the
nonclassical character of the anti-Stokes photon states. In the presence of background
counts, gy(fs) (AS) does not increase monotonically with ng as expected in the ideal case,
but instead exhibits a minimum at ng = 2 of 97(35):2 (AS) = 0.78+£0.08. Physically this
behavior results from the trade-off between smaller ng giving a smaller ideal value for

¢®?, and smaller ng resulting in a smaller signal-to-noise ratio. In other words, for

our experimental conditions, the parameter ¢ (see Eq. (4.5) is minimum for ng = 2.
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Figure 4.1: Condltlonal nonclassical state generation. Diamonds show experimentally
measured values of gns (AS ) as a function of the number of detected Stokes photons.
The measured mean photons numbers were ng = 1.06 and n4g = 0.36. The solid line
shows the result of a theoretical model. (Inset) Measured mean anti-Stokes number

AS AS

N, conditioned on the Stokes photon number ngs. The solid line represents n,

as predicted by the model. Statistical error bars are £ one standard deviation (see
Appendix B.1).
The Mandel @ parameter [91] can be calculated using Q75 = 7 S(g2(AS) —

1); from the measurements we determine Q45_, = —0.09 £ 0.03 for conditionally

ng=2 =
generated states with ng = 2 (Q > 0 for classical states and ) = —1 for Fock states).
Experimental imperfections such as loss and background can be accounted for in a
theoretical model that yields reasonable agreement with experimental observations
(solid curve in Fig. 4.1). The parameter values used in the model were estimated

from experimental measurements and given by: ag = 0.35, n5¢ = 0.27 (a5 = 0.1,

nBS¢ = 0.12) on the Stokes (anti-Stokes) channel. Using this model corrected for loss

AS

and background on the retrieval channel (dashed line in Fig. 4.1), we estimate (7;,"_,,

) to be approximately (2.5, -0.85).

nsZ
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Although the corrected parameters are closer to the ideal limit, they still do not
correspond to a perfect Fock state. This is due to loss and background in the prepa-
ration channel, which prevent measurement of the exact number of created spin ex-
citations. In principle, the conditional state preparation can be made insensitive to
overall Stokes detection efficiency ag by working in the regime of a very weak excita-
tion [34]; however, Stokes channel background counts nZ¢ prevent one from reaching
this regime in practice. As discussed in the previous section, a qualitative condition
for high quality Fock state generation is given by ¢ = n5¢(1 — ag)/nsas < 1. This
condition is only marginally fulfilled in our experiments ({ ~ 0.3 for ng = 2), ac-
counting for the imperfectly prepared atomic states. We shall see in the next section
that refinements in the Stokes detection system and better transverse mode selection,
in addition to reduced noise on the anti-Stokes channel, resulted in conditional Fock
state generation with significantly improved purity, allowing us to reach the regime

of conditional single-photon generation.

4.3 Experimental Conditions allowing Conditional

Single-Photon Generation

In this section, we describe changes made to the experimental setup shown in
Figs. 3.2 and 3.3, designed to improve the conditions for high-fidelity single-photon
generation. In Section 4.4 we describe the experimental generation of conditional
single-photon pulses using this improved experimental setup.

A schematic and photograph of the improved setup are shown in Figs. 4.2 and 4.3,
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Figure 4.2: Experimental setup. The write and retrieve lasers (EIT control laser
and anti-Stokes field) counter-propagate [3] (co-propagate) inside the magnetically-
shielded source (target) ensemble. The write (retrieve) laser has a diameter of 1
mm (3 mm) at the center of the source ensemble. The single spatial mode defined
by the detection fibers and optics has a diameter of 200 um at the center of the
source ensemble. The etalon (*Rb cell) is used to reflect (absorb) the fraction of the
write (retrieve / EIT control) laser not filtered by the polarizing beamsplitters; this
requires a retrieve and EIT control laser detuning of +400 MHz. The source (target)
ensemble is a 4.5 cm-long isotopically pure 8’Rb vapor cell with 7 Torr (8 Torr) of
neon buffer gas. Target ensemble and EIT control field are absent (present) for the
experiments described in Chapter 4 (Chapter 5). Abbreviations: PBS for polarizing
beamsplitter (beam-splitting Glan-Thompson crystal polarizer); SMF for single-mode
fiber; PM for polarization maintaining; BS for beamsplitter; and S1,52 (AS1,AS2) for
avalanche photodetectors (APDs) for the Stokes (anti-Stokes) channel.

respectively. The primary difference compared to setup shown in Figs. 3.2 and 3.3
is that in the improved setup, the write and retrieve lasers are counter-propagating,
overlapping inside the magnetically shielded “source ensemble”. As before, the write
(retrieve) laser is filtered (to 5 parts in 10°) from the Stokes (anti-Stokes) field using
polarizing beamsplitters. The Stokes field is sent through further frequency-based
filtering (etalon), and then detected using a single-mode fiber beamsplitter and two
APDs. The anti-Stokes field is sent to the “target ensemble” via a 3-meter long

polarization-maintaining fiber, then sent through frequency-based filtering (**Rb en-
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Figure 4.3: Photograph of the experimental setup. (a) The source ensemble (inside
three layers of magnetic shielding), with the paths for the write and retrieve lasers, and
Stokes and anti-Stokes photons marked. The anti-Stokes photons are separated from
the retrieve laser at a polarizing beamsplitter (PBS) and directed to a polarization
maintaining single-mode fiber (yellow fiber in the picture), which directs the photons
to the target cell. (b) Etalon and ®*Rb cell used for frequency filtering of the Stokes
from the write laser and the anti-Stokes from the retrieve laser. Target ensemble
and EIT control field are absent (present) for the experiments described in Chapter 4
(Chapter 5)
semble), and finally is detected using a single-mode fiber beamsplitter and two APDs.

The creation and retrieval of the atomic coherence used to generate single photons
occurs in the source ensemble. In the experiments described in Chapter 5, we then
transmit the single photons to the target ensemble to perform EIT-based slowing,
storage, and retrieval. For the experiments described in this chapter, the target
ensemble was removed from the setup and the EIT control field was turned off, in
order to characterize the single photons emitted from the source ensemble.

The counter-propagating geometry serves two functions, one practical, and the
other fundamental. The practical function involves the precise alignment of the single

modes defined by the Stokes and anti-Stokes single-mode detection fibers. In the

experiments described in previous chapters, our detection fibers were multi-mode,
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and alignment was accomplished by using intense write and retrieve lasers to generate
strong Stokes and anti-Stokes signals; the detection fibers were then aligned simply
by maximizing the Stokes and anti-Stokes signals detected by the two fibers.

The experiments described in this chapter use single-mode detection fibers. Mo-
mentum conservation (see Eq. (1.14)) means that correlations between the Stokes and
anti-Stokes fields only occur within a single spatial mode. Since we excite multiple
modes, simply aligning on maximum signal does not ensure that the single modes
defined by the Stokes and anti-Stokes detection fibers are correlated modes. The
counter-propagating geometry, however, allows us to precisely align these modes. By
turning on the write and retrieve lasers, and sending a laser field at the Stokes fre-
quency backwards through the anti-Stokes detection fibers, we preferentially seed
emission into this mode. By then aligning the Stokes detection fiber to maximize
the signal, we ensure that the Stokes and anti-Stokes fiber modes are connected by
momentum conservation, and therefore correlated. In addition, we observe experi-
mentally that in the case of perfectly counter-propagating write and retrieve lasers,
it is sufficient to simply send a laser field backwards through the Stokes fibers and
maximize detection of this field with the anti-Stokes fibers, without turning on the
write and retrieve lasers.

In addition to these practical considerations, more fundamental theoretical con-
siderations also suggest the use of counter-propagating write and retrieve lasers. A
theoretical analysis of the optimal geometry for retrieval of a stored atomic excitation
is given in Ref. [3]. This analysis concludes that a geometry where the write and re-

trieve lasers are counter-propagating plane waves maximizes the correlations between



Chapter 4: Conditional Generation of Single Photons using Atomic Ensembles 77

o
RN

& — Retrieval efficiency = 30%

¢

©c o o ©
e 8 8
& o®
*
*
[

Photons per 20 ns x 10 (=)
Signal-to-Noise / 100 (¢)
N

25 30 35 40 45 50
Temperature (C)

Figure 4.4: Noise x10 (green squares) and signal-to-noise ratio/100 (blue diamonds)
on the anti-Stokes channel as a function of temperature. Data was taken for the first
20 ns after turn-on of the retrieve laser. The data point at T = 26°C corresponds to
a retrieval efficiency of 30%.

the Stokes and anti-Stokes fields. It is shown that if the write and retrieve lasers are
co-propagating, an atomic excitation stored in a single transverse Hermite-Gaussian
mode cannot be retrieved into a single-mode anti-Stokes field; in this co-propagating
geometry, the retrieved anti-Stokes will inevitably occupy more than one transverse
Hermite-Gaussian mode. If the write and retrieve lasers are counter-propagating
plane waves, however, it is shown that retrieval of an atomic excitation in a single
transverse mode leads to an anti-Stokes field in a single transverse mode. The phys-
ical basis for this behavior involves the phase conjugation property [15, 98, 3| of the
four-wave mixing interaction involving the write, retrieve, Stokes, and anti-Stokes
fields.

In addition to this improved geometry, by decreasing the temperature of the
atomic ensemble relative to the experiments described in Chapter 3, we were able

to greatly improve the signal-to-noise ratio on the anti-Stokes channel. As described
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in Chapter 3, the dominant noise mechanism on the anti-Stokes channel was four-wave
mixing due to the undesired coupling of the retrieve laser to the |g) — |e) transition
(see Fig. 3.9). Since the scattering rate for the four-wave mixing process and the
rate of retrieval of the atomic coherence depend differently on the atomic density, by
decreasing the temperature of the ensemble, and therefore the atomic density, the
signal-to-noise ratio was greatly increased.

