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Abstract

Photonic quantum information processing has emerged as a powerful platform for real-
ising quantum-enhanced technologies. In order to be scalable, many of these technologies
depend on the availability of a suitable quantum memory for the coherent storage and
on-demand retrieval of photonic quantum states.

In this thesis, I investigate broadband light storage in a room-temperature Raman
memory, implemented both in free space and, for the first time, inside a low-finesse op-
tical cavity designed for low-noise operation.

The ability of the Raman memory to preserve phase coherence was tested by storing
coherent polarisation states in two spatially separate atomic ensembles. Polarisation storage
with a fidelity of up to 97 ± 1% was demonstrated by performing full process tomography
on the system.

The Raman memory was then interfaced for the first time with a spontaneous para-
metric downconversion (SPDC) source of heralded, GHz-bandwidth single photons. The
memory performance was characterised by measuring the second-order autocorrelation of
the retrieved fields. While the SPDC input photon statistics showed a clear influence on
the statistics of the retrieved field, four-wave mixing (FWM) noise, stimulated by spontan-
eous Raman scattering, prevented the preservation of non-classical photon statistics during
read-out.

Suppressing this source of noise represents the last remaining challenge for realising a
broadband single-photon Raman memory suitable for quantum information applications.
To this end, I demonstrate a novel cavity implementation of the Raman memory which
reduces the FWM contribution relative to the signal field by re-distributing the density of
states into which the noise photons can be scattered. Cavity-enhanced memory operation
was investigated using weak coherent input states, showing a significant improvement of
the signal-to-noise ratio compared to the free-space memory implementation. This proof-of-
principle demonstration suggests that cavity Raman memories may offer a practical route
towards low-noise, high-bandwidth quantum storage at room temperature.
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Chapter 1
Introduction

“The point is no longer that quantum mechanics is

an extraordinarily (and for Einstein, unacceptably)

peculiar theory, but that the world is an

extraordinarily peculiar place.”

N. David Mermin

The properties of light have held an inexorable fascination for scientists since the earliest

beginnings of empirical thought and inquiry. After more than two millennia of steadily

refined theories of classical optics1, the dawn of the twentieth century brought about a

paradigmatic shift in our understanding of light and its interaction with matter.

The principles of quantum mechanics radically transformed the naturally intuitive per-

ception of a world rooted in determinism and local realism [1]. Replaced with a fundamentally

probabilistic description of nature, these tenets gave way to profoundly new concepts, in-

cluding superposition and entanglement. Quantum-enhanced technologies aim to harness

quantum-mechanical properties in a way which promises to revolutionise the field of in-

1Arguably the most significant contribution to the development of classical optics since Greek antiquity
was made by the 11th-century scholar and polymath Ibn al-Haytham with his seven-volume treatise Book of
Optics. Ibn al-Haytham’s evidence-based approach and willingness to question traditional doctrine further-
more anticipated the modern scientific method.

1
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formation processing. Aptly described by Nicolas Gisin as “the science of turning quantum

conundrums into potentially useful applications” [2], quantum information processing (QIP)

encompasses a wealth of potentially groundbreaking technologies. These include quantum

computing, quantum metrology and quantum key distribution – the progenitor of large-scale

quantum communication networks.

The vast potential of QIP applications has stimulated tremendous research efforts into

the development of different physical systems and architectures [3]. Amongst these, photon-

ics has emerged as an alluringly powerful platform [4]. The quantum state of light is an

especially compelling system for encoding quantum information due to the unparalleled

suitability for long-range distribution. Remarkable progress has been made across all com-

ponent parts of a future photonic quantum network – from the development of sources for

entangled qubits [5–7], over integrated photonic circuits [8–10] to sophisticated single-photon

detectors [11–13].

The practical realisation of many photonic QIP protocols depends on the ability to store

quantum information encoded in light. This ability was recognised as key to overcoming a

number of critical challenges: generating multiple simultaneous photons from probabilistic

single-photon sources; extending quantum communication channels over long distances bey-

ond the limits set by photon loss; synchronising independent, probabilistic processes in order

to render composite protocols scalable. Over the last decade, these tasks have motivated the

development of a suitable device – a quantum memory – which is capable of coherent storage

and on-demand retrieval of optical quantum states. We will review the above applications

more closely in the following sections.

In this thesis, I will examine a particular type of quantum memory based on the far-

off-resonant Raman interaction in a room-temperature atomic ensemble. In contrast to
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all-optical quantum memories (see Section 1.4.1), light storage in an atomic medium is

based on the dynamic modulation of the interaction between light and matter. This high-

lights the conflicting requirements imposed on photonic qubits; while weakly interacting

photons are ideal for the transmission of quantum information over long distances, atomic

quantum memories need to induce strong, yet reversible coupling between the photons and

the memory medium.

In the next section we will begin by distinguishing quantum memories from their classical

counterpart. This is followed by an overview of some of the most important applications of

quantum memories to quantum information processing (Section 1.2). In Section 1.3 we will

consider the figures of merit commonly used to assess quantum memories and in Section 1.4

we will review different quantum memory schemes, as well as some recent experimental

achievements. The final part of this chapter concludes with an outline of the structure and

content of my thesis.

1.1 Quantum memory

Fundamentally, an atomic quantum memory acts as a light-matter interface for dynamically

coupled optical and material modes. Photonic quantum information is reversibly mapped

onto a stationary atomic excitation and faithfully stored for a controllable amount of time,

before being re-converted into an optical output mode.

Unlike classical memories, which combine measurement and re-production, a quantum

memory must not localise a quantum state through observation. It thereby evades irre-

versible wave-function collapse and loss of coherence which would be the inevitable result

of measuring the quantum state. This fundamental difference is a result of the no-cloning
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theorem which was developed in 1982 by Wooters and Zurek [14] and Dieks [15]. The theorem

states that arbitrary unknown quantum states cannot be replicated or amplified owing to

the linearity of quantum mechanics.

The no-cloning theorem has far-reaching consequences for QIP applications beyond the

challenge of quantum state storage. For example, it precludes the use of classical error correc-

tion which takes advantage of informational redundancy by producing multiple copies of the

encoded state. Instead, quantum error-correcting algorithms are needed to circumvent the

no-cloning theorem and allow fault-tolerant quantum computation [16–19]. In Section 1.2.2

we will consider a further implication of this theorem pertaining to long-distance quantum

communication. The distribution of entangled quantum states suffers from exponential loss

which severely limits the scalability of communication channels [20]. This problem can be

overcome by introducing a system of quantum repeaters for which quantum memories are

an integral component [21].

1.2 Applications

The study of quantum memories is of intrinsic interest; not only does it offer insight into

the coherent interaction between light and matter, but it also elucidates the ways in which

this interaction can be dynamically modulated and controlled. Beyond this foundational

impetus, the development of quantum memories has been galvanised by the host of quantum

information applications which – through the use of such memories – are brought within

reach of realisation. The examples below provide an overview of some of these applications.
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1.2.1 Multiplexing strategies

The probabilistic nature of many photonic quantum information primitives and protocols

poses a severe obstacle for the scalability of these technologies. The compound probability

of non-deterministic components rapidly vanishes, as we approach large-scale applications.

Therefore the amount of physical resources required scales exponentially with the size of the

system [22], unless a multiplexing strategy is used. For example, this strategy could take the

form of spatial or temporal multiplexing, or indeed some combination of both.

A spatially multiplexed system involves active switching with an array of resources oper-

ated in parallel. For instance, a deterministic source of single photons can be approximated

by optically switching between multiple probabilistic sources [23–26]. The emergence of in-

tegrated photonic circuits, such as monolithic sources of entangled photons [6] [27–30], offers

promising platforms for realising spatially multiplexed systems.

Temporal multiplexing, in contrast, is based on the active synchronisation of probabil-

istic primitives which are repeatedly operated in series [31–33]. Synchronisation is achieved by

storing the heralded outputs of successful operations inside a quantum memory. On-demand

recall, conditional on the success of all remaining processes of the composite photonic sys-

tem, enables a repeat-until-success strategy which dramatically improves scalability. As

an example of this strategy, we will consider time-multiplexed single-photon sources in the

following section.

In addition, the method of spectral multiplexing applicable to frequency-encoded

quantum information has been proposed by Sinclair et al. [34]. Photons with distinct spectra,

but equal temporal profiles, are simultaneously stored in a spectrally multimode memory (see

Section 1.4.3). Selective retrieval of a particular frequency qubit is then achieved through

a combination of adjustable frequency shifts and spectral filtering, based on the heralding
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outcome of a preceding processing step. Sinclair et al. furthermore suggested that this ap-

proach involving frequency-multiplexed states could be combined with spatial and temporal

degrees of freedom to achieve a multiplicative increase in the number of multiplexed modes.

Multi-photon rate enhancement

The generation of large numbers of single photons as a resource for sophisticated quantum

information protocols has become an increasingly important challenge in the wake of rapid

advances in the study of quantum-enhanced technologies [9] [35–37]. Beyond the limited re-

quirements of proof-of-principle demonstrations, these technologies necessitate readily at-

tainable multi-photon states in order to achieve scalability.

The most common source of heralded single photons is based on the probabilistic process

of spontaneous parametric downconversion (SPDC) [38–40]. While suitable for small-scale

experiments, these sources quickly approach the limits of feasibility if multiple simultaneous

photons are required. In order to reduce the likelihood of unwanted higher-order photon

pairs, SPDC sources have to be operated in a regime of low pair generation rates. This

dramatically reduces the probability for simultaneous generation of photons from multiple

sources operated in parallel. For instance, the current record of eight-photon states from four

SPDC sources required measurement times of 40 hours to accumulate statistics [41]. More

generally, the probability of producing N single photons simultaneously scales exponentially

as pN , where p � 1 is the probability of generating and heralding a single photon2. This

scalability problem can be mitigated by interfacing each of the N sources with a quantum

memory, as illustrated in Figure 1.1 (a). Once N − 1 heralded single photons have been

stored, the memories are simultaneously read out, conditional on single-photon emission

2The probability p is typically ∼ 1%.
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from the N th source. The resulting synchronisation of the probabilistic sources enhances

the N -fold coincidence rate by a factor which depends on the time-bandwidth product3 B

as well as the memory efficiency η.

Figure 1.1: From reference [42]: (a) Synchronisation of N heralded single-photon sources, each
interfaced with a quantum memory. (b) Average waiting time for N -photon events with a threshold
fidelity of 90% using unsynchronised (blue bars) and multiplexed downconversion sources with highly
efficient memories (green bars), where storage and retrieval efficiencies of 99% have been assumed. If
the number of photons is post-selected, the efficiency requirement can be relaxed to 75% (red bars).

As shown in reference [42], the probability of generating N single photons in coincidence

is given by

PN = pN
(

1 +
(1−R)(1− p)ηB

1 + (B − 1)[R(1− 2p) + p]

)N
, (1.1)

where R is the probability that the system is ready to be read out, i.e. the probability that

N − 1 memories have been charged and a photon is emitted from the N th source. In the

limit {RB, pB} � 1, the coincidence probability can be approximated as PN ≈ (pηB)N .

This scaling reflects the probability that a photon is produced in one of B discrete time

bins afforded by the duration of the memory lifetime. For a given memory efficiency η, B

therefore determines the number of trials with which a heralded photon can be synchronised

with a previously charged memory before the stored excitation is lost to decoherence. In the

opposite regime of {RB, pB} � 1, the coincidence rate eventually saturates to PN ≈ ηN ,

3B is defined as the product of the memory bandwidth and the memory lifetime (see Section 1.3.4).
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independent of B.

An experimental demonstration of the synchronisation of two independent single-photon

sources was reported in [31]. It was furthermore shown that these synchronised sources could

greatly enhance the generation of entangled photon pairs, compared to probabilistic sources.

The potential enhancement of multi-photon rates achievable with a system of synchron-

ised sources is shown in Figure 1.1 (b). For instance, the average waiting time necessary for

12-photon events is reduced from more than three years to ∼ 100 µs, assuming memories

with B = 1000 and η = 75%. Here, post-selection on the number of output photons com-

pensates for storage and retrieval inefficiencies. The most critical memory parameter for

this application is therefore the time-bandwidth product, rather than the absolute memory

lifetime. This example demonstrates the ability of memory-based synchronisation protocols

to ameliorate the scalability problem.

1.2.2 Quantum communication

The promise of unconditional security4 has inspired remarkable developments in the field of

quantum communication. Seminal work by Bennett and Brassard [44] and Ekert [45] in 1984

and 1991, respectively, originated the study of quantum key distribution (QKD). While both

QKD proposals are based on the transmission of photonic quantum states between remote

parties, the Ekert protocol takes advantage of the non-classical correlations of entangled

states. A random encryption key shared between Alice and Bob cannot be intercepted

without perturbing the transmitted state [46], thus enabling secure communication.

For long-distance quantum communication, photons are the only viable information car-

riers due to their unparalleled propagation speeds and weak interactions with the environ-

4The term unconditional security is borrowed from classical cryptography and reflects the notion that no
conditions are imposed on the resources available to the adversary, or eavesdropper [43].
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ment [2] [47–49]. Nevertheless, extending QKD protocols across large-scale quantum channels

is highly challenging, since key rates decrease exponentially with distance. Direct trans-

mission of photonic states in optical fibres suffers from loss of approximately 0.15 dB/km

at telecommunication wavelengths [50], thus limiting QKD channels to a few hundred kilo-

metres. This prohibitive scaling can be overcome with the use of quantum repeaters which

were first proposed by Briegel et al. in 1998 [21].

Quantum repeaters

The key principle underpinning the quantum repeater approach is the creation of long-

range entanglement via a process known as entanglement swapping [21] [51]. The quantum

channel of length L is subdivided into N short elementary segments which are connected

via N−1 intermediate nodes. As a first step, adjacent segments are independently entangled,

yielding pairwise entanglement between segments 1 and 2, 3 and 4 etc. By performing a

local entanglement operation on segments 2 and 3, it is possible to establish entanglement

between segments 1 and 4 (see Figure 1.2). This process of entanglement swapping is then

repeated in a nested fashion5, until the entangled state has been extended across the entire

distance L.

Figure 1.2: DLCZ-type entanglement swapping operation based on a joint measurement between
segments 2 and 3. Detection of a single photon heralds the creation of entanglement between remote
segments 1 and 4. Dotted lines indicate existing entanglement.

5The number of necessary entanglement swapping operations is given by the nesting level n, where N =
2n [52].
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The principal requirements for a quantum repeater protocol are the ability to herald

successful swapping operations and subsequent storage of entanglement in quantum memor-

ies [53–55]. In addition, one needs to be able to swap entanglement between these memories by

performing local joint measurements on the photons retrieved from each memory. Provided

that these measurements erase all information about the origin of each photon (known as

which-way information [56] [57]), the memories are projected onto an entangled state.

A pioneering approach for realising a quantum repeater was proposed in 2001 by Duan,

Lukin, Cirac and Zoller [58]. Combining atomic ensemble memories, linear optics and single-

photon detection, the DLCZ protocol has since encouraged a profusion of experimental

demonstrations [59–64]. One of the key insights was that the communication efficiency, or

the time needed to transmit an entangled state, could be made to scale polynomially with

channel length, rather than exponentially.

The realisation of quantum repeater architectures is a critical step in the path towards

scalable quantum networks of interconnected nodes [3] [65], enabling both local processing and

long-distance distribution of quantum information [66] [67].

1.2.3 Quantum computing

Perhaps one of the most radically profound, yet elusive quantum information technologies

is quantum computing [4] [68] [69]. It holds the potential for exponential speed-up of certain

tasks which are insurmountably difficult within the limits of classical computation. These

tasks include factorisation [70,71], search algorithms [72] [73] and the simulation of the dynamics

of complex quantum systems [74].

A variety of candidate systems have been investigated for implementing QIP protocols,

including trapped ions [75–78], superconducting qubits [79] [80] and solid-state ensembles, for
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example rare-earth ions in crystalline hosts [81]. Quantum optics in particular has proved to

be a fertile testing ground for fundamental concepts in quantum information science since

the early 1970s [82] [83]. While single photons have emerged as highly attractive information

carriers [84] [85], photonic QIP has until recently been beset by the challenge of achieving

optical nonlinearities sufficiently large to perform quantum logic gate operations [86].

However, in 2001 Knill, Laflamme and Milburn revolutionised the field of optical

quantum computing by demonstrating that efficient quantum computation is possible us-

ing only single-photon sources, linear optical networks and photon-detectors [87]. The KLM

scheme overcomes the scalability problem of probabilistic two-qubit gates in linear optical

quantum computing (LOQC) by harnessing quantum teleportation [88] [89]. This involves

teleporting two qubits onto the output of a non-deterministic gate, provided that the gate

operation has succeeded. In order to preserve the prepared qubits until a successful gate

has been heralded, the qubits can be taken off-line [90] and, for instance, interfaced with

quantum memories.

More generally, quantum memories can be used to synchronise probabilistic logic gates

and facilitate feed-forward operation of downstream processing steps, conditional on the

success of prior qubit operations [91] [92]. The advantage of integrating quantum memories

into scalable LOQC schemes is discussed in more detail in reference [93].

1.3 Figures of merit

Before reviewing some of the most widely studied quantum memory schemes, we will first ex-

amine the salient metrics with which to assess and distinguish these protocols. In addition to

the figures of merit listed below, technical simplicity, robustness and ease of implementation,
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in particular room-temperature operation, are advantageous for integration into real-world

QIP architectures.

1.3.1 Fidelity

The fidelity F (ρ, σ) is a measure of the distance [3] between two states with density matrices

ρ and σ, defined as6

F (ρ, σ) =

(
tr
√√

ρσ
√
ρ

)2

. (1.2)

It is straightforward to show that if one of the states is in a pure state |ψ〉, the fidelity

F (|ψ〉 , σ) simply reduces to the overlap between |ψ〉 and σ, i.e. F (|ψ〉 , σ) = 〈ψ|σ |ψ〉.

In the context of quantum memories, the fidelity F (ρin, ρout) can be used to evaluate the

amount of overlap between the original input state ρin and the state ρout retrieved from the

memory.

As a point of reference, the memory fidelity can be compared to the maximum fidelity

achievable with a classical measure-and-prepare strategy [95] [96] which aims to reproduce a

quantum state based on the result of a measurement. For a single-qubit measurement,

the fidelity is bounded by F = 2/3, as demonstrated originally for the case of estimating

the polarisation state of a photon from a projective measurement along one basis state [97].

For an ensemble of N particles, the maximum fidelity scales as (N + 1)/(N + 2) which

tends towards unity as N → ∞, i.e. the state can be determined exactly for an infinitely

large ensemble. The fidelity boundary can be used to determine whether the retrieved

state is more closely matched to the input state than any copy obtained through classical

measurements. It is important to bear in mind that the fidelity is in fact a state-dependent

6There exists a different convention which defines the fidelity as the square root of equation (1.2). Here,
we will use the definition given in the original proposal [94].
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measure [98]. For instance, if the memory is characterised with coherent input states [99] [100],

the Poissonian photon number distribution has to be taken into account when determining

the appropriate fidelity boundary7.

In Chapter 4, we will make use of a related figure of merit, the process fidelity [102]. While

the state fidelity, as defined above, quantifies the distance between a given input state and

the corresponding output state, the process fidelity compares the measured process matrix

of the memory interaction with the ideal process matrix expected if the memory were simply

the identity operation. It can therefore be understood as a distance measure between the real

and the ideal memory process, i.e. a measure which determines the ability of the memory

to store an arbitrary state faithfully.

1.3.2 Memory efficiency

The memory efficiency η is defined as the ratio of the retrieved energy to the incident signal

energy, the former of which may be corrected for potential noise contributions present during

read-out of the memory. This definition of the efficiency is typically applied when coherent

states are used as input signals. For probabilistic single-photon states, one can define the

efficiency as the probability of retrieving a photon from the memory, conditional on the

presence of a non-vacuum input state [101]. Note that the memory efficiency generally refers

to the total efficiency which is equivalent to the product of the individual efficiencies of the

storage and retrieval processes.

The efficiency is one of the most commonly used figures of merit when characterising a

quantum memory; however, it is insufficient when knowledge of the closeness between the in-

put and output states is required. Fidelity measurements may therefore prove useful in order

7As shown in reference [101] for the case of coherent states with a Poissonian distribution p(µ,N), the

fidelity boundary depends on the mean photon number µ according to Fcoh(µ) =
∑
N≥1

N+1
N+2

p(µ,N)
1−p(µ,0)

.
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to gain additional, albeit state-dependent information about the memory performance8.

Quantum repeater protocols require exceptionally high memory efficiencies (> 90%) to

achieve sufficient rates of entanglement swapping [52]. However, other applications have less

stringent requirements on memory efficiency and can tolerate loss more easily. As discussed

in Section 1.2.1, temporal multiplexing tasks can be accomplished with significantly less effi-

cient memories. If error-correcting algorithms are employed, loss tolerance can be improved

to allow for efficiencies of only 50% [18], as demonstrated for one-way quantum computation

with cluster states [105–107].

1.3.3 Storage time

The maximum storage time possible with a quantum memory is limited by the timescale of

decoherence and loss processes which degrade the stored atomic excitation. The memory

lifetime is most commonly determined from the 1/e decay of the efficiency [108]. For quantum

repeater applications the lifetime should be on the order of several milliseconds [43], and

ideally be comparable to the time necessary for total entanglement distribution across the

entire quantum channel [52]. In reference [109] it was demonstrated that the repeater rate

declined as exp
(
−
√
L/cTs

)
, where L is the total channel length and Ts is the storage time

in the limit Ts � L/c. However, it has been suggested that the use of multiplexing strategies

could significantly reduce the memory lifetime requirement [110].

In the case of synchronisation protocols, the memory lifetime should span several repeti-

8The effect of non-unit memory efficiencies on the fidelity is itself state-dependent, as discussed in refer-
ence [103]. For example, this can be visualised by considering the phase-space diagram for coherent states;
the amount of overlap between a coherent state (the input) and a second coherent state (the output), whose
amplitude is reduced by some fixed fraction relative to the input state (representing memory loss), depends
on the mean photon number of the initial state [104]. In the case of single photons, fidelity and efficiency can
be decoupled via post-selection, i.e. fidelity measurements are made to be conditional on detecting a photon.
In addition, it has been shown that non-unit efficiencies increase the fidelity boundary set by the classical
measure-and-prepare strategy [101].
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tion cycles of the probabilistic system in order to achieve a significant scaling advantage over

unsynchronised protocols. For many memory applications, including temporal multiplexing,

the ability to retrieve stored information on-demand is a key requirement [21]. Active control

of the storage time, as opposed to pre-determined temporal delays, is therefore an important

distinguishing feature of quantum memories.

1.3.4 Bandwidth

The acceptance bandwidth δ of a quantum memory determines the minimum temporal width

of the pulses that can be stored. While bandwidth requirements differ between applications,

broadband storage capabilities are desirable when interfacing memories with single photon

sources based on parametric downconversion whose bandwidths are typically on the order

of THz [111]. Alternatively, the bandwidth of single photon sources can be reduced to < 10

MHz using optical cavities [112–114] in order to render these compatible with narrow-band

memories.

1.3.5 Time-bandwidth product

The time-bandwidth product B = Ts × δ is a particularly important figure of merit for

temporal multiplexing applications. Defined as the ratio of storage time to pulse duration,

it provides a measure of the maximum number of temporal bins available within the memory

lifetime. B is therefore directly proportional to the number of probabilistic processing steps

that can be attempted for synchronisation purposes. As discussed in Section 1.2.1, time-

bandwidth-products on the order of ∼ 1000 strongly enhance the scalability of photonic

networks.
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1.3.6 Multi-mode capacity

The multimode capacity describes the number of modes – whether spatial [115] [116], spec-

tral [34] [54] [117] or temporal [118] [119] – which can be simultaneously stored in a quantum

memory. Quantum repeater protocols greatly benefit from a large multimode capacity,

as the ability to store N photons at the same time gives rise to an N -fold enhancement

of the rate at which entanglement is created between distant nodes [110]. More generally,

multimode capacity in any degree of freedom can enable multiplexing strategies which, as

discussed in Section 1.2.1, are pivotal for the scalability of QIP technologies [120].

1.4 Review of quantum memories

The burgeoning development of photonic QIP protocols has led to extensive research into a

wide variety of quantum memory schemes. Implemented in a range of different physical sys-

tems and media, these schemes tend to display somewhat obverse benefits and challenges.

While the categorisation of memories is at times fluid, one can group the most common

quantum memory approaches into adiabatic and photon-echo memories. The following over-

view is by no means exhaustive and will be restricted to ensemble-based memories. These

have the advantage that the probability that an incident light field fails to interact with the

atoms decreases exponentially with the number of atoms in the ensemble [121]. Moreover,

the practical realisation of ensemble memories tends to be less technically challenging.

However, despite the experimental complexities, quantum memory systems based on

single emitters have been the subject of pioneering work over the last few years. Some of

the earliest quantum memory proposals [66] were inspired by the strong light-matter coupling

that is possible by placing a single atom inside an optical cavity [122]. More recently, po-
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larisation storage of weak coherent states at the single-photon level has been demonstrated

with single rubidium atoms trapped inside high-finesse optical cavities [101]. Following on

from this work, two single-atom memories embedded in spatially separate traps were en-

tangled [123], thereby realising an elementary quantum network. Impressive studies have also

been conducted using systems of trapped ions [124–126] and single spins in solid-state imple-

mentations, including nitrogen-vacancy centres in diamond [127–130] and phosphorus donors

in silicon cystals [131] [132].

1.4.1 Optical delay lines

The most basic method of delaying an optical signal is to increase its path length using an

optical fibre [133] [134], a free-space delay line [135] or a high-finesse cavity [136] [103]. Fibre delays

typically lack tunability9 and are limited by high transmission losses of approximately 50%

over a propagation distance of 15 km [139], corresponding to a delay of approximately 72µs.

A more advanced version of a delay line based on a free-space optical loop was proposed in

reference [140]. A proof-of-principle experiment demonstrated that single-photon polarisation

qubits propagating inside the loop could be released after any number of round-trips via

high-speed electro-optic switching [32].

The use of high-Q optical cavities can be viewed as an extension of this approach. After

cycling back and forth between the cavity boundaries, the signal is retrieved using electro-

optical or non-linear methods [136]. Tanabe et al. demonstrated in 2007 that the Q-factor of

photonic crystal nanocavities can be dynamically tuned to provide controllable delays [141].

Light storage in optical cavities generally suffers from a trade-off between short cycle peri-

ods and long storage times [142]. Furthermore, intracavity losses severely limit the available

9Stimulated Brillouin scattering can be used to overcome this problem and allow tunable delays in optical
fibres [137] [138].
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time-bandwidth product [143]. Optical delay lines and cavities are therefore not compatible

with the particular requirements of long-distance quantum communication, although they

may prove suitable for on-demand single-photon sources.

1.4.2 Adiabatic memories

The inherent limitations of optical delay lines can be overcome by exploiting the coherent

interaction between optical fields and atomic systems.

Adiabatic quantum memories take advantage of a particular type of atomic energy-

level structure; the Λ-level configuration comprises two ground states coupled to a single

excited state. Direct transitions between the ground states are dipole-forbidden due to

angular momentum selection rules. Storage of a signal field is mediated via a strong control

field which dynamically modulates the coupling of the signal to the atomic system. A

key property of adiabatic memories is that the excited state is never populated during the

memory interaction. As a result, the stored signal cannot be lost to spontaneous emission.

Below we will consider two limiting cases of adiabatic memory; in the case of

electromagnetically induced transparency, the optical fields are tuned close to resonance

with the atomic transitions, whereas the Raman interaction describes the far-off-resonant

limit.

Electromagnetically Induced Transparency

Electromagnetically induced transparency (EIT) is a non-linear optical phenomenon by

which an optically thick medium is rendered transparent [144]. As pictured in Figure 1.3 (a),

the control field mixes states |2〉 and |3〉, producing the dressed states |±〉 = (|2〉 ± |3〉) /
√

2

(Figure 1.3 (b)). As a result, the absorption spectrum of a probe signal tuned to the
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|1〉 ↔ |2〉 transition exhibits a double-resonance feature. In fact a full analysis of the system’s

linear susceptibility χ reveals that the absorption of the probe field vanishes completely [145],

giving rise to a transparency window between the two resonance peaks, as shown in Figure

1.3 (c). This result is due to destructive interference between the probability amplitudes

associated with different transition pathways which are supported by the Λ-level structure,

e.g. |1〉 → |2〉 and |1〉 → |2〉 → |3〉 → |2〉 [53]. The width of the transparency window is

thereby determined by the Rabi frequency of the control field.

Figure 1.3: (a) EIT protocol: The signal and control fields interact with an atomic Λ-level system.
(b) The control field couples states |2〉 and |3〉, thus producing the dressed states |+〉 and |−〉. The
signal field is tuned in between these two dressed states. (c) Imaginary part of the linear susceptibility
as a function of detuning from the atomic resonance frequency with the control field off (red line)
and on (blue line), showing the transparency window at the centre of the double resonance feature.
(d) Real part of the susceptibility (same colour coding), showing large positive dispersion. Images
(c) and (d) are taken from reference [142].

According to the Kramers-Kronig relations [146], the reduction in absorption is accom-

panied by large positive dispersion, as shown in Figure 1.3 (d). A signal field tuned to the
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centre of the transparency window will therefore experience a sharp reduction in its group

velocity vg = dω/dk = c/ (n+ ωdn/dω), where n =
√

1 + Re(χ) [147]. As a result, the pulse

is spatially compressed until it completely fits inside the atomic ensemble.

In order to store the signal in the atomic medium, the control field, and hence the split-

ting of the dressed states, is adiabatically reduced to zero at which point the transparency

window collapses and the dispersion of the probe diverges (vg = 0). The quantum state of

the optical field is thereby reversibly mapped onto a collective ground state coherence of the

ensemble of M atoms. This can be expressed as

|Ψ〉 =
∑
j

ψje
i∆kzj |g1...sj ...gM 〉 , (1.3)

where zj is the position of the jth atom and ∆k is the difference between the wavevectors

of the control and signal fields [142]. The ground and storage states are denoted by g and s,

respectively. The amplitudes ψj quantify the interaction strength of the light field with the

jth atom within the ensemble. Upon retrieval, the signal field is re-accelerated by increasing

the control field until the signal emerges from the ensemble [53].

EIT memories were originally proposed by Fleischhauer and Lukin in 2000 [148] and have

since been implemented in a wide variety of storage media, including both cold and warm

atomic ensembles [149–151] and solid state systems [152] [153].

Record coherence times of several seconds were demonstrated in rare-earth doped

solids [154] [155] and remarkably high efficiencies of 78% have been achieved in cold atomic en-

sembles [156]. Furthermore, EIT memory for non-classical states of light has been shown with

single photons generated using DLCZ methods [157] [158]. Storage and retrieval of squeezed

vacuum states has also been observed [159–161]. In an impressive experiment conducted in
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2008, Choi et al. demonstrated for the first time the reversible mapping between an en-

tangled state of light and two separate quantum memories [162].

Both theoretical [163] [164] and experimental [165] [166] studies have shown that EIT storage

at the single-photon level suffers from background noise in the retrieved signal. This noise is

thought to be due to residual population in the storage state |3〉 which gives rise to scattered

thermal photons in the presence of the control field.

One of the requirements of EIT storage is that the spectrum of the signal pulse should

not be wider than the transparency window in order to avoid partial absorption. This width

is set by the available control field intensity which imposes a considerable constraint on the

signal bandwidth. EIT memories are therefore typically operated in the MHz regime [142]

which means that direct interfacing with single-photon sources is a significant challenge.

Raman memory

Raman scattering describes the inelastic scattering of light from an atom or molecule. Fol-

lowing theoretical predictions in the early 1920s [167], C. V. Raman – together with his collab-

orator K. S. Krishnan – made their eponymous discovery [168] in 1928 10. Raman scattering

would prove its pervasive relevance for many areas of physics and chemistry throughout

the last century, gaining particular momentum with the advent of the laser in the 1960s.

Ranging from spectroscopy and microscopy, over imaging and sensing to quantum optics,

the Raman effect has shown remarkable scope for diverse applications.

As a two-photon process, Raman scattering is second-order in the electric dipole interac-

tion [170]. If the frequency of the scattered photon is lower than the frequency of the absorbed

10In an extraordinary example of multiple discovery, two Soviet physicists – Grigory Landsberg and Leonid
Mandelstam – observed the same inelastic scattering effect [169], exactly a week before Raman reported to
have made his first observation. In recognition of this, Russian scientific literature ususally refers to the
phenomenon as combinatorial scattering.
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photon, the process is known as Stokes scattering. In the opposite case, an anti-Stokes

photon of higher energy is emitted.

In contrast to EIT, the Raman memory interaction couples signal and control fields which

are both far detuned from the excited state |2〉. Prior to storage, the atomic ensemble

is prepared in the ground state |1〉 via optical pumping. During the two-photon Raman

transition the signal field is absorbed into a virtual resonance created by the control field

and subsequently transferred to the storage state |3〉 via Raman scattering (see Figure 1.4).

The two-photon resonance condition requires that the signal and control frequencies differ

by an amount equal to the ground-state splitting of the atomic Λ-system [171–173].

Figure 1.4: The Raman memory interaction for (a) storage and (b) retrieval of a signal field with
frequency ωs, mediated via a strong control field (ωc), both of which are detuned by ∆ from the
excited state |2〉.

As with other ensemble-based memory schemes, the signal field is mapped onto a collect-

ive, delocalised atomic excitation, or spin wave, described by equation (1.3). Upon retrieval,

the interaction is reversed, i.e. re-application of the strong control pulse converts the spin

wave into an optical output signal. The spectral width of the virtual state is thereby set

by the bandwidth of the control pulse and only limited by the ground-state splitting of the

atomic system. In the case of alkali atoms this splitting is on the order of GHz. Unlike

protocols relying on EIT, the far off-resonant Raman memory is therefore capable of storing
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broadband – and temporally short – photons [174]. Assuming storage times on the order

of several hundred microseconds in hot alkali vapours [175], the time-bandwidth product of

Raman memories could potentially be as high as B = 1× 105. Even with currently achiev-

able storage times of a few microseconds11, B ∼ O(103) is sufficiently high to be useful for

temporal multiplexing applications.

A further advantage of the Raman memory is its insensitivity to inhomogeneous broaden-

ing, as the signal and control fields are detuned well beyond the Doppler-broadened linewidth

of the excited state. This feature makes the Raman memory ideal for room-temperature

operation which greatly simplifies practical implementations.

Finally, the far-off-resonant nature of the Raman interaction ensures that any portion

of the signal not successfully stored in the memory is transmitted through the ensemble

without being resonantly absorbed. As a result, the Raman memory behaves like a beam

splitter with a reflectivity determined by the storage efficiency. This will be examined more

rigorously in Section 2.2.4.

The Raman memory was first realised in warm caesium vapour using broadband pulses

with a bandwidth of 1.2 GHz [174]. A detailed overview of subsequent experiments will be

given in Section 3.2. The Raman memory has also been demonstrated with THz-bandwidth

pulses in hydrogen gas [176] and in the optical phonon modes of bulk diamond [177], although

storage times are limited to 1 ns and 3.5 ps, respectively. The latter implementation has

most recently been used to show room-temperature storage and retrieval of ultrafast, THz-

bandwidth heralded single photons [178]. However, the rapid decay of optical phonons limits

the memory lifetime to a ps-timescale which is prohibitively short for many applications.

11At present, the storage time is limited by magnetic dephasing of the spin coherence.
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1.4.3 Photon-echo memory

As an alternative approach to light storage, a class of quantum memories has evolved around

the concept of photon echoes. The phenomenon of spin rephasing was first discovered in

nuclear magnetic resonance by Erwin Hahn in 1950 [179]. The corresponding effect at op-

tical frequencies was initially demonstrated in two-pulse photon echo experiments [180]. An

ensemble of two-level atoms is prepared in a coherent superposition of ground and excited

states using a π/2-pulse. If the transition is inhomogeneously broadened, the initially aligned

dipoles will begin to precess at different rates, thereby dephasing the atomic coherence and

trapping the excitation inside the ensemble [142]. Application of a π-pulse inverts the atomic

populations so that the collective coherence will rephase after a time equal to the dephasing

time. Once all the dipoles have been realigned, the original signal is re-emitted as a photon

echo.

However, two-pulse photon echoes are not suitable as quantum memories, since the

optical inversion pulse used to induce rephasing can lead to spontaneous emission and amp-

lification12 [184] [185]. This problem can be circumvented by employing a non-optical method

of reversing the dephasing process of the atomic coherence via artificial control of the in-

homogeneous broadening. Several different protocols have been proposed to this end, in-

cluding controlled reversible inhomogeneous broadening, gradient echo memory and atomic

frequency combs.

Controlled Reversible Inhomogeneous Broadening and Gradient Echo Memory

Controlled reversible inhomogeneous broadening (CRIB) was first proposed by Moiseev et

al. in 2001 [186]. While the original proposal suggested a Doppler-broadened atomic vapour

12It has been shown that the noise generated by two-pulse photon echoes can be made useful in DLCZ-type
quantum repeater schemes [181–183].
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as the storage medium, most subsequent implementations have been made in solid-state

systems [117] [187–189]. By applying a spatially varying electric or magnetic field, the |1〉 ↔ |2〉

transition is inhomogeneously broadened across the entire ensemble, since atoms at different

locations exhibit different detunings [190]. After absorption of a signal pulse resonant with

the broadened transition, the collective atomic excitation can be expressed as

|Ψ〉 =
∑
j

ψje
−iδjteikzj |g1...ej ...gM 〉 , (1.4)

where δj is the detuning of the transition of atom j, e is the excited state and k denotes the

wavevector of the signal field [121].

As can be seen from equation (1.4), the initial phase alignment of the atomic dipoles

decays rapidly due to the different values of δj . By changing the polarity of the external

field gradient, the frequency detunings are reversed, i.e. δj → −δj . As a result, the dipoles

rephase and the signal is re-emitted in a time-reversal of the absorption process.

Figure 1.5: CRIB protocol with spin wave storage: (a) The signal field is resonantly absorbed
into the inhomogeneously broadened excited state and a strong control field transfers the excitation
to the storage state |3〉. (c) Retrieval: After re-application of the control field, the polarity of the
external field gradient is reversed and the stored signal is released as a photon echo.

With the addition of a dipole-decoupled storage state (labelled |3〉 in Figure 1.5), the

optical excitation can be mapped to a spin-wave coherence by applying a control pulse, once
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the signal field has been absorbed. Retrieval of the stored excitation is achieved by first

re-applying the control field, before reversing the field gradient.

The first experimental realisation of CRIB in a europium-doped Y2SiO5 crystal was

reported by Alexander et al. in 2006 [188]. Solid-state systems doped with rare-earth ions

are a particularly attractive choice for memory implementations, as they offer exceptionally

long coherence times [81] [191]. This is due to the unusual electronic structure of rare-earth

atoms; the optically active and tightly-bound valence 4fN electrons are shielded from the

environment by the outer 5s2 and 5p6 shells [185].

