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Abstract

The usage of quantum light, i.e., single photons carrying information, has become important in a
variety of applications. Prominent examples are the use of entanglement and squeezing in quantum
computation, but also in quantum communication.

Many of these applications require the storage of quantum states of light, be it for synchronisation
of photonic inputs or manipulation of light states. The storage of single photons or weak coherent
states of light requires the use of a quantum memory.

Here we report on the conception and implementation of a quantum memory protocol. We propose
an extension of the established ORCA quantum memory, called DRAGON, which seeks to overcome
crucial limitations of ORCA.

We present the theoretical framework of the model and its experimental implementation. Both

theory and experiment are put into context with numerical results from simulations.
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1.1 Outline

In this thesis we present theoretical, numerical and experimental work regarding the quantum
memory protocol Dephased RApid GrOuNd state mapping (DRAGON]). As we will show,
the memory is an architecture based on a closely related protocol, the Off-Resonant
Cascaded Absorption ([ORCAl). Many sections of this work will therefore also outline concepts
regarding the well established protocol.

The thesis is split into three thematic parts. After introducing the idea of [QM]and its applications
in Chapter |1} we describe in Ch. the theoretical framework that is necessary to understand
DRAGON

In Ch. 3 we present the concept of hyperfine optical pumping and its importance to the[DRAGON]
protocol. Here we give a theoretical outline and experimental results. Furthermore, we provide

numerical simulations, to put the experimental findings into context.
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Finally, in Ch. 4] we present the experimental implementation of This includes various
investigations concerning the operation of the memory. Again, to put the experimental results into
context, we use the framework of optical Bloch equations (OBE))s given in Ch. [2| to simulate and

reproduce the experimental results for the memory operation.

The thesis concludes with a summary of achievements, their relevance to ongoing research and
open questions in the field.

Appendix @ provides supplementary figures to certain experiments.

Note that during the course of this project a another project was started, the demonstration
of storage of time bin qubits using [ORCA] memories. This thesis will not include this work as it is
so far inconclusive and mainly a data analysis. However, in order to provide evidence of the work,

Appendix [B| provides the main graphs of the conducted work.

1.2 Optical quantum memories

In the past decades, quantum technologies have been developed with ever increasing speed. This
includes advances in the fields of quantum metrology, quantum computation and quantum com-
munication. A very important factor to this rapid development is the advancement in (nano)
fabrication of scientific devices and measurement technologies. This technological progress allows
researchers to extend the control from large quantum systems to its smallest constituents. This
can be electrons, quasi-particles such as excitons or polaritons, photons and many more.

However, besides the development of scientific technology, the demand for precise control over
quantum systems has also increased. The reasons for that include the development of feasible
business plans and the commercialisation of quantum mechanical concepts. Furthermore, the sci-
entific progress in the domain of quantum technologies has also acquired a geopolitical dimension,

as more and more nations realise the impact of such technologies.

Within the field of quantum technologies, the advance and interest in applications of quantum
information have been especially strong, mainly driven by the fields of quantum computation and
quantum communication.

The various existing proposals in applied quantum information not only differ in their domain of

applications but also in the way they make use of quantum mechanics. While in quantum computa-
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tion with superconducting circuits the tunneling properties of electrons across Josephson junctions
[1] is the key concept, the non-classical features of squeezed light in Gaussian Boson Sampling [2]
are the most important ingredients.

The area of quantum technologies that uses non-classical features of light is called quantum pho-
tonics. This area is especially interesting for quantum computation and communication, as light
allows for the highest processing speeds and only a small interaction with the environment. Fur-
thermore, the technology for propagation of photonic signals is well established and optical fibers
with low transmission loss are available.

In quantum photonics, not only the spatial control of photons is important, but also their temporal
control. This includes the ability to store photons and to have an on-demand access to photons.
An optical seeks to establish this control.

Temporal control over photons and the information encoded in them enables a variety of applica-

tions. The following section will give a few instructive examples of such applications.

1.2.1 Applications of optical quantum memories

Optical quantum memories are devices that map photonic information to an atomic/matter co-
herence, and are critical in many aspects of photonic quantum information. Here we present a
non-exhaustive list of possible applications of an optical It is important to note that each

application introduces different constraints on memory performance.