Specifically, in Ref. [3], it is shown that in the zeroth-order adiabatic solution (i.e.,
the limit of infinite optical depth, dy — o0) of the problem of retrieval of a stored
atomic excitation, the number of retrieved anti-Stokes photons emitted per unit time

from the end of the atomic ensemble (at position z = L) is given by

Qg 5 .
mmgz:gwﬂﬁz%ﬁ%awwﬁuﬁmﬁt:mﬂL—%uhﬂm, (4.8)
0

where 2y is the retrieve-laser Rabi frequency and is assumed to be constant, d; is the
optical depth, L is the length of the ensemble, v is the decay rate of the excited atomic
state, T is a characteristic ground-state decoherence time, and (ST(z,t = 0)S(z,t =
0)) is the mean number of |g) — |s) atomic-coherence excitations at position z prior
to retrieval.

Meanwhile, at short times, the number of noise photons emitted per unit time due

to the undesired four-wave mixing process scales as

Anpeise/dt ~ (1 + &+ ...), (4.9)

where & = I%\deo’ where A is the detuning of the retrieve laser from resonance.

From these expressions, we see that the signal-to-noise ratio should increase in-

definitely as the optical depth decreases. As shown in Fig. 4.4, the signal-to-noise
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Figure 4.5: Signal (magenta diamonds), noise (green triangles), and signal-to-noise
ratio/10 (blue diamonds) on the anti-Stokes channel as a function of time. Atomic
ensemble temperature = 54°C. Solid line represents retrieve laser amplitude modu-
lation. The differing growth of the signal and noise with time results in a maximum
in the signal-to-noise ratio in the first hundred nanoseconds. Lines are only to guide

the eye.
ratio is increased by a factor of 10 by decreasing the temperature from 50°C to 26°C.
At 26°C, we observe a maximum in signal-to-noise ratio, with lower temperatures
resulting in lower ratios. This maximum occurs because the derivation of Eq. (4.8) is
only the zeroth order adiabatic solution. Performing a calculation of the first-order
non-adiabatic solution (i.e., finite dy) shows that the error in retrieval increases with
decreasing dy [3, 50]. Therefore the maximum signal-to-noise ratio at 26°C results
from a competition between the increasing ratio of EIT retrieval rate to four-wave
mixing rate with decreasing atomic density, and the decreasing EIT retrieval efficiency
with decreasing atomic density.
Finally, we were also able to utilize the differing growth in time of the rate of EIT
retrieval and four-wave mixing to improve the signal-to-noise ratio. Fig. 4.5 shows

the detected number of signal and noise photons per 20 ns as a function of time after
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the retrieve laser is turned on; also plotted is the signal-to-noise ratio as a function
of time. The different time dependence of the signal and noise results in a peak of
signal-to-noise ratio in the first few hundred nanoseconds after the the turn-on of the
retrieve laser. By gating the APDs to only detect in the first few hundred nanoseconds
after the retrieve laser turn-on, the signal-to-noise ratio can be increased relative to
detecting the entire pulse.

We can understand this time dependance by comparing the time dependance of
Egs. (4.8) and (4.9). While the rate of anti-Stokes emission decays exponentially with
time due to the ground-state spin decoherence, the four-wave mixing rate increases
with time. This should result in a signal-to-noise ratio that is maximum at the
beginning of retrieval and decays as time increases. From Fig. 4.5 we see that the
signal-to-noise ratio is not maximum at the onset of retrieval, but at ¢t ~ 50 ns after
the onset. This is due to transient dynamics not included in the zeroth-order adiabatic

solution that prevent the anti-Stokes field from being generated immediately [3].

4.4 Single-Photon Generation

4.4.1 Experimental Demonstration

The basic idea of our experiments is illustrated in Fig. 4.6. Single photons are
prepared using an ensemble of room-temperature 8Rb atoms called the source en-
semble, by first creating a single spin excitation via Raman scattering combined with
single-photon detection, and later converting this atomic excitation “on demand”

into a single photon propagating in an optical fiber [76, 118, 30, 37, 64, 4, 9, 94, 95].
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Figure 4.6: Experimental procedure. Two ensembles of 8’Rb atoms are used, the
source and target ensembles. In zero magnetic field, the atoms can be pictured as
a three-level atom, with: |g) = [52S1/9, F = 1), |s) = [5%S1)9, F = 2), and |e)
corresponds to |52 P o, F' = 1) and |52Py s, F" = 2). The write (retrieve) laser couples
the |g) — |e) (|s) — |e)) transition of the source atoms; the EIT control laser couples
the |s) — |e) transition of the target atoms. Target ensemble and EIT control field
are absent (present) for the experiments described in Chapter 4 (Chapter 5).
Successful preparation of the single-photon pulse is conditional on detecting a single
Raman-scattered photon [37, 30]. In the experiments described in the next chap-
ter, the single photons are directed via an optical fiber to a second atomic ensemble
(target ensemble), where their controlled interaction with coherently driven atoms is
studied by combining EIT-based high-resolution spectroscopy and photon-counting
measurements. For the experiments described in this chapter, we remove the target
ensemble from the setup and turn off the EIT control laser in order to characterize
the single photons emitted from the source ensemble.

Our measurements demonstrate that the source ensemble emits narrow-bandwidth,

frequency-tunable single photons with properties matching those of narrow atomic

resonances [30, 37]. As illustrated in Fig. 4.6, the source ensemble is initially pre-
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pared in the ground state |g) . As in the experiments described in Chapters 2 and 3,
we represent the structure of the 8”Rb atoms in zero magnetic field as a three-level
atom with [g) = |52S1)2, F = 1), |s) = [52S1)2, F = 2), and |e) = |5°Py0, F' = 1)
and |52Py 2, F' = 2). Atomic spin excitations to the state |s) are produced via spon-
taneous Raman scattering, induced by the write laser. In this process, correlated
pairs of Stokes photons and atomic excitations into the state |s) are created. Con-
ditioned upon detecting a single Stokes photon, the stored single spin-wave quantum
is coherently converted into a single-photon anti-Stokes pulse by applying a second
near-resonant laser beam (retrieve laser) after a controllable delay time [79, 103]. The
direction, bandwidth, and central frequency of the single-photon anti-Stokes pulse
are determined by the direction, intensity, and frequency of the retrieve laser [37].
Specifically, the retrieve laser controls the rate of retrieval and propagation of the
anti-Stokes pulse, thereby controlling its duration, and consequently its bandwidth.
The central frequency of the single-photon pulse differs from the frequency of the
retrieve laser by a fixed amount given by the |g) — |s) atomic transition frequency.
We study the photon-number fluctuations in the Stokes and the anti-Stokes pulses
using a Hanbury-Brown-Twiss-type setup, which allows us to measure the normalized
second-order correlation function, see Eq. (4.6) [48, 49, 91, 85].

As previously mentioned, to quantify the properties of the single-photon source,
the target ensemble was removed from the beam path. Fig. 4.7 shows a measurement
of the photon-number fluctuations of the anti-Stokes field conditioned on detecting
a single Stokes photon, as a function of the detection probability pns in the Stokes

channel. The function ¢g®(AS||ng = 1) (see Fig. 4.7) represents a measure of the
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Figure 4.7: Observation of conditional single-photon generation. Anti-Stokes fluctua-
tions, conditioned on detection of a single Stokes photon, are characterized by the cor-
relation function ¢ (AS||ng = 1) = (fasi Nasa)/(Mas1)(Pase), where (fasi, fass) is
the number operator for detector (AS1, AS2), see Fig. 4.2. The dashed line repre-
sents the classical limit of g (AS||ng = 1) = 1. Measurements are shown for three
values of the Stokes channel transmission: 7g = 0.08 (red triangles), ng = 0.14 (blue
diamonds), and ns = 0.27 (green squares). Solid lines represent a theoretical model
(see Section 4.4.2 and Ref. [36]) for ns equal to 0.08, 0.14, and 0.27 respectively.
For this data, source ensemble temperature ~ 26°C (estimated optical depth = 4).
Anti-Stokes channel transmission is 10%. Experimental repetition rate = 72 kHz.
Statistical error bars (see Appendix B.1) are 4 one standard deviation and represent
averages of ~ 400,000 anti-Stokes detection events, corresponding to total averaging
times of ~ 1 hour per point.

photon-number fluctuations in the anti-Stokes pulses. An ideal single-photon source
has no photon-number fluctuations (¢'®(AS||ng = 1) = 0); for classical coherent
states g®(AS||ns = 1) = 1 (see Appendix A.3). In Fig. 4.7, pns is varied by changing
the Raman excitation probability p via the write laser intensity (ng is the overall
Stokes channel transmission). As p becomes much smaller than unity, we observe
substantial suppression of the conditional intensity fluctuations in the anti-Stokes
pulses (¢ = 0.340.2 for png = 0.06 and 7, = 0.27) compared to the classical limit of

unity. Typical conversion efficiencies of atomic excitations into anti-Stokes photons is
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8% - 15%. These observations are in good agreement with a simple theoretical model
(see solid lines in Fig. 4.7, Ref. [36], and Section 4.4.2) that considers realistic losses
and background photons. The presence of loss on the Stokes channel means that
detection of a single Stokes photon can result in more than one atomic excitation.
Upon retrieval, this results in the undesired emission of more than one anti-Stokes
photon. Even in the presence of loss, one can obtain almost perfect preparation
of an atomic state with a single excitation by ensuring that the Raman excitation
probability p is much less than one. In this case, the probability of emitting two
photons is suppressed by p < 1. This condition is satisfied when pns < ng, in

agreement with the experimental observations in Fig. 4.7.

4.4.2 Theoretical Model

To model the effects of loss and noise on the anti-Stokes channel on the fidelity of
single photon generation [36], we consider the system shown in Fig. 4.8. We assume
the atomic state has been prepared by the write laser, and we characterize this state
by the expectation value (N;) and variance Var(Ny) = (N?) — (N,)? of the number
of atoms in state |s). We assume perfect retrieval of the atomic state such that the
probability distribution of the anti-Stokes photons retrieved from such an atomic state
is characterized by an expectation value (Nug) = (N,) and variance Var(Nug) =
Var(N;). We model loss in the system by assuming the anti-Stokes photons must
pass through a beamsplitter with transmission n45. We model noise in the system
by assuming the presence of two fields of background photons: one with Poissonian

statistics (Var(N) = (IV)), and the other with thermal statistics (Var(N) = (N) +
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(N)?). We then assume that the attenuated anti-Stokes field, Poissonian background
field, and thermal background field are detected via a beamsplitter and two APDs as
in the actual experiment (see Fig. 4.2).