However, the difficulty of achieving high optical depths with a single absorption line has

meant that memory efficiencies for CRIB protocols are typically very low [192] [193].

A variant of CRIB is the gradient echo memory (GEM) which was proposed by Hetet

et al. in 2008 [189]. While the CRIB scheme described above employs transverse broadening

of the ensemble, GEM involves a monotonic field gradient applied parallel to the direction

of signal propagation. This was motivated by the discovery that a longitudinally broadened

ensemble could prevent re-absorption of the retrieved photons so that – in principle – perfect

read-out efficiencies could be achieved. In addition, GEM maps each frequency component

of the stored signal pulse to a distinct location along the ensemble axis, resulting in a

frequency-encoding memory as shown in Figure 1.6.

Following initial experiments in two-level rare-earth doped solids [194], a three-level ver-

sion known as Λ-GEM was realised in warm rubidium vapour [104] [195] with a total memory

efficiency of 87%, the highest value recorded to date [196]. Furthermore, storage of coherent

states at the single photon level has been demonstrated with a fidelity of 98% [98]. However,

true quantum storage of heralded single photons remains challenging due to the typically
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low memory bandwidths on the order of 1 MHz13.

Figure 1.6: GEM protocol: (a) An external field gradient is applied longitudinally along the
memory axis. (b) Reversal of the field gradient at a time t = T leads to re-emission of the signal at
t = 2T .

Atomic Frequency Comb

The atomic frequency comb (AFC) memory is largely based on the CRIB scheme, however

it requires the preparation of an ensemble with a large number of equally spaced absorption

lines. Afzelius et al. suggested that this comb-like absorption structure could be realised in

rare-earth-doped crystals which naturally exhibit a wide range of resonant frequencies due

to spatially varying frequency shifts within the host matrix [120]. The frequency comb can be

prepared via optical pumping in order to shelve atoms with resonant frequencies in between

the comb teeth, thereby removing these atoms from the memory process.

While the AFC storage process is similar to the CRIB protocol, the retrieval of the

photon echo occurs periodically without the need to reverse the detunings of the atoms.

This is due to the discrete spectral structure of the frequency comb which results in periodic

rephasings of the atomic spins with a periodicity of 2π/∆, where ∆ is the frequency spacing

of the comb teeth. The timing of the photon echo in a two-level system is therefore fixed

by the comb structure, unless the excitation can be transferred to a third storage state.

13The bandwidth of GEM protocols is set by the product of the applied field gradient and the length of
the ensemble. The bandwidth is therefore easily tunable, although it should be noted that for a given optical
depth, a trade-off exists between the bandwidth and the memory efficiency [98].
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Figure 1.7: Three-level AFC protocol: (a) A signal field with a bandwidth δ � ∆ is absorbed by
the absorption lines of the frequency comb and then mapped to the storage state |3〉. (b) Due to the
discrete spacing of comb teeth, photon echoes are released periodically at multiples of 2π/∆.

The first AFC memory for weak coherent states was demonstrated in neodynium-doped

YVO4
[197] and high efficiencies of up to 56% have since been achieved [198].

One of the key advantages of the AFC scheme is its high multimode capacity which scales

with the number of absorption peaks spanned by the signal bandwidth [120]. Simultaneous

storage of 1060 pulses as well as bandwidths of up to 5 GHz have been reported [199] [200].

Moreover, single-photon-level memory operation at telecommunication wavelengths [193],

storage of entangled photons [201] and heralded entanglement between two separate AFC

memories [202] have been demonstrated.

These experiments have so far been restricted to two-level AFC protocols without spin-

wave storage. In order to move beyond the limitations of pre-determined storage times

and enable on-demand retrieval, recent work has focused on demonstrating three-level AFC

memories [203] [204]. As illustrated in Figure 1.7, the initial excitation is reversibly mapped

onto a spin wave by applying a control pulse whose bandwidth spans the AFC width. After

a variable delay T , a second control pulse then returns the excitation to the frequency comb,

resulting in a photon echo at T + 2π/∆. While current memory efficiencies are still very

low (∼ 6%), there have been some encouraging improvements recently [205–207].
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1.5 Thesis outline

This thesis is concerned with two experimental realisations of the far-off-resonant Raman

memory, first in free space and then – in response to the results obtained – inside an optical

cavity. Below I will give an overview of the structure of my thesis and summarise the

contents of each chapter.

A theoretical description of the Raman memory will be given in the following chapter,

beginning with a derivation of the optical Bloch equations which govern the dynamics of the

atomic system. Based on these, we can develop a set of coupled equations of motion which

describe the memory interaction in the adiabatic regime. The optical and spin wave modes

coupled by this interaction are given by a linear mapping from which the optimal memory

parameters can be determined.

The remainder of this thesis is divided into two parts which appertain to the free-space

and cavity implementations of the Raman memory. The chapters in both parts follow a

chronological order, as the work presented in each builds upon and is motivated by preceding

results. Common to all is the overarching aim to realise a Raman memory capable of availing

quantum information tasks.

The experimental realisation of the Raman memory is detailed in Chapter 3, including

the memory medium, the optical set-up as well as the operating procedure. This is followed

by a summary of previous work, in particular the first demonstration of broadband coherent-

state storage, experiments at the single-photon level and the application of Raman memories

as dynamically configurable beam splitter networks.

Chapter 4 describes the high-fidelity storage of coherent polarisation states in two spa-

tially separate memory ensembles contained inside a dual-rail polarisation interferometer.
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Preservation of polarisation coherence is demonstrated by performing full process tomo-

graphy on the memory interaction.

Having so far examined the Raman memory with classical, coherent states of light, we

will next consider the storage of broadband heralded single photons generated from spontan-

eous parametric downconversion. Chapter 5 describes how a non-linear waveguide source of

heralded single photons is interfaced with the Raman memory to enable memory operation

conditional on detection of a herald photon. The photon number statistics of the retrieved

field are determined from second-order autocorrelation measurements and compared to those

obtained for coherent-state signal fields. However, the preservation of non-classical photon

statistics is impaired by the presence of four-wave mixing noise. The statistics of this noise

contribution can be modelled by taking into account the full coherent interaction of the off-

resonant optical fields and the spin wave excitation. An experimental investigation of the

noise process is then presented to further consolidate our understanding of the underlying

mechanism. The last part of Chapter 5 discusses the feasibility of different strategies for

reducing this source of noise with the aim of allowing Raman memories to be used in future

quantum information applications.

This analysis encourages us to depart from a free-space implementation and instead

consider memory operation inside a low-finesse optical cavity designed to suppress four-

wave mixing noise. Chapter 6 introduces the necessary formalism of input-output theory

and lays out the dynamical equations describing the cavity Raman memory interaction. This

is followed by a discussion of the cavity-induced enhancement of the coupling strength as

well as the heightened mode selectivity of the system. The latter half of Chapter 6 details

the design specifics of the cavity implementation. This entails geometrical requirements,

parameter optimisation and stability considerations.
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Finally, the experimental realisation of the cavity Raman memory is presented in

Chapter 7, including a description of all optical components, as well as the cavity sta-

bilisation method and memory operation. Storage and retrieval of weak coherent states is

demonstrated for the first time and suppression of four-wave mixing noise is characterised

with the present cavity design.



Chapter 2
Theoretical overview of the Raman memory

“The miracle of the appropriateness of the language

of mathematics for the formulation of the laws of

physics is a wonderful gift which we neither

understand nor deserve.”

Eugene Wigner

The theory of the Raman memory interaction was first laid out by Kozhekin et al. [173]

and subsequently extended by Gorshkov [208] and Nunn in 2007 [170]. The following overview,

which is based on [170], begins with a descripton of the Hamiltonian for the interaction

between a weak signal field and a system of Λ-level atoms in the presence of a strong control

beam.

The Λ-level structure consists of two dipole-decoupled ground states, labelled |1〉 and

|3〉, which are connected via a single excited state |2〉. This simple configuration is at the

very core of a rich variety of non-linear optical phenomena, including electromagnetically-

induced transparency [144] [145], coherent population trapping [209] [210] and stimulated Raman

adiabatic passage (STIRAP) [211] [212], to name but a few. STIRAP describes a method of

32
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coherently transferring population between the ground states |1〉 and |3〉 and the physics of

this process is remarkably pertinent to both Raman and EIT memories [213].

Once we have found an expression for the light-matter Hamiltonian, we can establish

the dynamical equations which govern the atomic evolution. The propagation of the signal

field through the atomic ensemble can be determined from Maxwell’s equations. By defining

continous atomic operators for the atomic polarisation and spin wave, we finally arrive at

the equations of motion which describe the macroscopic behaviour of the Raman memory.

2.1 Equations of motion

2.1.1 The light-matter Hamiltonian

The complete Hamiltonian of the light-matter system can be written as the sum of three

separate contributions,

Ĥ = ĤA + ĤL + ĤED, (2.1)

where ĤA is the Hamiltonian for the bare atom, ĤL is the free-field Hamiltonian and ĤED

is the electric dipole Hamiltonian.

The first of these, the Hamiltonian for the bare atom, can be diagonalised by expressing

ĤA in terms of its eigenstates |1〉, |2〉 and |3〉,

ĤA =
∑
j

~ωj |j〉 〈j| =
∑
j

~ωj σ̂jj , (2.2)

where ωj is the resonant frequency of the eigenstate |j〉. This is known as second quantisation
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of the atomic Hamiltonian [214] and can be derived by applying the closure theorem [215]

∑
j

|j〉 〈j| = 1 (2.3)

twice to the eigenvalue equation ĤA |i〉 = ~ωi |i〉, giving

ĤA =
∑
j

|j〉 〈j| ĤA

∑
k

|k〉 〈k| . (2.4)

Using the orthonormality condition for the eigenstates 〈j| ĤA |k〉 = ~ωjδjk, equation (2.4)

reduces to (2.2), where σ̂jk = |j〉 〈k| is the atomic ‘flip’ operator, also known as the transition

or projection operator [216]. This nomenclature arises from the fact that application of σ̂jk

projects an atomic state |k〉 onto the orthonormal state |j〉, since

σ̂jk |l〉 = |j〉 〈k|l〉 = |j〉 δkl = |j〉 if k = l . (2.5)

It is straightforward to verify that the flip operators satisfy the following relations:

σ̂ij σ̂kl = σ̂ilδjk and σ̂†jk = σ̂kj . (2.6)

The free-field, or radiative Hamiltonian ĤL describes excitations of the electromagnetic

field and is given by

ĤL =

∫ ∞
0

dω~ωâ†(ω)â(ω). (2.7)

Here, the zero-point energy has been ignored and the annihilation operator â(ω) for a photon
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with frequency ω satisfies the bosonic commutation relation

[â(ω), â†(ω′)] = δ(ω − ω′). (2.8)

The final contribution to the total Hamiltonian stems from the electric-dipole interaction

described by HED = −eD̂ · Ê, where Ê is the electric field operator and D̂ represents the

dipole operator. We shall see in Section 2.1.3 that this expression is the result of the electric

dipole approximation.

2.1.2 Optical fields

The bright control field with frequency ωc can be expressed classically as

Ec(t, z) = vcEc(t, z)e
iωc(t−z/c) + c.c., (2.9)

where t− z/c is the retarded time in a moving frame of reference and vc is the polarisation

vector of the control field. For the purpose of this analysis, the slowly varying amplitude

Ec(t, z) is confined to one-dimensional propagation. The one-dimensional model is valid

for beams of low divergence whose transverse profile can be treated as approximately con-

stant [47]. This greatly simplifies the following derivation1.

Unlike the control field, the weak signal may in principle be a non-classical state which

requires a quantum mechanical treatment. Expressed in terms of the annihilation operator

â(ω, t), it is given by

Ês(z, t) = ivs

∫
dωg(ω)â(ω, t)e−iωz/c + h.c., (2.10)

1An extension of this model to three dimensions has been developed in reference [217].
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where vs is the signal polarisation vector and g(ω) =
√

~ω/4πε0cA is the signal mode

amplitude with transverse mode area A. Note that we have included the time dependence

of the operators in the Heisenberg picture. Assuming that the spectral width of the signal

pulse is small compared to its central frequency ωs, we can neglect the frequency dependence

of the mode amplitude and re-write the signal as

Ês(z) = ivsgsŜ(t, z)eiωs(t−z/c) + h.c. (2.11)

Here, gs =
√

2πg(ωs) and Ŝ is the annihilation operator in the time domain which can be

identified as the mode amplitude of the signal:

Ŝ(t, z) = e−iωs(t−z/c) × 1√
2π

∫
dωâ(ω, t)e−iωz/c. (2.12)

Equation (2.12) makes use of the slowly varying envelope (SVE) approximation, accord-

ing to which the signal propagation is determined by the slow temporal evolution of S, while

the exponential factor represents the rapidly oscillating carrier wave.

Furthermore, we will assume that the signal propagates along the z-axis with negligible

divergence, provided that the transverse spatial profile of S is large compared to the signal

wavelength. This is known as the paraxial approximation.

2.1.3 The dipole interaction

The potential energy of an atom with valence electron at re and charge density σ(r) =

−eδ (r− re) in an electric field E (r) is given by

VE = −
∫
drP (r) ·E (r) , (2.13)
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where the polarisation P (r) is related to the charge density via σ(r) = −∇ ·P (r) [216].

We can re-write equation (2.13) in terms of a Taylor expansion of the electric field vector,

VE = e

{
1 +

1

2!
re · ∇+

1

3!
(re · ∇)2 + ...

}
re ·E(0). (2.14)

This expression makes explicit the contributions to the potential energy VE from multiple

moments of the charge distribution [216]. In the electric dipole approximation, only the first of

these terms – the dipole moment – is retained. This approximation is valid if the wavelength

of the electromagnetic radiation is large compared to the size of the atom. It can be shown

that higher-order multipole contributions to the potential energy are smaller than the electric

dipole energy by factors of the fine structure constant α� 1 and can therefore be dropped2.

Hence, we arrive at the electric dipole interaction Hamiltonian HED = −eD̂ · Ê, in-

troduced in Section 2.1.1. The dipole operator D̂ can be expressed in terms of its matrix

elements djk as

D̂ =
∑
j,k

〈j| D̂ |k〉 σ̂jk =
∑
j,k

djkσ̂jk. (2.15)

Since the electric dipole interaction has odd parity, only off-diagonal elements of the dipole

operator are non-zero [216]. We can further simplify equation (2.15) by requiring that trans-

itions between the two ground states |1〉 and |3〉 are dipole-forbidden. The dipole operator

is then given by

D̂ = d12σ̂12 + d23σ̂23 + h.c. (2.16)

2By retaining higher-order terms in the multipole expansion of the electric field, one can derive the more
complete Power-Zienau-Woolley Hamiltonian [216].
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2.1.4 Optical Bloch equations

Having determined the light-matter Hamiltonian, we can now use the Heisenberg equation

of motion to determine the temporal evolution of the atomic flip operators. We first note

that these commute with the free-field Hamiltonian;

∂tσ̂jk = i[σ̂jk, ĤA + ĤL + ĤED] = i[σ̂jk, ĤA + ĤED] (2.17)

Using the properties of the flip operators, (2.17) yields a set of coupled equations which

describe the dynamics of the atomic populations σ̂jj and atomic coherences σ̂jk (j 6= k), i.e.

∂tσ̂11 = −iÊ · (d12σ̂12 − h.c.)

∂tσ̂33 = iÊ · (d23σ̂23 − h.c.)

∂tσ̂12 = iω21σ̂12 − iÊ · [d∗12(σ̂11 − σ̂22) + d23σ̂13]

∂tσ̂13 = iω31σ̂13 − iÊ · [d∗23σ̂12 − d∗12σ̂23]

∂tσ̂23 = iω32σ̂23 − iÊ · [d∗23(σ̂22 − σ̂33)− d12σ̂13],

(2.18)

where ωjk = ωj−ωk is the difference in resonance frequency between the eigenstates |j〉 and

|k〉. An additional constraint is imposed by the normalisation condition σ̂11 + σ̂22 + σ̂33 = 1;

hence, ∂tσ̂22 = −∂t(σ̂11 + σ̂33).

A number of approximations can be applied to simplify these equations. First of all, the

atomic populations can be assumed to be constant in time, provided that the number of

atoms far exceeds the number of photons stored in the memory3. We will therefore replace

the operators σ̂jj with their expectation values, i.e. σ̂11 → 1 and σ̂22, σ̂33 → 0.

The atomic coherences can be expressed in the rotating frame through the following

3Typically, the number of atoms in the ensemble is on the order of O(1012).
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transformation:

σ̃jk = σ̂jke
iωjkτ , (2.19)

where τ = t − z/c is the retarded time. From here on, operators in the rotating frame

will be marked with a tilde4. Inserting the expression for the electric field Ê into the

equations of motion reveals terms which oscillate rapidly at frequencies given by the sum of

the optical and resonant frequencies. Using the rotating-wave approximation, these terms

can be neglected if the detuning ∆ of the signal and control fields from the excited state |2〉

is sufficiently small compared to the optical frequencies.

For the time being, we will also neglect any coupling of the signal field to the |2〉 ↔ |3〉

transition as well as coupling of the control field to the |1〉 ↔ |2〉 transition. The latter

process generates spontaneous anti-Stokes scattering and a spurious contribution to the

σ13-coherence which is uncorrelated with the signal field. The resulting four-wave mixing

process is a significant source of noise during the memory interaction and will be treated

thoroughly in Chapter 5.

Finally, only terms which are linear both in the signal field Ŝ and the coherences σ̃jk will

be considered, while all second-order perturbative corrections to the dynamical equations

are neglected [170]. We therefore arrive at the following set of equations:

∂tσ̃12 = d∗12 · vsgsŜe−i∆τ − id23 · vcEce−i∆τ σ̃13

∂tσ̃13 = −id∗23 · v∗cE∗c ei∆τ σ̃12

(2.20)

These equations clearly elucidate the dynamics of the memory process; the signal field

Ŝ directly excites the coherence σ̃12 which is in turn coupled to the ground-state coherence

4We will omit the hat from our operator notation when expressed in the rotating frame.
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σ̃13, i.e. the spin-wave excitation between states |1〉 and |3〉, as introduced in Chapter 1.

2.1.5 Signal field propagation

From Maxwell’s equations we can derive the wave equation for the propagation of the signal

field Ês through the atomic ensemble which acts as a dielectric medium in the presence of

the signal: [
∇2 − 1

c2
∂2
t

]
Ês = µ0∂

2
t P̂s. (2.21)

Here, P̂s is the dipole moment per unit volume, or polarisation density, which acts as a

source for the signal field and oscillates at the signal frequency ωs. We will only consider

this component of the total polarisation density, since we can assume that the propagation

of the strong control field is unaffected by the interaction with the atomic medium. P̂s can

be re-written in terms of the slowly varying atomic polarisation P̂s = P̃se
iωsτ .

Inserting the expression for the signal field into the wave equation and applying the

paraxial and SVE approximations gives

[
∇2
⊥ + ∂2

z −
1

c2
∂2
t

] [
ivsgsŜe

iωs(t−z/c)
]

= µ0∂
2
t P̃se

iωs(t−z/c), (2.22)

where, for the sake of completeness, we have included the transverse Laplacian5 ∇2
⊥ =

∂2
x + ∂2

y . This expression can be simplified to

(
i

2ks
∇2
⊥ + ∂z +

1

c
∂t

)
Ŝ = − µ0ω

2
s

2gsks
v∗s · P̃s, (2.23)

where ks = ωs/c and we have again made use of the SVE approximation.

5In our one-dimensional propagation model the term involving the transverse Laplacian will be set to
zero.
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2.1.6 Raman memory equations of motion

We now define the collective polarisation operator P and the spin wave operator B by

summing the contributions to the coherences σjk across the atomic ensemble:

P =
1√
nδV

∑
β(r)

σ̃β12e
i∆τ

B =
1√
nδV

∑
β(r)

σ̃β13,

(2.24)

where n is the number density of the atomic ensemble and the index β runs over all atoms

within the small volume δV at position r.

In the continuum limit δV → 0, these operators satisfy bosonic commutation relations

and can be understood as annihilation operators for the atomic polarisation and the spin

wave coherence [170], respectively:

[
P (z, t), P †(z′, t′)

]
= δ(z − z′)[

B(z, t), B†(z′, t′)
]

= δ(z − z′).
(2.25)

The use of creation and annihilation operators in the description of the spin coherence

is based on the Holstein-Primakhoff approximation [218] [219]. Substituting P and B into the

dynamical equations (2.20) and the propagation equation (2.23), yields the following set of

equations of motion for the memory:

(
i

2ks
∇2
⊥ + ∂z +

1

c
∂t

)
S = −κ∗P

∂tP = i∆P + κS − iΩB

∂tB = −iΩ∗P,

(2.26)
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where Ω is the Rabi frequency of the control field, defined as

Ω =
d23 · vc

~
Ec (2.27)

and the coupling constant κ is given by

κ =
d∗12 · vs

~
×
√
ngs =

d∗12 · vs
~

√
~ωsn
2ε0c

. (2.28)

Notice that κ incorporates the factor
√
n which accounts for the collective enhancement of

the atom-field coupling in an ensemble of atoms [53].

So far we have not considered any decay processes affecting the atomic polarisation and

the spin wave coherence, such as spontaneous emission from the excited state or collisional

de-phasing. These can be incorporated as follows:

(
i

2ks
∆2
⊥ + ∂z +

1

c
∂t

)
S = −κ∗P

∂tP = −γP + i∆P + κS − iΩB

∂tB = −γBB − iΩ∗P,

(2.29)

where γ is the rate of spontaneous emission and γB is the rate at which the spin wave

decoheres.

It shoud be noted that the Langevin noise operators, which describe independent fluctu-

ations of P and B while preserving bosonic commutation relations, have not been included6.

This is justified given that these are initially in the vacuum state so that the expectation

6The introduction of δ-correlated Langevin noise operators in the dynamical equations for P and B
is necessary when including dissipative processes. The expectation value of normally ordered products of
these operators is of the form 〈F †(t, z)F (t′, z′)〉 = 2γn× δ(t− t′)δ(z − z′), where n is the initial number of
excitations. Since n = 0, we can therefore neglect the Langevin noise terms when dealing with the normally
ordered products P †P and B†B.
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value of terms involving normally ordered products of the Langevin operators are equal to

zero [170].

2.2 The Raman memory interaction

In order to solve the system of partial differential equations more readily we will further

simplify our model by restricting the following treatment to a single dimension, thus allowing

us to drop the transverse Laplacian. Re-writing the equations in terms of the retarded time

τ = t− z/c and defining the complex detuning Γ = γ − i∆ gives

∂zS(z, τ) = −κ∗P (z, τ)

∂τP (z, τ) = −ΓP (z, τ) + κS(z, τ)− iΩ(τ)B(z, τ)

∂τB(z, τ) = −iΩ∗(τ)P (z, τ),

(2.30)

where the time-dependence of the Rabi frequency Ω(τ) accounts for the temporal profile

of the control field. In the last of these equations, we have also dropped the decay term

γBB, since decoherence of the spin wave is negligible on timescales of the storage interaction.

However, spin wave decay should be taken into account when modelling the retrieval process

after some storage time Ts (see Section 2.2.1). As we shall see in Section 3.2.2, this is

particularly significant if Ts exceeds a few tens of ns.

2.2.1 Storage and retrieval

Having established a linear set of equations for the atomic coherences, we are now in a

position to find expressions for S, P and B. This can be achieved by determining the

Green’s function K(z, τ) which relates the initial input signal field Sin(τ) = S(z = 0, τ)
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and the output spin wave Bout(z) = B(z, τ → ∞) via a linear transformation. K(z, τ) is

the integral kernel of the linear map S → B and contains complete information about the

storage interaction:

Bout(z) =

∞∫
−∞

dτK(z, τ)Sin(τ). (2.31)

A similar linear map Kret connects the output field Sout(τ), retrieved after a storage

time Ts, to the stored spin wave Bin(z) = ηTBout(z), where ηT represents the decay of the

spin wave coherence over a time Ts. Note that in this notation Bout(z) denotes the spin

wave at the end of the read-in interaction, while Bin(z) refers to the spin wave at the start of

the read-out interaction (see Figure 2.1 below for a graphical illustration of this notation).

Hence,

Sout(τ) =

L∫
0

dzKret(z, τ)Bin(z), (2.32)

where L is the length of the ensemble. Finally, the overall memory operation of storage

followed by retrieval can be described by the linear mapping

Sout(z) =

∞∫
−∞

dτ ′Ktot(τ, τ
′)Sin(τ ′). (2.33)

The efficiency of the storage interaction can be expressed as the ratio of the number of

spin wave excitations to the number of input photons, ηstor = NB/NS,in, where

NS,in =

∞∫
−∞

dτS†in(τ)Sin(τ) and NB =

∞∫
−∞

dzB†out(z)Bout(z). (2.34)

Likewise, the total memory efficiency is given by the ratio ηtot = NS,out/NS,in where the
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number of output photons NS,out is equal to

NS,out =

∞∫
−∞

dτS†out(τ)Sout(τ). (2.35)

The optimal storage efficiency ηopt as well as the optimal temporal input mode can be

computed numerically by performing a singular value decomposition (SVD) of K(z, τ) [170].

Setting NS = 1, it can be shown that ηopt is given by the square of the largest singular value

of K(z, τ).

Initially, the atomic ensemble is prepared in one of the ground states, i.e. 〈σ11〉 =

1, 〈σ22〉 = 〈σ33〉 = 0, so that P and B are zero prior to the storage interaction,

Pin(z) = P (z, τ → −∞) = 0

Bin(z) = B(z, τ → −∞) = 0.

(2.36)

Spontaneous emission from the excited state |2〉 limits the maximally achievable storage

efficiency, even if unlimited control field energy were available. In order to determine this

upper bound we ignore any coupling to the storage state |3〉 and simply solve the dynamical

equation for P . For optimal storage we then assume perfect transfer between the atomic

polarisation and the spin coherence (Pout → Bout). After Fourier-transforming the variables

from z-space into k-space and re-normalising the coordinates7 we arrive at the following

map:

B̃out(k) =

∞∫
−∞

dτK̃(k, τs − τ)Sin(τ), (2.37)

where τs denotes the end of the storage interaction. The dimensionless Green’s function is

7It is convenient to normalise the space and time coordinates in units of the ensemble length L and the
spontaneous decay rate γ, respectively.
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given by

K̃(k, τ) =
i
√
d

k
√

2π
e−i(1+id/k)τ , (2.38)

where κ is assumed to be real, d = |κ|2L/γ is the resonant optical depth and L is the length

of the atomic ensemble. This expression for K̃ demonstrates that the optimal storage

efficiency depends solely on the optical depth d which parametrises the resonant optical

coupling. Experimentally, d is a measure of the fractional change in intensity of resonant

monochromatic radiation passing through a partially transparent medium, i.e. Iout/Iin =

e−2d. Gorshkov et al. interpreted the above result by noting that the branching ratio between

absorption and spontaneous emission is set by the optical depth which therefore determines

the optimal storage efficiency [208].

2.2.2 Adiabatic limit

In the adiabatic regime the detuning ∆ is much larger than the Rabi frequency Ω as well as

the bandwidth of the pulses. In this limit the excited state can be adiabatically eliminated

by setting ∂tP = 0. Solving for P and substituting the result into the remaining dynamical

equations gives, in normalised units,

(
∂z +

d

Γ

)
S = i

Ω
√
d

Γ
B(

∂τ +
|Ω|2

Γ

)
B = −i

Ω∗
√
d

Γ
S.

(2.39)

In the adiabatic limit of large detunings, the Green’s function reduces to K(z, ω) =

CJ0(2C
√
ωz), where the Raman coupling constant C is defined as

C =

√
Wd

|Γ|
≈
√
Wd

∆
. (2.40)
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We have also introduced the normalised integrated Rabi frequency ω(τ) = 1
W

τ∫
−∞

dτ |Ω(τ)|2,

where the normalisation W is given by W =
∞∫
−∞

dτ |Ω(τ)|2. As before, the time-dependent

Rabi frequency Ω(τ) describes the temporal profile of the control field and J0 is a zero’th

order Bessel function of the first kind.

The dimensionless coupling constant C is a measure for the strength of the memory

interaction and uniquely determines the storage efficiency in the Raman limit ∆� γ where

spontaneous emission can be neglected. Achieving sufficient coupling through a combination

of large optical depth and high control pulse energy is therefore key to realising a strong

memory interaction.

In the adiabatic limit we can find analytic expressions for the stored spin wave excitation

Bout and the retrieved signal Sout, i.e.

Bout(z) =

∞∫
−∞

f(τ)J0

(
2C
√

(1− ω(τ))z
)
Sin(τ)dτ

Sout(τ) = f∗(τ)

1∫
0

J0

(
2C
√
ω(τ)(1− z)

)
Bout(z)dz,

(2.41)

where f(τ) = CeiWω(τ)/∆Ω(τ)/
√
W is the normalised Stark-shifted Rabi frequency. Note

that the normalised z-coordinate has been scaled by the ensemble length L so that the

integral in the second of these equation is bounded by z = 0 and z = 1.

According to equation (2.35), the total memory efficiency can then be determined from

ηmem =
NS,out

NS,in
=

∞∫
−∞
|Sout(τ)|2dτ

∞∫
−∞
|Sin(τ)|2dτ

=

∞∫
−∞

∣∣∣∣∣∣
1∫

0

J0

(
2C
√
ω(τ)(1− z)

)
f∗(τ)Bout(z)dz

∣∣∣∣∣∣
2

dτ.

(2.42)
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2.2.3 Raman memory coupling

The energy of the control pulse can be approximated as Ec = IcATc where Ic = 1
2ε0c×|2Ec|

2,

A is the cross-sectional area of the beam and Tc is the pulse duration. The peak control

Rabi frequency Ωmax can then be expressed in terms of Ec:

Ωmax ≈
d23 · vc

~
×

√
Ec

2ε0cATc
. (2.43)

If we approximate the shape of the control pulse as a top-hat function, the Raman coupling

constant can be re-written as

C2 ≈ Tcdγ ×
(

Ωmax

∆

)2

. (2.44)

The optimal storage efficiency – predicted from the SVD of K(z, ω) in the Raman limit –

rises sharply for small values of C, but plateaus for C ∼ 2. This saturation effect is a result

of stimulated scattering which becomes significant in the strong coupling regime [170].

The ability to store multiple longitudinal modes in the Raman memory depends on the

singular values λk of K(z, ω), i.e. the kth mode can be stored with a maximum efficiency

of ηk = |λk|2. The multimode capacity N , however, only scales with the square root of the

optical depth d so that for reasonable coupling strengths of C ≈ 1, the Raman memory is

essentially single-mode [121]. The origin of this scaling can be identified as the scaling of the

absorption bandwidth of an ensemble of 2-level atoms, each with a Lorentzian lineshape. It

is in fact far more advantageous to store multiple input modes in spatially separate atomic

ensembles, since in this case the multimode capacity scales linearly with d.
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2.2.4 Beam splitter interaction

One of the distinguishing features of the Raman memory is the fact that its failure mode is

transmission, i.e. any portion of the incident signal not mapped onto a spin wave coherence

is transmitted through the ensemble, as the signal frequency is too far detuned from the

atomic resonances to experience linear absorption. The memory can indeed be thought of

as a beam splitter for optical and material modes. This analogy can be made rigorous in the

Raman limit ∆� γ by defining a new set of variables σ and β and making the coordinate

transformation (τ, z)→ (ω, z):

σ(z, ω)e−(Wω+dz)/Γ =
√
W
S(z, τ)

Ω(τ)

β(z, ω)e−(Wω+dz)/Γ = B(z, τ).

(2.45)

This transformation is unitary provided that Γ ≈ −i∆ is purely imaginary. The equations

of motion (2.39) can now be simplified to the following symmetric set of coupled equations:

∂zσ = −Cβ

∂ωβ = Cσ.

(2.46)

The above equations are very similar to the quantum mechanical description of an optical

beam splitter, except that the partial derivatives are with respect to both temporal and

spatial coordinates. This is indicative of the presence of propagating optical modes and

stationary material modes.
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The solutions to these equations can be expressed in terms of Green’s functions as

σout(ω) =

1∫
0

L(ω, ω′)σin(ω′)dω′ −
1∫

0

K(ω, z)βin(z)dz

βout(z) =

1∫
0

L(z, z′)βin(z′)dz′ +

1∫
0

K(z, ω)σin(ω)dω,

(2.47)

where the Green’s functions K and L relate the input signal to the stored excitation and

the transmitted signal to the input field, respectively8.

From the coupled equations (2.46) it can be seen that ∂z(σ
†σ)+∂ω(β†β) = 0. Integrating

over z and ω gives the following conservation condition for the number of excitations involved

in the memory interaction:

Nσ,out +Nβ,out = Nσ,in +Nβ,in, (2.48)

where Nσ,in/Nσ,out are the numbers of incident/transmitted signal photons and Nβ,in/Nβ,out

are the numbers of initial/final spin wave excitations. This conservation law is based on

the assumption of unitarity which is a good approximation in the Raman limit, provided

that spontaneous emission can be neglected. Equation (2.48) further emphasises the analogy

between the Raman memory and a beam splitter which is subject to a conservation condition

of the same form9.

As a result of the unitarity of the above equations (and the persymmetry of the Green’s

functions), the SVDs of K and L share a common set of output modes and the squares

of their singular values µj and λj add to unity. This is known as the Bloch Messiah

8Due to the symmetry between σ and β in the adiabatic equations of motion (2.46), we only require two
distinct Green’s functions K and L.

9Energy conservation between the input and output modes of a beam splitter ensures that photon numbers
are preserved during the interaction.
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Reduction [220–222]. The Raman memory in the adiabatic limit is therefore formally equi-

valent to a light-matter beam splitter, described by

Sout,j = µjSin,j + λjBin,j

Bout,j = µjBin,j − λjSin,j ,

(2.49)

where Sin/out,j and Bin/out,j are the annihilation operators for a photon and spin wave

excitation in the jth input/output mode, respectively. The efficiencies, with which the jth

input mode is coupled to the jth output mode is given by the quasi-reflectivity ηj = λ2
j . Using

the relations in (2.49), the Raman interaction for storage and retrieval can be illustrated

pictorially as a system of two coupled beam splitters, as shown in Figure 2.1. Here, the spin

wave output mode Bout(t1) from a storage event at t1 becomes the input spin wave mode

Bin(t2) for the retrieval interaction, provided that decoherence can be ignored on timescales

of the storage time (t2 − t1).

Figure 2.1: The Raman memory interaction as a beam splitter for optical and spin wave modes
Sin/out and Bin/out, respectively. Ideally, Bin(t1) during read-in is the vacuum contribution, likewise
Sin(t2) during read-out. The storage and retrieval efficiencies are given by ηin and ηout.

The above discussion points towards an interesting application of Raman memories as

systems which combine storage and beam splitter capabilities. By adjusting the storage
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efficiency via the control pulse energy, one can furthermore realise a beam splitter with

tunable reflectivity. This may be of particular interest in linear optical quantum comput-

ing architectures where beam splitters are one of the key components. An experimental

demonstration of the Raman memory acting as a dynamically configurable network of beam

splitters was reported in [223], the results of which will be presented in Section 3.2.3.

2.3 Summary of Raman memory theory

By deriving an expression for the light-matter Hamiltonian, we have found a set of op-

tical Bloch equations which describe the temporal evolution of the atomic populations and

coherences in the rotating-wave approximation. Furthermore, we derived the propagation

equation of the signal field using the paraxial and slowly-varying-amplitude approximations.

Having defined continuous operators for the atomic polarisation and the collective spin wave

coherence, we then arrived at a set of dynamical equations for the memory interaction.

The solutions to the memory equations of motion are given by a linear mapping, represen-

ted by a Green’s function which relates input and output modes via a linear transformation.

The shape of the optimal input mode and the associated memory efficiency can then be

determined by performing an SVD of the Green’s function. Moreover, the strength of the

Raman interaction can be parametrised by the coupling constant C ≈
√
Wd/∆.

Finally, we have shown that the Raman memory – in the adiabatic limit – acts as a light-

matter beam splitter coupling optical and material modes with a quasi-reflectivity given by

the memory efficiency. Having established a theoretical framework for the Raman memory,

we will next consider its experimental realisation in a warm ensemble of caesium atoms.



Chapter 3
The Raman memory experiment

“C.V. Raman was the first to recognize and

demonstrate that the energy of a photon can

undergo partial transformation within matter. I still

recall vividly the deep impression that this discovery

made on all of us...”

Albert Einstein

Since its first experimental demonstration in 2009 [174], the Raman memory has been

successively refined, adapted and re-examined, ranging from incremental improvements in

the experimental design to novel realisations in different systems. Most recently, the Raman

memory has been successfully implemented in a 26-µm hollow-core photonic crystal fibre,

paving the way for a fully integratable system [224] [225]. This experiment was conducted

by Michael Sprague as part of his PhD thesis, and is presently being led by PhD student

Krzysztof Kaczmarek. Details of this work can be found in reference [143].

53
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3.1 Experimental setup

In the first part of this chapter, I will describe the core components of the experimental

architecture, including the memory vapour cell, the preparation of the optical fields and the

filtering and detection stages, as well as the basic experimental procedure. I will then give

a brief overview of previously obtained results; in particular the initial demonstration of

storage and retrieval of coherent states of light [174], followed by experiments at the single-

photon level [226] and finally, the application of Raman memories as arrays of configurable

beam splitters [223].

3.1.1 Storage medium

The Raman interaction was implemented in the Λ-system of the caesium (133Cs) D2 line at

852 nm, shown in Figure 3.1 (a). The F = 3 and 4 states of the 62S1/2 ground-level hyperfine

manifold serve as the initial and storage states, |1〉 and |3〉, respectively. These states, known

as the caesium clock states1, are dipole-decoupled [228] and separated in frequency by 9.2 GHz

due to the strong magnetic dipole coupling between the nuclear and electronic spins. The

ground states are connected – via the D2 line – to the upper 62P3/2 manifold which comprises

the four hyperfine states F = 2, 3, 4 and 5. These states, each separated by approximately

200 MHz [229], are not resolved in our memory experiments due to Doppler broadening at

room temperature. We will therefore treat the excited state hyperfine manifold as the single

excited state |2〉, as shown in Figure 3.1 (b).

Caesium was chosen as the storage medium, since it is the largest stable element in the

group of alkali metals and thus has the longest diffusion time. Atomic diffusion determines

the time it takes the atoms to escape the interaction region set by the optical beam diameter

1The duration of the second is defined in terms of the hyperfine splitting of the clock states [227].
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Figure 3.1: (a) Hyperfine structure of the caesium D2 line (not to scale). The frequency splittings
of the excited state are taken from [230]. (b) Level diagram of the Raman memory. Signal and control
fields are detuned by ∆ from the excited state |2〉. The system is prepared in state |1〉 via optical
pumping on the |2〉 ↔ |3〉 transition.

and is one of the main decoherence mechanisms in vapour memories [174] [175]. In order to

extend the diffusion time and thus the storage time, neon buffer gas was added to the cell.