Local synchronisation of photon sources

Many photonic quantum technologies require synchronised on-demand access to single photons.
This can be, for instance, photonic input states in quantum computation as recently demonstrated
by the company Quandela on a photonic chip [3]. Synchronised on-demand photons are also re-
quired to perform Hong-Ou-Mandel type quantum interference, where the temporal control of
incoming photons is crucial [4].

An example of an on-demand single photon emitter are quantum dots with Purcell-enhanced emis-
sion rates [5]. Creation of temporally synchronous photons is therefore possible without a
However, if photons arrive from previous non-synchronous probabilistic processes, a [QM] is the
only option to synchronise these photons.

This process of synchronisation is called local synchronisation and refers to the storage and simul-

taneous release of temporally distributed incoming photons. Since the synchronisation remains
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local, the requirements on the memory storage time are not very strong.
Therefore, by introducing an optical temporal multiplexing of single photons is possible and

the synchronous arrival of photons becomes a controllable and scalable process [6].

Quantum repeaters for quantum teleportation

A quantum repeater addresses the problem of sharing quantum information among spatially
distributed nodes of a network. Classically, the loss in a channel can be mitigated by amplifying
the signal along the path of transmission. This, however, is not possible for quantum information
due to the non-cloning theorem.

A possible way to exchange quantum information is via quantum teleportation. Here the direct
transmission of quantum information is substituted by a transmission of classical bits. This pro-
tocol, however, requires a shared entangled resource of the participating parties [7].

The distribution of entanglement over large distances can be achieved with optical

8] by
performing protocols like the Duan-Lukin-Cirac-Zoller protocol [9]. In this protocol, a photonic
herald can establish an entanglement of coherences in atomic ensembles over large distances. These
atomic ensembles perform the role of an optical

Recently, a few experiments implemented such networks using optical as Most notably
a network in Boston (US) with a distributed entanglement over up to 40 km [10] and in Hefei

(China) with a multi-node entanglement over up to 12.5 km [11].

1.2.2 Metrics for optical quantum memories

Following [12], we can identify a number of measures to benchmark [QMg. In this section we focus
on a specific class of optical [QM, optically controlled ensemble-based [QMk.

Although there are more metrics that apply to optical [QMk, we will only introduce the metrics
below, as they are sufficient to benchmark the presented memory protocols and

o Efficiency: the efficiency of an optical consists in the efficiency of the two main processes
of a memory, the read in (RI) and read out (RQ) efficiencies, nr; and ngro, respectively. The
[R] efficiency is determined by the ability of the memory to store any incoming photonic
information, the efficiency refers to the ability to retrieve the stored information. The

total efficiency of the memory 7 takes both of the processes into account, such that n =

NRITRO-
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High efficiencies for storage of single photons in a are important to make the on-demand 1

retrieval an approximately deterministic process. Low efficiencies for [RI/RQO] also limit the

scalability of processes that rely on [QMk.

e Bandwidth: the memory bandwidth § measures the ability of the memory to store the
signal photon spectral intensity. The bandwidth can be used to assess the compatablity of a
memory with a (pulsed) optical signal.

The bandwidth of a is important as it limits the spectral profile of storable photons.
This is especially important when storing temporally short light pulses, as the bandwidth
increases with decreasing temporal pulse width. A high memory bandwidth would therefore

allow for high processing speed of photon pulses.

¢ Memory lifetime: the memory lifetime 7 gives the storage time for the signal to reach
1/e of its maximum value. Often the lifetime determines for what application a memory can
be used.
While for the purpose of local synchronisation a long lifetime is not necessary, it becomes

important for quantum repeaters, when entanglement is generated over far distances.

o Noise: reading out the information stored in the memory should only produce the informa-
tion from the signal photon. This will not be true if the memory protocol introduces optical
noise photons.

The noise profile of different optical platforms varies. While some are inherently

noise-free, others introduce noise that can be difficult to filter out.

1.2.3 Quantum memory platforms

In the past years a plethora of technologies has been developed to establish the properties
listed in Sec. As in the previous section, we focus on optically controlled memories based
on atomic ensembles and specifically protocols that are similar to

The presented platforms utilise a A-level structure of energy levels in the atomic ensemble.