Employing this model to calculate the second-order correlation function ¢® (AS) =

(Nas1Nasa)/(Nas1)(Nasa), where (fias1,ase) is the number operator for detector

(AS1, AS2), see Fig. 4.2, we obtain:

o re 1L 1BV — Var(N) /(N
A = Ny T G s O

where b; and b, represent the average number of background photons with thermal
and Poissonian statistics respectively, and 7n4g represents the overall transmission
fraction of the anti-Stokes channel. Although seemingly complicated at first glance,
the physical process each term represents can be easily understood. First of all, for
single-photon generation, one desires to prepare the atomic state such that there is
exactly one atom in the state |s), which will then be retrieved to create one anti-Stokes
photon. That is, ideal preparation results in an atomic state where Var(Ny) = 0 and
(Ns) = 1. In the ideal limit of perfect preparation and zero background photons,
Eq. (4.10) reduces to 1 — 1/(Ny), the well-known expression for the second-order
correlation function of a Fock state with Ny photons (see Appendix A.3 for details).
The other terms in the expression represent corrections to this ideal case. The term
(bi+b,)/(nas(Ns)) in the denominator essentially represents the competition between
“signal” (nas(N,)) and “noise” (b; + b,) to the calculation of g®(AS). The term
b2/(n%5(Ns)) in the numerator represents the increase in ¢ (AS) due to the excess
noise of background photons with thermal statistics. The term Var(N,)/(Ns) in the

numerator represents the increase in g (AS) due to non-zero variance of the prepared



Chapter 4: Conditional Generation of Single Photons using Atomic Ensembles 86

0 BS(Nas) BS(50-50)
R LN\ N\ N\ N
— »| 8
7Rb cell anti-Stokes W\./ ’WD AS1
'/ background

v
N

AS2

Figure 4.8: Model system used to calculate ¢?(AS) in the presence of loss and
background photons on the anti-Stokes channel. Application of the retrieve laser (Q)
to the prepared atomic state leads to the coherent retrieval of anti-Stokes photons.
Loss is modeled by assuming the anti-Stokes photons travel through a beamsplitter
with transmission 74¢. In the model we consider the background photon field to
consist of some part Poissonian statistics and some part thermal statistics. The 50-50
beamsplitter and two APDs (AS1, AS2) allow detection of g (AS).

atomic distribution.

We are interested in calculating ¢ (AS) for the case where we condition on de-
tection of a single photon in the Stokes channel, as we do in our experiments. We
will denote g®(AS) conditioned on detection of ng Stokes photons as g (AS|ng).
Of the physical quantities appearing in the expression for ¢ (AS|ng), all are mea-
surable except for (Ng|ng) and Var(Ng|ng), the expectation value and variance of the
atomic distribution in state |s), conditioned on detection of ng Stokes photons. In
the case of interest where ng = 1, even though the variance of the detected Stokes
photon distribution is always zero (since we condition on detection of a single Stokes
photon), the variance of the resulting atomic distribution (and thus the variance of
the retrieved anti-Stokes photon distribution) can be non-zero due to loss and back-
ground photons on the Stokes detection channel. Because of background photons, the
detection of a single photon in the Stokes channel will sometimes result in zero atoms

in the |s) state. Upon retrieval, such an atomic state results in zero anti-Stokes pho-
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tons. In practice, however, the experiments are carried out under conditions of “weak
excitation” (p < 1), meaning that background on the Stokes channel is negligible.
Therefore, in the model we assume zero background on the Stokes channel. The effect
of loss on the Stokes channel is more profound. The presence of loss means that detec-
tion of a single Stokes photon can result in an atomic state with /Ny atoms in the state
|s), where Ny can be any number greater than or equal to one. Upon retrieval, such
an atomic state results in one or more anti-Stokes photons, which does increase the
value of g (AS|ng = 1) from the ideal single-photon value of zero. Experimentally,
in the case of single-photon generation, one can still obtain almost perfect preparation
of the atomic state (Var(N;)=0,(/Ns)=1) in the presence of loss by ensuring that the
probability p of emitting a single Stokes photon during the preparation by the write
laser is much less than one. In terms of experimentally measurable parameters, this
condition p < 1 becomes png < ng, where ng is the Stokes channel transmission,
and png is the probability of detecting a single Stokes photon during preparation of
the atomic state. Physically, this condition simply means that if the probability of a
single atomic excitation is sufficiently small, the probability of more than one atomic
excitation is negligibly small.

In order to calculate g (AS|ng = 1), we must first calculate Var(N,|ng = 1) and
(Nglng = 1) as a function of measurable parameters such as pns and ng. To do this,
we consider a simple model where we assume that a Stokes photon emitted from the
atomic ensemble with probability p undergoes some loss (modeled by a beamsplitter
with transmission 7g) and travels to a detector where we measure the probability of

detecting a Stokes photon as png. Using this model, we wish to calculate the variance
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Var(Ng|ng = 1) and expectation value (Ngng = 1). To calculate these quantities,
we need to calculate the probability P(Ng|ng) of exciting N, atoms to the state |s)
conditional on detecting ng Stokes photons (where ng = 1 in our specific case of
single-photon conditioning). To do this, we employ the relation [24], P(Ns|ng) =
Pj(Ng,ng)/P(ng), where P;(Ng,ng) is the joint probability of exciting N, atoms to
state |s) and detecting ng Stokes photons, and P(ng) is the overall probability of
detecting ng Stokes photons. We can solve for P;(N;, ng) via the analogous relation
for P(ng|Ns), namely P;(Ng,ng) = P(ng|N;)- P(N;). Since the atoms are excited via
spontaneous Raman scattering, the distribution describing the probability of exciting

N, atoms to state |s) is a thermal distribution given by
P(Ng) = (N)™ /(14 (Ng)) . (4.11)

P(ng|Ns) is given by the binomial distribution resulting from the assumed linear loss,

modeled by a beamsplitter with transmission ng:

NS! n —n
P(ng|N,) = )!n55(1 —ng) NS, (4.12)

ns!(Ns —Ng
Finally, P(ng) is found by just summing over Ny in the joint probability P;(Ns, ng):
P(ns) = 3N _ns Pr(Ns,ng). Putting all this together, we have the following expres-

sion for P(Ng|ng):

Ns=ng

where the expressions for P(Ny) and P(ng|N,) are given in Egs. (4.11) and (4.12),
respectively. Using this expression for P(Ng|ng), we can then calculate (Ng|ng = 1)

and Var(N|ng = 1) = (N2|ng = 1) — (N |ng = 1)? via the relations

<Ns‘nS = 1) = f: P(Ns‘ns = 1) - N, (414>

Ns=1
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and
o0

(NZlng =1) = Y~ P(N|ng =1)- N?. (4.15)
Ng=1

The expressions for Var(Ng|ng = 1) and (Ng|ng = 1) can then be substituted into
Eq. (4.10) to obtain an expression for g®(AS|ng = 1) in terms of the quantities by, b,
Ns, Nas, and (Ny), the unconditional mean number of atoms excited to state |s). To
compare with experimental measurements, we make the substitution (Ny) = pns/ns,
valid in the regime of weak excitation (p < 1). This produces an expression for
g?(AS|ng = 1) that depends on the experimentally-measurable quantities png and
ns. A comparison of this theoretical model to the measured data is shown in Fig. 4.7.
The agreement between theory and experiment is good, with any deviation from
agreement most likely due to variation from point to point of ng and n4g, parameters
that the theory assumes to be constant. The parameter values used in Fig. 4.7 (based

on experimental measurements) are: b, = 0.0021, Bp =0, and 145 = 0.05.

4.5 Conclusions

In this chapter, we utilized the nonclassical correlations between the Stokes and
anti-Stokes photon numbers demonstrated in Chapter 3 to create nonclassical states
of the anti-Stokes field via conditional detection of the Stokes field. First we demon-
strated conditional generation of nonclassical anti-Stokes pulses by conditioning on
ng = 2 Stokes photons. These experiments used co-propagating write and retrieve
lasers with orthogonal linear polarizations, multi-mode detection fibers, and an atomic
ensemble temperature of &~ 75°C. Under these experimental conditions, we were un-

able to achieve conditional single-photon generation by conditioning on ng = 1 Stokes
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photon. A theoretical consideration of the conditions necessary for high-fidelity single-
photon generation indicated that experimental improvements were necessary to reach
the single-photon regime.

By reducing the temperature to ~ 26°C, and switching to a counter-propagating
geometry with parallel linear polarizations for the write and retrieve lasers, and single-
mode detections fibers, we were able to improve the signal-to-noise ratio enough to
allow single-photon generation. With this improved experimental configuration, we
demonstrated conditional single-photon generation via EIT-based retrieval of single-
excitation atomic coherences, with experimentally measured g® (AS||ng = 1) values
as low as 0.3 £ 0.2. A theoretical treatment of the single-photon generation that in-
cluded loss and background agreed well with the experimental observations, explain-
ing the contribution of the remaining experimental imperfections to the non-ideal
value of ¢ = 0.3.

As discussed in the introduction, our single-photon source meets the necessary
criteria for directionality and bandwidth. The directionality allows coupling into
single-mode fibers, as performed in the experiments discussed in Chapter 5. The
bandwidth of a few MHz (explicitly measured in Chapter 5) should eliminate any
group-velocity dispersion during optical fiber propagation, and also allow storage into
quantum memories with finite bandwidth (see Chapter 5). The long-coherence length
implied by the narrow bandwidth should mean that the indistinguishability criterion
is easily satisfied. Future Hong-Ou-Mandel-type [62] experiments will explicitly test
the indistinguishability criterion.