Collisions with neon atoms are spin-preserving and therefore do not affect the hyperfine

Raman coherence, since no magnetic dipole interaction can occur between the caesium and

neon nuclei2. These collisions result in a random walk of the caesium atoms so that, for

a typical beam diameter of 500 µm, the diffusion time is on the order of several hundred

microsceconds [170].

A further reason for the choice of caesium is the fact that its ground state hyperfine

splitting of 9.2 GHz is the largest of the alkali metals. This splitting sets an upper limit

on the possible memory bandwidth, since the signal and control pulses should not be so

broadband as to address both the initial state and the storage state simultaneously.

The interaction strength of the Raman memory, as with other ensemble-based memories,

is generally limited by the optical depth d, introduced in Section 2.2.1. By substituting the

2This is due to the fact that neon has zero spin and is therefore not associated with a magnetic moment.
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definition of the coupling constant κ, the optical depth can be re-expressed in terms of the

number density n(T ) of the atomic ensemble,

d =
|κ|2L
γ

=
|d∗12 · vs|2ωsL

2γε0~c
n(T ). (3.1)

The temperature-dependent number density can be found from the empirical vapour-

pressure model given in reference [229], using the ideal gas law n(T ) = Pv(T )V/RT . The

optical depth d is therefore directly proportional to the caesium vapour pressure in thermal

equilibrium. In order to increase the vapour pressure and thus the strength of the light-

matter interaction, the caesium cell was heated to a temperature of 70◦C. While higher tem-

peratures would further increase the optical depth, this would also reduce the optical pump-

ing efficiency. This trade-off is the result of a phenomenon known as radiation trapping [231]

which describes the re-absorption of photons spontaneously emitted when atoms in the

excited state relax to one of the ground states.

The caesium vapour, together with 20 Torr of neon buffer gas, was contained inside a

cylindrical glass cell of length 7.5 cm and with anti-reflection-coated windows (Triad Tech-

nologies). The temperature of the cell was adjusted using an ohmic heating system of

counter-wound wires which cancel magnetic fields arising from the heating current. Tem-

perature regulation was implemented via a simple feedback mechanism using temperature

sensors attached to various parts of the glass cell. In order to avoid condensation of caesium

atoms on the cell windows, a cold spot was applied to a glass protrusion at the centre of the

cell. This was achieved by directing room-temperature pressurised air onto the protrusion

and ensuring that its temperature was a few degrees lower than at the windows.

The caesium cell was surrounded with a single layer of µ-metal to provide magnetic
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shielding and extend the storage time to the µs-regime. A de-Gaussing coil wrapped around

the entire cell set-up was periodically used to minimise any residual magnetism.

3.1.2 Laser system

The control and signal pulses were both derived from a mode-locked Tsunami titanium-

sapphire (Ti:Sa) laser which produced an 80-MHz train of pulses with a centre wavelength

of 852 nm and a maximum output power of 1.5 W. The Ti:Sa laser was pumped with a

5-W frequency-doubled, continuous wave solid state laser (Millenia Pro) at 532 nm. An

intracavity Gires-Tournois interferometer (GTI)3 was used to limit the pulse bandwidth to a

FWHM of approximately 1.2 GHz, corresponding to a pulse duration of 360 ps. In addition,

the laser frequency could be fine-tuned over a few tens of GHz by changing the free spectral

range of the GTI. Coarse adjustment of the Ti:Sa frequency was achieved via a birefringent

filter in the laser cavity.

3.1.3 Frequency lock

The frequency of the Ti:Sa was locked with respect to a frequency-stabilised diode laser

which was also used for optically pumping the caesium atoms (see Section 3.1.5). Low-

intensity pick-offs from the Ti:Sa oscillator as well as the diode laser were coupled into a

scanning Fabry-Perot interferometer (SFPI). A frequency-offset lock, designed and imple-

mented by Michael Sprague [143], was used to actively stabilise the difference between the

centre frequency of the Ti:Sa pulse and the diode frequency, as measured with the SFPI

3A GTI is a type of asymmetric Fabry-Perot etalon with one high-reflectivity surface, while the other
surface is a partial reflector. It is used to provide negative group velocity dispersion (GVD) to compensate
for the positive chirp of the oscillating pulse which results from the positive GVD of the intracavity optical
components, in combination with self-phase modulation. By adjusting the spacing between the GTI plates,
one can change the amount of negative GVD provided, as well as the range of frequencies over which the
GVD is linear. The pulse bandwidth, for which lasing can occur, is therefore limited by the free spectral
range (FSR) of the GTI.
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(Thorlabs SA210-8B). This involved the application of a PID feedback signal to the piezo-

electric driver which controls the GTI plate separation inside the Ti:Sa cavity. A data

acquisition card (National Instruments PCI-6602) was used to generate this voltage signal

and digitise the SFPI output. The PID input and output channels were controlled via a

Labview program interfaced with MATLAB code which generated the error signal and feed-

back response. In order to lock the Ti:Sa frequency, the GTI voltage was initially swept

over multiples of the SFPI free spectral range until both caesium resonances were identified

by observing fluorescence emission from a reference cell. The Ti:Sa was then set to the same

frequency as the diode laser which was locked to the 62S1/2(F = 3) ↔ 62P3/2 transition

(see Section 3.1.5). The feedback mechanism was engaged with a setpoint corresponding

to zero offset, before changing the detuning to the desired value. This stabilised the Ti:Sa

frequency to within approximately 100 MHz.

3.1.4 Signal and control field preparation

The signal and control fields were blue-detuned by 15 GHz from the excited state manifold.

This detuning was chosen as it is sufficiently large to avoid linear absorption of the signal

pulse, while also ensuring that the memory is operated in the adiabatic regime where ∆�

δ,Ω. Detuning the signal and control even further would, however, reduce the Raman

coupling strength which is inversely proportional to the square of the detuning, as discussed

in Section 2.2.2.

A Pockels cell (Quantum Technology QC) was used to set two pulse windows with which

individual pulses for the storage and retrieval processes could be selected. A Pockels cell

can be thought of as a voltage-controlled wave plate which can be used as an amplitude

modulator when placed between two crossed polarisers. Only pulses whose polarisation has
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been rotated by 90◦ are able to pass the second polariser. In order to achieve a full π-phase

modulation, the Pockels cell was set up in a double-pass configuration. Rapid switching

of the Pockels cell was possible with a rise time of < 1 ns. The timing and separation of

the two Pockels cell windows were controlled by a digital delay generator (SRS DG535),

synchronised to an 80-MHz timing trigger from the Ti:Sa oscillator. The repetition rate of

the Pockels cell was set by dividing the 80-MHz pulse train by a variable factor, resulting

in a repetition rate between 1 and 8 kHz. The extinction ratio between picked pulses and

leakage was measured to be approximately 4000:1.

Pulse picking with the Pockels cell ensured that the signal and control fields were not

present during the preparation and storage stages of the experiment. A single Pockels cell

window would only allow storage and retrieval in consecutive time bins, thereby limiting

the storage time to 12.5 ns. In order to increase the storage time beyond 12.5 ns, the size

of the first window was reduced to select just a single write pulse, while the second window

was used to delay the read pulses by up to several microseconds. The minimum window

separation possible without degradation of the extinction ratio was approximately 100 ns.

As shown in Figure 3.2, the Ti:Sa beam was separated on a polarising beam splitter

(PBS) into a strong, horizontally polarised control field arm and a weak signal field arm

with vertical polarisation. The two-photon resonance condition of the Raman interaction

requires that the frequencies of the control and signal beams are separated by the hyperfine

splitting of the ground states |1〉 and |3〉. This was achieved with an electro-optic modulator

(EOM) in the signal arm, generating sidebands shifted by 9.2 GHz from the fundamental

laser frequency4. The red-detuned sideband corresponds to the signal frequency and was

isolated from the other frequencies using an air-spaced planar Fabry-Perot etalon with a free

4Typical modulation efficiencies are on the order of a few percent.
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spectral range (FSR) of 36.8 GHz. The FWHM of the etalon’s transmission function was

matched to the bandwidth of the laser pulse, resulting in a finesse of 24.5. By angle-tuning

the etalon, the carrier frequency and the blue-detuned sideband could be attenuated by

∼ 10−2 relative to the signal frequency.

Figure 3.2: Experimental set-up of the Raman memory: Both the signal and control fields derive
from a mode-locked Ti:Sa laser, producing 360-ps pulses at a repetition rate of 80 MHz. A Pockels
cell was used to select pulses for storage and retrieval with a variable time delay. The signal field,
red-detuned by 9.2 GHz from the control field, was generated using an eletro-optic modulator (EOM)
driven by a 9.2 GHz radio-frequency (RF) amplifier. Both the carrier frequency and the blue-detuned
sideband were filtered using Fabry-Perot etalons (FSR 36.8 GHz). The signal and control pulses were
overlapped on a polarising beam splitter (PBS) and focused into the caesium cell. The signal field
was filtered with a polariser and three further etalons (FSR 18 GHz) and detected using a fast non-
Geiger-mode APD. The optical pumping beam (ECDL) was introduced in a counter-propagating
direction.

In order to ensure that only a single input signal was incident on the memory for each

experimental cycle, the EOM was only switched on for the duration of the first read-in time

bin. This was achieved with a fast RF switch which allowed switching times of approxim-

ately 3 - 4 ns. However, due to the finite response time of the EOM, a small residual signal
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remained in the second time bin. When evaluating the memory performance for storage

times of 12.5 ns, this residual was subtracted from the retrieved signal, so as not to over-

estimate the retrieval efficiency. The selection of signal and control pulses from the Ti:Sa

pulse train is illustrated schematically in Figure 3.3.

Figure 3.3: A Pockels cell is used to select two pulse windows with variable delay from the 80-MHz
train of Ti:Sa pulses. The signal pulse is prepared in the first time bin of Window 1 by switching
the EOM. For storage and retrieval with non-consecutive control pulses, the size of the first window
is reduced to pick a single write pulse.

The signal and control pulses were then recombined on a PBS and focused into the

caesium cell. By introducing a suitable delay in the control field arm, the write pulse was

temporally overlapped with the signal pulse to ensure optimal Raman coupling. This delay

was set by maximising the interference visibility of pulses propagating along the signal

and control beam paths using a polariser and a photodiode sufficiently slow to average the

interference signal5.

The spatial overlap between signal and control modes was optimised by placing a flip

mirror immediately before the memory cell. The diverted beams were then directed onto a

beam splitter and imaged using two Thorlabs CMOS cameras positioned at either output

port of the beam splitter. The distance between the flip mirror and the cameras was chosen

5The interference experiment was conducted by sending pulses of the same frequency along the signal and
control arms. The response time of the photodiode was chosen to be large relative to the pulse duration.
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such that the position of one camera corresponded to the front facet of the memory cell,

while the other was equidistant from the centre of the interaction region. The pointing of

the control field was then adjusted to overlap with the image of the signal beam on both

cameras. This method ensured that the spatial overlap – a critical factor determining the

memory efficiency – could be optimised in a repeatable manner6.

3.1.5 Optical pumping

Prior to any storage process, the atomic ensemble was prepared in the initial ground state |1〉

(F=4 of the 62S1/2 manifold) by optically pumping the atoms with an external cavity diode

laser (ECDL) tuned into resonance with the 62S1/2(F = 3) ↔ 62P3/2 transition (see Figure

3.1 (b)). At room temperature, the two hyperfine ground states are equally populated,

since their energy splitting EHFS � kBT where kB is Boltzmann’s constant and T is the

temperature. After excitation from the F = 3 ground state to the excited state, the atoms

decay back to either ground state via spontaneous emission. With each cycle of excitation

and decay, 50% of the population in the F = 3 state is transferred to the F = 4 state so

that eventually, after multiples of the excited-state lifetime (τD2 ≈ 30 ns [229]), all atoms are

spin-polarised.

The ECDL was directed into the caesium cell via the PBS used to separate the signal

and control field polarisations immediately behind the vapour cell, as illustrated in Figure

3.2. By choosing a counter-propagating direction, the probability of detecting any residual

ECDL noise was significantly reduced. For storage times exceeding 12.5 ns, it was necessary

to switch off the diode laser during memory operation in order to avoid depletion of the

6When aligning the signal and control fields, the Ti:Sa was tuned to the signal frequency and the EOM
was switched off so that the bright, unmodulated carrier component could be used instead of the weak
sideband.
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stored excitation. This was done by passing the ECDL through an acousto-optic modulator

(AOM) so that its first diffraction order could be used as the pump beam. The AOM was

then periodically switched off prior to each repetition of the memory cycle by synchronising

the AOM-switch with the Pockels cell trigger using a digital delay generator.

The ECDL was set up in the well-known Littrow configuration [232] [233]; the first diffrac-

tion order of an external grating (1800/mm) was coupled back into the laser diode, thereby

providing frequency-selective optical feedback. The zeroth diffraction order was reflected

out of the external cavity and used as the output beam. Precise frequency tuning could be

achieved by adjusting the diode current as well as the piezo-electrically-controlled angle of

the grating with respect to the cavity axis. The frequency of the diode laser was tuned to

the 62S1/2(F = 3) ↔ 62P3/2 transition by sweeping the diode current and grating angle,

while observing resonant fluorescence in a caesium reference cell. The diode frequency was

locked to this resonance by actively stabilising the driving current and grating angle via PID

feedback [234] [235]. The error signal was obtained from the Doppler-free absorption spectrum

of a second caesium reference cell.

3.1.6 Filtering and detection

A crucial part of observing memory operation, especially at low signal photon numbers,

is the extinction of the control field via polarisation, spatial and frequency filtering. The

ability to do the former is a direct consequence of the fact that linearly polarised signal and

control modes are only coupled by the Raman interaction if they are orthogonal to each

other. In Section 4.1.1 we will examine this orthogonality condition more closely.

Polarisation filtering was achieved with a polarising beam splitter as well as a polarising

beam displacer placed directly behind the memory cell. These provided an extinction ratio
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of > 40 dB. The signal was then coupled into a single-mode fibre in order to ensure optimal

spatial filtering. The remaining control field was further attenuated with a series of air-

spaced Fabry-Perot etalons, angle-tuned for maximum transmission of the signal frequency.

Three etalons, each with an FSR of 18.4 GHz and an extinction ratio of 10−2, were used to

frequency-filter bright coherent input states of several thousand photons. For input signals

at the single-photon level, it was necessary to add a further etalon (FSR = 103 GHz) in a

double-pass configuration in order to achieve a sufficient degree of filtering (see Section 5.2.1).

In the case of bright coherent input states, the signal was detected with a high-sensitivity

avalanche photodiode (Menlo Systems APD210) connected to a GHz-bandwidth oscilloscope

(LeCroy WavePro 7100). For single-photon level measurements, the filtered signal – coupled

into a multimode fibre – was detected using a single-photon counting module (PerkinElmer

SPCM-AQRH-R-FC) operating in Geiger mode. Detection events were counted with a

Xilinx field-programmable gate array (FPGA), developed by PhD student Justin Spring [236].

In addition, arrival time histograms were recorded with a time-to-amplitude converter (TAC)

and a multi-channel analyser (MCA).

The average number of signal photons incident on the memory could be estimated by

correcting the number of detection events Ndet for all transmission losses Ttot between the

front of the vapour cell and the detector, and for the APD detection efficiency ηdet =

0.45± 0.05. Hence, the estimated input photon number Nin is given by

Nin =
Ndet

Ttot · ηdet
. (3.2)

Here, we have defined the total transmission Ttot = TSMF ·TETL ·TMMF, where TSMF ≈ 70%

is the coupling efficiency into the single-mode fibre, TETL ≈ 10% is the total transmission
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through the series of etalons and TMMF ≈ 90% is the coupling efficiency into the final

multimode fibre.

3.2 Previous results

The first experimental realisation of the Raman memory was demonstrated in 2009 by PhD

student Klaus Reim. In the following sections, I will briefly outline some of the key results

of this pioneering investigation.

3.2.1 Storage of bright coherent states

The Raman memory was initially tested using bright coherent signal pulses of approximately

105 photons for a storage time of 12.5 ns and with a total efficiency of up to 15% [174]. On

this timescale, the spin wave excitation is unaffected by decoherence mechanisms so that

the memory efficiency can be taken as a direct indicator of the intrinsic Raman coupling

strength. The dependence of the total memory efficiency on the control pulse energy was

measured and compared to theoretical predictions based on equation (2.42), as shown in

Figure 3.4.
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Figure 3.4: a Experimental data for storage and retrieval after 12.5 ns as a function of control pulse
energy [174]. b Temporal profile of the retrieved signal with a FWHM of 1 ns, limited by the detector
response time. c Storage efficiency. d Total memory efficiency. Experimental data is shown in black
with error bars indicating the standard deviation from a set of 100 sample measurements. Solid lines
represent the theoretically predicted dependence of the efficiency on the control field energy.

The storage and retrieval efficiencies, ηstor and ηretr, were limited by the available control

pulse energy of ∼ 10 nJ. In principle, forward retrieval places an upper bound on ηretr due

to re-absorption of the retrieved signal field, as it propagates through the atomic ensemble.

Optimal read-out can indeed only be achieved through backward retrieval which maximises

the spatial overlap between the spin wave generated during storage and the spin wave

mode for which the retrieval process is optimised7. However, unless the frequencies of the

signal and control fields are identical, the spin wave acquires a spatially varying phase

which imposes a non-collinear phase-matching condition. In order to ensure momentum

conservation during read-out, phase-matched backward retrieval therefore requires a small

angle between the signal and control beam directions [237].

The phase coherence of the memory interaction was tested by interfering the retrieved

pulse with a delayed copy of the original signal in a Mach-Zender-type interferometer, yield-

ing a corrected fringe visibility8 of 82.7± 0.9%, as shown in Figure 3.5.

7In the case of forward retrieval, the spin wave mode corresponding to optimised storage is poorly over-
lapped with the optimal spin wave mode for retrieval [237].

8The visibility has been normalised by the visibility of the interferometer to correct for imperfect alignment
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Figure 3.5: Interference of stored and retrieved signals, measured by scanning the delay of a copy
of the input signal [174]. The data (blue circles) is fitted with a least-square fit (red line), giving a
visibility of 82.7± 0.9%.

This value is consistent with the maximum visibility predicted from a theoretical model

which takes into account the expected pulse distortion of the retrieved signal field due to

the A.C. Stark shift arising from the strong control field [226].

3.2.2 Storage at the single-photon level

Following these initial results, storage and retrieval of weak coherent light pulses at the

single-photon level was demonstrated for storage times of up to 4 µs and with a total

efficiency of 30% [226]. Figure 3.6 shows the memory data for an input signal of 1.6 photons

per pulse. The retrieved signal field is followed by an exponentially decreasing tail which

can be attributed to fluorescence noise from the excited state manifold. This is the result

of the collision-induced excitation of atoms from the ground state to the excited state in

the presence of the control field. The decay time of τ ∼ 32± 2 ns, determined from a least-

squares fit of the exponential tail (red curve), is in good agreement with the excited state

lifetime of the caesium D2 62S1/2 → 62P3/2 transition (30.4 ns) [229] [238]. As this timescale

is two orders of magnitude longer than the duration of the retrieval process, fluorescence

and phase fluctuations.
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noise could be easily removed by time-gating the detection.

Figure 3.6: a Storage and retrieval after 780 ns [226]. Inset: Detail of the retrieved signal, showing
an exponentially decreasing tail due to fluorescence noise. b Read-in time bin. c Read-out time
bin. TAC histograms, accumulated over 360000 runs, show the incident signal in the absence of the
control field (green), the transmitted/retrieved signal (blue) and noise (red).

In addition to fluorescence noise, an instantaneous noise contribution was measured in

the absence of the signal field. This unconditional noise floor of 0.25 photons per pulse can be

ascribed to a four-wave mixing process seeded by spontaneous anti-Stokes scattering [239] [240].

A detailed discussion of this noise source will be presented in Section 5.4.

The memory lifetime was extended to approximately 1.5 µs by adding µ-metal magnetic

shielding around the vapour cell, thus reducing the effects of spin wave dephasing caused by

residual magnetic fields. Nevertheless, it is understood that magnetic dephasing remains the

dominant limitation on the memory lifetime, since decoherence as a result of atomic diffusion

is expected to occur on timescales of hundreds of microseconds [175]. The measurements

of memory efficiency as a function of storage time (Figure 3.7) can be compared to the

predictions of a simple model which I will describe below.
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Figure 3.7: Memory efficiency as a function of storage time [226]. Experimental data is shown in
blue, with error bars representing the standard deviation of the mean. The solid line is the theoretical
prediction based on magnetic dephasing of the spin wave (see below).

Magnetic dephasing

Magnetic dephasing can be modelled by considering the phase accumulated by each Zeeman

state |Fj ,mj〉 due to Larmor precession of the atomic spins under the influence of a static

magnetic field. To see this, we introduce the spin wave operator Ξ = αI + βΣ where I is

the identity operator. The transition operator Σ is given by

Σ =

Fi∑
mi=−Fi

Ff∑
mf=−Ff

C(mi,mf ) |Fi,mi〉 〈Ff ,mf | . (3.3)

where C(mi,mf ) is the coupling coefficient between the initial and final Zeeman states,

|Fi,mi〉 and |Ff ,mf 〉, respectively.

Larmor precession in the presence of a magnetic field B can be described by the operator
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U = R†ER, where

R =

Fi∑
mi=−Fi

ei(Yi sinφ−Xi cosφ)θ |Fi,mi〉 〈Fi,mi|

+

Ff∑
mf=−Ff

ei(Yf sinφ−Xf cosφ)θ |Ff ,mf 〉 〈Ff ,mf |

(3.4)

rotates the quantisation axis onto the direction of the magnetic field, parametrised by the

azimuthal angles (θ, φ) and

E =

Fi∑
mi=−Fi

eimigiµBBt |Fi,mi〉 〈Fi,mi|

+

Ff∑
mf=−Ff

eimfgfµBBt |Ff ,mf 〉 〈Ff ,mf |

(3.5)

accounts for the phase accumulation of each Zeeman level. Here, Xi,f and Yi,f are the x and

y components of the spin angular momentum operators and gi,f are the Landé g-factors for

the states Fi,f .

The retrieval efficiency as a function of storage time η(t) is proportional to the square of

the expectation value of Σ and can be expressed as a sum of contributions from each initial

Zeeman state,

η ∝
Fi∑

mi=−Fi

pmi | 〈Fi,mi|U †ΣUΣ† |Fi,mi〉 |2 (3.6)

where pmi = 1/(2Fi + 1). The efficiency η(t), multiplied by a scaling factor, is plotted in

Figure 3.7 together with the experimental data from which the magnetic field B = 0.13±0.05

Gauss can be determined using a least-squares fit. This value is consistent with a small

residual component arising from the earth’s magnetic field.

In principle, the spin coherence should undergo periodic rephasings in the presence of a
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homogeneous magnetic field due to the discrete number of Zeeman states. However, since

the earth’s magnetic field is very weak, the rephasing time Trephase ∼ 1/|Bearth| is signi-

ficantly longer than the timescales of inhomogeneous decoherence mechanisms, including

atomic collisions and diffusion. By applying a sufficiently strong external magnetic field,

Trephase can be reduced to ∼ 10µs, thus allowing magnetic rephasing of the spin wave to be

observed. This has been demonstrated experimentally by Klaus Reim [241]. While further

investigation of the rephasing effect will be necessary, it may provide an interesting route

towards extending the memory lifetime.

3.2.3 Multi-pulse addressing

As outlined in Section 2.2.4, the Raman interaction can be reduced to a sum of independ-

ent beam splitter transformations via the Bloch-Messiah reduction [172], provided that the

detuning of the optical fields is sufficiently large to validate the Raman approximation.

In this limit, spontaneous emission can be neglected and the light-matter interaction be-

comes unitary [170]. The lack of resonant absorption ensures that unstored signal photons are

transmitted through the memory medium without attenuation. Similarly, the stored spin

wave excitation is preserved on timescales short compared to the decoherence time, since no

population is transferred to the excited state. This beam-splitter functionality was tested

experimentally by converting the Raman memory into an array of dynamically configurable

beam splitters [223].

Following intitial signal storage, the memory was addressed with a train of multiple

control pulses, selected with the second window of the Pockels cell. The remaining signal

could then be read out over multiple control pulses, yielding an overall retrieval efficiency

arbitrarily close to unity.
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Figure 3.8: Multi-pulse retrieval [223]. The control pulses for (a) storage (b)-(e) retrieval over up
to four consecutive time bins are shown in blue (middle panel). Red lines correspond to transmit-
ted/retrieved signal pulses and thick grey lines show the theoretical prediction (Note that the signal
retrieved after quadruple read-out is too weak to be distinguished from noise.). The top panel shows
the corresponding beam splitter networks for successive memory interactions coupling optical and
spin wave modes.

The results are plotted in Figure 3.8, showing multiple retrieval of the spin wave with

up to four consecutive control pulses, alongside the analogous beam splitter networks. The

combined retrieval efficiency of these four read-out events was approximately 95%. This

value agrees with the theoretically predictied efficiencies in each read-out bin, as determined

from the model developed in Section 2.2.2. It should be noted that in the case of multi-pulse

retrieval, the shape of the control read pulse Ω(τ) is given by a train of pulses. The temporal

profiles Sin and Ω(τ) were determined experimentally in order to solve the retrieval mapping

Bin → Sout, given by equation (2.32)9.

As discussed in Section 2.2.4, a set of optical and spin wave modes, independently

coupled by effective beam splitter interactions, can be found by performing an SVD of the

Green’s function K. The reflectivity of each of these interactions is thereby determined by

the control field energy. This was tested by adjusting the Pockels cell timing in order to

9For a storage time of T = 900 ns, the decoherence of the spin wave was accounted for by setting ηT = 0.7.
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vary the energy in each control pulse of the read sequence. In this manner, the distribution

of the retrieved signal over multiple temporal modes could be dynamically adjusted, as

shown in Figure 3.9. The ability to manipulate partial storage and retrieval highlights the

configurability of the Raman memory beam splitter network.

Figure 3.9: Shaped retrieval (colour coding as in Figure 3.8). (a) Storage event. (b) Balanced
retrieval achieved by adjusting the pulse energies of the control field. (c) Pyramidal retrieval. (d)
Phase coherence measurement. Bottom panel: Constructive (red) and destructive (grey) interference
between two pulse trains retrieved from independent memories. Top panel: Experimental layout.
See Section 4.2 for a detailed description.

Finally, the phase coherence of the Raman interaction across multiple time bins was

confirmed by interfering the retrieved signals from two independent memories contained

within a polarisation interferometer. The results are presented in Figure 3.9 (d), showing

almost perfect destructive interference in all read-out time bins.

The polarisation interferometer depicted in the top panel of Figure 3.9 (d) will be dis-

cussed in more detail in the next chapter, where we will examine the ability of the Raman

memory to preserve the phase coherence of arbitrary polarisation states of light.



Chapter 4
Polarisation storage

Photonic qubits can be encoded in several different degrees of freedom of the electromagnetic

field, including photon number [242–244], spatial mode [245], time bin [246] [247], frequency [248]

and polarisation [249]. The polarisation degree of freedom in particular allows qubits to be

transmitted in a single spatial and temporal mode. Experimentally, polarisation-encoded

photonic qubits provide a convenient choice, since polarisation states can be easily prepared,

manipulated and analysed [250].

The faithful storage and retrieval of polarisation-encoded information is a key require-

ment for realising a scalable photonic network with polarisation qubits. In the following

chapter, we will examine the Raman memory’s ability to preserve the polarisation state of

a stored signal using weak coherent states as inputs.

The experimental design of the polarisation memory is based on initial work by Klaus

Reim, as described in his PhD thesis [241]. My contribution consisted in performing the

subsequent experiments presented below, alongside PhD students Duncan England and

Patrick Michelberger.
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4.1 Storage of polarisation states

As discussed in Section 2.2.3, the Raman memory is essentially a single-mode memory [121]

which can only efficiently store one polarisation mode per spin wave1. It is therefore not

possible to store polarisation-encoded information in a single Raman memory.

The Raman interaction is in fact polarisation-sensitive, i.e. signal and control fields are

only coupled by the interaction if they have orthogonal linear polarisations or the same

circular polarisation [170]. This condition will be derived in the following section.

4.1.1 Polarisation selection rules

In order to understand the polarisation selectivity of the Raman interaction, we need to

consider the selection rules determining the allowed transitions between the initial atomic

state |Fi,mi〉 and the final state |Ff ,mf 〉, via an intermediate state |Fm,mm〉 from the 6P3/2

manifold (see Figure 3.1). As each photon only carries one quantum of angular momentum,

only the two central hyperfine states F = 3 and F = 4 can act as intermediate states.

In the absence of a magnetic field, the magnetic quantum numbers m of the (2F +

1) Zeeman sublevels can be defined in terms of angular momentum projections along an

arbitrary quantisation axis, here taken to be the z-axis. A field polarised linearly along this

quantisation axis, known as π-polarised light, cannot induce a change in magnetic quantum

number (∆m = 0). This can be verified by integrating the angular part of the dipole matrix

element for an electric field directed along the z-axis and noting the cylindrical symmetry

of this integral. Indeed, the emergence of polarisation selection rules can be understood as

a consequence of symmetry considerations [251].

1In principle, the number of modes which can be effectively stored in the memory is given by the number
of non-negligible singular values in the SVD of K(z, τ).
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For a π-polarised control field the possible intermediate states of the Raman interaction

are therefore restricted to |Fm = 3,mm〉 and |Fm = 4,mm〉. In this case the emitted field

cannot be π-polarised as well, since the transition pathways via the two intermediate states

with Fm = 3 and Fm = 4 interfere destructively2. This can be shown by evaluating the

corresponding scattering amplitude Aππ:

Aππ(Fi,mi) =
∑

Fm=3,4

d(J = 1/2, Fi,mi → J = 3/2, Fm,mm = mi)

× d(J = 3/2, Fm,mm = mi → J = 1/2, Ff 6= Fi,mf = mi) = 0

(4.1)

where the dipole matrix elements d can be determined from the Clebsch-Gordan coefficients.

Hence, a vertically polarised signal field can only be stored using a horizontally polarised

control field, or vice versa.

A similar argument shows that for circularly polarised fields propagating along the z-axis,

the scattering amplitude is only non-zero if both the signal and control fields are either σ+- or

σ−-polarised. Here, the selection rule for the magnetic quantum number is ∆m = ±1, again

for reasons of symmetry [251]. As we will see in Section 5.6.2, this unfortunately precludes

the ability to suppress noise emission during memory operation using polarisation selection

rules.

4.2 The polarisation interferometer

Because of the polarisation selectivity as well as the single-mode nature of the Raman

memory, polarisation storage could only be achieved by decomposing the input state into

its orthogonally polarised components. Each of these components was then mapped onto a

2This result assumes that the detuning ∆ of the optical fields is large compared to the splitting of the
intermediate excited states.
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separate atomic ensemble. The resulting two independent memories were contained within

the same caesium cell and addressed with collinear, orthogonally polarised signal and control

fields in a passively stable interferometric set-up [252] [249], known as a Jamin-Lebedev-type

interferometer. The vapour cell was placed in between two polarising beam displacers (PBD)

which deflect only the horizontally polarised component of the incident light, with a polar-

isation extinction of approximately 10−5. As a result, orthogonally polarised components

emerge as two parallel output beams, spatially separated by 8 mm. The geometry of this

dual-rail polarisation memory is shown in Fig. 4.1.

Figure 4.1: Polarisation interferometer: Storage of an arbitrary input state is achieved by mapping
the horizontally and vertically polarised components of the signal field onto separate ensembles within
the same vapour cell.

The input signal was prepared in an arbitrary polarisation state cos θ |H〉+ eiφ sin θ |V 〉

using a PBS, followed by a λ/2 and a λ/4 waveplate in front of the PBD set-up. Both the

control field and pump beam were split into horizontally and vertically polarised compon-
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ents which were directed into the memory such that each component overlapped with an

orthogonally polarised signal field arm.

This configuration establishes two parallel memory arms for the independent storage of

horizontally and vertically polarised signals. A λ/2 waveplate after the first PBD was set to

rotate each polarisation by 90◦ such that the signal beams from both memory arms would

recombine when exiting the second PBD, while the control field paths would be spatially

separated. Subsequent polarisation analysis of the combined signal was performed using

calibrated λ/2 and λ/4 waveplates as well as a Glan-Laser polariser aligned parallel with

the preparation PBS.

4.3 Quantum process tomography

In order to characterise the dynamics of the memory interaction fully, we can use the polar-

isation interferometer described above to perform a procedure known as quantum process

tomography (QPT) on the system [253–255]. A quantum process is a completely positive map

relating the density matrices ρin and ρout of the initial and final states, i.e.

ρout =
∑
m,n

χmnΓmρinΓn (4.2)

where χmn is the process matrix which is positive Hermitian [3]. The set of operators

Γm form a complete orthonormal basis for the space of density matrices and for single

qubit tomography it is convenient to express Γm in the Pauli basis, i.e. Γ0,1,2,3 ={
I/
√

2, X/
√

2, Y/
√

2, Z/
√

2
}

. QPT is used to reconstruct the process matrix χmn which

contains complete information about the dynamics of the system.

The density matrix ρ of a single qubit can be expanded in terms of the orthonormal
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basis set as

ρ =
tr(ρ)I + tr(Xρ)X + tr(Y ρ)Y + tr(Zρ)Z

2
, (4.3)

where quantities of the form tr(Xρ) are equal to the expectation value of the observable

X. By measuring X a large number of times, m, with outcomes x1, x2, x3, ..., xm, we can

obtain an estimate of the expectation value, given by the average
∑

i xi/m. Similarly,

estimates of Y and Z can be determined through repeated measurement. If the sample size

is sufficiently large, we can use these averages to obtain a good estimate of ρ via a process

known as quantum state tomography (QST) [3].

We are now in a position to characterise the quantum process (4.2) by choosing a set of

input states and performing QST on each of the output states. Provided the input states

form a complete basis set spanning the input Hilbert space [253], these measurements contain

all accessible information about the quantum process. Hence, QPT allows the prediction of

ρout for an arbitrary input state.

In order to quantify the effect of the memory interaction on the stored state, the process

matrix χ is determined for two experimental conditions; χon corresponds to the memory

being ‘switched on’ in the presence of the control field, while χoff is obtained when the con-

trol field is blocked. The process fidelity F =
(
tr
√√

χonχoff
√
χon

)2
can then be computed

to characterise the memory performance in terms of the overlap between the stored and

retrieved quantum states [102]. A fidelity of F = 1 corresponds to an ideal memory process

which exactly returns the original state and is equivalent to the identity operation. In con-

trast, F < 1 indicates that the input state has been altered during the memory interaction.

The process fidelity can therefore be understood as a measure of the memory’s ability to

preserve the coherence of the stored polarisation state.
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As discussed in the previous chapter, potential sources of decoherence include magnetic

dephasing, collisional spin-flips and atomic diffusion out of the interaction region.

4.4 Experimental procedure

Process tomography (PT)3 can be performed by preparing the signal field in a set of

polarisation states which span the Poincaré sphere and form a mutually unbiased bases

(MUB) [256–258]. Since any arbitrary polarisation state can be constructed from these MUB

states, it is sufficient4 to demonstrate storage and retrieval of these states in order to verify

full polarisation storage [259]. The output state for each of the prepared input polarisations is

then analysed by projective measurements along the chosen set of states. This is equivalent

to performing state tomography for each input polarisation. From these measurements, the

process matrix can then be reconstructed through maximum likelihood estimation [260] [261].

In practice, process tomography is commonly performed with an overcomplete set of six

polarisation states, as this redundancy tends to add robustness to the estimation method.

Hence, the input signal was sequentially prepared in |H〉, |V 〉, |D〉 = 1√
2
(|H〉 + |V 〉),

|A〉 = 1√
2
(|H〉 − |V 〉), |R〉 = 1√

2
(|H〉 − i |V 〉), |L〉 = 1√

2
(|H〉+ i |V 〉), where |H〉 and |V 〉 are

the horizontal and vertical polarisation states, respectively. The resulting set of 36 measure-

ments was repeated 500 times from which error bars were determined using a Monte Carlo

simulation5.

For each of the six input polarisations, data sets were recorded on a fast oscilloscope

(LeCroy LCwave 7300) with the following experimental settings:

3Since the input signal is a coherent state, rather than a single photon, we will refrain from referring to
it as quantum process tomography.

4This is a valid argument due to the linearity of the memory process.
5The algorithm used to perform the reconstruction of the process matrix was supplied by Nathan Lang-

ford [253].
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1. sd: signal and diode present/control field blocked, corresponding to a measurement

of the input signal

2. scd: all fields present, allowing full memory operation

3. cd: signal blocked, corresponding to a noise measurement

A LabV iew script was used to automate data acquisiton by controlling a pair of shutters with

which the signal and control fields could be independently blocked between measurement

runs. The total memory efficiency in read-out time bin i, ηitot, was determined according to

ηitot =
Aiscd −Aicd
A0
sd −A0

cd

(4.4)

where A0
j and Aij are numerically integrated pulse traces in the read-in time-bin and the

ith read-out time-bin, respectively. The subscript j ∈ {sd, scd, cd} denotes the experimental

setting.

Throughout these measurements, the memory efficiency in each arm of the polarisation

interferometer had to be carefully balanced by adjusting the control field splitting. When

storing polarisation states formed from a superposition of horizontally and vertically polar-

ised components, any imbalance between the memory arms would otherwise have manifested

itself as an artificial rotation of the retrieved state.

Previous PT measurements showed that the process purity6, defined as P = tr
{
χ2
}

, was

severely degraded as a result of phase fluctuations in the interferometer. These increased

with the vapour cell temperature, leading to purities of only 64% and 46% at 62.5◦C and

65◦C, respectively [226]. This phase instability was caused by air turbulence due to the

6A perfectly coherent process subject to unitary dynamics yields P = 1, while a completely incoherent
process corresponds to a purity of 1/4.
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temperature gradient between the heated cell and the room-temperature environment. By

surrounding the beam paths inside the interferometer with plastic tubing, it was possible to

reduce the effects of such external perturbations. In addition, phase differences between the

interferometer arms were corrected using a set of three waveplates before the polarisation

analysis stage, i.e. λ/4, λ/2 and λ/4 waveplates provided Berry phase compensation [253] [262].

The fast axis of each λ/4 waveplate was set to ±45◦ to the horizontal so that the linear

polarisation of the incident signal is unaffected. However, the signal’s polarisation state is

taken around a closed loop on the Poincaré sphere, thereby acquiring a geometric phase

shift depending on the solid angle subtended by the loop. This phase shift can be adjusted

using the λ/2 waveplate in order to compensate for phase differences between the interfer-

ometer arms. Berry-phase compensation therefore ensures that input signals consisting of

superpositions of |H〉 and |V 〉 are faithfully reproduced. An additional λ/2 waveplate com-

pensated for the 90◦ polarisation rotation inside the interferometer, as shown in Figure 4.1.

While the polarisation interferometer was designed to be passively stable, it was necessary

to check the settings of the phase compensation set-up regularly during the course of the

measurements. This was done by preparing a diagonally polarised input signal |D〉 and

minimising the transmitted field along |A〉, while blocking the control field.

