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Abstract

Quantum communication founds on the possibility to encode quantum states into photons

and allows, for instance, the provable secure distribution of encryption keys. Despite a

lot of progress during the past two decades, quantum communication still faces a distance

barrier, which can be overcome by quantum repeaters whose currently most challenging

ingredient is a memory for quantum states of light. In addition to robustness and ease

of use, the requirements for such a quantum memory include high fidelity quantum state

storage and the preservation of entanglement, sufficiently long storage time with on-demand

recall, high efficiency, large bandwidth, and high multimode capacity. Six years ago, some

of these properties had already been demonstrated using atomic vapor. However, practical

solid-state memories were virtually unexplored in view of quantum state storage.

The main goal of this thesis was to realize a solid-state quantum memory for light with

emphasis on meeting requirements for long distance quantum communication. First, we

identified a potential material candidate, a thulium doped lithium niobate waveguide, and

conducted spectroscopic investigations to assess its suitability for quantum state storage us-

ing a photon-echo type approach. Next, we demonstrated that our storage device is suitable

for high fidelity quantum state storage and for the storage of photonic entanglement, and that

its large spectral multimode capacity allows for on-demand selective recall in conjunction

with standard spectral filters and frequency shifters. In addition, by performing two-photon

interference experiments and Bell-state measurements, we found that our memory preserves

not only quantum information, but, more generally, the entire photonic wave function, which

further confirms its suitability for quantum repeaters as well as for linear optics quantum

computers. Finally, we showed that our integrated device also allows for general temporal

and spectral manipulation of individual quantum optical pulses, which paves the way towards

on-chip quantum optical processors. While more work remains to be done, in particular to
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improve memory efficiency and storage time, the large number of achievements, together

with known ways to overcome the remaining obstacles, makes us confident that a quantum

memory suitable for quantum repeaters will soon be built.
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Chapter 1

Overview

Quantum communication is founded on the ability to encode quantum states into photons

and transmit these photons between distant parties [1]. Quantum cryptography is cur-

rently the main application of quantum communication; it promises unconditionally secure

transmission of information [2]. The main problem of existing quantum communication

technologies is limited transmission distances, which is due to the loss across fiber-optics

communication links in combination with the quantum no-cloning theorem, precluding one

from perfectly copying and reproducing arbitrary quantum information as can be done in

classical communication systems. The solution to this problem is to use quantum repeaters

[3, 4]. The main idea behind this technology is to divide a communication channel into short

links and use quantum entanglement to distribute quantum information between the links.

Key ingredients in quantum repeaters are optical quantum memories, which synchronize the

flow of quantum data by storing entanglement in such a way that it can be retrieved on

demand [5, 6, 7]. The use of quantum memories is not limited to quantum communications;

they are key hardware for linear optical quantum computers and potential tools for quantum

metrology applications and fundamental tests of quantum mechanics [7].

This thesis details experimental efforts to build a quantum memory for light that satisfies

the requirements for long distance quantum communication. It covers the steps from material

spectroscopy to proof-of-principle demonstrations of key features of a quantum memory.

The structure of the thesis is as follows: First, I begin with introducing the basic elements

of quantum communication. Next, I discuss the motivation to build a quantum memory and

give an overview of quantum memory approaches. In the fourth chapter, I explain the basic

principles of the Atomic Frequency Comb (AFC) quantum memory protocol, which is at the
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core of the experimental implementations realized in this thesis. The fifth chapter covers

spectroscopic investigations of a novel quantum memory material –a Tm:LiNbO3 waveguide.

In the sixth chapter, I present how we implement a broadband AFC in this memory mate-

rial. Chapter seven reports the storage of single-photon-level pulses and eventually quantum

information in our quantum memory. The following chapter is devoted to the experimental

demonstration of storage of entangled photons. In chapter nine, two-photon interference, in-

cluding a Bell state measurement, with optical pulses retrieved from two separate quantum

memories is demonstrated. In the next chapter, the frequency multimode storage capabil-

ities of our memory device is explored and, based on our experimental demonstration, the

possibility of developing a new quantum repeater architecture with frequency-multimode

AFC quantum memories is discussed. In chapter eleven, combining quantum state storage

and coherent manipulation of quantum optical pulses within a memory is demonstrated. In

the last two chapters, I draw conclusions and give an update on progress and future work.

Chapters 5, 7, 8, 9 and 11 contain published papers or papers close to being submitted.

The requirement for each manuscript to be self-contained necessarily leads to some topical

overlap.

This work would not have been possible without the collaboration of many people. In

particular, this includes the members of our group’s quantum memory team (myself, Neil

Sinclair, Hassan Mallahzadeh, Dr. Daniel Oblak, Dr. Cecilia La Mela ) and entanglement

team (Josh A. Slater, Jeongwan Jin and Dr. Félix Bussières) as well as members from the

group of Prof. Wolfgang Sohler at the University of Paderborn in Germany who fabricated

the Tm:LiNbO3 waveguides. My contributions to the investigations are detailed at the

beginning of each chapter.
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Chapter 2

Basic Elements of Quantum Communication

Quantum communication is the art of transferring quantum states from one place to another

[1], and photons are naturally suited to carry quantum states. Thus, preparing, transmitting

and measuring quantum states of photons are essential elements of quantum communication.

In this section, I will briefly review these elements to provide a background for discussing the

role of quantum memories in quantum communication. For a complete and detailed review,

numerous resources such as [8, 9, 10] can be found in the literature.

2.1 Quantum Information (Qubits)

Quantum information is the quantum counterpart of classical information. Classical infor-

mation is formed by the combination of bits that are the elementary piece of information.

A classical bit can only be in one of two well-defined states, which are usually represented

by “0” and “1”. However a quantum bit, referred to as qubit, can also be simultaneously

in both of these states, which is known as quantum superposition. Quantum superposition

is at the heart of quantum mechanics and an essential ingredient of quantum information

technologies.

A general representation of the state of a qubit is given by

|ψ〉 = α |0〉+ β |1〉 (2.1)

where α and β are complex numbers, and called probability amplitudes for states |0〉 and

|1〉, respectively1. One convenient way for visualizing a qubit state is to use the Bloch

sphere representation shown in Fig 2.1. Any point on the Bloch sphere is defined by angles

1 |α|2 and |β|2 are probabilities for finding the qubit during a measurement in state |0〉 or |1〉, respectively.
Note that |α|2 + |β|2 = 1.
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Figure 2.1: Bloch sphere representation of a qubit state: Any arbitrary pure state
|ψ〉 is represented by a point, defined by angles θ and φ, on the Bloch sphere. Pure states
represented by diametral (opposing) points on the Bloch sphere are orthogonal, e.g. |0〉 and
|1〉, or 1√

2
(|0〉+ |1〉) and 1√

2
(|0〉 − |1〉).

θ and φ and corresponds to a pure quantum state 2. In this representation, the probability

amplitudes for a general qubit state are expressed by cos(θ/2) ≡ α and eiφ sin(θ/2) ≡ β,

where θ and φ are angles defined with respect to the +Z-axis and +X-axis, respectively. φ

describes the phase difference between the states |0〉 and |1〉 and makes qubits different from

classical bits. Using these parameters, a qubit state is written in the following form:

|ψ〉 = cos

(
θ

2

)
|0〉+ eiφ sin

(
θ

2

)
|1〉 (2.2)

For example, the points on the poles of the Bloch sphere correspond to states |0〉 and |1〉,

while the equator points represent equal superpositions of these states. The pair of states

that are represented on each side of any defined axis through the center of the Bloch sphere,

for example |0〉 and |1〉, or 1√
2

(|0〉+ |1〉) and 1√
2

(|0〉 − |1〉), are orthogonal states. A set of

2The points inside the Bloch sphere correspond to mixed states.
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orthogonal states forms a basis for any qubit state, meaning that any qubit state can be

written in terms of these states.

2.1.1 Preparation of Photonic Qubits

The preparation of photonic qubits consists of two steps. In the first step, individual photons

need to be generated. The generation of single photons can be realized with various tech-

niques such as using single atoms and ions, or single quantum dots as emitter, or non-linear

processes like spontaneous parametric down conversion (SPDC), which can be employed to

build heralded-single-photon sources as done in this thesis (see Chapter 7). With the non-

linear techniques, multi-photon emission probability is not completely suppressed, yielding

“approximate” single-photon sources.

The second step is to encode quantum states into the produced photons. In this process,

quantum states are imprinted into a photonic degree of freedom such as polarization, time or

frequency. For example, using an imbalanced Mach-Zehnder interferometer, a qubit can be

encoded into two well-defined temporal modes of a photon. Such so-called time-bin qubits

are used in this thesis (see Chapter 7).

2.1.2 Measurement of Photonic Qubits

The concept of the measurement of a qubit is fundamentally different from the concept

of a classical measurement3. First of all, the measurement of a qubit is an “attempt” to

determine the state of qubit, whose result is generally probabilistic. Therefore, in principle,

determining a single photon state requires many measurements on an ensemble of identical

qubits. Secondly, in the general case, a measurement disturbs the state of the qubit and the

output of the measurement (the state found) is the new state after the measurement4.

3This statement holds, in general, for any quantum mechanical measurement.
4In a typical photonic qubit measurement, the photon is destroyed upon its detection. In this situation

this statement doesn’t tell much. On the other hand, in principle, it is possible to perform a measurement
without destroying the photon. This is often referred to as a quantum non-demolition measurement.
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The term “projection” is used for a quantum mechanical measurement. In a projection

measurement, a given input qubit state |ψi〉 is projected onto a qubit state |ψp〉 (projection

state), which happens with probability5,6

p = | 〈ψp| |ψi〉 |2. (2.3)

This probability (the amount of overlap) depends on the input state and the state to be pro-

jected onto. If both states are equal or orthogonal, the measurement result is deterministic;

that is 1 and 0, respectively. For example, this is the case when state |ψi〉 = 1√
2
(|0〉+ |1〉) is

projected onto |ψp〉 = 1√
2
(|0〉 ± |1〉). This situation is usually referred to as performing the

measurement in the basis of the input state. On the other hand, if the input state and the

projection states are neither equal nor orthogonal, the measurement probabilities deviate

from 0 and 1. In the case of minimum overlap between the states, for example when the

state |ψ〉 = 1√
2
(|0〉 + |1〉) is projected onto |0〉 and |1〉, the probabilities of finding either

result are equal to 0.5. This case is referred to as performing a measurement in an unbiased

basis with respect to the basis used to prepare the qubit. The described properties of a

measurement of qubit is the key for most applications of quantum communication.

Linear optical elements and single photon detectors are the building blocks of a measure-

ment apparatus for photonic qubits. For instance, the measurement of time-bin qubits can

be done using an imbalanced Mach-Zehnder interferometer, which is composed of two beam

splitters, a phase shifter and a single-photon detector as described in Chapter 7 and 8. In

general, the role of a projection measurement apparatus is to transform an input qubit state

into a superposition of a set of orthogonal states, each in a distinguishable mode (temporal,

spatial or spectral). Thus the detection of a photon in one of these modes projects the qubit

onto the corresponding state.

5The other equivalent expression is 〈ψ|i
(
|ψ〉p 〈ψ|p

)
|ψ〉i ; it is written in terms of the projector operator.

6If the input state is not a pure quantum state, a density matrix formalism needs to be used for this
calculation.
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2.1.3 No–Cloning Principle

This principle is the essence of the security of quantum key distribution (the most mature

application of quantum communication). Furthermore it is also of fundamental importance

as it is related to the impossibility of sending information faster than the speed of light

[11, 12]. The no–cloning theorem states that it is impossible to perfectly copy an unknown

quantum state [13]. To understand the basic idea, imagine that we want to copy an input

quantum state |ψ〉 to another input state that is initially in state |0〉, using our copy machine.

This means that after the copying process we should have two output states that are the

same as |ψ〉. This process can be represented by Û (|ψ〉 ⊗ |0〉) = |ψ〉 ⊗ |ψ〉 where Û is

an unitary operation applied to the input states. Similarly, if an input state |φ〉 that is

orthogonal to |ψ〉 needs to be copied, the process should result in Û (|φ〉 ⊗ |0〉) = |φ〉 ⊗ |φ〉.

The question is now what would be obtained when one attempts to copy a more general

state like (α |ψ〉+ β |φ〉), which is an arbitrary superposition of |ψ〉 and |φ〉. In this case,

using the linearity of quantum mechanics, the input states of the copying machine can

be written as Û ((α |ψ〉+ β |φ〉)⊗ |0〉) = αÛ |ψ〉 ⊗ |0〉 + βÛ |φ〉 ⊗ |0〉. When the copying

operation is applied to the individual terms, it can be easily verified that in the general case,

Û ((α |ψ〉+ β |φ〉)⊗ |0〉) 6= (α |ψ〉+ β |φ〉)⊗ (α |ψ〉+ β |φ〉), where the right-hand side of the

expression is the desired result. The equation is satisfied only in the case in which α = 0 or

β = 0. Therefore, it is impossible to perfectly copy an unknown quantum state. Nevertheless,

in principle it is possible to make imperfect copies of quantum states by designing quantum

cloning machines. For example, the universal quantum cloner that is the most well-known

of such constructions allows one to obtain the two clones of an arbitray unknown input state

with fidelity (amount of overlap between the input and the clone) of 5/6 [14].

At this point, it is worth to mention the difference between a classical memory and a

quantum memory from a conceptual perspective in the view of the above discussions. A

quantum memory converts an input photon state to a different form for storage, for example
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from photonic state to atomic state, and later on reverses this operation. This allows, in

principle, achieving a fidelity of one. On the other hand a classical memory device performs

a measurement on an input state, records it and is then able to make an arbitrary number

of imperfect clones. Taking into account all possible projection measurement settings, the

average storage fidelity of a classical memory for an arbitrary qubit is 2/3 [15] 7. This value

is often used as a benchmark to demonstrate the quantum nature of a memory device.

2.2 Entanglement

The exact definition of a two-particle (bi-partite) entangled state is that it cannot be written

as a product state of its two individual systems :

|ψ〉 6= |ψ〉1 ⊗ |ψ〉2 ≡ |ψ〉1 |ψ〉2 (2.4)

Entanglement leads to correlations between measurement outcomes obtained from sep-

arate quantum mechanical systems, such as two qubits, that in certain cases, cannot be

explained by local (hidden) variable models, i.e. that violate a Bell-inequality [16].

In addition to their fundamental importance for the interpretation of quantum theory,

two-qubit entangled systems are main ingredients in quantum communication. The states,

|0〉1 |0〉2, |0〉1 |1〉2, |1〉1 |0〉2 and |1〉1 |1〉2, where indices 1 and 2 denote the first and the sec-

ond particle, form a basis for two-qubit systems. Superpositions of these states such as

(α |0〉1 |0〉2 + β |1〉1 |1〉2) are entangled qubit states. The states known as maximally entan-

7Why a classical memory cannot reach unit fidelity can be understood intuitively using the Heisenberg
uncertainty principle. The information about a quantum state is contained in phase and amplitude which
are conjugate variables. These variables cannot be measured with better accuracy than what is allowed by
the Heisenberg uncertainty principle. Hence, perfect reconstruction is impossible.
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gled states or Bell-states have the following form 8,

∣∣φ±〉 =
1√
2

(|0〉1 |0〉2 ± |1〉1 |1〉2) (2.5a)∣∣ψ±〉 =
1√
2

(|0〉1 |1〉2 ± |1〉1 |0〉2) (2.5b)

They are central to most applications of quantum communication.

Entanglement between photons (photonic entanglement) can be used to establish secret

keys, or to distribute quantum information by means of teleportation. Moreover, entangle-

ment can be reversibly transferred between different systems (such as photons and atoms)

as is experimentally demonstrated in this thesis (see Chapter 8 and a brief review article

on this work by J. Longdell [17]). In addition, it can be swapped as will be summarized

in Sect. 2.6. For these reasons entanglement is considered as a main resource for quantum

communications.

Photonic entanglement can be generated using various degrees of freedom such as polar-

ization, time, or frequency. Among these possibilities, polarization and time-bin entangle-

ment have attracted a lot of attention due to the simplicity of manipulating quantum states

encoded in these degrees of freedom. SPDC is currently the most widely used technique to

produce entangled photons and it is employed in some experiments described in this thesis

(see Chapter 8).

2.3 Measuring Entanglement

The existence of entanglement in two-particle systems, in our context between two photons,

can be verified using different approaches, all requiring one to perform joint projection mea-

surements on the particles as schematized in Fig 2.2. One of the standard approaches is to

re-construct the quantum state of the two-particle system, i.e. the density matrix, which

8These four states also form a basis for two-qubit systems.
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Figure 2.2: A measurement apparatus to find the correlations between entangled
particles: The Bloch spheres on each particles side depict the projection settings required
for a CHSH Bell-inequality test.

gives full information about the system. Once the density matrix is known, the amount of

entanglement within the system can be quantified (see Chapter 8).

Another standard approach for the verification of entanglement is a Bell-Inequality test,

explored by John Bell [16]. Strictly speaking this test reveals the non-local nature of two-

particle states (if any), which is a stronger criterion than the one of being entangled. There-

fore the Bell inequality constitutes a cornerstone in the interpretation of quantum mechanics.

The main procedure in a Bell-test is to quantify the correlations between entangled

particles for different projection measurement settings. The CHSH (Clauser-Horne-Shimony-

Holt) inequality is one of the most well-known forms of the Bell inequalities [18]. It requires

four different pre-defined sets of joint projection measurements (see Fig. 2.2). From each

measurement result a correlation coefficient is determined9. The correlation coefficients allow

9A correlation coefficient quantifies the strength of the correlations between the outcomes of the measure-
ments performed on the particles. It varies between -1 and 1. Values of 1, -1 and 0 indicate the observation
of perfect correlations, perfect anti-correlations and no correlations, respectively.
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one to calculate a parameter, called the S-parameter (Bell-parameter):

S = |E(aaa, bbb) + E(a′a′a′, bbb) + E(aaa, b′b′b′)− E(a′a′a′, b′b′b′)| (2.6)

where aaa,a′a′a′ and bbb,b′b′b′ refer to the projection settings for the first photon and the second photon,

respectively, and E is the corresponding correlation coefficient. Classical models based on the

assumption of locality (generally referred to as local hidden variable theories–LVT) predict

that the S-parameter has a maximum value of 2,

SLV T ≤ 2 (2.7)

On the other hand, quantum mechanics predicts that the S-parameter is bounded by 2
√

2.

As a result, a violation of the Bell inequality (Eqn. 2.7) proves not only the existence of

quantum entanglement but also quantum non-locality since there is no local classical model

that can reproduce the observed results predicted by quantum mechanics. This test was also

performed in this thesis; details can be found in Chapter 8.

2.4 Bell-State Measurement

A Bell-state measurement is a projection measurement that projects the quantum state of

a two-qubit system onto one of the Bell states shown in Eqn. 2.5a and 2.5b. A 50/50

beam splitter with 2 input and 2 output ports is the most common tool to carry out this

measurement for photonic qubits. The two photons are sent into different input ports and

interfere at the beam splitter. The photons exiting the beam splitter are detected by single-

photon detectors at the output ports. Coincident detections can project the state of the

photons onto one of the Bell-states. For instance, detecting two photons in different output

ports and orthogonal states (i.e. one in |0〉 and one in |1〉) corresponds to a projection

onto the |ψ−〉 state, and detecting both photons in the same output and in orthogonal

states corresponds to a projection onto the |ψ+〉. When one inspects the quantum states

of two-qubits transformed after a beam splitter, it can be seen that the projection onto
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Figure 2.3: Quantum teleportation: Photon C, which carries the state to be teleported,
and photon B, which is entangled with photon A, meet at the beam splitter for a Bell-state
measurement (BSM). The detections after the beam splitter project the state of B and C
onto one of the Bell-states. The information about which Bell-state has been projected onto
is sent to the location of photon A. Based on this information, a unitary transformation (U)
is applied to photon A. This process results in the teleportation of the state of photon C to
photon A.

|φ+〉 and |φ−〉 never occurs. It has been shown in [19] that this limitation of the success

probability to 50% is intrinsic to the use of linear optics. The other important point is that

for a successful Bell-state measurement, the photons that meet at the beam splitter must

be indistinguishable in all-degrees of freedom, namely polarization, temporal, spatial and

spectral degrees, as discussed in Chapter 9.

The Bell-state measurement is particularly important when one or two of the input qubits

are entangled with other photons. In this case, it allows for quantum state teleportation and

entanglement swapping, which are key processes in quantum communication as discussed in

the next sections.
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2.5 Quantum Teleportation

Quantum teleportation is one of the most interesting, surprising and useful applications of

quantum entanglement [20]. It is the process of transferring an unknown quantum state

from one place to another with no transmission of the carrier. To perform this process

with linear optics, as schematically shown in Fig 2.3, the required elements are a pair of

maximally entangled photons (labeled A and B), a photon that carries the quantum state to

be teleported (labeled C) and a Bell-state measurement between photon C and one member

of the entangled pair, say photon B. The initial quantum state of the three-photon system

is given by

|ψ〉ABC =
1√
2

(|0〉A |0〉B + |1〉A |1〉B)⊗ (α |0〉C + β |1〉C) (2.8)

where the first and second term in the product belong to the state of the entangled photons

(|φ+〉) and the state to be teleported, respectively. When the Bell-state measurement is

performed on photon B and photon C, the state of these photons can be projected onto

one of the Bell-states, let’s say onto |ψ〉BC = 1√
2

(|0〉B |1〉C − |1〉B |0〉C). In this case, the

resulting state of photon A is

|ψ〉A = 〈ψ|BC |ψ〉ABC = (β |0〉A − α |1〉A) . (2.9)

According to this result, immediately after the Bell-state measurement, the state of photon

C is transferred to photon A with flipped bits (i.e. α and β are swapped) and a π phase

difference. To recover the original state, classical information that reveals which Bell-state

has been measured is sent to the location of photon A. The necessary unitary transformation,

which depends on the resulting Bell-state projection, is applied to the state of photon A.

This finalizes the teleportation of state from photon C to photon A. As seen, quantum

teleportation requires classical communication, since the result of a Bell-state measurement

is probabilistic. Therefore this scheme does not allow communications faster than the speed

of light.
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Figure 2.4: Entanglement swapping: Two pairs of entangled photons A-B and C-D are
involved in the process. One member of each entangled photon pair (photons B and C )
meet at the beam splitter where their joint state is projected onto the set of Bell-states. The
information about which Bell-state has been projected onto is sent to the location of photon
A and photon D. Based on this information, unitary transformations, shown by U is applied
to photon A or photon D. After this step, the initial entangled state is now established
between A and D.

2.6 Entanglement Swapping

The idea is very similar to that of quantum teleportation and so entanglement swapping is

also known as teleportation of entanglement [21]. In this case, two pairs of entangled photons

(A-B and C-D) are involved, as shown in Fig 2.4. The initial state of the four-photon system

is given by

|ψ〉ABCD =
1√
2

(|0〉A |0〉B + |1〉A |1〉B)⊗ 1√
2

(|0〉C |0〉D + |1〉C |1〉D) (2.10)

where each term in the product corresponds to a maximally entangled photon state (|φ+〉).

One member of each pair (B and C) is subjected to a Bell-state measurement. When the

state of photon B and photon C is projected onto one of the Bell-states, for example onto

|ψ〉BC = 1√
2

(|0〉B |1〉C − |1〉B |0〉C), the resulting state is

|ψAD〉 = 〈ψ|BC |ψ〉ABCD =
1√
2

(|0〉A |1〉D − |1〉A |0〉D) . (2.11)
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According to this result, immediately after the Bell-state measurement, photon A and photon

D, which have never interacted before, become entangled. Similarly, to establish the original

entangled state, a unitary transformation is applied to the entangled photons following the

classical communication regarding the result of the Bell-state measurement. Entanglement

swapping is key process for long distance quantum communication as will be discussed in

Sect. 3.1.

2.7 Long-distance Quantum communication

In quantum communication, optical-fiber is a natural choice as a medium for transmitting

photons between distant parties since classical optical communication relies on fiber-optics

technology10. Optical-fibers can be considered low-loss media. For example, the transmission

loss through a standard fiber for telecommunication wavelengths (about 1.5 µm) is only 0.22

dB per km. On the other hand, since loss scales exponentially with distance, the overall

loss becomes very significant over large distances. In general, this is not a serious issue

in classical optical communication because optical signals can be amplified at intermediate

stages of a communication channel so that loss can be compensated. However, this solution

cannot be applied in quantum communication due to no-cloning theorem, as discussed in

Sec. 2.1.3. The solution to this problem is to use quantum repeaters proposed by Briegel et

al. [3]. Quantum repeaters will be the main focus of the next section.

10There are also efforts to establish long-distance quantum communication through free-space using satel-
lites. The detailed discussion of this approach is beyond the scope of this thesis.
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Chapter 3

Quantum Memory for Quantum Communication

As discussed in the previous chapter (see Sect. 2.7), the main problem of existing quantum

communication technologies is the limited tranmsmission distances, which can be overcome

using quantum repeaters. The essential ingredients of quantum repeaters are quantum mem-

ories, which allow storage and retrieval of quantum states of light. In this chapter, I will

first explain the basic operation of a quantum repeater with emphasis on the role of optical

quantum memories. Next, I will describe the requirements that an optical quantum memory

needs to satisfy for quantum repeaters. After that, I will give an overview on widely-known

quantum memory protocols in view of these requirements. I conclude the chapter with a

brief report of the state-of-the-art for quantum memories.

3.1 Optical Quantum Memories For Quantum Repeaters

The distribution of entanglement over long distances is the common goal in quantum repeater

proposals. However, how to create entanglement and how to use quantum memories in this

task is different, depending on the quantum repeater proposal. There are two widely known

approaches [4]. In one of them, known as the Duan-Lukin-Cirac-Zoller (DLCZ) protocol, the

processes of the generation and storage of entanglement are combined into the same system

[22]. In the other quantum repeater approach, which is the motivation for our quantum

memory development, these processes are carried out by independent systems [23]. The

main elements in this approach are sources of entangled photon pairs, quantum memories to

store entangled photons, and Bell-state projection measurements, as schematically shown in

Fig. 3.1. To understand the operation of this quantum repeater, imagine that, ultimately,

we would like to distribute quantum information between A and D. We start by dividing the
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Figure 3.1: A quantum repeater link based on quantum memories and entangled
photon pair sources. The entire link in this example consists of two elementary links
that extend from node A to node B and from node C and to node D, respectively. Each
elementary links contains two quantum memories (QM), two entangled photon sources (S)
and a beam splitter for Bell-state projection measurements (BSM) plus two single photon
detectors. The sources in each elementary link are placed close to the quantum memories,
but far from the beam splitter. In this way, a successful Bell-state measurement indicates
that the quantum memories are charged with photons, and also projects the memories onto
an entangled state. The central beam splitter between the two elementary links allows for
distributing entanglement between the two far ends of the entire link through entanglement
swapping with photons recalled from neighboring quantum memories upon demand (i.e. once
entanglement has also been established across the adjacent elementary link).

channel into two elementary communication links, (A-B and C-D) and first try to distribute

entanglement across the first elementary communication link, consisting of two independent

photon pair sources and two quantum memories. In this link, each source emits entangled

photon pairs. One member of each entangled pair is stored in the quantum memories located

at A and B, while the other members meet at the Bell-State measurement beam splitter.

Detecting the photons after the beam splitter may project the joint quantum state of the

stored photons, which have not directly interacted, onto a maximally entangled state (Bell

state). As a result, entanglement is established between the quantum memories at A and B

by means of entanglement swapping or teleportation of entanglement (see Sec. 2.6). Now

imagine that we would like to extend entanglement between link A-B and A-D. To this end,

entanglement also needs to be created between C and D in the same way. Once entanglement

is generated between A and B and between C and D, the photons are retrieved from the
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memories located at B and C and a Bell-state measurement establishes the entanglement

between A and D.

Typically the probability of simultaneously creating entanglement in each link is quite

low, because of the transmission loss over the links and the probabilistic nature of existing

photon pair sources. Therefore, the main role of the quantum memory devices is to store

entangled photons and hold them until the entanglement is also created across the adjacent

link. To carry out this function, there are three necessary requirements for a quantum mem-

ory: First of all, it must able to store and preserve entanglement. That is the topic of Chapter

8. Secondly, it must not degrade the photonic wavefunction in any degree of freedom during

storage, which is required for Bell-state measurement to be performed successfully. That is

covered in Chapter 9. Finally, it must allow on-demand read-out for the synchronization, as

discussed in Chapter 10. In addition to these requirements, implementing practical quantum

repeaters with sufficiently high rate of entanglement swapping requires quantum memories

with large bandwidth and large multimode storage capabilities, which are demonstrated in

Chapter 6 and 10, respectively. Other requirements and performance criteria [7] will be

discussed in the next section.

3.2 Performance Criteria for Quantum Memories

3.2.1 Fidelity

The faithful storage of quantum states is one requirement of a quantum memory device,

meaning that quantum states must be stored and retrieved without too much degradations.

A measure known as the quantum “Fidelity” is often used to quantify how faithfully a

quantum state is stored. It amounts to the overlap between the input and retrieved quantum

states, conditioned on successful retrieval (this definition holds for encoding of quantum

information into discrete quantum variables, as in thesis). The fidelity is typically assessed

by storing different input quantum states and analyzing the retrieved states, as shown in
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Chapter 7. Furthermore, since photons need to be in entangled quantum states in a quantum

repeater implementation, a quantum memory must preserve entanglement during storage,

which can be verified by assessing the so-called Entanglement of Formation before and after

storage, as demonstrated in Chapter 8.

3.2.2 Efficiency

For the purpose of storing single photons, efficiency is defined as the probability of retrieving

an input photon out of a quantum memory. Ideally, a quantum memory should have unit

efficiency. Although generally fulfilling this criterion is a significant technical challenge,

recent, and very promising, quantum memory developments have demonstrated up to 90%

efficiency [24, 25]. According to Ref. [4], this is sufficient to achieve quantum key distribution

over 1000 km.

3.2.3 Storage Time

In the operation of quantum repeaters, quantum memories at the end-point of an elemen-

tary link must be able to store entangled photons and hold them until the entanglement

is also created across the adjacent link, as described in Section 3.1. In this procedure, the

knowledge that the two memories are charged with entangled photons is obtained from a

successful Bell-State measurement in the middle of the elementary link (see Fig. 3.1). This

information is sent to the memory locations using classical signals. When two memories at

the node connecting two adjacent elementary links are known to be charged with entangled

photons, the photons are retrieved from the memories and projected onto a Bell state to

create entanglement between these elementary links. In this configuration, in the best case

(assuming that entanglement is deterministically created across each elementary link) the

storage time of the quantum memories must equal the time it takes a photon to travel from

an entangled source to the Bell state measurement at the center of the elementary link and

the classical signal to travel back (this is equivalent to the communication time across the

19



elementary link). For example, if the length of a fiber-based elementary link is set to be 100

km, the memory storage time needs to be at least 500 µs. Decreasing this distance would

relax the requirement of long storage time at the expense of using more quantum memories

in the communication link.

3.2.4 Bandwidth

In order to achieve high-rate data transfer, in optical communication systems information is

encoded into short laser pulses that are on the order of picoseconds. Similarly for practical

quantum communication systems, the duration of the single photon pulses has to be short.

Since the frequency bandwidth of a Fourier-limited pulse is inversely proportional to its

duration, the acceptance bandwidth of a quantum memory must be large. Thus, quantum

memory bandwidths of GHz are desirable to practically integrate quantum communication

into existing classical communication systems.

3.2.5 Multimode Capacity

The ability to simultaneously store more than one photon defines the multimode storage ca-

pacity of a quantum memory, which is crucial for practical realization of quantum repeaters.

Without this ability, only one attempt at establishing entanglement between the nodes of an

elementary link can be made per communication round trip time, because it would be nec-

essary to ensure that the memory is emptied for the next attempt. In this case, the success

rate of entanglement swapping would be very small. However, with multimode quantum

memories, several attempts per communication round trip time in an elementary link can be

made either successively with temporal multimode or simultaneously with spectral or spatial

multimode storage capabilities [4]. The multimode capacity of a memory depends on the

quantum memory approach [26]. Also, the multimode capacity of a quantum memory is

directly related to the bandwidth capacity and storage times of the memory. The product

of these two, known simply as time-bandwidth product, is proportional to the multimode
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capacity.

3.2.6 Practicality and Compatibility

From a practical point of view, a quantum memory device should have minimal complexity

and should not require expensive and bulky resources. In addition to these requirements,

the integration of quantum memories with existing photonic and fiber-optic communication

technologies needs to be simple. For instance, the storage wavelength of a quantum memory

should preferably be in the fiber-optic communication band or compatible with the standard

laboratory equipments. Thus quantum repeaters based on photon pair sources and quantum

memories have an advantage compared to the DLCZ-type quantum repeaters, since for the

former the wavelength of each member of the photon pair can be customized to match either

the fiber-optic communication band or the quantum memory storage wavelength, as also

shown in our experiments. Robustness and compactness are other important factors, when

trying to build a reliable quantum repeater. Hence, the development of solid-state quantum

memory, as opposed to e.g. laser cooled atoms, is highly desirable.

3.3 Optical Quantum Memory Approaches

To build a quantum memory for light, numerous protocols and physical media such as

single atoms, gaseous or solid-state atomic ensembles have been proposed, as reviewed in

[6] and [7] 1. In one class of quantum memory implementations, which is known as DLCZ-

type memories, mentioned in Section 3.1, the quantum memory and single photon source

is fashioned from a single atomic ensemble. Basically, in this approach, a quantum state is

created in-memory. In the other class, a quantum state encoded in a photon is input to a

quantum memory that allows reversible mapping of the quantum state of this photon. In

the following, I will discuss in further detail widely-known quantum memory protocols that

1See Sec. 2.1.3 for the discussion of the concept of quantum memory.
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fall in the latter class.

3.3.1 Photon-Echo Based Quantum Memory Protocols

Photon-echo based optical data storage has been an active field of research since 1980 [27, 28].

In particular, photon-echo based implementations in cryogenically cooled rare-earth (RE) ion

doped crystals have became attractive due to their large bandwidth and large multimode

optical data storage and processing capabilities with long storage times [28].

The photon-echo process relies on absorbing input light in an ensemble of atoms, each

with slightly different transition frequency, and then time reversing the absorption, which

leads to a re-emission of the input light, known as an echo [29]. Rare-earth ions doped into

crystals at cryogenic temperatures are particularly suitable for this process, since they pos-

sess a large naturally-broadened inhomogeneously broadened absorption profile composed

of many narrow absorption lines, each featuring long coherence times. In the traditional

photon-echo based storage schemes, the read-out mechanism that triggers the re-emisson of

input light is a strong optical π-pulse2. However, this approach is not suitable for storing

single photon quantum states. When a strong read-out pulse is absorbed by the medium, it

causes excitations of many ions that can decay with spontaneous and/or stimulated photon

emission. These photons add noise that screens the detection of a stored photon. To over-

come this fundamental problem, different methods, based on modifying the retrieval process,

have been proposed in the last decade. In the following, the modified photon-echo based

storage schemes for single photon quantum state storage will be summarized.

Controlled Reversible Inhomogeneous Broadening (CRIB)

The initial proposal of the CRIB protocol is due to S. A. Moiseev and S. Kröll in 2001 [30]

and allows for quantum state storage in atomic vapor, where inhomogenous broadening arises

2The term, π-pulse, will be used very often in the following sections. It refers to the pulse area that
amounts to a π rotation of the atomic state as described in the Bloch sphere. When atoms, initially in the
ground state, resonantly interact with a π pulse, it transforms the atomic state to the excited state.
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from doppler shifts. After that, three groups independently developed the CRIB protocol

[31, 32, 33] and made it suitable for solid-state quantum memory. Since then, different

versions of this protocol have been proposed and experimentally realized in rare-earth doped

crystals and in warm rubidium gas ensembles.

The implementation of CRIB in RE doped crystals starts with an inhomogeneously broad-

ened absorption profile as shown in Fig. 3.2 [34]. The first step is to generate a single narrow

absorption line on a zero-absorption background by performing frequency selective optical

pumping (Fig. 3.2a). In this process, all atoms, except the ones whose transition match the

narrow absorption line, are removed to long-lived shelving states that do not interact with

the optical pulses to be stored. The next step is to broaden this line in a controlled way by

applying a spatially varying external electric or magnetic field, depending on the properties

of the storage medium. Electric fields can be used with materials that exhibit a DC Stark

effect, which allows for a controlled shift of atomic transition frequencies (see Chapter 5).