Further improvements are necessary, however, regarding the on-demand emission,
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emission rate, and fidelity of our source. Ideally, our single-photon source is on-
demand: once a single Stokes photon has been detected, the single-photon anti-
Stokes pulse can be retrieved from the atomic coherence at any desired time. In
practice, the finite decoherence time (~ few us) of the atomic coherence and the
finite probability of successfully retrieving the atomic coherence (~ 10%) limit the
on-demand reliability of our source. The rate of successful single-photon generation
in our experiments is ~ 430 Hz (due to loss between the atomic ensemble and the
detectors, the rate of successfully detecting a single photon is ~ 43 Hz). This rate is
not fundamental, but for our experiments is limited by the finite retrieval efficiency,
which limits the probability of successful generation, and the counting electronics and
optical pumping duty cycle, both of which limit the repetition rate. These limitations
can certainly be improved in future experiments. Finally, the fidelity is determined
in our experiments by measuring the second-order correlation function, measured
to be as low as g@(AS||ng = 1) = 0.3 £ 0.2 in the experiments described in this
chapter. This value deviates from the ideal value of g (AS||ng = 1) = 0 primarily
due to background noise resulting from the four-wave mixing process described in
Section 3.3. This noise source is not fundamental, but a consequence of the specific
atomic levels and optical polarizations used in the experiment. Recent experiments
performed in our lab, in which we initially optically pumped to a specific Zeeman state
(F = 2,mp = 2) and used circularly polarized write and retrieve lasers, eliminated
this four-wave mixing process, and yielded a measured value of g (AS||ng = 1) =

0.1£0.1.
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EIT-Based Slowing, Storage, and
Retrieval of Single-Photon Pulses

using Atomic Ensembles

5.1 Introduction

In this chapter, we present an experimental demonstration of EIT in a novel,
quantum regime using frequency-tunable single-photon pulses [35]. First we generate
single photons using the single-photon source described in the previous chapter, and
then we transmit them to a second ensemble using an optical fiber. In this second
ensemble, we study EIT at the single-photon level. By investigating the transmis-
sion of these single photons through the second ensemble, we demonstrate that EIT
propagation preserves the quantum nature of the single photons. In addition, we

utilize EIT-based high-resolution spectroscopy to probe the spectral properties of

92
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narrow-bandwidth single-photon pulses, observe single-photon-pulse time delay asso-
ciated with reduced group velocity, and report the first evidence for the storage and

retrieval of such pulses.

5.2 Single-Photon EIT

In this section, we consider the interaction of the anti-Stokes single-photon pulses
generated by the source ensemble, with the optically dense target ensemble (see
Figs. 4.2, and 4.3, and 4.6). The main idea behind our experimental implementa-
tion is to match the bandwidth and the central frequency of our single-photon source
to the EIT transparency resonance of the target ensemble by tuning, respectively, the
retrieve and the control laser intensities and frequencies [37]. The relative detuning
between the retrieve and EIT control lasers is carefully controlled via acousto-optic
modulators. Fig. 5.1(a) shows the conditional probability of detecting an anti-Stokes
photon transmitted through the target ensemble, (n)(AS||ns = 1), as a function of
the two-photon detuning § (EIT control laser frequency minus anti-Stokes frequency,
minus the |g) — |s) transition frequency). The clear resonance structure displays
maximum transmission for 6 = 0. At this point, the central frequency of the single
photons coincides with the EIT resonance window, resulting in a three-fold increase
in transmission, which corresponds to 60% transmission of the incident pulse. The
observed conditional probabilities can be used to quantify the correlations between
the Stokes (S) and anti-Stokes (AS) photon numbers using the normalized correla-
tion function R = ¢? (S, AS)?/g@ (S, S) g (AS, AS). Classical fields must obey the

Cauchy-Schwartz inequality R < 1; R > 1 indicates nonclassical correlations [91]. For
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Figure 5.1: Observation of single-photon EIT. (a) Conditional probability (per 300
ns) of detecting an anti-Stokes photon transmitted through the target ensemble,
(n)(AS||nsg = 1), versus the EIT two-photon detuning 6. Background (detec-
tion probability with write laser off) has been subtracted for transmission data in
Figs. 5.1(a), 5.2(a), and 5.3(a). For incident pulses, (n)(AS||ns = 1) ~ 0.01. (b)
Second-order correlation function of the anti-Stokes field conditioned on detecting
one Stokes photon, g (AS||ns = 1), as a function of §. Dotted line and error bar
represent measured value with no target ensemble present. Statistical error bars (see
Appendix B.1) are £ one standard deviation and represent averages of ~ 1 million
anti-Stokes detection events, corresponding to total averaging times of ~ 2 hours per
point. The solid line results from the theoretical model described in the text.

the data at 6 = 0, R = 1.85+0.12, including all background and dark counts; as ¢ is
tuned away form zero in either direction, R approaches the classical limit of unity.
For the data shown, ¢ is varied by varying the EIT control frequency. For these
experiments, pngs =~ 0.06, ng ~ 0.25, and the source (target) ensemble temperature
~ 26°C (30°C). The overall probability per trial to detect anti-Stokes photons is
6 x 1073 for incident (target cell absent) photons and 3 x 1073 for transmitted (target

cell present, § = 0) photons.
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Figure 5.1(b) shows the normalized photon-number fluctuations for the transmit-
ted anti-Stokes field conditioned upon detection of ng = 1 Stokes photon, ¢® (AS||ng =
1), versus d. We observe that ¢®(AS||ng = 1) retains its nonclassical character
upon transmission through the target ensemble only when near the center of the EIT
transparency window. The minimum measured value of ¢®(AS||ng = 1), occurring
at 6 = 0 (0.50 4+ 0.14) is essentially equal to the value measured by removing the
target ensemble from the beam path (0.51 & 0.15 for the displayed set of data). It
is important to emphasize that the maximum of (n)(AS||ns = 1) and the minimum
g (AS||ns = 1) both occur at § = 0. As ¢ is tuned away from zero in either di-
rection, (n)(AS||ns = 1) decreases while g (AS||ng = 1) approaches classical limit
of unity, indicating that the nonclassical nature of the anti-Stokes pulse is preserved
only within the EIT transparency window [2]. The classical limit is also observed
when the EIT control field is turned off. Likewise, g'® (AS) obtained without condi-
tioning exhibits no structure as a function of § and again yields the classical limit of
unity. Finally, we note that the photon-correlation data display a noise-enhancement
feature on the high-frequency side of the EIT resonance. Preliminary calculations sug-
gest that this enhancement is related to the presence of spectrally broad two-photon
events, but further investigation is needed.

The narrow resonances observed in transmission and photon-correlation data set
an upper bound to the bandwidth (of order MHz) of the single-photon pulses gener-
ated in our experiments. Photons with bandwidths larger than the target-ensemble
EIT transmission bandwidth would be absorbed in the target ensemble. The sig-

nificant transmission (60%) of the incident field and nonclassical ¢g® values on EIT
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resonance indicate that the single-photon bandwidth is less than or equal to the width
of the EIT transmission window. These narrow bandwidths result because we pro-
duce the single photons in the source ensemble by retrieving an atomic coherence onto
a dark-state polariton that propagates through the ensemble under EIT conditions.
Therefore, the single photons should have bandwidths equal to the EIT transmission
bandwidth in the source ensemble (of order MHz), as we observe.

These observations clearly demonstrate that EIT transmission preserves the non-
classical statistics of the anti-Stokes pulses. To analyze these observations, we consider
a theoretical model that describes the propagation of single photons of finite band-
width and purity (i.e., finite probability of two-photon events) in an optically dense,
coherently driven medium of three-level atoms. Included in this model is Doppler
broadening, realistic detunings (resulting in an asymmetric spectrum), finite decay of
the |g) — |s) coherence, and spectrally broad noise associated with two-photon events.
The parameter values used in the model (retrieve laser Rabi frequency = 35 MHz,
retrieve laser detuning = 4400 MHz, anti-Stokes background = 0.003 photons per
pulse, optical depth = 2.5, single-photon bandwidth = 0.7 MHz, |g) — |s) coherence
decay = 0.02 MHz), are similar to experimental conditions. As shown in Fig. 5.1, the

theoretical predictions are in good agreement with experimental observations.
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5.3 EIT-based Slowing, Storage, and Retrieval of

Single Photons

One application of EIT involves the controllable delay of optical pulses by slowing
their group velocity [56, 66] and stopping their propagation [79, 103, 80, 42]. Fig-
ures 5.2 and 5.3 present an experimental realization of such controllable delay and
storage for single-photon pulses. For these measurements, the single-photon anti-
Stokes pulses were tuned to the center of the EIT transmission window (§ = 0); the
retrieve laser was turned on for approximately 150 ns, generating anti-Stokes pulses
of corresponding duration. Time-resolved measurements shown in Fig. 5.2(a) reveal
substantial delay, relative to free-space propagation, of the conditionally generated
anti-Stokes pulses upon transmission through the EIT medium. Measurements are
shown for three cases: vacuum propagation (target ensemble absent and EIT control
laser off), target ensemble at 34.6°C with EIT control field on, and target ensemble
at 47°C with EIT control field on. Temperature is used to adjust the atomic den-
sity, which is inversely related to the group velocity (see Eq. (1.6)).The solid lines
in Fig. 5.2(a) represent a theoretical prediction for EIT-propagation in a Doppler-
broadened medium [3].

As shown in Fig. 5.2(b), we observe delays up to 45 ns in our 4.5 cm-long ensemble,
corresponding to single photon velocities of about 10% km/s (~ 0.003 times the speed
of light in vacuum). In Fig. 5.2(a), the observed delay of 40ns corresponds to a
substantial fractional delay of about 30% when compared to the 140 ns full-width at

half-maximum of the reference pulse .
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Figure 5.2: Measurement of single-photon pulse delay. (a) Conditional probability
(per 30 ns) of detecting an anti-Stokes photon transmitted through the target ensem-
ble. Target ensemble absent (black triangles); target ensemble present at 34.6°C (blue
diamonds) and 47°C (red diamonds). Delayed pulse at 34.6°C (47°C) is scaled by the
factor 1.34 (2.14). Solid lines represent theoretical calculations for EIT propagation
in a Doppler-broadened medium. (b) Delay, relative to free-space propagation, of
single-photon anti-Stokes pulses, as a function of target-ensemble temperature. Solid
line is a theoretical prediction for an EIT control field Rabi frequency of 35 MHz.