The following measurements were made using coherent input states with average photon

numbers of 1000 - 10000 per pulse. While the results are equally applicable for memory

operation at the single-photon level [216] [263], a few modifications would have to be made to

the interferometric set-up. For instance, small waveplates would have to be inserted in each

arm of the interferometer to compensate for the birefringence of the cell walls. With the

present set-up, this birefringence gives rise to a small rotation of the control field polarisation

which would cause leakage of control photons through the polarisation filtering. Currently,
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these additional noise counts would be prohibitive for measurements at the single-photon

level. In addition, active stabilisation of the interferometer would become necessary due to

the long measurement times needed to build up single-photon statistics.

4.5 Results of the process tomography

Following the procedure outlined above, full process tomography was performed for a range

of different storage times. The process matrix χoff , determined from the input signal meas-

ured in the absence of the control field (sd), allows us to characterise the bare interferometer.

As shown in Figure 4.2 (a), χoff consists almost entirely of the identity I with an associated

process purity of Poff = tr
{
χ2

off

}
= 0.989, confirming that the polarisation interferometer is

phase-stable over the course of the measurements. Figure 4.2 (b) shows a typical example

of the process matrix χon for states retrieved after a storage time of 750 ns, giving rise to

a corresponding purity of Pon = tr
{
χ2

on

}
= 0.846. The dominance of the identity trans-

formation demonstrates that the memory is indeed highly capable of preserving polarisation

coherence.

Figure 4.2: Reconstructed process matrices measured in the absence of the control field (a) and
with the control field present, for pulses retrieved after a storage time of 750 ns (b).

The process fidelities, alongside the corresponding memory efficiencies, are plotted in



4.5 RESULTS OF THE PROCESS TOMOGRAPHY 84

Figure 4.3 for a number of different storage times. The data sets were Fourier-filtered by

applying a top-hat filter function in the frequency domain in order to remove high-frequency

noise due to electronic ringing of the detector7. The measured memory efficiencies were fitted

with an exponential decay function, yielding a mean memory lifetime of 1.7 ± 0.1 µs. This

value agrees with the prediction of the decoherence model presented in Section 3.2.2, which

takes into account magnetic dephasing of the Raman coherence due to a static residual from

the earth’s magnetic field [226].

Figure 4.3: Process fidelities (red squares) and memory efficiencies (blue dots) as a function of
storage time. The efficiencies are fitted with an exponential decay function.

The sharp decrease of memory efficiency with storage time – to approximately 20% of

its maximum value for retrieval after 2.5 µs – is in marked contrast to the behaviour of the

process fidelity. While the fidelity was highest for a storage time of 12.5 ns (F = 97± 1%),

it remained consistently above 84% for storage times of up to 1.5 µs8. This discrepancy

suggests that the coherence of the memory process remains unaffected by the decay of

efficiency with increasing storage time.

One can therefore conclude that the decoherence mechanisms, which cause loss of signal

7Data processing was carried out by Patrick Michelberger.
8At longer storage times, the retrieved signal was not sufficiently bright to allow a meaningful reconstruc-

tion of the process matrix as a result of reduced memory efficiencies.
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amplitude, do not reduce the phase coherence of the retrieved signal. This result implies

that, even at low memory efficiencies, the fidelity of the stored information is not degraded,

demonstrating the robustness of the polarisation coherence against memory loss.

As mentioned, the dominant limitation on memory lifetime is magnetic dephasing of

the spin coherence due to stray magnetic fields. This seemingly calls into question the

above observation that the process fidelity remains approximately constant at longer storage

times. However, this apparent contradiction can be resolved by considering the orthogonality

condition of the Raman interaction (see Section 4.1.1); during retrieval, the control pulse

selects only the component of the spin wave which remains coherent with the input. This

ensures that the retrieved field has the same polarisation as the original signal so that the

polarisation state, and therefore the process fidelity, are maintained.



Chapter 5
Single photon storage

The storage and retrieval of single photons can be regarded as one of the principal objectives

which has incentivised and guided our investigation of the Raman memory so far. The

demonstration of true quantum operation is indeed a critical step towards implementing the

Raman memory in large-scale temporal multiplexing applications, thus facilitating scalable

photonic networks.

Remarkable advances have been made throughout the field of quantum memories, for

instance single-photon storage has been demonstrated in cold atomic ensembles [113] [162] [264]

and via pre-programmed AFC echoes in cryogenic rare-earth-doped crystals [265] [266]. Fur-

thermore, narrowband storage and retrieval of non-classical states of light has been realised

in room-temperature quantum memories [157] [159] [267]. However, a scalable solution combin-

ing the key requisites of high-bandwidth storage, on-demand retrieval as well as low-noise

room-temperature operation remains elusive.

The following chapter details our recent work concerned with interfacing the Raman

memory with a source of broadband, heralded single photons generated via spontaneous

parametric downconversion. As we shall see, the sole remaining challenge is the suppression
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of noise during the memory interaction which currently obfuscates the non-classical photon

statistics of the retrieved field. The second part of this chapter focuses on the characteristics

of the underlying noise mechanism and addresses the main strategies for noise suppression.

The experimental work presented in this chapter is the result of close collaboration

between myself and fellow PhD student Patrick Michelberger. The complexity and scope

of the single-photon memory experiment meant that over the course of more than one year

many parts of the experimental set-up were modified and measurements repeated by either

one of us. While I was principally responsible for re-building the Raman memory experiment

and investigating the source of noise, Patrick Michelberger set up, tested and optimised the

single-photon source. As these two lines of work converged, we worked together on interfa-

cing the memory with single photons, implementing feed-forward control and conducting a

thorough characterisation of the memory performance.

5.1 Single photon source

As noted before, one of the distinguishing features of the Raman memory is its particularly

broad acceptance bandwidth exceeding 1 GHz. This property, which is coupled with room-

temperature operation, makes it possible to interface the memory directly with a standard

downconversion source of single photons. In contrast, this type of source generally requires

a high-finesse optical cavity in order to be compatible with narrow-band memories [268]. We

will now turn to a description of the single-photon source used in the following experiments.

5.1.1 SHG and SPDC

Single photons were generated by near-degenerate type-II spontaneous parametric downcon-

version (SPDC) in a periodically-poled potassium-titanyl-phosphate (PPKTP) waveguide,
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pictured in Figure 5.1. During type-II SPDC, a pump photon is converted into two orthogon-

ally polarised signal and idler (herald) photons whose frequencies and wave vectors satisfy

both energy and momentum conservation1. In bulk non-linear χ(2)-crystals, these correlated

photon pairs are emitted along a set of trajectories that satisfy the aforementioned bound-

ary conditions. In contrast, the waveguide configuration adds a further boundary condition

and confines photon pair emission to collinear, well-defined spatial modes [114]. Compared to

SPDC in bulk crystals, the phase matching condition is modified by the discrete transverse

modes that are supported by the waveguide structure [270] [271].

Figure 5.1: (a) Input facet of the PPKTP waveguide chip. (b) Engraved waveguides of widths 4 -
2 µm (left to right). (c) EM-CCD image showing the spatial mode of the SPDC photons from the 3
µm waveguide.

The transverse confinement of the pump beam as well as the long interaction length result

in improved pair generation efficiencies without the need for higher pump intensities [269].

This is a particularly important advantage for the Raman memory experiment, since a

less stringent requirement for the pump power means that more power is available for the

memory control pulses. In addition, SPDC emission into collinear spatial modes can improve

photon collection efficiencies and therefore increase the attainable heralding efficiencies.

The single-pass waveguide was pumped with 426-nm pulses, derived from 852-nm Ti:Sa

pulses which were frequency-doubled in a 2-mm bulk PPKTP crystal via second har-

monic generation (SHG). The SHG conversion efficiency was measured to be approxim-

1Periodic poling of the KTP chip results in the quasi-phase-matching condition ~kp = ~ks + ~ki + ~K, where
| ~K| = 2π/Λ and Λ = 10 µm is the poling period [269].
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ately ηSHG ≈ 0.005%/W . As illustrated in Figure 5.2, the SHG radiation was separ-

ated from the remaining un-converted pulses using a dichroic mirror. These un-converted

pulses were passed through the Pockels cell, providing the control pulses for storage and

retrieval, whereas the SHG field was fibre-coupled and directed towards the PPKTP wave-

guide (AdvR). A 40× objective was used to focus the pump field into the waveguide which

has a cross-section of 3 µm × 6 µm and is enscribed in a 2-cm PPKTP sample. SPDC

was implemented with an average input power of approximately 1 mW and a waveguide

coupling efficiency of ηWG ≈ 10%.

Figure 5.2: Set-up of the single photon source. The pump field is produced by frequency-doubling
the Ti:Sa laser through second harmonic generation in a bulk PPKTP crystal. Type-II spontaneous
parametric downconversion inside a PPKTP waveguide gives rise to orthogonally polarised signal
and idler photons which are separated on a PBS.

In order to ensure stable SHG and SPDC efficiencies, the temperature of both the PP-

KTP bulk crystal and the waveguide were actively stabilised using separate temperature
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controllers (Newport, Model 235). The optimal temperature for SHG and SPDC was de-

termined to be 43.6◦C and 27.7◦C, respectively.

The SPDC-generated signal and idler photons were then UV-filtered to remove the re-

sidual pump field transmitted through the waveguide. Since the signal and idler photons

were orthogonally polarised, they could be separated on a PBS and coupled into single-

mode fibres with efficiencies of ηsignal = 72 ± 2% and ηherald = 73 ± 2%, respectively. The

fibre-coupled herald was directed to a frequency-filtering stage, described in the following

section, while the signal was interfaced directly with the memory set-up.

5.1.2 Herald filtering and detection

Due to the broad phase-matching bandwidth of the SPDC source, photon pairs were pro-

duced with a bandwidth of approximately 1 THz, i.e. three orders of magnitude greater

than the acceptance bandwidth of the memory. However, by spectrally filtering the herald

photon, the marginal spectrum of the signal photon could be projected into two-photon

Raman resonance and spectrally matched to the bandwidth of the control field. This was

achieved with a 0.01 nm-bandwidth volume holographic grating filter (ONDAX), and three

air-spaced Fabry-Perot etalons, each with a bandwidth of ∼ 1.5 GHz, as shown in Figure 5.3.

Two of these etalons had a free-spectral range (FSR) of 18.2 GHz, while the third etalon,

used in double-pass, had an FSR of 103 GHz.

Energy conservation during the SPDC interaction requires that the frequencies of the

signal and herald photons satisfy the condition ωsig + ωher = ωpump. Hence, in order for

the signal photon to be detuned by ∆ − ∆HFS = (15.2 − 9.2) GHz = 6 GHz from the

62S 1
2
F = 3→ 62P 3

2
transition, the detuning of the herald frequency had to equal ∆her = 24.4

GHz. Conditional on detection of a frequency-filtered herald photon, memory operation
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would therefore only be attempted with spectrally-matched signal photons. The herald filter

set-up was tuned to resonance at ∆her by locking the Ti:Sa laser to the herald frequency and

aligning the filters with a bright alignment beam, fibre-coupled in front of the Pockels cell.

The peak transmission of the combined frequency filters was measured to be T = 31± 2%.

The filtered herald photon was coupled into a multi-mode fibre and detected with a Perkin

Elmer single-photon counting module (SPCM).

Figure 5.3: Filtering and detection set-up for the SPDC herald photon, using a holographic grat-
ing filter and three Fabry-Perot etalons. Detection events measured with a single-photon counting
module (SPCM) are used to trigger the memory experiment, as discussed in Section 5.2.2.

5.2 Interfacing the memory with SPDC photons

5.2.1 Re-building the Raman memory

The previous Raman memory experiments, including polarisation storage, were conducted

in a laboratory which – at the time – lacked the necessary temperature stability and did

not offer sufficient space for the SPDC set-up. I therefore re-built the experiment in a more

suitable laboratory with assistance from Duncan England. This also offered the opportunity

for technical improvements to the experiment, the most important of which I will describe

in the following sections.
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Beam pointing stabilisation

Due to the relatively long free-space distances between optical components (up to several

metres), the Raman experiment is highly sensitive to changes in the pointing of the Ti:Sa

laser beam. These changes in beam position and direction may be caused by mechanical

vibrations, thermal drifts or accidental misalignment. Moreover, slight perturbations of the

Ti:Sa pointing occurred whenever the laser frequency was changed.

In order to counteract the effects of these disturbances and expedite alignment of the

experiment, active stabilisation of the beam pointing was implemented. This was achieved

by measuring changes in the direction of the beam path prior to the Pockels cell using CMOS

cameras (Mightex BCE-B013-U) positioned behind two mirrors in the set-up. The mirrors

were separated by ∼ 2 m to increase the sensitivity with which changes in the beam pointing

could be detected. A weak pick-off transmitted through each of the two mirrors was focused

onto the camera so that the position of the beam centroid on the camera’s active area could

be determined. Changes of the centroid position relative to a fixed setpoint were monitored

in both transverse directions. This provided the error signal for PID feedback using a

commercial locking software (KMLabs, PointLock 2.0). The PID output was connected to

a Picomotor Ethernet controller (New Focus, Model 8752) which adjusted the tip and tilt

degress of freedom of two motorised mirror mounts (New Focus, Model 8807) in the set-up.

These motorised mounts were controlled via Picomotor actuators on two of its adjustment

axes, allowing alignment with an angular resolution of 0.7 µrad. Motorised control of the

beam pointing had the additional benefit of providing an audible alert, whenever a sudden

perturbation of the alignment caused the mirror mounts to be re-adjusted, accompanied by

a distinct whirring sound.

This stabilisation method was tested by monitoring the coupling efficiency of the Ti:Sa
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laser into a single-mode fibre (SMF) at a position downstream from the motorised mirrors,

while purposefully disturbing the beam pointing. The feedback control readily compensated

for these disturbances and repeatably recovered the SMF coupling efficiency. Active beam

pointing stabilisation therefore greatly improved the robustness of the experimental set-up

against misalignment.

Noise reduction

Previously, the unconditional noise floor of the Raman memory was measured to be approx-

imately 0.25 photons per pulse (see Section 3.2.2). This noise floor included contributions

at the Stokes (signal) frequency νs and at the anti-Stokes frequency νa = νs + 2∆HFS, the

origin of which will be discussed in Section 5.4. Both of these frequencies were allowed to

pass the filtering stage, as the free-spectral range of the Fabry-Perot etalons was approxim-

ately equal to the frequency difference νa−νs ≈ 18 GHz. By adding a fourth etalon with an

FSR of 103 GHz, the anti-Stokes frequency component could be attenuated, as described in

Section 3.1.6.

The amount of noise suppression offered by this new filtering set-up was tested by record-

ing the detected noise count rates, while heating the vapour cell from 35◦C to an operating

temperature of 80◦C. Over this temperature range, the vapour pressure of caesium is expec-

ted to change by a factor of approximately 40, according to the empirical vapour-pressure

model for the liquid phase of caesium2, given by

log10 Pv = 2.881 + 4.165− 3830

T
(5.1)

where T > TM is the temperature in Kelvin and Pv is the pressure in Torr [229] [272]. Since

2The melting point of caesium is TM = 28.5◦C [229].
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the atomic number density is proportional to the vapour pressure for an ideal gas, one

would therefore expect a significant drop in noise counts at low temperatures. However

at temperatures of T < 45◦C, the noise appeared to plateau at approximately 30% of its

high-temperature level, even though the number of gaseous atoms had gone down by 98%

in the same temperature interval (see Figure 5.4). This strongly suggests that the detected

noise contains an atom-independent contribution, most likely due to leakage of the control

field through the filtering stage. However, by double-passing the 103-GHz etalon, the noise

counts at low temperatures were reduced to below detectable levels, as shown in Figure 5.4.

We can therefore conclude that the double-pass configuration, which provided an additional

attenuation of 20 dB, successfully removed residual control photons.

Figure 5.4: Noise counts per 10-second time interval in the read-in and read-out time bins meas-
ured as a function of temperature for single-pass (blue/red) and double-pass (green/orange) etalon
configurations. The solid line is the predicted caesium vapour pressure based on the empirical model
given in reference [229]. Error bars account for Poissonian errors in the count rates.

As a result of improved frequency filtering of both the anti-Stokes and control fields, the

unconditional noise floor was significantly reduced from an average of 0.25 to 0.15±0.05 per

pulse in the read-out time bin. While this is an important advance towards near-noiseless

Raman memory operation, we will see that further improvement is critical for the storage

of single photons.
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5.2.2 Feed-forward operation of the memory

One of the key requirements for memories used in temporal multiplexing applications is

the ability to retrieve a stored excitation on demand. In the case of coherent-state storage,

the signal was generated using an EOM, triggered by the intracavity photodiode signal of

the Ti:Sa oscillator, as described in Section 3.1.4. Memory operation, including on-demand

retrieval, could therefore be prompted using this same trigger. In contrast to coherent-

state input signals, which are incident on the memory at regular intervals, the SPDC input

photons are generated probabilistically. Hence, it was necessary to operate the memory

in a feed-forward configuration, whereby detection of a herald photon would trigger the

preparation of the control pulses for storage and retrieval. This was achieved by triggering

a digital delay generator (DG535) with the herald photon-detector. Suitably delayed gating

pulses from the DG535 were then used to trigger the Pockels cell so that pulse-picking of

the control field was made conditional on a herald detection event (Figure 5.5).

Figure 5.5: Timing diagram of feed-forward operation: Detection of a herald photon triggers the
Pockels cell via a digital delay generator (DG535) such that control pulses temporally overlap with
SPDC signal photons.

For storage times exceeding a few tens of nanoseconds it is essential to turn off the optical

pumping beam, since re-initialisation of the caesium atoms would destroy any spin wave

coherence. However, the AOM used to switch the pumping beam suffers from a particularly

long response time on the order of 1 µs which exceeds the available fibre delay of the heralded
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SPDC signal photons. For this reason, the optical pumping beam was continuously present

during SPDC storage. All memory experiments were therefore conducted for a storage time

of 12.5 ns, corresponding to the separation of consecutive control pulses.

This limitation does not arise for coherent-state storage which is triggered determinist-

ically, rather than from probabilistically occurring herald detection. With a deterministic

trigger, the AOM switch-off could be delayed by one repetiton period so that the pump was

turned off for the following memory cycle. In particular, an experimental repetiton rate of

5.72 kHz corresponds to 175 µs between successive storage events which suffices for AOM

switching.

5.2.3 Data acquisition

The signal emerging from the memory was both frequency- and polarisation-filtered using

the same set-up as in previous experiments (see Section 3.1.6) and detected with Perkin

Elmer SPCMs. Detection events were counted by a field-programmable gate array (FPGA)

in coincidence with the herald SPCM3. In addition, a time-to-amplitude converter (TAC)

and multi-channel-analyser (MCA) were used to record arrival time histograms between

signal and herald photons. The output of the herald and signal SPCMs were connected to

the TAC in order to provide two distinct TTL pulse triggers. Proportional to the temporal

delay between these two triggers, the TAC produced a voltage signal ranging from 1 - 10

V. The MCA was then used to convert this range of voltages into corresponding time bins,

thereby creating a histogram of arrival times. The number of time-bins was set by selecting

a time interval (1 - 10000 ns) and resolution (up to 16384) which together defined the

temporal width of each bin. For the current experiment, the bin size was set to ∼ 30 ps.

3PhD student Justin Spring provided valuable assistance with the FPGA programming.
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5.2.4 Temporal and spatial overlap

For efficient Raman coupling, the signal and control pulses have to be overlapped both

temporally and spatially inside the memory medium. Implementing feed-forward operation,

as described in Section 5.2.2, requires that the SPDC signal photon is suitably delayed to

compensate for the electronic delays of the herald detector and the Pockels cell. Coupling

the signal photon into an 83-m single-mode fibre delay line ensured approximate temporal

overlap between the signal and the control pulses. Since the overlap between the coherent-

state signal and the control was already optimised with respect to memory efficiency, the

remaining task was to fine-tune the overlap betwen the SPDC photon and the classical

signal pulse. This was achieved by recording arrival time histograms of both signals using

a TAC (see Section 5.2.3 above). The overlap between these histograms was optimised by

adjusting a delay stage in the coherent-state signal path. The delay of the control pulse was

then adjusted accordingly.

The fibre-coupled SPDC and coherent-state signals were combined on a PBS and coupled

into another SM-fibre with a length of 8 m. The output of this fibre was then spatially

overlapped with the control pulse on a second PBS, as shown in Figure 5.6. The control

itself was fibre-coupled in order to achieve a clean Gaussian mode profile and improve the

spatial overlap within the memory.

By rotating a λ/2-waveplate in front of the signal input port of the PBS used to re-

combine the signal and control fields, it was possible to switch quickly between coherent-

state and SPDC storage. This was particularly convenient, because the memory efficiency

could be optimised more readily using coherent states as input signals.
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Figure 5.6: Spatial and temporal overlap of the control field with the coherent-state and SPDC
input signals.

5.3 Memory operation

Having interfaced the memory set-up with the SPDC source, we are now able to conduct a

thorough investigation of the memory performance. As we shall see below, this will allow us

to demonstrate for the first time the storage of GHz-bandwidth heralded single photons in a

room-temperature Raman memory. We will begin by considering the preparation efficiency

of the memory input, i.e. the heralding efficiency of the SPDC source, before examing the

total memory efficiency and the signal-to-noise ratio of the retrieved state.

5.3.1 Heralding efficiency

We will define the heralding efficiency ηherald as the probability with which a SPDC signal

photon is incident at the input of the memory, given the detection of a filtered herald photon.

Signal photons transmitted through the memory and the filtering set-up (see Section 3.1.6)

were split on a PBS and measured with two Perkin Elmer SPCMs placed at either output

port. As we shall see in Section 5.3.4, this set-up will be used to perform second-order

autocorrelation measurements.
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In order to determine ηherald, coincidences between the herald and both signal detectors

(labelled H and V ) were recorded, whilst optically pumping the atoms and blocking the

control field. These coincidences, given by cher,sig = cher,H + cher,V, were normalised by the

number of herald counts cher. This ratio is then corrected for the total transmission loss

of the signal photon through the vapour cell and filter stage, Ttot ≈ 10%, as well as the

detector efficiency ηSPCM ≈ 50%. The heralding efficiency is then given by

ηherald =
cher,sig

cher · Ttot · ηSPCM
. (5.2)

Here, we have ignored contributions to the count rates from higher-order SPDC emissions,

since the SPDC source was operated in a regime of low pump powers. Hence, all but single-

pair emissions could be neglected. This approximation is substantiated by the low heralded

g(2)-autocorrelation4 of the SPDC input photons at zero time delay which was measured to

be g(2)(τ = 0) = 0.016± 0.004.

After carefully optimising the SPDC spatial mode and minimising transmission losses

through the signal path, a heralding efficiency of ηherald = 0.22 was achieved. This value is

limited by scattering losses within the waveguide as well as the coupling efficiency between

the waveguide output and the memory cell5.

5.3.2 Memory efficiency

The memory efficiency was determined by recording coincidence count rates between the

signal and herald detectors in the read-in and read-out time bins, c
in/out
her,H/V, respectively. In

order to access all contributions to the detected signal, the coincidence rates were measured

4As derived in Appendix A, the g(2)-autocorrelation for a Fock state |n〉 is given by g(2)(τ = 0) = 1−1/n.
5The total transmission loss of the SPDC signal photons from the output facet of the waveguide to the

front window of the vapour cell is estimated to be ∼ 50%.
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for a set of four different combinations which are labelled according to the laser beams

present during data acquisition. These are as follows:

1. scd: The signal (s), control (c) and optical pumping diode (d) beams are all present,

enabling memory operation.

2. sd: The input signal is transmitted through the memory without storage, in the absence

of the control field.

3. cd: The noise contribution is isolated by blocking the input signal.

4. d: The optical pumping background is measured in the absence of both signal and control

fields.

Figure 5.7: Storage and retrieval of a single photon (a), heralded with an efficiency of ηher = Nin =
0.22, and an attenuated coherent state (b) with an average photon number per pulse of N coh

in = 0.23.

Arrival time histograms recorded with the TAC-MCA system are plotted in Figure 5.7.

The input signal (sd) transmitted through the memory when the control field was blocked,

is shown in green, while red traces correspond to noise emission in the read-in and read-

out time bins (cd). Blue traces show the transmitted and retrieved signal during memory
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operation (scd), including noise contributions. Finally, subtracting the noise present in the

read-out time bin from the blue traces yields the effective retrieved signal, shown in lilac.

The coincidence rates c
in/out
l with l ∈ {scd, sd, cd, d} were obtained by integrating these

traces and normalising by the sum of herald trigger events cher. The total memory efficiency

for storage and retrieval is then given by

ηtot =
cout

scd − cout
cd −

(
cout

sd − cout
d

)
cin

sd − cin
d

. (5.3)

The uncertainty in ηtot was determined from Gaussian error propagation of the Poisso-

nian errors on the count rates c
in/out
l , i.e. ∆c

in/out
l =

√
c

in/out
l .

For SPDC input photons, heralded with an efficiency of ηher = Nin = 0.22, the memory

efficiency was found to be ηtot = 21.1 ± 1.9%. This was benchmarked against the memory

efficiency obtained for weak coherent states attenuated to an average photon number per

pulse of N coh
in = 0.23 ≈ ηherald. With these input states, the memory efficiency amounted to

ηtot = 29.0± 0.9%. The difference in efficiency can be ascribed to a residual spectral mode

mismatch between the heralded SPDC photons and the control pulses. This reduces the

efficiency with which SPDC photons can be stored compared to coherent states whose spec-

tra are automatically mode-matched with the control. In contrast, the spectral mode of the

SPDC signal is set by the spectral filtering of the herald photon so that small discrepancies

can arise between signal and control modes.
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5.3.3 Signal-to-noise ratio

The detected noise (cd) contained on average εin = (6 ± 2) · 10−2 photons per pulse in the

read-in time bin and εout = (15±5) ·10−2 photons per pulse during read-out6. The resulting

signal-to-noise ratio (SNR), i.e. the ratio of retrieved signal photons to noise photons, is

SNR = ηtotηherald/εout = 0.3 ± 0.1. Since the SNR is directly proportional to ηherald, the

achievable heralding efficiency sets tight tolerances on the unconditional noise floor of the

memory.

Following our study of the memory efficiency and the signal-to-noise ratio, we can gain

further insight into the memory performance by considering the effect of the memory inter-

action on the photon number statistics of the initial input state. For future applications, it

is of critical importance that the non-classical statistics of a single-photon input signal are

preserved during storage and retrieval. We will therefore extend our analysis by examining

the second-order autocorrelation function at zero time delay, i.e. g(2)(τ = 0). Note that

from now on we will use the shorthand notation g(2)(0) := g(2). As derived in Appendix

A, g(2)(0) < 1 is a signature of non-classical light exhibiting sub-Poissonian photon statist-

ics [273]. This inequality will serve as the benchmark for the memory’s ability to preserve

non-classicality. Moreover, g(2)-measurements of the noise present in the retrieved field are

an important means by which unwanted contributions can be characterised.

The experimental procedure used to obtain g(2)-measurements and the subsequent data

analysis will be described in the following section. The results of these measurements and

their implications for single-photon storage in the Raman memory will be discussed in

Section 5.3.5.

6These numbers were determined by dividing the detected count rate c
in/out
cd by the transmission of the

filtering stage and the photon-detector efficiency, i.e. εin/out = c
in/out
cd /(TfilterηSPCM).
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5.3.4 g(2)-autocorrelation measurements

In order to determine the photon statistics of the retrieved field, heralded g(2)-

autocorrelation measurements were conducted using a Hanbury Brown-Twiss set-up [274].

The signal transmitted through the filtering stage was split into two spatial modes on a

PBS, as shown in Figure 5.8. Each mode was coupled into a multi-mode fibre and connec-

ted to an SPCM detector. We will label these detectors according to the polarisation of the

detected signal mode, i.e. DH and DV .

Figure 5.8: Detection set-up for g(2)-autocorrelation measurements. Coincidence events between
the signal detectors DH and DV and the herald detector DT are counted with the FPGA.

The normalised g(2)-autocorrelation, conditional on detection of a herald photon, is given

by the ratio [216]

g(2) =
pher,H,V

pher,H · pher,V
, (5.4)

where pher,H/V is the probability of coincidence detection between the herald detector DT

and one of the signal detectors DH/V . The probability of all three SPCMs detecting a photon

in coincidence is given by pher,H,V. In terms of the detected coincidence counts, these prob-

abilities were obtained from the ratios pher,H/V = c
in/out
her,H/V/cher and pher,H,V = c

in/out
her,H,V/cher

for the input and output time bins. In this way, g(2)-measurements were taken using input

signals derived from SPDC photons as well as coherent states with average photon numbers
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ranging from Nin = 0.23 ≈ ηher to Nin = 2.16. In addition, the autocorrelation of the noise

contribution was determined by blocking the input signal.

The experimental repetition rate of frep = 5.3− 7.3 kHz was limited by the maxmimum

repetition rate at which the Pockels cell could be driven without degrading the extinction

ratio between picked and unpicked pulses. Since the Pockels cell was triggered upon detec-

tion of a herald photon, the repetition rate is frep = cher, thus setting an upper bound on

the brightness requirements of the SPDC source. In order to collect sufficient count rate

statistics, it was therefore necessary to accumulate the coincidence data over many hours.

In particular, the acquisition times needed for retrieved SPDC photons and coherent states

of equivalent average photon numbers were approximately five hours each. Since the co-

incidence rates from noise counts were significantly lower, the required measurement time

increased to 28 hours in order to determine the g(2) of the noise.

The total count rates for each experimental setting were summed over all measurement

runs j, giving ctk,l =
Nr∑
j=1

ctj,k,l where k ∈ {(her), (her, H), (her,V), (her,H,V)} and Nr is the

total number of runs for each setting l ∈ {scd, sd, cd} and time bin t ∈ {in, out}. From these

the coincidence probabilities ptk,l = ctk,l/cher,l, with k ∈ {(her, H), (her,V), (her,H,V)}, were

determined. The g(2) was then evaluated by combining all measurement runs for a given

setting and time bin, according to

g
(2)
l,t =

pt(her,H,V),l

pt(her,H),l · p
t
(her,V),l

. (5.5)

The errors ∆g
(2)
l,t were obtained from Gaussian error propagation of the Poissonian errors

∆ctk,l =
√
ctk,l of the individual coincidence counts.

The long measurement times made it necessary to concatenate data obtained over mul-



5.3 MEMORY OPERATION 105

tiple days. In order to test for comparable operating conditions, a set sequence of exper-

imental runs was conducted each day prior to data collection. This sequence involved a

10-minute measurement of the g
(2)
sd of the input signal, followed by two 30-minute measure-

ments of g
(2)
scd and g

(2)
cd .

The validity of this procedure can be checked by computing the g
(2)
j,l,t-values for each

measurement run j, from

g
(2)
j,l,t =

ctj,(her,H,V),l · cj,her,l

ctj,(her,H),l · c
t
j,(her,V),l

. (5.6)

A double-sided, one-sample Student T-test was performed on the g
(2)
j,l,t-values with g

(2)
l,t

from equation (5.5) as the assumed population mean. According to this test, the null

hypothesis of g
(2)
l,t being the mean of the j values g

(2)
j,l,t cannot be rejected for any input type

l and time bin t with a confidence of ≥ 95%. The validity of the T-test was then tested

by performing a Shapiro-Wilk test on the g
(2)
j,l,t. This confirmed that the null hypothesis of

the g
(2)
j,l,t being normally distributed cannot be rejected with ≥ 95% confidence for all l and

t. Despite the fact that the coincidence counts ctj,k,l are subject to Poissonian statistics, a

normal distribution of g
(2)
j,l,t is expected as a result of the central limit theorem7.

The corresponding memory efficiencies ηtot for SPDC and coherent state storage were

determined using equation (5.3), averaged over all experimental runs. It should be noted

that the count rates c
in/out
l were scaled according to the measurement times for each setting

l. Consistent memory operation was ensured by optimising the spatial overlap of the signal,

control and pump beams between different measurement runs. Furthermore, the alignment

of the signal filter stage and the SPDC heralding efficiency were monitored in order to avoid

the effects of systematic drifts in the experimental apparatus.

7The statistical analysis was performed by Patrick Michelberger.
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5.3.5 Results of the g(2)-measurements

The results of the g(2)-autocorrelation measurements are plotted in Figure 5.9, alongside

the predictions of a theoretical model which will be discussed in Section 5.4.1.

Figure 5.9: Measurements of the g(2)-autocorrelation for increasing average photon numbers per
pulse, Nin, of the coherent-state input signal, for a signal transmitted through the memory without
storage, b retrieved fields, c signal transmitted through the memory without optical pumping.
Coherent-state input data is shown in green, purple data points represent a heralded SPDC input
with Nin = ηherald and cyan points are FWM noise. Errors bars derive from Poissonian count-
ing statistics. The model predictions (see Section 5.4.1) for coherent-state and SPDC inputs are
shown in blue and red, respectively. Shaded regions correspond to standard deviations determined
from Monte-Carlo variation of the model parameters. Vertical grey and black dashed lines indicate
Nin = ηherald and Nin = 1 (perfect heralding efficiency), respectively. d − f: Bar plots comparing
the theoretical model (Th.) and experimental data (Exp.) for Nin ≈ ηherald, with colour coding
as before. Yellow bars show the difference in g(2)-values of coherent-state and single-photon input
signals.

In the absence of the control field, the g(2) for the SPDC input signal was found to

be g(2) = 0.016 ± 0.004 which is close to the ideal value of g(2) = 0, expected for single

photons. For coherent input states, the g(2)-data obtained for all input photon numbers
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Nin were combined by calculating the average over all individual g
(2)
j,l,t, weighted by the

total measurement time for each Nin. This resulted in a weighted mean of g(2) = 1.01 ±

0.01, as expected for coherent input states. Appendix A contains a derivation of the g(2)-

autocorrelation for coherent, thermal and single-photon states, each of which is governed by

different photon statistics.

With the input signal blocked, we measured g(2) = 1.62 ± 0.04 and g(2) = 1.70 ± 0.02

for the noise in the input and output time bins, respectively. When the memory interaction

was enabled, this noise contribution increased the g(2) of the transmitted and retrieved

signal fields above the values measured without the control field present. In the read-

in time bin, the heralded single photon displayed sub-Poissonian statistics just below the

classical boundary with g(2) = 0.92± 0.02. In contrast, the g(2) of the coherent-state signal

transmitted during read-in converged towards g(2) = 1 with increasing input photon numbers

Nin, as the SNR improved. In the read-out time bin, g(2) = 1.69 ± 0.02 for coherent input

states with an average photon number comparable to the SPDC heralding efficiency, i.e.

Nin = 0.23 ≈ ηher. The statistics of the retrieved field are therefore indistinguishable from

the noise. However, in the case of SPDC storage, the retrieved signal showed g(2) = 1.59±

0.03 which is a reduction by more than three standard deviations compared to the g(2)-values

for coherent states and noise. This was determined by performing a one-sided, two-sample

Welch test on g(2)
j,scd,out for both SPDC and coherent-state inputs. The null hypothesis,

stating that these g(2)
j-samples have the same population mean, could be rejected with

a confidence level of ≥ 99.7%, corresponding to a statistical significance of ≥ 3 standard

deviations. Similar results were obtained when repeating the hypothesis test with the g(2)
j of

the noise replacing those of the coherent-state signal. In order to corroborate this argument

further, it was also shown that the population means of g(2)
j for coherent states and noise
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could not be distinguished with any reasonable confidence.

The results of this analysis have therefore conclusively demonstrated a statistically sig-

nificant difference between the g(2) for heralded SPDC photons and coherent-state signals.

Although the g(2) of the former remained above the classical boundary due to the pres-

ence of noise, this nevertheless represents a clear signature of the non-classical input photon

statistics on the retrieved field.

5.4 Modelling FWM noise

The results of the g(2)-autocorrelation described above impel us to examine rigorously the

processes responsible for the measured photon statistics.

Previous studies of the Raman memory operated at the single-photon level have sugges-

ted that the dominant source of noise is four-wave mixing (FWM), seeded by spontaneous

anti-Stokes scattering (see Section 3.2.2). This occurs when the control pulse addresses the

initial ground state |1〉 into which the atoms have been optically pumped prior to storage.

Absorption of a control photon ωc results in the scattering of an anti-Stokes photon ωa,

detuned by 2∆HFS from the signal frequency. This excites a spurious spin-wave coherence

|1〉 〈3| which is uncorrelated with the storage of a signal photon and can act as the source

of Stokes emission at the signal frequency ωs. The schematic in Figure 5.10 illustrates this

process.

The FWM interaction can be understood as a two-mode-squeezing operation which de-

scribes the creation of photon pairs in two separate modes a and b. The general Hamiltonian

for two-mode squeezing is given by H = ζ∗âb̂+ ζâ†b̂†, where ζ is a coupling parameter. By

tracing over one of the modes, for instance through frequency-filtering, the photon statistics
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of the other mode become identical to those of a thermal state [275]. Hence, we should expect

the g(2)-autocorrelation of the Stokes photon to yield g(2) = 2, provided it is spatially and

temporally single-mode (see Appendix A). The presence of multiple spatial modes on the

other hand results in statistics which tend towards a Poissonian distribution8 with g(2) = 1.

Figure 5.10: (a) Spontaneous anti-Stokes scattering at a frequency of ωa = ωs + 2∆HFS occurs
when the control field couples to the initial state |1〉. (b) Double-Λ scheme showing the FWM
process: Absorption of two control photons gives rise to the scattering of a non-degenerate Stokes
and anti-Stokes photon pair at frequencies ωs and ωa, respectively.

In order to elucidate the FWM process and its effect on the output statistics of the

retrieved field, a simple model was developed, based on the coherent off-resonant interaction

between the incident light fields and the spin wave coherence [177] [226] [277]. A brief overview

of this model is given in the following section.