For the A-level structure we use the notation where |g) and |s) are the two ground states and |e)

is the excited state.
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Electromagnetically Induced Transparency

An electromagnetically induced transparency (EIT) in atomic ensembles occurs when an optical
signal, typically absorbed at wavelengths resonant with the |g) — |e) atomic transition, experiences
no or reduced absorption by the ensemble and a reduction in group velocity. This effect is caused
by the introduction of a second, strong optical control field, which couples the excited state |e)
and |s) of the atoms. While the |e) — |s) transition is dipole-allowed, the |s) — |g) transition is
dipole-forbidden, enabling the transparency and the slowing of the incident signal field.

A quantum memory based on [EIT] uses this transparency window of the atomic ensemble to "stop”
the propagation of light.

A control field with a duration longer than that of the signal field is applied to the medium, arriving
earlier than the signal. This creates a spectral transparency window at the signal frequency. As
the signal field enters the medium, the transparency window is gradually closed by attenuating the
control field adiabatically. This process compresses and traps the signal field within the medium,
resulting in a superposition of the states |s) and |e).

Efficiencies in [EIT] memories can reach up to 92 % [13] and lifetimes of up to 1 min have been
demonstrated [14]. An [ETT] memory can have bandwidths up to 660 MHz [15]. However, the

A-structure of [EIT] memories introduces significant four-wave-mixing (EWM)) [16].

Off-resonant Raman

The off-resonant Raman (ORR]) memory protocol [17] is particularly effective for storing and
retrieving broadband photons. In a typical A-level system, a strong control field, detuned from the
excited state |e) by an offset A, facilitates a two-photon transition between the ground state |g)
and the storage state |s) via stimulated emission. During storage, the signal photon, also detuned
by A from the |g) — |e) transition, is spatio-temporally overlapped with the control field and
mapped onto a collective spin wave excitation. For retrieval, a retrieval field (usually the same as
the control field) is applied to the atomic ensemble, deterministically releasing the stored photon
and completing the retrieval process

can reach bandwidths up to 1 THz [18|. However, due to the large detuning, suffers
from
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1.3 ORCA

[ORCAJis a memory platform that is based on an ensemble of atoms to store light pulses |19]. For
the storage of single photons, a warm vapour of Alkali atoms is used.

In the signal photon is stored in an atomic coherence between a ground state |g) and a
storage state |s) within the low energy state manifold (using the excited state |e) of the D1 or D2
lines of the Alkali atom as intermediate state). The excitation to the storage state is achieved by
temporally overlaying the signal field with a counter-propagating strong, classical control field (see
Sec. [2| for details). This constitutes a two-photon transition.

The stored coherence is mapped to an optical field at signal wavelength immediately after a read
out control pulse is applied. This makes an on-demand memory.

The name off-resonant cascaded absorption refers to two characteristic features of First,
the two-photon transition for storage of the input signal is off-resonant with the intermediate state
|e). This guarantees that the atomic polarisation in the ensemble follows the pulse envelope, which
allows for storage of high bandwidth photons. Second, cascaded absorption is a reference to the

ladder structure of energy levels.

[ORCAl is a strong contender platform for [QMpk. Compared to other based on atomic en-
sembles it is inherently protected against four-wave mixing [19]. This follows from the ladder
structure of used energy levels: there is no scattering process that could populate the storage
state, i.e., no noise in form of Stokes of anti-Stokes photons. Furthermore, since the storage state
is a doubly-excited state, there will be no population due to thermal excitation. Therefore, the
ensemble does not need to be optically pumped before initialising the memory protocol.

The memory is operated under ambient conditions, with required vapour temperatures of
under 100 °C, i.e., no cryogenic systems are required.