Fig. 5.3(a) demonstrates that a fraction of the incoming single-photon pulses can
be stored by dynamically reducing single-photon group velocity to zero. This is
accomplished by turning off the EIT control laser as the anti-Stokes pulse propagates
in the target ensemble. At speeds of ¢/300, about 40 ns of the 140 ns full-width at
half-maximum single-photon pulse fits inside the target ensemble. The first peak in
Fig. 5.3(a) is the front edge of the single-photon pulse leaking out of the ensemble.
When most of the pulse is inside the ensemble, the EIT control field is turned off,
storing the pulse in the |g) — |s) atomic coherence. The stored fraction is released
when the control laser is turned back on [79, 103, 80].

Figure 5.3(b) shows the conditional storage and retrieval probability as a func-

tion of storage time. Storage and retrieval of up to 10% of the incoming pulse was
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Figure 5.3: Measurement of single-photon storage. (a) Storage and retrieval of a
single-photon anti-Stokes pulse. EIT control laser is turned off 100 ns after the
retrieval from the source ensemble begins; after waiting for a storage time of 7, =
460 ns, the EIT control laser is turned back on, resulting in the retrieved pulse centered
at 600 ns. Target ensemble temperature ~ 47°C. (b) Conditional probability (per
300 ns) of detecting an anti-Stokes photon retrieved from the target ensemble after
storage interval 7,. (n)(AS||ng = 1) = 0.003 for the incident pulse (measured with
target ensemble absent). For short storage times, the overall probability per trial to
detect incident (retrieved) anti-Stokes photons is ~ 1.5 x 1073 (1.5 x 10™*). Decay of
probability is fit by an exponential with a 1/e characteristic time of about 1 us; this
is consistent with diffusion of atoms from the detection volume.
observed at short storage times; retrieved pulses were observed for times up to a few
microseconds, limited by atomic diffusion in the target ensemble (see Appendix A.1
for details). Even with these limited efficiencies, the retrieved pulses preserve some
nonclassical features after considerable storage intervals. For example, for a storage
time of 0.5 us, we deduce R = 1.08 + 0.01 > 1.

The storage and retrieval efficiency could be improved by, for example, increasing
the optical depth or utilizing an optical cavity with modest finesse [12]. Recent
theoretical work on the optimization of storage and retrieval efficiency suggests that

the efficiency could be significantly improved by appropriate temporal shaping of the

EIT control field used to store and retrieve [50]. In addition, the storage times could be
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considerably extended by reducing the effect of atomic diffusion, either by expanding
the detection-mode diameter, working with ultra-cold atoms in dipole traps or optical
lattices, or using a doped solid [80]. A factor of ten increase in the detection-mode

diameter should extend storage times to a fraction of millisecond [103].

5.4 Conclusions

The results presented in this chapter were the first demonstration and investigation
of EIT propagation and storage at the single-photon level. First we transmitted con-
ditional single-photons generated via EIT-based retrieval of single-excitation atomic
coherences (see Chapter 4) to a second atomic ensemble using an optical fiber. In the
second ensemble, we demonstrated that EIT propagation preserved the nonclassical
photon statistics of the single-photon pulses. Finally, we demonstrated EIT-based
slowing, storage, and retrieval of single-photon pulses, and demonstrated that the
nonclassical nature of the correlations between the Stokes and anti-Stokes photon
numbers are preserved under EIT storage and retrieval.

These results demonstrate that EIT represents a very effective technique for gen-
eration and controlled propagation of narrow-bandwidth single-photon light pulses
in optically dense atomic ensembles. Applications of these techniques to quantum-
optical processes involving simultaneous control over temporal, spectral, and quantum-
statistical properties of single photons are possible [20, 34, 112, 1]. For example, these
techniques can be applied to the realization of quantum networks [20] and the DLCZ
protocol for long-distance quantum communication [34]. At the same time, coher-

ent nonlinear-optical interactions at the single-photon level have been proposed by
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combining these techniques with resonantly enhanced atomic nonlinearities [1].



Chapter 6

Conclusion

As discussed in the introduction, since the proposal in 2001 of the DLCZ scheme
for long-distance quantum communication with atomic ensembles and linear optics,
experimental progress toward realization of the protocol has been rapid. From 2003 to
the time of this writing in 2006, experiments have provided proof-of-principle demon-
stration of many elements necessary for the realization of the DLCZ protocol, includ-
ing conditional single-photon generation using an atomic ensemble [64, 30, 35, 26],
measurement-induced entanglement between two atomic ensembles [29], and atomic-
ensemble based quantum memory using dynamic EIT [35, 26]. This thesis has focused
on the contribution of our group at Harvard to this effort, including the demonstration
of nonclassically correlated photon pairs [118], demonstration of EIT-based shaping of
few-photon pulses [37], the generation of narrow-bandwidth single-photon pulses [35],
and the EIT-based slowing, storage, and retrieval of single-photon pulses [35].

This works, together with developments in other laboratories, have demonstrated

the principle components of the DLCZ scheme. The field now enters a new stage,
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where high-performance, robust operation is central. In order to ultimately find real-
world applicability, the efficiencies, backgrounds, and fidelities of these experiments
must be improved enough to allow high-fidelity entangled pairs to be generated at
large distances. In addition, the experimental implementation must be sufficiently
robust to allow scaling to tens or hundreds of nodes.

One important figure of merit in the DLCZ scheme is the ratio of the quantum
memory time to the time needed for a typical operation. The polynomial scaling
of time with distance in the DLCZ scheme depends on the fact that successfully
generated entanglement between two nodes will be preserved by the quantum memory
while one attempts (and sometimes fails) to generate entanglement between two other
nodes. If the quantum memory decoheres before entanglement can be successfully
generated between other nodes, entanglement cannot be extended via entanglement
swapping, and the scaling of time with distance will no longer be polynomial.

The decoherence times measured in our experiments in room temperature atomic
ensembles were on the order of a few microseconds, limited by the diffusion time out
of the detection mode volume. This should be compared with the typical period of
our experiment (~ 1/72kHz = 14 us), divided by the probability of successful atomic
excitation per repetition (~ 0.06), giving a typical “operation time” of ~ 230 us.
Clearly, the ratio of decoherence time to operation time needs to be greatly improved.
Increasing the decoherence time from their current values of microseconds is fairly
straightforward; by sufficiently increasing the size of the detection mode to increase
the diffusion time, the primary cause of decoherence will become collisions with other

rubidium atoms. In this case, the decoherence times will be on the order of tens



Chapter 6: Conclusion 104

of milliseconds. By optimizing the counting electronics and optical pumping cycle,
and increasing the transmission on the Stokes (heralding) channel to allow greater
success probability, it should be possible to decrease the “operation time” to a few
microseconds. Therefore, it is feasible that improvements to the current experimental
setup will lead to decoherence-time-to-operation-time ratios of ~ 103.

An alternative method for increasing this ratio is to use a system with longer
decoherence times, such as a dipole trap or a solid-state material. Using a solid-state
material also has the potential to improve the scalability of the system. For example,
praseodymium-doped Y,SiOj is a solid-state material that has already been shown
to have decoherence times of tens of seconds [46, 47], and was recently used to store
light via EIT for up to ten seconds [80]. In principle, the solid-state nature of the
material could greatly improve the scalability, but the need for helium cryogenics will
need to be overcome first.

In addition to these experimental challenges, theoretical challenges also remain.
For example, the figures of merit needed to achieve long-distance quantum commu-
nication in practical systems must be defined. In addition, the DLCZ protocol is not
necessarily the ultimate scheme - theoretical challenges certainly remain in developing
more efficient and robust protocols.

The next few years promise to be a very interesting time, as we see whether these
challenges can be sufficiently overcome to allow practical application of these ideas.
In addition, the demonstration of EIT at the single-photon level has the potential
to open up a new era in nonlinear optics, in which controlled nonlinear interactions

between individual photons [85, 86, 1] are finally realized.



Appendix A

Appendices to Chapter 2

A.1 Properties of Rubidium 87

This appendix lists properties of 8’Rb relevant to our experiments. Table A.1

displays relevant physical properties of 8Rb .

Atomic Number 37

Neutrons and Protons 87

Relative Natural Abundance 27.83(2)%

Atomic Mass 1.44316060(11) x 10~ kg
Density at 25°C 1.53 g/cm?
Melting Point 39.31 °C

Boiling Point 688 °C

Vapor Pressure at 25°C 3.0 x 10~" Torr
Nuclear Spin 3/2

Table A.1: 8Rb physical properties. All values are taken from Ref. [115].

In our experiments, we only excite the Dy line (5252 — 5P j5) of ¥Rb. Fig. A.1

shows the full atomic level structure for the D; line. Due to interaction with the
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Figure A.1: Atomic-level structure for the Dy line (52512 — 52Py/2) of ¥Rb . Num-
bers are taken from Ref. [115].

nuclear spin / = 3/2, the J = 1/2 levels for both the ground state (L = 0, i.e. S) and
the excited state (L = 1, i.e. P) each have two hyperfine sublevels with total angular
momentum F' =1 and F' = 2. For Sy, (Py/2) these are designated by F(F").

Table A.2 displays relevant optical properties for the Dy line (5255 — 52Py2) of

5Rb .
Frequency 27 - 377.107463 5(4) THz
Wavelength (Vacuum) 794.978 850 9(8) nm
Wavelength (Air) 794.765 69 nm
Wave Number (Vacuum) | 12578.950 985(13) cm™!
Lifetime 27.70(4) ns
Natural Line Width 27 - 5.746(8) MHz

Table A.2: Optical properties for the Dy line (52515 — 5%P; ) of ¥ Rb . All values
are taken from Ref. [115].