Upon application of a spatially inhomogeneous field, an artificial inhomogeneous broad-

ened absorption is obtained as represented in Fig. 3.2b. At this stage, the medium is

ready for photon storage and the broadened absorption feature corresponds to the mem-

ory bandwidth that photons will be mapped onto. After absorbing an input photon, the

atoms start picking up different phases due to their different frequencies 3. The accumulated

phase of each atom is proportional to the detuning of each atom (j) and the elapsed time,

∆φj = ∆ωj∆t. To reverse this process and trigger the re-emission of the photon, the polar-

ity of the external field is reversed at time τ leading to the reversal of the detuning of the

atoms : ∆ωj → −∆ωj, leading to rephasing (Fig. 3.2c). Rephasing at time 2τ results in the

re-emission of a photon in the originally encoded quantum state.

In general, for complete time reversal, the photon must be retrieved in the backwards

3This statement does not accurately describe the storage of a single photon in an atomic ensemble.
Absorption of a photon in the ensemble results in a collective atomic state (Dicke state) that is a superposition
of all possible single atomic excitations, as described in Section 4.2. Therefore, more accurate statement is
that the different terms in the Dicke state pick up different phase due the different atomic frequencies.
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Figure 3.2: Implementation of the CRIB and the AFC protocol in RE doped
crystals.

direction, which requires additional steps known as phase-matching, as described in [34].

In theory, with optimal preparation of the memory and backward retrieval, unit retrieval

efficiency can be achieved.

In the scheme described above, quantum state encoded into a single optical excitation

(more precisely, its coherence) is mapped onto optical transition of the atoms, which in

principle requires only a two-level atomic (ignoring, for the sake of the argument, shelving

states required for optical pumping). On the other hand, the typical achievable coherence

time of the optical transitions in rare-earth systems are hundreds of microsecond and that

limits the storage times to less than a millisecond. The way to extend the storage time is

to transfer the optical coherence onto spin transitions, which have, in general, much longer

coherence times. As shown in Fig. 3.3a, this processes can be done by applying two π-pulses:
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Figure 3.3: Full CRIB and AFC protocols.

the first maps the optical coherence onto the spin states and the second converts the spin

coherence back to the optical coherence (see Section 4.5). Also, applying these pulses in

counter-propagating directions allows for satisfying the phase matching conditions required

for unit efficiency. Despite these advantages, implementing this scheme is more demanding,

as it requires a three-level atomic system. Furthermore, applying strong π-pulses brings

noise-related technical difficulties in single-photon level experiments.

Another version of this protocol is the Gradient-Echo Memory (GEM) approach that

employs a linearly varying external field across the propagation direction of light in the

storage medium [35]. This avoids the re-absorption of photons during retrieval in forward

direction. In this case, even without the phase matching operation, 100% read-out efficiency

is possible.

One variant of the GEM protocol is Raman-GEM [36, 37]. In this approach, photonic

quantum state is directly mapped to spin coherence via an optical control field that mediates

an off-resonant Raman interaction. For instance, in an implementation with a warm Rb gas

system, a magnetic field gradient along the medium is used to artificially broaden the off-

resonant Raman transition by introducing a varying amount of Zeeman splitting in the
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spin transitions. Reversing the magnetic field in the presence of the control field starts the

rephasing process and allows recovering the stored optical signal [36]. An attractive feature of

Raman-GEM with gas ensembles is that room temperature is sufficient for operation. Also,

it does not require the preparation of an initial narrow absorption line by optical pumping.

The bandwidth of quantum memories based on these protocols are typically limited by

the energy level structure, the strength of external fields and the sensitivity of the memory

media to the external fields. In RE systems, in principle, the separation between long-lived

magnetic sub-levels determines the maximum achievable bandwidth, which can vary from

a few MHz to hundreds of MHz depending on the material. In warm vapour, reaching

high magnetic fields with sufficiently fast switching times is another technical difficulty for

implementing large-bandwidth memories.

The CRIB-based quantum memories have better multimode storage capacity [38, 26, 35]

than the most of the quantum memory protocols. In principle, increasing the multimode

capacity for a given storage time requires increasing the broadening of the initial absorption

line by increasing the field strength, which allows storing shorter pulses. However, a larger

bandwidth reduces the effective absorption per frequency interval, resulting in decreased

retrieval efficiency. Consequently, higher multimode capacity, with unchanged efficiency,

requires higher optical depth. In the CRIB, the multimode capacity scales linearly with

optical depth.

Atomic Frequency Comb Protocol (AFC)

Quantum memory implementations based on atomic frequency comb are the main focus of

this thesis. The AFC protocol was proposed for quantum state storage and experimentally

demonstrated by M. Afzelius and his colleagues in 2008 [39, 40]. It is inspired by the

Accumulated-Photon-echo technique that was used for long-term optical data storage [41].

The AFC scheme relies on the interaction of input photons with an atomic ensemble that

possesses a series of equally separated absorption lines on a zero-absorption background,
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called an Atomic Frequency Comb, as shown in Fig. 3.2d. RE doped crystals are suitable

media for AFC, since they have a naturally broadened absorption line that can be tailored

into a comb-like spectrum using frequency selective optical pumping methods. When an

input photon is mapped to an AFC medium, it is absorbed by the atoms that form the

teeth in the AFC structure. Then, the atomic dipoles start dephasing due to their different

detuning, as in the case of CRIB. However, differently from CRIB, the rephasing happens

automatically without external control because of the discrete and periodic structure of the

atomic transition frequencies. When the time reaches T = 1/∆, where ∆ is the spacing

between the peaks in Hz, complete rephasing occurs and the input photons are re-emitted

in the forward in the originally encoded quantum state. While in this standard two-level

AFC scheme, the storage time is pre-set and determined by the prepared peak spacing, it is

possible to achieve on-demand recall, as well as recall in the backward direction by reversibly

mapping the optical coherence onto a spin transition with π pulses as in the three-level CRIB

protocol [39]. Also, we will discuss an alternative method to achieve read-out on demand in

Chapter 10.

With the phase matching operation and optimal AFC parameters, the retrieval efficiency

can reach up to 100%. The most attractive features of the AFC protocol are its excellent

multimode and large bandwidth capacities [39]. Unlike other quantum memory protocols,

the multimode and bandwidth capacity is independent of optical depth. Simply adding more

peaks to the AFC increases the bandwidth and the number of modes to be stored, provided

that inhomogeneous broadening is sufficiently large. In Chapter 4, the principles of the AFC

protocol will be explained further.

Modified Two-Pulse Echo Schemes

As discussed in the previous sections, for the implementation of the CRIB and the AFC

protocols in RE doped crystals, spectral tailoring of the inhomogeneous absorption profile

using optical pumping techniques is a necessary step. However, in most of the situations,
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this procedure is not easy for preparing an efficient memory. During the optical pumping,

some of the atoms that are supposed to form the absorption peaks in the prepared spectral

feature are unavoidably excited due to off-resonant interactions, resulting in loss of opti-

cal depth. Motivated by this problem, there have been recent protocols that remove the

necessity of optical pumping and use naturally broadened lines [42, 43]. The idea behind

these protocols originates from the traditional two-pulse photon echo technique that requires

a strong rephasing π-pulse for read-out. As discussed in Section 3.3.1, this strong optical

pulse causes substantial spontaneous and stimulated emission, resulting in reduced fidelity,

i.e. masking of the recalled photon by noise photons. To eliminate this problem, the modi-

fied two-pulse photon echo schemes propose applying two π-pulses at different times, either

in appropriately selected directions [42] or under inhomogenously applied electric fields [43],

so that the primary echo and the associated spontaneous emission can be suppressed. On

the other hand, the coherence still evolves in the medium and the stored photon comes out

in a second re-phasing cycle. In theory, with sufficiently high optical depths, the efficiency

can be 100%. The main difficulty in these techniques is the precise control of the π-pulses.

To suppress the noise during the read-out stage, the medium must experience identical pulse

areas. Any small deviation from this optimal condition can introduce noise that can pollute

the stored single photon.

3.3.2 Electromagnetically Induced Transparency (EIT) based Quantum Memories

The EIT-based quantum memory protocol was one of the first developed approaches [44].

This protocol can be implemented in different media, including RE solid-state systems [6, 7,

45]. The most familiar type of the EIT phenomenon [46] requires a three-level atomic scheme

with two ground levels and a common upper level, as shown in Fig. 3.4a. For EIT based light

storage, two light field must act on the medium. One is the weak signal light (the probe)

to be stored and the other is a strong optical field that controls the storage and read-out

stages, as shown in the figure. In the absence of the control field, the signal field would be
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Figure 3.4: EIT based storage protocol.

partially or fully absorbed by the medium. Applying the control field induces a transparency

window that allows the transmission of the signal field through the medium. According to

the Kramer-Kronig relations, a change in the absorption profile is always accompanied with

a change in the dispersion profile. In the EIT case, the transparency window results in a

steep refractive index change, as shown in Fig. 3.4b. Consequently, the group velocity of

the signal field is substantially reduced as it propagates in the medium. This is known as

the slow-light effect [47]. The crucial point is that while the signal travels slowly through

the medium, it can be stopped by adiabatically switching off the control field that creates

the EIT condition. In this case, the coherence is trapped between the two ground levels. To

release the signal from the medium, the control field is adiabatically switched back on and

then the light is retrieved.

The EIT-based storage protocol has been experimentally demonstrated many times in

various media such as single atoms, warm and cold gas ensembles and RE solid systems [6, 7].

Its realization with warm atomic vapour have become commonplace, since these systems are

easily accessible and their spectroscopic properties are well known. However, there are only

a few demonstrations of storage at the single-photon level using EIT scheme in a warm gas

ensemble [48, 49, 45]. These experiments are complicated by a control field that generates
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noise during the read-out stage [6]. Nevertheless, there are promising proof-of-principle

storage experiments at the single-photon level using the EIT scheme in ultracold atoms and

single atoms in high finesse cavities [50, 51, 52].

The poor scaling of the bandwidth of the EIT based quantum memories is the main issue

for practical use. The width of the transmission window that sets the quantum memory

bandwidth is given by the intensity of the control field. To reach bandwidths on the order

of MHz, high powered control fields need to be applied, which worsens the noise problem.

Finally, although EIT based quantum memories in atomic ensembles are capable of storing

multimode quantum information, their multimode performance is quite poor and scales with

the square of optical depth [26], which is worse than the CRIB and AFC approaches.

3.3.3 Off-Resonant Raman based Quantum Memories

The inital idea of this storage protocol came from E. Polzik and his colleagues [53] in 2000.

Further it was developed by Nunn et al. [54] and Gorshkov et al. [55]. It is similar to EIT

based storage in terms of memory operation, but brings important practicalities.

As in the EIT-based storage scheme, a three-level atomic system is coupled to a signal

field that is to be stored, and a strong field that controls the storage and retrieval stages
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as shown in Fig. 3.5. The main difference between the off-resonant Raman scheme and

the EIT scheme is that, in the former, the signal and the control fields are far off-resonant

to the upper level. Upon application of the strong far off-resonant control field, a virtual

level is effectively created and this level mediates the transition to the other ground level,

resulting in the storage of the coherence in the spin ground states. The memory bandwidth

is determined by the intensity of the control field and can reach up to GHz, as demonstrated

in recent experiments with a warm Cesium gas ensemble [56]. Similar to EIT in warm gas

system, the noise arising from the control field is an issue, but here this problem is less severe

as the off-resonant control field is less likely to excite the upper level. As in the EIT scheme,

its multimode capacity is very limited and scales with the square root of optical depth [26].

On the other hand, its large bandwidth and the possibility to use warm atomic vapour make

this approach attractive for quantum repeaters.

3.4 State of the Art and Progress in the Thesis

The development of quantum memories has progressed rapidly during the last decade and

several impressive experimental achievements give hope that a high performance optical

quantum memory for long distance quantum communications will be built in near future.

Towards this end, a quantum memory has to meet the set of criteria discussed in Section 3.2.

The goal of initial quantum memory experiments has been to demonstrate the possibility to

meet each criterion, at least individually. Also, many quantum memory demonstrations have

been performed with storage of classical light (laser pulses attenuated to the single photon

level), since interfacing a memory with sources of non-classical light (e.g. single photons or

entangled photons) entails additional challenges.

Among the milestones of quantum memory development, the implementation of high

efficient quantum memories is probably the most encouraging. In 2010, using the GEM-

protocol in a Pr3+:Y2SiO5 crystal, a retrieval efficiency of up to 69% was demonstrated
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with weak coherent pulses at the single photon level [24]. In another demonstration, up to

89% quantum memory efficiency was shown to be feasible using a GEM-Raman memory in

warm Rb gas systems [25]. In terms of storage time, the storage of strong pulses during

2 s using the EIT protocol in a Pr3+:Y2SiO5 crystal is a very important achievement [57].

The largest demonstrated quantum memory bandwidth is 5 GHz, accomplished using the

AFC protocol in a Tm+3:LiNbO3 waveguide during this thesis [58]. Also to be noted in

this context, a demonstration based on the off-resonant Raman protocol in a warm Cesium

gas ensemble achieved a 1.5 GHz bandwidth with a high time-bandwidth product [59]. In

terms of multimode capacity, AFC-based quantum memory demonstrations have achieved

the highest performance. In 2010, the storage of 64 temporal modes with weak coherent

pulses at the single photon level was realized in a Nd3+:Y2SiO5 crystal [60]. Later on, the

storage of a pulse train that contained more than 1000 bright pulses was demonstrated in

a Tm:YAG crystal [61]. Finally, the possibility to store multiple frequency modes using a

broadband AFC memory featuring on-demand recall was demonstrated as a part of this

thesis (see Chapter 10).

Reversibly mapping photonic entanglement into-and-out of a quantum memory was

demonstrated only in a few experimental studies. The main challenge to realizing this

key ingredient of a quantum repeater is the substantial mismatch between the bandwidths

of quantum memories and entangled photons provided from conventional spontaneous para-

metric downconversion (SPDC) sources. The first demonstration was in 2008 and used the

EIT scheme in an ultra-cold atomic ensemble [5]. In 2011, as a part of this thesis [58] as well

as in the work of Clausen et al. [62], time-bin entangled photons were successfully stored in

AFC based solid-state quantum memories. Around the same time, the storage of polariza-

tion entangled photons was demonstrated in a cold atomic ensemble using the EIT protocol

[63]. Also, the storage of continuous variable entangled states was realized in 2011 using an

ensemble of cesium atoms [64].
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Two-photon interference of photons recalled from separate quantum memories, which is

a key process in the operation of a quantum repeater, has been demonstrated for the first

time as a part of this thesis (Chapter 9). In addition, combining storage and manipulation

of quantum optical pulses within an integrated quantum memory, which is important for

realizing quantum networks and quantum computers was achieved in this thesis (Chapter

11).

The progress summarized above is very promising. However, to date, no approach (de-

fined by a specific material and protocol) has been able to meet all requirements, and the

challenge for the next few years will thus be to combine all these pieces into one single

quantum memory implementation.
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Chapter 4

Atomic Frequency Comb Quantum Memory Protocol

After having presented an overview of various quantum memory approaches in the previous

chapter, I now detail the basic principles of the atomic frequency comb quantum memory

protocol from an experimental perspective. First, I describe single photon storage using an

AFC. Next, I discuss main memory parameters and their impact on efficiency, storage time,

bandwidth and multimode capacity. In view of these explanations, I also detail the potential

advantages and the technical difficulties to implement a high performance AFC memory. The

main focus of this chapter will be on issues relate to implementing the AFC protocol with

rare-earth doped crystals. However most of the discussions hold for other suitable media as

well.

4.1 General Description

The basic form of the AFC scheme relies on the interaction of an input light field with a

medium that has a comb-shaped absorption spectrum. There are two general descriptions

of the storage and retrieval processes in an AFC medium. In the first [39], the input light

is absorbed by atoms constituting the AFC. Each atom is treated as an oscillating electric

dipole such that the collective behavior of all atomic dipoles define a macroscopic polarization

of the ensemble. The resulting ensemble polarization leads to a coherent re-emission of the

input light field, which is called an echo. In the other description [65], an AFC medium acts

as a spectral filter to the input field such that the input light field’s spectrum is modified

during the propagation through the medium. The resulting light spectrum yields a set of

time-delayed pulses in the time domain, which are called echoes. The former treatment is

based on the absorption and re-emission of the input field, while the latter considers the
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Figure 4.1: .
An idealized AFC structure composed of a series of equally spaced absorption
peaks on a zero-absorption background. The dashed line represents the spectrum of a
light pulse to be mapped onto the AFC.

transmission of the input field given by the spectrum-tailoring medium. Interestingly, both

descriptions have the same predictions on the properties of output light field. In the rest of

my thesis, I will use the absorption description to explain the storage and retrieval processes.

4.2 Photon Storage in AFC

A visual representation of an idealized AFC structure that is composed of equally spaced

narrow absorption peaks on a zero absorption background is shown in Fig. 4.1. The width

of each peak and the spacing between the peaks are denoted by γ and ∆, respectively. The

y-axis corresponds to the optical depth and d1 is the optical depth on resonance with an

absorption peak. The dashed line inside the figure represents the spectrum of an input

photon to be stored. Before a single photon enters the medium, assuming that all the atoms

are in the ground state, the quantum state of the atom-photon system is given by the product

state,

|1〉in ⊗ |g1, · · · gj, · · · gN〉 (4.1)
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where the first and second ket correspond to a photonic and a collective atomic state com-

posed of N atoms, respectively. When a photon enters the AFC medium, it is absorbed, but

there is no way to know by which atom. In this case, the photonic excitation is converted into

a collective atomic excitation, which is an equal superposition of all excitation configurations

expressed as,

1√
N

N∑
j=1

cje
i2πνjte−ikzj |g1, · · · ej, · · · gN〉 (4.2)

where νj is the transition frequency of the jth atom with respect to the input photon’s

carrier frequency, i.e. the detuning. zj and cj are the position within the medium and

the excitation probability amplitude for each atom, respectively. The term e−ikzj shows

that the spatial phase information of the input field is imprinted on the atoms along the

medium. Immediately after the absorption, the different constituents of the state in 4.2

start accumulating different phases that are proportional to their detunings, as represented

by the term ei2πνjt. This process is called dephasing. If the width of the AFC peaks is

sufficiently narrow compared to the spacing between them, then, to a good approximation,

the frequency of each atom can be labeled by mj∆, where m is an integer. The state can

then be written as

1√
N

N∑
j=1

cje
i2πmj∆te−ikzj |g1, · · · ej, · · · gN〉 , (4.3)

Due to the periodic nature of the atomic frequency distribution, the phases evolve to au-

tomatically rephase. When the time reaches t = n(1/∆), where n is an integer, all the

time-dependent phases become integer multiples of 2π, meaning that all the terms are in

phase. At this moment, the macroscopic polarization becomes maximum and the input light

is re-emitted in the originally encoded state. Ideally, all the atoms then come back to the

ground level, resulting in unit-efficiency recall and the initial state given by Equation 4.1.

When an input photon is re-emitted at a rephasing time with n ≥ 2, the output photon is

referred to as a higher order echo. Typically the first order echo (n = 1) has a much higher

emission probability than the higher order echoes. Therefore, in the following, only the first
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order echo will be considered.

4.3 Retrieval Efficiency

The parameters that determine the efficiency of an AFC based memory are the width (γ)

and shape of the absorption peaks (i.e. Gaussian, Lorentzien, square etc.), the spacing

between the peaks (∆), the optical depth (d1) and non-zero absorption background (d0),

which results from an imperfect AFC preparation. Assuming that the peaks have Lorentzian

shape, an approximate analytic expression for the retrieval efficiency, in the case of a forward

propagating echo, is given by [39, 40],

ηf = (d1/F )2e−7/F 2

e−d1/F e−d0 (4.4)

where F is the finesse of the comb defined by F = ∆/γ. As the comb peaks approach a

delta function in shape, the finesse increases.

The terms in the above equation can be qualitatively explained. The first term represents

a collective re-emission factor, as having higher d1 means that more atoms participate in the

collective re-emission process, resulting in higher retrieval probability. On the other hand,

increasing F for a given d1 reduces this probability due to the fact that having larger spacing

(transmission windows) in the AFC effectively decreases the optical depth. The second term

is the dephasing factor. With a higher finesse, the assumption of νj = mj∆, made in

the previous section, becomes more valid and gives rise to more complete rephasing. The

third term characterizes the re-absorption of the emitted light during its propagation in the

medium, which can be re-emitted as high order echoes. Similar to the first term, having

larger effective optical depth by increasing d1 and/or decreasing F , increases the probability

of the echo being re-absorbed by the medium, causing a decrease in the efficiency of the first

order echo. The final term represents irreversible absorption due to the non-zero absorption

background formed by atoms that do not participate in the collective re-emission.
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As one can see, all the terms except the last, are coupled. Therefore some optimization

is required to determine the configuration with experimentally accessible AFC parameters

that gives the best efficiency. If there are no limits imposed to the AFC parameters, the

maximum achievable efficiency is 54% due to the re-absorption effect.

One way to achieve unit efficiency is to trigger re-emission in backward direction. This

can be done with two different approaches. One approach is to transfer the optical coherence

to some other levels, preferably between two long-lived spin states and then convert it back by

applying two counter-propagating π-pulses at different times [39]. This operation satisfies the

phase matching condition and also allows on-demand recall, as explained in the next section.

The other approach to achieve backwards propagation is to prepare a spatially varying

frequency comb structure [66]. This can be accomplished by performing the optical pumping

with counter propagating pulse sequences. In each case, for the backward propagating echo,

the retrieval efficiency is approximately given by

ηb = (1− e−(d1/F ))2e−7/F 2

e−d0 (4.5)

In contrast to the forward propagating echo case, having a larger optical depth (d1) always

results in larger efficiency, as can be seen from the first term in the above expression, as

re-absorption of the echo is eliminated.

A third way to achieve unit efficiency is to place the AFC medium into an impedance

matched Fabry-Perot cavity [67, 68]. In this arrangement, the input mirror’s reflectivity

is decreased depending on the effective optical depth of the medium. Due to the strong

interaction between the light and the medium inside the cavity, unit efficiency is already

possible with moderate optical depths and without phase matching operations.

38



4.4 Storage time

An important characteristic of the basic AFC protocol is that the storage time is pre-set

and inversely proportional to the spacing of the prepared peaks. Having longer storage

times means preparing more closely spaced peaks and narrowing the width of the peaks

accordingly in order to keep the efficiency the same. However, in real implementations there

is a limit. The homogeneous linewidth sets a fundamantal limit to the teeth width, as will

be discussed in the next chapter. In other words, the coherence time, which is inversely

proportional to the homogeneous linewidth, sets the the upper bound for the storage time

in a given material and transition.

4.5 On-Demand Retrieval

The full AFC protocol, featuring on-demand recall, requires a three-level atomic configura-

tion with two ground levels that share a common excited level. This is usually called a Λ

system. In addition to this, an auxiliary level may be needed to shelve the atomic population

removed during optical pumping to create the grating. In a typical implementation with RE

doped crystals, different magnetic sublevels are used to construct a Λ system with shelving

states, due to their long coherence times and lifetimes. The full AFC protocol featuring

on-demand recall with this type of atomic level scheme is presented in Fig. 4.2. In the

protocol, first, an input photon’s state is mapped onto the coherence between ground |g〉1
and excited level |e〉 through the standard AFC protocol. Before the re-emission (at a time

given by the peak spacing) takes place, applying a π-pulse on-resonant with the |g〉2 ↔ |e〉

transition transfers the coherence onto the spin transition between two ground states, |g〉1
and |g〉2. At this stage, the AFC dephasing process stops, assuming that the spin transition

does not have any broadening. When the coherence needs to be retrieved in a photonic mode,

another π-pulse is applied to convert the coherence back onto the optical transition. From

this moment, the atoms’ phases continue to evolve and end up with the complete rephasing
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Figure 4.2: The full AFC protocol featuring on-demand recall. In the first step, an
AFC is prepared between excited level |e〉 and ground level |g〉1 by a frequency-selective
population transfer to a long-lived shelving level |s〉. Upon absorption of input photons, the
optical coherence is automatically mapped onto the |g〉1 ↔ |e〉 transition. The application
of a π-pulse that is resonant with the |g〉2 ↔ |e〉 transition, at time t1 maps the coherence
onto the spin transition |g〉1 ↔ |g〉2. From this moment, the AFC phase evolution stops.
When the coherence needs to be read-out, another π-pulse at time t2 is applied, mapping
the coherence back to the optical transition. Then the atomic phases’ continue to evolve,
giving rise to the re-emission of the stored photons at T = 1/∆+(t2-t1)

as in the standard AFC scheme. The time difference of the application of the π pulses at t1

and t2 determines the storage time and thus on-demand readout can be achieved, as shown

at the bottom of Fig. 4.2. Also, this scheme allows extending the storage time beyond the

coherence time of the optical transition, since generally the coherence time for spin transi-

tions is much longer than for optical transitions. A final point is that the application of the

π-pulses in counter-propagating directions fulfills the phase matching conditions, which is

required for unit efficiency, as discussed in the previous section.

Despite these advantages, there are a few technical issues that make the experimental
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realization of the full AFC scheme at the single photon level quite demanding and challenging.

First of all, it requires two ground level (|g〉1 and |g〉2) in addition to the population shelving

state |s〉. Thus, it cannot be implemented with Tm:LiNbO3 (the material investigated in

this thesis), as this material lacks a third magnetic sub-level as discussed in the next two

chapters. Secondly, the π-pulses must be precisely set and their spectra must be sufficiently

broad to cover the entire AFC. The precision requirement of π pulses in combination with

their high intensities make it quite difficult to operate the memory at the singe photon level

due to the noise problems, discussed in Chapter 3.

The final issue is that the existence of inhomogeneity in the spin transitions requires RF

pulse sequences to rephase spin dephasing, which brings more complications to an implemen-

tation. Despite these challenges, there have been promising demonstrations of the full AFC

scheme with strong probe pulses [69, 70]. Extensive research by different research teams is

progressing towards single photon level storage with the full AFC protocol.

In addition to the scheme described above, there are alternative ways to achieve on-

demand recall with AFC. In brief, one way could be to combine the basic AFC approach

with the CRIB-type protocols [58, 71]. In RE media that feature the DC Stark effect,

controlled dephasing and rephasing can be added to the intrinsic phase evolution of the

AFC by applying spatially varying electric fields, exactly as in the CRIB-type protocols

(Section 3.3.1). With this technique, the input photons can be retrieved on-demand at

discrete times given by the multiple of the first re-emission time of the AFC. However, the

efficiency will be low for non-delta shaped absorption peaks.

Another possibility, which is exploited for the first time in this thesis, is to interpret

the concept of “on-demand readout” from the operational perspective of quantum repeaters

in an alternative way. In fact, the term “on-demand readout” suggests an adjustment of

the “recall time” or “temporal mode” of the stored photon. However, considering that the

central process in practical quantum repeaters is the simultaneous storage of several modes in
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a quantum memory and retrieval of a single mode from all the stored modes, the meaning of

“on-demand recall” can be translated into “selective recall”. As demonstrated in Chapter 10,

this selective recall can be implemented with a frequency multimode AFC that features only

“pre-set delay”. This replaces the requirement of on-demand recall in the time domain by

on-demand recall in the frequency domain. This leads to significantly relaxed experimental

challenges.

4.6 Bandwidth

Implementations of AFC memory with RE doped materials are very attractive in terms of

the memory bandwidth, since the RE crystal generally possess very large inhomogenously

broadened absorption lines that can be shaped into wide-comb structures. However, in

practice, the energy level structure of RE media puts limitations on the bandwidth. Usually,

in the preparation of an AFC via an optical pumping process, groups of atoms with certain

transition frequencies are removed from the ground state |g〉1, to a long-lived shelving state

|s〉, that does not interact with the pulses to be stored (see Fig. 4.2). These frequency

intervals form the troughs (transmission windows) of the AFC and the atoms that are left

in the ground state build up the teeth (absorption peaks).

In order to avoid any interaction between the atoms moved to the shelving state and the

optical pulse to be stored, the frequency separation between shelving state |s〉 and ground

state |g〉1 has to be larger than the bandwidth of the pulse. Generally speaking, this level

separation, which depends on the RE material, sets limit for the bandwidth of an AFC. In

some RE materials the level splitting can be varied with a magnetic field and thus allows

tunable bandwidth limits. The bandwidth limitation imposed by level structures can be

alleviated under certain conditions, which is part of our implementations and discussed in

Sect.6.2.
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4.7 Multimode Capacity

The multimode storage capability of a quantum memory refer to its ability to simultaneously

store more than one mode as discussed in Chapter 3. Being closely linked to its large

bandwidth capacity, the AFC protocol also has an excellent temporal and spectral multimode

storage capacity, as experimentally demonstrated in Chapter 6 and 10, respectively. In the

temporal multimode storage scheme, a train of N pulses is sent into an AFC medium. The

pulses are retrieved such that the first pulse does not leave the medium before the last pulse

is stored. For this to work, the total duration of the pulse train needs to be equal to or

smaller than the storage time. Therefore, the maximum number of temporal modes that

can be simultaneously stored in a given AFC is roughly determined by N = T/τ , where T

is the storage time and τ is the duration of each pulse. Normally, each pulse’s bandwidth

needs to be less than or equal to the AFC bandwidth, which is m∆, where m is the number

of the peaks in the AFC. Recall that the storage time equals T = 1/∆. If these definitions

are plugged into the above expression, it can be seen easily that the maximum number

of temporal modes that can be stored is equal to the number of the peaks in the AFC.

Adding more peaks to AFC is thus sufficient to increase the multimode capacity, unlike

other quantum memory protocols, which require more optical depth for larger multimode

capacity, as explained in Chapter 3.

Similarly, the large frequency mode capacity of AFC is due to the large bandwidth

capacity. A broadband AFC can be divided into many small frequency intervals, each one

defining a frequency mode. In this way, many frequency modes that occupy a single temporal

mode can be stored simultaneously using a broadband AFC approach. This is demonstrated

in Chapter 10.
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Chapter 5

A novel material for Quantum Memory: Tm:LiNbO3

Waveguide

Developing an optical quantum memory device requires implementing a quantum memory

protocol in a suitable material. There are various material candidates such as warm and

ultracold gas ensembles, single atoms in high-finesse cavities, NV centers and RE-ion doped

crystals. One of the key criteria for a suitable quantum memory material is a long coherence

time, which directly determines quantum state storage capabilities of a quantum memory.

From this aspect, cryogenically cooled RE-ion doped crystals are very attractive, since they

usually posses long coherence times on optical and spin transitions. Moreover, their large in-

homogeneously broadened absorption lines on various optical transitions, in conjunction with

the photon-echo based quantum memory protocols, allow for a broadband solid-state quan-

tum memory. On the other hand, the spectroscopic properties of these materials strongly

depend on the physical environment to which they are exposed; such as temperature, mag-

netic fields, electric fields, dopant concentration as well as the structure and the type of host

crystals. Therefore, establishing a suitable RE-ion doped crystal for quantum memories re-

quires extensive spectroscopic study and characterization. Consequently in the beginning of

this thesis, we investigated spectroscopic properties of promising quantum memory material,

a Tm3+:LiNbO3 waveguide, in view of photon-echo quantum memory protocols. This study

underpins all other quantum memory implementations covered in the rest of this thesis.

In this study, the fabrication and room temperature characterization of the material

was performed by Prof. Sohler’s group at the University of Paderborn in Germany. The

rest of the experiments and all cold temperature analysis were carried out by our group

in Calgary. I contributed to this study at the following stages: Building the experimental
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setups, performing the measurements, analyzing and interpreting the results, writing some of

the sections and editing the manuscript. Our findings from this investigation were published

in the September 2010 issue of the Journal of Luminescence. The following section is the

published version of this article that has been re-formatted to be consistent with the structure

of this thesis.

5.1 Paper I

Journal of Luminescence, 130-9, September 2010

Spectroscopic investigations of a Ti:Tm:LiNbO3 waveguide for

photon-echo quantum memory

Neil Sinclaira,1, Erhan Saglamyureka,1, Mathew Georgeb, Raimund Rickenb, Cecilia La

Melaa, Wolfgang Sohlerb, and Wolfgang Tittela

aInstitute for Quantum Information Science, and Department of Physics and Astronomy,

University of Calgary, 2500 University Drive NW, Calgary, Alberta T2N 1N4, Canada

bDepartment of Physics - Applied Physics, University of Paderborn, Warburger Str. 100,

33095 Paderborn, Germany

1 These authors contributed equally to this work

Abstract

We report the fabrication and characterization of a Ti4+:Tm3+:LiNbO3 optical waveguide

in view of photon-echo quantum memory applications. Specifically, we investigated room-

and cryogenic-temperature properties of the waveguide, and the Tm3+ ions, via absorption,

spectral hole burning, photon echo, and Stark spectroscopy. For the Tm3+ ions, we found
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radiative lifetimes of 82 µs and 2.4 ms for the 3H4 and 3F4 levels, respectively, and a 44%

branching ratio from the 3H4 to the 3F4 level. We also measured an optical coherence

time of 1.6 µs for the 3H6 ↔ 3H4, 795 nm wavelength transition, and investigated the

limitation of spectral diffusion to spectral hole burning. Upon application of magnetic fields

of a few hundred Gauss, we observed persistent spectral holes with lifetimes up to seconds.

Furthermore, we measured a linear Stark shift of 25 kHz·cm/V. Our results are promising

for integrated, electro-optical, waveguide quantum memory for photons.

5.1.1 Introduction

Quantum memory constitutes a key element for quantum repeaters [1], as well as linear

optical quantum computing [2]. Impressive experimental and theoretical progress has been

reported over the past few years [3,4], and gives hope that a workable quantum memory can

eventually be built.

The photon-echo quantum memory [5] is based on all-optical storage of classical data,

investigated already thirty years ago [6-9]. It relies on the interaction of light with a large

ensemble of atoms with a suitably prepared, inhomogeneously broadened absorption line.

In materials with natural broadening, this tailoring can be achieved by frequency-selectively

removing absorbers from the ground to an auxiliary state using optical pumping techniques

[10-13], possibly followed by controlled broadening of the resulting absorption lines, e.g.

through position dependent Stark shifts.

The absorption of light in photon-echo quantum memory leads to mapping of its quantum

state onto atomic coherence, which rapidly decays as the absorbers have different resonance

frequencies. To recall the light, i.e. map the quantum state back onto light, the initial

coherence has to be re-established. Two possibilities have been identified: In Controlled

Reversible Inhomogeneous Broadening (CRIB), the detuning of each absorber with respect

to the light carrier frequency has to be inverted [14-17]. Another possibility is to tailor

the initial absorption line into an Atomic Frequency Comb (AFC), resulting in re-emission
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of the stored light after a time that depends on the periodicity of the comb [6,18,19]. In

both approaches, the memory efficiency can theoretically reach 100% [14,17,18,20]. For

extended storage in CRIB or AFC (then also allowing for on-demand recall), the excited

atomic coherence can be transferred temporarily to longer lived coherence, e.g. between

hyperfine ground states. This reversible mapping of coherence can be achieved by means of

two π-pulses [21], or via a direct Raman transfer [22-25].

Rare-earth-ion doped crystals (RE crystals) are promising material candidates for photon-

echo quantum memories [5]. Key findings include the storage of qubit states encoded into

attenuated laser pulses [19], light storage with up to 66% efficiency [20,26-28], mapping of

photonic quantum states onto collective atomic spin states [21], and simultaneous storage

of 64 photon modes [29]. Furthermore, observation of more than 30 s coherence time of a

ground state hyperfine transition in Pr:Y2SiO5 [30] is highly promising for long-term storage

in this crystal, as well as other RE crystals.

In this article we investigate a novel storage medium, a Ti4+:Tm3+:LiNbO3 optical waveg-

uide, in view of the requirements for photon-echo quantum memory. This material combines

interesting features arising from the specific RE dopant, the host material, as well as the

waveguide structure.

As depicted in Fig. 5.1, the thulium (Tm) 3H6 ↔ 3H4 transition features absorption

at ∼795 nm, which is a wavelength where air has minimal transmission loss, where photon

pairs or entangled photon pairs are conveniently created [31-34], and where high-efficiency

and simple-to-operate single photon detectors based on Silicon Avalanche Photodiodes are

commercially available [35]. This makes thulium-based quantum memory interesting for ap-

plications in quantum communication and linear optical quantum computing. Furthermore,

the 3F4 bottleneck state, whose energy is situated roughly half way between the 3H6 and 3H4

levels [36], allows for efficient and broadband spectral tailoring [37]. In addition, the appli-

cation of suitably oriented magnetic fields has been reported to result in long-lived nuclear
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spin levels forming Λ systems (e.g. in Tm:YAG), which may be used for optical pumping or

long-term storage [38-43].