Compared to A-type protocols, the bandwidth of is not fundamentally limited by the ground
state splitting since storage and ground state and well separated in frequency. Since the ground
states in e.g. need to be addressed separately, the control field needs to have a smaller band-
width than the frequency separation of the two ground states. In this does not apply since
the ground and storage state are separated by hundreds of THz. However, there is still a limitation
in bandwidth for in the two-photon read in process, the intermediate state |e) should not
be populated, as this reduces the read in efficiency. To avoid that, there should be no overlap of

the atomic linewidth of the intermediate state and the spectral shape of the signal photon. This is
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achieved by detuning the signal from resonance with the transition to the intermediate state. For
a given detuning, the bandwidth of the signal photon is therefore limited.

In terms of compatibility, can be used for different wavelengths with different bandwidths.
The bandwidth of is mostly determined by the bandwidth of the control pulse, but the
detuning from the intermediate state is also a factor. For ®"Rb, using the states ‘55’1 /2> and
‘5D5 /2> for the ground and storage state, respectively, the signal light field can have a wavelength
of Ay = 780 nm or A, = 776 nm [20]. On the other hand, using the states |g) = |55,2) and
|s) = ‘4D5/2>, the signal can be Ay = 780 nm or Ay = 1529 nm. The last version of [DRCAI is
referred to as telecom [21], which is especially interesting as the signal is in the low-loss
telecommunication C-band.

is a memory that stores the temporal information of incoming signals. This can be informa-
tion encoded in the spatio-temporal profile of the signal pulse, such as Hermite-Gaussian modes. It
is imporant to point out that a single [ORCA] memory cannot store information carried in photonic

polarisation. This is due to the nature of the atomic coherence.

Due its ladder structure however, has a limitation in lifetime. While A-type memories
can use a different ground state for storage, the storage state of is a doubly-excited state.
In 87Rb, the lifetime of |s) = |5D5/) is 7 = 238 ns and for |s) = [4D55) it is 7 = 89 ns. Even if
no other channel of decoherence existed, the storage time could not exceed the lifetime of
the storage state.

However, even if the limitation in lifetime was non-existent, the created atomic coherence between
ground and storage state would lose its initial phase relation over time. This dephasing is a result

of the movement of atoms in the atomic ensemble at non-zero temperatures and is referred to as

Doppler dephasing (see Sec. [2.1.6)).

1.4 DRAGON

The most obvious limitation of is the fundamental limit of storage time due to the low
lifetimes of the storage state, as outlined in Sec. In order to overcome this problem, a novel
memory scheme has been developed in the Photonic Quantum Information Lab (PQI) at Imperial
College London, the memory.

Like the telecom utilises the D2 line of 8’ Rb for ground and excited states,

and the state |4D5 /2> as the storage state. However, this new protocol extends [ORCA| by adding
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a ground state mapping (GSM). The refers to the transfer of the coherence to a stable
hyperfine ground state in ’551/2>. Depending on the initial hyperfine state |g) = ’551/2,F>, the
final state of the mapping procedure will be |b) = ‘55’1/2, F') (see Fig. . Once the atoms that
constitute the spin wave are mapped to this state, there is no allowed electric dipole transition
for spontaneous decay. Dephasing of the spin wave can now only occur e.g. via spin exchange
collisions (see Sec. 3.2).

Besides another novel technique is introduced in the pulsed rephasing of the
ensemble. This technique is used to reverse dephasing of the ensemble due to the non-zero tem-
perature of the atomic ensemble. In order to rephase the ensemble, an additional state is required,
the rephasing state |d) (see Fig. [1.1).

The arconym stands for Dephased RApid GrOulNd state mapping and again refers to key charac-
teristics of the protocol. The dephasing refers to the fact that during the ground state mapping
we deliberately use a dephased ensemble to reduce noise in the process. This is explained in more
detail in Sec. and Rapid ground state mapping refers to the fact that the can be
performed resonantly with moderate light field intensities and in short time.

While in there was no preparation necessary prior to memory operation, the in
requires a depopulation of the mapping state |b). To depopulate this state, we need to
optically empty the state using hyperfine pumping. This is done before the pulse sequence for the

memory comimences.
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d)
Qg4
s)
M1
Q.
le)
Es
5812
[b) = [F=2)

lg) = [F=1)

Figure 1.1: Simplified level diagram for DRAGON for mapping from F' = 1 to F' = 2. The
initial, intermediate, storage, mapping state and rephasing state are denoted |g), |e),|s),|b) and
|d), respectively. The symbols &, Q., M1, M2 and €5 dnote the signal and control fields, the
mapping fields and rephasing field, respectively.