Appendiz A: Appendices to Chapter 2 107

In all of our experiments, we control the atomic density by changing the tem-
perature of the ensemble. A plot of the number density of 3 Rb as a function of

temperature is shown in Fig. A.2.
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Figure A.2: Calculated number density of 8’Rb (assuming an isotopically pure en-
semble) as a function of temperature. Black line calculated using the pressure-
temperature relation from Ref. [120], and the ideal gas law. Blue and red lines calcu-
lated using the ideal gas law and the pressure-temperature relation from Ref. [115].
Blue line used relation for the solid phase, red for the liquid phase (melting point of
8TRb is 39.31°C.)

All of the experiments in this thesis utilize isotopically pure 8"Rb vapor cells filled
with Ne buffer gas to slow the diffusion of 8"Rb atoms out of the detection-mode
volume (the volume inside the ensemble defined by our detection fibers and lenses).
For the conditions in our experiments, the decoherence of the ground-state |g) — |s)
coherence is due to diffusion out of the detection volume. Therefore, the buffer gas
serves to slow the ground-state decoherence rate by slowing the diffusion out of the
detection mode volume. The ground-state |g) — |s) coherence itself is not greatly

affected by collisions with buffer-gas atoms [53, 121].!

!The excited states |e) = ‘25P1/2, =1, 2> are affected to a greater extent by collisions with
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Figure A.3: Diffusion constant Dy as a function of temperature for four buffer-gas
atoms: He (blue), Ne (black), Ny (red), and Ar (green). Mass number is shown
in parentheses. Points represent experimental measurements taken from Ref. [119].
Solid lines represent fits to the data points scaling as T%/2, where T is temperature.

In our case of a cylindrical geometry with transverse diameter of a few hundred
micrometers, and a length of ~ 5cm, we are interested in how long it takes an atom
to diffuse out of the transverse cross-section (i.e., the detection mode volume). In two
dimensions, the standard deviation in position o, (defined such that ~ 32% of atoms

have moved a distance greater than o) is given by
o, = 2v/2VDt, (A1)

where t is time, and the diffusion constant D is given by

D= Dy (%) | (A.2)

buffer gas atoms, resulting in significant broadening of the excited-state linewidths [53, 68]. Qual-
itatively, the greater effect on the excited states |e) = ‘25P1 s, F =1, 2> compared to the ground
states |g) = |25Sl/2, F= 1> and |s) = |25Sl/2, F= 2> can be understood by the different geometry
of |e) compared to |g) and |s) in relation to the n = 4 electrons of rubidium.
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where Py = 760 Torr, P is the buffer-gas pressure in Torr, and Dy is a constant
with units of cm?/s that can be assumed to be proportional to 7%/2, where T is
temperature [119]. Fig. A.3 shows a plot of Dy for four types of buffer gas: He, Ny,
Ne, and Ar. The data points represent measured values. The solid lines represents
fits to these data points scaling as 7%/2.

Using these values of Dy, we can calculate o, for any experimental conditions.
Fig. A.4(a) shows o, as a function of time for four different experimental conditions:
those of Ref. [118] (Chapter 2), Ref. [37] (Chapters 3 and Section 4.2.2), the source
ensemble in Ref. [35] (Section 4.4 and Chapter 5), and the target ensemble in Ref. [35]
(Chapter 5). These experiments had (buffer-gas pressure, detection-mode diameter,
temperature) of: (4 Torr, 500 pum, 85°C), (6 Torr, 400 pm, 75°C), (7 Torr, 200 pm,
26°C), and (8 Torr, 200 um, 47°C), respectively. The target ensemble temperature
of 47°C was the temperature used in the storage and retrieval experiments shown
in Fig. 5.3. The horizontal solid lines on the plot correspond to the detection-mode
diameter used for that experiment. The time value at which this line intersects the
given curve is the predicted diffusion time for that experiment, corresponding to the
time at which ~ 1/e of the original atoms remain in the detection-mode volume.
Fig. A.4(b) shows the same data, but this time plots the time required for o, /2 to
equal to the detection-mode radius as a function of buffer-gas pressure. This condition
corresponds to ~ 62% of the atoms moving outside the detection-mode volume, with
38% ~ 1/e of the atoms still within the detection mode. The vertical solid lines on
the plot correspond to the buffer-gas pressure used for that experiment. The time

value at which this line intersects the given curve is the predicted diffusion time for
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that experiment, corresponding to the time at which ~ 1/e of the original atoms
remain in the detection-mode volume. This time (the same time as predicted by
Fig. A.4(a)) should approximately equal the 1/e decoherence time of the |g) — |s)
transition. Indeed, the times predicted by Fig. A.4 are in good agreement with the

experimental observations presented in Chapters 2 - 5.
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Figure A.4: Predicted diffusion times for various experimental conditions. Times are
estimated for the experimental conditions of: Ref. [118] (green, labeled (1)), Ref. [37]
(blue, (2)), the source ensemble of Ref. [35] (black, (3)), and the target ensemble
of Ref. [35] (red, (4)). See text for details. (a) Standard deviation in position due
to diffusion, o,, as a function of time. (b) Time required for 0,/2 to equal the
detection-mode radius, as a function of buffer-gas pressure.

To understand many effects of buffer-gas atoms, it is important to know the rate
at which a given rubidium atom collides with buffer-gas atoms. The mean collision

rate is 7, !, where the mean time between collisions 7, is given by (see Ref. [119])

_ MD, B,
 kgT P’

(A.3)

Te

where M is the rubidium atomic mass, Dy is the diffusion constant shown in Fig. A.3,
kp is Boltzmann’s constant, T is temperature, Fy is 760 Torr, and P is pressure

in Torr. For parameters corresponding to the experiments described in this thesis
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(~ 7Torr of Ne buffer gas at temperatures between 20°C - 70°C), 7! is on the

[

order of a few MHz, approximately equal to the natural linewidth of the excited state

25P/2) (see Table A.2).
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A.2 Low-Noise Photodetector Details

In this appendix, we provide a detailed description of the low-noise photodetectors
constructed for the experiments described in Chapter 2. We designed and constructed
the detectors ourselves, with the primary requirements being that they have large
gain, low noise, and that the two detectors be well matched in terms of their noise

properties and gain versus frequency behavior [59, 51, 7].
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Figure A.5: Schematic of the low-noise photodetector circuit. Details of the labeled
parts are provided in Table A.3.

Fig. A.5 shows a schematic of the photodetector. The detectors consists of two
separate shielded boxes: one containing the voltage filtering, and the other containing
the photodiode and transimpedance amplifier. The purpose of the voltage filtering
box is to filter out and reduce noise present on the input voltages. Any noise will
increase the overall noise floor of the detector, making it difficult to obtain the sensi-
tivity required to observe squeezing. It is very important to place the voltage filtering
and photodiode transimpedance circuit in different shielded boxes in order to avoid
any coupling between the two.

The principle of operation of the detector is fairly straightforward. A photodiode
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is reverse biased with a voltage of 12 V, such that the current generated by the
photodiode is linearly proportional to the incident optical intensity. The photodiode
is connected to an operational amplifier and resistor in a so-called transimpedance
configuration such that this current is converted into an output voltage. For the
photodetector shown in Fig. A.5, the 250 k() transimpedance resistor, combined with
the current-voltage relation V = IR, means that the output voltage is equal to the
photodiode current multiplied by 2.5-10°. This configuration converts the photodiode
current to an output voltage with the resistor value acting as a gain. The capacitor
connected in parallel with the transimpedance resistor is used to “roll-off”, that is
decrease, the gain at higher frequencies. This avoids nonlinearities associated with
phase shifts at higher frequencies [63, 59, 51].

Using the schematic shown in Fig. A.5, we constructed two photodetectors used in
the experiments described in Chapter 2. For these detectors, we measured a constant
gain as a function of frequency from 200 kHz (frequencies lower than this are obscured
by technical 1/f noise [45]) out to the “roll-off” frequency of ~ 5 MHz. We measured
the gain versus frequency response of the detectors to be the same to within a few
parts in 10%; this precise matching was achieved by using a laser-matched pair of
resistors for the transimpedance resistors of the two detectors. The saturation of the
detectors occurs at an optical power of ~ 14 W, limited by the maximum voltage
output of the operational amplifier. The dark noise of the each detector was measured
to be 30nV/v/Hz.

Table A.3 lists the parts used in the photodiode construction, including the label

used for the part in Fig. A.5 and the quantity required to build one photodetector.
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Label | Description Quantity
1 1000 pF feedthrough capacitor, Newark part 90F2268 )
2 33 pF tantalum capacitor 4
3 0.1 uF capacitor, axial ceramic 10
4 1000 pH RF choke, DigiKey part M9251-ND 2
5 RF choke, DigiKey part FB20010-3B 2
6 3300 uH RF choke, DigiKey, M9257-ND 2
7 PIN Photodiode, Hamamatsu, S3883 1
8 0.7-20 pF surface mount trimmer cap, DigiKey, 2807S020-ND | 1
9 250 k€ surface mount resistor (1 of matched pair) 1
10 50 €2 resistor 1
11 +5V Voltage Regulator, Fairchild, LM7805C 1
12 +12V Voltage Regulator, National Semiconductor, LM7812 1
13 -5V Voltage Regulator, Fairchild, LM7905C 1
14 2.2 pF tantalum capacitor 1
15 0.22 puF metal poly (ideally tantalum) capacitor 1
16 0.33 puF metal poly (ideally tantalum) capacitor 1
17 1.0 pF tantalum capacitor 1
18 10 pF tantalum capacitor 3
19 47 pF ceramic disk capacitor 1
20 1000 pF ceramic disk capacitor 1

Table A.3: Photodetector parts list.

Note that it is important to use matched resistors in the two detectors for resistor (9)

in order to guarantee similar behavior in gain versus frequency for the two detectors.

Fig. A.6 is a measurement of the standard quantum limit (see Section 2.3.1) of laser

light, to verify that the detectors are well matched. The measurement also determines

the range of incident optical powers for which we can measure the standard quantum

limit. For very large optical power, the detectors will saturate, while at very low

power, the electrical output of the detector will eventually be overwhelmed by the

dark noise of the detectors.