Low-temperature spectroscopic investigations of Tm doped crystals have so far mostly

concentrated on Tm:YAG (see also [44]), and, very recently, Tm:LiNbO3 [45-48]. For

Tm:YAG, they have already led to implementations of the AFC protocol [26,49].

Due to lack of inversion symmetry, lithium niobate (LiNbO3) crystals feature non-linear

effects [50]. The crystal symmetry also results in permanent electric dipole moments for

RE states, i.e. the possibility to externally control resonance frequencies via Stark shifts

[51-52], as required for CRIB. Low-temperature properties of RE doped LiNbO3 have been

characterized in Refs [46,47,52-54] e.g. for the development of radio-frequency analyzers [55].

Given its non-linear properties, LiNbO3 has become an import material for the telecom-

munication industry. Procedures to implement waveguides, either through proton exchange

[56], or Titanium indiffusion [57], have been developed, allowing for simple integration with

fibre-optics components. In addition, given their small transverse dimensions of 5-10 µm (de-

pending on the light wavelength), traveling wave electrodes can be spaced closely, resulting

in commercial intensity and phase modulators with switching (π) voltages of only a few volts,

and switching times below 100 picoseconds [58]. Furthermore, as light intensities inside these

waveguides can be very large, strong non-linear interactions are possible, including frequency

up-conversion of photons [59]. For photon-echo quantum memory, these properties promise

simple integration with fibre quantum networks, sub-ns Stark shifting, and large Rabi fre-

quencies. LiNbO3 waveguides have been used for studies relevant to quantum memory in

[52,60-62].

The remainder of this article is structured as follows: In Sec. 5.1.2, we describe and char-

acterize the fabrication process of the waveguide. Next, in Sec. 5.1.3, we discuss polarization

dependent absorption profiles measured at room and cryogenic temperatures. After a de-

scription of the experimental setup used for all following low-temperature measurements in
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Figure 5.1: Simplified energy level diagram of Tm:LiNbO3 showing the electronic levels
relevant to this work.

Sec. 5.1.4, Sec. 5.1.4 focuses on relevant radiative lifetimes and branching ratios. Our inves-

tigations of optical coherence times, and the limitation of spectral hole burning imposed by

spectral diffusion are presented in Sec. 5.1.4, followed by Stark-effect-based modification of

narrow absorption lines. Finally, in Sec. 5.1.5, we discuss our results in view of photon-echo

quantum memory. This concludes the article.

5.1.2 Waveguide fabrication and characterization

Tm-diffusion doping of LiNbO3
1– Commercially available 0.5 mm thick Z-cut wafers of un-

doped optical grade congruent lithium niobate (CLN) were used as starting material. Sam-

ples of 12 mm x 30 mm size were cut from these wafers and doped by thulium near the

+Z-surface before waveguide fabrication. The doping was achieved by in-diffusing a vacuum

deposited (electron-beam evaporated) Tm layer of 19.6 nm thickness. The diffusion was

performed at 1130◦C during 150 h in an argon-atmosphere followed by a post treatment in

oxygen (1 h) to get a full re-oxidization of the crystal.

To determine the diffusion coefficient of Tm into Z-cut CLN, secondary neutral mass

1See Appendix-A for the details of the structure of a Tm:LiNbO3 crystal
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Figure 5.2: Measured concentrations of Tm, Li, Nb, and O versus depth, using
SNMS with 700 eV Ar-ions.

spectroscopy (SNMS) was performed using 700 eV Argon-ions for ion milling. Ions and

electrons were extracted from the plasma source with a duty cycle of 4:1 at a rate of 320 kHz

to avoid charging of the insulating CLN-substrate. SNMS was chosen instead of secondary

ion mass spectroscopy (SIMS) to significantly reduce matrix effects (see e.g. [63]). In Fig.

5.2, the concentration profiles versus depth have been recorded for thulium (Tm), lithium

(Li), niobium (Nb) and oxygen (O). Interestingly, the Li-concentration slightly increases

towards the surface, although it is expected that Tm occupies regular Li-sites similar to

Er-ions when incorporated in CLN by diffusion [64].

In Fig. 5.3, the Tm concentration is plotted on a linear scale versus the depth. The slight

dip close to the surface is unexpected and needs further investigations. Fitting a Gaussian

profile to the concentration curve leads to a 1/e-penetration depth d1/e of about 6.5 µm.

Together with the diffusion parameters, a diffusion coefficient D = d2
1/e/(4t) = 0.07µm2/h,

where t denotes the diffusion time, was evaluated for 1130◦C. At this temperature, this is
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Figure 5.3: Scheme of the waveguide geometry with the measured Tm concentration profile
on the left and the calculated intensity distribution of the fundamental TM-mode at 795 nm
wavelength on the right. Iso-intensity lines are plotted corresponding to 100%, 87.5%, 75%
etc. of the maximum intensity.

seven times larger than the corresponding coefficient for Erbium-diffusion into CLN [65].

The maximum Tm concentration of about 1.35·1020 cm−3 corresponds to a concentration

0.74 mole %, which - according to Ref. [64] - is considerably below the solid solubility of Tm

in CLN.

Ti-indiffused waveguides in Tm:LiNbO3– On the Tm-diffusion doped surface of the sub-

strate, a 40 nm thick titanium (Ti) layer was deposited using electron-beam evaporation.

From this layer, 3.0 µm wide Ti stripes were photolithographically defined and subsequently

in-diffused at 1060◦C for 5 h to form 30 mm long optical strip waveguides. In the wavelength

range around 775 nm, the waveguides are single mode for TE- and TM-polarization (see Fig.

5.3).

The waveguide end faces were carefully polished normal to the waveguide axis, forming a

low-finesse resonator. This allows to determine the total waveguide propagation loss at room

temperature, including absorption and scattering loss, by the Fabry-Perot method [66]. A
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stabilized, single frequency Ti:Sapphire laser was used to measure the transmission of the

low-finesse waveguide resonator as function of a small temperature change at a number of

fixed wavelengths in the range between 750 nm and 807 nm. From the contrast of the

measured Fabry-Perot response, the propagation loss was deduced for all wavelengths [66].

The results are presented in Fig. 5.4 for TM-polarization.

In addition, the waveguide propagation loss was determined at room temperature and 729

nm wavelength, where negligible absorption by the Tm-ions can be expected. Therefore, the

measured loss coefficients reflect the scattering loss alone; they are 0.2 dB/cm for TE- as well

as for TM-polarization. As the scattering loss is only weakly dependent on the wavelength,

it can be regarded as a background for the Tm-induced absorption loss.

We repeated the off-resonant, polarization dependent loss measurement at 3.5 K, leading

to strongly polarization dependent transmission. The exact origin of this difference compared

to the room-temperature measurement requires further investigation. For this as well as all

subsequent low-temperature measurements, the sample was cut to 15.7 mm and repolished.

All room temperature measurements have been performed using a 30 mm long waveguide.

5.1.3 Spectroscopy of inhomogeneous broadening

Reversible atom-light interaction requires absorption on the transition between the lowest

lying Stark levels in the ground and excited electronic states. To gain information about 3H4

and 3H6 Stark splittings, we injected weak, broadband, polarized light into the waveguide.

Using wave plates, we set the polarization to TE or TM, and measured power spectra of

transmitted light using an optical spectrum analyzer.

Room temperature characterization– The transmission through a 30 mm long waveguide

for TE and TM-polarized light is shown in Fig. 5.5. It has been normalized to the incident

spectral power density of the broadband tungsten lamp used in this experiment. We observe

broad absorption, reflecting different transitions between Stark levels in the 3H6 and 3H4

multiplets (superimposed with inhomogeneous broadening), and the thermal distribution of

52



Figure 5.4: Measured loss coefficient (α) for TM-polarization as a function of
wavelength. Data points are connected by spline fitting as a guide for the eye.

the population in the electronic ground state. In addition, a strong polarization dependence

of absorption is observed, confirming previous studies performed on bulk crystals [45,67].

Low temperature characterization- A similar measurement at 3.5 K resulted, for close-to

TM polarization, in the absorption profile shown in the inset of Fig. 5.6. Due to the large

optical depth of our sample, reflecting redistribution of population in the ground state Stark

levels, we observe an almost flat-lined spectrum.

To resolve the Stark splittings, coherent laser light was coupled into the waveguide, and

its frequency was swept between 791 and 796 nm in 0.1 nm steps. The laser intensity was

optimized to resolve different Stark transitions after having partially bleached the absorption

line. The resulting optical depth, shown in the main plot of Fig. 5.6, was determined at

each measured wavelength upon normalization to the probe light. Using results from [48,68],

we can identify four transitions between the ground and excited state Stark multiplets, with

splittings of 0.48 ± 0.05 nm and 0.93 ± 0.05 nm, respectively (i.e. 7.6 ± 0.8 cm−1 and 14.7
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Figure 5.5: (Color online) Relative transmission through the Ti:Tm:LiNbO3 waveg-
uide for TM- and TE-polarization, respectively, as a function of wavelength. The
resolution bandwidth of the optical spectrum analyzer used in this experiment was 2 nm due
to the low spectral power density of the thermal radiator.

± 0.8 cm−1, respectively). This indicates the presence of a zero-phonon line in the high

wavelength region. According to calculations taking into account the observed splittings,

only a small fraction of atomic population ∼1% occupies higher energy Stark levels of the

ground state multiplet.

5.1.4 Narrow-band spectroscopic investigations

Experimental setup

A schematic of the experimental setup used for the low-temperature spectroscopic measure-

ments described hereafter is depicted in Fig. 5.7.

A continuous wave, external cavity diode laser was tuned to 795.520 nm wavelength,

where we found optical coherence properties of our sample in the absence of a magnetic field

to be promising. The laser’s linearly polarized output was amplified, and frequency and

intensity modulated using a 400 MHz acousto-optic modulator in double-pass configuration,
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Figure 5.6: Main figure: Absorption profile (after partial bleaching) at 3.5 K
obtained using a single frequency laser: Indicated are transitions between different
Stark levels: 1 and 2 denotes the lowest energy levels within the 3H6 multiplet, primed labels
represent the lowest 3H4 levels. Inset: The same inhomogeneous broadening probed
using weak broadband light.

driven by a 10 GS/s arbitrary waveform generator and an amplifier. This allowed the creation

of optical pulses with peak powers up to ∼4 mW and durations between 20 ns and 500 ms for

photon-echo sequences and spectral hole burning. Here and henceforth, all pulse powers are

specified at the input of the cryostat. After passing a λ/2 wave plate, the light was coupled

into a single-mode optical fiber, and sent into the 3.5 µm wide, single mode Ti:Tm:LiNbO3

waveguide. The light’s polarization, which could be partially controlled using the wave

plate, was set as to maximize the transmission, i.e. as to minimize the distance to TM. To

inject and retrieve the light from the waveguide, optical fibres were butt-coupled against its

front and end face using high precision translation stages, resulting in fibre-to-fibre coupling

loss around 15 dB. The waveguide was placed in a pulse tube cooler and cooled to 3 K. A

superconducting coil allowed the generation of magnetic fields along the crystal’s C3-axis,

and electric fields could be generated along the same direction using aluminum electrodes
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Figure 5.7: Schematics of the experimental setup used for the narrow-band mea-
surements at cryogenic temperature: HWP: half-wave plate; QWP: quarter-wave plate;
PBS: polarization beam splitter; AOM: acousto-optic modulator; AWG: arbitrary waveform
generator; M: mirror; amp.: optical amplifier; det.: detector; scope: oscilloscope.

that were firmly pressed against the crystal. Transmitted pulses and echoes were detected

using either a sensitive 10 MHz, or a fast 125 MHz photodetector, which was then connected

to a 3 GHz bandwidth oscilloscope with 10 GS/s sampling rate. All measurements conducted

at zero magnetic field were repeated every 100 ms, and generally averaged 300 times. Upon

magnetic field application, the repetition period was set to 60 s, which was required to avoid

accumulation effects, and the number of averages was reduced to 25.

Population relaxation dynamics

To optimize optical pumping strategies, and determine possibilities for long-term storage,

it is important to examine the relaxation avenues and dynamics of population in atomic

levels involved in the light-atom interaction. The level scheme for thulium doped crystals in

the case of zero magnetic field is depicted in Fig. 5.1. Upon excitation of the lowest lying

Stark level within the 3H4 manifold, atoms will eventually decay back to the ground state,
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either directly, or via the 3H5 and 3F4 levels. As the radiative lifetime of the 3H5 level is

short compared to the lifetimes of the 3H4 and 3F4 levels [45], we model atomic decay, i.e.

radiative lifetimes and branching ratio (given by the rate of decay from 3H4 to 3F4 relative

to the overall decay from 3H4), using a simplified three-level scheme comprising only the 3H6

ground state, the 3F4 bottleneck state, and the 3H4 excited state.

As material absorption is dependent upon population differences between the states cou-

pled by the probe light, we can assess population dynamics through time-resolved spectral

hole burning. To this end, we first transfer population to the excited state using a 5-10

µs long burning pulse with peak power of 7 µW, and then probed the shape and depth of

the created spectral hole after a waiting time ranging from 10 µs to 15 ms using a chirped

reading pulse. The power of the reading pulse, around 1 µW, was chosen as to not alter the

population distribution created by the burning pulse. Fig. 5.8 depicts the time dependent

depth of the spectral hole, which we found to be proportional to the hole area (i.e. the effect

of spectral diffusion, leading to a waiting-time-dependent hole width, was not visible in this

measurement).

We model the decay using three-level rate equations, leading to

∆d(t)

∆d(0)
= (1− B)e−t/T1e + Be−t/T1b (5.1)

where ∆d(t) denotes the reduction of optical depth d = αL at the centre of the spectral hole

at time t after burning, α is the absorption coefficient, L the sample length, T1e and T1b are

the T1 lifetimes of the excited and bottleneck states, respectively, and B = β
2

Tb
Tb−Te

identifies

the branching ratio β. We find the time-dependent population difference to be characterized

by a fast exponential decay with a lifetime of T1e = 82 ± 2 µs, and a slower exponential

decay from 3F4, characterized by T1b = 2.364 ± 0.198 ms. Both decay constants agree with

previous measurements [69]. Furthermore, we find a branching ratio of 0.436 ± 0.017.

We also performed hole burning studies under application of magnetic fields between
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Figure 5.8: Spectral hole decay under zero magnetic field: Plotted circles denote
the normalized spectral hole depth as a function of the waiting time between burning and
reading pulses. Two exponential decays are easily identified, yielding radiative lifetimes of
82 µs and 2.4 ms for the 3H4 and 3F4 levels, respectively. The branching ratio into the 3F4

level is approximately 44%.

100 and 1250 Gauss, oriented parallel to the crystal C3-axis. For these measurements, we

increased the burning time to 500 ms, and varied the waiting time between 100 ms and 6 s

so that population in the 3H4 and 3F4 levels could be ignored. As depicted in Fig. 5.9, this

allowed the observation of spectral holes persisting during waiting times of up to seconds,

with the decay of the hole depth being again well described by the sum of two exponentials.

Furthermore, the two decay times change with magnetic field, as depicted in Fig. 5.10. This

indicates the appearance of two, magnetic field dependent atomic levels with long lifetimes,

and suggests maximum lifetimes at magnetic fields around 600 G.

While we have not been able to identify the levels involved in the long-term storage, e.g.

through the observation of additional holes or anti-holes that indicate field-induced level

splitting [70], we believe that 3H6 nuclear hyperfine plays a role. Note that 90 MHz splitting

has been reported at 700 G [47]. We point out that the direct relaxation between different
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Figure 5.9: Spectral hole depth as a function of the waiting time for a mag-
netic field of 700 G: The observation of two exponential decays indicates the existence of
long-lived, ground state sub-levels.

nuclear spin states in the excited and ground state multiplets is likely to be forbidden in

the case where the magnetic field is parallel to the crystal C3-axis [39]. The observed long-

lived storage thus probably involves a (spin mixing) relaxation pathway including the 3H5

level. The role of superhyperfine interaction of thulium ions with neighboring lithium or

niobium ions, leading to level splitting of ∼ 1 MHz at 700 G [47], cannot be assessed from

our measurements and requires more investigations.

Furthermore, relaxation between different ground states, which gives rise to the curves

shown in Figs. 5.9 and 5.10, is likely to involve several contributions, including spin-lattice

relaxation, spin-spin flip flops between neighboring Tm ions, or interactions of Tm ions

with other magnetic impurities [71-76]. Further studies at different temperatures and with

crystals with smaller Tm ion concentration are in progress.

To summarize this section, we have observed a short lifetime of the 3H6 level compared

to the 3F4, and the 3H4 sub-levels. We have also identified a large branching ratio from
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Figure 5.10: Magnetic field dependence of the two decay times extracted from
measurements of the spectral hole depth as a function of the waiting time. The
case B = 700 G is shown in Fig. 5.9.

3H4 to 3F4. These observations identify two potential approaches to spectral tailoring, either

involving the bottleneck state (maybe taking advantage of stimulated emission [13,77]), or the

magnetic field dependent ground states as an auxiliary state. In this context, the existence of

the bottleneck state is of particular interest. Indeed, due to the large energy gap relative to

the 3H6 and 3H4 electronic levels, population pumped into this state during spectral tailoring

does not interact with light coupling the ground and excited states. This allows tailoring

of the initial absorption line over a spectral interval that is in principle only limited by the

inhomogeneous broadening of the 3H6 ↔ 3H4 transition, and not by energy spacings in the

ground or excited levels [11]. In other words, use of the bottleneck state for optical pumping

could allow storage of short pulses of light with spectral width exceeding GHz.

Furthermore, it may be possible to reversibly map optically excited coherence (3H6 ↔ 3H4

transition) onto 3H6 ↔ 3F4 coherence, or long-lived ground state coherence. However, more

investigations are required, for instance concerning the nature of the coupling between the
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3H4 and 3F4 states, or the possibilities for a Raman transfer into 3H6 ground states.

Optical coherence and spectral diffusion

For photon-echo quantum memory, the initial inhomogeneous absorption line must be tai-

lored into one or more narrow lines using frequency selective optical pumping. In the case of

CRIB, the width of the resulting spectral feature determines the time quantum information

can be stored in optical coherence [78]. For AFC, it determines the spacing of the teeth in

the comb structure, which, in turn, sets the storage time in optical coherence [18]. Material

dependent constraints to this time arise from non-zero homogeneous line width Γhom, which

is limited by natural broadening: Γnathom = 1/(2πT1e) ≈ 1.9 kHz, phonon broadening [79], as

well as long-term spectral diffusion [74,80,81].

To assess the short-term homogeneous line width, we employed two-pulse photon-echoes.

Two 20 ns long pulses, with peak powers ∼ 3 mW that maximized the observed echo, were

sent into the thulium waveguide, and the relative delay was varied from 100 ns to 1.8 µs in

steps of 25 ns. Fig. 5.11 depicts the resulting peak echo powers for the case of zero magnetic

field. We fit the decay of the peak echo intensity I (which is proportional to power) with the

Mims expression [82]:

I = I0exp(−4t/T2)x (5.2)

where I0 denotes the maximum echo intensity, T2 is the phase memory (coherence) time and

x characterizes spectral diffusion. The fit revealed a phase memory time of 1.580 ± 0.008 µs,

equivalent to a homogeneous line width of ∼200 kHz, and a spectral diffusion parameter x of

1.072 ± 0.009. We obtained similar results for non-zero fields up to 250 Gauss. This indicates

that the short-term homogeneous line width at 3 K is dominated by phonon scattering.

Beyond the short-term homogeneous line width, the narrowest spectral feature that can

be generated through optical pumping is limited by spectral diffusion. Spectral diffusion is

caused by fluctuations of each ion’s transition frequency due to the dynamic nature of the

ion’s environment. This causes broadening of the homogeneous line width over time. The
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Figure 5.11: Two pulse photon-echo peak powers measured under zero magnetic
field: Plotted circles are normalized echo powers as a function of the delay time between
the two pulses. Fitted is the Mims expression giving a coherence time of 1.6 µ with nearly
absent spectral diffusion.

three pulse photon-echo (3PPE), or stimulated photon-echo, is a useful tool to investigate

spectral diffusion [74].

We performed a series of 3PPE experiments to probe spectral diffusion in our sample. All

experiments were carried out at zero magnetic field. In the measurements, for three different

delay settings between the first two pulses, we varied the waiting time, i.e. the time between

the second and the third pulse, from 1 µs to 400 µs with 5-10 µs increments. The echo peak

power was measured for each delay and waiting time, and each set of measurements (i.e.

measurements with a specific delay time) was normalized to the echo peak power at 1 µs

waiting time. The results are illustrated in Fig. 5.12.

To interpret the data, we employed the spectral diffusion model discussed in Ref. [74].

In this model, the peak intensity I of the stimulated echo is determined by the relative

dephasing during the delay time tD, the decay of the excited level population during the

waiting time tW , and diffusion mechanisms which broaden the line into the time-dependent
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Figure 5.12: Decay of stimulated echo with waiting time for delay times of 120 ns
(triangle), 200 ns (circle) and 280 ns (square), respectively.

effective line width Γeff . In its general form, the 3PPE intensity can be written as:

I(tW , tD) = I0F(tW )exp
{
− 4πtDΓeff (tD, tW )

}
(5.3)

where I0 denotes the maximum echo intensity, F(tW ) = (1 − B)e−2tW /T1e + Be−2tW /T1b de-

scribes the population decay during tW , and B is defined as in Eq. 5.1. The effective line

width describes spectral diffusion during both the delay and waiting time, and is given by:

Γeff (tD, tW ) = Γ0 +
1

2
ΓSD

[
RtD + (1− exp(−RtW ))

]
(5.4)

where Γ0 is the short-term line width in absence of spectral diffusion, and ΓSD denotes the

maximum additional line width due to spectral diffusion, which occurs at rate R.

To fit our data, we fixed the bottleneck level lifetime to 2.4 ms, obtained through the

spectral hole burning measurements discussed above. This was required due to the echo

intensity reaching noise level after 200 µs, which is too short for the fit to generate a reliable

lifetime. We also used the data obtained from the 2PPE measurements to extract an intrinsic
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homogeneous line width of Γ0 =152 ± 2 kHz via Eq. 5.3, in reasonable agreement with

the result of ∼ 200 kHz found via Eq. 5.2. Fitting all delay settings yielded an average

excited level lifetime and branching ratio of 83 ± 8 µs and 0.23 ± 0.03, respectively, in

reasonably good agreement with the more reliable values obtained from the spectral hole

burning measurements.

Furthermore, the fit yielded ΓSD = 930 ± 51 kHz and a spectral diffusion rate of 227 ±

24 kHz, and the diffusion model thus predicts that the effective line width

Γeff (tW ) = Γ0 +
ΓSD

2

[
1− exp{−RtW}

]
(5.5)

saturates at around 630 kHz after a waiting time of ∼50 µs. When assessed through spectral

hole burning, this leads to a homogeneous line width of Γ0 + ΓSD=1082 kHz [83].

To verify this prediction, we performed another series of spectral hole burning measure-

ments with burning and waiting times of 5 µs and 50 µs, respectively. Varying the power

of the burning pulse from 400 to 4 µW, and extrapolating the hole width to zero burning

power [84], we find a homogeneous line width of 1.5 ± 0.1 MHz. Taking into account laser

frequency jitter of ∼ 1 MHz, this is consistent with the prediction from the spectral diffusion

model.

Summarizing these results, we have identified spectral diffusion as the limiting factor

for Ti:Tm:LiNbO3 to storage of quantum information in optical coherence. For instance,

assuming an AFC with 3 MHz teeth spacing, the storage time in optical coherence would be

limited to ∼ 300 ns. We expect that the application of a magnetic field and the decrease of

temperature will lead to an improvement of the short-term line-width along with a reduction

of spectral diffusion, similar to what has been observed for Tm:LiNbO3 bulk crystals [48].

Stark effect

Electric field control can constitute a key ingredient in photon-echo quantum memory and

quantum information processing. It enables controlled manipulation of resonance frequencies

of absorbers for storage and recall, e.g. for controlled reversible inhomogeneous broadening

64



of narrow absorption lines in CRIB, and quantum state engineering such as pulse compres-

sion/decompression [85]. This control is governed by the interaction of applied external fields

with permanent electric dipole moments. Provided the dipole moment is different for the

ground and excited state, a shift in the resonance frequency ∆ω occurs:

∆ω =
χ

~
∆−→µe ·

−→
E (5.6)

where ∆−→µe denotes the difference in electric dipole moments for the states connected by the

probe light,
−→
E is the applied electric field, and χ is the Lorentz correction factor. This is

also known as the DC Stark effect [51].

To observe the frequency shift for different electric fields, we first burned a spectral hole,

then applied a variable voltage parallel to the crystal C3 axis, and assessed the displacement

of the hole using a weak, chirped, read pulse, as detailed in Ref. [52].

As shown in Figs. 5.13 and 5.14, we observe a linear frequency shift of 24.6 ± 0.7

kHz·cm/V. For example, an electric field of 100 V/mm leads to a displacement of the res-

onance frequency by 25 MHz. In the case of a Tm waveguide, where electrodes can be

spaced as closely as 10 µm, this requires the application of 1 Volt. Since low voltages can

be switched rapidly with ease, waveguides provide the ability to reversibly broaden and

manipulate absorbers within hundreds of picoseconds 2.

5.1.5 Discussion and conclusion

To conclude, our findings demonstrate the suitability of Ti:Tm:LiNbO3 waveguides cooled

to 3 K for implementations of photon-echo quantum memory protocols. Level structure,

lifetimes, and branching ratios allow tailoring of the natural, inhomogeneously broadened

absorption profile – either via optical pumping into the 3F4 bottleneck state (then possibly

2The action of switching the electric field on a 100 ps time scale will result in about 10 GHz resolution in
the frequency domain. If this switching is used to reversibly broaden an absorption feature with a linewidth
that is, for example, on the MHz scale, the frequency resolution imposed by the switching time needs to be
taken into account. In a recent study [72], a similar scenario was investigated in view of the CRIB protocol.
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Figure 5.13: Change of a spectral hole under application of different voltages: We
attribute the broadening of the spectral hole with increased voltage to the large inhomo-
geneity of the electric field at the beginning and end of the LiNbO3 waveguide.

allowing storage of nanosecond pulses), or into one of the long-lived ground states that

appear under the application of magnetic fields. The minimum width of spectral holes

of around one MHz, as determined by spectral diffusion, will limit storage of quantum

information in optical coherence to a few hundred nanoseconds. While longer times may be

achievable at lower temperature, this is still sufficient for mapping coherence onto long-lived

ground state coherence, as Rabi frequencies exceeding hundred MHz can be obtained, due

to the high power densities achievable inside waveguiding structures. We point out that

ground state coherence of 300 µs have been reported for Tm:YAG [43], but investigations for

Ti:Tm:LiNbO3 remain to be done. Finally, the existence of a linear Stark shift, together with

the possibility to space electrodes closely, allows shifting of resonance frequencies by more

than 100 MHz within sub-nanosecond times, thus enabling novel phase control techniques.

Interestingly, the lifetimes and branching ratio found in our study differ from those re-

ported for Tm:LiNbO3 bulk crystals probed at 794.22 nm wavelength and 1.7 K [47,48]. The
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Figure 5.14: Shift of transition frequency of the center of a spectral hole as a
function of applied electric field, yielding a shift of 24.6 ± 0.7 kHz·cm/V.

difference could be due to the addition of Titanium to our sample, which may alter radiative

or non-radiative decay channels [53], to wavelength-dependent spectroscopic properties as

suggested in [48], or to concentration dependence [86].

Finally, we point out that RE doped waveguides, here Ti:Tm:LiNbO3, are not only inter-

esting for quantum state storage using a photon-echo approach, but also for other approaches,

e.g. based on electromagnetically induced transparency and slow light [4].
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15. M. Nilsson, S. Kröll, Opt. Comm. 247 (2005) 292.

16. A. L. Alexander et al., Phys. Rev. Lett. 96 (2006) 043602.

17. B. Kraus et al., Phys. Rev. A. 73 (2006) 020302(R).

18. M. Afzelius et al., Phys. Rev. A 79 (2009) 052329.

19. H. de Riedmatten et al., Nature 456 (2008) 773.

20. G. Hétet et al., Phys. Rev. Lett. 100 (2008) 023601.

21. M. Afzelius et al., arXiv:0908.2309.

22. G. Hétet et al. Opt. Lett. 33 (2008) 2323.

23. S. A. Moiseev, W. Tittel, arXiv:0812.1730.

68
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Chapter 6

Implementations of Atomic Frequency Comb Protocol

in Tm:LiNbO3 waveguide

In the previous chapter, I reported the investigation of the main properties of a Tm:LiNbO3

waveguide in the view of photon-echo quantum memory. In this chapter, I present how

we implemented the AFC protocol in this material. First, I explain the optical pumping

strategies and the tools that we employ for the preparation of a broadband AFC. Next,

I present some basic storage experiments including multimode storage and double AFC

schemes. More sophisticated experiments that directly address the needs of a quantum

repeater will be discussed in subsequent chapters. Finally, I discuss the limitations and

potential improvements of our current implementations.

6.1 Frequency-Selective Optical Pumping

Implementing an AFC in a rare-earth crystal requires frequency-selective optical pumping

using spectral hole burning techniques. These techniques have been studied extensively for

several years [73, 74]. In this section, my goal is first to give a brief introduction to a typical

optical pumping process for preparing an AFC and next, to show how this procedure can be

performed in a Tm:LiNbO3 waveguide.

As briefly described in Section 4.6, in order to perform optical pumping for the prepa-

ration of an AFC, the existence of a long-lived shelving level is required in addition to the

ground and excited level. In this procedure, the atoms within the inhomogeneous line that

are resonant with the laser light are pumped to the excited level |e〉, as represented on the

left hand side of Fig. 6.1. The excited atoms decay either back to the original ground level
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Figure 6.1: Frequency selective optical pumping process to prepare an AFC: The
procedure starts with a naturally broadened absorption profile. The atoms at the selected
transitions frequencies (shown by straight arrows) are transferred from ground level |g〉
to shelving level |s〉 via optical excitation to level |e〉. Sufficiently long interaction allows
for transferring all these atoms to populate in the shelving state, resulting in the tailored
spectral feature illustrated at the bottom of the middle figure. The figure on the right shows
the energy level structure of the Tm:LiNbO3 waveguide and the relevant relaxation paths
for optical pumping.

|g〉 or to the long-lived shelving level |s〉. Depending on the relaxation dynamics, in principle

all atomic population at the selected transition frequencies can be transferred to the shelving

level, forming the troughs of the AFC. The atoms left in the ground states form the comb

teeth, as illustrated in the middle of Fig. 6.1.

A requirement for efficient optical pumping is that the lifetime of the shelving level has to

be much longer than that of the excited level. The other requirement is that the probability

of excited atoms to decay to the shelving level must be significantly high, which is stated

in the previous chapter as the need for large branching ratio. As explained therein, there

are two possible shelving levels in Tm:LiNbO3: the 3F4 state, which has a lifetime of about

2.4 ms, and the nuclear magnetic Zeeman levels, which can have lifetimes up to 1 second,
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Figure 6.2: Initial implementation of the AFC protocol in a Tm:LiNbO3 waveg-
uide. Spectral tailoring was performed by sending a train of strong pump pulses with 20 ns
duration and 100 ns separations into the crystal at 3 K temperature and exposed to a few
hundred Gauss magnetic field. Following a wait time of about 10 times the excited level life-
time, the process yielded the AFC shown in Figure (b). Next, to demonstrate light storage
in the prepared AFC, a strong probe pulse with 20 ns duration was sent into the crystal.
This pulse was retrieved after 100 ns storage time from the AFC medium as shown in (a).
In addition to the AFC echo, a partially transmitted pulse, stemming from low absorption
was detected.

depending on the applied magnetic field (see the right hand side of Fig. 6.1). The 3F4 level

possesses some beneficial properties such as a large branching ratio from the excited level

3H4 and very large separation from the ground state 3H6. However, we are unable to take

advantage of this level, the main reason being that we have to set a wait time of at least 2

ms between the optical pumping and photon storage stages to ensure that 3H4 is minimally

populated. Without this step, the excited atoms contaminate the signal with noise photons.

Since this wait time is comparable to the lifetime of 3F4, a significant fraction of the atoms

decay back to the ground level. Thus we are unable to use the 3F4 as a shelving level.

The other option is to use the nuclear Zeeman levels for long-lived population storage.

The lifetime of these levels under certain magnetic fields is substantially longer than that of
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the excited level. However, the probability of atoms to decay to this level with the opposite

spin orientation after excitation is very small, which is a consequence of the spin-selection

rules. According to Ref. [75], only a few percent of the excited state population decays

into the oppositely oriented spin state during the optical pumping in a bulk Tm:LiNbO3,

which confirms our observation with a Tm:LiNbO3 waveguide. This leads to an inefficient

preparation of the AFC in the following way. In order to efficiently populate the nuclear

Zeeman level with the opposite spin, one must perform the optical pumping with high

intensity light and/or for a longer duration. These steps result in two competing effects.

On the one hand, more atoms are pumped to the shelving level, which results in better

transparency in the troughs of the AFC, yielding reduced d0. On the other hand, off-resonant

interactions become more significant. This effect, known as power broadening, causes some

of the atoms in the peaks of AFC to be transferred to the excited level whereby they may

end up in the oppositely oriented spin state, reducing the optical depth of the AFC (yielding

a reduction of d1). In this situation, optimizing the ratio of d1 and d0 is required.

The experimental procedure to find the optimum AFC parameters including d0 and d1 is

to vary one of the optical pumping parameters such as the pump power, pump duration and

magnetic field while keeping the others fixed until the most efficient AFC echo is obtained.

Fig. 6.2 shows our first AFC-based light storage implementation in a Tm:LiNbO3 waveguide.

In this implementation, the AFC peak separation was set to 10 MHz, leading to 100 ns

storage time. The width of each AFC peak is about 5 MHz yielding a finesse of nearly 2.

The effective AFC bandwidth is nearly 60 MHz. The resulting d1 is 2 and d0 is around 1,

which is the consequence of the imperfect optical pumping explained above. The retrieval

efficiency of this AFC memory can be estimated by plugging these numbers into Eq. 4.4. It

is found to be around 1.7%, which is close to the directly measured efficiency of %1.5.
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6.2 Preparing a Broadband AFC

The large bandwidth of our AFC memory is one of the most important features in our

experimental demonstrations; it allows us to store broadband single photons (Chapter 7

and 8), to implement a highly multimode quantum memory (Chapter 10) and to use our

memory as a processor for quantum optical signals (Chapter 11). Because of its importance,

in this section I will describe in some detail how we can prepare a broadband AFC in the

Tm:LiNbO3 waveguide. Certainly, the large inhomogeneous broadening of this material,

which is hundreds of GHz, is a necessary element to achieve memory bandwidths on the

order of GHz. However, as briefly discussed in Section 4.6, the bandwidth of an AFC is

limited by the energy level structure of RE materials. Therefore, we need to know how this

limitation applies in our material, which requires detailed understanding of the nature of

the magnetic sub-levels and the population re-distribution between these levels during the

optical pumping. This is the first topic I will cover. Secondly, I will show how, under certain

conditions, the bandwidth limit imposed by the energy level structure can be alleviated.

Finally, I will discuss the optical pulse sequence, we employed for the preparation of the

broadband AFC.

6.2.1 Spectral Hole Burning and Magnetic Sublevel Splitting

Upon application of a magnetic field along the C3 axis of the Tm:LiNbO3 crystal1, the ground

and excited levels split into two magnetic sub-levels corresponding to the orientation of the

Tm+3 nuclear spin (±1/2). The amount of splitting is proportional to the magnetic field

strength and, in a RE material, is typically different for the ground and excited states as

shown in Fig. 6.3a. When narrow bandwidth laser light at ω0 is applied to the inhomoge-

neously broadened absorption line, there are four classes of transitions that may be excited

by the laser light: |g〉+ → |e〉−, |g〉+ → |e〉+, |g〉− → |e〉− and |g〉− → |e〉+. Assuming that

1See Appendix-A for the details of the C3 symmetry in a Tm:LiNbO3 crystal
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Figure 6.3: Population re-distribution of the atoms between two-level spin states
after excitation of an inhomogeneously broadened optical transition. Figure (a)
shows the two classes of transitions with the highest probability out of the four possible
classes. Sufficiently long and intense excitation leads to the transfer of population to the
other spin level. Figure (b) represents the expected spectral hole burning pattern after
the population re-distribution. The hole and anti-hole depths were arbitrarily chosen for
illustration. See text for details.

transitions to opposite polarity spin-levels, (i.e. those involving an optically induced spin-

flip) are quite low, then only the transitions |g〉+ → |e〉+ and |g〉− → |e〉− may be excited by

the laser light, as represented in Fig. 6.3a. The excited ions may then spontaneously decay

through a variety of mechanisms back to the ground state, with some chance of a spin-flip

in the process. After a sufficiently long and intense excitation at ω0, the population is re-

distributed as shown in Fig. 6.3a, in principle yielding empty magnetic sublevels [76]. If one

probes this distribution by scanning a laser over a frequency range that covers all possible

transitions, an absorption spectrum similar to the one in Fig. 6.3b is obtained 2. As seen

from the figure, there are regions of decreased and increased absorption, which are called

holes and anti-holes, respectively. Depending on the coupling strength of the transitions

2 We should note that if the spin-selection rules are relaxed, all possible transitions would be excited
and a more complicated spectrum than that represented in the figure would result. However, in our own
experiments and those reported in the literature [75] with a Tm:LiNbO3 crystal, only one pair of anti-holes
(at the magnetic fields oriented to the C3 axis) is observed. This indicates that our assumption is valid.
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and the population difference between the levels after the re-distribution, the relative depth

of the holes and anti-holes differ. The main spectral features in the modified absorption

spectrum are the hole at excitation frequency ω0 and the two anti-holes at a detuning given

by the difference of the excited and ground level splittings (δg − δe).