5.4.1 Coherent interaction model

The Maxwell-Bloch equations describing the Raman interaction in a one-dimensional

propagation model were introduced in Section 2.2.2. We can take into account the ef-

fects of FWM noise by including the anti-Stokes field A, detuned from the excited state by

an amount ∆′ = ∆ + ∆HFS, where ∆ = 15.2 GHz. The detuning of the anti-Stokes field

8For a multimode squeezed state it has been shown that g(2) ≈ 1 + 1/K where K is the effective number
of modes [276]. This result was interpreted by noting that the thermal photon number distribution from each
individual squeezer cannot be distinguished by the detector; the convolution of the second-order moments
associated with each mode then gives rise to a Poissonian distribution in the limit of large K.
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results in a modified Raman coupling constant C ′ =
√
Wdγ/∆′. The resonant optical depth

d was previously measured to be ∼ 1800, provided the caesium vapour is kept at a constant

temperature of 70◦C. After adiabatic elimination of the excited state |2〉 [208] [278], the set of

coupled partial differential equations is then given by

(∂z + iδk)S = iCB

∂zA
† = −iC ′B

(∂ω + is)B = iw
(
CS + C ′A†

)
,

(5.7)

where δk is the phase mismatch between Stokes and anti-Stokes fields and we have defined

the effective quasi-time-coordinate ω(τ) = 1
W

τ∫
−∞
|Ω(τ ′)|2dτ ′. Ω(τ) is the Rabi frequency

of the control pulse in terms of the retarded time τ = t − z/c with z running from 0 to

L = 7.5 cm. The peak Rabi frequency can be estimated from the control pulse energy

Ec ≈ 10 nJ, the pulse duration T ≈ 360 ps and the beam waist of 300 µm, giving Ωmax = 4.2

GHz. The parameter W , which normalises the effective time ω(∞) = 1, is then equal

to 3.2 GHz. Given a natural linewidth of γ = 5.2 MHz, we can determine the Raman

coupling constants for the Stokes and anti-Stokes fields as C = 0.82 and C ′ = 0.51. The

difference in population between the initial state |1〉 and the storage state |3〉 is given by

w = 〈|1〉 〈1|〉 − 〈|3〉 〈3|〉 = p1 − p3. At room temperature, these two states are equally

populated, i.e. p1 = p3 = 0.5 and w = 0. If we assume perfect optical pumping prior to each

storage event, then we can set p3 = 0 and w = 1. The wave vectors of the control, Stokes

and anti-Stokes fields with centre frequencies ωc, ωs = ωc − ∆HFS and ωa = ωc + ∆HFS,
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respectively, are

kΩ =
Lωc
c

+ dγ

(
p3

∆
+

p1

∆ + ∆HFS

)
ks =

Lωs
c

+ dγ

(
p1

∆
+

p3

∆−∆HFS

)
ka =

Lωa
c

+ dγ

(
p3

∆ + ∆HFS
+

p1

∆ + 2∆HFS

)
.

(5.8)

The final term in each of these expressions accounts for dispersion due to the off-resonant

interaction of the fields with the atomic transitions. The length of the cell L appears as

a result of the normalisation of the z-coordinate. Dispersion between the Stokes and anti-

Stokes fields leads to a FWM phase mismatch, given by δk = 2kΩ − ks − ka.

Finally, the strong control field perturbs the atomic energy levels by inducing an A.C.

Stark shift which is quantified by the expression

s =
W

∆
+
W

∆′
. (5.9)

The partial differential equations can be solved in terms of the system’s Green’s functions

Gjk which represent the linear mapping between modes j and k. The signal Strans trans-

mitted through the memory during the storage process is then given by

Strans(ω) =

1∫
0

GSS(ω, ω′)Sin(ω′)dω′ +

1∫
0

GAS(ω, ω′)A†vac(ω
′)dω′ +

1∫
0

GBS(ω, z)Btherm(z)dz,

(5.10)

where Avac and Btherm are the initial vacuum and thermal components of the anti-Stokes

field and spin wave, respectively. The signal Sret, retrieved after a storage time of T , can
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be found using a similar expression,

Sret(ω) =

1∫
0

GSS(ω, ω′)Svac(ω
′)dω′ +

1∫
0

GAS(ω, ω′)A†vac(ω
′)dω′ +

1∫
0

GBS(ω, z)BT (z)dz.

(5.11)

For storage times which are short compared to the memory lifetime, i.e. T � O(µs),

we can neglect decoherence of the spin wave and set BT = Bout which, at the end of the

interaction, is given by

Bout(z) =

1∫
0

GSB(z, ω)Sin(ω)dω +

1∫
0

GAB(z, ω)A†vac(ω)dω +

1∫
0

GBB(z, z′)Btherm(z′)dz′.

(5.12)

Using these solutions, we can determine the g(2)-autocorrelation according to

g(2)
x =

∫ ∫
dtdt′〈S†x(t)S†x(t′)Sx(t′)Sx(t)〉(∫

dt′′〈S†x(t′′)Sx(t′′)〉
)2 =

∫ ∫
dωdω′〈S†x(ω)S†x(ω′)Sx(ω′)Sx(ω)〉(∫

dω′′〈S†x(ω′′)Sx(ω′′)〉
)2 , (5.13)

where x represents ‘ret’ or ‘trans’. The expectation values of normally ordered products

of the field operator Sx can be calculated from products of the Green’s functions [226] [277].

This follows from the bosonic commutation relations of the operators9 as well as the fact

that the initial expectation values are known. The Green’s functions were computed using

a previously-developed numerical code, although in principle analytical solutions can be

found [277].

The values of g(2) predicted by this calculation are plotted in Figure 5.9, alongside

the experimental measurements. The width of the shaded error regions were determined

by performing a Monte-Carlo error propagation. This involved computing the theoretical

9The spin wave operator satisfies a quasi-bosonic commutation relation, since 〈[Bin(z), B†in(z′)]〉 = wδ(z−
z′).
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prediction 1000 times using input parameters drawn from a Gaussian distribution with

standard deviation set by the experimental uncertainties. These were estimated as σstd(d) =

100, σstd(γ) = 0.5 MHz, σstd(∆) = 200 MHz, σstd(Tc) = 20 ps and σstd(Ωmax) = 100 MHz.

The excellent agreement between theory and experiment confirms that the measured

noise is indeed in accordance with FWM. Moreover, this FWM process can only be correctly

modelled if the full coherent dynamics between the atomic system and the optical fields are

taken into account. Building on our discussion in Chapter 2, the inclusion of the anti-Stokes

field in the dynamical equations has allowed us to arrive at a more complete picture of

the underlying physics. In addition to providing a description of the noise process, the

coherent interaction model has therefore refined our understanding of the Raman memory

interaction.

5.4.2 Incoherent interaction model

In order to provide further verification for the above description of FWM, we can test the

measured data against predictions obtained from an incoherent interaction model. This

model is based on the assumption that the individual photon statistics of the input signal

g
(2)
sig and the noise g

(2)
noise can be combined incoherently, akin to the mixing of different modes

on a beam splitter. The statistics of the multimode output, g
(2)
tot, are then simply given by

a combination of g
(2)
sig and g

(2)
noise.

In a recent paper, Elizabeth Goldschmidt demonstrated a method of reconstructing the

mode distribution of an optical field containing multiple contributions, each with different

classical or non-classical photon-number statistics [279]. The probability distribution for each

of these underlying modes can be described by a probability generating function G(s) =∑
n p(n)sn, where p(n) is the probability that the mode contains n photons. For a two-
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mode probability distribution this becomes p(k) =
∑

n p1(n)p2(k − n). The generating

function of the probability p(k) is then given by the product of the generating functions of

the component mode probabilities p1 and p2. This may be interpreted in analogy with the

convolution theorem for Fourier transforms. By extension, the generating function Gtot(s)

for an n-mode distribution is given by the product G1(s)×G2(s)× ...×Gn(s) [280]. We can

relate the probability generating function to the kth-order intensity autocorrelation function

at zero time delay via g(k)(0) = G(k)(s = 1)/(µtot)
k, where G(k)(s = 1) is the kth derivative

of G(s) at s = 1 and µtot is the mean photon number. It is then straightforward to show

that the second-order autocorrelation function for a mixture of signal and noise modes is

given by

g
(2)
tot =

(Nsig)2 · g(2)
sig + 2Nsig ·Nnoise + (Nnoise)

2 · g(2)
noise

(Nsig +Nnoise)
2 , (5.14)

where Nsig and Nnoise are the number of signal and noise photons per pulse, respectively.

When the memory is on, i.e. when the control field is unblocked, Nsig can be determined as

follows: in the read-in time bin, Nsig is the fraction of the input signal transmitted through

the memory, i.e. Nsig = (1−ηread−in) ·N sd
in , whereas in the read-out time bin Nsig = ηtot ·N sd

in

is the retrieved field. For the case of heralded single photons, the read-in efficiency is equal

to ηread−in = 39.1% ± 3.5%, the total memory efficiency is ηtot = 21.1% ± 1.9% and the

number of input photons is N sd
in = ηherald = 0.22± 0.03.

The predicted g(2)-values obtained using equation (5.14) are shown as dashed lines in

Figure 5.11 for both the input and output time bins. This prediction consistently underes-

timates the experimental data, which allows us to reject the incoherent interaction model.

In evaluating equation (5.14) we have implicitly assumed that the photon statistics of

the input signal are conserved during memory storage. One could argue that this is not
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necessarily a valid assumption. In order to calculate g
(2)
tot, we would therefore have to re-

place g
(2)
sig with modified photon statstics which are not directly accessible experimentally.

However, this objection can be refuted by comparing the model prediction with measure-

ments obtained when the optical pump beam was blocked. Having switched off the Raman

interaction, g
(2)
sig should remain unchanged. Moreover, Nsig is equal to the number of input

photons without the need to take into account memory efficiency factors. Figure 5.11 shows

that even in this case, in which all variables in equation (5.14) are directly measurable, the

incoherent model fails to describe the observed statistics.

Figure 5.11: g(2)-predictions based on the incoherent interaction model in equation (5.14) (dashed
lines), compared to experimental data (points) and predictions of the coherent g(2)-model (solid
lines), for (a) fields transmitted in the read-in time bin during storage, (b) retrieved fields in the
output time bin and (c) fields transmitted through the memory without optical pumping. Grey
shaded areas denote errors derived from experimentally measured uncertainties on the variables in
equation (5.14) and from propagating uncertainties in the experimental parameters through the
FWM model with a Monte-Carlo simulation.

We can therefore conclude that the signal and noise modes cannot be treated as inde-

pendent entities; instead the autocorrelation measurements reveal that the system can only

be fully understood in terms of a coherent interaction model10.

10Due to the coherent nature of the FWM interaction, noise contributions cannot simply be subtracted
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5.5 Further noise investigation

Following on from our theoretical model of FWM and in addition to the g(2)-autocorrelation

measurements, I will now present further experimental evidence which supports our under-

standing of this noise process. As before, noise counts (control + optical pumping) were

measured by blocking the signal field and recording detection events using the FPGA and

TAC/MCA systems.

5.5.1 Build-up of FWM noise

A comparison of the FWM noise floor measured in the read-in and read-out time bins showed

an increase by a factor of 2.5, from εin = (6±2)·10−2 to εin = (15±5)·10−2 (see Section 5.3.3).

This is due to the fact that the noise in the read-out bin contained contributions from both

the write and the read control pulses. Moreover, TAC traces recorded with a train of control

pulses incident on the memory revealed a build-up of noise counts over successive time bins.

Figure 5.12: (a) TAC arrival time histogram for a train of nine consecutive control pulses. (b)
Integrated pulse areas, showing build-up of noise counts in the first six time bins.

Figure 5.12 shows the integrated pulse areas of these TAC traces in each time bin. This

demonstrates that in addition to instantaneous FWM noise, spurious spin wave components

from the detected signal. For this reason, the memory efficiency was measured with bright coherent states
for which the FWM noise was negligible.



5.5 FURTHER NOISE INVESTIGATION 117

excited by preceding control pulses can be retrieved across multiple bins. The rise-time

of the noise build-up is expected to be correlated with the coupling strength of the FWM

interaction, similar to the retrieval of a stored signal excitation with multiple control pulses

(see Section 3.2.3).

5.5.2 Temperature dependence

According to the analysis presented in Section 5.4.1, the interaction strengths of the memory

and FWM processes should have the same dependence on the optical depth d, since both

coupling parameters C and C ′ are proportional to
√
d. To test this, the noise present

during read-out was measured for different vapour cell temperatures, while recording the

corresponding memory efficiency for bright coherent input signals on a fast photodiode. It

should be noted that these measurements were taken with the improved frequency filtering

in place (see Section 5.2.1) so that temperature-independent control leakage was negligible.

Figure 5.13: Memory efficiency (red) of bright coherent states and noise counts per 10-second
time interval (blue) measured during read-out, as a function of vapour cell temperature. Below a
temperature of 55◦C, the memory efficiency became vanishingly small and the retrieved signal could
not be distinguished from the background.

Based on the relation between optical depth and number density in equation (3.1), the

temperature dependence both of the memory efficiency and the noise data is expected to
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follow an exponential of the form given in the vapour-pressure model of equation (5.1). The

close agreement between the two sets of data in Figure 5.13 clearly supports this assertion.

5.5.3 FWM coupling strength

Finally, the noise counts in the read-in and read-out time bins were measured for different

control field powers Pc. From these, we can obtain an estimate of the energy Ec in each

control pulse by taking into account the experimental repetition rate, the number of control

pulses per experimental cycle and the extinction of the Pockels cell11. The results are

plotted in Figure 5.14, alongside the corresponding memory efficiency, as measured with

bright coherent states.

Figure 5.14: Memory efficiency (red) of bright coherent states and noise counts per 10-second time
interval measured during read-in (blue) and read-out (green), for different values of the control pulse
energy. The solid lines show quadratic fits of the data sets.

The Raman coupling constant, defined in terms of field amplitudes, is proportional to

the square root of the control pulse energy Ec, as shown in equation (2.44). Since the

storage and retrieval efficiencies each scale approximately with the square of the coupling

11The measured power Pc can be separated into two contributions, i.e. Pc = EcNcfrep +χ−1Ec × (fTi:Sa −
Ncfrep). The first term accounts for the Nc = 18 control pulses which are picked from the 80-MHz train
of Ti:Sa pulses (fTi:Sa = 80 MHz) by the Pockels cell with a repetition rate of frep = 4kHz and the second
term accounts for the pulses that leak through the Pockels cell. Here, χ = 4000 is the Pockels cell extinction,
defined as the ratio between picked pulses and leakage.
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constant, the total memory efficiency is proportional to the square of the control energy. This

dependence holds in the regime of low control field powers to which we are currently limited

experimentally. The efficiency data in Figure 5.14 was therefore fitted with a quadratic

function. If the control field power were increased further, the memory efficiency would

eventually saturate and then decrease as a result of the A.C. Stark shift (see equation (5.9)).

In contrast, noise originating from a FWM gain process is expected to scale exponen-

tially with the control energy. This scaling can be understood by considering the effective

two-mode squeezing operator Ss,a(ζ) = exp
[

1
2

(
ζ∗ŝâ− ζŝ†â†

)]
, where ζ = r exp(iθ) is the

complex squeezing parameter [281]. The magnitude r determines the interaction strength

and is proportional to the intensity of the control field [282]. The annihilation operators ŝ

and â refer to the Stokes and anti-Stokes modes, respectively.

Using the unitary transformation properties of the squeezing operator [273], we can find

an expression for the annihilation operator of the output field via the Bogoliubov transform-

ation [283],

ŝout = ŝin cosh r + â†ine
iθ sinh r. (5.15)

The number of excitations in the output mode is then given by

〈ŝ†outŝout〉 = 〈ŝ†inŝin〉 cosh2 r + 〈âinâ
†
in〉 sinh2 r = 〈ŝ†inŝin〉 cosh2 r + sinh2 r, (5.16)

where, in the last step, we have used the bosonic commutator [â, â†] = 1 and assumed that

〈â†inâin〉 = 0. Equation (5.16) demonstrates that both FWM contributions to the output

mode scale exponentially with the strength of the squeezing parameter. The sinh2 r-term

in this equation corresponds to the spontaneous noise contribution which is a signature of

any amplification process and independent of the input signal. Provided that the squeezing
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parameter is sufficiently small, sinh2 r can be approximated with a quadratic function. This

approximation appears to be valid for our system, given that the dependence of the measured

noise data with control pulse energy is well-described by a quadratic fit function (see Figure

5.14). The scaling of FWM noise is therefore expected to be similar to that of the overall

memory efficiency for the range of available control field energies.

5.5.4 Spatial distribution of Stokes scattering

The spatial intensity correlation between Stokes and anti-Stokes fields has recently been

studied experimentally through far-field imaging of the scattered radiation from warm ru-

bidium vapour [284].

Dabrowski et al. suggested that in certain applications it may be possible to exploit

the directionality imposed by FWM phase matching for improved signal filtering [284]. Since

Stokes noise is mainly scattered into the spatial mode defined by the control field (in con-

trast to isotropically scattered spontaneous emission), a non-collinear configuration of signal

and control beams may therefore allow some degree of spatial filtering of the noise. More

specifically, angle-tuning the control with respect to the ensemble axis could potentially

reduce the detected noise level in the fibre-coupled signal mode.

In order to test the viability of this option, a method had to be devised in order to pivot

the control beam at the centre of the memory cell, so as to maintain spatial overlap with the

signal field in the interaction region. For this purpose, the position and direction of the signal

and control beams were monitored using the set-up of cameras described in Section 3.1.5.

Separating the two beams by a small amount ε (on the order of a few millimetres) on one

camera, while maintaining overlap on the other, made it possible to introduce a variable

angle between the signal and control, as shown in Figure 5.15.
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However, preliminary measurements suggested that any deviation from co-linearity

quickly degraded the memory efficiency as a result of the reduction in the size of the

interaction region. While further tests are needed in order to obtain conclusive results, it

appears that a significant level of noise reduction cannot be achieved through this method

of spatial filtering without sacrificing memory efficiency by a similar amount.

Figure 5.15: Angle-tuning the control field with respect to the signal beam axis by a small angle
tan−1(ε/d), where d is the path length difference between the two cameras.

5.6 Strategies for reducing FWM noise

5.6.1 Phase-matching condition

The FWM-interaction is subject to the conditions of both energy and momentum conserva-

tion. The former requires that the frequencies of the Stokes and anti-Stokes photons satisfy

the equation 2ωc = ωa + ωs, where ωc is the frequency of the control field. Furthermore,

momentum conservation imposes the phase-matching condition 2~kc +~ka +~ks = 0 [285]. This

condition cannot be satisfied for collinear wavevectors due to dispersion between the Stokes

and anti-Stokes fields which are detuned from the excited state by different amounts.
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Figure 5.16: FWM phase matching condition for (a) collinear wavevectors in the absence of dis-
persion and (b) non-collinear Stokes and anti-Stokes wavevectors subject to dispersion.

As described in Section 5.4.1, the off-resonant interaction with an atomic transition

modifies the wavevectors by an amount proportional to the detuning from that transition.

The explicit expression for the FWM phase mismatch is given by

δk = dγ

(
2p3 − p1

∆
+

2p1 − p3

∆ + ∆HFS
− p3

∆−∆HFS
− p1

∆ + 2∆HFS

)
= dγp1

(
2

∆ + ∆HFS
− 1

∆ + 2∆HFS
− 1

∆

)
,

(5.17)

where we have assumed that energy conservation is satisfied and made the approximation

p3 ≈ 0, i.e. perfect optical pumping. Phase-matched FWM with δk = 0 occurs if ∆HFS =

0, corresponding to a Λ-system with degenerate ground states. Conversely, the FWM-

interaction would be suppressed if it were possible to operate the memory in a regime

where Ωc, δ < ∆ < ∆HFS, thus increasing the phase mismatch δk, while still satisfying

the adiabatic approximation. By operating the memory closer to the atomic resonance, one

would thereby increase the relative detuning of the anti-Stokes field. However, this potential

route towards reducing the FWM noise contribution by increasing the amount of dispersion

turns out to be unfeasible for our current system due to the onset of linear absorption for

∆ < 6 GHz. For future memory experiments, it may be possible to gain some advantage by

using a vapour cell with lower buffer gas pressure in order to reduce the effects of collisional

broadening on the resonance linewidth. However, some amount of buffer gas is nevertheless
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essential, not only to increase the memory lifetime dramatically, but also to enable our

current method of optical pumping with a narrow-band diode laser. This method relies on

the fact that the velocities of the caesium atoms change randomly through collisions with

the buffer gas so that their Doppler-shifted resonance frequencies wander across the entire

Doppler profile. Eventually all atoms will drift into resonance with the narrow-band diode

laser via this process of spectral diffusion. Optical pumping is therefore possible without the

need to dither the frequency of the diode laser, provided the timescale of spectral diffusion

is short compared to atomic diffusion out of the optical beam.

Alternatively, one could consider implementing the memory in different storage media

which display larger Stokes shifts [286]. This has already been drawn upon in a recent exper-

iment demonstrating the low-noise storage of THz-bandwidth SPDC photons in the optical

phonon modes of bulk diamond [178]. By taking advantage of the 40-THz splitting between

the ground and storage states as well as the high level of optical dispersion, Raman storage

in diamond circumvents the problem of FWM noise. However, as noted earlier, storage times

are unfortunately limited to a few picoseconds due to the rapid decay of optical phonons.

Upon inspection of equation (5.17), one could argue that an increase in optical depth

would also increase the amount of phase mismatch, since δk ∝ d. For instance, one may

suggest simply using a longer vapour cell. Yet while FWM has a sinc2-dependence on the

phase mismatch, the coupling strength of the FWM interaction, as a gain process, increases

exponentially with d. This more than compensates for the greater dispersion so that, overall,

FWM cannot be reduced by changing the optical depth.

It should be noted that we have so far neglected the noise contribution from spontaneous

Stokes scattering as a result of imperfect optical pumping. Since this scattering process is

not subject to a phase-matching requirement, there is no preferred direction of emission so
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that scattering occurs isotropically over an angle of 4π. Compared to directional scattering

processes, spontaneous Stokes scattering is suppressed by a factor of 4π/Ω, where Ω is the

solid angle of detection. Since Ω� 4π, it is therefore justified to neglect this source of noise.

Moreover, previous studies have indicated that near-perfect optical pumping efficiencies can

be achieved, given the available pump powers in our system [174] [241].

5.6.2 Selection rules

A different approach to overcoming the common problem of FWM noise in warm-alkali-

vapour memories was put forward by Walther et al. The proposed solution involves lifting

the degeneracy of the Zeeman sublevels |F,mF 〉 and then optically pumping the atoms

into the sublevel with the largest angular-momentum projection mF along the optical axis.

Figure 5.17 illustrates the two-photon Raman interaction which couples circularly polarised

signal and control fields of opposite helicity. As a result of selection rules, the σ+-polarised

control field cannot couple to the initial state |1〉 = |F = 4,mF = 4〉, since there exists no

upper state |F ′,mF ′ = 5〉 with an allowed transition. Hence, the control cannot generate a

spurious spin wave coherence and FWM is suppressed.

Figure 5.17: Proposed scheme for suppressing FWM noise based on selection rules. Initially, the
atoms are optically pumped into the extremal Zeeman state |F = 4,mF = 4〉 (a) to which the σ+-
polarised control field cannot couple (b), since there is no mF = 5 state with an allowed transition.
For clarity, the detuning ∆ from the excited states is not shown.
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Unfortunately, however, this potentially elegant solution is not viable for our system,

since the matrix elements of the Raman processes involving two different intermediate states

F ′ interfere destructively in the limit of large detunings. By calculating the Clebsch-Gordan

coefficients of the initial, intermediate and final states, one finds that the Raman matrix

elements for the two allowed transitions have equal amplitudes and opposite signs, i.e.

MR = 〈Ffinal|d
∣∣F ′1〉 〈F ′1∣∣d |Finitial〉 = −〈Ffinal|d

∣∣F ′2〉 〈F ′2∣∣d |Finitial〉 , (5.18)

where Ffinal = |F = 3,mF = 2〉 is the storage state |3〉, and F ′1 and F ′2 are the intermediate

states |F ′ = 3,mF ′ = 3〉 and |F ′ = 4,mF ′ = 3〉 of the 62P3/2 manifold which are involved

in the Raman interaction. The sum of these matrix elements cancel, thereby prohibiting

memory operation.

Figure 5.18: Raman matrix elements associated with coupling via two intermediate states (here:
|F ′ = 3,mF ′ = 3〉 and |F ′ = 4,mF ′ = 3〉) have equal amplitudes and opposite signs, resulting in
destructive interference between these two interaction pathways.

The generality of this result for all alkali isotopes, as well as for bothD1 andD2 transition

lines, was recently demonstrated by Igor Vurgaftman and Mark Bashkansky [287].
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5.6.3 Density of states

A third strategy for reducing FWM noise originates from a density-of-states perspective.

By reducing the density of states into which the anti-Stokes photon can be emitted, FWM is

suppressed with respect to the memory process, resulting in an improvement of the signal-

to-noise ratio.

The final part of this thesis is devoted to exploring this approach which was realised by

operating the memory inside a low-finesse optical cavity. In the following chapter we will

begin by theoretically examining the cavity strategy and its implications for the Raman

memory interaction.



Chapter 6
The cavity Raman memory

A particularly promising strategy with which to address the key challenge of noise sup-

pression involves a modification of the density of states by operating the memory inside an

optical cavity. To this end, a cavity is chosen which can be tuned into resonance with the

signal frequency, while simultaneously suppressing the anti-Stokes frequency.

In the first part of this chapter I will begin with a general theoretical description of the

bare light-cavity system, before discussing the dynamics of the intracavity Raman memory

interaction. The second half of this chapter is concerned with design considerations of the

experimental cavity implementation, including the optimal cavity parameters, its geometry

as well as methods of active stabilisation.

6.1 Input-output theory

Input-output (I-O) theory provides an important formalism with which to describe the

coupling between external light fields and optical cavity modes. This approach was first

developed in the mid 1980s by Collett and Gardiner [288], Gardiner and Savage [289], and

Yurke [290], at a time which also saw rapid advances in the formulation of cavity QED. I-O

127
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theory yields a quantum-mechanical description of the dynamics governing the input, cavity

and output fields of the linear light-cavity system. In the absence of intracavity losses, the

unitarity of the evolution equations is ensured by verifying that the commutation relations

agree with the fundamental equal-time field commutator [291].

I-O theory has been commonly limited to the good cavity regime of high Q-

factors [288] [292]. In this limit, the bandwidth of the optical field has to be significantly

smaller than the cavity’s free spectral range so that the effects of pulse evolution during a

cavity round-trip can be ignored. However, in a recent paper, Raymer and McKinstrie ex-

tended I-O theory for arbitrary light-cavity coupling strengths [293], based on previous work

in references [291] [294]. This generalised approach pertains to the Raman cavity design (see

Section 6.10.3) which necessitates operation in the low-Q-factor regime. The following is an

overview of their results.

6.1.1 Field propagation equations in the space-time domain

Raymer and McKinstrie consider a travelling-wave ring cavity with a single optical input

field at a junction with transmission and reflection coefficients
√
R and

√
T , respectively,

which satisfy R+ T = 1.

Figure 6.1: Ring cavity geometry, showing the input field A(t), the output field B(t) and the cavity
field C(t). External reflections at the input junction give rise to a phase flip, i.e. the associated
amplitude reflection coefficient is negative.
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Figure 6.1 illustrates the cavity geometry as well as the phase convention used in the fol-

lowing derivation, i.e. external reflections cause a phase flip. The intracavity field amplitude

C(z, t) evolves according to the travelling-wave Maxwell equation:

(∂t + vg∂z)C(z, t) = αP (z, t), (6.1)

where vg is the group velocity. The electric dipole polarisation P (z, t) is zero for an empty

cavity and α parametrises the coupling strength. The boundary condition at the coupling

junction inside the cavity relates the cavity field and the input field A(t),

C(0+, t) =
√
RC(l−, t) +

√
TA(t), (6.2)

where 0+ is the position inside the cavity right after the coupling junction and l− is the

position after one round-trip.

Similarly, the output field B(t) must satisfy the boundary condition

B(t) =
√
TC(l−, t)−

√
RA(t), (6.3)

where the phase flip upon external reflection is expressed by the minus sign.

These boundary conditions at the coupling junction are simply the well-known beam

splitter relations and can be conveniently combined in matrix form

 B(t)

C(0+, t)

 =


√
T −

√
R

√
R

√
T


C(l+, t)

A(t)

 . (6.4)
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The input field A(t) satisfies the usual commutation relation,

[
A(t), A†(t′)

]
= δ(t− t′). (6.5)

6.1.2 Linearised response in the space-frequency domain

Fourier-transforming equations (6.1) - (6.3) from the time to the frequency domain (t→ ω)

and assuming the empty-cavity case, gives the following set of partial differential equations

in the frequency domain:

− iωc(z, ω) + vg∂zc(z, ω) = 0

c(0+, ω) =
√
Rc(l−, ω) +

√
Ta(ω)

b(ω) =
√
Tc(l−, ω)−

√
Ra(ω).

(6.6)

Here, c(z, ω), a(ω) and b(ω) denote the Fourier transforms of C(z, t), A(t) and B(t), re-

spectively. The first of these equations can be solved for the cavity field after one round

trip:

c(l−, ω) = c(0+, ω)eiωτ (6.7)

where τ is the cavity round-trip time. Combining equations (6.6) and (6.7) yields the cavity

field in the frequency domain, i.e.

c(0+, ω) =

√
T

1−
√
R exp(iωτ)

a(ω) = G(ω)a(ω), (6.8)

where G(ω) is a Green’s function which describes the linear response of the cavity. The
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density of states inside the cavity is then given by

|G(ω)|2 =
T

(1−
√
R)2 + 4

√
R sin2

(
ωτ
2

) (6.9)

which is in fact the well-known transmission function of a Fabry-Perot-type, lossless cavity.

This result demonstrates a fundamental aspect of cavity physics; the boundary conditions

imposed by the cavity are responsible for a re-distribution of the density of states, leading

to an enhancement of |G(ω)|2 near the cavity resonances [295], as plotted in Figure 6.2. The

total number of states is nevertheless conserved which can be easily verified by integrating

|G(ω)|2 over multiples of the free spectral range. This result is at the very heart of the

cavity approach for improving the signal-to-noise ratio in the Raman memory.

Figure 6.2: Modulus-square of the Green’s function G(ω) for
√
R = 0.75 and T = 1.

Using equation (6.6), the output field b(ω) can also be expressed in terms of a Green’s

function G′ω,

b(ω) =
1−
√
R exp(−iωτ)

1−
√
R exp(iωτ)

eiωτa(ω) = G′ωa(ω), (6.10)

Having derived an expression for |G(ω)|2, it is important to clarify the effect of a cavity-

imposed re-distribution of the density of states on the memory and noise processes; the
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reduction of the density of states at the anti-Stokes frequency is accompanied by a cor-

responding enhancement at the Stokes frequency. Since the signal field, which we wish to

store, experiences this very same enhancement, the overall effect of the re-distribution is

the suppression of noise relative to the signal, or equivalently, the enhancement of the signal

above the noise floor. When referring to noise suppression, we will therefore always imply

a comparison with the signal, since the metric of interest is ultimately the signal-to-noise

ratio.

6.2 Cavity Raman memory equations

The following derivation of the dynamical equations governing the cavity Raman memory

is based on work by Joshua Nunn. The Maxwell-Bloch equations describing the coherent

Raman interaction of the Stokes field S and anti-Stokes field A with the spin wave coherence

B were presented in Section 5.4.1. For convenience, these equations are repeated below,

where we have made the coordinate transformation τ → t:

(
∂z +

1

c
∂t

)
S(z, t) = ikSΩ(z, t)B(z, t) + iδkS(z, t)(

∂z +
1

c
∂t

)
A(z, t) = ikAΩ(z, t)B†(z, t)

∂tB(z, t) = ikSΩ∗(z, t)S(z, t) + ikAΩ(z, t)A†(z, t) + iq|Ω(z, t)|2B(z, t).

(6.11)

Here we have re-defined the coupling constants kS and kA for the Stokes and anti-Stokes

fields to make explicit their dependence on the control Rabi frequency Ω(z, t). As before, δk

is the phase mismatch of the FWM process and q parametrises the A.C. Stark shift induced

by the control field.

As in the previous section, we will consider a ring cavity geometry, as shown in Figure 6.1,
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with intensity reflection and transmission coefficients R and T = 1 − R. The boundary

conditions for the Stokes and anti-Stokes fields at the coupling junction are given by

S(0, t) =
√
RηeiφSS(l, t)−

√
TSin(t)

A(0, t) =
√
RηeiφAA(l, t)−

√
TAin(t),

(6.12)

where l is the round-trip length and φS,A is the phase accumulated by the fields as they

propagate once around the cavity. We have also included intracavity loss by defining η as

the amplitude transmission for each round-trip.

The Stokes field S(l, t) after one pass of the cavity can be approximated using a Taylor

expansion of S(0, t) and substituting equation (6.11) for ∂zS(z, t),

S(l, t) ≈S(0, t) + l∂zS(z, t) |z=0

= S(0, t)− l

c
∂tS(0, t) + ilkSΩ(0, t)B(0, t) + ilδkS(0, t).

(6.13)

This approximation assumes that the round-trip time τ = l/c is short compared to the pulse

duration, or equivalently, that the spectral width of the cavity resonances is large compared

to the pulse bandwidth. Intuitively, this can be understood as the requirement that the full

spectrum of the incident signal should fit into the cavity’s transmission window. As a result

of this approximation, S varies slowly over the length of the cavity and we further assume

that the round-trip phase mismatch is small, δkl� 1.

Likewise, the Taylor expansion of A(l, t) gives

A(l, t) ≈A(0, t) + l∂zA(z, t) |z=0

= A(0, t)− l

c
∂tA(0, t) + ilkAΩ(0, t)B†(0, t).

(6.14)
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Substituting the expressions for S(l, t) and A(l, t) into the boundary condition (6.12)

gives the following set of partial differential equations for the intracavity fields s(t) =

√
τS(0, t), a(t) =

√
τA(0, t) and b(t) =

√
lB(0, t):

∂ts = −γ−s+ icδks+ i
√
ckSΩb− κSin,

∂ta = γ+a+ i
√
ckAΩb+ κAin,

∂tb = i
√
ckSΩ∗s+ i

√
ckAΩa† + iq|Ω|2b,

(6.15)

where γ± = (1±η
√
R)/η

√
Rτ and κ =

√
T/
√
Rητ . As the cavity is tuned to be resonant at

the Stokes frequency and anti-resonant at the anti-Stokes frequency, the round-trip phases

of the two fields have been set to φS = 0 and φA = π.

In the adiabatic limit of slowly-varying amplitudes, one can make the approximation

∂ts ≈ ∂ta ≈ 0. Solving for s and a gives

s =
i
√
ckSΩ

γ− − icδk
b− κ

γ− − icδk
Sin,

a = − i
√
ckAΩ

γ+
b† − κ

γ+
Ain,

∂tb =

[
iq − c

(
|kS |2

γ− − icδk
+
|kA|2

γ+

)]
|Ω|2b− i

√
ckSΩ∗κ

γ− − icδk
Sin −

i
√
ckAΩκ

γ+
A†in.

(6.16)

As in Section 2.2, we will proceed by transforming to the quasi-time coordinate ω(t) =

t∫
−∞
|Ω(t′)|2dt′. The partial derivative becomes ∂t = |Ω(t)|2∂ω. Equations (6.16) are then
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given by

σ =
i
√
ckS

γ− − icδk
b− κ

γ− − icδk
σin,

α = − i
√
ckA
γ+

b† − κ

γ+
αin,

∂ωb =

[
iq − c

(
|kS |2

γ− − icδk
+
|kA|2

γ+

)]
b−

i
√
ck∗Sκ

γ− − icδk
σin −

i
√
ckAκ

γ+
α†in,

(6.17)

where the Stokes and anti-Stokes fields have been normalised by the Rabi frequency, i.e.

σ = s/Ω and α = a/Ω.

Solving for the spin wave b(ω) gives

b(ω) = b(0)efω − gσ

ω∫
0

ef(ω−ω′)σin(ω′)dω′ − gα

ω∫
0

ef(ω−ω′)α†in(ω′)dω′, (6.18)

where

f =

[
iq − c

(
|kS |2

γ− − icδk
+
|kA|2

γ+

)]
, (6.19)

and

gσ =
i
√
ck∗Sκ

γ− − icδk
gα =

i
√
ckAκ

γ+
. (6.20)

Using equations (6.17) and (6.18), we can now determine the output fields emerging from

the cavity. Experimentally, it is convenient to measure the fields transmitted through the

cavity, rather than those reflected at the input junction. The reason for this lies in the fact

that the output intensity of a cavity operated in transmission is a direct indicator of how well

the cavity is aligned, i.e. maxima in transmission are more readily identified than minima

in reflection. While experimentally simpler, this configuration does, however, introduce a

source of loss, as the field retrieved from the memory can leak through the input coupler

of the cavity. Although cavity operation in transmission may limit the attainable memory
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efficiency, any transmitted FWM noise will be equally affected so that noise suppression is

not expected to deteriorate. With this in mind, we will now consider the Stokes field Strans

transmitted through the output coupler of a two-junction cavity, as shown in Figure 6.4.

Having determined the intracavity field S(l′, t) at the position of the output coupler, Strans

is simply given by

Strans =
√
T2S(l′, t) =

√
T2η
′eiφ′SS(0, t) ≈

√
T2S(0, t), (6.21)

where T2 is the intensity transmission coefficient of the output coupler and l′ is the optical

beam path between the input and output couplers. In the last step we have assumed that

the partial intracavity loss 1− η′ ≈ 0 and have set the phase φ′S = 0.

Likewise, for the transmitted anti-Stokes field,

Atrans =
√
T2A(L′, t) =

√
T2η
′eiφ′AA(0, t) ≈

√
T2A(0, t). (6.22)

Transforming to the quasi-time coordinate ω(t) and inserting b(ω) into the expressions for

the intracavity modes σ and α, we find

σtrans =
√
T2

pσefωb(0)− pσgσ

ω∫
0

ef(ω−ω′)σin(ω′)dω′ − pσgα

ω∫
0

ef(ω−ω′)α†in(ω′)dω′ − vσσin


αtrans =

√
T2

pαef∗ωb(0)− pαg∗σ

ω∫
0

ef
∗(ω−ω′)σ†in(ω′)dω′ − pαg∗α

ω∫
0

ef
∗(ω−ω′)αin(ω′)dω′ − vααin

 ,
(6.23)

where we have defined pσ = i
√
ckS

γ−−icδk , vσ = κ
γ−−icδk , pα = − i

√
ckAΩ
γ+

and vα = κ
γ+

.

Note that the reflected output fields can be derived in a similar manner using the bound-
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ary conditions at the input coupler which are given by

Sref(t) =
√
RSin(t) +

√
TηeiφSS(l, t)

Aref(t) =
√
RAin(t) +

√
TηeiφAA(l, t).

(6.24)

Finally, the retrieved field can be found by replacing the initial spin wave b(0) with the

final spin wave b(W ) at the end of the storage process, where W =
∞∫
−∞
|Ω(t′)|2dt′:

σretr(ω) =−
√
T2pσe

fω

gσ W∫
0

ef(W−ω′)σin(ω′)dω′ + gα

W∫
0

ef(W−ω′)α†in,1(ω′)dω′


−
√
T2pσgα

ω∫
0

ef(ω−ω′)α†in,2(ω′)dω′.

(6.25)

Here, any fields that are initially in the vacuum state, i.e. σin,2, have been dropped. We

will refer back to this equation when examining the modes coupled by the linear mapping

of the cavity Raman process in Section 6.4.

6.3 Cavity enhancement

Compared to free-space implementations, memory operation inside a cavity benefits from

an increased effective optical depth due to enhanced coherent coupling between the signal

field and the atomic ensemble [58] [296] [297]. This effective optical depth can be quantified by

the cooperativity parameter D which accounts for the cavity-induced enhancement of the

coupling strength. The optimal memory efficiency is uniquely determined by the value of

D, independent of the detuning ∆ and the temporal shape of the control pulse Ω(t). We

have already encountered this very same result in our previous discussion of the free-space

model in Section 2.2.1 for which the equivalent figure of merit is the optical depth d. This
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result applies to adiabatic memory schemes – both far-off-resonant Raman and resonant

EIT protocols – as well as non-adiabatic photon-echo memories.