Theory of DRAGON

Contents
2.1 Coherences and optical Bloch equations| . ... ... ... ........ 12
[2.1.1  System Hamiltonian| . . . . . . ... ... ... ... L . 12
[2.1.2 Evolution of coherencesl . . . . .. .. ... ... 0. 14
[2.1.3  Photon propagation|. . . . . . . .. ... o oo 16
[2.1.4  Macroscopic coherences| . . . . . .. ... L oo 18
2.1.5 Optical Bloch equations for ORCA| . . . . . .. ... ... ... ..... 19
2.1.6  Doppler dephasing] . . . . . .. ... ... .. oo 21
[2.1.7  Ground state mapping| . . . . . . . .. ..o 22
[2.1.8  Pulsed rephasing| . . . . . ... ... oo 23
[2.1.9  Optical Bloch equations for DRAGON| . . . . . ... ... ... ..... 24
2.2 Optical depth|. . . . . .. . . o o i e e 26
2.3 Fluorescence noise in DRAGON]| . . . . v v v v v v v v i i e e e e e e e v 28
2.4 Reduced collective decay via Doppler dephasing| . .. ... ... .... 29

This section provides the theoretical framework for the memory protocol. This in-
cludes the equations of motion of the memory, as well as other important concepts for memory
operation.

Section [2.1] of this chapter will define the coherences that are used for memory operation and derive
the that govern the dynamics of these coherences. As is largely based on the
telecom version of an memory, large parts of this section also apply for the description of
The derivation of the in this section is taken from existing theoretical work ([17],
, ) and ongoing research of the [PQI] group.

As outlined in Sec. the DRAGONI protocol was developed to overcome the lifetime limitation
of via a mapping to a stable ground state. After introducing the basic equations of motion
in Sec. we describe the ground state mapping procedure and the incorporation of the map-
ping into a new set of [OBEk. This follows unpublished work of the group.
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Furthermore, we introduce the idea of pulsed rephasing, which is used to counteract the Doppler
dephasing of the ensemble. An additional coherence and a field will be added to the existing equa-
tions of motion, again following unpublished work of the group.

Once all the unique concepts of are outlined, the full set of is stated in Sec.

The remaining part of this chapter will examine the concepts of optical depth, fluorescence noise

and collective decay. These concepts will play an important role for the experimental performance

of the protocol.

2.1 Coherences and optical Bloch equations

2.1.1 System Hamiltonian

The dynamics of the light-matter system are described by the Hamiltonian
H=Hs+ Hp+ Hgp, (2.1)
where H 4 describes the purely atomic part, Hy, the optical part and Hgp the light-matter inter-

action.

Atomic part

Denoting the ground, intermediate and storage state as |g), |e) and |s), respectively, the atomic

Hamiltonian reads

Hy = Z hw;o;;. (2.2)

Here 6;; = |j) (4] is the level population and hw, the energy of state |j).

Optical part

The total optical field E consists of a strong classical control field E. and a weak quantum signal

field FE, such that E = E. + E;.
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The classical control field with frequency w, is described by

Ee(z,1)

E.=v, ewet+2/0) 4 e, (2.3)

Here, v, denotes the control polarisation vector and &.(z,t) the slowly-varying spatio-temporal
field amplitude of the control field.

The signal field however, assumed to be on single photon level, requires a quantum description:
E, =iv, /do.)g(cu)fz(ca)eﬂluz/C + h.c (2.4)

Again, v, is the polarisation vector of the signal field. The mode amplitude g(w) = \/fiw/4megc
describes the amplitude (intensity) of the particular frequency. The mode amplitude weights the
photon creation a'(w) and annihilation a(w) operators for a specific frequency.

By transforming a(w,t) = a(w)e™*! and assuming v2mg(w) =~ v27rg(ws) = gs, with w, the central

frequency of the signal field, we obtain

Es(z,1)

E, = iv,g, 5 s (t=2/¢) 4 e, (2.5)
with
e e—iws(t—z/c) /d w2/ 06
s(2,t) = ——— wa(w,t)e /e, .
(ert) = (w1 (2.