A crucial point in the AFC preparation is how to choose the magnetic field, which deter-

mines the hole and the anti-hole structure, for a given teeth spacing, i.e. storage time. For

example, if the separation between the main hole and the anti-holes equals the teeth spac-

ing, pumping and de-pumping would cancel each other, and, in the worst case, result in no

AFC structure. Consequently, we need to develop optical pumping strategies for preparing

a broadband AFC, which requires knowledge about the frequency shift of anti-holes with

respect to magnetic field.

In our initial attempts to gain this knowledge, we were unable to observe a resolvable

hole and anti-hole pattern arising from a single frequency excitation as shown in Fig. 6.3b.

Hence, we developed the method illustrated in Fig. 6.4a. to observe this pattern indirectly.

We applied laser light at two different frequencies referred to as reference (ωr) and control

(ωc) and measured the resulting holes at these frequencies at zero magnetic field. We then

scanned the magnitude of the magnetic field starting from zero, while monitoring the shape

of the hole at ωr. When the anti-hole generated by the light at ωc started overlapping with

the hole generated at ωr, the reference hole depth decreased. This is shown in Fig. 6.4b and

c. When the minimum hole depth was reached at a certain magnetic field, the frequency

difference of the two laser beams gave the value of the separation between the hole and

anti-hole for that magnetic field. Repeating this process for various frequency differences

(ωr−ωc) (Fig. 6.4d), we found that the separation of the main anti-hole from the main hole

is nearly 12.5 MHz per 100 Gauss, which is very close to the value found in Ref. [75] for a

Tm:LiNbO3 bulk crystal.
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Figure 6.4: Determination of magnetic level splittings using a hole-burning tech-
nique. (a) The crystal was excited at two frequencies, referred to as reference (ωr) and
control (ωc), such that at a certain magnetic field the hole at ωr (reference hole) was sig-
nificantly “filled” by the anti-hole generated by the excitation at ωc. (b) The plot shows
the measured depth of the reference hole with respect to the applied field with and without
the control excitation at ωc − ωr = 50 MHz. The measurement point that belongs to the
maximum decrease in the hole depth determines the magnetic field value that generates 50
MHz separation between the main hole and the anti-hole. (c) The difference between the
hole depths with and without control excitations as a function of the magnetic field, for
various frequency differences (ωc − ωr). (d) Hole and anti-hole spacing and anti-hole width
with respect to the applied magnetic field.
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6.2.2 Generation of AFC with Bandwidth Limit Imposed by Atomic Level Structure

Two different optical pumping strategies can be applied for preparing a broadband AFC.

The first strategy, explained in this section, is to operate in a high magnetic field regime in

which the anti-holes (the regions with increased absorption) are moved out of the AFC to

avoid any overlap with the troughs. In this case, the achievable bandwidth is limited by the

maximum applied magnetic field, which was around 5000 G. Fig. 6.5a shows a 600 MHz-wide

AFC prepared with this method. As seen from the figure, the anti-holes, which correspond

to increased absorption regions, appear at each side of the AFC. The major advantage of this

scheme is that, in principle, any AFC with arbitrary finesse can be prepared. In addition,

with high magnetic fields, longer nuclear Zeeman lifetimes are obtained as shown in Chapter

5. This gives rise to more efficient optical pumping with smaller absorption background (d0)

in the prepared AFC. However, the broadening of the anti-holes with higher magnetic fields,

as can be observed from Fig. 6.3d, sets limits to high quality AFCs; the anti-holes eventually

overlap with the prepared comb structure, leading to increased absorption background. The

broadening could arise from inhomogenity in the applied field or some specific structural

deformation in the LiNbO3 host crystal as discussed in Ref. [77]. If this issue can be

resolved, the application of higher magnetic fields will allow us to obtain GHz bandwidth

AFCs.

6.2.3 Generation of Broadband AFC without Bandwidth Limit Imposed by Atomic Level

Structure

The other optical pumping strategy is based on adjusting the magnetic field for a given

storage time in such a way that the position of anti-holes and holes match the peaks and

troughs of the AFC, respectively. This means that the separation between anti-hole and hole

needs to be half of the peak spacing of the AFC.

Fig. 6.5b shows a 600 MHz-wide AFC generated using this method. In this implemen-
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Figure 6.5: Optical pumping strategies for preparing a broadband AFC based
on high magnetic field (a) and low magnetic field (b) applications. In the high
magnetic field regime (a), the population from the AFC troughs is moved completely out of
the AFC region. Therefore, in practice, the AFC bandwidth is only limited by the strength
of the applied field (considering the fact that inhomogeneous broadening in our material
is hundreds of GHz). In the low magnetic field regime (b), the magnetic field is adjusted
according to the peak spacing of the AFC such that the population from the troughs is
moved to the peaks of the AFC. In this scheme, the width of the inhomogeneous broadening
is the ultimate limit of the AFC bandwidth. However the finesse of the comb can only be 2
or less.

tation, the peak separation of the AFC was set to 100 MHz leading to 10 ns storage time.

Accordingly, the applied magnetic field was about 400 G, yielding about 50 MHz hole–anti-

hole separation. The main advantage of this strategy is that it allows for preparing an AFC

whose bandwidth not limited by the magnetic sublevel splitting. Another advantage is that

the optical depth of the peaks can be higher than the natural optical depth because of the

described population shuffling as seen from the AFC spectrum in Fig. 6.5b.

On the other hand, the major drawback in this scheme is that the finesse of the AFC

(∆/γ) cannot exceed 2, which prevents one from reaching high efficiencies. Another problem

with this strategy arises when an AFC leading to relatively long storage time (≥ 100 ns)

is prepared. In this situation, the magnetic field strength is relatively low (≤ 40 G), which

results in a relatively short lifetime of the nuclear Zeeman levels, as shown in the previous

chapter. Hence, the absorption background (d0) is typically higher than in the case of AFC
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preparation with high magnetic field. If the AFCs resulting from each of the strategies are

compared by inspecting Fig. 6.5a and b, it can be seen that d0 and d1 are higher in the low

magnetic field implementation, as expected.

Throughout this thesis, we used the technique described in this section to prepare all

AFCs with more than 1 GHz bandwidth.

6.2.4 Broadband AFC Preparation with Various Pulse Sequences

In the discussion of the AFC preparation, so far there hasn’t been any explicit description of

the actual optical pumping pulse-sequences used. In this section, I will explain the optical

pumping pulse sequences that were employed to generate broadband AFCs in our experi-

ments. Also based on our observations, I will discuss the advantages and limitations of each

implementation. Although this section involves some extra technical details, it is the basis

of all experimental demonstrations and implementations carried out during my thesis.

In an optical pumping scheme, the main process is the frequency selective excitation

of atoms by optical pulses. The spectrum of the excited atoms is determined by the power

spectrum of the incident light, as determined by it’s Fourier transform. By tailoring the input

light’s power spectrum, any spectral distribution of atoms can in principle be obtained. This

assumes that the intensity of the optical pulses are sufficiently low not to cause saturation

effects.

Based on the type of optical pulse sequences, we can define two main approaches for

the frequency selective pumping, which we refer as to the time-domain and the frequency

domain approaches. The former one is based on the use of Fourier-limited short laser pulses,

while the latter is based on frequency swept continuous wave (CW) laser light. In the next

two sections, I will describe these approaches.
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Figure 6.6: Storage of sub-ns optical pulses in a broadband AFC memory prepared
by pulse pairs. A train of short pulse pairs, with a duration of 600 ps per pulse, shown
on the right side of the figure, were produced using an intensity modulator and sent to the
crystal to generate a broadband AFC. The separation between the pulses in each pair and
between subsequent pairs were 31 ns and 4 µs, respectively. To accumulate a persistent
population grating, this cycle was repeated several times during 2 ms, resulting in an AFC
memory with 31 ns storage time. Following 1.5 ms wait time, a strong probe pulse with 600
ps duration was stored and retrieved in the prepared AFC memory, as shown in the figure.
The measured pulse width of the echo was approximately 700 ps, confirming the over GHz
bandwidth of the AFC. In the experiment, the crystal was maintained at 3 K under at 133
G magnetic field oriented along the c-axis and the peak power of the pumping pulses was
about 1 mW

Time Domain approach

In the time-domain approach, multiple short pulses interact with the RE medium for spectral

tailoring. To generate an AFC, sending pulse pairs is one of the common techniques. A pulse

pair yields a sinusoidally modulated spectrum. When interacting with the atoms in a RE

material, thus it imprints a sinusoidally varying frequency dependent population grating.

Sending several pulse pairs, which are separated by more than the coherence time of the

optical transition, leads to the accumulation of a grating by transferring atomic population

into the shelving level. As a result of this procedure, an AFC is generated.
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The spacing between the peaks of the AFC is given by the inverse of the separation of

the pulses in a pair. The bandwidth of the AFC is determined by the inverse of the duration

of each pulse. Therefore, broad AFC bandwidths require short pulses. The AFC shown in

Fig. 6.2 was prepared using 10 ns pulses generated by an AOM, resulting in effectively a 60

MHz-wide AFC.

To extend the bandwidth of the AFC into the GHz regime, sub-nanosecond pulses need

to be produced, which is impossible using a standard AOM. In this situation, one option is

to use a fast electro-optic intensity modulator. Fig. 6.6 shows an example of the storage

of a sub-ns pulse in a 1.5 GHz broad AFC prepared by 600 ps–long pair of pulses using an

intensity modulator.

One of the main problems of the optical pumping techniques based on short pulses is

the high peak power required to transfer the same energy per frequency interval. Optical

amplifiers can help reaching high optical powers, however amplified spontaneous emission

is a considerable problem in single-photon level storage experiments. Another issue is the

limited finesse of the prepared AFC due to the sinusoidal pulse pair spectrum.

It is possible to use a different pulse pattern in order to get around some of these limita-

tions. For instance, sending a pulse train composed of N equally spaced pulses relaxes the

requirement of high peak power for large bandwidths, because no waiting time needs to be

added between the pulse pairs. Fig. 6.7 shows an example of the preparation of a broadband

AFC using this technique as well as the storage of sub-ns pulses in the resulting AFC.

When working with large optical depths (d ≥ 3), this method yielded higher retrieval

efficiency compared to the pulse pair scheme. However in general, this technique is not

suitable for preparing an efficient AFC. First, the spectrum of a pulse train is a comb in

the frequency domain, which results in the width of AFC peaks being wider than the width

of the transmission windows. Thus the finesse of the comb prepared in this way is less

than 2, which limits to get the recall with arbitrarily high efficiency. The other issue in our
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Figure 6.7: Storage of sub-ns optical pulses in a broadband AFC memory prepared
by a pulse train composed of equally spaced short pulses. In the optical pumping
stage, shown in the inset figure, the duration of each pulse was 600 ps and the separation
between the pulses was set to 100 ns. This pulse pattern was repeated 105 times during 10
ms, resulting in a nearly 1.5 GHz wide AFC with 10 MHz peak spacing. After a 1.5 ms wait
time, a strong pulse with 0.6 ns duration was sent to the AFC medium and retrieved after
100 ns storage as shown in the figure.

implementations is that generating a large effective optical depth (d1/F ) by reducing the

finesse increases the re-absorption probability of the emitted echoes. This in turn results in

several high order echo re-emissions, which takes energy from the primary (first) echo. Fig.

6.8 shows an example of this situation. As seen from the figure, the low finesse AFC (6.8a)

causes many higher order echoes.

In order to solve the limited finesse issue, one can produce more complicated pulse pat-

terns with carefully tailored amplitude and phase modulation. Additionally, engineering a

pulse sequence in this way can allow for generating squared-shaped AFC peaks, which is

known to optimize the AFC efficiency [78]. However, the necessity to find and produce an
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Figure 6.8: Emission of high order echoes due to the limited finesse. An AFC with
finesse 1.4 and nearly 80 MHz bandwidth, shown in Figure (a), was generated by performing
optical pumping with a train of pulses separated by 30 ns. Probe pulses containing approx-
imately 50 photon on average were sent to the AFC medium and re-emitted in the form of
up to 6 high order echoes (only first four orders are displayed) as seen in Figure (b)

optimal pulse sequence with the precise phase and amplitude control, along with the high

peak power requirement, makes this approach impractical for flexible and broadband AFC

preparation.

Frequency Domain Approach

The frequency domain approach for spectral tailoring can alleviate some of the limitations

of the time-domain technique that is based on short-pulses. In this approach, the ability

to sweep the frequency of CW laser light and to modulate its amplitude simultaneously is

in principle sufficient for frequency selective optical pumping. The use of CW laser light

reduces the required optical peak power substantially. In our experiments, with the short-

pulse technique the applied peak optical power typically ranged from 1 mW to 15 mW,

whereas with the frequency sweep technique, the power values were around tens of µW.

The other advantage of this approach is that it allows for preparation of any desired AFC

structure with great flexibility. For instance, combs with high finesse and/or square-shaped
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Figure 6.9: A high finesse AFC with sharp spectral features generated by a fre-
quency sweep technique. To prepare this AFC, the frequency of the laser light was
linearly scanned in selected frequency intervals during optical pumping by means of a phase
modulator. The resulting finesse of the comb is about 3.7

peaks can be generated much more conveniently using appropriate frequency and amplitude

control, as demonstrated in Fig. 6.9.

In the frequency domain approach, the maximum bandwidth is determined by the achiev-

able frequency shifting capacity. Therefore, for a large frequency shifts (≥ 500MHz), a

standard AOM is not suitable, due to its limited bandwidth of a few hundred MHz. Con-

trolling the laser frequency directly from a laser can be more advantageous. For example,

frequency sweeps can be obtained by modulating the laser current. However, in a typical

solid-state laser, this method does not allow a controlled frequency shift of more than 500

MHz. On top of this, it leads to frequency instability problems in the laser. Controlling the

diffraction grating of an extended cavity laser is also an option. But the slow operation of

the piezo systems and non-linearities in the frequency sweep are some of the problems with

this option.
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Figure 6.10: Comparison of (a) sinusoidal, (b) square and (c) sawtooth waveforms
for phase modulations. In the measurements, single mode laser light was sent through a
commercial LiNbO3 waveguide phase modulator. An arbitrary waveform generator applied
periodic voltages to the modulator at 100 MHz via a high-speed amplifier. The resulting
side-bands at 100 MHz and their harmonics for several driving voltage amplitudes were
analyzed by slowly scanning the laser carrier frequency and simultaneously measuring the
transmission of the phase modulated light through a high finesse Fabry-Perot cavity (with
5 GHz free spectral range). For (a) sinusoidal and (b) square type phase modulations, only
the positive harmonic were measured since the negative harmonics were identical. For (c)
sawtooth (serrodyne) phase modulation, the positive and negative harmonics are shown.

One of the best approaches to accomplish fast, robust and large bandwidth frequency

shifting is to use electro-optic phase modulators, which was initially proposed and imple-

mented in various experiments by W. R. Babbitt and co-workers for broadband optical signal

processing [79, 80].

As is well-known, the periodic modulation of the light’s phase produces frequency modes

(harmonics) at multiples of the modulation frequency. This concept can be understood from

the simple relation between the phase and frequency of light. The phase of light is given by

φ(t) = ω0t+ φ(t), where ω0 is the carrier frequency of the light. If no modulation is applied

to the phase, the second term on the right hand side is zero, and the frequency of the light

is dφ(t)/dt = ω0. If there is a periodic phase modulation at frequency ωm, the frequency of

the light becomes dφ(t)/dt = ω0 + dφ(t)/dt, which results in ω = ω0 ± nωm where n is an

integer. The generated frequency modes can be swept by varying the modulation frequency

(ωm) with time, which is the basic idea behind preparing an AFC using phase modulated
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light.

The crucial point is to control the weight of all harmonics, i.e. to control the spectral dis-

tribution of the phase modulated light, which depends on the form of the phase modulation

φ(t). Therefore it is necessary to engineer the phase modulation when employing this ap-

proach in the optical pumping process. We extensively used three type of phase modulations,

sinusoidal, square and sawtooth, in our experiments. The observed spectral distributions of

light with respect to modulation index for each phase modulation pattern are shown in Fig.

6.10. The modulation index is essentially determined by the peak voltage (V ) applied to the

phase modulator and given by πV/Vπ where Vπ is the peak voltage required to introduce a

π phase shift. In the following, the main characteristics of each phase modulation scheme

will be briefly described.

First, inspecting the sinusoidal phase modulation in Fig. 6.10a, one notices that as

the modulation index increases, more higher order harmonics appear. However, this is not

desirable when the modulation frequency is swept for optical pumping to prepare an AFC,

as each harmonic imprints its own population grating, which may lead to overlapping AFCs.

One general strategy to overcome this problem is to set the modulation index to a suffi-

ciently small value so that harmonics higher than the second order can be ignored. In this

situation, the overlap between the population gratings generated by the first and second

order side peaks can be eliminated by choosing the start modulation frequency equal to the

scan range. For example, to generate a 5 GHz AFC, the first harmonic could be swept from

5 GHz to 10 GHz. By employing such a frequency sweep and simultaneously modulating

the intensity of the pump light to set the peak spacing, we were able to produce up to 5

GHz-wide AFCs. This value was limited by the sampling rate of the arbitrary waveform

generator, used to generate the sweep. Fig. 6.11 shows an example of the storage of photons

with 6 GHz bandwidth (FWHM ) in an AFC prepared by this technique.

Despite the advantages, there are also a few technical issues with the sinusoidal phase
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modulation scheme. First of all, due to the unavoidable existence of the zeroth order light,

the medium is exposed to extra optical power, causing spontaneously emitted light from

excited atomic levels and heating issues. In addition, the frequency scan with the sinusoidal

phase modulation makes it difficult to appropriately probe and analyze the generated AFC.

Finally the necessity of setting the start frequency high makes this approach quite de-

manding in terms of fast electronics. To prepare the 5 GHz AFC, we had to generate a sine

wave up to 10 GHz with the AWG, which has 20 G/s sampling rate. Aliasing at higher

frequencies reduced the AFC quality at the high frequency end. As a result, the retrieval

efficiency is not uniform over the entire AFC. This effect was characterized by comparing the

retrieval efficiency of echoes produced from the high frequency and the low frequency end of

the prepared AFC. For an AFC optimized for maximum recall efficiency, we found that the

efficiency of its upper frequency half was 20-30 % less than that of its lower frequency half.

The second type of the phase modulation we studied is the square phase modulation. As

seen from Fig. 6.10b, when the modulation index matches the π-voltage of the modulator,

the zeroth order is completely suppressed and principally only the first negative and positive

(±1) orders are present. In this situation, the problem with the zeroth order light and the

high start frequency problem is solved. However in practice, the bandwidth limitation of the

AWG and the modulator causes an imperfect square waveform generation. This results in

spurious higher order harmonics, as seen from the figure.

The final scheme is the sawtooth phase modulation, which is also known as Serrodyne

technique [81]. Theoretically this scheme allows shifting the frequency of light to a single

frequency without any harmonics at higher or negative frequency sidebands. As can be seen

from our characterization in Fig. 6.10c, at the 2π-voltage, 90% of the energy of the laser

light is shifted to the +100 MHz mode. The rest of the energy is, as a consequence of the

imperfection in the sawtooth waveform, distributed among a number of negligible higher

order harmonics, which renders issues with overlap in the AFC preparation.
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Figure 6.11: AFC prepared by sinusoidal phase modulated light: Storage and
retrieval of broadband photons from an SPDC source. Optical pumping was per-
formed using sidebands generated by a sinusoidal phase modulation. The first order sides
peaks were swept in 5 GHz range by linearly varying the frequency of the modulation as de-
scribed in the main text. During the frequency scan, the intensity of the light was modulated
at certain rate as detailed in Chapter 7 and 8 to obtain an AFC with 90 MHz peak spacing
and 5 GHz bandwidth. A stream of single photons with 80 ps pulse duration, derived from a
spontaneous parameteric down conversion source (see Chapter 7), were sent to the prepared
memory and retrieved after 11 ns. The detection counts were obtained over 2 minutes. The
echo and transmitted pulses were measured to be longer than 80 ps due to the timing jitter of
the electronics. Also we were not able to appropriately probe the full AFC in the frequency
domain, due to the zeroth order light and a distortion in the generated sinus waveform over
8 GHz

Fig. 6.12 shows the example of the storage of 6 GHz bandwidth photons, derived from

an SPDC source, in a 10 GHz-wide AFC memory generated by the Serrodyne chirping

technique. As seen from the figure, this technique also allows probing for broadband AFCs

in the frequency domain. Furthermore as we will show in Chapter 10 and 11, it is an

important tool for developing new ideas such as frequency selective on-demand recall and

pulse manipulation.

The final point is that when the chirping technique is employed for preparing an AFC,

instead of directly modulating the intensity of the pump light it is possible to skip certain
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frequency intervals to form the peaks as implemented in the last example (Fig. 6.12). Care

needs to be taken in certain limits. The action of rapidly switching the phase modulation

on and off (skipping certain frequency intervals) can broaden the pump light’s spectrum

depending on the relation between the switching rate and the bandwidth of the light in

combination with the chirp rate. If the AFC’s peak separation (or the width of the peaks)

is comparable to this broadening, this effect can lead to the excitation of the atoms that

forms the peaks, resulting in an inefficient AFC. In the experiment described above, the

peak separations of the AFC was about 140 MHz, while the switching rate was nearly 1.4 µs

which corresponds to better than 1 MHz frequency resolution. Due to almost two-orders of

magnitude difference between the peak separation and the frequency resolution imposed by

the switching rate, the switching of the phase modulation does not introduce any limitation

in this implementation.
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Figure 6.12: AFC prepared by Serrodyne phase-modulated light: Storage of broad-
band photons from an SPDC source. In the memory preparation stage, the frequency
of the laser was linearly scanned over ±5 GHz range, skipping every other 143 MHz interval
within a 100 µs duration. This cycle was repeated 50 times to accumulate the population
grating. After a wait time of 2.2 ms, a 10 GHz-wide AFC with 143 MHz peak spacing, shown
in Figure (a), was obtained. To demonstrate storage, photons with 6 GHz bandwidth, de-
rived from a spontaneous parametric down conversion source (see Chapter 7) were sent the
AFC memory and detected after storage of 7 ns as shown in Figure (b).
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Figure 6.13: Storage and retrieval of multiple temporal modes with different mean
photon numbers. The AFC medium was prepared with strong pulse pairs, as explained
in Section 6.2.4. Each pulse was 600 ps long, resulting in nearly 1.5 GHz bandwidth. The
peak spacing of the AFC was set to 32.2 MHz, corresponding to pulses separated by 31
ns. To demonstrate the multiple temporal mode storage in the prepared memory, a train of
8-short pulses, each with 1 ns duration was generated. These pulses were attenuated down
to the single photon level– the tallest pulse containing on average 0.8 photons. All pulses
were simultaneously stored, and were retrieved in the same order after 31 ns storage, as
shown in Figure (a). To assess the preservation of amplitude during storage, the measured
echoes were scaled with respect to the input pulse train, as shown in Figure (b). The good
agreement between input and retrieved pulse train demonstrates the linearity of the AFC
memory

6.3 Storage of Multiple Temporal Modes

As discussed in Section 4.7, the temporal multimode storage capacity of the AFC scales with

the number of prepared absorption peaks. This number can be increased by extending the

bandwidth and/or increasing the storage time (thus decreasing the peak spacing). Here,

we take advantage of our large bandwidth AFC to demonstrate the high multimode storage

capacity of our implementation. First, we demonstrate the storage of multiple temporal

modes with attenuated laser pulses, each having different mean photon numbers as shown in

Fig. 6.13a. As seen from Fig. 6.13b, the amplitudes of the retrieved pulses is preserved during
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the storage. Fig. 6.14a illustrates the simultaneous storage of 128 modes with attenuated

laser pulses, each containing one photon on average. In this demonstration, the AFC medium

was again prepared with pulse pairs having 600 ps duration, resulting in nearly 1.5 GHz

bandwidth. The storage time was set to 265 ns, which approaches the upper limit of our

current storage medium. We also demonstrate the storage of 8-bit classical data using

temporal modes occupied by single-photon level pulses, as shown in Fig 6.14b.

To finish this section, let me remind you that our memory also possesses large spectral

multimode capacity. This will be further discussed in Chapter 10.
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Figure 6.14: Demonstration of simultaneous storage of 128 temporal modes. An
AFC memory with 1.5 GHz bandwidth and 2.77 MHz peak spacing, which yields 265 ns
storage time, was prepared by short pair of pulses. To demonstrate the high multimode
capacity of the memory, a pulse train, composed of 128 temporal modes with 600 ps duration
and 2 ns separation was produced using an intensity modulator. Each pulse was attenuated
down to the few photon level and directed to the prepared memory. All the temporal modes
of the input pulse train were simultaneously stored for 265 ns such that the first mode did
not come out until the last mode had entered the AFC medium as shown in Fig. (a).
8-bit classical data was encoded into pulse trains and stored in the memory. The data was
faithfully retrieved from the memory after 265 ns, as shown in Fig. (b). In the figures, only
echoes are displayed.
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6.4 Double AFC scheme for Time-bin Qubit Manipulation

An AFC based quantum memory can be used as a robust tool to generate and analyze

time-bin qubit states of photons. The idea behind this implementation is to superimpose

two AFCs, referred to as double AFC, with different peak spacings such that each leads to

different re-emission times, as illustrated in Fig. 6.15a.

First, to understand how this scheme can be used to produce a general time-bin qubit

state, let us imagine that a photon occupying a well-defined temporal mode is mapped to a

memory prepared with the double AFC shown in Fig. 6.15a. There is a certain probability

for this photon to be absorbed by each AFC structure, but it is in principal impossible to

know by which one. Hence the photon comes out in a superposition of two temporal modes

(early and late), determined by the re-emission times of the superimposed AFCs, as shown

in Fig. 6.15b. The phase of each output temporal mode is set by the frequency of the central

of each AFC, as follows :

e
2πi

∆0i
∆i (6.1)

where ∆0i is the difference between the input photon carrier frequency and the center peak

of each AFC, and ∆i is the peak separation within each AFC (i = 1, 2). This means that

by shifting the centers of the AFCs, we can set any relative phase for re-emitted temporal

modes, which allows the generation of arbitrary time-bin qubit states,

|ψ〉 =
1√
2

(
|e〉+ eiφ |l〉

)
(6.2)

where |e〉 and |l〉 denote early and late time-bin states and φ is the relative phase.

To see how a time-bin qubit is analyzed using the same AFC configuration, imagine that

a photon is prepared in an equal superposition of early and late temporal modes such that

the time separation between the modes is equal to the difference between re-emission times

of the AFCs. When this photon is mapped to the double AFC memory, it has a certain

probability of being absorbed and re-emitted by each AFC. This results in the observation
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Figure 6.15: A “double AFC” interferometer: (a) Preparation of two superimposed
AFCs with ∆1 =13.3 MHz and ∆2 =20 MHz peak spacings, yielding 75 ns and 50 ns stor-
age times, respectively.(b) Generation of time-bin qubit states by the double-AFC scheme:
When a single photon that occupies a well-defined temporal mode is stored in the prepared
double-AFC, it is retrieved in a superposition of two temporal modes. Here the separation is
25 ns. (c) Projection measurement of a time-bin qubit using a double AFC. When a qubit,
generated in a superposition of early and late temporal modes separated by 25 ns, is stored
in the prepared double AFC, it is retrieved in a superposition of three temporal modes. The
middle one arises from the overlap between early and late qubit modes, which allows ana-
lyzing the input superposition quantum states as shown in the figure. In the double-AFC,
the center peak of each AFC was set to match the center frequency of the input photon,
leading to a projection onto |ψ〉 = 1√

2
(|e〉+ |l〉). If the input state is |ψ〉 = 1√

2
(|e〉 − |l〉),

practically no detection is observed in the middle temporal mode, as seen in the front curve.
However, if the input state is |ψ〉 = 1√

2
(|e〉+ |l〉), number of the detections in the middle

temporal mode is nearly four times higher than the side modes as shown in the back figure.
In the experiments, the double AFC was generated using the serrodyne frequency shifting
technique. The applied magnetic field was adjusted so that the retrieval efficiency was the
same for each AFC. Each probe pulse was generated by carving CW laser light using an
AOM, and attenuated down to 20-30 photons on average before the cryostat. The size of
the echoes was increased by a factor of three for illustration purpose.
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of three temporal modes at the output of the memory as shown in Fig 6.15c. The middle

temporal mode arises from the overlap between the early and late qubit modes. The detection

of a photon in this mode corresponds to a projection of its state onto a superposition state,

with phase given by the relative frequency between the center peaks of each AFC.

In this way, the double AFC scheme can be used as an alternative to imbalanced Mach-

Zehnder interferometers for the manipulation of time-bin qubits. To demonstrate this capa-

bility, we prepare various time-bin qubits and project them onto a fixed state using a double

AFC, as shown in Fig. 6.16a. Alternatively, we project a fixed quantum state onto varying

bases using appropriately prepared double AFC configurations. From the latter measure-

ment set, we also obtain the visibility curve, shown in Fig. 6.16b, and determine a visibility

of about 96%. This is reasonably close to the theoretical maximum of 100%, demonstrating

that our memory works as anticipated.

Furthermore, the double AFC can be employed to determine how faithfully quantum

states can be stored in our memory. As will be shown in the next chapter, we used this

approach to assess the quantum nature of our memory device by storing and analyzing

retrieved time-qubits encoded into photons generated by SPDC.

The preparation of a double AFC can be done in different ways. One approach is to

imprint the two AFCs one after the other in each optical pumping cycle, using one of the time-

domain or frequency domain optical pumping approaches discussed in Section 6.2.4. The

other approach is to imprint both population gratings simultaneously with an appropriate

modulation of the intensity of the pumping light during each frequency sweep. Regardless the

chosen method, one difficulty was to prepare each AFC with the same retrieval efficiency, in

particular due to the fact that each AFC requires a different magnetic field to work optimally,

i.e. to appropriately set the positions of holes and anti-holes. Therefore, the requirement

for equal recall efficiencies leads to a reduction of the overall efficiency. In the experiments,

the typical efficiency drop was about 10-40 % compared to that for the single AFC scheme,
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Figure 6.16: Demonstration of manipulation of time-bin qubit states using double
AFC interferometer: (a) Time-bin qubits with different phase setting (φ), containing
on average 0.4 photon per temporal mode, were stored in a double-AFC memory prepared
for a projection onto |ψ〉 = 1√

2
(|e〉+ |l〉). The lower part of the figure shows the results

of the projection measurements for the input states |ψ〉 ∈ [ 1√
2

(|e〉 ± |l〉), 1√
2

(|e〉 ± i |l〉).
(b) Time-bin qubits in state |ψ〉 = 1√

2
(|e〉+ |l〉) were stored in various double-AFCs with

different phase setting. The phase setting (φ) for each measurement was changed by 30
degrees by appropriately shifting one of the AFC’s center frequency, allowing projections
onto |ψ〉 = 1√

2

(
|e〉+ eiφ |l〉

)
. The figure shows the detection counts in the middle temporal

mode for each phase. From these measurements, the visibility was established to be 96±2%,
which is reasonably close to the theoretical maximum of %100. In the experiments, time-bin
qubits were produced by carving CW laser light into two temporally separated sub-ns pulses
with relative phase and amplitude controlled by an AOM, and attenuating down to the
single-photon level using neutral density filters. The storage time for each AFCs was set to
65 and 95 ns and, accordingly, the separation between the temporal early and late modes
was 30 ns.
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depending on selected storage times.

6.5 Limitations and Potential Improvements

The main limitations of our current AFC implementation with a Tm:LiNbO3 waveguide

are low retrieval efficiency, typically 0.5-3%, short storage time, up to 0.3 µs, and the small

coupling efficiency of photons into the waveguide of around 20%. As discussed in Section 6.1,

imperfect optical pumping in the preparation of the AFC, which arises from our material-

specific relaxation dynamics is the main reason for the small efficiency. Specifically, the low

transition probability between the oppositely oriented nuclear spin states that are used to

shelve atomic populations leads to non-zero absorption background (d0). For example, d0 of

1 causes the loss of nearly 90% of the input photons due to irreversible absorption.

One way to overcome this problem in our material could be changing the orientation of

the applied magnetic field, which, in all our experiments, was always oriented parallel to

C3 axis of the crystal. Experiments with bulk Tm:LiNbO3 have shown that the application

of a magnetic field perpendicular to the C3 axis significantly improves the branching ratio

between the oppositely oriented spin states by relaxing the spin selection rules [75]. This

may also be valid in our waveguide material and could potentially help solving the problem.

Spin mixing could be another approach to increase the decay probability to the oppositely

oriented spin states. In this case, the application of an RF field that is on resonance with

the excited level spin transition flips the spin states during optical pumping, speeding up

the decay process to the oppositely oriented spin states [82]. Finally, stimulated emission

through a fast decaying auxiliary optical level, e.g. the Stark levels or the 3H5 level in our

material, could be another potential technique to improve the relaxation dynamics during

optical pumping [83, 82]. Employing any of these techniques requires more spectroscopic

investigations and additional elements such as RF field application.

As discussed in Section 4.4, the storage time of photons in an AFC in a RE material
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Figure 6.17: Variation of AFC memory efficiency with respect to (a) storage time
and (b) temperature. The experiments were carried out with single photons provided
from an SPDC source. The retrieval efficiency of the AFC memory was optimized for each
configuration by adjusting the optical pumping power and magnetic field.

is upper bounded by the coherence time of the corresponding optical transition, which is

nearly 1.5 µs in our material. This value is already quite small compared to the optical tran-

sitions in other RE systems. Furthermore this value cannot be achieved without excessively

compromising the storage efficiency, and more reasonable limit is thus a few hundred ns as

discussed in previous chapter. Fig. 6.17a shows the results of the experiment that charac-

terizes relative retrieval efficiency versus storage time. As seen from the figure, increasing

the storage time from 7 ns to 60 ns dramatically reduces the efficiency. This observation is

the reason that in many of the proof-of-principle experiments we have selected small storage

time settings to increase the signal to noise ratio in the detection of retrieved photons.

In RE materials, temperature is an important parameter that affects the coherence time of

an optical transition and the lifetime of the long-lived magnetic levels as discussed in Chapter

5. In general, lowering the temperature reduces the energy perturbations of electronic levels

and magnetic levels arising from the interaction with the crystal lattice, i.e. with phonons.

Thus lowering temperature gives rise to increase of coherence time of the optical transition
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and lifetime of magnetic levels. Therefore, maintaining the material temperatures at lower

values allows preparing better AFCs.

Fig. 6.17b shows the characterization of the relative AFC retrieval efficiency with respect

to the temperature, varied between 3.3 K and 4.2 K. As the temperature decreases, there is

a significant increase in the retrieval efficiency. Consequently, lowering the temperature also

allows for extending the storage time, while keeping the retrieval efficiency constant. With

our current cryostat, the minimum temperature we can have is around 3 K. However, we

are in the process of upgrading our cryostat so that we are able to lower the temperature

down a few hundred mK. Based on the experiments with a bulk Tm:LiNbO3 at about 1.5

K as shown in ref. [75], we anticipate that a temperature less than 1 K will have significant

impact on the storage time and the efficiency.

The comparison of the spectroscopic properties of the waveguide Tm:LiNbO3 crystals

with bulk Tm:LiNbO3 crystal can also give some understanding of the limits of our current

quantum memory implementation. In ref. [75], a detailed study of the spectroscopic prop-

erties of the Tm atoms in a LiNbO3 bulk crystal was reported. It can be seen that the Tm

atoms in the bulk crystal have significantly longer coherence times and longer nuclear Zee-

man lifetimes than in the waveguide structure at the same temperature. This may suggest

that Ti ions, which cause the waveguiding property by introducing a refractive index change,

could negatively affect the spectroscopic properties of the Tm atoms.