To perform this test, we directed a laser beam incident onto a 50-50 beamsplitter,
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Figure A.6: Measurement of the standard quantum limit and noise floor. (a) Elec-
tronic power recorded by the spectrum analyzer (SA) at photodetector 1 (PD1) as a
function of the optical power incident on PD1. Dark noise from PD1 and spectrum
analyzer is included. (b) Electronic power (black circles) recorded by the spectrum
analyzer (SA) of the signal formed by subtracting the electronic signals from PD1
and PD2,; as a function of the optical power incident on each photodetector. A 50-
50 beamsplitter splits an incident laser field into two equal-intensity beams, which
propagate to PD1 and PD2 respectively. A constant value representing the measured
dark noise from PD1, PD2, and the spectrum analyzer has been subtracted. Solid
black line is a linear fit to the data. (inset) Black line and squares are the same as
in (b). Green triangles represent the total dark noise of the system, including noise
from the spectrum analyzer, PD1, and PD2. All measurements were averages taken
over the bandwidth 200 kHz - 300 kHz

with one photodetector in each arm of the output, PD1 and PD2, respectively. The
electrical outputs of the photodetectors are then directed to a spectrum analyzer,
which measures the electrical power in a given frequency bandwidth, in units of
V2 /Hz (over a 50 Q2 resistance), for example [7]. By averaging the results over a given
bandwidth and multiplying by the width of the band, this measurement essentially
gives the average electrical power in that frequency band, equivalent to a measurement
of the variance of the incident optical power. In this way, we can test if we observe

the standard quantum limit of noise by verifying that the electrical power measured
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by the spectrum analyzer (equivalent to the variance of the optical power incident
on the detectors) scales linearly with increasing average incident optical power (see
Appendix A.3 and Section 2.3.1).

Fig. A.6(a) shows the measured electrical power averaged over the bandwidth 200
kHz - 300 kHz, as a function of average incident optical power for PD1. We observe the
electrical power does not scale linearly with average optical power, but also contains
some quadratic dependence, and therefore contains extra noise in addition to the
standard quantum limit. This is not surprising since we do not expect the incident
laser beam to be at the standard quantum limit. Extra classical noise may be present
for many reasons, such fluctuating laser-diode current, temperature, or frequency, all
of which can affect the output power of the laser diode.

This classical noise can be removed by subtracting the electrical output of the
two photodetectors PD1 and PD2. Any extra classical noise from the laser itself will
be identical for the two beamsplitter arms, and will perfectly cancel, assuming well
matched photodetector circuits. The only noise left will be due to the “partition
noise” that arises from the random nature of photons at the beamsplitter [109]. This
partition noise is equal to the standard quantum limit.

Fig. A.6(b) shows the measured electrical power averaged over the bandwidth 200
kHz - 300 kHz, as a function of average incident optical power in one arm of the
beamsplitter, for the signal formed by subtracting the electrical outputs of PD1 and
PD2. In this case, we see that the electrical power does scale linearly with average
optical power, indicating that the detectors are well matched and that any classical

noise in addition to the standard quantum limit is subtracted. The sub-linear behavior
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that occurs for optical powers greater than ~ 14uW is simply due to saturation of
the detectors. The inset to Fig. A.6(b) zooms in on the low-power values, and also
plots the measured dark noise floor, which includes the dark noise from the spectrum
analyzer and both photodetectors. This dark floor is approximately equal to 1 pW
and crosses the measured standard quantum limit at an incident optical power per
detector of 0.4 4W. This value represents the incident optical power below which we
cannot measure the standard quantum limit. The upper limit of detection is given

by the detector saturation at~ 14uW.
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A.3 Photon-Number Statistics

A wuseful method for characterizing a photon field is by quantifying the field’s
photon-number statistics, by which we mean the probability P(n) of detecting n
photons in a given photon-number measurement of the field.

First we consider the case of a photon field with thermal statistics. In thermal
equilibrium at temperature 7', the probability P(n) that the radiation mode at fre-
quency w is thermally excited to its nth excited state is given by

P(n) = 6(—nM/kBT)/ Z el /kpT) (A.4)

n

where h is Planck’s constant, and kg is Boltzman’s constant. In this case, the mean

and variance of the photon-number, are given by the expressions

(n) => nP(n) = 1/(e™/*T) — 1) (A.5)

and

Var(n) = Y (n— (n))*P(n) = (n*) — (n)* = (n)" + (n), (A.6)

n

respectively [81]. Eq. (A.5) is also referred to as the Bose-Einstein distribution [109].
From these expressions, we see that P(n) can be expressed in terms of the mean

photon number (n) as

P(n) = (n)"/(1+ (n))""". (A7)

Thermal, or Bose-Einstein, photon-number statistics accurately describe the photon-
number fluctuations associated with spontaneous scattering of laser light by atoms [108].

Next we consider the case of Poisson photon-number statistics, where the proba-
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bility P(n) of detecting n photons is given by

|a|2n

n!

P(n) = ¢ 1P (A8)

where « is a parameter related to the mean photon number. In this case, the mean

and variance are given by the expressions

(n) = nP(n) = |af (A.9)
and

Var(n) = Y _(n— (n))’P(n) = (n), (A.10)

n

respectively [81]. P(n) can be expressed in terms of the mean photon number (n) as

P(n) = e ™ " (A.11)

Poisson statistics represent the fluctuations possessed by a coherent state, the
quantum-mechanical state that most closely resembles a classical electromagnetic
wave. The coherent state accurately describes the state of an ideal single-mode laser,
and in the limit of strong excitation, the electric-field variation of a coherent state
approaches that of a classical wave of stable amplitude and fixed phase [81]. Mathe-

matically, the coherent state |a) with (n) = |«|? is given by

0 n
o) = aalW; % In) (A.12)
and is the eigenstate of the annihilation operator a, since @ |a) = « |«). Physically, the
radiation emitted by a classical current distribution is, in fact, a coherent state [113].
Most relevant to the results discussed in this thesis, the photon-number fluctu-
ations of a coherent state are the minimum achievable by a classical electromag-

netic field, and therefore represent the benchmark for quantum-mechanical behavior
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Figure A.7: Comparison of Poisson and thermal photon-number statistics. Proba-
bility P(n) of measuring n photons in the field as a function of n for two fields, one
with thermal statistics (red, solid line), the other with Poisson statistics (blue, dashed
line). Both fields have (n) = 1.

of the electromagnetic field. Any field whose photon-number fluctuations are sub-
Poissonian, i.e. smaller than the fluctuations of Poissonian statistics, can only be
explained using a quantized theory of the electromagnetic field [91]. An example of
such a state is a Fock state |n) with n photons. For such a state, (n) = n, and
Var(n) = 0.

Comparing Poisson statistics to thermal statistics, we see that for photon fields
with equal mean numbers (n), the variance for a Poissonian light field ((n)) is smaller
than the variance for a thermal light field ((n)?+ (n)). Therefore, fields with thermal
statistics are said to be super-Poissonian. This is illustrated graphically in Fig. A.7,
which shows the probability P(n) of measuring n photons in the field as a function of
n for two fields, one with thermal statistics, the other with Poisson statistics, and both
with (n) = 1. Finally, it is worth noting that a detector measuring multiple radiation

modes, each with thermal statistics, will measure statistics approaching Poisson for
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the combined incident field as the number of thermal modes increases [109].

In addition to the mean and variance, in Chapters 4 and 5 we utilize a quan-
tity referred to as the second-order correlation function to characterize the photon-
number statistics of electromagnetic fields. The second-order intensity correlation
function [48, 49], can be defined for a field at position x at time ¢, and position y at
time t" as

gD (@t yt') = (aa(t) iy () )/ {u(t)) (Ry (1), (A.13)
where 7;(t) denotes the photon-number operator for the field at position i and time
t, and :: denotes operator normal ordering.

In Chapters 4 and 5, it is stated that for classical fields g > 1, whereas an ideal
Fock state with n photons yields ¢ = 1 — 1/n. This can be easily demonstrated.
Consider a field & with number operator 7, = A'&, mean number (R) = n, and

variance (7?) — (R)? = Var(n). The second order correlation function is given by

afataa
g? = { ey ) (A.14)
_ —(n) + Var(n) + (n)? (A1)

_ oo (1_\/&1«(7@))7 (A.16)

where we have used the bosonic commutation relation [a,&'] = 1, and the relation
(n?) = Var(n) + (n)2.

We see that in the case of an n-photon Fock state, with (n) = n and Var(n) = 0,
we have ¢ = 1 — 1/n. For a field with Poisson statistics, with (2) = Var(n), we
obtain ¢® = 1. Since Poisson statistics possess the minimum possible photon-number

fluctuations of any classical field [91], any classical field will have Var(n) > (n), and
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therefore ¢(® > 1.

In order to experimentally measure the second-order correlation function of a field
at the same point in space and time, the field must be split at a 50-50 beamsplitter
and sent to two single-photon detectors, as shown in Figs. 3.2 and 4.2. In this case,

the second-order correlation function is given by
g®(D1, D2) = (A1 fig) /(fin) (Rr2), (A.17)

where 71 (n2) is the number operator for detector D1 (D2). Eq. (A.16) can also be
derived for this experimental setup. Because the vacuum field enters the unused input
port of the beamsplitter, each of the two output modes contain the incident mode
and the vacuum mode. We denote the incident field &, the vacuum field v, and the
output modes in the two arms of the beamsplitter &; and d&». In this case, the two

output modes are given by

o= (Gt

b = ——(@—b

Qg = \/§( ). (A.19)
(A.20)

Writing the number operators for &; and as as 1y and n respectively, and substituting

these number operators into Eq. (A.17), we have

(A.21)
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A.4 Hardware Requirements for Detection of Twin-

Mode Squeezing

In this appendix, we discuss the requirements on the detection hardware for im-
plementing the experiments described in Chapter 2. In the case of Raman signals
studied in Chapter 2, with typical powers on the order of a few microwatts, silicon-
based photodiodes in a transimpedance amplifying configuration (see Appendix A.2
and Refs. [51] and [59]) must be used, rather than avalanche photodetectors. Here the
main challenge is to meet requirements for low noise levels and high detection resolu-
tion. The technical white noise in the detected signals due to, for example, Johnson
noise must be small compared to fluctuations of the signal field at the level of the
standard quantum limit, which favors working with large photon numbers. However,
the resolution for processing the signals needs to be better than the standard quan-
tum limit as well. For signals at the standard quantum limit with average photon
number 7z, the fluctuation-to-signal ratio scales as (in terms of variances) 1/7. Thus
meeting the resolution requirements favors working with small photon numbers.