In this framework, control and signal field are counter-propagating (as can be seen from the different
signs of the exponential containing z/c). This fact is of particular importance when investigating
dephasing mechanisms in [ORCA] and memories.

The Hamiltonian for the combined optical fields is then
Hp = %O/dt(Ef + ?*B?) +/dwhw(aT(w)a(w) +1/2), (2.7)

where first term describes the energy of the classical control, with B, the magnetic component of

the electro-magnetic control field, and the second term describes the quantum signal field.
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Light-matter interaction

The light matter interaction is given in the dipole approximation. This is justified, since the
relevant wavelengths for the atomic transitions (focusing on the relevant transitions in[DRAGON]),
As = 780 nm and A\, = 1529 nm for signal and control, respectively, are much larger than the
dimension of the atom (= 0.1 nm).

Therefore we have

Hpp = —pu- E, (2.8)

with transition dipole operator fi = ptge0ge + se0se + h.c. and the total electric field E. Here p;;
is the transition dipole strength and o;; = |i) (j| the transition operator for transitions between
states |¢) and |j). The direct transition |s) «— |g) is dipole-forbidden, hence the corresponding

operators are omitted in the light-matter interaction.

2.1.2 Evolution of coherences

To describe the dynamics of atomic coherences in an atomic ensemble, the Heisenberg equation for

each coherence needs to be solved. The equation reads:

hatdij :i[Jij,HA-I-HED—‘rHL]. (29)

The optical part of the Hamiltonian acts on the optical field but not the atomic field. Hence Hj,
commutes with any o;; and we neglect Hy, for the evolution of coherences.

The equations for the populations read

hoogg = —iE - (ge0ge — h.c.) (2.10)

hoyoss = —iE - (fesOes — h.c.) (2.11)

and

hoi0ee = —01(0gq + Tss). (2.12)
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For the coherences we obtain

hoyoge = thwegoge — 1 E - (p,;e (0gg — Tee) + ,uesags) (2.13)
hoiogs = thwegogs — iE - (uzsogs — u;eaes) (2.14)
hOtoes = ihwseOes — 1E - (phg (Oce — Oss) — MgeTgs) 5 (2.15)

where w;; = w; — wj.

Since the signal field is a weak coherent field or at single photon level, we can assume that Beer’s law
for absorption holds and no significant population transfer between the atomic levels takes place.
We therefore have 0,04y = 010ce = O10ss = 0 and we neglect the population dynamics. Note that
in the initial state of the memory only the ground state |g) is populated, i.e., (Tce/ss)(t = 0) = 0
and (og44)(t =0) = 1.

We can transform into the rotating frame of the transition |i) «» |j) via 6;; = 0;;¢~ 4™ with the

retarded time 7 = (¢t — z/c). This gives:

h0;Gge = —iE - (hoe” ™97 + pegGgseT) (2.16)
ho;o4s = —iE - (uzs@ee““e” — uzeﬁese*i“’e“) (2.17)

hOGes = +HiE - (pge0gset™esT) . (2.18)

In the presence of an interacting optical field, the rotating wave approximation (RWA]) will simplify
the above equations of motion. We see this by expanding the total optical field E. The signal
field with frequency ws couples only (off-resonantly) to the transition |g) > |e) and the control
field with w. couples only to |e) <+ |s). The detuning for both fields is given by Ay = ws — wey for
the signal and A, = w, — wes for the control field. The coupling of the light field F to the atomic
coherences leads to terms that evolve with either A,/ or the sums w,/. + Wge/es- In the
we can neglect the terms evolving with the sum. This holds since in our framework we have that
|Ag/c| = 6 GHz < wy/c + wgejes- Hence the terms evolving with the sum of frequencies average

out on the time scale given by the oscillations of terms evolving with A, /..
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With these approximations in place, we obtain a simplified set of equations:

_ Es . . _ E. ) .

hdrGge = —ip), (i'usgS?e”A”) — ifbesTgs (UCZeHA”eQ”kCz) (2.19)
~ Lk o~ *g: —iAeT —2ikcz sk~ ; 85 +iAgT

ho;0gs = —ip; O ge ’UC7€ Te ) FipgOes wsgsge s (2.20)
~ L~ . &b

ho;Ges = +ifbgeTgs <—wsg3236 m”) . (2.21)