Furthermore, in ref. [84] a systematic comparison is made between the bulk and waveg-

uide form of the different RE crystals in view of quantum memories. The conclusion of that

study is that typically the bulk form of RE doped crystals have better properties for quantum

memory applications, but careful waveguide fabrication can reduce the gap. In that study,

a heating effect in the waveguide was also addressed as a potential cause of performance

degradation in waveguide quantum memories. In fact, our observations and measurements

support the existence of heating. We observed in some experimental configurations that
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increasing the optical pumping power results in an increase in the absorption background

(d0) of the prepared AFC, contrary to the expectations. Our further characterizations have

shown that the effect of having less deep holes with higher pump power is associated with

the application of a magnetic field. As a result, this effect could be attributed to a decrease

in the lifetime of nuclear Zeeman levels due to temperature increase inside the waveguide,

although there has been no observation of temperature rise at the crystal in the course of

experiments. Understanding the nature of such an effect requires more investigations.

The last limitation is the low coupling efficiency of light into the single mode waveguide.

Our characterizations have shown that this problem stems from optical mode mismatch

between the fibers and the waveguide. Tapered fibers, which can be tailored for matching

the waveguide mode, should substantially increase the coupling efficiency beyond the current

maximum of 0.2

In this thesis, for the first time, a quantum memory for light based on a rare earth element

in a waveguide was developed. Improving its performance to the level required for use in

a quantum repeater necessities extensive further material development and spectroscopic

investigations. This includes the fabrication of waveguides with different techniques, in

different host crystals doped with different RE ions in different concentrations, and the

characterization of the spectroscopic properties of each material.
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Chapter 7

Storage of Quantum Information

A quantum memory must be capable to faithfully store quantum information, as discussed

in Chapter 3. Towards the development of a quantum memory with high fidelity storage

capability, first, the spectral properties of a material candidate must be investigated, as we

did for our Tm:LiNbO3 waveguide (Chapter 5). Secondly, using the results of that and

other investigations, a quantum memory protocol must be implemented, as we did with the

AFC protocol (Chapter 6). The next step is to assess the quantum nature of the developed

memory device, which requires storing quantum states encoded into photons, and verifying

that the retrieved photons carry the originally encoded quantum state. In addition, quantum

repeaters require a mechanism that heralds the storage of quantum information, which can

be done, for example, by taking advantage of the generation of photons in pairs, as explained

in Section 3.2.3. Hence, we interfaced our memory device with a photon pair source based

on parametric down conversion and then we demonstrated the faithful storage of time-

bin qubit states, encoded into one member of a photon pair. Also, the detection of the

other photon member was used to conditionally accept a detection after retrieval from the

quantum memory, which is closely related to heralded quantum state storage. This study is

an important step towards the implementation of quantum repeaters. I contributed to this

study at the following stages: Developing the broadband quantum memory, performing the

measurements, analyzing and interpreting the main results and writing the most part of the

manuscript. Our findings from this investigation were published in Physical Review Letters.

The following section is the published version of this article, which has been re-formatted

for the consistency with the other chapters of this thesis.
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Abstract

We demonstrate the conditional detection of time-bin qubits after storage in and retrieval

from a photon-echo based waveguide quantum memory. Each qubit is encoded into one

member of a photon-pair produced via spontaneous parametric down conversion, and the

conditioning is achieved by the detection of the other member of the pair. By performing

projection measurements with the stored and retrieved photons onto different bases, we

obtain an average storage fidelity of 0.885±0.020, which exceeds the relevant classical bounds

and shows the suitability of our integrated light-matter interface for future applications of

quantum information processing.

7.1.1 Introduction

Quantum memories are key elements for future applications of quantum information science

such as long-distance quantum communication via quantum repeaters [1,2] and, more gen-

erally, distributed quantum information processing in quantum networks [3]. They enable
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reversible mapping of arbitrary quantum states between travelling and stationary carriers

(i.e. light and matter). This reduces the impact of loss on the time required to establish

entanglement between distant locations [1], and allows the implementation of local quantum

computers based on linear optics [3]. However, towards these ends, the successful transfer of

a quantum state into the memory must be announced by a heralding signal. When using an

individual absorber, such a signal can be derived through the detection of a change of atomic

level population [5]. In atomic ensembles, this approach is infeasible. Instead, storage is de-

rived from the detection of a second photon that indicates either the absorption [6], or the

presence of the first at the input of the memory [7] (the first approach relies on spontaneous

Raman scattering, the second on using pairs of photons). Furthermore, quantum memories

must have large acceptance bandwidths and multi-mode capacities, and allow on-demand

read-out after second-long storage with high efficiency [7,8]. In addition, for viable quantum

technology, quantum memories should be robust and simple to operate (e.g. be based on

integrated optics).

A lot of progress towards these figures of merit has been reported over the past few years,

including work that explores electromagnetically induced transparency (EIT), as well as

photon-echo and cavity QED-based approaches (see [2,5,7-16] for reviews and latest achieve-

ments). For instance, quantum memories employing Rb vapour have demonstrated efficien-

cies up to 87% [9] and storage times in excess of 0.1 s [10], while GHz bandwidths [11]

and storage of 64 modes [14] have been shown in rare-earth materials. However, having

a quantum memory that simultaneously satisfies all figures of merit currently remains an

outstanding challenge.

Yet, strictly, most of these experiments did not report true heralding – either heralding

was not actually implemented, the “heralding” signal was generated only after the stored

photon left the memory, or the signal could, due to technical issues, only be derived once the

stored photon was detected. Nevertheless, experiments that employ photon pairs [11-13,17]
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do gain from conditioning the detection of the stored photon on that of the auxiliary photon

(i.e. a posteriori “heralding”): By reducing the effects of loss and detector noise, conditioning

generally increases the fidelity between the quantum state of the original and the retrieved

photon.

Supplementing the experiments on storage of entangled photons [11-13,17], we now report

another step towards the goal of building universal, viable, and heralded quantum memory

devices – the storage of photons in pure quantum states in a solid state waveguide, their

retrieval, and their conditional detection by means of temporal correlations with auxiliary

photons. We point out that the step to true heralding is minor and of purely technical

nature; it simply requires using different, existing, single-photon detectors (see [18,19]).

7.1.2 Experiment

Our experimental setup consists of two main blocks, see Fig. 7.1: a spontaneous parametric

down-conversion (SPDC) photon-pair source, and a Ti:Tm:LiNbO3 single mode waveguide

fabricated by indiffusion processes [20]. When cooled to 3 K, and by using a photon-echo

quantum memory protocol [7,8,21], the Tm-doped waveguide allows storage and retrieval of

quantum states encoded into one member of each photon pair, while the detection of the

other member provides the conditioning signal.

In the photon-pair source a mode-locked pump laser generates 6 ps long pulses at a rate

of 80 MHz and 1047.328 nm central wavelength. They are subsequently frequency-doubled

(FD) in a periodically poled LiNbO3 (PPLN) crystal, yielding pulses with 523.664 nm cen-

tral wavelength, 16 ps duration, and 90 mW average power. The FD pulses are sent to

a second PPLN crystal that, via SPDC, produces pairs of photons centred at 795.506 nm

and 1532.426 nm. Frequency filtering the 795 nm photons with a 6 GHz-bandwidth Fabry-

Perot filter (FPF) and the 1532 nm photons with a 9 GHz-bandwidth fiber-Bragg grating

(FBG) we obtain frequency uncorrelated pairs. Each 795 nm photon travels through an

imbalanced, temperature-stabilized Mach-Zehnder interferometer with 42 cm path-length
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Figure 7.1: (color online) a. Photon pair source and quantum memory setup (see
text for details): Wave-plates align light polarization along the LiNbO3’s C3-axis. The
waveguide is held at 3 K, and a 570 G magnetic field is applied along the crystal’s C3-axis (see
Fig. 7.1 2a). b. Timing sequence containing three repeated phases: 10 ms AFC preparation
for optical pumping, 2.2 ms wait to allow excited population to decay, and 40 ms storage
and retrieval, during which 795 nm photons are successively stored for tst = 6 ns and then
recalled.
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difference, corresponding to 1.4 ns relative delay. Thus, each photon emerges in a super-

position of two temporal modes (early and late), i.e., in a time-bin qubit state [22]. They

are then directed into the quantum memory, stored, retrieved, and finally detected by a Si

avalanche-photo-diode (APD)-based single-photon detector.

All 1532 nm photons are sent through 30 m standard telecommunication fiber to an

InGaAs APD-based single-photon detector. As is typically done, the detector is gated to

reduce noise. The gate signal could in principle be the SYNC signal derived from each

pulse emitted by the pump laser. However, as its repetition rate of 80 MHz by far exceeds

the maximum gate frequency of our detector, around 1 MHz, we first AND the SYNC

pulses with pulses generated by each Si-APD detection, and then use this low-rate signal to

gate the InGaAs-APD. Provided the latter is ready for photon detection (i.e. not deadtime-

blocked due to a previous detection), this signal also starts a time-to-digital converter (TDC),

which then records the time-difference between the detection events produced by the Si-APD

and the InGaAs-APD. These data are used to obtain statistics for single detections of the

retrieved 795 nm photons, as well as for detections conditioned on the existence of 1532 nm

photons. We emphasize that if an InGaAs APD supporting 80 MHz gate rate had been

available [18,19], then 1532 nm photons could have been detected without the need for

a priori detection of a 795 nm photon. This simple modification of our setup would have

turned the conditional detection of 795 nm photons into detections that are heralded by

clicks of the InGaAs APD.

The other main block of our setup is a Ti:Tm:LiNbO3 waveguide that allows storage and

retrieval of the 795 nm photons via the atomic frequency comb (AFC) quantum memory

protocol [21]. This approach to quantum state storage requires the spectral absorption of an

atomic ensemble to be constituted of a series of equally spaced lines with frequency spacing

∆ν . The interaction between such an AFC and a photon with wavevector k leads to the

absorption of the photon and generates a collective excitation in the atomic medium that is
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described by

|Ψ〉 =
1√
N

N∑
j=1

cje
i2πmj∆νte−ikzj |g1, · · · ej, · · · gN〉 . (7.1)

Here, |gj〉 (|ej〉) denotes the ground (excited) state of atom j, mj∆ν is the detuning of the

atom’s transition frequency from the photon carrier frequency, zj its position measured along

the propagation direction of the light, and the factor cj depends on the atom’s resonance

frequency and position. Because of the presence of different atomic transition frequencies,

the excited collective coherence dephases rapidly. However, the particular shape of the ab-

sorption line results in the recovery of the collective coherence after storage time tst = 1/∆ν .

This can easily be seen from Eq. (7.1): for t = 1/∆ν all frequency dependent phase factors

are zero (mod 2π). This leads to re-emission of the photon into the original mode and quan-

tum state with maximally 54% efficiency for an optimally implemented AFC. Modifications

to the procedure enable recall on demand and up to 100% efficiency [21].

Suitable media in which to implement the AFC protocol are cryogenically cooled rare-

earth ion doped crystals [7,23]. They feature inhomogeneously broadened absorption profiles,

often posses long-lived atomic sub-levels that can serve as shelving levels for tailoring the

AFC through persistent spectral hole burning, and generally have long coherence times on

optical and spin transitions. We use the 3H6-3H4 transition of Tm ions in a single-mode

channel waveguide fabricated by Ti indiffusion into the Tm doped surface of a Z-cut LiNbO3

crystal, see Fig. 7.2a [20]. To tailor the desired AFC into the inhomogeneously broadened

absorption profile, Tm ions with transition frequencies within the comb’s troughs are opti-

cally pumped via the excited level into long-lived nuclear Zeeman levels, see Fig. 7.2b [20,24].

To achieve frequency selective optical pumping we employed a linear side-band chirp tech-

nique [11,25] that allowed us to create a 5 GHz broad grating (matching the spectral width

of the 795 nm photons) with tooth spacing of 167 MHz, see Fig. 7.2c. This corresponds to a

storage time of 6 ns. After each 10 ms-long AFC preparation a 2.2 ms-long wait time allows

atoms excited by the optical pumping to decay before photon storage (see Fig. 7.1b for the
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Figure 7.2: (color online) a. Waveguide geometry: The sample surface is first doped by
indiffusing a ≈ 20 nm thick Tm layer yielding a concentration profile of ≈ 6 µm depth with
≈ 1020 ions per cm3 surface concentration. Subsequently a 3 µm wide channel waveguide
is fabricated by indiffusion of a 40 nm thick vacuum-deposited Ti stripe. AFC preparation
light and single photons are coupled in and out of the waveguide with 10% total efficiency
by butt-coupling single mode fibers. b. Simplified energy level diagram of Tm ions:
The optical coherence time of the 3H6-3H4 transition at 3 K is 1.6 µs, and the radiative
lifetimes of the 3H4 and 3F4 levels are 82 µs and 2.4 ms, respectively. A 570 G magnetic
field splits the ground and excited levels into Zeeman sub-levels. The ground Zeeman level
splitting is ∼ 83 MHz, and the lifetime of the upper ground level exceeds one second.
c. 5 GHz-bandwidth AFC: The tooth separation is ∆ν = 167 MHz, corresponding to
6 ns storage time. The line-width of the teeth is γ = 83 MHz.

timing per experimental cycle). A set of micro electro-mechanical switches (MEMS) then

open the channel for qubits to enter the memory, and, after recall, direct them towards the

Si-APD. We assessed our memory’s retrieval efficiency to be (2 ± 0.5)%. Taking the 10 dB

fibre-to-fibre coupling loss in and out of the waveguide into account, this yields an overall

system efficiency of approximately 0.2% [11].

An interesting and useful aspect of photon-echo quantum memory protocols is that they

provide a robust tool to manipulate time-bin qubits [26-29]. For example, by using the
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AFC approach, any projection measurement on time-bin qubit states can be performed by

superimposing two combs (double AFC) with appropriately chosen relative center frequencies

and amplitudes [27]. This leads to two re-emission times that can be set to differ by the

temporal mode separation of the qubit to be analyzed (1.4 ns for our experiments). Hence,

as a previously absorbed photon is re-emitted by the superimposed combs, early and late

temporal modes interfere, allowing the qubit state to be analyzed in the same way as is

typically done with an imbalanced Mach-Zehnder interferometer [27]. Double AFC recall

will, however, lead to a reduction of the recall efficiency (compared to single recall).

7.1.3 Measurements

To demonstrate faithful storage and retrieval of quantum states from the memory, we per-

formed projection measurements with various time-bin qubits onto different bases using

single (standard) and double AFC schemes as explained before. In all our measurements the

average photon number per qubit was 0.1 at the output of the qubit-encoding interferome-

ter. First we generated qubit states that occupy only early |e〉 or late |l〉 temporal modes by

blocking either the long or short arm of the qubit-encoding interferometer, respectively, and

then stored these states in the memory for 6 ns. Fig. 7.3 (left) shows single detections (no

conditioning) of the retrieved photons as a function of the time difference with respect to

the START signal. The dark counts from the Si-APD reduce the signal to noise ratio (SNR)

to ∼ 5. For an input state |e〉, we compute the fidelity as Fe = Ce|e/(Ce|e + Cl|e), where,

e.g., Cl|e denotes the number of detected counts in the late time-bin given |e〉 was encoded in

the qubit at the input. Similarly, we can find Fl, enabling us to calculate the mean fidelity:

Fel = (Fe + Fl)/2 = 0.8514± 0.0004.

On the other hand, conditioning the detections of the retrieved photons on the detection

of 1532 nm photons leads to a substantial increase of the SNR to ∼ 22, as shown in Fig. 7.3

(right). This yields a mean fidelity of F∗el = 0.9539± 0.0024.

Next, qubit states in an equal superposition of early and late temporal modes 1√
2
(|e〉 +
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Figure 7.3: (color online) Storage of early and late time-bin qubit states in the AFC
memory: The left-hand figure depicts the histograms from 180 min of single detections of
the retrieved 795 nm photons prepared in early (red) and late (green) qubit states with the
highlighted regions marking the relevant detection windows. The right-hand figure shows
the detections conditioned on 1532 nm photons for the same states. Without conditioning
the fidelities are Fe = 0.8652 ± 0.0006 and Fl = 0.8376 ± 0.0004 for the storage of early
and late time-bin states, respectively. Correspondingly, with conditioning, the fidelities are
F∗e = 0.9505± 0.0058 and F∗l = 0.9573± 0.0033.

eiφ|l〉) were produced with φ set to zero. Storage and projection measurements were per-

formed using the double AFC scheme with the relative phase of the two combs (measured

w.r.t. the phase introduced by the qubit-encoding interferometer) varied by π/2 increments.

The results for single and conditional detections are given in Fig. 7.4. The histograms show

the detection statistics for zero and π double AFC phase settings, from which we extract a

SNR slightly above 1 for the single, and above 6 for the conditional detection. In the lower

part of Fig. 7.4 we show the normalized counts for each projection setting for the single and

conditional detections. Fitting sinusoidal curves to these we derive visibilities V , which, in

turn, yield a fidelity F = (1 + V)/2 for single detections of Fφ = 0.682 ± 0.020. For con-

ditional detections we find a significantly larger value of F∗φ = 0.851 ± 0.030. These figures

allow establishing an average, single detection fidelity: F ≡ (Fel + 2Fφ)/3 = 0.738± 0.029.

This violates the quantum classical bound [30] of ∼ 0.667, thus verifying that our mem-

ory outperforms any classical storage protocol. However, it is below the bound of ∼ 0.833
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for an optimal universal quantum cloner [31]. Harnessing the conditional detection we find

F∗ = 0.885± 0.020. This beats the quantum-classical bound by 10 standard deviations and

also violates the optimal universal quantum cloner bound by 2.5 standard deviations.
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Figure 7.4: (color online) Retrieval of qubits created in a superposition of early and
late temporal modes: The top left figure presents histograms of single detections of the
retrieved 795 nm photons with AFC phase settings of zero (red) and π (green), collected
during 80 min. The top right figure shows the same histograms for conditional detections.
The highlighted regions mark detection windows used to derive projection probabilities re-
quired to calculate fidelities. The lower curves show single and coincidence counts obtained
for all phase settings for single detections (left) and conditional detections (right), yielding
visibilities of 0.364± 0.087 and 0.701± 0.059, respectively.

7.1.4 Conclusion

To conclude, we have demonstrated storage, retrieval, and conditional detection of different

time-bin qubit states using a solid-state Ti:Tm:LiNbO3 waveguide quantum memory with
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average fidelity F∗ = 0.885 ± 0.020, which exceeds the relevant classical bounds. Operat-

ing the memory in a heralded fashion is readily achievable with high-rate APDs that have

recently become commercially available. Despite our memory device’s current limitations,

namely efficiency, storage time, and preset recall time, the high fidelity and the wide spectral

acceptance makes our approach promising for future quantum communication schemes and

quantum networks. The LiNbO3 host crystal and the waveguide structure have potential

advantages in quantum memory applications such as fast electric field control of collective

atomic phase evolution and, due to the resemblance with building blocks of classical inte-

grated optical devices [32], it holds promise for simple integration with existing information

technology. Furthermore, the ability to perform projection measurements using a photon-

echo memory provides a simple and robust tool that might find use in other applications of

quantum information processing.
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Chapter 8

Storage and Retrieval of Photonic Entanglement

Entanglement is one of the fundamental and most surprising concepts in quantum mechanics.

It can give rise to certain correlations between separate quantum mechanical systems that

cannot be explained by classical physics (see Sect. 2.2 and 2.3). The most astonishing feature

of these correlations is their non-local character. The interpretation of this counter-intuitive

phenomenon is so important that it has occupied philosophers, physicists, other scientists

and the general populace since the early days of quantum theory.

Beyond this fundamental aspect, quantum entanglement is a basic resource for long dis-

tance quantum communications, as discussed in Chapter 2. Entanglement allows for the

distribution of quantum information between remote locations without direct transmission

of that information. As further explained in Sect. 3.1, for achieving this task over large

distances, one also requires quantum memories that store entanglement until needed. Con-

sequently, a quantum memory that is suitable for quantum communication must preserve

entanglement during storage. Following our demonstration of faithful quantum information

storage, our next goal thus was to demonstrate the storage and retrieval of entangled states

of light. To do this, we reversibly mapped one member of time-bin entangled photon pairs

into and out of our waveguide quantum memory. By performing correlations measurements,

we demonstrated that the retrieved photon remains entangled with the other member of the

pair, without degradation in the amount of entanglement. This experiment is a very impor-

tant step towards the realization of long distance quantum communication. My contributions

to this study were the following : Developing the broadband quantum memory, performing

measurements, analysis and interpretation of the main results, editing the manuscript. Our

study was published in the January 2011 issue of Nature. The following section is the pub-
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lished version of this article which has been re-formatted for the consistency with the other

chapters of this thesis.

8.1 Paper III

Nature 469, 512-515, 27 January 2011

Broadband Waveguide Quantum Memory for Entangled Photons

Erhan Saglamyurek1, Neil Sinclair1, Jeongwan Jin1, Joshua A. Slater1, Daniel Oblak1, Félix

Bussières1, Mathew George2, Raimund Ricken2, Wolfgang Sohler2, and Wolfgang Tittel1

1Institute for Quantum Information Science, and Department of Physics and Astronomy,

University of Calgary, 2500 University Drive NW, Calgary, Alberta T2N 1N4, Canada

2Department of Physics - Applied Physics, University of Paderborn, Warburger Str. 100,

33095 Paderborn, Germany

Abstract

The reversible transfer of quantum states of light into and out of matter constitutes an

important building block for future applications of quantum communication: it will allow the

synchronization of quantum information [1], and the construction of quantum repeaters [2]

and quantum networks [3]. Much effort has been devoted to the development of such quantum

memories [1], the key property of which is the preservation of entanglement during storage.

Here we report the reversible transfer of photon–photon entanglement into entanglement

between a photon and a collective atomic excitation in a solid–state device. Towards this

end, we employ a thulium-doped lithium niobate waveguide in conjunction with a photon-

echo quantum memory protocol [4], and increase the spectral acceptance from the current

maximum [5] of 100 Megahertz to 5 Gigahertz. We assess the entanglement-preserving
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nature of our storage device through Bell inequality violations [6] and by comparing the

amount of entanglement contained in the detected photon pairs before and after the reversible

transfer. These measurements show, within statistical error, a perfect mapping process. Our

broadband quantum memory complements the family of robust, integrated lithium niobate

devices [7]. It simplifies frequency-matching of light with matter interfaces in advanced

applications of quantum communication, bringing fully quantum-enabled networks a step

closer.

8.1.1 Introduction

Quantum communication is founded on the encoding of information, generally referred to

as quantum information, into quantum states of light [6]. The resulting applications of

quantum physics at its fundamental level offer cryptographic security through quantum

key distribution without relying on unproved mathematical assumptions [8] and allow for

the disembodied transfer of quantum states between distant places by means of quantum

teleportation [6]. Reversible mapping of quantum states between light and matter is central

to advanced applications of quantum communication such as quantum repeaters [2] and

quantum networks [3], in which matter constitutes nodes that hold quantum information

until needed, and thereby synchronize the information flow through the communication

channel or network. Furthermore, such a quantum interface allows the generation of light–

matter entanglement through the mapping of one of two entangled photons into matter. To

determine whether and how different physical systems can be entangled, and to localize the

fundamental or technological boundaries where this fascinating quantum link breaks down,

are central goals in quantum physics and have received much attention over the past decades

[6].

The reversible light–matter interface can be realized through the direct transfer of quan-

tum states from light onto matter and back, or through the generation of light–matter

entanglement followed by teleportation of quantum information from an externally provided
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photon into matter, and eventually back. Experimental capabilities have advanced rapidly

over the past years and quantum state transfer between light and atomic vapour [9–13],

solid–state ensembles [4,14], or single absorbers [15], as well as the generation of light–

matter entanglement through the absorption of photons [16–18], or the emission of photons

from atomic ensembles [19–21] or single emitters [22, 23] have all been reported.

For quantum memory to become practical, it is important to reduce the complexity of

experimental implementations, and the recent addition of rare-earth-ion-doped crystals [4,14]

to the set of storage materials has been a valuable step towards this goal. The promise of

such crystals is further enhanced through potentially long storage times–up to several seconds

in Pr:Y2SiO5 [24]. In addition, given the large inhomogeneous broadening of optical zero-

phonon lines, up to 100 Gigahertz (GHz), rare-earth-ion-doped crystals in principle offer

storage of photons with less than 100-picosecond duration when being used in conjunction

with a suitable quantum memory protocol [4]. Yet, the reversible state transfer between

light and solid–state devices has so far not been shown to preserve entanglement. This is

largely due to the limited spectral bandwidth of current implementations, 100 Megahertz

(MHz) at most [5], which is orders of magnitude smaller than that of entangled photon pairs

generated in the widely used process of spontaneous parametric down-conversion [6]. In

this work, we approach the problem from both ends: we increase the acceptance bandwidth

of our storage device to 5 GHz and narrow the bandwidths of our entangled photons to

similar values. Furthermore, by using a wave-guiding storage medium, we move fundamental

quantum memory research further towards application.

8.1.2 Experiment

The layout of our experiment is depicted in Fig. 8.1. Short pulses of 523-nm wavelength light

travel through an unbalanced interferometer. For sufficiently small pulse energies, subsequent

spontaneous parametric down-conversion yields, to a good approximation, individual pairs

of photons, centred at wavelengths around 795 nm and 1,532 nm, in the time-bin entangled
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qubit state [25]: ∣∣φ+
〉

=
1√
2

(|e, e〉+ |l, l〉) (8.1)

Here, |e〉 and |l〉 denote early and late temporal modes and replace the usual spin-down

and spin-up notation for spin-half particles. More specifically, |i, j〉 denotes a quantum state

in which the 795-nm photon has been created in the temporal mode i, and the 1,532-nm

photon has been created in the temporal mode j. We point out that, owing to the spectral

filtering, our source generates frequency-uncorrelated entangled photons at wavelengths that

match the low-loss windows of free-space and standard telecommunication fibre. It can thus

be readily used in real-world applications of quantum communication that involve quantum

teleportation and entanglement swapping.

The 1,532-nm photon is directed to a qubit analyser. It consists of either a fibre delay line

followed by a single-photon detector that monitors the photons arrival time, or a fibre-optical

interferometer that is unbalanced in the same way as the pump interferometer, followed by

single-photon detectors. The role of the delay line is to perform projection measurements of

the photons state onto early and late qubit states. Alternatively, the interferometer enables

projections onto equal superpositions of early and late modes [25]. Using the language of

spin-half systems, this corresponds to projections onto σz and, for appropriately chosen

phases, σx and σy, respectively.

The 795-nm photon is transmitted to the quantum memory where its state –specifically

that it is entangled with the 1,532-nm photon– is mapped onto a collective excitation of

millions of thulium ions. Some time later, the state is mapped back onto a photon that exits

the memory through a fibre in well-defined spatio-temporal modes and is probed by a second

qubit analyser.

To reversibly map the 795-nm photon onto matter, we use a photon-echo quantum mem-

ory protocol based on atomic frequency combs (AFC) [4]. It is rooted in the interaction of

light with an ensemble of atomic absorbers (so far rare-earth-ion-doped crystals cooled to
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Figure 8.1: Schematics of the experimental set-up: a. Generating and measuring entan-
glement. Six-picosecond-long pump laser pulses (1,047.328nm wavelength, 80MHz repetition
rate) are frequency doubled (FD) in a periodically poled lithium niobate (PPLN) crystal.
Each resulting 16-ps-long pulse (523.664-nm wavelength, 90mW average power) is coherently
split into two by the unbalanced pump interferometer, featuring a 1.4-ns travel-time differ-
ence. Spontaneous parametric down-conversion (SPDC) in a second PPLN crystal followed
by frequency filtering using an etalon and a fibre Bragg grating (FBG) (bandwidths of 6 GHz
and 9 GHz, respectively), yields maximally entangled pairs of photons centred at 795.506-nm
and 1,532.426-nm wavelength (DM, dichroic mirror). The 1,532-nm photon travels through a
30-m telecommunication fibre, and the 795-nm photon is either stored in the memory or sent
through a fibre delay line (not pictured). To characterize the bi-photon state, we use qubit
analysers consisting of delay lines or unbalanced interferometers connected to single-photon
detectors. Detection events are collected with a time-to-digital converter (TDC) connected
to a personal computer (PC). All interferometers are phase-locked to stable reference lasers
(not shown). b. Memory set-up. The 795.506-nm continuous-wave memory laser beam is
intensity- and phase/frequency-modulated using an acousto-optic modulator (AOM) and a
phase modulator (PM). The waveguide is cooled to 3 K and exposed to a 570-G magnetic
field aligned with the crystals C3-axis. Waveplates allow adjusting the polarization of the
beam to the waveguides transverse magnetic (TM) mode, and optical switches combine and
separate the optical pump beam and the 795-nm photons. c. Timing sequence. We use
three continuously repeated phases: the 10ms “prepare” phase for optical pumping, the
2.2-ms “wait” phase, which ensures stored photons are not polluted by fluorescence from the
excited state, and the 40-ms “store and retrieve” phase, during which many 795-nm photons
are successively stored in the waveguide and recalled after 7 ns.
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cryogenic temperatures) with an inhomogeneously broadened absorption line that has been

tailored into a series of equally spaced absorption peaks (see Fig. 8.2). The absorption of a

single photon leads to a collective excitation shared by many atoms. Owing to the particular

shape of the tailored absorption line, the excited collective coherence rapidly dephases and

repeatedly recovers after multiples of the storage time Ts. This results in the re-emission of

a photon in the state encoded into the original photon.

In our implementation the moment of photon re-emission is predetermined by the spacing

of the teeth in the comb, Ts = 1/∆, and the storage process can be described as arising from

the linear response of an optical filter made by spectral hole burning. Yet, readout on demand

can be achieved by temporarily mapping the optically excited coherence onto ground-state

coherence where the comb spacing is smaller or the comb structure is washed out [4], or by

combining the AFC protocol with controlled reversible inhomogeneous broadening of each

absorption line, similar to the storage mechanism used in another photon-echo quantum

memory protocol [1].

Our storage device, a Ti:Tm:LiNbO3 optical waveguide cooled to 3 K, is detailed in Fig.

8.2. It was previously characterized to establish its suitability as a photon-echo quantum

memory material [26]. It combines interesting properties from the specific rare-earth element

(795-nm storage wavelength), the host crystal (allowing for controlled dephasing and rephas-

ing by means of electric fields), and from the wave-guiding structure (ease-of-use). Lithium

niobate waveguides have also been doped with neodymium, praseodymium and erbium [7],

and we conjecture that other rare-earth ions could also be used. This could extend the

properties of LiNbO3 and allow an integrated approach to other storage wavelengths, ions

with different level structures, and so on.

To generate the AFC, we use a sideband-chirping technique (see Supplementary Infor-

mation) to transfer atomic population between magnetic sublevels and create troughs and

peaks in the inhomogeneously broadened absorption line. They form a 5-GHz-wide comb
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Figure 8.2: The storage medium: a. Waveguide geometry. The measured thulium (Tm)
concentration profile is given on the left and the calculated intensity distribution of the
fundamental TM-mode at the 795-nm wavelength is shown below. Iso-intensity lines are
plotted corresponding to 90%, 87.5%, 75% and so on of the maximum intensity. b. Simplified
energy level diagram of thulium ions. The optical coherence time of the 3H6 ↔3H4 transition
at 3 K is 1.6 µs, the radiative lifetimes of the 3H4 and 3F4 levels are 82 µs and 2.4 ms,
respectively, and the branching ratio from the 3H4 to the 3F4 level is 44%. Upon application
of a magnetic field of 570 G, the ground and excited levels split into magnetic sublevels
with lifetimes exceeding one second [27].c. Atomic frequency comb. The bandwidth of our
AFC is 5 GHz (shown here is a 1-GHz broad section). The separation between the teeth is
∆ ≈ 143 MHz, resulting in 7 ns storage time. The line width of the peaks is γ ≈ 75 MHz,
yielding a finesse F = 2, as expected for the sinus-type comb.
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with tooth spacing of 143 MHz, setting the storage time to 7 ns. The system efficiency in our

implementation is currently about 0.2%. This is in part due to the 90% fibre-to-waveguide

input and output coupling loss, which we attribute to imperfect mode overlap. In addition,

owing to the specific level structure of thulium under current experimental conditions, the

finesse of the comb in the broadband approach is two, which limits the memory efficiency

to about 10%. However, imperfections in the creation of the comb decrease this efficiency

to around 2%. The system efficiency can be increased by improving the spectral tailoring of

the AFC, and triggering photon re-emission in the backward direction. By also optimizing

the mode overlap, we anticipate that it could reach approximately 15%. Furthermore, if

the two long-lived atomic levels between which population is transferred during the optical

pumping procedure (in our case the two magnetic ground states; see Fig. 8.2) are spaced by

more than the storage bandwidth, the memory efficiency can theoretically reach unity (see

Supplementary Information).

8.1.3 Measurements

To assess the quantum nature of our light–matter interface, we first make projection measure-

ments with the 795 nm photons and the 1532 nm photons onto time-bin qubit states charac-

terized by Bloch vectors aligned along aaa, bbb , respectively, where a, ba, ba, b ∈ [±σx,±σy,±σz] (see

Fig. 8.3). Experimentally, this is done by means of suitably adjusted qubit analyzers, and by

counting the number C(a, ba, ba, b) of detected photon pairs. From two such spin-measurements,

we calculate the normalized joint-detection probability

P (a, ba, ba, b) =
C(a, ba, ba, b)

C(a, ba, ba, b) + C(a,−ba,−ba,−b) (8.2)

The measurement and the results with the fibre delay line, as well as the memory, are

detailed in Fig. 8.3 and the Supplementary Information. From this data, we reconstruct

the bi-photon states before and after storage in terms of their density matrices ρin and ρout,

depicted in Fig. 8.3, using a maximum likelihood estimation [27]. This, in turn, allows us
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Figure 8.3: Measurement of density matrices: a. Visualization of projection measure-
ments. The measurement settings for the 795-nm (or 1,532-nm) qubit analyser are depicted
on the upper (or lower) Bloch sphere. The example shows joint settings that enable calcu-
lating normalized probabilities for projections onto σz ⊗ σz σz ⊗ −σz. b. Results for joint
projection measurement after storage. The top (bottom) histogram displays joint detection
events for the projection onto σz⊗σz and σz⊗−σz(−σz⊗σz and −σz⊗−σz) as a function of
the time difference between detections of the 795-nm and the 1,532-nm photons. The desired
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joint-detection probabilities for projections onto σz⊗σz and σz⊗−σz (for results with other
joint settings see the Supplementary Information). c. Density matrices. Density matrices
were calculated using a maximum-likelihood estimation for the bi-photon states before and
after storage. Only the real parts are shownthe absolute values of all imaginary components
are below 0.04.
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Entanglement of formation (%) Purity (%) Fidelity with |φ+〉 Input/output fidelity (%) Expected Sth Measured S
ρin 64.4 ±4.2 75.7± 2.4 86.2±1.5 2.235±0.085 2.379±0.034
ρout 65 ±11 76.3±5.9 86.6±3.9 95.4 ±2.9 2.2 ±0.22 2.25±0.060.22

Table 8.1: Entanglement measures, purities and fidelities: Entanglement of formation
(normalized with respect to the entanglement of formation of |φ+〉, purity P=tr(ρ2)), fidelity

with |φ+〉, input–output fidelity F =
(
tr
√√

ρoutρin
√
ρout
)2

(referring to the fidelity of ρout
with respect to ρin), and expected and experimentally obtained S values for tests of the
CHSH Bell inequality (measured for aaa = σx, a

′a′a′ = σy, bbb = σx + σy and b′b′b′ = σx − σy). The
correlation coefficients used to compute S and the calculation of Sth are detailed in the
Supplementary Information. We note that the original state (and hence the recalled state)
has limited purity and fidelity with |φ+〉. This is due to the probabilistic nature of our
spontaneous parametric down-conversion source, which features a non-negligible probability
of generating more than two photons simultaneously [26]. Uncertainties indicate one-sigma
standard deviations and are estimated from Poissonian detection statistics and using a Monte
Carlo simulation

to examine the entanglement of formation [28], a measure that indicates entanglement if it

exceeds zero; it is upper-bounded by one. The results, listed in Table 8.1, clearly show the

presence of entanglement in ρin and ρout and, within experimental uncertainty, establish that

the storage process preserves entanglement without measurable degradation. Furthermore,

we note that the fidelity F between ρin and ρout is close to one, and hence the unitary

transformation introduced by the storage process is almost the identity transformation.