As alluded to in Section 2.2.1, the sole dependence of the efficiency on D (or d in free

space) reflects the fact that the branching ratio between collectively enhanced emission into

the optical output mode and spontaneous decay into undesired modes is determined by the

optical depth alone. This was developed by Alexey Gorshkov [298], alongside the pivotal

observation that optimal storage is the exact time-reversal of optimal retrieval [117] [186] and

ηstor,opt = ηret,opt. While a formal proof of this result is given in reference [208], it can be

intuitively understood as a manifestation of the T-symmetry of the unitary beam-splitter

relations (see Section 2.2.4).

The input-output relation for the signal field S(t) can be re-cast in terms of the cavity

decay rate Γcav = 2πδν, where δν is the resonance bandwidth. As shown in reference [171],

the equations of motion for the cavity memory interaction in the adiabatic approximation

are dependent on the cooperativity parameter [299] D = |κ|2/(Γcavγ), equivalent to d in

equation (2.38). As before, κ is the coupling constant between the signal mode and the

atomic polarisation, and γ is the spontaneous emission rate from the excited state.

In order to make explicit the cavity-dependent modification of the optical depth, we can

re-write D in terms of the free-space optical depth d = |κ|2l/(cγ), as

D = d×
(

1

Γcav
× c

l

)
= d×

(
1

2πδν
× 2∆ν

)
= d×

(
∆ν

δν

1

π

)
= d×

(
F

π

)
. (6.26)

where l is the ensemble length and we have defined the cavity free spectral range as ∆ν =

c/(2l) (see Section 6.7). Note that for simplicity we have assumed that the cavity length is

equal to l. Equation (6.26) shows that the optical depth is enhanced by a factor proportional
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to the cavity finesse F = ∆ν/δν. This factor, F/π, is in fact equal to the ratio of the cavity

lifetime 1/(Γcav) = 1/(2πδν) to half the round-trip time l/c = 1/(2∆ν). The optical depth

inside the cavity is therefore increased by the number of passes that a photon would make

through the interaction region before leaking out [298].

The retrieval efficiency can be computed in analogy with equation (2.42) in Chapter 2,

as the ratio between the number of retrieved photons and the number of stored excitations,

i.e.

ηret =

∞∫
−∞
|Sout(τ)|2dτ

∞∫
−∞
|Bmem(τ)|2dτ

. (6.27)

Provided that spin wave decoherence can be ignored and that no excitations remain at t =∞

(Bmem(∞) = 0), the optimal retrieval efficiency reduces to D/(1 + D), independent of the

control field. This necessarily assumes that the control is sufficiently strong to convert the

stored spin wave fully into an optical output mode. According to the time-reversal argument,

the maximum total memory efficiency for storage followed by retrieval is therefore given by

D2/(1 +D)2.

6.4 Mode selectivity

In discussing the Raman interaction in Section 2.2.1, we introduced the linear optical map-

ping which connects the input signal Sin with the retrieved signal Sout:

Sout(t) =

∫
K(t, t′)Sin(t′)dt′. (6.28)

The mapping is represented by the Green’s function K which couples the jth input mode

φj to the jth output mode ψj , where the coupling strength is given by the corresponding
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singular value λj and all modes have been normalised.

K(t, t′) =
∑
j

λjψj(t)φ
∗
j (t
′) = λ1ψ1(t)φ∗1(t′) + λ2ψ2(t)φ∗2(t′) + ... (6.29)

By convention, the terms in the above sum are ordered according to the magnitude of

the singular values, with λ1 being the largest.

If λj = 0 for j 6= 1, the memory interaction can only couple a single mode and K(t, t′) =

λ1ψ1(t)φ∗1(t′). In this case, the linear transformation K(t, t′) is a separable function in t and

t′ and we can write

Sout(t) = ξ × ψ1(t), (6.30)

where

ξ = λ1

∫
φ∗1(t′)Sin(t′)dt′ (6.31)

describes the overlap between the signal Sin and the input mode function φ1 of the linear

map K(t, t′). The efficiency with which the input field is mapped to the output field therefore

depends on the value of ξ. If Sin is orthogonal to φ1, then the integral in equation (6.31)

is zero and η = 0. Consequently, a single mode memory is maximally mode selective, since

any incident signal mode orthogonal to φ1 remains unchanged by the interaction. Mode

selectivity is a useful functionality, and indeed a necessary prerequisite for applications

aiming to deploy temporal-mode multiplexing [300] [301].

Generally, as the efficiency of the memory is increased, additional modes are coupled by

the interaction due to the increasing magnitude of the corresponding singular values [121].

These terms can no longer be ignored in the mode expansion of K(t, t′) which cannot there-

fore be treated as a separable function. The resulting trade-off between coupling efficiency



6.5 MODE SELECTIVITY 141

and mode selectivity is discussed in references [302] [303].

The Raman memory inside a travelling-wave cavity can indeed be considered as a gen-

eralisation of this approach. The coupling strength of each individual round-trip is com-

paratively weak so that λ1 � λj 6=1. However, multiple passes of the ring cavity interfere

constructively to give high overall efficiency at the output, provided that the signal is reson-

ant with the cavity mode. As a result, the memory interaction is simultaneously efficient and

highly mode selective. This particularly interesting feature of the cavity Raman memory

was first examined by Josh Nunn.

The linear transformation relating the input signal field and the retrieved field (equa-

tion (6.25)) contains an explicit expression for the Green’s function K. Ignoring all noise

contributions, the mapping can be expressed, in terms of the quasi-time coordinate ω(t), as

σout(ω) =

∫
K(ω, ω′)σin(ω′)dω′ (6.32)

where

K(ω, ω′) = −
√
T2gσpσe

fωef(W−ω′). (6.33)

K(t, t′) can be recovered via the coordinate transformation (ω, ω′) → (t, t′), showing that

K(t, t′) is separable in t and t′. Hence, the memory interaction is exactly single-mode,

provided that the approximations used to derive equation (6.25) are valid. Apart from

noise suppression, the cavity Raman memory therefore also provides high mode selectivity

independent of efficiency.
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6.5 Noise suppression

The coherent model of four-wave mixing noise, introduced in the previous chapter, can be

used to examine the effect of noise suppression on the photon statistics of the retrieved field

following storage of single photons in the Raman memory. For this purpose, we will compare

the coupling strength of the memory interaction, C =
√
Wdγ/∆, with that of the FWM

process seeded by anti-Stokes scattering, given by C ′ =
√
Wdγ/(∆ + ∆HFS). Figure 6.3

shows the predicted g(2) autocorrelation (equation 5.13), as the ratio of coupling strengths

R = C ′/C is artificially varied. In free space, R is fixed by the ratio of detunings of the

anti-Stokes and Stokes fields, i.e.

R =
C ′

C
=

∆

∆ + ∆HFS
≈ 15

15 + 9
= 0.625. (6.34)

Figure 6.3: Theoretical prediction for the g(2)-autocorrelation of the retrieved field following storage
of a heralded SPDC input photon, as the ratio of coupling strengths R = C ′/C is artificially varied.
The vertical dotted line indicates R = 0.625, corresponding to the ratio of detunings of the anti-
Stokes and Stokes fields.

As described in Section 6.1.2, the cavity boundary conditions impose a re-distribution of

the density of states, with an enhancement near the cavity resonances and a corresponding
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reduction between resonance peaks. If the cavity is tuned to be off-resonant at the anti-

Stokes frequency, emission at this frequency is strongly suppressed due to the reduction in

the density of states gAS.

For memory operation inside a cavity, the ratio R can therefore be re-defined as

R =
C ′

C
=
gAS

gS

∆

∆ + ∆HFS
, (6.35)

where gS is the density of states at the signal (Stokes) frequency.

Suppressing the anti-Stokes coupling by a factor of 2.5 would result in a reduction of

R sufficient to observe a g(2) < 1 and preserve non-classical statistics. With a suppression

factor of 30, the statistics of the output field would be as non-classical as those of the input

signal1.

6.6 The ring cavity design

In the previous section, we derived the transfer function of a bare ring cavity by considering

the beam splitter equations relating the input field with the intracavity modes and Fourier-

transforming these equations from the time domain to the frequency domain. The cavity’s

transmission spectrum was then determined from the square modulus of the Green’s function

which is equivalent to the density of states inside the cavity.

In the following section I will present an alternative approach to deriving the transmission

function. Before doing so, I would like to motivate the choice of cavity geometry which has

so far been underlying our discussion.

Implementing a Raman memory inside a linear Fabry-Perot-type cavity has a few consid-

1Noise originating from the SPDC source would outweigh any noise contribution from the memory.
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erable disadvantages. Firstly, the standing wave established inside the linear cavity results

in intensity nodes along the cavity axis. While the total intracavity intensity is the same as

for other cavity geometries, the node structure would severely reduce the memory lifetime

due to longitudinal atomic diffusion out of the interaction region. The maximum storage

time would therefore be limited by the transit time of an atom across one intensity anti-node.

Secondly, a linear configuration – by definition – does not allow unidirectional propaga-

tion. Hence, it would not be possible to introduce the pump laser into the cavity in a counter-

propagating direction relative to the signal and control pulses, as has been the strategy with

the free-space memory. These problems can be circumvented with a travelling-wave ring

cavity, the geometry of which is shown in Figure 6.7.

6.7 The lossy ring cavity

The field amplitude at the output ports of a cavity can be determined classically by sum-

ming the contributions from each round-trip, taking into account both the accumulation of

phase [304] as well as the reduction in amplitude due to loss. The phase associated with one

complete pass of a cavity of round-trip length 2l is given by

δ = kx =
2π

λ
× 2nl =

4πln

λ
=

4πnlν

c
, (6.36)

where the frequency ν = c/λ and n is the refractive index of the intracavity medium. For

the ring cavity shown in Figure 6.4, the field transmitted through the output coupler is

given by the sum

Etrans = (t1t2 + t1r2r1t2ηe
iδ + t1r

2
2r

2
1t2η

2e2iδ + ...)× Ein (6.37)
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where r1/2 is the amplitude reflection coefficient of the input/output coupler2 and t1/2 is the

corresponding amplitude transmission coefficient which satisfies the relation |r1/2|2+|t1/2|2 =

1. We have also defined the loss parameter η such that the fractional intracavity intensity

loss for one round-trip is given by 1−|η|2. Note that, as before, we have ignored any partial

loss 1− |η′|2 between the input and output couplers which are separated by l′ � 2l and set

the phase δ′ = 2π
λ × l

′ = 0.

Figure 6.4: Two-junction ring cavity (total length 2l) with amplitude reflection and transmission
coefficients r1/2 and t1/2, respectively. The overall intracavity loss is given by 1−|η|2. The separation
l′ between the input and output couplers is taken to be sufficiently small so that any partial loss can
be ignored over this distance.

Hence, the amplitude transmission function, normalised by the incident field amplitude,

is given by

Etrans

Ein
=

∞∑
m=0

(r1r2)mηmeiδmt1t2 =
t1t2

1− r1r2ηeiδ
. (6.38)

The form of the corresponding intensity transmission function evokes the familiar Airy

function of a planar Fabry-Perot cavity, with ζ = r1r2η replacing the reflectance R,

∣∣∣∣Itrans

Iin

∣∣∣∣ =
|t1t2|2

1− 2r1r2η cos δ + (r1r2η)2
=

|t1t2|2

(1− ζ)2 + 4ζ sin2
(
δ
2

) . (6.39)

Up to a factor of |t2|2, equation (6.39) is identical to the intracavity density of states

2We will use lower-case letters to represent amplitude coefficiencts.
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|G(ω)|2, as derived in Section 6.1.2. The resonance frequencies of the cavity are found

by setting δ/2 = πm, giving νres = m × c
2nl , where m is an integer. The free spectral

range (FSR), defined as the frequency separation ∆ν between successive resonance peaks, is

inversely proportional to the cavity length, since ∆ν = c
2nl . The intensity of the intracavity

field can be obtained by dividing equation (6.39) by the intensity transmission coefficient of

the output port T2 = |t2|2.

We have already encountered the cavity finesse in Section 6.3, defined as the ratio

between the FSR and the FWHM bandwidth δν of the transmission peaks,

F =
∆ν

δν
=

π

2 sin−1
(

1−ζ
2
√
ζ

) . (6.40)

Equation (6.40) shows that the finesse is fully determined by the reflectivity of the cavity

mirrors and the intracavity loss, independent of the cavity length. As we shall see in

Section 6.10.1, the parameters chosen for the ring cavity place it in the low-finesse regime.

We can similarly find an expression for the field reflected at the input mirror, i.e.

Erefl

Ein
= r1 − (t21r2ηe

iδ + t21r
2
2r1η

2e2iδ + ...) = r1 − t21r2e
iδη

∞∑
m=0

rm1 r
m
2 η

meimδ =
r1 − r2ηe

iδ

1− r1r2ηeiδ
.

(6.41)

The reflected intensity is then given by the square modulus of equation (6.41),

∣∣∣∣Irefl

Iin

∣∣∣∣ =
|r1|2 + |r2η|2 − 2r1r2η cos δ

1 + |r1r2η|2 − 2r1r2η cos δ
. (6.42)

On resonance, the transmitted and reflected intensities reduce to

∣∣∣∣Itrans

Iin

∣∣∣∣
res

=
(1− |r1|2)(1− |r2|2)

(1− r1r2η)2

∣∣∣∣Irefl

Iin

∣∣∣∣
res

=

∣∣∣∣ r1 − r2η

1− r1r2η

∣∣∣∣2 . (6.43)
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In the case of a lossless cavity with η = 1, it is straightforward to verify that energy is

conserved, i.e.
∣∣∣ Itrans
Iin

∣∣∣
res

+
∣∣∣ Irefl
Iin

∣∣∣
res

= 1. The introduction of loss through η < 1 is illustrated

in Figure 6.5 which shows the transmitted and reflected intensity spectra for the choice of

cavity parameters discussed in Section 6.10.1.

Figure 6.5: Intensity spectra of the transmitted (blue) and reflected fields (red) as a function of
frequency. The sum of these spectra is shown in green.

The condition for critical cavity coupling is satisfied when r1 − r2η = 0 such that the

reflected modes interfere destructively at the input port, yielding
∣∣∣ Irefl
Iin

∣∣∣
res

= 0. Requiring

critical coupling is therefore equivalent to maximising the intracavity field intensity – a key

factor in enabling memory operation inside the cavity.

6.8 Extinction

One of the principal figures of merit guiding our design considerations is the amount of

cavity-induced noise extinction. For this purpose, we will define a cavity extinction ratio Υ

which is a useful parameter for assessing the suppression of the anti-Stokes frequency with

respect to the resonant enhancement of the signal/Stokes frequency. As noted earlier, the

overall result is a corresponding increase in the signal-to-noise ratio.

An upper bound on Υ is given by the ratio between the minima and maxima of the cavity
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transmission function, corresponding to the optimal amount of noise suppression possible

for CW fields. In this limit, the cavity extinction ratio is equal to

Υ(ζ) =
|Itrans|min

|Itrans|max

=
(1− ζ)2

(1 + ζ)2
. (6.44)

Equation (6.44) shows that Υ = Υ(ζ) only depends on ζ = r1r2η, i.e. the reflectivities of

the cavity mirrors and the intracavity loss. In other words, the cavity finesse F (ζ) ultimately

limits the potential noise suppression. Since the finesse is inversely proportional to the cavity

bandwidth, the requirements for broadband memory operation and large signal-to-noise ratio

are in direct competition with each other. Note that this could be mitigated by increasing

the free-spectral range of the cavity – a discussion we will return to in Section 6.10.1

We can also express Υ(ζ) in terms of the cavity visibility V (ζ) as Υ(ζ) = (1−V (ζ))/(1+

V (ζ)), where

V (ζ) =
|Itrans|max − |Itrans|min

|Itrans|max + |Itrans|min

=
(1 + ζ)2 − (1− ζ)2

(1 + ζ)2 + (1− ζ)2
. (6.45)

The finite width of the pulses can be taken into account by evaluating the overlap between

the cavity transmission function and a Gaussian pulse with FWHM δν. For the case of a

critically coupled cavity, we can re-write the transmission function in equation (6.39) in

terms of ζ, i.e.

T (ν, ζ, l) =
(1− ζ)(1− ζ/η2)

(1− ζ)2 + 4ζ sin2
(

2πlν
c

) . (6.46)

The overlap Θ(ν, ζ, l) between T (ν, ζ, l) and a Gaussian function f(ν, ν0, δν), centred at

ν0, is then given by

Θ(ζ, l, ν0, δν) =

∫ ∞
−∞

T (ν, ζ, l)× f(ν, ν0, δν)dν. (6.47)
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Using equation (6.47), we can define an effective cavity extinction ratio Υ′(ζ, δν) =

Θ(ζ, νa, δν)/Θ(ζ, vs, δν), where we have assumed that the cavity is resonant at the signal fre-

quency νs and anti-resonant at the anti-Stokes frequency νa = νs + 2∆HFS. Experimentally,

Υ′(ζ, δν) can be estimated from the measured visibility V ′(ζ, δν) of the cavity transmission

function which is defined as

V ′(ζ, δν) =
Θ(ζ, νs, δν)−Θ(ζ, νa, δν)

Θ(ζ, νs, δν) + Θ(ζ, νa, δν)
. (6.48)

Note that the measured visibility is the result of a convolution between the cavity re-

sponse function and the incident pulse shape and is therefore dependent on the pulse band-

width δν. After re-arranging equation (6.48), we obtain

Υ′(ζ, δν) =
1− V ′(ζ, δν)

1 + V ′(ζ, δν)
. (6.49)

The discrepancy between the ideal and effective ratios Υ and Υ′ is shown in Figure 6.6

as a function of the reflectivity R2 of the output coupler. In evaluating the cavity extinction

ratios we have assumed a Gaussian function with δν = 1.2 GHz and anticipated the choice

of cavity parameters as well as the measured loss parameter η. We will discuss this choice

of parameters in Section 6.10, but before doing so, we will first examine the geometric

requirements for a stable cavity.
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Figure 6.6: Ideal and effective cavity extinction ratios Υ (red) and Υ′ (blue) - taking into account a
Gaussian pulse bandwidth of 1.2 GHz - as a function of R2, while maintaining critical cavity coupling.

6.9 Ring cavity geometry

Figure 6.7 illustrates the isosceles geometry of the ring cavity which consists of an input

coupling mirror, a concave mirror and an output coupling prism.

Figure 6.7: Triangular ring cavity (not to scale). The total round-trip path length is given by
d1 + d2 and the separation between the input and output couplers is equal to 2x. This notation will
be used in Section 6.9.1.

A triangular shape was chosen to maximise the space available for the memory cell, while

minimising the round-trip length of the cavity. The reasoning behind this will be discussed

in Section 6.10.1. Given this triangular geometry, the curvature of the concave mirror had

to be chosen such that the propagating fields overlap after each round-trip. This stability
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criterion can be examined by tracing the incident beam, assumed to be Gaussian, around

the cavity via the method of ray transfer matrix analysis.

6.9.1 Gaussian beam propagation

A prerequisite of a stable ring cavity is the condition that a propagating beam is returned

to its original geometry after each round-trip. In order to ensure this, we will consider the

set of Gaussian beam parameters, i.e. the beam radius w(z) and the radius of curvature

R(z), where z is the distance from the beam waist along the beam axis. These parameters

are given by

R(z) = z +
z2
R

z
and w(z) = w0

√
1 +

(
z

zR

)2

, (6.50)

where w0 is the beam waist. The Rayleigh range zR =
πw2

0
λ describes the distance from the

waist over which the cross-sectional area of the beam doubles in size3. The beam radius

and radius of curvature can be combined in the complex beam parameter q(z) which fully

characterises the beam and is given by

1

q(z)
=

1

R(z)
− i

λ

πw2(z)
. (6.51)

As the Gaussian beam propagates through an optical system, the corresponding change

in q(z) can be calculated through first-order ray transfer matrix analysis which assumes the

paraxial approximation of small angles relative to the beam axis. The ray transfer matrix

M =
(
A B
C D

)
describes the optical system defined between an input plane and an output

plane which are both perpendicular to the optical axis. The complex beam parameter qf ,

3The confocal parameter is a related quantity, defined as twice the Rayleigh range.
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after propagation through this system, is related to the initial q-parameter qi through

qf =
A · qi +B

C · qi +D
(6.52)

Requiring qf = qi yields a quadratic equation with solutions

p = −A−D
2B

±

√(
A+D

2

)2 − 1

B
(6.53)

where we have re-defined the beam parameter as p = 1/q. As derived in Appendix B, the

cavity is stable provided that

−1 <
1

2
Tr (M) < +1 (6.54)

or alternatively,

0 <
1

4
Tr (M) +

1

2
< +1

0 < g1g2 < 1

(6.55)

where, in the second line, the condition has been re-expressed in terms of the stability

parameters g1 and g2. This notation is commonly used to describe the stability of cavities

consisting of two curved mirrors. For this particular case, it is straightforward to show that

g1/2 = 1 − L/R1/2 where R1/2 is the curvature of the first/second mirror and L is their

separation. The stability criterion can be illustrated graphically by plotting g1 against g2 so

that stable cavity configurations are represented by the areas bounded by the line g1g2 = 1

and the coordinate axes (see Figure 6.11 below).

The Rayleigh range zR of the Gaussian cavity mode was chosen to be equal to half the

round-trip length of the ring cavity pictured in Figure 6.7, i.e. zR = l, with the beam waist

located at the mid-point between the input and output couplers. This choice ensures limited
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divergence of the intracavity fields over the length of the memory interaction region.

The transfer matrix for propagation over a distance l is given by M1(l) =
(

1 l
0 1

)
. If the

beam propagates through a series of optical materials with different refecractive indices,

then l =
∑

i li/ni, where ni is the refractive index associated with a length of material li

and the sum runs over the number of different materials4. Reflection from a curved mirror

and subsequent propagation is described by the matrix M2(l) =
(

1 l
0 1

)( 1 0
−2/Rc 1

)
where Rc

is the radius of curvature.

In order to trace the change in beam parameters along the cavity path, it is convenient

to unfold the ring cavity, as illustrated in Figure 6.8.

Figure 6.8: Unfolded ring cavity, showing the ray transfer matrices A1 and A2 for propagation
from z = 0 to z = d1 and from z = d1 to z = d2, respectively.

The path length between the input coupler and the curved mirror is defined as d1 = zR+x

where x is half the distance between the input and output mirrors. The remaining path

length necessary to complete a round-trip is equal to d2 = zR − x (see Figure 6.7). The

4This can be verified by multiplying the matrices for free-space propagation and refraction at a flat
interface, and setting ni = nair = 1:(

1 0
0

nf

ni

)(
1 lfree

0 1

)(
1 0
0 ni

nf

)
=

(
1 lfreeni

nf
.

0 1

)
(6.56)
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ray transfer matrices corresponding to one round-trip are therefore given by M1(z) for

0 < z < d1 and M2(z) for 0 < z < d2. The beam size and radius of curvature are calculated

from

w(z) =
1√

−π=
(

1
q(z)

)
λ

and R(z) =
1

<
(

1
q(z)

) . (6.57)

Figure 6.9 shows w(z) and R(z) as a function of z for one round trip, i.e. 0 < z < d1 + d2:

Figure 6.9: (a) Beam radius w(z) for one round-trip. The vertical line indicates the position of
the curved mirror at z = d1. (b) Radius of curvature R(z) for one round-trip. Notice that the sign
changes upon reflection from the curved mirror at z = d1.

From equation (6.57) we can determine the optimal beam parameters for stable propaga-

tion around the cavity. Given the choice of zR, the radius of the incident beam at the input

coupler should equal w(0) = 76.6 µm, with an optimal beam waist of wopt = w(x) =

74.4 µm, located at z = x between the input and output couplers. At the concave mirror

(z = d1) the beam expands to its largest radius, given by w(d1) = 105.2 µm, before being

re-focussed to w(x) during the second half of the round-trip. Figure 6.10 shows w(z) and

R(z) after one round-trip (z = d1 + d2), as a function of the radius Rc of the curved mirror.

Clearly, the beam is only returned to its initial size after one round-trip if the mirror radius

is equal to twice the Rayleigh range, Rc = 2zR.
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Figure 6.10: (a) Beam radius w(d1 + d2) after a full round-trip, as a function of Rc, for 1.5zR <
Rc < 2.5zR. The red dashed line indicates the beam size at the input coupler, i.e. w(0). (b) Radius
of curvature R(d1 + d2) after a full round-trip, as a function of Rc, for 1.5zR < Rc < 2.5zR. The
radius of curvature at the input coupler, R(0), is marked by the dashed line.

The transfer matrix for a full round-trip is given by Mtot = M2(d2)M1(d1),

Mtot =

1 d2

0 1


 1 0

−2/Rc 1


1 d1

0 1

 =

1− 2d2
Rc

d1 − 2d1d2
Rc

+ d2

− 2
Rc

−2d1
Rc

+ 1

 . (6.58)

For this matrix, the stability criterion is

0 <
1

4
Tr (Mtot) +

1

2
< +1, (6.59)

where
1

4
Tr (Mtot)

=
1

4

(
1− 2d2

Rc
− 2d1

Rc
+ 1

)
= 1− d1 + d2

2Rc
.

(6.60)

The stability parameters, which satisy 0 < g1g2 < 1, are therefore given by g1 = 1 and

g2 = 1 − d1+d2
2R . Figure 6.11 shows a plot of g2 against g1, including points (1, 0), (1, 0.5)

and (1, 1). The middle point (1, 0.5) corresponds to a mirror radius of Rc = 2zR.
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Figure 6.11: Stability diagram of the triangular ring cavity. The areas bounded by the solid line
and the coordinate axes represent stable cavity configurations. The central of the three red points
corresponds to a mirror curvature of Rc = 2zR.

The effect of imperfect focusing can be modelled by propagating a beam with a waist

of w(x) 6= wopt around the cavity using the ray transfer matrices M1 and M2. The beam

radius and radius of curvature as a function of propagation distance z are plotted in Figures

6.12 and 6.13 for different values of the waist w(x).

Figure 6.12: Variation of the beam radius w(z) over four passes of the total cavity length, i.e.
0 < z < 4(d1 + d2), for different values of the beam waist at the focus of the cavity. If wo 6= wopt,
the beam requires two round-trips to be returned to its initial size.
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Figure 6.13: The corresponding radius of curvature R(z) for different values of w0.

As can be seen, the beam radius w(z) of an imperfectly focused beam oscillates between

two local minima after each round-trip, only returning to its initial size after traversing the

cavity twice. The greater the focal mismatch between w(x) and wopt, the more pronounced

is the difference in beam size after successive round-trips. This mismatch leads to poor

overlap of the spatial modes exiting the cavity and degrades the overall signal transmission.

Optimisation of the beam waist is therefore an important requirement for efficient operation

of the cavity memory.

6.10 Choice of cavity parameters

Having determined a stable cavity geometry and examined the corresponding beam para-

meter requirements, we will now consider the choice of cavity parameters on which the

attainable level of noise suppression depends. We will therefore return to our discussion of

the extinction in Section 6.8 and begin by assessing the FSR and bandwidth criteria.
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6.10.1 Free-spectral range and bandwidth

In order to suppress FWM noise most effectively, the cavity FSR has to be chosen such that

the anti-Stokes frequency falls exactly between two transmission peaks, when the cavity

is tuned into resonance with the signal frequency. Hence, the FSR ∆ν should satisfy the

following relation

∆ν =
2×∆HFS

n+ 0.5
(6.61)

where n ≥ 0 is the number of harmonics spanning the frequency difference between the

signal and the anti-Stokes component ∆sig−AS = 2∆HFS. Additionally, the bandwidth of the

resonance features should be larger than the bandwidth of the pulses in order to maximise

the overlap between the cavity mode and the signal field. This requirement ensures that

the broad acceptance bandwidth of the memory, and hence its time-bandwidth product,

is maintained. We will therefore set δν = 1.2 GHz. As noted in Section 6.8, the high-

bandwidth requirement places a strict upper bound on the finesse and consequently limits

the cavity visibility and obtainable extinction. This demonstrates the sensitive trade-off

between broadband memory operation and noise suppression.

For a fixed resonance bandwidth, optimal noise extinction is achieved if the FSR is twice

as long as ∆sig−AS, i.e. for n = 0, FSR = 2× 2∆HFS. However, this corresponds to a cavity

length of approximately 4 mm which would pose a significant technical challenge5. For the

purpose of a cavity memory prototype, it is sensible to sacrifice some of the extinction in

favour of increasing the cavity length to a feasible size. Table 6.1 shows sets of possible

cavity parameters for n = 0, 1, 2, 3:

5The optimal cavity length may be achievable with a monolithic cell-cavity system which would necessitate
a miniaturised vapour cell.
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n FSR [GHz] l [mm] Υ′

0 36.8 4.1 0.004
1 12.27 12.2 0.03
2 7.35 20.4 0.09
3 5.26 28.5 0.17

Table 6.1: Sets of cavity parameters for different values of FSR, with corresponding cavity lengths
and effective extinction factors.

Given that the wall thickness of standard vapour cells is approximately 1 mm, a cavity

length on the order of 1 cm would limit the cell length to just a few millimetres. I therefore

decided to select the n = 2 harmonic, corresponding to a round-trip cavity length of 2× l =

40.8 mm and an FSR of ∆ν = 7.35 GHz, as illustrated in Figure 6.14.

Figure 6.14: Normalised cavity spectrum for n = 2. While the signal field (red) is on resonance,
the frequency of the anti-Stokes field (purple) falls between two transmission peaks. The frequency
axis has been chosen to show the detuning relative to the signal frequency.

6.10.2 Control field coupling

Of key importance for intracavity memory operation is the ability to couple both the signal

and control fields simultaneously into the cavity. This double-resonance condition can be

achieved by exploiting the orthogonality of the signal and control field polarisations. A

tunable uniaxial birefringent crystal placed inside the cavity can be used to bring about a



6.10 CHOICE OF CAVITY PARAMETERS 160

polarisation-dependent change in optical path length which shifts the resonance frequencies

by an amount equal to the caesium hyperfine splitting ∆νHFS:

νc = νs + ∆νHFS = m
c

2nlc
=

2nlsνs
c

c

2n(ls −∆l)
=

lsνs
ls −∆l

(6.62)

Solving for the change in optical path length gives ∆l = ls∆νHFS
νs+∆νHFS

.

However, due to the periodicity of the cavity resonances, path length changes corres-

ponding to multiples of the free spectral range ∆ν are equivalent. The set of ∆l, which

satisfy the above condition are therefore given by

∆l =
ls(∆νHFS +m∆ν)

νs + ∆νHFS +m∆ν
, (6.63)

where m ∈ Z.

Figure 6.15: Normalised transmission spectrum of a doubly resonant cavity for orthogonal linear
polarisations of the signal (solid line) and control (dashed line). The optical pumping laser (green)
is partially resonant with the cavity spectrum corresponding to the control polarisation (see Sec-
tion 6.11). The signal, control and anti-Stokes pulses are shown in red, blue and purple, respectively.

Figure 6.15 shows the transmission spectrum of a cavity satisfying the double-resonance

condition for the signal and control field polarisations. The parameters used to plot this
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spectrum are discussed in Section 6.10.3. In order to minimise spatial walk-off and absorp-

tion loss through the crystal, the smallest solution (m = −1) was selected, corresponding

to ∆l ≈ λ
8 . The birefringence ∆n necessary to bring about the λ

8 -change in path length

therefore guides the choice of birefringent material, given that the limited intracavity space

restricts the crystal thickness to < 1 mm. The temperature-dependent change in optical

path length is given by ∆l(T ) = tcrystal(T )(no(T ) − ne(T )) where tcrystal(T ) is the crystal

thickness at temperature T . The refractive indices no and ne for light polarised perpendic-

ular and parallel to the optic axis can be found from empirical Sellmeyer equations. The

temperature dependence of the material thickness tcrystal(T ) is given by the thermal expan-

sion coefficient a. The rate of change of the birefringence with temperature can be found

using the thermo-optic coefficients, dno/dT and dne/dT . The signal and control modes

therefore acquire a temperature-dependent difference in path length given by

∆l(T ) = tcrystal(T0)ea(T−T0) ×
[
ne(T0)− no(T0) +

(
dne
dT
− dno
dT

)
× (T − T0)

]
!

= λ(n+ 1/8).

(6.64)

Here we have ignored the difference in frequencies between the signal and control fields,

and assumed that the signal and control fields are polarised along the principal axes of the

crystal. The path length change ∆l can be optimised for signal and control transmission

by tuning both the angle and the temperature of the birefringent element. The temper-

ature tunability of α-barium borate6, or α-BBO, is examined in Figure 6.16 which shows

tcrystal(T ) ×
(
dne
dT −

dno
dT

)
× T for a crystal thickness of 0.8 mm. According to this model, a

temperature change of approximately 18◦C is necessary to achieve a path length difference

of λ/8.

6The thermal expansion coefficient is given by a = 4 × 10−6/K and the thermo-optic coefficients are
dno/dT = −9.3× 10−6 and dne/dT = −16.6× 10−6 [305].
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Figure 6.16: Change of optical path length in units of λ as a function of temperature for 0.8 mm
of α-BBO.

6.10.3 Cavity mirrors

The choice of cavity bandwidth and free-spectral range constrain the value of ζ, according

to equation (6.40). For a given loss parameter η, we can then determine the ideal mir-

ror reflectivities for which the condition of critical cavity coupling is satisfied. The total

intracavity round-trip transmission was measured to be η2 = 0.978. This includes a trans-

missivity of 99.5% for both the vapour cell and the birefringent element and a reflectivity

of 99.8% for the concave mirror. For a FWHM bandwidth of δν = 1.2 GHz, the optimal

reflectivities of the input and output mirrors are then equal to R1 = |r1|2 = 0.605 and

R2 = |r2|2 = |r1|2
η2 = 0.619, respectively. Using equation (6.40), we find that this choice of

R1 and R2 corresponds to a cavity finesse of F ∼ 6.

In practice, the reflectivities R1/2 of the coupling optics are expected to differ by some

amount ε1/2 from their optimal values. The sensitivity of the cavity response to changes in

ε1/2 can be gauged by examining the dependence of the resonant signal transmission Itrans,res

as well as the cavity bandwidth δν on the reflectivities. By way of example, Figure 6.17

shows Itrans,res and δν as a function of R2.
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Figure 6.17: Peak transmission (a) and resonance bandwidth (b) as a function of R2.

While the on-resonance transmission varies only weakly with the mirror reflectivity,

Figure 6.17 (b) demonstrates that the cavity bandwidth is highly sensitive to changes in

the reflectivity. For instance, one finds that a 5%-change in both R1 and R2 results in a

bandwidth variation of more than 100 MHz. The degree of precision of the mirror coatings

is therefore an important design consideration. However, as we shall see in Section 7.1.2,

the minimisation of ε1/2 will turn out to be a complex engineering challenge.

6.11 Optical pumping inside the cavity

In the previous section we discussed how the cavity can be made doubly resonant for both

the signal and control frequencies. In order to initialise the memory medium through optical

pumping, a third frequency needs to be introduced into the cavity. Fortunately, the diode

laser at a frequency of νd = νs − 6 GHz is partially resonant with the cavity transmission

function if prepared in the same polarisation as the control field (Figure 6.15). This is indeed

a convenient choice, since polarisation filtering can be used to avoid leakage of the diode

laser into the signal arm. For this purpose, the diode laser is directed into the cavity in a

counter-propagating fashion via the other input port of the incoupling mirror, echoing the

configuration of the free-space memory.
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Achieving a sufficiently high diode laser power inside the cavity is nevertheless expected

to be challenging, since resonant absorption losses are likely to preclude the benefits of

strong cavity enhancement. It will therefore be necessary to ensure that the diode laser

power incident on the cavity is sufficiently high to compensate for these losses.

6.12 Hänsch-Couillaud locking of the cavity

The coupling of the signal and control frequencies into the cavity is highly sensitive to

perturbations of the cavity length on the sub-wavelength scale. Efficient and stable memory

operation therefore necessitates active stabilisation of the cavity via a phase-sensitive locking

mechanism. This requires a frequency-stable source of light whose cavity-dependent phase

response can be used to derive a suitable error signal for electronic feedback on the cavity

length.

In 1980 Theodor Hänsch and Bernard Couillaud proposed a locking scheme which would

come to bear their name [306]. The Hänsch-Couillaud (H-C) method provides a way of locking

a cavity to the centre of a resonance feature by means of polarisation spectroscopy, without

the need for any modulation techniques [307]. It involves decomposing the incident light

into two orthogonal linearly polarised components which are parallel and perpendicular to

the transmission axis of an intracavity linear polariser. The reflected field of the parallel

component E
‖
refl acquires a frequency-dependent phase shift relative to the perpendicular

component E⊥refl. The resulting elliptical polarisation of the reflected beam is analysed using

a quarter-wave plate and a polarising beam splitter (PBS), as shown in Figure 6.18.
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Figure 6.18: Hänsch-Couillaud locking scheme. The cavity-dependent phase shift between the
reflected modes E‖ and E⊥ (defined with respect to the intracavity birefringence) is determined
through polarisation analysis, i.e. a measurement of the third Stokes parameter S3.

The wave plate transforms the circularly polarised components of the elliptical beam

into orthogonal linearly polarised waves which are separated into the two output ports a

and b of the beam splitter. Assuming that the fast axis of the wave plate is parallel to the

intracavity polariser and at 45◦ to the PBS, the field amplitudes measured in modes a and

b are given by

Ea,b =
1

2

 1 ±1

±1 1


1 0

0 i


E

‖
refl

E⊥refl

 (6.65)

The corresponding intensities in the a and b output modes are

Ia,b ∝
∣∣∣E‖refl ± iE⊥refl

∣∣∣2 (6.66)

The phase difference between the parallel and perpendicular components of the locking

beam can be obtained by measuring the Stokes parameters Si = 2Ii − I0 where I0 is the

total intensity and i = 1, 2, 3 refer to the horizontal, diagonal and right-circular components,

respectively [308].
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For convenience, the Stokes parameters can be represented in the (H,V) basis:

S0 = |EH |2 + |EV |2

S1 = |EH |2 − |EV |2

S2 = 2< (EHE
∗
V )

S3 = 2=
(
EHE

∗
y

)
(6.67)

The locking signal used in H-C locking is given by S3, i.e. the intensity difference

between orthogonal polarisation modes in the circular basis (L̂,R̂) where L̂ =
(
Ĥ + iV̂

)
/
√

2.

This is equivalent to measuring the phase difference between the horizontal and vertical

polarisations.

The relative phase shift between the orthogonally polarised components can be expressed

as a function of the change in cavity length, i.e.