This set of equations contains terms that will be small since weakly excited operators are involved.
Here we follow [17] and perturbatively eliminate those terms that contain both a coherence and

an excitation of the weak signal field £;. This approximation leaves us with only two equations:

10, 5ge = “Z€+395556+m57 _ Memc%mcz (2.22)
Ce* . *€*~ ) .
ha‘r&gs _ 7’”"65 IUQC cOge eszc‘refmkcz' (223)

Note that this set of equations does not contain the coherence 7.5 anymore. This follows from the
above perturbative argument.
In this framework, the coherence o4 describes the atomic polarisation and &4 the atomic spin

wave.

2.1.3 Photon propagation

The above derivation of atomic coherences describes how the atomic ensemble is affected by the
counter-propagating signal and control light fields. The control field is a classical light field of high
intensity. We assume that the propagation of the control field through the atomic ensemble leaves
this field unchanged. However, the signal field is a weak quantum field and a careful analysis as
to how the atomic field affects this optical field is in order.

The effects of the atomic ensemble on the signal field E can best be understood if we model the
ensemble as a dielectric medium through which the signal field passes.

Maxwell’s equation in this scenario read:

V.D, =0, V.-B=0,

VxE;=-0,B, VxH =0/.D,.

In these equations we have the signal electric displacement field D, the magnetic field H, the sig-

nal electro-magnetic field E and the magnetic induction B. However, since the atomic ensemble
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carries no magnetisation, we have that B = ugH, with the permeability of free space pyg.
Within the Coulomb gauge and by rearranging Maxwell’s equations, we find for the electro-
magnetic field of the signal

V2E, = 1100? Dy, (2.24)

where the displacement field is formed by the electro-magnetic field and the material polarisation
density P, i.e.,
D, =¢E; + P. (2.25)

The polarisation density is defined as the dipole moment per unit volume. As only the signal field
is influenced by the medium polarisation, we can focus on the polarisation P, that arises from
dipoles oscillating at the signal frequency w, and therefore affect the signal field.

Reordering and using eppg = 1/ ¢® we obtain

1
|:v2 - 02(9152:| Es = ﬂOatzP9~ (226)

The temporal profile of P; is determined by a slowly varying envelope P, and a fast oscillation of
the carrier wave:

P, = Pe™7. (2.27)

By substituting the expression for both electro-magnetic field and polarisation into Eq. ([2.26)), we
obtain

1 ) Es iwur D iwsT
|:v2 — 628?:| (Z'Usgs?e ° ) = ,LLQ(?EPSQ o (228)

In order to simplify this expression, two approximations need to be applied.

As
‘Il"wo7

1. Paraxial approximation: the beam divergence 8 of a Gaussian beam is given by 6§ =
with wg the beam waist. The divergence of the signal field can be neglected if Ay < wg. This

holds for our setup since wg &~ 200 pm and g < 1529 nm.

2. Slowly varying envelope approximation (SVE): we can neglect the effect of changes in
polarisation that occur on the timescales of the fast oscillating carrier frequency ws. This is
valid if the temporal duration of the signal field is much longer than the oscillation period of
the carrier wave i—:r ~ 2.6 x 1071% s. This also holds since the signal pulse duration is about

300 ps.
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2

2, ie., for

The paraxial approximation allows us to simplify the Nabla operator, such that V2 ~ 0
an optical field propagating in z-direction we neglect propagation in x- and y-direction.
If the envelope of both the electric field and the polarisation vary slowly in time (as in the SVE
approximation), we can assume that the second order derivatives of field and polarisation are much
smaller than the first order derivatives. Hence we drop the second order derivatives 02&;/92E, and

similar for P, in Eq. 1) altogether.