In addition, as a second entanglement measure, we perform tests of the Clauser–Horne–

Shimony–Holt (CHSH) Bell inequality [6]. This test indicates non-local correlations and thus

the possibility of using the bi-photons for entanglement-based quantum key distribution [8]

if the sum:

S = |E(aaa, bbb) + E(a′a′a′, bbb) + E(aaa, b′b′b′)− E(a′a′a′, b′b′b′)| (8.3)

of four correlation coefficients

E(aaa, bbb) =
C(aaa, bbb)− C(aaa,−b−b−b)− C(−a−a−a, bbb) + C(−a−a−a,−b−b−b)
C(aaa, bbb) + C(aaa,−b−b−b) + C(−a−a−a, bbb) + C(−a−a−a,−b−b−b) (8.4)

with appropriately chosen settings aaa, a′a′a′ and bbb, b′b′b′ exceeds the classical bound of two; quantum

mechanically it is upper-bounded by 2
√

2. As detailed in Table 8.1, we find Sin = 2.379 ±
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0.034 > 2 before the memory and, crucially, Sout = 2.25 ± 0.06 > 2, which is in agreement

with the value Sth = 2.2 ± 0.22 predicted from the reconstructed density matrix ρout. This

validates the suitability of our set-up for quantum communication.

8.1.4 Conclusions

Our investigation provides an example of entanglement being transferred between physical

systems of different nature, thereby adding evidence that this fundamental quantum prop-

erty is not as fragile as is often believed. Furthermore, our broadband integrated approach

permits the linkage of a promising quantum storage device with extensively used, high-

performance sources of photons in bi- and multi-partite entangled states [6]. Although the

storage efficiency and the storage time need to be significantly increased, and the moment

of recall was pre-set, this study opens the way to new investigations of fundamental and ap-

plied aspects of quantum physics. Having increased the storage bandwidth also significantly

facilitates the building of future quantum networks, because mutual frequency matching of

photons and distant quantum memories will be simple. In addition, a large storage band-

width –that is, the possibility to encode quantum information into short optical pulses–

allows us to increase the number of temporal modes that can be stored during a given time.

This enhances the flow of quantum information through a network and decreases the time

needed to establish entanglement over a large distance using a quantum repeater [1,2].

We note that, parallel to this work, Clausen et al. have demonstrated the storage of an

entangled photon using a neodymium-doped crystal [29].
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8.1.6 Supplementary Information

Preparation of the Atomic Frequency Comb (AFC): The AFC amounts to a periodic

modulation in frequency of the optical density of the inhomogeneously broadened 3H6 ↔3H4

thulium absorption line. It can be generated by optically pumping atoms to off-resonant

shelving levels - in our case nuclear Zeeman levels [27,31]. To that end, we modulate the

intensity of the 795 nm memory laser while scanning its frequency [32]. The frequency

sweep is implemented using a lithium niobate phase modulator driven by a 20 GS/s arbitrary

waveform generator. To avoid overlap of first and higher order modulation, the sweep extends

from 5 GHz to 10 GHz, thus efficiently preparing a 5 GHz-bandwidth AFC memory. The

laser intensity modulation is achieved by beating two frequency components, generated in

an acousto-optic modulator (AOM) placed before the phase-modulator.

The memory storage time Ts is set by the frequency spacing between the teeth of the

AFC, and is determined by Ts = δ/α, where δ = 0.35 MHz is the difference between the

two frequency components and α = 50 × 1012 MHz/s is the sweep rate. This yields 142.85

MHz spacing between the AFC teeth, which translates into 7 ns memory storage time. For

a high contrast AFC, the chirp cycle is repeated 100 times leading to a 10 ms overall optical

pumping duration. The 2.2 ms wait time following the preparation corresponds to 27 times

the radiative lifetime of the 3H4 excited level, and ensures no fluorescence masks the retrieved

photons.

The optical pumping involves population transfer between ground-state sublevels. As

the comb structure extends over all these levels, we carefully chose the magnetic field to

make sure that those ions that initially absorb at frequencies where we desire a trough are
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  sxsx sxsy sxsz sx-sz sysx sysy sysz sy-sz 

Pin  [%] 902 491 491 511 521 102 511 491 

Pout [%] 896 498 484 524 496 145 494 514 

  szsx szsy szsz sz-sz -szsx -szsy -szsz -sz-sz 

Pin  [%] 461 461 94.20.1 5.80.1 461 451 7.60.2 93.00.2 

Pout [%] 516 566 941 61 485 525 61 941 

Table 8.2: Joint-detection probabilities for density matrix reconstruction: Mea-
sured joint-detection probabilities for all projection measurements required to calculate the
density matrices for the bi-photon state emitted from the source (Pin), and after storage and
recall of the 795 nm photon (Pout). Uncertainties indicate one-sigma standard deviations
based on Poissonian detection statistics.

transferred to frequencies where we desire a peak.

The measurement: First, we stabilize the pump interferometer and the 1532 nm inter-

ferometer to arbitrarily chosen phase values. We define the phase introduced by the pump

interferometer to be zero, i.e. we absorb it into the definition of the “early” and “late” qubit

states, leading to the maximally entangled state

∣∣φ+
〉

=
1√
2

(|e, e〉+ |l, l〉) (8.5)

Furthermore, we define the measurement performed by the 1532 nm qubit analyzer to be

+σx. Next, we change the phase of the 795 nm interferometer and maximize the normalized

joint detection probability

P (a, ba, ba, b) =
C(a, ba, ba, b)

C(a, ba, ba, b) + C(a,−ba,−ba,−b) (8.6)

with a fibre delay line in place of the memory. We define this setting to correspond to

a projection onto +σx, and we measure Pin(σx ⊗ σx) over 5 minutes. This measurement

(without the memory) is taken as being on the state ρin, i.e. the bi-photon state before

storage. Next, we add the memory and similarly measure Pout(σx ⊗ σx) over approximately

5 hours. When necessary to change the setting of either qubit analyzer to σy, we increase

the phase difference introduced by the respective interferometer by π/2. For projection

measurements onto σz, we use the delay line in the qubit analyzer. Each joint projection
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measurement is done with and without memory; the results, given in supplementary table

8.2, allow calculating the density matrices ρin and ρout describing the photon pair states

before and after storage, respectively [28].

To measure the correlation coefficients

E(aaa, bbb) =
C(aaa, bbb)− C(aaa,−b−b−b)− C(−a−a−a, bbb) + C(−a−a−a,−b−b−b)
C(aaa, bbb) + C(aaa,−b−b−b) + C(−a−a−a, bbb) + C(−a−a−a,−b−b−b) (8.7)

required for testing the Clauser-Horne-Shimony-Holt (CHSH) Bell inequality [33]. we chose,

aaa = σx, a
′a′a′ = σy, bbb = σx + σy, and b′b′b′ = σx − σy. Projections onto σx ± σy require chang-

ing phase differences by ±π/4 as compared to those defining projections onto σx. For this

measurement we added a detector to the second output of the interferometer in the 795

nm qubit analyzer so that C(aaa,bbb), C(-a-a-a,bbb), C(aaa,-b-b-b) and C(-a-a-a,-b-b-b) could be measured simul-

taneously. Measurements without memory are done over 15 min, those with memory over

12-15 hours. The resulting correlation coefficients are detailed in supplementary table 8.3.

From these we calculate Sin = 2.379 ± 0.034 > 2 before storage and Sout = 2.25± 0.06 > 2

after storage. Both are approximately equal, larger than 2, and hence violate the CHSH

Bell inequality, proving again the presence of entanglement and, beyond that, the suitability

of the bi-photon states for quantum key distribution [9]. Moreover, the measured S–values

are in good agreement with the respective theoretical values of Sth = 2.235 ± 0.085 and

Sth = 2.2± 0.22 calculated using the measured density matrix with uncertainties estimated

from Monte-Carlo simulations.

Calculation of purity, entanglement measures [29] and fidelities: Assuming an arbi-

trary two-qubit input state ρ, the concurrence is defined as C(ρ) = max {0, λ1 − λ2 − λ3 − λ4},

where the λis are, in decreasing order, the square roots of the eigenvalues of the matrix

ρ(σy ⊗ σy)ρ∗(σy ⊗ σy) and ρ∗ is the element wise complex conjugate of ρ. The entanglement

of formation is then calculated as

EF (ρ) = H
(

0.5 + 0.5
√

1− C2(ρ)
)

(8.8)
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  sy( sx+sy) sy( sx-sy) sx( sx+sy) sx (sx-sy) 

Ein  [%] 59.71.7 -55.41.9 52.01.5 70.81.8 

Eout [%] 543 -644 533 533 

Table 8.3: Correlation coefficients for Bell-inequality tests: Measured correlation
coefficients (see Eq. 8.7) required to test the CHSH Bell inequality. Uncertainties indicate
one-sigma standard deviations based on Poissonian detection statistics.

where H(x) = −xlog2x− (1− x)log2(1− x). Finally, fidelity between ρ and σ is

F (ρ, σ) =

(
tr
√√

ρσ
√
ρ

)2

(8.9)

and the purity of a state ρ is

P = tr(ρ2) (8.10)

The Ti:Tm:LiNbO3 waveguide: To fabricate the Ti:Tm:LiNbO3 waveguide, a commer-

cially available 0.5 mm thick Z-cut wafer of undoped, optical grade congruent lithium niobate

(CLN) was cut into samples of 12 mm x 30 mm size. Tm doping was achieved by indiffusing a

vacuum-deposited (electron-beam evaporated) Tm layer of 19.6 nm thickness. The diffusion

was performed at 1130 ◦C during 150 h in an argon-atmosphere followed by a post treatment

in oxygen (1 h) to get a full re-oxidization of the crystal. Tm occupies regular Li-sites when

incorporated in CLN by diffusion [34]. The Tm indiffusion leads to a 1/e penetration depth

of about 6.5 µm. The maximum Tm concentration of about 1.35 × 1020 cm−3 corresponds

to a concentration of 0.74 mole %, which is considerably below the solid solubility of Tm in

CLN [35]. Subsequently, the waveguide was formed by the well-known Ti–indiffusion tech-

nique. At first, a 40 nm thick titanium layer was electron-beam deposited on the Tm-doped

surface of the CLN substrate. From this layer, 3.0 µm wide Ti stripes were defined by photo-

lithography and chemical etching and subsequently in-diffused at 1060◦C for 5 h to form 30

mm long optical strip waveguides. In the wavelength range around 795 nm, the waveguides
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Figure 8.4: Simplified level diagram for Tm:LiNbO3.

are single mode for TE- and TM-polarization. To finish the fabrication, the waveguide was

cut to 15.7 mm and end faces were carefully polished normal to the waveguide axis.

Limitation to efficiency: While the current system efficiency (characterizing the proba-

bility for a photon that enters the cryostat to leave it after recall) of around 0.2% is sufficient

to show the entanglement-preserving nature of the storage process, it is clear that this num-

ber has to be improved to make the memory more practical and to allow for more involved

fundamental measurements.

First, we note that better optical mode matching between the fibre and the LiNbO3

waveguide can be expected to improve the fibre-to-fibre transmission from 10% to 50%.

Second, assuming storage in optical coherence and Gaussian-shaped teeth, the efficiency

of the first recall in the forward direction is given by

ε = (d1/F )2ed1/F e7/F 2

e−d0 (8.11)

where F = ∆/γ denotes the finesse of the comb, and d1/F and d0 are the reversible and

irreversible optical depth [36] (see supplementary figure 8.4). As discussed above, our comb

structure extends over all ground state levels. This fixes the fidelity of the comb to two,

as ions can only be “shuffled around” but not removed from the spectral region covered

by the SPDC photons. This impacts on the memory efficiency and sets, according to Eq.

8.11, an upper bound of ≈ 10%. Yet, we note that the memory efficiency can be increased

when applying a phase-matching operation that results in backward emission of the stored

photon. Further improvement is expected when changing the teeth shape from Gaussian to
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square [37]. All options combined, it seems possible to achieve a system efficiency of around

15%, which is 75 times larger than in the current implementation. We point out that the

limitation due to the comb finesse is not necessarily a consequence of generating broadband

combs, but of the small Zeeman splitting of the thulium ground state levels relative to the

storage bandwidth. Provided the splitting between the long-lived atomic levels involved in

the optical pumping procedure exceeds the storage bandwidth, the finesse can be increased

beyond two, and memory efficiencies up to 100% are possible. This may be possible when

using the 3F4 level as shelving level, or for other RE impurities featuring greater sensitivity

to magnetic fields [38].

Longer storage time and on-demand readout : Currently, the maximum storage time

of our memory is approximately 300 ns. This value is determined by the minimum tooth

spacing of the AFC, which is limited by spectral diffusion [27,31]. However, spectroscopic

investigation of a Tm:LiNbO3 bulk crystal shows that spectral diffusion decreases when

lowering the temperature, similar to the observed improvement of the optical coherence time

[31]. This implies the possibility to extend the storage time.

In addition, it may be possible to further improve the storage time and achieve on-

demand recall by temporarily transferring the optical excited coherence between the 3H6

and 3H4 levels to coherence between the 3H6 and 3F4 electronic levels, similar to storage of

coherence in spin-waves [39]. However, the coherence properties and the suitability of the

3F4 state for such a transfer remains to be investigated. Furthermore, combining the AFC

protocol with a quantum memory approach based on controlled reversible inhomogeneous

broadening (CRIB) [38] allows one to inhibit the pre-set rephasing of coherence by adding

additional, controlled inhomogeneous broadening of each line in the AFC. Rephasing would

occur only after reversing, i.e. undoing, the additionally introduced dephasing, and readout

would be possible after any multiple of the AFC recall time determined by the tooth spacing.
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Chapter 9

Two-photon Interference of Pulses Recalled from

Separate Quantum Memories

In the operation of quantum repeaters, which are based on entangled photon pairs and quan-

tum memories, the distribution of entanglement between different sections of a quantum

repeater network is accomplished via Bell-state projection measurements with two photons

recalled from separate quantum memories, as explained in Chapter 3. The mechanism be-

hind this measurement involves interfering the two photons on a beam splitter and detecting

them in different temporal modes (assuming time-bin qubits) and separate outputs of the

beam splitter. The resulting coincidence detection projects the state of the photons onto a

maximally entangled Bell State (see Sec. 2.4 for the details of a Bell-state meausurement).

For a successful Bell-state measurement, the photons that overlap at the beam splitter must

be indistinguishable in all degrees of freedom, namely, polarization, frequency, time and

spatial mode. In order to satisfy this condition in general, there must be no modification

to the wavefunction of the photons during storage in the quantum memories. Therefore,

to demonstrate the suitability of our quantum memories for quantum repeaters, it needs to

be shown that they preserve not only quantum information (including entanglement) but

also entire photonic wavefunctions. Towards this end, we performed two-photon interfer-

ence experiments with weak laser pulses recalled from two, one or none of our waveguide

quantum memories. From these measurements, we quantitatively assessed whether there is

any modification to the wavefunction of the stored photons. Moreover, we demonstrated

a Bell-State measurement on weak laser pulses, after one of them is recalled from a quan-

tum memory. Our results verify that our quantum memories are suitable for long distance

quantum communication and for photonic quantum communication protocols that require
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main results, editing the manuscript. Our findings will be submitted very shortly to a journal

for publication. The following section is the current version of this manuscript, which has

been re-formatted for the consistency with the other chapters of this thesis.

9.1 Paper IV

Two-photon Interference of Weak Coherent Laser Pulses Recalled From

Separate Solid-state Quantum Memories

Jeongwan Jin1, Erhan Saglamyurek1, Neil Sinclair1, Joshua A. Slater1, Mathew George2,

Raimund Ricken2, Daniel Oblak1, Wolfgang Sohler2, and Wolfgang Tittel1
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University of Calgary, 2500 University Drive NW, Calgary, Alberta T2N 1N4, Canada

2Department of Physics - Applied Physics, University of Paderborn, Warburger Str. 100,

33095 Paderborn, Germany

Abstract

Quantum memories for light, which allow the reversible transfer of quantum states between

light and matter, are central to the development of quantum repeaters [1], quantum networks

[2], and linear optics quantum computing [3]. Significant progress has been reported in recent

years, including the faithful transfer of quantum information from photons in pure and

entangled qubit states [4–10]. However, none of these demonstrations confirm that photons

stored in and recalled from quantum memories remain suitable for two-photon interference

measurements, such as C-NOT gates and Bell-state measurements, which constitute another

key ingredient for all aforementioned applications of quantum information processing. Using
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pairs of weak laser pulses, each containing less than one photon on average, we demonstrate

two-photon interference as well as a Bell-state measurement after either none, one, or both

pulses have been reversibly mapped to separate thulium-doped lithium niobate waveguides.

As the interference is always near the theoretical maximum, we conclude that our solid-state

quantum memories, in addition to faithfully mapping quantum information, also preserves

the entire photonic wavefunction. Hence we demonstrate that our memories are generally

suitable for use in advanced applications of quantum information processing that require

two-photon interference

9.1.1 Introduction

When two indistinguishable single photons impinge on a 50/50 beam-splitter (BS) from

different input ports, they bunch and leave together by the same output port. This so-called

Hong-Ou-Mandel (HOM) effect [11] is due to destructive interference between the probability

amplitudes associated with both input photons being transmitted or both reflected, see Fig.

9.1. Since no such interference occurs for distinguishable input photons, the interference

visibility V provides a convenient way to verify that two photons are indistinguishable in all

degrees of freedom, i.e. spatial, temporal, spectral, and polarization modes. The visibility is

defined as

V = (Rmax −Rmin)/Rmax, (9.1)

where Rmin and Rmax denote the rate with which photons are detected in the two output

ports in coincidence if the incoming photons are indistinguishable and distinguishable, respec-

tively. Consequently, the HOM effect has been employed to characterize the indistinguisha-

bility of photons emitted from a variety of sources, including parametric down-conversion

crystals [12], trapped neutral atoms [13], trapped ions [14], quantum dots [15-17], organic

molecules [18], nitrogen-vacancy centers in diamond [19,20], and atomic vapours [21,25].

Furthermore, two-photon interference is at the heart of linear optics Bell-state measurement
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 (in) = 1a    1b     

 
  (out) =   i 0a 0b    1a 1b   0a 1b    1a 0b   1a 0b   0a 1b  i 1a 1b   0a 0b  

Figure 9.1: Illustration of HOM-interference in the case of single photons at BS
input |ψ(in)〉 = |1〉a ⊗ |1〉b. The four possible paths of the photons are illustrated, together
with their corresponding output state. If the input photons are indistinguishable with re-
spect to all degrees of freedom, i.e a = b, the paths shown in the two central pictures are
indistinguishable and thus cancel, leaving in the output state |ψ(out)〉 only the possibilities
in which photons bunch. For distinguishable photons, e.g. having orthogonal polarizations,
all paths are distinguishable and all terms remain in |ψ(out)〉. In the representation, |ψ(out)〉
is not normalized.

[26], and, as such, has already enabled experimental quantum dense coding [27], quantum

teleportation [43], and entanglement swapping [44]. However, to date, the possibility to

perform Bell-state measurements with photons that have previously been stored in a quan-

tum memories, as required for advanced applications of quantum information processing,

has not yet been established. For these measurements to succeed, photons need to remain

indistinguishable in all degrees of freedom, which is more restrictive than the faithful recall

of encoded quantum information. Indeed, taking into account that photons may or may not

have been stored before the measurement, this criterion amounts to the requirement that

a quantum memory preserves a photon’s wavefunction during storage. Similar to the case

of photon sources, meeting this criterion is best assessed using HOM interference, provided

single-photon detectors are employed.
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Figure 9.2: Experimental setup: A 795.43 nm wavelength CW laser passes through an
acousto-optic modulator (AOM) driven by a sinusoidally varying signal. The first negative
refraction order is fibre coupled into a phase modulator and, via a beam-splitter (BS), two
polarization controllers (PCs) and two micro-electromechanical switches (MEMS), injected
from the back into two thulium-doped lithium niobate waveguides (labelled a and b) cooled
to 3 K [28]. Waveguide a is placed inside a superconducting solenoid. Using a linear fre-
quency-chirping technique [29] we tailor AFCs with 600 MHz bandwidth and a few tens
of MHz peak spacing, depending on the experiment, into the inhomogeneously broadened
absorption spectrum of the thulium ions, as shown for crystal a in the inset. After 3 ms
memory preparation time and 2 ms wait time we store and recall probe pulses during 3 ms.
The 8 ns long probe pulses with ≈ 50 MHz Fourier limited bandwidth are derived from the
first positive refraction order of the AOM output at a repetition rate of 2.8 MHz. Each
pulse is divided into two spatial modes by a half-wave plate (HWP) followed by a polarizing
beam-splitter (PBS). All pulses are attenuated by neutral-density filters (NDFs) and coupled
into optical fibres and injected from the front into the Tm:LiNbO3 waveguides. After exiting
the memories (i.e. either after storage, or after transmission), the pulses pass quarter- and
half-wave plates used to control their polarizations at the 50/50 BS (HOM-BS) where the
two-photon interference occurs. Note that, to avoid first-order interference, pulses passing
through memory a propagate through a 10 km fibre to delay them w.r.t. the pulses passing
through memory b by more than the laser coherence length. Finally, they are detected by two
single-photon detectors (actively quenched silicon avalanche photodiodes, Si-APDs) placed
at the outputs of the beam-splitter, and coincidence detection events are analyzed with a
time-to-digital convertor (TDC) and a computer.
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9.1.2 Experiment

Our experimental setup is depicted in Fig. 9.2. We employ solid-state quantum memories,

more precisely thulium-doped lithium-niobate waveguides in conjunction with the atomic

frequency comb (AFC) quantum memory protocol [30], which have shown great promise

for advanced applications of quantum information processing [5,7]. We then interfere var-

ious combinations of recalled and non-stored (i.e. directly transmitted) pulses on a 50/50

BS (HOM-BS). When using single photon Fock states at the memory inputs, the HOM

visibility given in (9.1) theoretically reaches 100%. However, with phase incoherent laser

pulses obeying Poissonian photon-number statistics, as in our demonstration, the maximally

achievable visibility is 50% [31], irrespective of the mean photon number (see Supplementary

Information). Nevertheless, attenuated laser pulses are perfectly suitable for assessing the

effect of our quantum memories on the photonic wavefunction. Any reduction of indistin-

guishability due to storage causes a reduction of visibility, albeit from maximally 50%. This

approach extends the characterization of quantum memories using attenuated laser pulses

[32] from assessing the preservation of quantum information during storage to assessing the

preservation of the entire wavefunction, and from first to second-order interference.

9.1.3 Measurements

We first deactivate both quantum memories (see Methods), to examine the interference

between directly transmitted pulses, and thereby establish a reference visibility in our ex-

perimental setup. We set the mean photon number per pulse before the memories to 0.6, i.e.

to the single-photon level. Using the wave plates, we rotate the polarizations of the pulses at

the two HOM-BS inputs to be parallel (indistinguishable) or orthogonal (distinguishable).

Employing (9.1) we find a visibility of (47.9± 3.1)%.

Subsequently, we activate memory a while keeping memory b off, and adjust the timing

of the pulse preparation so as to interfere a recalled pulse from the active memory with a
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directly transmitted pulse from the inactive memory (see Methods). Pulses are stored for

30 ns in memory a, and the mean photon number per pulse at the quantum memory input

is 0.6. Taking the limited storage efficiency of ≈ 1.5% and coupling loss into account, this

results in 3.4×10−4 photons per pulse at the HOM-BS inputs. As before, changing the pulse

polarizations from mutually parallel to orthogonal, we find V = (47.7± 5.4)%, which equals

our reference value within the measurement uncertainties.

As the final step, we activate both memories to test the feasibility of two-photon interfer-

ence in a quantum-repeater scenario. We note that in a real-world implementation, memories

belonging to different network nodes are not necessarily identical in terms of material proper-

ties and environment. This is captured by our setup where the two Tm:LiNbO3 waveguides

feature different optical depths and experience different magnetic fields (see Fig. 9.2 and

Supplementary Information). To balance the ensuing difference in memory efficiency we

set the mean photon number per pulse before the less efficient and more efficient memories

to 4.6 and 0.6, respectively, so that, as before, the mean photon numbers are 3.4 × 10−4

at both HOM-BS inputs. With the storage time of both memories set to 30 ns, we get

V = (47.2±3.4)%, in good agreement with the values from the previous measurements. The

consistently high visibilities, compiled in the first column of Table 9.1, hence confirm that

our storage devices do not introduce any degradation of photon indistinguishability during

the reversible mapping process, and that two-photon interference is feasible with photons

recalled from separate quantum memories, even if the memories are different.

We now investigate in greater detail the change in coincidence count rates as photons grad-

ually change from being mutually indistinguishable to completely distinguishable w.r.t. each

degree of freedom accessible for change in single-mode fibres, i.e. polarization, temporal,

and spectral modes (see Methods). To acquire data more efficiently we increase the mean

number of photons per pulse at the memory input to between 10 and 50 (referred to as few-

photon-level measurements), however, the mean photon number at the HOM-BS remains
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Figure 9.3: HOM interference plot examples for one or two active memory con-
figurations as labelled. a) Varying mutual polarization difference. b) Varying temporal
overlap by changing timing of pulse generation. c) Varying temporal overlap by changing
storage time. d) Projection of pairs of time-bin qubits with relative phase φ onto |ψ−〉. The
acquisition time per data point is 60 s in a,b,d, and 120 s in c.

below one. Example data plots are shown in Fig. 9.3, while the complete set of plots is

supplied in the Supplementary Information Figs. 9.6-9.8.

Coincidence counts rates as a function of the polarization of the recalled pulse for the case

of one active memory are shown in Fig. 9.3a. The visibilities for all configurations (i.e.

zero, one, or two active memories) extracted from fits to the experimental data are listed

in column 2 of Table 9.1. They are – as in the case of single-photon-level inputs – equal to

within the experimental uncertainty.

Next, in Fig. 9.3b, we depict the coincidence count rates as a function of the temporal overlap

(adjusted by the timing of the pulse generation) for the two-memory configuration. Column
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3 of Table 9.1 shows the visibilities extracted from Gaussian fits to the data, reflecting the

temporal profiles of the probe pulses, for all configurations. Within experimental uncertainty,

they are equal to each other. Alternatively, in the single-memory configuration, we change

the temporal mode overlap by adjusting the storage time of the pulse mapped to the quantum

memory. Again the measured visibility of V = (44.4 ± 6.9)% (see Fig. 9.3c) is close to the

theoretical maximum.

Finally, we vary the frequency difference between the two pulses (see Methods) to witness

two-photon interference w.r.t. spectral distinguishability. For this measurement, we consider

only the configurations in which either none, or a single memory is active. In both cases

the visibilities, listed in the last column of Table 9.1, are around 43%. While this is below

the visibilities found previously, for reasons discussed in the Supplementary Information, the

key observation is that the quantum memory does not affect the visibility.

Table 9.1: Experimental two-photon interference visibilities (%) for different degrees of free-
dom

Storage Single-photon level Few-photon level

configuration Polarization Polarization Temporal Spectral

No-storage 47.9± 3.09 50.7± 5.36 44.3± 1.76 43.7± 2.00
Single-storage 47.7± 5.44 55.5± 3.78 47.5± 2.45 42.5± 2.73
Double-storage 47.2± 3.37 52.8± 5.56 46.2± 2.71 N. A.

As stated above, Bell-state measurements (BSM) with photonic qubits recalled from separate

quantum memories are key ingredients for advanced applications of quantum communication.

To demonstrate this important element, we considered the asymmetric (and arguably least

favourable) case in which only one of the qubits is stored and recalled. Appropriately driving

the AOM, we prepare time-bin qubits [34] in the states |+〉 = 1√
2
(|e〉 + |l〉) and |φ〉 =

1√
2
(|e〉 + eiφ |l〉), where e and l denote early and late temporal modes separated by 25 ns,

and direct them to the memories of which only one is activated. The mean photon number

in the qubit that is stored is set to 20, yielding a mean photon number of both qubits at the
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HOM-BS input of 0.022. We ensure to overlap pulses encoding the states |+〉 and |φ〉 at the

HOM-BS and count coincidence detections that correspond to a projection onto the |ψ−〉 =

1√
2
(|e〉 |l〉 − |l〉 |e〉) Bell state as a function of the phase φ (see Fig. 9.3d). This projection

measurement occurs if the two detectors click with 25 ns time difference [34]. Because |ψ−〉

is antisymmetric w.r.t. any basis, the count rate is expected to reach a minimum value R‖

if the two input pulses are prepared in equal states (φ = 0), and a maximal value R⊥ if

prepared in orthogonal states (φ = π). Accordingly, we define an error rate that quantifies

the deviation of the minimum count rate from its ideal value of zero:

e ≡ R‖

R‖ +R⊥
. (9.2)

The error rate can be calculated from the visibility as (1−VBSM)/(2−VBSM). For attenuated

laser pulses the visibility has an upper bound of V theo
BSM = 66.67%, corresponding to a lower

bound etheo = 0.25. From the fit to the measured coincidence count rates in Fig. 9.3d we

obtain V exp
BSM = (62.9± 0.5)%, resulting in an experimental error rate of eexp = 0.271± 0.003,

which only slightly exceeds etheo (see the Supplementary Information for derivations).

9.1.4 Conclusion

Our demonstrations show that solid-state AFC quantum memories are suitable for two-

photon interference experiments, even in the general case of storing the two photons an

unequal numbers of times. With improved system efficiency [35] and multi-mode storage

supplemented by read-out on demand [36,37], such memories can be used as synchronization

devices in multi-photon experiments, which will allow increasing the number of photons that

can be harnessed simultaneously for quantum information processing beyond the current

limit of eight [38]. A subsequent goal is to develop workable quantum repeaters or, more

generally, quantum networks, for which longer storage times are additionally needed. De-

pending on the required value, which may range from hundred micro-seconds [39] to seconds

[1], this may be achieved by storing quantum information in optical coherence, or it may
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require mapping of optical coherence onto spin states [30].

9.1.5 Methods

Memory operation and properties: A quantum memory is said to be activated when

we configure the MEMS to allow the optical pumping light to reach the waveguide during

the preparation stage and thus tailor an AFC in the inhomogeneously broadend absorption

spectrum of thulium ions (see Fig. 9.2). If the optical pumping is blocked, the memory is said

to be deactivated and light entering the waveguide merely experiences constant attenuation

over its entire spectrum. If a memory is activated, incident an incident photon is mapped

onto a collective excitation of thulium ions in the prepared AFC and subsequently re-emitted

at a time given by the inverse of the comb tooth spacing [30], i.e., t = 1/∆ (see Fig. 9.2).

In all cases, we adjust the mean photon number at the memory inputs so that mean photon

numbers are equal at the HOM-BS inputs. This is required for achieving maximum visibility

with attenuated laser pulses (see Supplementary Information).

The two Tm:LiNbO3 waveguides are fabricated identically but differ in terms of overall length

– memory a being ≈ 10 mm and memory b ≈ 15 mm. This in turn yield optical depths

of 2.7 and 3.2, respectively. As shown in Figure 1, memory a is placed at the centre of a

solenoid in a uniform magnetic field, while memory b is placed outside the solenoid and thus

experiences only a much weaker stray field. These differences cause the memories to operate

in different regimes (see Supplementary Information) and have different efficiencies. Thus,

to match the mean photon numbers at the HOM-BS we adjust the mean photon number at

the input of the memories.

Changing degrees of freedom: a) The polarization degree is easily adjusted using the

free-space half- and quarter-wave plate set at each HOM-BS input. For our measurements

we rotate the half-wave plate in steps of 15 degrees (this applies only to the few photon

measurements). b) The temporal separation δt between a pulse arriving at one of the HOM-

BS inputs and the next pulse in the train arriving at the other input can be expressed as
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δt = {nl/c}mod δtr, where n is the refractive index of the fibres, l ≈ 10 km is the path-length

difference for pulses interacting with memory a and b, and δtr is the repetition period of the

pulse train from the AOM, which is set to be around 395 ns. As we can change δtr with 10 ps

precision, we can tune δt on the ns scale. c) For the storage time scan, the recall efficiency

decreases with storage time due to decoherence. Hence, we balance the mean photon number

per pulse for stored and transmitted pulses for each storage time. d) Finally, to change the

spectral overlap of the pulses input to the HOM-BS we can utilize that these pulses were

generated at different times in the AOM and thus we can chose their carrier frequencies

independently. We interchangeably drive the AOM by frequencies νa and νb and thus create

two interlaced trains of pulses with different frequencies. Adjusting the pulse timing we can

ensure that the pulses overlapped at the HOM-BS belong to different trains and thus have

a spectral overlap given by δν = νa − νb. Due to the limited bandwidth of the AOM we are

only able to scan δν by 100 MHz, which, when compared to the 50 MHz pulse bandwidth,

is not quite sufficient to make the pulses completely distinguishable. To achieve complete

distinguishability, we supplement with a measurement using orthogonal polarizations at the

inputs (see Supplementary Information). e) For the Bell-state projection measurement we

interchangeably prepare the time-bin qubits 1√
2
(|e〉+ |l〉) and 1√

2
(|e〉+ eiφ |l〉) by setting the

relative phase and intensity of the AOM drive signal. Adjusting the timing of the pulse

preparation we ensure that qubits in different states overlap at the HOM-BS.

9.1.6 Supplementary Information

Properties of waveguide LiNbO3 crystal and AFC

In the experimental configuration in which the HOM-interference occurs between two pulses

recalled from separate quantum memories we pointed, in the main text, to the different

properties of the two memory devices. In this section we wish to elaborate on the differences

between the two memories based on their physical dissimilarity and measured optical depth.

Memory crystal a is 10.4 mm long and crystal b is 15.4 mm long. The optical depths at
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795.43 nm are around 2.5 and 3.2 for crystal a and b, respectively, as shown by the light-grey

curves in Fig. 9.4 a,b. This corresponds to the case in which the memories are not activated.
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Figure 9.4: Measured optical depths as a function of detuning (frequency) w.r.t
the light carrier frequency of our two Tm:LiNbO3 waveguides: Light grey traces
show optical depths when the memories are inactive, i.e. no AFC is prepared. Dark red traces
show the prepared AFCs at a magnetic field of 900 Gauss at the centre of the solenoid.

In order to spectrally tailor an AFC in Tm:LiNbO3, a magnetic field must be applied

along the crystal’s c-axis so as to split the ground and excited levels into their two nuclear

Zeeman sublevels [28]. The difference in excite and ground level splitting is around δgZ =

0.125 MHz/Gauss and thus, to generate an AFC yielding a storage time t = 1/∆, the

magnetic field should ideally be set to either B = ∆/(2gZ) or B > W/(gZ), where W is the

total bandwidth of the AFC. Since the former field setting corresponds to a smaller field than

the latter we coin them low- and high-field regime. In the low field regime atoms initially at

frequencies in the comb throughs when in one of the Zeeman levels will be optically pumped

to the comb’s peaks when transferred to the other Zeeman level. In the high field regime

atoms in the comb’s throughs will be pumped outside the comb’s bandwidth W . However, as

one crystal is located at the centre of the setup’s solenoid and the other outside the solenoid

(see Fig. 9.2) it is not possible to apply the same B-field at the two crystals. In addition our

magnetic field is limited so that only memory a can be operated in the high field regime.
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As a result, when we operate both memories, we necessarily have to operate them in an

intermediate regime, where the B-field is not optimal. We find that setting the B-field to

900 Gauss in the centre of the solenoid yields similar system efficiencies. The corresponding

AFCs are shown in red in Fig. 9.4a,b.

Two-photon interference in imperfectly prepared memories

In all our demonstrations of the HOM interference we consistently observe that the HOM

visibility is close to the theoretical maximum for coherent states. Yet, it is important to

realize that an improperly configured AFC quantum memory does alter a stored photon’s

wavefunction, resulting in imperfect HOM interference with a non-stored photon.

To support this claim we activate only memory a, whose performance we change by

varying the bandwidth of the AFC, and interfere the recalled pulses with pulses directly

transmitted through the deactivated memory b. As the AFC bandwidth decreases below

that of the probe pulses, the AFC effectively acts as a bandpass filter for the stored photons

and we thus expect the recalled pulses to be temporally broadened w.r.t. the original pulse.

This is observed in the insert of Fig. 9.5, which shows smoothed histograms of the photon

detection events as a function of time. It is worth noting that the small bandwidth AFC

also acts as a bandpass filter for the transmitted pulse by virtue of the different effective

optical depths inside and outside the AFC. Thus the broadened transmitted pulse starts to

overlap with the echo for the narrow AFC bandwidth traces, as is also observed in the insert

of Fig. 9.5.