δ‖,⊥ =
4πne,o(l‖,⊥ + x)ν

c
(6.68)

where 2(l‖,⊥ + x) is the round-trip cavity length and x is the displacement of the concave

cavity mirror. The index (‖,⊥) refers to the s- and p-polarised components7 of the locking

beam with respect to the birefringent crystal. The refractive indices ne and no can be

determined from the Sellmeier equations for α-BBO at the wavelength of the locking laser

(as we will see in Section 7.6.1, a Helium Neon laser at λ = 633 nm will be used to lock the

cavity).

7The electric field of s-polarised light – from the German senkrecht – is polarised perpendicular to the
plane of incidence, while p-polarised light is polarised parallel to the plane of incidence.
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Figure 6.19: Locking signal as a function of the change in cavity length.

Figure 6.19 shows the predicted locking signal as a function of the change in cavity

length, based on measurements of the reflectivity of the cavity components at 633 nm. Here

we have assumed that the birefringent crystal is optimised for transmission of the signal and

control frequencies, as discussed in Section 6.10.2.

As shown in a recent publication by Andrew White [309], a more sensitive locking method

for small detunings from resonance can be achieved by measuring an additional Stokes

parameter. For instance, the ratio of S3 and S2 yields the phase difference φ between the H

and V polarisations, while being independent of their relative intensities:

tanφ =
S3

S2
. (6.69)

For the sake of experimental simplicity, the method of H-C locking was nevertheless

chosen to stabilise the cavity. However, the locking set-up can be easily adapted to imple-

ment the more sophisticated and sensitive technique proposed in reference [309].



Chapter 7
Experimental implementation of the cavity

Raman memory

Based on the design considerations developed in the previous chapter, the Raman memory

was realised for the first time inside a low-finesse optical cavity, enabling low-noise, broad-

band storage and on-demand retrieval at room temperature. In this chapter, I will discuss

the experimental implementation of this novel Raman memory, including the testing of

all principal components, the building of the experiment and finally, the demonstration of

intracavity memory operation as well as the suppression of FWM noise.

Over the course of almost a year and a half, the cavity Raman memory has evolved from

an initial idea to a mature experiment. I designed and developed this experiment in close

collaboration with post-doctoral researcher Dylan Saunders. Within a year of beginning this

work, Joseph Munns from the Imperial College Doctoral Training Centre joined the project.

He is set to lead the next generation of cavity Raman memories during the remainder

of his PhD. More recently, post-doctoral researcher Patrick Ledingham and visiting PhD

student Cheng Qiu from the East China Normal University joined the ever-growing team

168
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and provided valuable assistance with the final measurements described in the last section

of this chapter. I will highlight individual contributions to the experiment directly in the

following sections. Unless otherwise stated, the work presented in this chapter has been

carried out by myself.

7.1 The ring cavity

7.1.1 Optical components

The component elements of the ring cavity were held in place using custom-designed mounts,

allowing precise and independent control of the spatial orientation of each element. This was

particularly important considering the challengingly small scale of the ring cavity geometry.

The input coupling mirror was clamped inside a cylindrical brass mount. The output

mode reflected from the mirror was made optically accessible via a precisely angled tunnel

drilled through the mount which was then fixed to a three-axis stage (Thorlabs NanoMax

MAX313D/M).

The concave mirror was glued to a piezo-electrically-controlled ceramic ring actuator

(Noliac NAC2123) and mounted to a standard LINOS mirror mount (Lees LM2-3025) which

was attached to a one-dimensional translation stage. This made it possible to adjust the

cavity length precisely and reversibly.

Finally, the output coupling prism was glued to the very edge of a triangular aluminium

plate which itself was held by a mirror mount. Compared to the other cavity elements,

this mount provided the least passive stability due to the extremely small contact area

between the prism and its mount. However, this solution was necessary in order to achieve

the required proximity between the input and output couplers which is on the order of a
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few hundred µm. As we shall see, the method used for active locking of the cavity length

is capable of compensating for any mechanical vibrations of the optical mounts. Cavity

locking (see Section 7.6) is therefore indispensable for stable operation, given the current

experimental realisation.

7.1.2 Coatings

One of the key requirements for realising a high-transmission cavity is the correct choice of

reflectivities. As shown in Section 6.7, the condition for critical cavity coupling is satisfied

if r1 − r2η = 0 where r1 and r2 are the amplitude reflection coefficients of the input and

output couplers, respectively, and 1− |η|2 is the intracavity loss for a complete round-trip.

η was determined experimentally by measuring the transmission through the anti-reflection

coated vapour cell1 and the α-BBO crystal, as well as the reflectivity of the concave mirror.

The combined loss factor η was then calculated from η2 = T 2
cell × T 2

BBO ×Rconcave = 0.978.

In order to achieve these optimal reflectivities at 852nm, the input and output couplers

were custom-coated by Richard Makin from the Thin Film Facility at Oxford University.

One complication arose from the fact that for a given dielectric coating, the orthogonally

polarised signal and control fields can experience significantly different reflectivities if the

angle of incidence is not normal2. This can be understood by considering the continuity

condition for the tangential electric and magnetic field components of s- and p-polarised light

at the interface between two materials of different refractive indices. The Fresnel equations

can be used to compute the coefficients of reflection for both orthogonal polarisations. The

difference in reflectivities for s- and p-polarised light were minimised by carefully choosing

1The cell was heated using a heat gun during transmission measurements in order to prevent condensation
of caesium atoms on the cell windows.

2The angle of incidence for the chosen cavity geometry is approximately 43.5◦.
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the number and thickness of multiple coating layers. Based on simulations performed by

Richard Makin, the optical elements were successively coated with ten alternating layers

of TiO2 and SiO2 via electron beam vapour deposition (EBVD). The thickness of these

layers was measured interferometrically after each coating run. The following plot shows

the reflectance at a 45◦-incidence angle as a function of wavelength for s- and p-polarisations:

Figure 7.1: Reflectance of the dielectric coating at an angle of incidence of 45◦ for s- and p-polarised
light as a function of wavelength. Experimental data is shown alongside model predictions which
take into account the thickness of each coating layer. Measurements and simulations were performed
by Richard Makin.

Twelve different test pieces – six each for the input and output couplers – were coated

in this fashion. Each element was positioned at a slightly different distance from the

central axis of the EBVD machine, resulting in a spread of reflectivities from which the

most suitable could be selected. After measuring the reflectivity and transmissivity for

horizontally and vertically polarised light, I chose the pair of input and output couplers

whose reflectivities not only matched the condition for critical cavity coupling most closely,

but also corresponded to a finesse F ≈ π
√
R/(1 − R) sufficiently low to achieve a suitably

high resonance bandwidth δ = ∆/F . The reflectivities of the mirror (input coupler) and

prism (output coupler) are given in Table 7.1:
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Rin Rout

V-pol. 73.9 75.4
H-pol 56.0 55.6

Table 7.1: Measured reflectivities of input and output coupling mirrors for vertical and horizontal
polarisations.

In order to achieve the best possible suppression of the anti-Stokes polarisation mode, the

signal polarisation was chosen to be vertical, corresponding to the set of higher reflectivities

in Table 7.1. This choice ensures that the cavity finesse – and hence the visibility of the

cavity response – will be highest for the signal polarisation.

Due to the slight departure from the condition of critical cavity coupling, the signal

transmission on resonance is expected to be less than predicted for optimal reflectivities,

since

∫∞
−∞ dνItrans(ν, ζactual)× f(ν − νs)∫∞

−∞ dνf(ν − νs)
<

∫∞
−∞ dνItrans(ν, ζoptimal)× f(ν − νs)∫∞

−∞ dνf(ν − νs)
(7.1)

However, given the reflectivities in Table 7.1, the extinction ratio is expected to improve

from approximately 9% to 4.4%, at the expense of a reduced cavity bandwidth of ∼ 0.7

GHz.

7.2 Birefringent crystal

Based on the calculations in Section 6.10.2, a 5 × 5 × 0.8 mm a-cut α-BBO crystal (Newlight

Photonics) was chosen to introduce the intracavity birefringence necessary to allow resonant

transmission of both the signal and control polarisations.

The crystal was affixed with thermal epoxy to a thin aluminium frame (thickness ∼ 1

mm) which extended into the cavity via a long arm. The temperature of the crystal was
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controlled with a TEC Peltier element sandwiched between the mount and an aluminium

base acting as a heat sink. The mount and base were thermally insulated to minimise heat

dissipation to the environment. A Thorlabs PID temperature controller (TTC001 T-Cube)

was used to actively stabilise the temperature over a range of approximately 20◦C. The

entire assembly was screwed to the rotating platform of a Thorlabs XYR translation stage

so that the crystal axis could be angle-tuned with respect to the cavity beam path.

7.2.1 Alignment of crystal axes

The direction of the crystal’s optic axis with respect to the H/V basis of a PBS was determ-

ined using the test set-up shown in Figure 7.2.

Figure 7.2: Test set-up used to determine the orientation of the crystal axes of the BBO birefringent
element.

The horizontally polarised light exiting the first PBS was rotated by the first λ/2-

waveplate (HWP1(θ)) through an angle of 2θ where θ is the angle between the incident

polarisation vector and the waveplate’s fast axis, with refractive index ne < no. In Jones

vector notation this can be expressed as |Ψ〉1 = UHWP,1(θ) |H〉. If the second λ/2-waveplate

is set to the same angle θ, then |Ψ〉2 = UHWP,2(θ) |Ψ〉1 = UHWP,2(θ)UHWP,1(θ) |H〉 = |H〉 so

that a projective measurement of |Ψ〉2 on |V 〉 gives zero. If we now insert the birefringent
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crystal between HWP1 and HWP2, then the transformation becomes

|Ψ〉2 = UHWP,2(θ)UcrystalUHWP,1(θ) |H〉 , (7.2)

where

Ucrystal = R(θ′)

1 0

0 eiφ

R(−θ′) (7.3)

and θ′ is the angle between the crystal’s optic axis and the |H〉-polarisation vector. φ is

the relative phase imparted on the polarisation components aligned with the ordinary and

extraordinary axes of the crystal. If θ′ = θ, |Ψ〉1 is retarded by an amount equal to 2πned/λ0

which can only be observed interferometrically. However, θ′ 6= θ would manifest itself as a

rotation of |Ψ〉1, resulting in a non-zero projection of |Ψ〉2 onto |V 〉.

Figure 7.3: PV as a function of the waveplate angle θ[◦]. The data was fitted with a cos2-function,
according to Malus’s law.

Figure 7.3 shows the power PV measured at the |V 〉-port of the second PBS as a function

of the angle θ of the two waveplates. The minimum value of PV is at θ ≈ −1◦ which suggests

that the crystal axes are not perfectly aligned with respect to the frame of the beam splitters.

This slight rotation will have to be compensated in order to achieve optimal suppression of

the control field (see Section 7.8.1).
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7.2.2 Temperature control

The same test set-up shown in Figure 7.2 was then used to measure the change in birefrin-

gence with temperature. The first waveplate was set to an angle of θ = 22.5◦, thereby

preparing the field in the diagonal polarisation, |D〉 = |H〉 + |V 〉. The second waveplate

was also set to θ = 22.5◦ so that the degree of rotation induced by the birefringent element

could be measured by monitoring the power at the output ports of the second PBS. Figure

7.4 shows the fractional power PH/(PH + PV ) and PV /(PH + PV ) as a function of crystal

temperature.

Figure 7.4: Fractional powers PH/(PH + PV ) (red) and PV /(PH + PV ) (blue) as a function of
crystal temperature. Error bars account for uncertainties in intensity readings. The data sets were
fitted with a function of the form a+ b cos(cT ) with a, b and c as free parameters3.

The necessary change in path length of λ/8 for orthogonal polarisations is therefore

achievable within the accessible temperature range. This agrees with the predicted depend-

ence of the path length change on temperature, plotted in Figure 6.16.

3According to equation (6.64), the temperature-dependent phase shift imparted by the birefringent ele-
ment can be approximated by the functional form (c1 +c2T ), where the constant c1 � c2. Using the identity
cos (c1 + c2T ) = cos (c1) cos (c2T ) − sin (c1) sin (c2T ), we can set cos (c1) = b and c2 = c, and absorb the
second term into the constant a, since its dependence on T is weak for the range of temperatures considered.
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7.3 Vapour cell

The small scale of the cavity imposes a strict upper limit on the possibe length of the caesium

vapour cell. This reduction in the spatial extent of the memory is partially compensated

for by the mean number of passes N of the signal field through the cavity. As discussed in

Section 6.3, N is given by the ratio of the cavity lifetime to half the round-trip time, i.e.

N = F/π.

Given the cavity length proposed in Section 6.10.1, a vapour cell with a length of 12 mm

and a diameter of 10 mm was custom-ordered from Precision Glassblowing. The cell was

constructed from quartz with fused silica windows each of which was antireflection-coated

for 852 nm on either side. The window thickness was chosen to be 1 mm so as not to

compromise the structural integrity of the cell. In addition to the caesium sample, 10 Torr

of neon buffer gas was added to increase the timescale of diffusion for the gaseous caesium.

Compared to the previously used vapour cell, the buffer gas pressure was chosen to be lower

in order to reduce the effects of pressure broadening and potentially allow memory operation

at smaller detunings without increasing linear absorption. This would have the advantage of

stronger Raman coupling as well as increased dispersion between the Stokes and anti-Stokes

fields due to the non-collinear phase-matching condition (see Section 5.6.1).

7.3.1 Cell heating

The caesium vapour was heated to a temperature T by wrapping the cell with 50 cm of

phosphor bronze Quad-TwistTM wire (AWG 36, Lakeshore cryotronics), connected to a DC

voltage supply. The wire consists of two intertwined pairs of twisted leads (eight twists per

inch), designed to cancel any magnetic fields induced by the ohmic heating current. In or-

der to reduce heat dissipation to the environment, the cell was covered in high-temperature
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insulation tape. Four individually calibrated ATC Semitec micro-thermistors (NTC) were

used to monitor the temperature of the cell at different positions across its surface. The

resistance measured by one of these thermistors was used as the input to a temperature

control unit (Omega CN-243) which regulated the cell temperature via a simple relay mech-

anism: if the measured resistance was above a chosen setpoint value, a relay switch was

closed to allow current flow through the heating wire to compensate for the drop in tem-

perature. As soon as the setpoint resistance was reached, the switch was opened and the

heating process was interrupted. Over the course of several hours, this control mechanism

stabilised the temperature to within a standard deviation of 0.26 K. The resistances of the

remaining three thermistors were monitored by connecting each in series with a fixed-value

resistor4 and measuring the voltages across these potential dividers using an Arduino Mega

2560 microcontroller.

In order to prevent condensation of caesium atoms on the cell windows, a small region of a

few millimetres at the top of the cell was left clear of heating wire so that a “cold spot” could

be applied, similar to the previous free-space design (see Section 3.1.1). However, instead

of using compressed air, which may have destabilised the cavity as a result of turbulence,

a “cold finger” was constructed from a thermally insulated wire fixed to a TEC Peltier

element with thermal epoxy. The temperature of the cold finger could be regulated with a

DC voltage supply in order to prevent the build-up of caesium on the cell windows, while

maintaining a sufficiently high vapour pressure.

The cell heating and temperature control were implemented and tested by Joseph Munns

as part of his MRes degree, awarded by Imperial College London. This work also included

measurements of the optical depth which I will summarise at the end of the following section.

4The resistance was matched to the thermistor resistance at 70◦C.
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7.3.2 Optical depth

For the class of ensemble-based memories, the optical depth d quantifies the strength of

the light-matter interaction and is therefore a critical parameter in determining the optimal

memory efficiency (see Section 2.2.2). Memory operation inside the cavity indeed hinges

on achieving a sufficiently high optical depth which, enhanced by the cavity finesse, should

countervail the necessary reduction in vapour cell length (by a factor of ∼ 7.5/(2 × 1)

compared to the free-space memory5).

In Section 2.2.1 we defined the optical depth in terms of the on-resonance absorption

Iout/Iin = exp(−2d). Equating the exponent with the natural absorption coefficient αN

gives

αN = 2d

(
(ΓN/2)2

(ν − ν0)2 + (ΓN/2)2

)
, (7.4)

Here, ν0 is the resonance frequency of the transition which, in the absence of additional

broadening mechanisms, has a natural linewidth of ΓN .

The on-resonance optical depth d = −(1/2) ln(Iout/Iin) is not accessible experimentally,

since the Lorentzian absorption profile is subject to inhomogeneous Doppler broadening.

This arises from the temperature-dependent motion of the atoms relative to the beam dir-

ection which shifts the resonance frequency of each atom according to its particular velocity.

Unlike homogeneous broadening, which affects all atoms equally, the Doppler-broadened ab-

sorption profile follows a Gaussian shape. As a result, the transition takes the form of a

Gaussian convolved with a Lorentzian function, which is known as a Voigt profile. In addi-

tion, the bandwidth of the resonance is affected by the spectral width of the laser as well

as pressure broadening due to atomic collisions. However, for simplicity we will neglect

5This takes into account the double-pass configuration of the ring cavity.
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these contributions and only consider the dominant mechanism of Doppler broadening. The

Doppler-broadened absorption profile is given by

αD = 2d∗exp

[
−1

2

(
(ν − ν0)

σD

)2
]
, (7.5)

where σD = ν0

√
kBT/mc2, T is the equilibrium temperature and m is the atomic mass

of caesium. d∗ denotes the effective optical depth which takes into account inhomogeneous

broadening. Equating the integrated spectral power densities from equations (7.4) and (7.5),

yields the relation

d∗

d
=
√
π ln 2

(
ΓN
ΓD

)
, (7.6)

where ΓD = 2
√

2 ln 2σD is the FWHM of the Doppler profile.

The effective optical depth of the caesium vapour was determined by measuring the trans-

mission of a low-power probe beam derived from an external cavity diode laser (ECDL). The

ECDL frequency was scanned across the Doppler-broadened 2S1/2(F = 3)2P3/2 transition

of the caesium D2 line by steadily sweeping the angle of the piezo-electrically controlled

external grating. This set-up is identical to the ECDL used for optical pumping, as de-

scribed in Section 3.1.5. The frequency scan was calibrated using the hyperfine features of

a Doppler-free saturated absorption spectrum which was recorded simultaneously from a

caesium reference cell6. Figure 7.5 shows a schematic of the experimental set-up.

6The MatLAB code used for calibration was written by Krzysztof Kaczmarek.
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Figure 7.5: Set-up for measurements of the optical depth. Doppler-free saturated absorption
spectroscopy in a caesium reference cell was used to calibrate the frequency scan of the ECDL.

The absorption profile was measured with an avalanche photodiode (Thorlabs APD110A)

and then fitted to the normalised transmission function for the ground-state hyperfine man-

ifold F ,

T (ν) = exp

{
−2d∗ ×

∑
F ′

SF,F ′ exp

[
−1

2

(
ν − νF,F ′
σD(F,F ′)

)2
]}

, (7.7)

where the parameter SF,F ′ is the relative coupling strength for the transition from the

ground-state manifold F to the set of excited-state manifolds F ′. νF,F ′ is the corresponding

transition frequency and σD,(F,F ′) is the Doppler-broadened linewidth. A least-squares fit

was performed with d∗ and σD,(F,F ′) as free parameters7. Additional fit parameters were

included to take into account the frequency-dependence of the ECDL intensity as well as

background noise from the detector.

Figure 7.6 shows the estimated values of d for different temperatures T , as measured

with a thermistor on the outer surface of the cell. As it is non-trivial to relate the measured

temperature to the actual vapour temperature inside the cell, the model fit should be treated

with caution. Bearing this in mind and taking into account the cooperativity parameter of

7d∗ and σD,(F,F ′) are both functions of temperature and therefore not independent parameters.
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the cavity (see Section 6.3), the optical depth is expected to be ≥ 1000 for temperatures

T ≥ 80◦C. This is comparable to the optical depth measured previously in the free-space

memory.

Figure 7.6: Estimated values of the optical depth d for different temperatures, obtained from the
least-squares fit of the Doppler-broadened absorption profile. The red line represents the theoretically
predicted temperature-dependence of the optical depth according to equation (3.1). The data was
measured and analysed by Joseph Munns. Note that the discrepancy between experimental data
and model prediction at high temperatures is likely to be the result of a steady-state effect: as the
current through the heating wire is increased, heat is dissipated from the front and back facets of
the glass cell so that the vapour temperature begins to saturate.

7.4 Experimental setup

The experimental set-up of the ring cavity is shown in Figure 7.7. The signal and control

fields were prepared with the same set-up as for the free-space memory detailed in Sec-

tion 3.1.4. The cavity memory simply bypassed the free-space memory, while the remainder

of the original experimental architecture, including the filtering and detection stages, was

maintained.
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Figure 7.7: Set-up of the cavity memory. See text for details.

7.4.1 Temporal overlap of signal and control pulses

The signal and control pulses were temporally overlapped to within ± 100 ps by adjusting

the relative delay of the control using a retro-reflecting stage, while monitoring the pulses on

a fast photodiode with respect to the oscillator trigger. The overlap was then optimised by

sending pulses of the same frequency through the signal and control arms. After recombining

the orthogonally polarised pulses on a PBS, the interference visibility was then measured

using a Glan-Laser polariser and a slow photodiode. In order to factor out the dependence of

the visibility on spatial overlap, the pulses were coupled into a single-mode (SM) fibre after

exiting the PBS. Every time the position of the retro-reflector was adjusted, the coupling

efficiency of the control field into this SM-fibre was checked.

Based on these interference measurements, the temporal overlap between the signal and

control pulses could be determined to within approximately 60 ps, corresponding to a sixth
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of the pulse length8.

7.4.2 Focusing

In Section 6.9.1 it was demonstrated that the stability condition for the ring cavity requires

an intracavity beam waist of wfocus = 74.4 µm, located half-way between the input and

output couplers. This is equivalent to a FWHM of
√

2 ln 2wfocus = 87.6 µm. Using a

focusing lens with focal length f = 40 cm, the incoming beam diameter D, defined in terms

of the 1/e2 intensity points, can be approximated by the expression

D =
2λf

πwfocus
≈ 3.4 mm (7.8)

The signal and control fields were collimated to this beam diameter using a 4:3 telescope.

The beam waist wfocus at the focus of the 40-cm lens was then measured with a Thorlabs

scanning slit beam profiler at a position corresponding to the distance between the lens and

the centre of the cavity.

The focusing lens as well as one of the lenses comprising the telescope were mounted on

translation stages so that the location of the beam waist could be optimised with respect to

the cavity optics.

7.4.3 Piezo-electric control of the cavity length

The piezo-electric ring actuator used to control the position of the concave mirror along

the cavity axis was driven with a high-power amplifier (Piezomechanik LE 150/100 EBW).

A constant DC offset voltage (0 - 150 V) could be applied to the actuator, resulting in

8The precision with which signal and control fields are temporally overlapped via interference measure-
ments is limited by intensity fluctuations, the degree of spatial overlap as well as our ability to decouple
the effects of spatial and temporal mode mismatch. Empirically, it has been found that the given level of
precision is nonetheless sufficient to optimise the memory efficiency with respect to temporal overlap.
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displacements of up to 3 µm9. In addition to the manually adjustable offset voltage, the

actuator could be driven with an external sinusoidal voltage signal, amplified with a variable

gain of up to 30. This made it possible to sweep the cavity length continuously across

multiple resonances at a frequency set by the external driving signal. In this manner the

cavity spectrum could be observed during alignment (see Section 7.4.4).

The voltage response of the actuator was calibrated for light at 852 nm by setting up a

standard Michelson interferometer. One arm of the interferometer was fixed with a static

mirror, while the length of the other was made variable using the concave cavity mirror

mounted to the actuator. The interference signal between the two interferometer arms was

measured on a slow photodiode while changing the offset voltage supplied to the actuator.

Figure 7.8: Calibration of the piezo-electric ring actuator. The interference signal measured with a
Michelson interferometer is plotted as a function of the DC offset voltage applied to the actuator. The
error bars assume a 5% uncertainty in the interference measurements. Note that the low interference
visibility – the result of imperfect alignment – was sufficient to calibrate the actuator.

The data plotted in Figure 7.8 shows that a voltage of approximately 20 V is required

to displace the actuator by an amount corresonding to a complete fringe of the interference

pattern. The amplitude gain setting of the piezo-electric amplifier was therefore set to

provide a maximum voltage of just under 20 V. The need to limit the actuator range to a

9This is known as the free stroke of the actuator, i.e. the displacement achieved at a given input voltage
in the absence of an external load.
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single period follows from the fact that the laser chosen to provide the locking signal has a

different wavelength than the Ti:Sa laser (see Section 7.6.2).

7.4.4 Alignment

The cavity was coarsely aligned by spatially overlapping the beams emerging from the cavity

after multiple passes in order to maximise the interference fringes visible in transmission.

This was done by walking the incident beam using the two mirrors immediately before the

cavity, and adjusting the angle of the concave mirror. A slow photodiode was then used

to further improve both the resonant transmission and the visibility of the cavity response

function, whilst scanning the cavity length over several resonances. The photodiode signal

was digitised via a data acquisition card (DAQ) and displayed using a LabView interface.

For the signal polarisation, the optimised cavity visibility was typically found to be ∼ 85%.

In comparison, the visibility for the orthogonal polarisation mode tended to be lower by

approximately 10− 15% as a result of the reduced cavity finesse associated with the control

field polarisation (see Section 7.1.2). Note that all visibility measurements were made with

the frequency of the Ti:Sa laser detuned far from both caesium resonances. This avoided the

effects of the dispersive medium on the measured cavity response function. We will examine

these dispersive effects more closely in Section 7.7.2.

7.5 FSR measurements

The free spectral range of the cavity was measured by recording the transmitted signal

intensity, while scanning the frequency of the Ti:Sa laser over approximately 10 GHz within

its mode-hop-free tuning range.
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Figure 7.9: Transmission spectrum of the cavity, fitted with the transfer function Itrans (equa-
tion (6.39)).

Figure 7.9 shows the measured cavity response, manually fitted with the re-normalised

transmission function Itrans which was introduced in Section 6.7. Within the experimental

uncertainty, the FSR of the cavity agrees with the optimal value of 7.35 GHz. It should be

noted that the data – measured directly after the cavity – displays small features between

the resonance peaks which indicate that additional cavity modes were partially supported

as a result of imperfect alignment. These could be suppressed by coupling the transmitted

signal into a single-mode fibre.

7.6 Cavity locking

In the previous chapter we introduced the H-C method for actively stabilising the cavity

length. In the following section, we will examine the experimental implementation of this

locking scheme.

7.6.1 Locking signal

The locking signal was provided by a Helium Neon (HeNe) laser (Thorlabs HRS 015, 1.2 mW

output power at 633 nm) whose mode of operation could be switched between intensity and
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frequency stabilisation. If operated in the latter mode, the frequency is actively stabilised

to within ± 2 MHz by balancing the intensity of two orthogonally polarised modes under

the neon gain curve via feedback on the temperature of the laser tube [310].

As shown in Figure 7.7, the locking beam was prepared in a superposition of orthogonal,

linearly polarised components and focused into the cavity via the input mirror. The reflected

output mode was separated from the incoming signal and control pulses using a dichroic

mirror (reflective at 633 nm and transmissive at 852 nm). The relative phase between the

polarisation components was measured by projecting the elliptically polarised output beam

onto the H/V basis of a PBS. An Arduino Due microcontroller board was used to analyse

the voltage signal of the two photodiodes placed at either output port of the PBS. These

were connected to the analog inputs of the Arduino via a voltage divider designed to reduce

the photodiode output voltage (0 - 10 V) to values within the Arduino operating range of 0

- 5 V. Determining the intensity difference between the two photodiode signals constitutes

a measurement of the third Stokes parameter S3, as described in Section 6.12. A Python

script, developed by Dylan Saunders and Joseph Munns, was used to generate the error

signal relative to a given setpoint. Based on this error signal, the PID output provided

kHz-feedback to the voltage applied to the piezo-electric actuator via the digitised output

of the Arduino. It should be noted that the resolution of the microcontroller is limited by a

12-bit analog-to-digital converter, giving 4096 values. This discretisation ultimately limits

the precision of the feedback control.

The HeNe beam incident on the cavity was aligned by maximising the visibility of the

interference fringes observed in reflection, while scanning the cavity length using the piezo-

electric driver. An iris positioned in front of the PBS was used as a spatial filter to increase

the detected visibility. This made it possible to remove the zeroth-order reflection, i.e. the
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portion of the beam which is directly reflected from the incoupling mirror without entering

the cavity, from higher-order reflections which contribute to the interference visibility. In

effect, post-selecting the phase-sensitive portion of the reflected light compensated for the

large intracavity loss at the HeNe wavelength10 which would otherwise significantly impair

the visibility.

7.6.2 Locking procedure

The locking scheme is most sensitive to perturbations if the chosen setpoint is located at the

steepest part of the locking signal in Figure 6.19. In order for this setpoint to correspond to

the desired cavity length, the locking signal had to be displaced laterally along the x-axis by

introducing a variable phase shift between the orthogonal polarisation components of the

incident HeNe beam. Initially, this was attempted by adding a variable geometric phase to

the incident HeNe beam using a Berry phase set-up consisting of two quarter-waveplates on

either side of a half-waveplate (see Section 4.4). However, since the intracavity loss differed

for orthogonal polarisations, the change in Berry phase would cause not only a lateral shift

of the locking signal, but also a displacement along the vertical axis. Instead, careful angle-

tuning of the incident HeNe beam made it possible to shift the locking signal sufficiently to

stabilise the cavity resonance at the signal frequency.

A more sophisticated method of locking the cavity to the correct resonance was achieved

by observing the following protocol: The intensity difference at the PBS output ports, i.e.

the S3-parameter, was first measured while scanning the cavity length in order to determine

both the visibility and the mean of S3. The range of setpoint values, which could be

manually changed by sweeping a potentiometer connected to the Arduino electronics, was

10The reflectivity of the EO3-coated concave mirror in particular dropped from ∼ 99.8% at 852 nm to ∼
20% at 633 nm.
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then defined to be limited by the measured visibility of S3. The setpoint was subsequently

adjusted to the mean of the locking signal, corresponding to the steepest part of the slope.

The cavity was locked to the setpoint by replacing the sinusoidal driving signal to the

piezo-electric amplifier with the PID output. Since the wavelength of the HeNe locking beam

is not equal to the wavelength of the signal and control pulses, the periodicity of the cavity

response differed by the ratio of the wavelengths, i.e. 633/852 ≈ 3/4. For a fixed setpoint,

different locking periods therefore correspond to different levels of the signal transmission

function. In order to ensure that the cavity resonance was set to the correct frequency, the

signal intensity transmitted through the cavity was monitored while sweeping the DC offset

voltage. If the change in offset was sufficiently large, the cavity response would be pushed

into the next locking period. This process was repeated until a locking period was found

for which the pre-determined setpoint corresponded to resonant signal transmission at 852

nm. The amount of signal transmission could then be optimised by slightly adjusting the

setpoint via the potentiometer screw.

Large disturbances can, however, perturb the cavity length by more than one period of

the locking beam, thereby stabilising the cavity towards a reduced level of signal transmis-

sion. Active stabilisation at the correct resonance is therefore only guaranteed for relatively

small perturbations of the cavity. In case of larger perturbations, the offset voltage had to

be adjusted manually to return the locked cavity to the signal resonance.

7.6.3 Cavity stability

The stability of the cavity lock was tested by recording the transmitted intensity of the

Ti:Sa signal over the course of 45 minutes, as plotted in Figure 7.10.
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Figure 7.10: Transmitted signal intensity recorded over 45 minutes with the cavity locked (dark
blue) and unlocked (light blue).

In order to simulate normal operating conditions, the vapour cell was heated to 70◦C and

the Ti:Sa was frequency-stabilised to within a standard deviation of ∼ 100 MHz. Without

engaging the lock, the cavity response drifted over an entire free spectral range on timescales

of tens of minutes which is indicative of temperature-induced fluctuations. In contrast, once

the cavity was locked, the transmitted signal remained approximately constant, with small

fluctuations about the mean corresponding to a frequency stability with a standard deviation

of approximately 50 MHz. The sharp features in the trace for the locked cavity, e.g. at t ≈ 23

min. and t ≈ 37.5 min., were the result of knocking the optical table, demonstrating the

robustness of the lock against δ-function-type disturbances.

In order to determine the typical frequencies of mechanical noise, the intensity trans-

mitted through a mock cavity setup was measured as a function of time, following a sharp

knock against the table. The data was then Fourier-transformed and compared to similar

measurements taken in the absence of δ-function disturbances. These measurements demon-

strated that mechanical vibrations typically occur at low frequencies of a few hundred Hz

and are not present above 4 kHz11. The timescale of these vibrations sets a lower limit on

11The data was measured and analysed by Joseph Munns.
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the speed of the feeback mechanism necessary to counteract mechanical noise.

7.7 Control field coupling

In order to render the cavity simultaneously resonant for both the signal and control fields

the method of birefringence control was developed in Section 6.10.2. This method relies on

a cavity response which is non-degenerate with respect to orthogonal polarisations. For the

sake of completeness, I will also introduce a second method which is based on the careful

control of the temperature-dependent dispersion of the caesium vapour. This second method

allows for a degenerate cavity response and was developed in order to be able to increase

the operating temperature of the memory.

7.7.1 Non-degenerate cavity response

As discussed in Section 6.10.2, the temperature of the intracavity birefringent crystal can be

tuned such that the cavity becomes resonant for both the signal and control frequencies. A

convenient method of determining the optimal temperature involves the use of a tunable CW

diode laser (Toptica DL pro, < 1 MHz linewidth)12. The frequency of this diode laser can

be scanned across a mode-hop-free tuning range on the order of 20 GHz using a digital laser

controller (Toptica DLC pro). Doppler-free absorption spectroscopy in a caesium reference

cell allowed calibration of the frequency scan by observing the two resonances of the caesium

D2 line, separated by the hyperfine splitting (∆HFS = 9.2 GHz). A λ/2-waveplate in front

of the cavity was used to rotate the polarisation of the incident field between the vertical

and the horizontal, corresponding to the signal and control field polarisation, respectively.

After locking the cavity to the signal frequency, the DL pro laser was directed into the cavity

12The DL pro laser was set up by Cheng Qiu.
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while scanning its frequency across both hyperfine transitions. The polarisation was then

set to diagonal so that the cavity transmission spectrum for both H- and V - polarisations

could be observed simultaneously, as shown in Figure 7.11.

Figure 7.11: Cavity transmission spectra for signal and control field polarisations measured by
scanning the frequency of a tunable diode laser. The temperature of the BBO crystal was set to
36◦C. Note that the high-frequency intensity fluctuations on the order of several hundred MHz are
due to etaloning effects.

By changing the crystal temperature, the frequency difference between resonant peaks

for H and V could be optimised to give |νres,V − νres,H | = ∆HFS −∆ν ≈ 1.85 GHz, where

∆ν is the cavity free spectral range. This condition was met at a crystal temperature of

T = 36◦C.

7.7.2 Degenerate cavity response

In our treatement of the cavity response function, we have so far not accounted for the

frequency-dependent susceptibility of the caesium ensemble. However, at higher vapour

temperatures (T > 70◦C), the cavity response becomes increasingly sensitive to the dispers-

ive and absorptive properties of the Doppler-broadened ensemble. It is in fact possible to

exploit this frequency dependence in order to achieve a cavity response which is resonant at

the signal and control frequencies and anti-resonant at the anti-Stokes frequency, independ-
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ent of polarisation. This alternative method of tuning the cavity relies on careful adjustment

of the caesium temperature, rather than the intracavity birefringence.

We can include the frequency-dependent atomic response in our description of the cavity

transmission function by replacing the parameter ζ in equation (6.39) with the complex term

ζ = |ζ(ω)|eiφ(ω). Denoting the round-trip beam path inside the caesium vapour with lCs

and the remaining free-space beam path with lfree = 2l − lCs, we can write

ζ(ω) = ζ0exp

[
iω

c
(n(ω)lCs + lfree)

]
, (7.9)

where the complex refractive index, separated into real and imaginary parts, is given by

n(ω) = n′(ω) + in′′(ω). The absorptive and dispersive components are therefore given by

|ζ(ω)| = ζ0exp
[
−ω
c
n′′(ω)lCs

]
and

φ(ω) =
ω

c

(
n′(ω)lCs + lfree

)
,

(7.10)

respectively. The refractive index is related to the total linear susceptibility χ =
∑

i,f χi,f

according to n =
√

1 + χ ≈ 1 + χ/2. The real and imaginary parts are therefore given by

n′ = 1 +χ′/2 and n′′ = χ′′/2. As described in reference [311] and [312], the contribution to the

susceptibility associated with the dipole transition |i〉 → |f〉 is given by

χif (∆) = f2
if

d2
ifNi

~ε0
s(∆if ), (7.11)

where ∆ = ω − ωif is the detuning from resonance, fif is the transition strength factor,

dif = 〈i| er |f〉 is the dipole matrix element and Ni is the atomic number density of the

initial state |i〉. The line shape function s(∆) can be found from the convolution of the
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homogeneous atomic lineshape f(∆) and the Gaussian velocity distribution g(v) of the

Doppler-broadened ensemble, i.e.

s(∆) =

∫ ∞
−∞

f(∆− ωv/c)g(v)dv, (7.12)

where f(∆) = i (Γ/2− i∆)−1 and g(v) = (u
√
π)
−1

exp
[
−(v/u)2

]
with u =

√
2kBT/m.

Here, the FWHM Γ of the Lorentzian lineshape takes into account the pressure-broadened

natural linewidth [216] [251].

The lineshape function s(∆) is related to the complex error function [313] which is difficult

to evaluate numerically [311] [314]. In the limit of large detunings from resonance, i.e. ∆ �

ΓD where ΓD is the Doppler width, homogeneous broadening dominates the lineshape13.

Applying this Lorentzian approximation, Siddons et al. demonstrated that s(∆) = f(∆).

The on-resonance optical depth d = (ω0l/c)n
′′ can then be found by substituting s(0) = 2i/Γ

into the expression for n′′ = χ′′/2,

d =
ω0l

c
×
d2
ifNi

~ε0Γ
. (7.13)

so that the total susceptibility in terms of d is given by χ = dcΓs(∆)/ (ω0l). Hence, in the

far-off-resonant limit, the dispersive and absorptive components scale as

Dispersion : lim
∆�ΓD,Γ

(
ωl

c
n′
)

=
ωl

c
− ω

ω0

dΓ

2∆

Absorption : lim
∆�ΓD,Γ

(
ωl

c
n′′
)

=
ω

ω0

dΓ2

4∆2
.

(7.14)

Based on this analysis, Joseph Munns has developed a model for the degenerate cavity

13Siddons et al. interpret this result by noting that the Gaussian lineshape describing inhomogeneous
Doppler broadening falls off exponentially with ∆ [311].
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response with which the optical pumping efficiency can be estimated from experimental

data14.

Figure 7.12: Frequency scan of the degenerate cavity response, demonstrating resonance at the
signal and control frequencies and anti-resonance at the anti-Stokes frequency (dotted lines). The
two caesium hyperfine resonances at ∆ = 0 GHz and ∆ = −9.2 GHz are indicated with solid black
lines. The experimentally measured cavity transmission function (blue line) was fitted with the above
model (orange line) by Joseph Munns. The population inversion for this data set was estimated to
be w = p1 − p3 = 0.65 at a caesium vapour temperature of ∼ 80◦C. Note that the cavity was locked
to the signal frequency.