We will analyze the noise-to-signal ratios for white noise, as well as the resolution
requirements, and normalize them to the standard quantum limit (Fig. A.8). The
signal is a photon flux ®,(t) measured at sample rate R. This sets the level for

n = ®,/R, and the noise-to-signal ratio (in terms of variances) for the standard

quantum limit:

NSRqg = R/®, . (A.22)

We will assume that the power (photon flux) of the signal fields is measured by
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probing the voltage of a circuit as in Fig. A.8. With standard commercial com-
ponents one can realize photo-detector-amplifier circuits with current amplification
of G; = 5000, a bandwidth larger than 1 MHz, and a white noise level below
ovin, = 50 nV/v/Hz [59, 51]. With one electron (e) of photo-current per photon,
the voltage signal level is then ®,,eG;Z5, where Zs, is the 50 Q impedance of the
detection system. The voltage noise level is oy = UVlem. This gives for the

normalized noise-to-signal level (for white noise from the detection system):

1 0-‘2/1Hz

see also Fig. A.8. Note that the expression is independent of the sample rate R.
The white noise of the detection system clearly sets a minimum level of ®,, for which
squeezing can be observed.

In the experiments, we recorded the signals with an analog-to-digital sampling
process, which needs to be accurate enough to confirm noise-to-signal levels that are
smaller than NSRg. Because the Raman signals show large excess noise, the detection
system needs more dynamic range than for a signal with Poissonian photon statistics;
hence, for this resolution analysis we will compare to a signal level @ = My, ®, /R.
The margin M;, needs to be about a factor of 5 for signals with thermal photon
statistics. We assume a sampling process with a certain number of bits (bit) and
sample time 7,. Oversampling and averaging over results recorded during 1/R can
be used to enhance the effective resolution with a factor v/7,R. The finite recording
resolution leads then to noise on the recorded signal with a normalized noise-to-signal
ratio:

— M2,
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Observable squeezing

(noise-to-signal ratio normalized to SQL)

0.0

T T T
0 4x10* 8x10” 1x10° 2x10° 210°
. : -1,
Raman intensity (photonss™)

Figure A.8: Limitations on the observation of twin-mode intensity squeezing. (In-
set) Generic photo-detector-amplifier circuit. The photo-current from a photo-diode
(voltage biased in reverse at Vi) is current-amplified with gain G;, and voltage
detected (Vgeteer) with 50 2 technology. (Main graph) Observable squeezing param-
eters Var(n)/m for measurements on a Fock state with photon number 7, as limited
by technical noise-to-signal ratios normalized to the fluctuation-to-signal ratio for the
standard quantum limit SQL = 1/m. The dotted line is for a white noise floor in the
detection process (here plotted for current amplification G; = 5000 and a white noise
level of 50 nV/v/Hz). The dashed line results from the finite resolution of analog-to-
digital sampling (here from adjacent averaging of data sampled at 8 GHz with 8 bit
resolution and using My, = 5, see the text for details). The solid line gives the sum
of the two noise contributions.

Note that this expression is also independent of the sample rate. The expression
reflects that with increasing photon flux the resolution requirement scales as the
standard quantum limit 1/7. Thus the finite recording resolution sets an upper limit
on ®, for which squeezing can be observed. (Note that at very low values of ®,
the relative sampling resolution cannot be realized, and for ®, approaching zero the
dashed line in Fig. A.8 should curve up; it can be described as a source of white noise.)

As shown in Fig. A.8 for realistic experimental parameters, there is a ®,-window for
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values as in Fig. 2.4 in which a squeezing parameter below 0.5 can be observed. This
analysis was in terms of the detection of a single channel, but generalizing it to the
statistics of two subtracted channels does not alter the values in Fig. A.8. The results
of this analysis are independent of sample rate R, but one should note that twin-mode
intensity squeezing is only expected for experiments with R commensurate with the
Raman bandwidth or smaller.

The parameters assumed for the photodetectors and analog-to-digital sampling
in Fig. A.8 correspond very closely to actual experimental parameters. As described
in Appendix A.2, the 250 k() transimpedance resistor, over the output impedance of
5082 corresponds to a current amplification of 5000. The measured white noise level
for our photodetectors was 30nV/ VHz. The digital oscilloscope used to record the
traces (Lecroy model LT374L) used adjacent averaging with 8-bit resolution at a rate
of 4 GHz. An optical power of 1 uW =~ 4 - 10'2 photons s~! is a typical value for the
Raman modes in our experiments.

The discussion so far has been concerned with a test for squeezing in the time do-
main. Problems arising from technical low-frequency 1/ f noise [45] (so-called because
its power density varies with frequency as 1/f) can be dealt with by performing the
test for squeezing in the frequency domain. The discrete Fourier transform (DFT)
formalism [21] can be used for a straightforward transformation of the recorded time

series m; and my and the criteria for squeezing, as is done in Fig. 2.8.
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Appendices to Chapter 4

B.1 Evaluating the Uncertainty in the Second-Order

Correlation Function

In this appendix, we describe the method used to calculate the uncertainty in
measurements of the second-order correlation function shown in Chapters 4 and 5.
To begin, assume we have two random variables X and Y (standing for AS1 and AS2
- anti-Stokes channels 1 and 2). For present purposes, we must assume that neither
the joint, nor the separate distributions of X and Y are known.

We define the following number (not a random variable) that we want to find:

(@ — (X xY)

X)) (B1)

9

where the expectation value is taken using the full distribution. Given the joint
distribution Pj5 of the anti-Stokes channels 1 and 2, we know this number exactly.

In practice, however, we do not know the joint distribution Pj5. Instead, we have a

127
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sample S from N measurements

S:{xlay17"'axNayN}‘ (BQ)

The goal of this appendix is to find an estimate for ¢, and calculate an uncertainty
measure for how close our estimate is to g(®, given that all we possess is a sample S
from N measurements.

In the following analysis, we follow the procedure outlined in Ref. [102]. ¢ is

our measurand. The measurement equation is

(X xY)

9 = F((X X Y), (X),(Y)) = X))

(B.3)

To compute the estimate for ¢ (call it z), we simply compute estimates for (X x
Y), (X), and (Y) and substitute them into f. The natural estimates for the three

expectation values are just sample means, denoted by “bars”:

1 N
Ty = Nzxzyz (B.4)
i=1
1 N
T = N;x (B.5)
1 N
Yy = - 7 B
Y N;y (B.6)
z = [f(zy,7.7). (B.7)

For each experiment that yields a sample S and hence a single value of z, z is a single

observation of a random variable, referred to as an estimator, defined by

N | X ;X
ZIf(N;XiYi’N;Xi’N;Yi)’ (B.8)

where the joint distribution of X; and Y; is the same for all ¢ and equal to the joint

distribution of X and Y. Random variables with different i are independent. The
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standard measure of uncertainty [102, 44] is called the standard uncertainty and is an
estimate for the standard deviation of Z, which in turn is the positive square root of
the estimate for the variance of Z. To find this standard uncertainty (call it u(z)), we
first need to find estimates for the standard uncertainties u(7y), u(Z), and u(y) of the
three arguments of f in (B.7). From now on, we will drop the word “standard” when
referring to the standard uncertainty. These uncertainties are estimates for standard
deviations of estimators % Zf\il Yi, % ZZ , X;, and + ZZN:1 Y;, respectively, while

Ty, T, and 7 are single observations of these estimators. Since

< ZX) = —Var (X), (B.9)

and since the natural estimate for Var (X) is the sample variance! %m, we
have
W (F) = 1z 7 (B.10)
Similarly,
@) = oy — T (B.11)
N -1
) = ) (B.12)

In order to compute u(z), in addition to the uncertainties of the arguments we also

need estimates u(7,7), u(Z,Ty), and u(y,Ty) for the covariances of the estimators for

(X), (Y), and (XY): Cov (% S XL LN, Y) Cov (% POAID D Pl Xm),

'We have the N 7 prefactor because the estimator N T ZZ ) ( (ZJ 1 X )) is unbiased

while the estimator Zl 1 ( (ZJ 1 X )) is biased.
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and Cov (% SNV, + SV XiY,), respectively. Since

al 1
Cov <N d> X b g ) =+ Cov (X, V), (B.13)

and since the natural estimate for Cov (X, Y') is the sample covariance ? -2~

we have
u(z.9) = 3 D) ). (B.14)

Similarly,
u(ET) = (o Ty ) (B.15)
W@ T = el Dy ) (B.16)

From the estimates for the three arguments of f, the three uncertainties in the argu-
ments, and the three estimates for the covariances, we can compute u(z) using the

law of propagation of uncertainty, which is

e = (L) @+ (Z) o+ (L) v
2| L ww + L wmam + oL 2w )

where the partial derivatives are evaluated at the estimates Zy, T, and 7. Using
Eq. (B.3), taking the partial derivatives, and also using Eqs. (B.10) - (B.12) and

Egs. (B.14) - (B.16), we obtain

— —\2 —\2 —\2

B2() = F( y,x,y)[(x—a?) I ) A )
+2($—56_)(_y—y) _2(36—56)_@—56?;) _Q(y—y)(xy 7y) (B.18)
2Again, as in the case of standard deviation, we use a 7 prefactor to have the corresponding

estimator El 1( (ZJ 1 X )) ( (Zk 1 )) unbiased.

N_1(x - E)(y - y)a
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This method was used to calculate the uncertainty in the normalized variance V
from Chapter 3 (although using a different function f than the function used in this
appendix) as well as the uncertainty in the second-order correlation function g® from

Chapters 4 and 5.
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