Another consequence of reducing the AFC bandwidth is that the overall efficiency of the

quantum memory decreases, which causes an imbalance between the mean photon numbers

at the HOM-BS inputs and thus reduced HOM interference visibility. We circumvent the

change to the echo efficiency by adapting the mean photon number at the memory input

so as to keep the mean photon number of the recalled pulse constant. With this remedial

procedure, we assess the HOM visibility by changing the HOM-BS inputs from parallel
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Figure 9.5: HOM interference visibility if HOM-BS input pulses are recalled from
AFCs with varying bandwidths. Insert: Histograms of recalled pulse detection times
for different AFC bandwidths. Traces taken for AFC bandwidths below 30 MHz also show
temporally broadened transmitted pulses, as explained in the main text

to orthogonal polarizations for a series different AFC bandwidths. The HOM visibility in

Fig. 9.5 is steady for bandwidths from around 100 MHz and up. However, below 100 MHz

the visibility begins to drop significantly. The dashed line is a fit of the visibilities to a

Gaussian function with full-width at half-maximum (FWHM) of 79 ± 4 MHz. Note, that

why the visibility is limited to around 40% is merely that, for this measurement, we do not

go through the usual careful steps to optimize the visibility.

With these measurements we have illustrated how a quantum memory could alter the

photonic wavefunction resulting in a reduced HOM interference visibility. A combination

of spectral and temporal distortion of the photonic wavefunction is indeed a common type
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of perturbation by quantum memories [40,41]. It is particularly worth noting that the

gradient-echo memory (GEM) quantum memory protocol, though similar to the AFC proto-

col, imparts a frequency chirp to the recalled pulse. If not corrected, this feature constitutes

a perturbation of the wavefunction of the recalled pulse, which may render it unsuitable for

applications relying on two-photon interference.

Analytical model of second-order interference in coincidence measurements.

In the following theoretical treatment we will derive expressions for the coincidence and

single-detector counts in terms of probabilities. By multiplying these probabilities with the

average experimental repetition rate we can easily calculate the predicted experimental count

rates. To a large extent though, we will mainly be interested in relative probabilities or count

rates between different settings of the degrees of freedom of pulses.

It is reasonably straightforward to derive the rates of detection of light at the outputs of

a BS (note that in this Supplementary Information, the HOM-BS of the main text will be

referred to as just BS) In our case coherent states |α〉 and |β〉, characterized by mean photon

numbers 〈â†â〉 = |α|2 and 〈b̂†b̂〉 = |β|2, occupy the two spatial input modes of the BS. In the

Fock-basis the coherent state can be represented as

|α〉 =
∞∑
n=0

e−
|α|2

2
αn√
n!
|n〉 =

∞∑
n=0

e−
|α|2

2
αn

n!
(â†)n|0〉, (9.3)

and similarly for |β〉.

To account for the cases of photons being distinguishable and indistinguishable at the

BS we must allow for an additional degree of freedom in each of the spatial modes, e.g.

polarization, frequency, or time. Thus we write the input state at one of the BS inputs

as |α1, α2〉 ≡ |α1〉 ⊗ |α2〉, where α1 and α2 are the coherent state amplitudes in the two

orthogonal modes of the auxiliary degree of freedom within the same spatial mode. We treat

the coherent state at the other BS input in a similar way.

For the case in which the fields at the inputs of the BS are distinguishable with respect

to the auxiliary degree of freedom, the inputs to the BS are described as being in the state
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|α, 0〉|0, β〉 ≡ |α, 0〉 ⊗ |0, β〉, whereas in the case of them being indistinguishable (up to a

difference in the mean photon number) the input fields are written as |α, 0〉|β, 0〉.

The BS is characterized by its reflection amplitude r and transmission amplitude t =√
1− |r|2 that cause the input creation operators to transform as â† → tĉ† + ird̂† and

b̂† → irĉ† + td̂†. With this in hand, we can compute the state in the BS outputs for any

combination of Fock states at the inputs. When the two input states are indistinguishable,

i.e. in the same auxiliary degree of freedom, we get [42]

|n, 0〉|m, 0〉 →
n∑
j=0

m∑
k=0

K‖(n,m, j, k) |j + k, 0〉|n+m− j − k, 0〉 (9.4)

K‖(n,m, j, k) = tm−k+j(ir)n−j+k

√(
n

j

)(
m

k

)(
j + k

j

)(
n+m− j − k

n− j

)
,

where the binomial coefficient
(
x
y

)
= x!

y!(x−y)!
. For distinguishable input fields the output state

is slightly simpler

|n, 0〉|0,m〉 →
n∑
j=0

m∑
k=0

K⊥(n,m, j, k) |j, k〉|n− j, m− k〉 (9.5)

K⊥(n,m, j, k) =
n∑
j=0

m∑
k=0

tm−k+j(ir)n−j+k

√(
j

k

)(
n− j
m− k

)
.

The above calculated output modes impinge on the single photon detectors (SPDs). These

may be characterized by the probability of detecting an incident single photon. From this

single photon detection probability η it is also possible to deduce the probability of detecting

a pulse consisting of multiple photons, keeping in mind that, irrespective of the number of

photons, only a single detection event can be generated. We write p1(n) for the probability

for generating one detector event given n incident photons, and it is useful to note that it

relates to the probability p0(n) of detecting nothing as p1(n) = 1 − p0(n). The probability

for not detecting n photons is, on the other hand, easily computed as p0(n) = (1−η)n. Since

the two detectors at the BS outputs are independent, the probability p11(n,m) of generating

a coincidence event, i.e. having simultaneous detection events in each of the detectors, given
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n and m photons in one and the other output is simply p11(n,m) = p1(n)p1(m). Thus the

probability for a coincidence detection becomes

p11(n,m) = [1− (1− η1)n] [1− (1− η2)m] , (9.6)

where η1 and η2 are the single photon detection probabilities for detector 1 and 2, respectively.

Expressing the coincidence detection probability in terms of Fock states at the BS input we

have

P
‖(⊥)
11 (n,m) =

n∑
j=0

m∑
k=0

|K‖(⊥)(n,m, j, k)|2 p11(j + k, n+m− j − k) (9.7)

=
n∑
j=0

m∑
k=0

|K‖(⊥)(n,m, j, k)|2
[
1− (1− η1)j+k

] [
1− (1− η2)n+m−j−k] ,

where K‖(⊥)(n,m, j, k) should be substituted with the appropriate factor from either (9.4)

or (9.5). It is assumed that the detector at a given spatial output mode is equally sensitive

to photons in both auxiliary modes, i.e. it detects the states |k, j〉 and |j, k〉 with equal

probability.

We are now in the position to formulate an expression for the different detection proba-

bilities given a particular set of coherent input fields. The probability to generate a detection

event in both detectors, given coherent input fields of amplitude α and β, is

P‖(⊥)
11 (α, β) =

∞∑
n=0

∞∑
m=0

e−|α|
2−|β|2 (αnβm)2

n!m!
P
‖(⊥)
11 (n,m) . (9.8)

(Note that to distinguish Eq. (9.7), which is applicable to Fock states, from Eq. (9.8),

which applies to coherent state inputs, we use P to denote the former and P for the latter

probability.) This allows us to derive the visibility of the HOM interference on the two

detectors as

V11(α, β, η1, η2, r) =
P⊥11(α, β)− P‖11(α, β)

P⊥11(α, β)
, (9.9)

where we have spelled out the parameters that affect the value of the visibility. The quantity

V11 is usually referred to as the HOM visibility.
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Simplified model for HOM visibility.

To gain some intuitive understanding of the way the HOM visibility is affected by the exper-

imental parameters we resort to a couple of approximations. Firstly, we assume equal mean

photon numbers at the inputs of the beam-splitter, |α|2 = |β|2 ≡ µ, the BS ratio to be 50:50

(i.e. r = t = 1/
√

2), and the detectors to have equal single photon detection probability

η1 = η2 ≡ η. Secondly, since we normally work at very low mean photon numbers µ < 1 only

the first couple of terms of Eq.(9.3) need to be included. Specifically, we Taylor expand e−µ/2

and keep only terms in the sum up to 2nd order in µ. Thus, for the coincidence detection

events we get the probabilities

P‖11 = η2µ
2

2
(9.10)

P⊥11 = η2µ2 , (9.11)

which results in a HOM visibility of

V11 =
1

2
. (9.12)

A key point is that the HOM visibility of 50% is independent of the mean photon number µ.

This observation can be explained by noting that in this low order treatment the coincidences

in the case of indistinguishable input modes stem mostly from events in which two photons

are present at the same input, which occurs with probability p0p2 +p2p0. For distinguishable

input modes the coincidences stem from all events that contain two photons at the input,

i.e. p1p1 + p0p2 + p2p0. Since, according to Eq. (9.3), for coherent input states, all of these

probabilities scale in the same way with the mean photon number, their ratio, and thus the

visibility of (9.9), is constant for all mean photon numbers.

Compilation of experimental results for HOM interference at the few-photon

level.

Here we show the plots of coincidence count rates on which the few-photon values in Table 9.1

of the main text are based. We restate that coincidence count rates are proportional to
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Figure 9.6: HOM interference manifested in coincidence counts between BS out-
puts with inactive memories: a) Changing the polarization angle between the pulses
yields a HOM visibility of V = 50.96± 5.56%. b) Varying the temporal overlap of the pulses
produces V = 42.43 ± 2.27%. c) Altering the frequency overlap of the pulse spectra results
in V = 39.06± 1.52%.
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coincidence probabilities by a factor that is given by the average experimental repetition

rate. Moreover, when calculating the HOM visibility, only the relative probabilities or count

rates in a measurement are important. In the experiments we change the mutual polarization,

time separation, or frequency difference of the pulses at the BS (in the main text referred to

as HOM-BS) input as explained in the Methods.

Deactivated memories: We present the data in order of the number of activated memories

starting with none, i.e. pulses merely pass through attenuated to the BS. In Fig. 9.6a we

show the coincidence counts as we vary the polarization difference of the pulses at the two

inputs of the BS. Fitting the data with a squared-sine function we obtain a visibility of

V = 50.96± 5.56%. In Fig. 9.6b we display the coincidence counts as we step the temporal

separation of the input pulses at the BS. The count rate for these measurements are generally

higher than all the other count rates presented. This is because this data was acquired by

looking at coincidences between the transmitted part of the probe pulses in the configuration

of two active quantum memories (shown in Fig. 9.8b). Hence, the mean photon number

per pulse is adjusted for the recalled pulses not for the transmitted pulses. Likewise, the

balancing of the mean photon number in the transmitted pulses done less meticulously, which

is the most likely reason for the observed lower visibility of V = 42.43± 2.27% in this case.

Fig. 9.6c shows the coincidence count rates as function of the frequency difference of the

two pulses at the BS inputs. The horizontal line and surrounding shaded band shown in

Fig. 9.6c – as well as in Fig. 9.7c – give the coincidence for completely indistinguishable in-

put photons as obtained by making the polarizations orthogonal. As noted in the Methods,

it is necessary to resort to the polarization degree of freedom in order to make the pulses

completely indistinguishable. The visibility from the fit is noticeably lower than that we

obtained by changing the other degrees of freedom. There are two main reasons for this.

The first is that, in order to generate pulses with different frequencies, we drive the AOM at

the limit of its bandwidth. This, in turn, necessitates setting the RF drive signal amplitude
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high whereby the frequency purity of the signal is contaminated by higher-order harmonics.

Although it is not expected to change the maximal interference value occurring when the

pulses generated with the same modulation frequency, it will alter the shape of the inter-

ference as a function of the pulse frequency difference. Hence, the fitted Gaussian curve,

assuming a Fourier limited pulse, may not correctly reproduce the actual frequency depen-

dence of the interference. Indeed, the minimum coincidence rates consistently fall below the

fitted curve. A second factor reducing the fitted visibility is related to the need to adjust

the AOM drive amplitude to balance the bandwidth limitation. The limited accuracy with

which we are able to estimate the appropriate RF amplitude results in significant scattering

of the coincidence counts due to variations in input pulse intensities. To amend this we have

found that it is necessary to normalize the points to the count rates on the individual de-

tectors, as indicated on the y-axis of plot Fig. 9.7c. Unfortunately, the manifestation of the

HOM interference in the single-detector count rates – which will be elaborated later in the

Supplementary Information – means that such a normalization procedure tends to reduce

the visibility in the coincidence counts.

One active memory: Next in line are the plots for the case in which only memory a is

activated, while the other is left inactive. In Fig. 9.7 we present the coincidence count rates

when changing the same degrees of freedom as in case of both memories being inactive.

Additionally, in Fig. 9.7d, we plot the coincidence count rates when changing the storage

time in the quantum memory.

Two active memories: Lastly, we present the plots for the case in which both memories are

activated. Due to limitations in our current setup it is not possible to simultaneously generate

two quantum memories with different storage times, and therefore we do not acquire a storage

time scan when both memories are active. Furthermore, we skip the characterization with

respect to the spectral degree of freedom. The coincidence count data for the remaining two

degrees of freedom are plotted in Fig. 9.8, which also includes the appropriate fits.
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Figure 9.7: HOM interference manifested in coincidence counts between BS out-
puts with one active memory: a) Changing the polarization angle between the pulses
yields a HOM visibility of V = 55.51± 4.09%. b) Varying the temporal overlap of the pulses
produces V = 47.57 ± 2.96%. c) Altering the frequency overlap of the pulse spectra results
in V = 37.18 ± 2.50%. d) Varying the storage time of the quantum memory and thus the
temporal overlap of the pulses yields V = 44.4± 6.9%.
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Figure 9.8: HOM interference manifested in coincidence counts between BS out-
puts with two active memories: a) Changing the polarization angle between the pulses
yields a HOM visibility of V = (53.1± 5.3)%. b) Varying the temporal overlap of the pulses
produces V = (46.1± 3.2)%.

Bell-state measurement visibility.

In this section we aim to arrive at an analytical expression for the coincidence count rates

between time-bin qubits detected in the two detectors at the output of the HOM-BS. To

that end, we will introduce a number of approximations as we did previously in order to

calculate the HOM interference in the coincidence and single detector counts. In the limit

of low mean photon numbers, two coherent states impinging onto the two inputs of a 50:50

BS can be represented in terms of Fock states as (without normalization)

|ψ〉ab =
√
p(1, 1)|11〉ab +

√
p(2, 0)|20〉ab +

√
p(0, 2)|02〉ab (9.13)

=

(√
p(1, 1)(â† ⊗ b̂†) +

1√
2!

[√
p(2, 0)((â†)2 ⊗ I) +

√
p(0, 2)(I ⊗ (b̂†)2)

])
|0〉a ⊗ |0〉b,

where p(n,m) denotes the probability of having n and m photons in the mode of a and b, and

is given by p(n,m) = |(a〈n|⊗b 〈m|)(|α〉a⊗|β〉b)|2 = e−(|α|2+|β|2)

n!m!
(|α|2)n(|β|2)m. Stemming from

the low mean photon number assumption, we only include terms with two photons. Terms

with a total of one or no photons are also left out as they cannot generate any coincidence

counts.

For a time-bin qubit, the Fock-state is created in an equal superposition of two temporal
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modes, i.e., early and late modes, in the spatial input mode i (i = a, b) of the beam-splitter,

as

(̂ı†)n|0〉i →
[

1√
2

(
ı̂†e ⊗ I + eiφiI ⊗ ı̂†l

)]n
|0〉ie ⊗ |0〉il, (9.14)

where φi is the relative phase between the two temporal modes and i+ is the photon creation

operator making up the time bin. Inserting this expression in place of the â and b̂ operators in

(9.13) we get the low order expression for the wavefunction |ψ(φa, φb)〉ab for two superposition

time-bin qubits at the HOM-BS inputs:

(â† ⊗ b̂†)|00〉ab →
1

4

[
2e

i(φ+π)
2 cos

(φ
2

)
(ĉ†eĉ

†
l + d̂†ed̂

†
l ) + 2e

i(φ+π)
2 sin

(φ
2

)
(ĉ†ed̂

†
l − ĉ†l d̂†e)

(9.15)

+ i(ĉ†e)
2 + i(d̂†e)

2 + ieiφ(ĉ†l )
2 + ieiφ(d̂†l )

2

]
|0000〉ce,cl,de,dl

((â†)2 ⊗ I)|00〉ab →
1

4
√

2

[
+ 2(ĉ†eĉ

†
l − d̂†ed̂†l ) + 2i(ĉ†ed̂

†
l + ĉ†l d̂

†
e) + 2i(ĉ†ed̂

†
e + ĉ†l d̂

†
l ) (9.16)

+ (ĉ†e)
2 − (d̂†e)

2 + (ĉ†l )
2 − (d̂†l )

2

]
|0000〉ce,cl,de,dl

We first look for coincidence detection events that correspond to projections onto the Bell-

state |ψ−〉cd = 1√
2
(ĉ†ed̂

†
l − ĉ†l d̂†e)|0000〉ce,cl,de,dl. Combining (9.15) with (9.13) we are thus able

to compute the probability P−(φ) = | cd〈ψ−|ψ(0, φ)〉cd|2 as

P−(φ) ∝ µ2e−2µ

[
1 + 2 sin2

(
φ

2

)]
(9.17)

where µ is the mean photon number per qubit at the HOM-BS input.

When two input qubits are orthogonal (φ = π) the coincidence detection probability P⊥− ,

reaches its maximum and when they are identical (φ = 0) it reaches a minimum P
‖
−. From

these it is natural to define a Bell state measurement HOM visiblity VBSM = (P⊥− −P ‖−)/P⊥−

analogous to (9.1). According to (9.17) we find the maximum visibility for coherent state

inputs V theo
BSM = 0.667.
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We are now in a position to analyze the experimental data, which is reproduced in

Fig. 9.3d where we plot the measured coincidence rates, which are all proportional to the

probabilities by a common factor and thus equally applicable for calculating VBSM. We

fit the experimental data to a sine function and obtain V exp
BSM = 0.629 ± 0.0052, which is

slightly below the theoretical bound. This indicates that either the detection suffers from

imperfections such as noise or the modes at the BS are not perfectly aligned, which in turn

could be due imperfectly created qubit states or imperfect storage of one of the one qubits

in the quantum memory. To be conservative we assume that the entire reduction of the

measured VBSM is due to the quantum memory.
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Chapter 10

Frequency Multimode Quantum Memory Featuring

On-demand Selective Recall

After having demonstrated that our AFC-based quantum memory allows for two-photon

interference required for quantum repeaters, in this chapter I will show how it can be em-

ployed in a quantum repeater even without on-demand recall in the time domain. First, I

will introduce the concept of quantum repeaters with frequency multimode AFC memories

and then I will report our initial experimental demonstrations. My contributions to this

study were at the following stages : Designing and setting up the experiment, performing

the initial measurements and the interpretation of the main results.

10.1 Introduction

The realization of practical quantum repeaters requires quantum memories with sufficiently

high multimode capacity and on-demand retrieval [4, 23]. As explained in Section 3.2.5, in

the operation of a quantum repeater based on temporal multiplexing, a sequence of entangled

photon pairs, each well-localized in time, is created to increase the entanglement swapping

rate. In this scheme1, illustrated in Fig. 10.1a, one member of each entangled photon

pair is directed to the beam splitter that is situated halfway across the each elementary

link to establish entanglement between neighboring nodes, while the other member of the

pairs is stored in the quantum memories. Only photons that form pairs with those photons

that successfully created entanglement across the elementary link are retrieved from the

memories. They are then used to extend entanglement across neighboring elementary links

1For the details of a quantum repeater based on multiplexing, see Section 3.1 (quantum repeaters) and
3.2.5 (operation of a multimode quantum memory in a quantum repeater).

167



QM 

S 
QM 

S 
QM 

S 
QM 

S 

Classical information Classical information 

BSM BSM BSM 

A B C D 

 3    1   

3 1 

Quantum repeater based on spectral multiplexing 

QM 

S 
QM 

S 
QM 

S 
QM 

S 

Classical information Classical information 

BSM BSM BSM 

A B C D 

3 

 3    1   

1 

Quantum repeater based on temporal multiplexing (a) 

(b) 

Figure 10.1: Example of operational principle of quantum repeaters based on (a)
temporal and (b) spectral multiplexing : (a) In our example, the entire communica-
tion channel consists of two elementary links that extend from A to B and from C to D. In
order to create entanglement across each elementary link, three attempts per clock cycle are
made by generating entangled photon pairs at the same frequencies and at times t1, t2 and
t3. Entangled photons, generated at the time t3 in link A-B and at t1 in link C-D establish
entanglement across the two links independently. This information is sent to the common
node location B-C where quantum memories are placed. The quantum memories synchro-
nize these photons by adjusting the storage time in such a way that the retrieved photons
arrive on the central beam splitter at the same time. The Bell-State measurement then ex-
tends entanglement across the link A-D. (b) The communication channel is structured as in
(a). Three attempts per communication time are made, but in this case, by simultaneously
generating entangled photon pairs in frequency modes f1, f2 and f3. The entangled photons,
occupying the f3 and f1 modes, establish entanglement via independent Bell-state measure-
ments across link A-B and link C-D, respectively. This information is sent to the common
node location B-C where quantum memories are placed. In this case, there is no need to
synchronize emission times from the quantum memories due to the synchronous nature of
the quantum repeater architecture. Instead, it is necessary to selectively retrieve photons
in particular frequency modes, and to equalize their frequencies, which can be done using
filters and frequency shifters after the quantum memories.
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via entanglement swapping with photons stored in the adjacent memory, which have been

selected based on the same criterion. Note that the two photons did generally not arrive

at the same time at their respective quantum memories. Thus the role of the quantum

memories is to synchronize the arrival of the two recalled photons on the beam splitter that

projects their joint state onto a Bell state by adjusting the storage time.

In Section 6.3, the large temporal multimode capacity of our AFC-based quantum mem-

ory was shown by the storage of 128 temporal modes. However, the missing feature for

practical use in quantum repeaters is the on-demand retrieval of the stored modes. This

is technically difficult to implement with AFC-based memories, for the reasons explained

in Section 4.5. At this point, we take advantage of the high frequency multimode capacity

of the AFC-based quantum memories to develop a novel approach for quantum repeaters

without the requirement of on-demand retrieval in the time domain. In this approach, a set

of simultaneously emitted entangled photon pairs, occupying different well-defined spectral

modes, is created to increase the entanglement swapping probability. As before, one member

per photon pair is directed to the beam splitter to establish entanglement between the nodes

of each elementary link, while the other member is stored in a quantum memory, and even-

tually used to swap entanglement beyond the elementary link, as illustrated in Fig. 10.1b.

However, unlike in the temporally multiplexed quantum repeater approach, synchronization

of different temporal modes is not required due to the fact that all entangled photon-pair

sources are operated in a synchronized manner. In this case, the necessary task is that of

selecting the desired frequency modes and subsequently to shift the frequencies of the two

recalled photons to be equal. These tasks can be carried out by employing frequency shifters

and spectral filters at the output of frequency multimode memories. Consequently, this ap-

proach relaxes the requirement for on-demand retrieval in the time domain and benefits from

the large frequency multimode capacity of the AFC memories.

Towards the implementation of this architecture, first we demonstrate the large frequency
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multimode capacity of our broadband quantum memory by storing and retrieving several

well-defined frequency modes. Furthermore, we simultaneously store multiple frequency

modes in the memory and selectively retrieve a desired mode among these recalled ones.

Finally, we demonstrate selective and high fidelity retrieval of time-bin qubits encoded into

simultaneously stored photons in various frequency modes.

CW Laser 

AOM 

LiNbO3 Waveguide 
 Phase modulator 

Optical pumping 

 Frequency Multimode  
      Pulse Generation 

Optical 
 Switch 

FP filter 

Si-APD 

LiNbO3 Waveguide 
 Phase modulator 

 Frequency Multimode  
     Storage and Recall 

 On-Demand Selective Recall 

  Quantum 
   Memory 

ND 

Figure 10.2: Experimental setup for frequency multimode quantum memory: The
experimental setup consists of three main blocks: Frequency multimode pulse generation, a
frequency multimode AFC memory, and on-demand selective recall. In the pulse generation
block, CW laser light is sent to an AOM to generate pulses with nearly 12 ns duration at
FWHM. Next, these pulses are directed to a phase modulator, either to shift the carrier
frequency of the pulses by applying a serrodyne modulation signal, or to produce multiple
frequency modes by applying an appropriate sinusoidal modulation. The generated pulses
in single or multiple frequency modes are attenuated down to 10-50 photons on average by
neutral density filters (ND) and passed to the AFC memory. The frequency multimode AFC
memory in a Tm:LiNbO3 waveguide is prepared using a Serrodyne technique. The optical
pumping light is sent through the memory output in order to protect the single photon
detector. After storage in the AFC memory, the retrieved pulses either are directed to the
the selective recall block (shown in the figure) or directly sent to a Si-APD for detection. The
frequency selective recall is achieved by using a phase modulator followed by a Fabry-Perot
(FP) filter with 80 MHz linewidth and 23 GHz free-spectral range. The phase modulator
allows for matching any desired frequency mode to the transmission window of the FP cavity
by means of serrodyne chirping. In each experimental cycle, preparing AFC and waiting in
order to avoid spontaneously emitted light last 3 ms and 2.2 ms, respectively. Following the
wait time, the input pulses are sent to the memory at 2.7 MHz rate during 3 ms for storage
and retrieval.
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10.2 Frequency Multimode Storage in AFC

A quantum memory may have multimode storage capacity in time, space, frequency or in a

combination of these depending on its properties. So far the temporal and spatial multimode

capacity of quantum memories have been investigated and experimentally demonstrated in

a few studies [85, 60, 61]. However, to our knowledge, there has not been any detailed

research on developing frequency multimode quantum memories, which is partially due to

the difficulty of achieving large bandwidths. In this respect, an AFC based quantum memory

in a RE medium is naturally suitable for storing photons in multiple frequency modes, as

will be demonstrated in the following.

The idea behind implementing a frequency multimode AFC memory is to sub-divide the

total bandwidth of the AFC into many smaller bandwidth AFC segments such that each

one defines a mode in the frequency domain. When an optical pulse, that contains multiple

frequency modes compatible with the AFC segments is mapped to the memory, each mode

can be simultaneously stored and retrieved after a pre-set time given by the peak spacing in

the corresponding AFC segments.

To demonstrate this feature, we use the experimental setup depicted in Fig. 10.2. First,

we prepare an AFC memory with 24 segments, each having 100 MHz bandwidth. We

set different storage times for each AFC segment, as shown in Fig. 10.3, so that we can

distinguish the retrieved frequency modes in the time domain. Next, for probing this AFC

memory, we carve 12 ns long optical pulses using an AOM and shift the carrier frequency

of the pulses to the desired frequency mode using a phase modulator driven by a serrodyne

waveform. The pulses are attenuated down to the few photon level (containing on average

10-50 photons) using neutral density filters and then send to the prepared memory. In order

to probe a particular AFC segment, we store pulses with a spectrum corresponding to a single

segment, and detect the retrieved pulses using a Si-APD (In this measurement we bypass

the FP filter and the output phase modulator). Fig. 10.4 shows the obtained detection
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Figure 10.3: Preparation of a frequency multimode quantum memory: The total
AFC bandwidth of 2.5 GHz was divided into 24 segments, each 100 MHz width. For each
AFC segment, the peak spacing was set differently, leading to storage times between 25 ns
and 75 ns. The applied magnetic field was adjusted such that the retrieval efficiency of all
AFC segments was similar. The leaked light at zero detuning generated a large transmission
window, which prevents us to set a comb at the center.
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Figure 10.4: Light storage in a frequency multimode AFC: Each segment of the
prepared AFC shown in Fig. 10.3 was individually probed by sending 12 ns long pulses. The
pulses were retrieved at the storage times programmed into the different segments.

histograms for each AFC segment. As clearly seen, each frequency mode is retrieved with

the corresponding programmed delay, which demonstrates the storage in the desired AFC

segment.

Next, we simultaneously store multiple frequency modes that all occupy the same tempo-

ral mode. We generate five pulses by driving the input phase modulator with an appropriate

sinusoidal waveform in a way that four strong frequency modes around the carrier frequency

are generated. We send the pulses to an AFC prepared with four-segments, centered at each

of the four generated frequency modes, each leading to different storage times, as shown in

Fig. 10.5a. After storing the pulses in the memory, we detect four echoes at times given by

the storage time of the corresponding AFC segment, as seen in Fig. 10.5b. The retrieval

efficiency for each output mode is different due to the difference in the efficiency of each AFC
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Figure 10.5: Simultaneous storage of multiple frequency modes: An AFC consisting
of four-segments labeled f1, f2, f3 and f4 was prepared as shown in (a). Each segment has a
200 MHz bandwidth and leads to 25 ns, 50 ns, 75 ns and 100 ns storage times, respectively.
The strength of the applied magnetic field was optimized such that the retrieval efficiencies
of all segment were almost equal. Four pulses at the four frequency modes compatible with
the AFC segments were generated and simultaneously stored in the AFC. Each pulse was
retrieved after the storage times programmed into the AFC segments as shown in (b).

segment and in the power of the pulses. Considering the fact that we are able to generate

up to 10 GHz bandwidth, it is possible to store around 100 frequency modes using our AFC

memory.

10.3 On-demand Frequency Selective Retrieval

In this section, we turn our attention to the frequency selective recall process. We prepare

an AFC with four segments with different storage times. Next, we generate four pulses in

four well-defined frequency modes, matching the prepared AFC segments, as in Section 10.2.

We map these pulses to the AFC memory from which they are retrieved after different pre-

programmed storage times. As a reference, first we detect the recalled pulses while skipping

the FP cavity and frequency shifter block. We thus observe the simultaneous storage of

the four frequency modes, as shown in the far back trace of Fig. 10.6. Next, we want to
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Figure 10.6: Demonstration of on-demand selective retrieval from a multimode
quantum memory: An AFC consisting of four-segments, similar to the one shown in Fig.
10.5a was prepared. In this AFC, the storage time for each segment (f1, f2, f3 and f4) was
set to 50 ns, 90 ns, 30 ns and 70 ns, respectively. Four pulses containing four well-defined
spectral modes compatible with the AFC segments were simultaneously sent the prepared
memory. All frequency modes were stored and retrieved at the different times programmed
into the AFC. First, as a reference, all four pulses were detected after bypassing the selective
recall block, as shown on the far back of the figure. Next, the retrieved modes were directed
to the output phase modulator and FP filter with transmission window centered at zero
MHz. By applying a frequency shift between -400 MHz and +400 MHz in increments of
200 MHz, each frequency mode was selectively recalled after the filter, as shown in the front
figures. The applied magnetic field was optimized to maximize the echo efficiency for each
recalled mode.
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demonstrate that we can selectively recall any of the stored photons using the frequency

shifter (a phase modulator) and the FP cavity, which is set to zero detuning with respect

to the center of the AFC. This is done by applying an appropriate frequency shift to the

retrieved modes so that only the desired frequency mode passes through the FP cavity and

the rest is filtered out (reflected). After the FP filter, we detect the retrieved photons using

the Si-APD. The front curves in Fig. 10.6 illustrate the obtained detection histograms for the

selective recall of photons from each mode. As seen, selected modes are faithfully retrieved

and the other modes are suppressed by more than 10 dB. The main reasons that we observe

these spurious modes2 are imperfections in the alignment of the FP cavity and in the settings

of the modulation amplitude for the Serrodyne frequency shifting.

10.4 Storage of Time-Bin Qubits Encoded into Photons in Different Fre-

quency Modes

After demonstrating the on-demand (selective) retrieval of pulses in different frequency

modes, the final step will be probing the storage of qubits in the frequency multimode

storage scheme. Unlike in the temporal multimode storage approach, the photons carry-

ing the qubit states need to be in a set of well-defined frequency modes. On top of this,

as described above, these frequency modes are translated to a certain fixed frequency for

selective recall after storage in the quantum memory. We need to assess whether there is

any degradation in the selectively retrieved quantum information at the end of the whole

process. To do this, we prepare time-bin qubits in various spectral modes and analyze how

faithfully they are retrieved after frequency shifting and filtering.

First, we generate photons in time-bin qubit states, early (|e〉) and late (|l〉), respectively

2Imperfections in the settings of the sawtooth waveform for the Serrodyne frequency shifting can cause
the generation of harmonics higher than first order and/or oppositely signed harmonics. We refer to these
modes as spurious modes. For example, in the experiment, to selectively retrieve the pulse at f2=-200 MHz,
a frequency shift of +200 MHz needs to be applied. Imperfections in the waveform setting can also result
in the second order of f1=-400 MHz mode. Therefore this mode (spurious) in addition to f2=-200 MHz is
shifted to zero MHz and transmitted through the cavity
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Figure 10.7: Storage of |e〉 and |l〉 time-bin states occupying different frequency
modes: Pulses prepared in early and late temporal modes and centered at frequencies f1 and
f2, respectively, were stored in a AFC memory prepared with two 200 MHz-wide segments
centered at +200 MHz and +400 MHz. The pulses were retrieved after 40 ns and detected
after bypassing the output phase modulator and FP filter for reference as shown in the top
figure. Next, the retrieved pulses were directed the frequency shifter and the FP cavity for
selective recall. The transmission window of the FP filter was centered at +400 MHz and a
frequency shift of +200 MHz was applied to the pulses. This process allowed to recall only
the |e〉 state as seen in the middle figure. Next, the transmission window of the FP filter
was centered at +200 MHz and a frequency shift of -200 MHz was applied to the pulses,
resulting in the selective recall of the |l〉 state as shown at the bottom figure.
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and in different frequency modes. As a reference, these orthogonal states are simultaneously

stored in an AFC memory, prepared with two-segments, and re-emitted after 40 ns as seen in

the top trace of Fig 10.7. Next, we selectively retrieve one of the photons using the frequency

shifter and the FP cavity. In the ideal case, when the |e〉 state is retrieved, no detection is

expected to occur in the late temporal mode as the |l〉 state is encoded into the photon in

the other frequency mode. Similarly upon retrieval of |l〉, there should be no detection in

the early temporal mode. Based on this criterion, we can assess the fidelity of our scheme

for storage of early and late qubit states, as described in Chapter 7. We calculate the fidelity

for the (|e〉) state as Fe = Ce|e/(Ce|e +Cl|e), where, e.g., Cl|e denotes the number of detected

counts in the late time-bin. If a photon in state |e〉 is recalled, we expect Ce|e to be large

and Ce|l is zero. Any counts in Ce|l are mainly due to detector dark counts (noise) and cross-

talk between frequency modes. Similarly, we can find Fl, enabling us to calculate the mean

fidelity: Fel = (Fe + Fl)/2 = 0.895± 0.02, which beats the maximum recall fidelity allowed

for classical memory of 0.67. The reduction of the fidelity compared to the results reported

in Chapter 7 is due to imperfections in the Serrodyne frequency translation and filtering

processes caused by cross-talk between the frequency modes. Nevertheless, it is possible to

increase the fidelity to close to unity by careful optimization of these processes

The next step is to assess the fidelity for the storage and retrieval of a qubits in an equal

superposition of early and late temporal modes and carried by the photons in particular

frequency modes. The measurements presented here are only preliminary due to limitations

of our current setup. More precisely, we can currently not prepare two orthogonal superpo-

sitions states in different frequency modes. Thus the assessment made here does not account

for cross-talk between the frequency modes, which could cause a reduction of the fidelity.

Following the approach taken in Chapter 7, we implement a double-AFC to store and ana-

lyze time-bin qubit states. Hence, we prepare qubits in a single frequency mode and store

them a 1 GHz-wide AFC with 20 ns and 40 ns storage times. We vary the phase of the
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projection measurement by shifting one of the comb’s center peak in steps of 15 degrees. As

demonstrated in Chapter 6 and 7, this results in the detection of photons in one out of three

temporal modes. For each setting, we record the detections in the middle temporal mode

after bypassing the cavity and FP filter. This yields a sinusoidal visibility curve, shown on

the left hand side of Fig. 10.8. With visibility of V = 0.95 ± 0.06, this allows calculating

the fidelity for superposition states Fφ = (1 + V)/2 = 0.978 ± 0.03, leading to final fidelity

F ≡ (Fel+2Fφ)/3 = 0.95±0.05, which exceeds again the limit allowed when using a classical

memory. This confirms the faithful storage capability of our memory.

One crucial point, so far not considered in these measurements is that any translation

in the frequency of photons, carrying the time-bin qubit states, changes the relative phase

between the temporal modes of the qubit due to the intrinsic relation between the frequency

(ω) and the phase of the light (φ) given by φ = ωt. Therefore preparing time-bin states in

the different frequency modes and shifting these modes for the selective recall result in an

unitary transformation of the originally encoded the state.