Figure 7.12 shows a typical frequency scan of the cavity transmission function, demonstrat-

ing that the degenerate resonance condition can be satisfied via dispersion control. While

the numerical simulation of the cavity response is a challenging problem, this work promises

to provide a direct method of probing the temporal dynamics of the cavity fields.

7.8 Memory operation

Having ensured that the cavity response function fully satisfies the resonance condition, we

are now ready to investigate the memory performance and – most importantly – the level

of noise suppression relative to the retrieved signal. Before presenting the results of this

14The pumping efficiency can be obtained by considering the dependence of n(ω) on the initial population
imbalance between the two hyperfine ground states.
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investigation, I will briefly outline the methods of signal filtering and detection which are

largely identical to the system used in previous memory experiments.

7.8.1 Control field suppression

In order to achieve a sufficient degree of signal filtering, it was necessary to make a slight

modification to the original set-up. As discussed in Section 7.2.1, the axes of the birefrin-

gent crystal are misaligned by a small amount on the order of 1◦ relative to the PBS basis

which defines the signal and control polarisations. With every pass of the crystal, the fields

therefore acquire a small rotation which reduces the amount of control field extinction pos-

sible through polarisation filtering. Ideally, in order to achieve a complete reversal of this

polarisation rotation, the signal and control fields would have to be transmitted through

a second, identical cavity. However, for reasons of practicality, a λ/2- and λ/4-waveplate

placed immediately after the cavity were instead used to partially compensate for the polar-

isation rotation. These waveplates were adjusted using motorised rotation mounts so that

control field leakage through the filtering set-up could be minimised without inadvertently

disrupting the sensitive cavity lock. Following this method, a typical polarisation extinction

of approximately 4× 103 was achievable.

The amount of control field suppression was further enhanced by adding three Fabry-

Perot etalons to the frequency filtering stage. As we shall see below, minimising control

field leakage is an important prerequisite for assessing the cavity performance in terms of

noise suppression.
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7.8.2 Signal detection and data acquisition

All measurements presented in the following sections were made with the same Perkin

Elmer APD as used previously for the free-space memory. The arrival time of detection

events relative to a trigger signal was recorded using a time-to-digital converter (qutools

quTAU TDC) with a time bin resolution of 81 ps and a software interface developed by

postdoctoral researcher Andreas Eckstein.

7.8.3 Storage of weak coherent states

Memory operation inside the cavity was demonstrated using weak coherent input states at-

tenuated to approximately 20 photons per pulse. Figure 7.13 shows arrival-time histograms

of the input signal (green), the retrieved signal after 12.5 ns (blue) and the noise present

when the signal is blocked (red), as recorded with the TDC. The temporal shape of these

histograms depends on the convolution of the pulse line shape and the transmission function

of the cavity.

Figure 7.13: Storage and retrieval of weak coherent states of approximately 20 photons per pulse.

The memory efficiency can be evaluated from the rates of detection events c
in/out
l in the

read-in and read-out time bins with l ∈ {scd, sd, cd, d} denoting the combination of signal,
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control and diode (pump) fields present. In accordance with equation (5.3) in Section 5.3.2,

the total memory efficiency for storage followed by retrieval is given by

ηtot =
cout

scd − cout
cd − cout

sd

cin
sd − cin

d

, (7.15)

where we have set c
in/out
d = 0, as the diode laser was switched off during storage events by

periodically triggering the AOM-switch (see Section 3.1.5). Equation (7.15) assumes that

the number of counts in the signal mode can be determined by subtracting the noise counts

c
in/out
cd in each time bin. It is worth clarifying this assumption: The measured detection

events consist of contributions from the signal or Stokes mode, the anti-Stokes mode and

the control mode. The latter contribution is the result of residual leakage of the control

field through the filtering stage. We have implicitly assumed that the amount of control

leakage is independent of the presence of the signal field, i.e. these leakage counts cancel in

the expression cout
scd − cout

cd .

Using equation (7.15) and integrating the pulse traces in Figure 7.13 within the range

indicated by the shaded areas, a total memory efficiency of ηtot = 9.6±0.1% was determined.

This result represents the first experimental demonstration of Raman memory operation

inside an optical cavity.

Before turning our attention to the matter of noise suppression, we will first examine

the memory performance itself. Figure 7.14 (a) shows the memory lifetime measured by

delaying the read-out control pulse with respect to the storage event. As expected, the

memory efficiency decays exponentially with storage time, in accordance with magnetic

dephasing of the spin wave coherence. However, in comparison to the free-space memory,

the lifetime of the cavity memory is reduced from 1.5 µs to 94.6± 7.1 ns due to the absence
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of magnetic shielding. Early studies of the Raman memory in free space – prior to installing

µ-metal shielding – demonstrated a characteristic 1/e decay time of ∼ 150 ns [241]. The

discrepancy between this measurement and the performance of the cavity memory can be

explained by the presence of stronger magnetic fields in close proximity to the vapour cell.

In order to extend the memory lifetime, it will therefore be necessary to surround the cell

with appropriate magnetic shielding.

Figure 7.14: (a) Decay of memory efficiency with storage time. (b) Memory efficiency as a function
of control field power.

One of the key features distinguishing the cavity implementation from free-space memor-

ies is the finesse-dependent enhancement of the coupling strength, parametrised by the co-

operativity parameter D (see Section 6.3). A direct comparison of the Raman coupling

constants for the free-space and cavity memories has to take into account a number of addi-

tional factors. These include the caesium number density, the ensemble length and changes

to the peak Rabi frequency of the control field Ωmax ∝
√

Ec/A as a result of intracavity

transmission losses, resonant enhancement and confinement of the spatial mode volume.

Experimentally, many of these parameters are difficult to access independently without

disturbing the frequency response of the cavity. In particular, it is challenging to measure
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the memory efficiency as a function of caesium number density (vapour temperature) and

optical pumping efficiency, since changes in these parameters can affect the cavity resonance

condition. We will therefore restrict our initial investigation to a qualitative study of the

dependence of memory efficiency on control field power15, as plotted in Figure 7.14 (b). At

low control field powers the efficiency is expected to scale quadratically with power, as con-

firmed by previous measurements in free space (see Section 5.5.3). With increasing control

field power, however, the A.C. Stark shift begins to perturb the Raman resonance, thus

limiting the attainable memory efficiency. If the control Rabi frequency is increased further,

the efficiency reaches a maximum value for a given optical depth. This effect is evident in

Figure 7.14 (b) which shows the transition from quadratic scaling in the low-power regime

to a saturated efficiency in the high-power regime. The optimal Rabi frequency is therefore

within the range of available control field powers of Pc . 300 µW. This suggests that reson-

ant enhancement and the tight spatial mode confinement inside the cavity compensate for

coupling and transmission losses which limit the available control field power to less than

half the value typical for free-space memory experiments.

For future memory realisations one could consider carving the control pulse in order to

counteract the A.C. Stark shift and extend the favourable scaling of memory efficiency with

control field power to higher values.

7.9 Noise suppression

The build-up of noise counts in successive time bins is a characteristic signature of four-

wave mixing when a train of control pulses is incident on the memory (see Section 5.5.1).

15The power was measured before the single-mode fibre which couples the control field into the cavity.
The fibre-coupling efficiency was measured to be 80%.
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In the case of the free-space memory, noise counts more than quadrupled over the first

four time bins, as shown in Figure 7.15 (a). This behaviour contrasts strongly with an

equivalent measurement performed with the cavity Raman memory, as plotted in Figure

7.15 (b). Here, the noise increases by a factor of ∼ 1.2 relative to the first read-out bin. The

dramatically reduced build-up of noise is a compelling first qualitative observation of FWM

noise suppression afforded by the cavity.

Figure 7.15: Build-up of noise counts in successive time bins for the Raman memory implemented
in (a) free-space memory and (b) inside the cavity.

A noticeable feature in Figure 7.15 (b) is the large number of noise counts in the read-

in time bin. This can be attributed to imperfect optical pumping, while the reduction of

noise counts in the first read-out bin appears to be the result of population transfer induced

by the control field. It should be noted that the control Rabi frequency is on the order of

several GHz and is therefore sufficiently large to account for the nanosecond timescale of the

population transfer. This explanation has been corroborated by recent results which have

shown that the noise level during read-in can be reduced to the read-out level by improving

the optical pumping efficiency.

A quantitative comparison between the noise level present in the cavity and free-space

implementations requires an estimate of the number of noise photons per pulse, i.e. εin/out,
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retaining the notation introduced in Chapter 5. This is composed of contributions from

the Stokes (S), anti-Stokes (A) and control (C) modes each of which will have a different

transmission efficiency Tmfilter with m ∈ S,A,C between the cavity and the detector. Hence,

the rate of noise counts measured in the absence of the signal is given by

cin/out = ηSPCM ×
∑

m∈{S,A,C}

εmin/outT
m
filter, (7.16)

where ηSPCM = 0.5 is the detector efficiency which is assumed to be the same16 for all three

frequency modes m.

In our previous analysis of the free-space memory, we based our estimate of the signal-

to-noise ratio on the assumption that the noise counts were dominated by contributions at

the Stokes frequency. This is a valid approximation, since TSfilter � TAfilter, T
C
filter. In addition,

spontaneous Stokes scattering due to imperfect optical pumping could be neglected, as this is

emitted isotropically over an angle of 4π and therefore strongly suppressed through spatial

filtering (see Section 5.6.1). However, in the case of the cavity memory, we should take

care not to presuppose the validity of these assumptions. For instance, optical pumping of

the memory medium inside the cavity is significantly more challenging than in free space,

as noted in Section 6.11. The noise contribution from spontaneous Stokes scattering may

therefore be higher than expected from free-space measurements as a result of the potential

reduction in pumping efficiency.

Given the additional challenge of achieving optimal polarisation filtering in the case of the

cavity memory (see Section 7.8.1), it is important to consider leakage of the strong control

field as a potentially significant source of noise counts. We can independently measure

16This is a valid assumption, since the modes S, A and C are separated in frequency by < 20 GHz.
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the amount of control leakage either by blocking the cavity or by reducing the caesium

vapour temperature until the FWM contribution becomes insignificant. However, both of

these methods come with a caveat; changing the vapour temperature can alter the cavity

response and thus change the control field transmission through the cavity, while blocking

the cavity may affect polarisation as well as frequency filtering. This latter effect is due to

the fact that the total transmission efficiency of the chain of Fabry-Perot etalons depends

on the pulse bandwidth which is given by the convolution of the initial pulse and the cavity

transfer function. Bearing these considerations in mind, it was estimated that control field

leakage contributed less than 1% to the total noise counts 17.

Accurately determining the transmission efficiency of the Stokes mode between the cavity

and the detector is furthermore critical to estimating the level of noise suppression. This is

a non-trivial measurement, since the total transmission function TSfilter is sensitive to changes

in the cavity lock which may affect the bandwidth of the retrieved signal. Having determined

TSfilter, we can estimate the number of FWM noise photons per pulse in the Stokes mode

from

εSin/out ≈
cSin/out − c

C
in/out

ηSPCMTSfilter

. (7.17)

The caveats discussed above are likely to result in an underestimate of cCin/out so that

equation (7.17) is expected to yield an overestimate of εSin/out. A lower bound on the level of

FWM noise suppression in the retrieved field can then be determined by taking into account

the difference in total memory efficiencies between the cavity and free-space memories. We

17This estimate was obtained by blocking the cavity. In order to compensate for the change in polarisation
filtering, the transmitted power was adjusted to be approximately the same as measured when the cavity
was unblocked.



7.9 NOISE SUPPRESSION 204

will therefore define the ratio GSNR as

GSNR =
ηtot,cav

ηtot,free
×
εSout,free

εSout,cav

. (7.18)

It is important to note that GSNR is very sensitive to changes both in the cavity response

function and in the setpoint of the cavity lock, since these have a twofold impact on GSNR,

i.e. deviations from the optimum can degrade the memory efficiency and simultaneously

increase the level of noise.

The ratio GSNR, as defined in equation (7.18), is equivalent to the factor by which the

signal-to-noise ratio is enhanced in the cavity implementation. For a memory efficiency of

ηtot,cav = 9.6 ± 0.1%, the noise was determined to be εSout,cav = (20± 2) · 10−3 photons

per pulse in the read-out time bin. In comparison, the equivalent noise floor in the free-

space memory amounted to εSout,free = (150± 50) · 10−3 photons per pulse, with a total

memory efficiency of ηtot,free = 29.0±0.9% for coherent-state storage (see Sections 5.3.2 and

5.3.3). This yields a signal-to-noise enhancement factor of GSNR = 2.5 ± 0.9 which clearly

demonstrates the ability of the cavity implementation to increase the SNR well beyond

previously attainable levels.

In view of future cavity memory experiments with heralded single photons, it is conveni-

ent to consider an additional figure of merit [206], i.e. the minimum number of input photons

µ needed to obtain a signal-to-noise ratio of SNR = 1. Based on our definition of the SNR in

Section 5.3.3, this number is given by µ = εout/ηmem. In other words, we require a heralding

efficiency of ηherald ≥ µ in order to detect a retrieved signal photon with an equal or higher

probability than a noise photon. Measurements of the SNR for different values of the input
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photon number yield a µ-value of µ = 0.20 ± 0.02 for the cavity memory18. The condition

ηherald ≥ µ is therefore already met with our heralded SPDC source for which ηherald = 0.22,

as described in Section 5.3.1.

The estimate of εSout,cav, which enters equation (7.18), includes contributions both from

FWM noise and from spontaneous Stokes scattering. In order to compare the measured

level of noise suppression with our prediction of the cavity extinction ratio, it is necessary

to distinguish these two contributions. We will therefore recall our earlier analysis of the

FWM interaction in Section 5.5.3, in which we discussed the dependence of FWM noise on

control field energy. The quadratic scaling, which is evident in the free-space data, can be

similarly examined in the cavity implementation by measuring the number of noise photons

per pulse for different values of the intracavity control pulse energy19.

Figure 7.16: Number of noise photons per pulse for different control pulse energies. Horizontal
error bars account for fluctuations in the measured power, while vertical error bars correspond to
Poissonian errors in the detected noise counts as well as the experimental uncertainty in determining
the transmission efficiency.

Figure 7.16 shows that the experimental data is well-described by a fit function of the

18In the case of the free-space memory, we find µ = 0.5± 0.2.
19In order to convert the measured control field power into the corresponding pulse energy, we use the

method described in Section 5.5.3 and also take into account the cavity transmission efficiency.
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form ax2+bx+c with a, b and c as free parameters20. Here, the quadratic term describes the

FWM dependence on control pulse energy, while the linear term accounts for noise arising

from imperfect optical pumping as well as any residual leakage of the control field. The con-

stant offset represents control-independent noise, in particular collision-induced fluorescence

and leakage of the diode laser. We can find an estimate of the FWM noise contribution to

the measurement of εSout,cav by extracting the quadratic term from the fit shown in Figure

7.16. This yields a value of ε̃Sout,cav(FWM) = (6± 2) · 10−3, where the tilde emphasises

the fact that we have corrected for all noise contributions other than FWM. Relative to

free-space measurements, we arrive at a tentative estimate of the FWM noise suppression

factor

GFWM =
ηtot,cav

ηtot,free
×
εSout,free

ε̃Sout,cav

∼ 8, (7.19)

where we have scaled the noise by the different memory efficiencies, as in equation (7.18). In

Section 6.8 we introduced the effective cavity extinction ratio Υ′ as a simple figure of merit

which can be directly related to the measured cavity visibility V ′. Given a typical visibility

of V ′ = 85% for the signal/Stokes polarisation, we expect Υ′ = (1−V ′)/(1+V ′) ≈ 0.08, the

inverse of which gives a cavity suppression factor of (Υ′)−1 ∼ 12. The difference between

this factor and our estimated FWM noise suppression factor GFWM may in part be due to

experimental imperfections when tuning the cavity response function. In fact, preliminary

results based on a more complete theoretical description of the cavity memory [315] predict

a FWM noise suppression factor which appears to be consistent with our experimental

estimate. This model, which is currently being developed by Joshua Nunn, also predicts

that the estimated suppression factor is sufficient to result in a non-classical second-order

20The values of the fit parameters are a = (0.006 ± 0.002)/[nJ2], b = (0.009 ± 0.003)/[nJ] and c =
0.006± 0.001.
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autocorrelation of g(2) < 1 for single-photon input signals, given the previously obtained

heralding efficiency.

The above discussion suggests that the existing cavity design already holds the potential

for significantly higher values of the measured SNR enhancement factor GSNR, provided that

we can sufficiently reduce the non-FWM contributions to the total noise floor. For instance,

this could be achieved by further improving the optical pumping efficiency21.

To date, the cavity implementation has proven to be a viable route towards achieving

low-noise memory operation. First qualitative observations of noise suppression have been

followed by a quantitative demonstration of significant SNR enhancement relative to the

free-space memory. These encouraging results lay the groundwork for future single-photon

experiments and will inform subsequent modifications to the cavity design. In the next

chapter, I will briefly outline some of the future plans designed to advance the cavity Raman

memory beyond this first proof-of-principle demonstration towards the goal of low-noise

storage and retrieval of single photons.

21Higher pumping efficiences could be achieved by increasing the diode laser power and improving the
coupling efficiency. It may also be possible to reduce the detrimental effects of radiation trapping by operating
the caesium vapour at lower temperatures.



Chapter 8
Conclusion

The Raman memory experiment has over the last few years steadily evolved towards the

goal of low-noise, room-temperature single-photon storage and retrieval. Beginning with

its theoretical conception in 2007, the Raman memory has been the subject of extensive

studies with weak coherent states at the single-photon level and with coherent polarisation

states. This development culminated in the first Raman memory experiment with broad-

band heralded single photons derived from spontaneous parametric downconversion. The

results of this investigation defined my subsequent research direction; it became apparent

that a prerequisite for all future quantum applications of the Raman memory would be to

find a solution to the problem of FWM noise.

Overcoming this primary obstacle is a key step in establishing the Raman memory

as a practicable candidate for integration into photonic QIP technologies. Combining

broadband storage, high time-bandwidth products, on-demand recall capabilities and room-

temperature operation, the Raman memory is particularly well-suited for temporal multi-

plexing tasks. Through active synchronisation of probabilistic processes, memory-based

multiplexing has the potential to transform proof-of-principle demonstrations of QIP pro-

208
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tocols into scalable technologies.

Below I will summarise the chapters of this thesis which detail my contributions to the

development of the Raman memory project.

8.1 Summary

8.1.1 Free-space Raman memory

Working alongside PhD students Duncan England and Patrick Michelberger, I investig-

ated the phase coherence of the Raman memory interaction by storing polarisation-encoded

information in a dual-rail, passively stable polarisation interferometer. Orthogonal polarisa-

tion components were mapped onto separate atomic ensembles and stored for up to 2.5 µs.

While the memory efficiency decayed, as expected, with increasing storage time, the results

of a full process tomography showed that the process fidelity remained consistently above

84%. The contrasting behaviour suggests that dephasing of the stored spin wave does not

degrade the polarisation coherence of the memory. This result is an important manifestation

of the robustness of high-fidelity storage against memory loss.

Having re-built the Raman memory experiment, I worked in collaboration with Patrick

Michelberger to interface the Raman memory with a type-II PPKTP waveguide source of

heralded GHz-bandwidth single photons which were spectrally matched to the Raman res-

onance condition via frequency filtering of the herald photon. By implementing feed-forward

control of the memory operation, we furthermore ensured that a fundamental requirement

for on-demand synchronisation tasks had been met. The memory efficiency was determ-

ined from arrival-time histograms and bench-marked against values obtained for coherent-

state signals with average photon numbers similar to the heralding efficiency. For single-
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photon storage and retrieval, the total efficiency amounted to 21.1% ± 1.9%, compared to

29.0%±0.9% for coherent states. The discrepancy could be attributed to a residual mismatch

between the spectral modes of the single photons and the write/read pulses. Four-wave mix-

ing (FWM) noise seeded by spontaneous anti-Stokes scattering gave rise to noise counts of

(15 ± 5) · 10−2 photons per pulse in the read-out time bin. Given the measured heralding

and memory efficiencies, the signal-to-noise ratio was therefore limited to SNR = 0.3± 0.1.

A study of the photon number statistics of the retrieved fields provided further insight

into the memory and noise processes. Heralded second-order autocorrelation measurements

demonstrated that single-photon input signals with g(2)(0) = 0.016 ± 0.004 gave rise to

g(2)(0) = 1.59± 0.03 in the retrieved fields due to the presence of noise. However, equival-

ent measurements with coherent-state input signals attenuated to the same average photon

number produced g(2)-values during read-out which were more than three standard devi-

ations higher than in the case of single-photon experiments. Although non-classical photon

statistics could not be preserved during retrieval, a statistically significant signature of

single-photon storage was nevertheless evident in these results.

The autocorrelation measurements are well-described by a coherent interaction model

which takes into account the full dynamics between the optical fields and the atomic system.

The close agreement between theory and experiment not only consolidates our understanding

of the FWM noise process, but also allows us to refine our description of the Raman memory

interaction. The suitability of Raman memories for future quantum information applications

therefore critically depends on our ability to address the problem of FWM noise.
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8.1.2 Cavity Raman memory

At this important juncture, the challenge of noise suppression motivated a shift from the

free-space implementation of earlier experiments towards a novel, cavity-based approach.

The cavity boundaries would thereby induce a re-distribution of the density of states into

which the anti-Stokes noise photon could be emitted. Besides noise suppression, a cavity

implementation of the Raman memory offers the additional benefits of enhanced Raman

coupling strength and high mode selectivity, independent of memory efficiency.

In collaboration with Dylan Saunders, I designed and built a low-finesse triangular ring

cavity which, when tuned to the signal frequency, would be anti-resonant at the anti-Stokes

frequency. I used Gaussian beam propagation to determine the parameters necessary to

meet the cavity stability condition and implemented the method of birefringence control

to render the cavity simultaneously resonant for both signal and control frequencies. In

addition, active stabilisation of the cavity length was achieved by employing the Hänsch-

Couillaud method of locking to a polarisation-dependent phase.

Using weak coherent input states, low-noise operation of the Raman memory was demon-

strated for the first time inside an optical cavity, with typical memory efficiencies of ∼ 10%.

I investigated the performance of the cavity memory in terms of the memory lifetime and

the dependence of memory efficiency on control field power, showing that the memory could

be operated at lower powers as a result of cavity enhancement effects. First evidence of

FWM noise suppression was observed in the dramatically reduced build-up of noise counts

compared to previous memory experiments in free space. Moreover, I conducted a quant-

itative comparison between the estimated number of noise photons in the free-space and

cavity implementations and demonstrated a significant enhancement of the signal-to-noise

ratio by a factor of ∼ 2.5. By identifying the FWM contribution to the measured noise
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floor, I furthermore obtained an estimate of the level of FWM noise suppression possible

with the current cavity design. These latest experimental results were obtained with assist-

ance from Dylan Saunders, Joseph Munns, Patrick Ledingham and Cheng Qiu. While this

is an ongoing field of work, the present investigation supports the conclusion that the cavity

Raman memory offers a promising route towards future single-photon storage experiments.

8.2 Outlook

8.2.1 Single-photon storage with the cavity Raman memory

The cavity Raman memory has so far been tested and characterised with weak coherent

states, demonstrating that reliable memory operation can be combined with suppression

of FWM noise relative to the resonantly enhanced signal field. Having established the

cavity principle as a viable option and gained insight into the experimental subtleties, we

can now consider the potential ways in which the cavity design can be improved further.

Increasing the current level of noise suppression will indeed be key to ensuring that non-

classical photon number statistics are optimally preserved during single-photon storage.

Since this is ultimately limited by the cavity visibility, the next generation of cavity memories

could be designed to have a higher finesse. However, the increase in finesse and noise

extinction comes at the cost of reduced memory bandwidth, as discussed in Section 6.10.1.

In addition, one could consider shortening the cavity length in order to optimise the

solution to the condition imposed on the free-spectral range in equation (6.61). In the long

term, a miniaturised, monolithic cell-cavity system would be ideally suited for integration

into existing photonic architectures.



8.2 OUTLOOK 213

8.2.2 Multiphoton rate enhancement

An important example of temporal multiplexing is the synchronisation of probabilistic her-

alded photon sources. As discussed in Section 1.2.1, the time-bandwidth product of the

Raman memory is sufficiently high to enhance multiphoton rates considerably beyond those

achievable with unsynchronised sources. A first demonstration of this could in fact be per-

formed with a single SPDC source: The memory is initially primed by storing a heralded

SPDC photon. Upon detection of a second herald photon, the stored excitation is retrieved

and made to coincide with the SPDC photon emitted directly from the source. The coin-

cidence rate for these two simultaneous photons can then be compared to the probability

of generating two photons from independent sources, which can be estimated from the

square of the SPDC heralding efficiency. This proof-of-principle demonstration could then

be extended to higher numbers of simultaneous photons by assembling additional Raman

memories.

8.2.3 Light-matter Hong-Ou-Mandel interference

The Hong-Ou-Mandel (HOM) effect [316] describes the quantum interference of two indis-

tinguishable photons incident on either input port of a beam splitter. If the reflectivity of

the beam splitter is 50%, the photons always emerge from the same output port due to

destructive interference of the probability amplitudes associated with both photons being

either reflected from, or transmitted through the beam splitter [317]. The initial two-mode

Fock state |1, 1〉 is thereby converted into the coherent superposition (|2, 0〉 − |0, 2〉) /
√

2,

i.e. a two-photon NOON state.

Drawing upon the unique beam splitter property of the Raman memory, an intriguingly

novel variant of this phenomenon could be considered. In order to mirror the conditions
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of traditional HOM interference, we will assume storage and retrieval efficiencies of 50%

so that the Raman memory is equivalent to a 50:50 beam splitter for the transmitted and

stored excitations. However, even if the actual efficiencies differ from these ideal values,

non-classical interference should still be possible, albeit with reduced visibility.

The experimental procedure for detecting light-matter HOM interference may be as

follows: Conditional on the success of a preceding storage event, a second single photon

is directed into the memory, together with a control pulse. Provided that both signal

photons are indistinguishable, one should be able to observe HOM-type interference between

optical and material modes. Following the same reasoning as above, two possible outcomes

are expected to occur with equal probability. Either the first photon is retrieved and the

second photon is transmitted through the memory, or the first photon remains stored and

the second photon is mapped onto another spin wave coherence. In terms of the signal

amplitude S and the spin wave B, this bunching effect can be expressed as |B1S2〉 →

(|S1S2〉 − |B1B2〉) /
√

2. Here, subscripts 1 and 2 refer to the first and second optical/spin

wave excitations, respectively. The two outcomes could be distinguished by initiating read-

out of the memory with a further control pulse and measuring the heralded coincidence

counts in the storage and retrieval time-bins.

Demonstration of light-matter HOM interference would not only represent a compelling

experiment in itself, but also irrefutably assert the quantum nature of the Raman memory.



Stands at the sea,

wonders at wondering: I

a universe of atoms

an atom in the universe.

Richard P. Feynman
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[30] Förtsch, M. et al. A versatile source of single photons for quantum information processing.
Nature Communications 4 (2013).

[31] Yuan, Z.-S. et al. Synchronized Independent Narrow-Band Single Photons and Efficient Gen-
eration of Photonic Entanglement. Physical Review Letters 98 (2007).

[32] Pittman, T. B., Jacobs, B. C. & Franson, J. D. Single photons on pseudodemand from stored
parametric down-conversion. Physical Review A 66, 042303 (2002).

[33] Mower, J. & Englund, D. Efficient generation of single and entangled photons on a silicon
photonic integrated chip. Physical Review A 84 (2011).



BIBLIOGRAPHY 218

[34] Sinclair, N. et al. Spectral Multiplexing for Scalable Quantum Photonics using an Atomic
Frequency Comb Quantum Memory and Feed-Forward Control. Physical Review Letters 113
(2014).

[35] Lanyon, B. P. & Langford, N. K. Experimentally generating and tuning robust entanglement
between photonic qubits. New Journal of Physics 11 (2009).

[36] Wieczorek, W., Krischek, R., Kiesel, N., Michelberger, P., Tóth, G. & Weinfurter, H. Exper-
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Appendix A
Second-order autocorrelation function

The photon number statistics of different states of classical and non-classical light can be

distinguished by measuring the second-order intensity autocorrelation function g(2), as de-

scribed in Section 5.3.3. We can define the normalised g(2) in terms of normally ordered

products of photon creation and annihilation operators so that - at zero time delay -

g(2)(τ = 0) =
〈â†â†ââ〉
〈â†â〉2

. (A.1)

This expression can be rewritten in terms of the mean 〈n〉 and variance Vn of the photon

number distribution [318], given by

Vn = 〈∆n2〉 = 〈n2〉 − 〈n〉2

= 〈(â†â)2〉 − 〈â†â〉2

= 〈â†(1 + â†â)â〉 − 〈â†â〉2

= 〈â†2â2〉+ 〈â†â〉 − 〈â†â〉2.

(A.2)
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Re-arranging this equation and normalising by 〈n〉 gives

Vn − 〈n〉
〈n〉

=
〈â†2â2〉
〈â†â〉

− 〈â†â〉 = 〈n〉
(

g(2)(0)− 1
)
. (A.3)

This quantity is known as Mandel’s Q parameter [319].

A.1 Fock states

The photon number states |n〉 are simultaneous eigenstates of the number operator n̂ = â†â

and the Hamiltonian for a one-dimensional harmonic oscillator, i.e.

n̂ |n〉 = â†â |n〉 = n |n〉

Ĥ |n〉 = ~ω
(
â†â+

1

2

)
|n〉 =

(
n+

1

2

)
~ω |n〉 = En |n〉 .

(A.4)

By applying the creation operator â† to the second of these equations and making use of

the commutator [â, â†] = 1, we find that

~ω
(
â†â†â+

1

2
â†
)
|n〉 = ~ω

(
â†ââ† − â† +

1

2
â†
)
|n〉 = Enâ

† |n〉 , (A.5)

which can be rearranged to give

~ω
(
â†â+

1

2

)
â† |n〉 = (En + ~ω) â† |n〉 . (A.6)

â† |n〉 is therefore an eigenstate of Ĥ with eigenvalue En + ~ω so that we can write

Cn+1 |n+ 1〉 = â† |n〉 and likewise, Cn |n− 1〉 = â |n〉. The normalisation constants are
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given by Cn+1 =
√
n+ 1 and Cn =

√
n. Hence,

â† |n〉 = (n+ 1)1/2 |n+ 1〉

â |n〉 = n1/2 |n− 1〉 .
(A.7)

Using equations (A.7), the g(2) for a single-mode state |n〉 is given by

g(2) =
〈n| â†â†ââ |n〉
〈n| â†â |n〉2

=
n(n− 1)

n2
= 1− 1

n
< 1. (A.8)

This inequality corresponds to sub-Poissonian statistics for which the variance of the

photon number distribution is less than its mean (see equation (A.3)), thus violating the

Cauchy-Schwartz inequality for classical distributions. A signature of this is the anti-

bunching effect observed in Hanbury Brown-Twiss-type measurements, revealing the anti-

correlation of non-classical photon states. For a single photon state n = 1, we therefore find

g(2) = 0.

A.2 Coherent states

A coherent state |α〉 is unchanged by the detection (or annihilation) of a photon and is

thus defined according to â |α〉 = |α〉. By introducing the unitary displacement operator

D(α) = exp
(
αâ† − α∗â

)
, we can re-express the coherent state in terms of the vacuum state

|0〉 as |α〉 = D(α) |0〉. It can be shown [273] that

D†(α)âD(α) = â+ α

D†(α)â†D(α) = â† + α∗.

(A.9)
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These relations demonstrate the action of the displacement operator which can be visu-

alised as a displacement of a localised state by an amount α in phase space. The coherent

state can therefore be understood as a displaced form of the ground state |0〉 of the harmonic

oscillator [273].

Using the displacement properties (A.9), we can now determine the mean and variance

of the coherent state photon number distribution:

〈n〉 = 〈0|D†â†âD |0〉 = 〈0|
(
â†D† + α∗D†

)
âD |0〉

= 〈0| â† (â+ α) + α∗ (â+ α) |0〉 = 〈0|α∗α |0〉

= |α|2

(A.10)

Similarly, we find for the variance Vn, (∆n)2 = 〈n2〉 − 〈n〉2 = |α|2.

As expected for a photon number distribution governed by Poissonian statistics, the

variance Vn is equal to the mean 〈n〉. Then, according to equation (A.3), g(2) = 1 for

coherent states [273].

A.3 Thermal states

As discussed in Section 5.4, the photon number statistics of the measured FWM noise

contribution are expected to resemble thermal statistics as a result of tracing over one of the

modes of a two-mode squeezed state. Thermal statistics are characterised by an exponential

probability distribution which we can examine by considering a single-mode thermal state

in equilibrium with a blackbody at temperature T . The probability pn of occupying a state
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with energy En follows a Boltzmann distribution, i.e.

pn =
exp (−βEn)∑
n exp (−βEn)

, (A.11)

where En =
(
n+ 1

2

)
~ω is the nth energy eigenstate of the harmonic oscillator and β =

1/kBT . The density of states ρth can be expressed as

ρth =
exp (−βEn)

tr (exp (−βEn))
=

1

Z
exp (−βEn) =

∞∑
n=0

pn |n〉 〈n| . (A.12)

Here, the partition function Z, or sum over states1, normalises the probability function and

is equal to

Z = tr (exp (−βEn)) =
∞∑
n=0

〈n| exp
(
−βĤ

)
|n〉

=
∞∑
n=0

exp (−βEn) =
exp

(
−β ~ω

2

)
1− exp (−β~ω)

(A.13)

The mean photon number can be found by evaluating

〈n〉 = tr (nρth) =
∞∑
n=0

〈n|nρth |n〉

=
∞∑
n=0

npn = exp

(
−β ~ω

2

)
1

Z

∞∑
n=0

n exp (−β~ωn) .

(A.14)

Using the identity
∑∞

n=0 n exp (−nx) = − d
dx

∑∞
n=0 exp (−nx), we find that the mean number

of photons obeys the Planck distribution,

〈n〉 =
1

exp (~ωβ)− 1
, (A.15)

as expected for a blackbody in thermal equilibrium.

1In German: Zustandssumme.



By re-arranging the above equation to exp (−~ωβ) = 〈n〉/ (〈n〉+ 1), the photon number

distribution can be expressed in terms of the mean photon number as

pn =
〈n〉n

(1 + 〈n〉)n+1 . (A.16)

The expectation value 〈n2〉 can be determined as follows:

〈n2〉 = tr
(
n2ρth

)
=
∞∑
n=0

〈n|n2ρth |n〉

=

∞∑
n=0

n2pn = exp

(
−β ~ω

2

)
1

Z

∞∑
n=0

n2 exp (−β~ωn) .

(A.17)

We can evaluate this sum by noting that

∞∑
n=0

n2e−nx =
d

dx

(
d

dx

∞∑
n=0

e−nx

)
=

d

dx

(
−e−x

(1− e−x)2

)

=
e−x + e−2x

(1− e−x)3
.

(A.18)

Hence,

〈n2〉 = (1− e−x)
e−x + e−2x

(1− e−x)3

=
e−x

1− e−x
+

2e−2x

(1− e−x)2

= 〈n〉+ 2〈n〉2

(A.19)

The variance is then given by 〈(∆n)2〉 = 〈n2〉 − 〈n〉2 = 〈n〉 + 〈n〉2 and according to equa-

tion (A.3), g(2) = 2 for a single-mode thermal state.



Appendix B
The cavity stability condition

B.1 Ray transfer matrix

In the formalism of ray transfer matrix analysis, the ABCD matrix characterises the change

in the position and direction of an incident beam as it propagates between two reference

planes, known as input and output planes. These planes are defined to be perpendicular to

the optical axis of the system which – in the case of lenses and curved mirrors – is chosen

to pass through the centre of curvature. The input ray can be represented by the vector

r1 = (r1 θ1)T, where r1 is the distance from the optical axis, and θ1 is the angle between

the optical axis and the direction of propagation.

After passing through the optical system, the outgoing ray at the output plane can be

found from the transformation

r2

θ2

 =

A B

C D


r1

θ1

 . (B.1)

As an aside, the coordinates of a ray reflected from a curved mirror are related to the
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input coordinates according to

r2 = r1

θ2 = − (1/f) r1 + θ1,

(B.2)

where the focal length is given by f = 2/R and R is the radius of curvature. The matrix

coefficients are therefore equal to A = 1, B = 0, C = −2/R and D = 1.

B.2 Stability analysis

The stability of an optical cavity, which periodically re-focuses the propagating beam, can

be determined from the properties of the cavity’s ABCD matrix [320]. After n passes of the

cavity, the ray vector rn is given by

rn = Mnr0, (B.3)

where M is the matrix for one pass and r0 is the input ray. The stability condition can be

derived by finding the eigenvalues λ of M , i.e.

Mr = λr, (B.4)

or equivalently,

(M − λI) r = 0, (B.5)

where I is the 2× 2 identity matrix.

For non-trivial solutions of r, we set the determinant to zero, giving the characteristic
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equation

det (M − λI) = λ2 − tr (M)λ+ det (M) = 0. (B.6)

Using the property det (M) = AD −BC = 1, we find

λ2 − (A+D)λ+ 1 = 0, (B.7)

with eigenvalue solutions

λ± = m±
√
m2 − 1. (B.8)

Here, we have defined the parameter m = 1
2tr (M) = (A+D) /2.

Having determined the eigenvalues using equation (B.8), the input ray can be expressed

as a linear superposition of the orthogonal eigenvectors r± of M . These eigenrays can be

found from Mr+ = λ+r+ and Mr− = λ−r−, respectively. Inserting r0 = c+r+ + c−r− into

equation (B.3) gives

rn = Mn × (c+r+ + c−r−)

= λn+c+r+ + λn−c−r−,

(B.9)

where c± are constants.

Now, if |m| ≤ 1, we can set m = cos θ so that the eigenvalues are given by the complex

numbers

λ± = cos θ ± i sin θ = e±iθ. (B.10)

Hence, after the nth round-trip of the cavity,

rn = einθc+r+ + e−inθc−r−

= r0 cos (θn) + s0 sin (θn) ,

(B.11)
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where we have defined the “slope vector” [320] s0 = i (c+r+ − c−r−).

Equation (B.11) shows that the ray vector rn oscillates with a maximum displacement

bounded by the sum of the initial vectors, r0+s0. The condition |m| ≤ 1 therefore represents

a stable cavity. By writing this condition in terms of the ABCD matrix, we arrive at the

stability criterion (6.54) used in Section 6.9.1

−1 ≤ 1

2
tr (M) ≤ +1. (B.12)

In the opposite case (|m| > 1), the eigenvalues λ+, λ− are real and positive quantities.

The displacement rn will therefore diverge, as the ray propagates around the cavity. This

demonstrates that the condition |m| > 1 corresponds to an unstable cavity.
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