To assess this effect, we encode a certain time-bin qubit state, 1√
2
(|e〉 + |l〉), into the

generated pulses using the AOM and then shift the frequency of these pulses into various

frequency modes. The produced modes are individually stored in a 1 GHz-wide double

AFC with a certain phase setting that allows a projection onto 1√
2
(|e〉+ |l〉). The retrieved

photons are detected right after the memory and we record counts in the interfering (middle)

temporal mode for each frequency shift setting. The plot, on the right hand side of Fig.

10.8, shows the results of these measurements. As seen, depending on the applied frequency

shift, the originally prepared time bin qubit state unitarily transforms into a different state.

Consequently, for high fidelity storage and retrieval, it is either necessary to account for this

transformation or to transform the states back to the original ones. In our implementation,

the latter can be accomplished by compensating the phase change using the phase modulator

that facilitates frequency shifting. To demonstrate this possibility, we perform the same
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Figure 10.8: Storage of superposition of time-bin states occupying single frequency
mode and varying frequency modes in double-AFCs: In the first experiment, a time
bin qubit in 1√

2
(|e〉+ |l〉) was prepared using an AOM and its carrier frequency was shifted

by 200 MHz by means of the input phase modulator. This state was stored in a 1 GHz-wide
double AFC with 20 ns and 40 ns storage times, which allowed projection onto 1√

2
(|e〉+eiφ |l〉),

where φ is a phase setting determined by the frequency difference between the center peaks
of the AFCs. The phase φ was changed by π/6 increments by shifting one of the AFC’s
center frequency. For each projection setting, the detections in the middle temporal were
recorded during 30 s and the visibility curve shown on the left hand side of the figure was
obtained. In the next experiment, a time-bin qubit state in 1√

2
(|e〉+ |l〉) was prepared using

an AOM and its carrier frequency was shifted to the frequencies ranging from 146 MHz to
254 MHz in increments of 4 MHz by means of the input phase modulator. For each frequency
shift, the time-bin qubit state was stored in the double AFC that allowed projection onto

1√
2
(|e〉 + |l〉). The detections in the middle temporal mode were recorded for each setting

and the oscillating trace, shown in red on the right hand side plot, was obtained. Next, the
same experiment was performed with compensation of the resulting transformations using
the phase modulator. In this case, the flat trace, shown in blue, was obtained, which shows
that encoded quantum states can be protected in the process of frequency translation.
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experiment, but this time with appropriate phase compensation for each frequency shift. In

this case, we obtain the flat trace shown in the figure, demonstrating that we can protect

encoded quantum states in the process of frequency translation. In combination with the

results of the previous measurements, these experiments demonstrate that our frequency

multimode storage system featuring on-demand recall is expected to be capable of preserving

quantum information with high fidelity.

To complete the picture, the final step will be simultaneously storing multiple qubits, each

occupying different frequency modes and all in different time-bin qubit state, and faithfully

retrieving the desired one. This work is in progress.

10.5 Conclusion

In this chapter, we demonstrated a frequency multimode quantum memory approach that

features on-demand selective recall in the frequency domain. We also proposed a novel

quantum repeater architecture, which is compatible with our storage system and relaxes the

requirement of on-demand recall in the time domain. Hence If we can improve the storage

time and the efficiency, our quantum memory approach would fulfill all requirements for

frequency multiplexed quantum repeaters.

181



Chapter 11

Towards On-Chip Quantum Optical Processors

Faithful storage of quantum information encoded into photons has been the main purpose

of the experiments presented in the previous chapters. In addition to storing, processing

quantum information that requires coherent manipulation of photons is another important

task for quantum communication and linear optics quantum computing. Towards this end,

combining storage and manipulation in a light-matter interface is highly desirable. This task

has received significant attention over the past decades, at least in what concerns standard

photon-echo schemes and strong (classical) optical signals [80, 86, 87, 88, 89, 90, 91, 92, 93,

94]. However, at the single photon level, there have only been a few demonstrations and

these are with limited capabilities. In this section, we show that our waveguide quantum

memory can be turned into a processor for arbitrary temporal and spectral manipulation

of quantum optical pulses. To this end, using weak coherent pulses at the few photon level

together with light-matter interaction inspired by the AFC quantum state storage protocol,

we experimentally demonstrate some basic pulse manipulation processes that are potentially

useful for advanced quantum information processing.

My contributions to this study were the following: Designing and setting up the exper-

iment, performing the measurements, analysis and interpretation of the results, writing the

manuscript. Our findings will be submitted to a journal for publication. The following sec-

tion is the current version of this manuscript, which has been re-formatted for consistency

with the other chapters of this thesis.
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Abstract

Faithful storage and coherent manipulation of quantum optical pulses are key for long

distance quantum communications and quantum computing [6, 95, 4]. Combining these

functions in a light-matter interface that can be integrated on-chip with other photonic

quantum technologies, e.g. sources of entangled photons, is an important step towards

these applications [95, 96, 97, 98]. To date there have only been a few demonstrations

of coherent pulse manipulation compatible with quantum states, and that only in atomic

gas media and with limited capabilities [99, 49, 100, 101, 102]. Here we describe how a

broadband waveguide quantum memory based on the atomic frequency comb protocol [103,

58, 104] can be used as a programmable processor for essentially arbitrary spectral and

temporal manipulations of individual quantum optical pulses. Using weak coherent optical

pulses at the few photon level, we experimentally demonstrate re-sequencing, frequency-to-

time multiplexing and demultiplexing, carving, splitting, compressing and stretching as well

as on-demand delaying. Our integrated light-matter interface offers high-rate, robust and

reconfigurable manipulations of optical pulses at the single photon level and brings fully

practical optical quantum devices one step closer to reality.
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Figure 11.1: Simplified diagram of experimental setup for optical pulse manipula-
tion based on AFC processor.

11.1.1 Introduction

Since the invention of the laser a lot of effort has been put into manipulating optical pulses

for key applications in engineering and science. One recent example is photon-based quan-

tum information processing, which promises unprecedented computational power [95] and

unbreakable secret key distribution [4, 6]. The realization of these technologies requires

coherently storing as well as manipulating quantum optical pulses in order to process and

distribute quantum information. So far, efforts towards performing these tasks have yielded

two separate developments: On the one side, optical quantum memories for the storage of

quantum information, on the other side, photonic quantum devices for the manipulation of

quantum information. Towards this end, combining storage and manipulation in a light-

matter interface that can be integrated on-chip with other photonic quantum devices is an

important step for future quantum technologies. To date there have only been a few demon-

strations that employ a quantum storage device for coherent optical pulse manipulations

[99, 49, 100, 101, 102]. However, these implementations are in gaseous atomic ensembles,

show limited processing capabilities, and feature small bandwidth and small multimode ca-

pacities. In this study, we propose and demonstrate a universal approach for temporal

and spectral manipulation of individual quantum optical pulses, which relies on the inte-
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gration of our broadband waveguide quantum memories with waveguide photonic devices.

Our implementation consists of two main components: a Tm:LiNbO3 waveguide memory

and two LiNbO3 waveguide phase modulators placed before and after the memory. The

idea behind this implementation is to use the large bandwidth capacity of the Tm:LiNbO3

waveguide quantum memory in conjunction with the large frequency shift capacity of the

LiNbO3 waveguide phase modulators. The broadband nature of our memory device allows

us to divide the entire bandwidth into several smaller-bandwidth AFC segments prepared

for certain processing task, such as delaying by different amounts, splitting or compress-

ing/decompressing of input pulses. The phase modulators are used to map the incoming

pulses onto the relevant segments in the memory for desired manipulation, and to modify

the frequency distribution of the retrieved pulses. This is accomplished with the serrodyne

frequency translation technique [81]. In the following we demonstrate some of the basic

temporal and spectral manipulations of weak laser pulses at the few photon level.

11.1.2 Experiment

Our experimental setup, depicted in Fig 11.1, consists of three main blocks: pulse generation,

pulse manipulation, and detection. The pulse generation block features a continuous wave

(CW) laser centered at 795.5 nm wavelength and an acousto-optic modulator (AOM) that

is used to carve 12 ns-duration pulses from the CW laser light. These pulses are heavily

attenuated down to 5− 40 photons on average. The pulse manipulation block is composed

of a Tm:LiNbO3 waveguide memory maintained at 3.5 K, and two commercial LiNbO3

waveguide phase modulators at the input and output of the memory. We note that it is

possible to combine these three elements on a single integrated photonic circuit that allowing

a more compact setup. The detection block contains a Si-APD single photon detector, an

optical switch used to protect the detector from optical pump light while preparing the AFC,

and, a monolithic Fabry-Perot (FP) filter (not shown in the figure) used to demonstrate

the ability to control the spectra of the retrieved pulses from the memory unit (this is
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Figure 11.2: An example of a programmed AFC memory.

further explained in the Supplementary Information). Each experimental cycle has three

stages: AFC programming, waiting in order to avoid noise from decaying excited atoms, and

manipulating and detecting photons. The durations of these stages were 3 ms, 2.2 ms and

5 ms, respectively. Programming the AFC memory unit is achieved by frequency selective

optical pumping, for which we control the frequency of the CW laser light using the phase

modulator placed before the memory (see the Supplementary Information).

In a standard AFC memory, the inhomogeneously broadened absorption profile is tailored

into a series of equally spaced absorption peaks. After mapping the photons onto this spectral

feature, due to the periodicity, the atoms come to complete rephasing at tstorage = 1/∆, where

∆ is the spacing between the peaks, resulting in re-emission of the input photons. The

retrieval process can be achieved with unit efficiency provided that certain phase matching

conditions are satisfied and AFC parameters such as finesse, effective optical depth are

optimum [40].
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Figure 11.3: Demonstration of pulse re-sequencing: An input pulse sequence consisting
of three 25 ns separated pulses is generated using the AOM. The pulses are prepared with
12 ns duration, the same carrier frequency but different amplitudes. (a) Each input pulse is
mapped onto the same AFC segment with +200 MHz detuning using the input phase modu-
lator. They are stored with 75 ns duration and come out in the same order (First-in-first-out,
FIFO). (b) The first, second and last pulses are mapped onto the AFC segments that yield
125 ns, 75 ns and 25 ns storage time, respectively. This results in a reversed order of the
input sequence (First-in-last-out, FILO). (c) Similarly, by applying appropriate frequency
shifts to each pulse, any time ordering can be obtained.

When the AFC is used for processing tasks, the peak spacing in different frequency

intervals is typically set to different values resulting in storage times that vary as a function of

frequency. An example of a programmed AFC memory is shown in Fig 11.2. In this example,

the entire bandwidth is divided into six AFC segments with 200 MHz bandwidth. In each

AFC segment, the peak separations are set by different amounts, allowing storage times

from 25 ns to 125 ns with 25 ns increments. The last segment, prepared by superimposing

two AFCs, is used to split a pulse into two temporal modes stored for 40 ns and 65 ns,

respectively. Using this single re-configurable AFC processor, multiple processing tasks can

be performed, as discussed in the following.

Pulse Re-sequencing

The first example is the re-ordering of pulses in a pulse sequence, which plays an important

role in synchronizing and randomly accessing quantum information in quantum repeaters

and optical quantum computers [99]. In the standard AFC storage scheme, one is restricted

to simultaneously store pulses without changing their order, as shown in Fig. 11.3a. Now
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we would like to re-order the pulses in this sequence. To accomplish this task, the phase

modulator at the input of the memory applies appropriate frequency shift to each pulse in

such a way that each pulse is mapped onto a different AFC segment, resulting in a reversed

or arbitrary retrieved pulse sequences, as demonstrated in Fig. 11.3b and c, respectively.

Moreover, the center frequency of each pulse retrieved from the memory unit can be set back

to its original value through the output phase modulator, resulting in a manipulation only

in time domain (see the Supplementary Information).
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Figure 11.4: Demonstration of frequency-to-time multiplexing and demultiplex-
ing: A pulse in three distinct frequency modes with -400 MHz, -200 MHz and +200 MHz
detunings is generated using the input phase modulator driven by a sinusoidal waveform.
This multimode pulse is sent to the programmed AFC (Fig. 11.2) and each frequency mode
is mapped onto the corresponding AFC segment. This results in retrieving each pulse at
a different time, as determined by the respective pre-programmed AFC segment. This is
illustrated in the front curve (Demultiplexing). Next, three 25 ns-separated input pulses are
prepared and their center frequencies are mapped to the AFC segments with +200 MHz,
-200 MHz and -400 MHz detuning, respectively, using the input phase modulator. Having
these pulses processed through the corresponding AFC segments allow them to be merged
in the same temporal mode, as shown in the back curve (Multiplexing).

Frequency-to-time Multiplexing and Demultiplexing

The next example is to frequency-to-time multiplex and demultiplex pulses, which is an

essential process for multiplexed quantum networks. When several frequency modes that
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occupy the same temporal mode are mapped onto the programmed AFC, they are retrieved

at different times (demultiplexing) as shown in the front of Fig. 11.4. Reversibly, pulses

in different temporal modes can be merged in the same temporal mode (multiplexing) by

applying the appropriate frequency shift to each input mode as demonstrated in the back of

Fig. 11.4.
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Figure 11.5: Pulse splitting: Three separate temporal portions of an input pulse, centered
on the red, blue and green dashed lines, are mapped to three segments of the programmed
AFC, leading to 75 ns, 50 ns and 25 ns storage times, respectively. After processing in the
AFC, three spectro-temporal modes emerge from the memory as shown in the figure.

Pulse Splitting

Splitting a pulse into separate pulses in various spectral and temporal modes is another possi-

bility, which could be used for generating high-dimensional quantum states. To demonstrate

this feature, the input phase modulator maps three selected temporal portions of an input

pulse onto different AFC segments such that each portion of the original pulse is retrieved

in one of three well defined spectro-temporal mode as shown in Fig. 11.5. We note that it

is also possible to recover the input pulse by re-processing each generated component in a

subsequent system.
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Figure 11.6: Arbitrary temporal and spectral filtering: (a) The input phase modu-
lator maps three selected 3 ns-long temporal portions of a 12 ns long input pulse onto an
AFC segment prepared with 600 MHz bandwidth and 33 MHz peak spacing. This allows
generating arbitrary temporally modulated pulse as seen in the figure. (b) The input phase
modulator maps a narrow temporal portion of an input pulse onto an AFC segment prepared
with 600 MHz. This results in an echo almost three times shorter than the input pulse. The
echo pulse, shown with the dashed line is obtained in the case in which the entire pulse is
mapped to the same AFC. (c) An input pulse with nearly 70 MHz bandwidth is mapped
onto an AFC segment prepared with 600 MHz bandwith and retrieved after 50 ns as shown
in the top figure. An input pulss with the same bandwidth is mapped to an AFC with a
bandwidth decreased to about 40 MHz. In this case the AFC acts as bandpass filter yielding
an output pulse with increased duration.

Arbitrary Temporal and Spectral Filtering

Our integrated system can also be used as a reconfigurable temporal and spectral filter,

which could be a tool for tailoring broadband single photons or to match the spectral and

temporal properties of photons produced from independent sources. To demonstrate the
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temporal shaping capability, the bandwith of an AFC segment is increased from 200 MHz to

600 MHz, and the input phase modulator maps three selected 3 ns long temporal portions

of an incoming pulse onto the same frequency interval in this AFC segment. As shown in

Fig. 11.6a, this allows arbitrarily modulating the temporal shape of a pulse while keeping

the effective bandwidth the same. In addition, we can carve a narrow selected temporal

portion from an input pulse which allows for generating a short pulse from a long one, as

demonstrated in Fig. 11.6b.

To demonstrate the spectral filtering capability, the bandwidth of the AFC segment is

decreased to about 40 MHz. An input pulse with nearly 70 MHz bandwidth is mapped onto

this AFC. The excessive spectral portion is filtered out and the pulse is retrieved with longer

duration (smaller bandwith) as seen in 11.6c.
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Figure 11.7: Generating and Manipulating Time-bin Quantum States: (a) The last
segment of the programmed AFC with +800 MHz detuning (Fig. 11.2) is prepared by su-
perimposing two AFCs (double AFC) with different comb spacings, leading to 40 ns and 65
ns storage times, as detailed in the figure. The strength of the applied magnetic field is care-
fully adjusted so that each comb has nearly the same retrieval efficiency. (b) Input photon,
occupying a well-defined temporal mode is mapped to the double AFC. It is re-emitted in a
superposition of two temporal modes.(c) Storing a superposition time-bin qubit state with
temporal modes separated by the difference between the re-emission times of the AFCs leads
to an overlap in the middle time slot after recall. This allows for performing any projection
measurements onto time-bin qubit states, as represented in (c). In the measurements, input
states, |ψ〉 = 1√

2
(|e〉 − |l〉) (front curve) and |ψ〉 = 1√

2
(|e〉+ i |l〉) are stored in a double AFC

that allows projection onto |ψ〉 = 1√
2

(|e〉+ |l〉). This result in complete destructive and a
constructive interference in the middle temporal mode, respectively.
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Manipulating Time-bin Qubit States

Generating and manipulating time-bin qubits can be easily accomplished using our integrated

processing unit. In the programmed AFC shown in Fig. 11.2, the last segment is prepared

by superimposing two AFCs with different comb spacings (see Fig. 11.7a). When a single

photon pulse is mapped onto this AFC segment, it is re-emitted in a superposition of two

temporal modes with a relative phase given by the difference between the corresponding

combs’ center frequencies. Thus this scheme can be used to generate any time-bin qubit

state as represented in Fig. 11.7b. In addition, adjusting the difference between the emission

times to the temporal separation of the two input modes leads the latter to overlap in the

central time slot as shown in Fig. 11.7c. In this way, it is possible to project a time-bin qubit

onto any arbitrary state, as shown in [104]. Furthermore our system is capable to convert

a time-bin qubit to a frequency-bin qubit and to manipulate frequency-bin qubits, which

could be useful for quantum communication protocols.

Pulse Compressing and Stretching

Compressing and stretching quantum optical pulses are other potential applications that

could be used to increase quantum data rates and match bandwidths of input photons to

quantum memories [102, 105]. An AFC memory is particularly well suited for this task,

since it can be tailored in such a way that different frequency components can be rephased

at different times instead of at one fixed time. Towards this end, we program a 500 MHz-

wide AFC, whose peak separation is linearly decreasing from 30 MHz to 10 MHz across

the entire bandwidth (Fig. 11.8a). In fact, this frequency segment could allow one to

perform previously shown pulse manipulations in continuous time provided that the input

pulse spectra are much smaller than the entire bandwidth. To compress an input pulse, the

input phase modulator chirps the frequency of the incoming pulse linearly from high (200

MHz) end to low frequency (-200 MHz). When this pulse is absorbed in the memory unit,

the frequency components from the pulse front rephase later than the components from the
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Figure 11.8: Demonstration of Compressing and Stretching of pulses using an
AFC with variable peak spacing: (a) a 500 MHz-wide AFC with linearly decreasing
peak spacing from 30 MHz to 10 MHz is programmed. (b) The frequency of an incoming
pulse is linearly chirped from high (200 MHz) to low frequency (-200 MHz) using the input
phase modulator. This pulse is mapped onto the programmed AFC. This results in the
emission of a compressed pulse with a compression factor of nearly 2.4. The dotted plot
shows the emitted echo after storage in a standard AFC. A clear difference can be seen
between the peak level of the standard and compressed echo. (c). Pulse stretching can be
done in a similar way by having the frequency chirp for the input pulse from low to high
frequency.

pulse end, allowing retrieval of a temporally compressed pulse as shown in Fig. 11.8b. Pulse

stretching can be done in a similar way by having the frequency chirp from low to high as

illustrated in Fig. 11.8c. We note that the compression and decompression are different from

the previously described filtering process as, in principle, no loss is introduced to the input

pulses.

Higher compression (decompression) factors can be easily obtained by extending the AFC

bandwidth and/or increasing the duration of pulses as demonstrated in Fig 11.9. Considering

the achievable bandwidths, up to 10 GHz in our current implementation, compression factors

exceeding 100 are possible for the tens of nanosecond long pulses
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Figure 11.9: Achieving high compression factors: A 2 GHz-wide AFC with linearly
decreasing peak spacing from 30 MHz to 10 MHz is programmed. The frequency of a 32 ns
long pulse is chirped from 2 GHz to 0 GHz and mapped onto the programmed AFC. This
results in a 2.6 ns long echo and a compression factor of 12.

On-demand Delaying

Having AFC segments with different peak spacing also allows one to select storage time on-

demand without the (time intensive) need for the generation of different AFCs. In our new

approach, the input phase modulator maps a pulse to a particular AFC segment for desired

delay by serrodyne frequency translation as demonstrated in Fig. 11.10a. In addition, it is

possible to compress the pulses during storage (as shown in previous section) using an AFC

with continuously varying peak spacing. Changing the start frequency of the chirp allows

one to choose non-discretized storage times before the memory unit as demonstrated in Fig.

11.10b. If necessary, the emitted pulse’s carrier frequency can be set back to the original

frequency using the output phase modulator. The described feature could be very useful for

synchronization purposes in quantum communication protocols.
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Figure 11.10: On-demand delaying: (a) The input phase modulator maps an incoming
pulse to a particular segment of the programmed AFC shown in Fig. 11.2 to obtain a desired
delay. To achieve delay times of 25 ns, 50 ns and 75 ns, the pulses are mapped onto the
segments with -400 MHz, -200 MHz and +200 MHz detuning, respectively and are retrieved
after the corresponding storage time, as demonstrated in the figure. (b) A 2 GHz-wide AFC
with linearly decreasing peak spacing from 30 MHz to 10 MHz is programmed. The frequency
of an incoming pulse is linearly chirped from high to low over nearly 800 MHz. This pulse
is mapped onto the programmed AFC, resulting in the emission of a compressed pulse with
a compression factor of nearly 4. Varying the start frequency of the chirp maps incoming
pulse to different intervals of the AFC, which allows for setting storage time on-demand.

11.1.3 Conclusion

Integrated quantum memories have great potential in future quantum communication net-

works and in on-chip photonic quantum computers. Employing our device for manipulations

of optical pulses at the single quantum level adds another direction to its potential use in

advanced quantum information processing applications. In this study, we have shown that

our broadband waveguide quantum memory can be turned into a processing unit for arbi-

trary temporal and spectral manipulations of light. Although in our demonstrations we used

weak laser pulses at the few photon level, our approach can work equally well for laser pulses

containing less than one photon on average, true single photons, or members of entangled

pairs of photons. By combining the large bandwidth capacity of our quantum memory device
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with high-speed waveguide electro-optic components, our implementation offers a wide range

of pulse manipulation capabilities. Despite limited storage time and efficiency of our current

implementation, our approach can open up new avenues for future quantum technologies.

11.2 Supplementary Information

In the following, some experimental details as well as a discussion on the limitations and

possible improvements will be given.

Implementation: The main idea of the experiment is to use a cryogenically cooled Ti:Tm:LiNbO3

channel waveguide quantum memory as a processor in conjunction with two commercial

LiNbO3 electro-optic modulators placed before and after the memory. Although in our ex-

periments the LiNbO3 phase modulators were outside the cryogenics system and connected

to the input and output of the memory by single mode fibers, all components can in principle

be implemented on a single chip. This can be achieved by fabricating a long LiNbO3 channel

waveguide with Thulium atoms doped only into the central part and electrodes are deposited

at the beginning and end of the waveguide.

Material: The fabrication of the Tm:LiNbO3 waveguide and basic spectroscopic properties

of Tm atoms in this material have already been reported in [103]. The waveguide used in

the experiments has 10.4 mm length and 3.5 µm diameter. The light was butt-coupled into

and out of the waveguide using single mode fibers. End-to-end transmission was around 20

%. The crystal temperature was kept around 3.5 K during the experiments, which resulted

in nearly 1.5 µs coherence time on the optical transition at 795.5 nm. A magnetic field of

50–130 G, depending on the measurement, was applied along the C3 axis of the crystal in

order to activate long-lived nuclear Zeeman spin level. These levels were used as shelving

levels to generate persistent AFCs.

AFC Preparation: We prepared each AFC by means of frequency selective optical pump-

ing of an inhomogenously broadened transition of Tm at 795.54 nm wavelength. As detailed
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previously [58], this is achieved by chirping the laser frequency and simultaneously mod-

ulating its intensity. The interaction between the laser light and resonant atoms leads to

excitation of the latter. The atoms may subsequently decay to the shelving state. Repeating

this processes for a sufficienly long time leads to persistant spectral holes, which forms the

troughs of the AFC. The atoms that are not excited by the laser are left in the ground state

and form the peaks of the AFC. Adjusting the frequency spacing between the peaks (or

throughs) allows to set the re-emission times.

An important point is that in the optical pumping process, reduced absorption at certain

frequencies always comes with increased absorption in other frequencies, determined by the

level structure. In our case, pumping atoms from one magnetic sub-level to the other mag-

netic sub-level results in decreased and increased absorption at frequencies whose separation

is given by the difference between the excited and ground state splittings. Hence we have to

adjust the magnetic field in such a way that the increased absorption and reduced absorption

regions match the AFC peaks and troughs. However, this severely limits experiments that

require variable peak spacing in the prepared AFC. Therefore, in some experimental configu-

rations, the magnetic fields had to be optimized so that we obtained nearly equal efficiencies

from each AFC segment, at the expense of reducing the overall memory efficiency. Typically,

the efficiency was reduced by a factor 2–5 from the optimized efficiency of about 0.5–2 %.

As explained in ref. [58], in general, the low efficiencies of our implementation are due

to unfavorable relaxation dynamics and a high decoherence rate in our specific sample.

Substantial improvement in efficiency is possible by achieving closer to optimal conditions

in the Tm doped waveguide fabrication, as discussed in reference [84].

Measurements: In each experimental cycle, optical pumping lasted for 3 ms. After the

preparation of an AFC, a 2.2 ms wait time was set to eliminate any fluorescence coming

from the excited atoms during the detections of the probe pulses. 12 ns probe pulses were

then sent during 5 ms at 2.7 MHz repetition rate. Just before the memory, the pulses were
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attenuated down to a mean photon number of 5-40. The retrieved and transmitted pulses

were detected by a Si-APD single photon detector with 70% detection efficiency and low

dark count rate. The estimated mean photon numbers after the memory were between 0.007

and 0.04 photon per pulse, depending on the experiment. For sufficient detection statistics,

each measurement took 0.5− 2 minutes. To time-resolve and process the detections, a time-

to-digital convertor was used. Strong optical pumping light with 5 to 15 µW peak power

was sent from the backward direction, which protects the single photon detector. An optical

switch allowed to share the memory output alternately between the optical pumping and

probe pulse detections.

Ability to Spectrally Manipulate Pulses Retrieved from the Memory: In most of

the pulse manipulations demonstrated, the center frequency or spectral distribution of the

pulses are changed by the input phase modulator. The main role of the phase modulator

that follows the memory unit is to undo these changes, if necessary. For example, when the

pulses with the same carrier frequency are re-ordered in time, their center frequencies are

automatically shifted by certain amounts as explained in Section 11.1.2. In this case, using

the output phase modulator, the frequency of the re-ordered pulses can be shifted back to

their original values.

To demonstrate this capability, we add a FP filter with 80 MHz linewidth and 23 GHz

free-spectral range after the output phase modulator. We generate an AFC with 600 MHz

bandwidth and 33 MHz peak spacing, leading to 30 ns storage time. We set the transmission

window of the filter to the center of the AFC. First, we store pulses with 12 ns duration in the

prepared AFC and detect retrieved photons after having set the frequency shift introduced

by the output phase modulator to zero, as shown at the top of Fig. 11.11a. Next, we shift

the frequency of the transmitted pulse by -200 MHz but leave the echo pulse’s frequency

unchanged. In this case, while the transmitted pulse is blocked by the filter, the echo passes

through as seen in the middle of Fig. 11.11a. Finally we shift the frequency for transmitted
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Figure 11.11: Demonstration of spectral manipulation of the pulses retrieved from
the memory unit using the output phase modulator: (a) Pulses with 12 ns duration
are stored in an AFC prepared with 600 MHz bandwidth and 33 MHz peak spacing. They
are retrieved after 30 ns as shown on the left hand side column. The retrieved pulses are
directed to the output phase modulator preceding the FP filter. The transmission window
of the filter is tuned to the center of the AFC. First, no frequency shift is applied to the
transmitted pulse nor the echo, and thus both pass through the filter, as shown in the top
figure. Next, a 200 MHz frequency shift is applied to the transmitted pulse and then only the
echo passes through the filter, as shown in the middle figure. Finally, a 200 MHz frequency
shift applied to both and thus both are blocked by the filter. (b) Two 25 ns separated input
pulses, occupying different frequency modes are simultaneously stored in a 2 segment AFC
leading to 50 ns and 70 ns storage times, as shown on the left hand side column of the figure.
After recall from the memory, by applying an appropriate frequency shift, we selectively
retrieve one of these modes through the filter as shown on the right hand side column

and the echo pulses by 200 MHz allowing the filtering both as in the bottom of Fig. 11.11a.

In another demonstration, we prepare an AFC with two frequency segments, each having

200 MHz bandwidth centered at -100 MHz and +100 MHz detuning. We set the storage

times to 50 ns and 70 ns, respectively. Next, we generate two 25 ns separated pulses with

-100 MHZ and +100 MHz detuning and store them simultaneously in the prepared AFC.

They are retrieved after 50 ns and 70 ns as shown on the left of Fig. 11.11b. We direct them

to the phase modulator and the filter. Shifting the frequency by ±200 MHz we can recall
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any desired frequency mode after the cavity as illustrated on the right hand side of 11.11b.

These experiments demonstrate that using the output phase modulator, we have full

control over the processed pulses in the frequency domain. In particular, any temporal ma-

nipulation that requires the spectra of the pulses to be unchanged or spectral re-distribution

that protects the encoded coherent information is achieved with the use of this component.

On top of these, integrating a FP cavity to our system allows for the capability of on-demand

selective recall in the frequency domain, as shown in [106].

Serrodyne Frequency Shifting: The Serrodyne frequency shift technique [81] that was

employed in most of the pulse manipulations and AFC preparations is an essential tool in

our experiments. The principle of this technique is to introduce a linearly varying time-

dependent phase change to the light by applying a saw–tooth voltage to the electro-optic

phase modulators. As a result of the linear phase change, the frequency of the light is shifted

by the amount of the modulation frequency. The great advantage of this technique is that,

in principle, all energy can be transferred to the desired frequency mode without producing

higher order side bands. This feature allows fast frequency manipulations of short optical

pulses, as demonstrated in our experiments. To generate a sawtooth modulation voltage,

we used an arbitrary waveform generator (AWG) with 20 GS/s sampling rate. The output

voltage of the AWG is amplified using a high-speed amplifier to achieve the 2π-voltage value

of the electro-optic modulators. Our commercial electro-optic phase modulators have 10

GHz bandwidth and feature approximately 3 dB loss. With this system, we are able to shift

the light frequency by up to ±5 GHz. Imperfections in the applied saw tooth waveform

cause imperfect energy transfer efficiency to the desired frequency mode. For instance, for a

frequency shift of about 1 GHz, typically 80% of the unmodulated light’s power is transferred.
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Chapter 12

Outlook

There are three directions for our near future research activities. The first direction is to

improve our quantum memory’s performance. Increasing the memory efficiency and storage

time are the primary goals. To achieve these goals, the first step is to test the performance

of our existing waveguides in our new cryostat, which reaches temperatures down to a few

hundred mK. The second step is to investigate various Tm:LiNbO3 waveguides fabricated

with different techniques as well as Thulium doped bulk crystals such as Tm:LiNbO3 and

Tm:YAG crystals. In addition, Erbium doped crystals, which feature an optical transition

within telecommunication band, will be characterized and studied for quantum state storage

purposes.

The second direction is to perform further proof-of-principle experiments towards imple-

menting a quantum repeater. The demonstration of quantum state teleportation into a RE

based quantum memory is already planned. The next step is then to realize an elementary

link of a quantum repeater, based on frequency multimode AFC quantum memories. The

ultimate goal is to perform long distance quantum communication experiments with remote

quantum memories.

The third direction is towards more fundamental physics aspects. Extending the storage

time of a photon-echo quantum memory using the Zeno effect is one of the ongoing projects

carried out in collaboration with Dr. Sergey Moiseev at Kazan Physical-Technical Institute

of Russian Academy of Science. Quantum non-demolition measurement via cross phase

modulation in a waveguide quantum memory is another ongoing investigation; it is pursued

in collaboration with Dr. Christoph Simon’s group at the University of Calgary.
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Chapter 13

Conclusion

The end of the last century witnessed the emergence of quantum technologies that could

underpin the scientific and engineering developments of the near future. Among those tech-

nologies, quantum cryptography, which enables unconditional security encryption, is the

closest to becoming a part of our daily life. Quantum cryptography (or more precisely quan-

tum key distribution) has already been commercialized to protect information transfer over

short point-to-point links. However, quantum communication over more than a few hun-

dred km, for instance between two cities, requires quantum repeaters. A key hardware for

quantum repeaters is an optical quantum memory, which is used for the synchronization of

quantum data by allowing storage and on-demand retrieval of quantum states of light. A

quantum memory must meet certain specifications to be of use in a quantum repeater. For

instance, high fidelity quantum state storage, and the preservation of entanglement during

storage are essential features required in a quantum memory. In addition, a quantum mem-

ory must have a sufficiently long storage time and allow for on-demand recall, high efficiency,

large bandwidth and high multimode capacity. Such a quantum memory is highly desirable

not only for quantum communication, but also for linear optics quantum computing, which

is another rapidly progressing field of research. Finally, a quantum memory needs to be

easily integrated into existing communication infrastructure and compatible with existing

photonic technologies.

The main goal of this thesis was to develop a quantum memory that is suitable for long

distance quantum communication by satisfying the above requirements. Towards this goal,

different steps from material characterization to proof-of-principle quantum memory exper-

iments were performed. We developed a broadband quantum memory based on the atomic
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frequency comb protocol in a Tm:LiNbO3 waveguide. We demonstrated that our storage

device is suitable for high fidelity quantum state storage and for the storage of photonic en-

tanglement, and, that its large spectral multimode capacity allows for on-demand selective

recall in conjunction with standard spectral filters and frequency shifters. In addition, by

performing two-photon interference experiments and Bell-State measurements, we demon-

strated that our memory preserves not only quantum information, but more generally, the

photonic wavefunction in all degrees of freedom, which further confirms its suitability for

quantum repeaters and for linear optics quantum computers. Finally, we showed that our

integrated device can also be used for arbitrary temporal and spectral manipulation of quan-

tum optical pulses, which could pave the way towards on-chip quantum optical processors.

Despite this large number of new achievements, much work remains before our quantum

memories meet all requirements for a quantum repeater. Most importantly, storage effi-

ciency and storage time need to be improved, and this will determine our activities over next

five years.

This thesis has focused on fundamental aspects of light-atom interaction in view of the

development of high-performance quantum memory for light. I hope that it will trigger ad-

ditional efforts, which will ultimately allow breaking the current distance barrier in quantum

communication.

203



Appendix A

Structure of Tm:LiNbO3 crystal

LiNbO3 is a very important material for photonic applications due to its non-linear properties

[96]. Using a LiNbO3 crystal as host crystal for rare-earth ions offers attractive possibilities

such as waveguide quantum memories as demonstrated in the thesis.

Rare-earth ion 

(a) (b) 

Figure A.1: Structure of a rare-earth doped Tm:LiNbO3: (a) The ideal lattice of
LiNbO3. (b) Illustration of local C3 symmetry for the nearest surroundings of a rare-earth
ion doped into the Tm:LiNbO3. A projection of three Li, Nb, and O layers on the XY plane
(perpendicular to c-axis of the crystal) is shown. Image courtesy of Ref. [107]

The LiNbO3 crystal belongs to the C6
3v space group [108]. Its elementary unit cell posses

rhombohedral structure, which contains two LiNbO3 molecules. Fig. A.1a shows an ideal

lattice of LiNbO3. As can be seen from the figure, the lattice is composed of planar layers

of closely packed oxygen ions with small voids between them. These voids are filled by Li+

and Nb+5 ions [107].

When rare-earth ions with triple charge like Tm+3 are doped into a LiNbO3 crystal,
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these ions substitute Li+ ions, which are situated along the c-axis [108]. For low doping

concentrations, these ions generate local C3 (axial) symmetry centers as illustrated in Fig.

A.1b. As seen from the figure, a π/3 rotation around the symmetry axis results in an identical

configuration. In our experiments (performed with a LiNbO3 waveguide), the magnetic field,

which activates long-lived nuclear Zeeman sublevels, was applied along the symmetry axis,

i.e c-axis of the crystal.
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[89] S. Kröll, L. E. Jusinski, and R. Kachru. Frequency-chirped copropagating multiple-bit

stimulated-echo storage in Pr3:YAlNO3. Opt. Lett., 15:195–197, 1991.
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