By taking the inner product with the polarisation vector v}, we arrive at the expression

1 2
[az + at] g = M0 p. (2.29)
c gsks

2.1.4 Macroscopic coherences

Now that the propagation of the signal field &; is expressed in an equation of motion, we also need
to find an equation of motion for the two excitations of the atomic ensemble, the macroscopic spin
wave and the macroscopic polarisation. These are referred to as macroscopic, since their descrip-
tion involves the entirety of the ensemble. This is not to be confused with the atomic coherence
that was discussed before: an atomic coherence can be thought of as a superposition of two states,
while the macroscopic coherence is a superposition of atomic excitations, a Werner state of single
photon excitations to be precise.

We call the coherence between ground and excited state a spin wave, following literature [23].
For the analysis of the macroscopic coherences (see |22]), we slice the atomic ensemble (usually
confined in a glass cylinder) into cylindrical volume elements 6V, where the longitudinal extent 6L
(in propagation direction) is much smaller than the signal wavelength, i.e., we require 0L < ;.
This allows us to assume a constant phase within each volume element.

Denote ny the number density of a volume element. Furthermore we assume that the transverse
extent §A of the volume element satisfies §A > A2, such that we can ignore dipole-dipole interac-
tions. This is a reasonable assumption since the atomic ensemble is a dilute gas.

For a cylindrical element §V at position z along the propagation axis, we define the macroscopic

polarisation P, and spin wave S as

1 a
P, = WV %:) HgeTg. + h.c. (2.30)

1 a
S= ; gsoly + h.c., (2.31)
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where a(z) is the index over the atoms within the element 0V and of; the corresponding atomic
coherence for transition |i) < 7).
We can rewrite both equations to obtain an expression for the operators of both polarisation Py,

and spin wave Sg:

1 )
Ppe=—= ) 5% 0" 2.32
g /7”‘/_5‘/ (;Z) Ugee ( )

1 ) .
S — 59 o= i(AstA)T 2ikcz 2.33
9 = Jivov z(:) 79s° ’ =

Here we have identified P4, such that 15S = /v pge Pge and similar for Sgs.
The form of Eqs. and is chosen such that the operators satisfy the bosonic commutation
relation

[Pqe(z’ t)? Pge(zlv t)] = 6(2 - Zl)7 (234)

and similarly for Sys. This is an instance of the Holstein-Primakoff transformation, where single
particle (spin) excitations are mapped to bosonic excitations of a larger number of spin carrying

particles in the ensemble [24].

2.1.5 Optical Bloch equations for ORCA

We determined the photon propagation and the macroscopic coherences of the system, such that
we can now expand the result into a set of coupled differential equations that describe the basic

version of an [QRCA| memory. The the equations read

1 KE
[82 + at] Es=——LPy (2.35)
c 2
0r Py = —(7e + i) Pye + %53 - %chgs (2.36)
07895 = — (Vs + i(Ag + Ap)) Sy — %Q:Pge, (2.37)
where
HgeVs  [hwsn,
e= 2.
fige h 2¢pc (2.38)
q, = HesVebe. (2.30)
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We call 2. the Rabi frequeny of the control field. Note that in the equations of motion we have
included decoherence via spontaneous emission of states |e) and |s), denoted 7, and ~s, respectively.
This set of equations can be simplified by rotating into the frame co-propagating with the photon
field. This allows us to write the evolution of signal and control as a function of 7. We then modify
the derivative:

1

We also normalise the time 7 by 7. and the length 2z by the cell length L. This results in a rescaling
(following [22]):

e — T, % - oz (2.41)
-
7— — 0, 0.L — 0, (2.42)
A; 0.
55 oL (2.43)
e Ve

|Fige|” Es

— = d, — & (2.44)

Ye Vel

This leaves us with a simpler version of the equations of motion for the QRCA] memory, the [OBTk:

d
0.6 = —\/ 5 Pae (2.45)
y ,
aTPge = _(’Ye + Z.As)]Dge + 555 - %Qc(Ta Z)Sgs (246)
OrSys = = (s (B + B)) Sys = 50 (7, ) Pye (247)

Note that in these equations the Rabi frequency 2. has an explicit time dependence. This is im-

portant since the Rabi frequency is dependent on the spatio-temporal profile of the control field.

Another crucial simplification of the arises from the detuning in the two-photon transi-
tion described by the signal and control field. Both these fields are detuned by Ag and A, from
their respective transitions. That means that the intermediate transition |g) — |e) is only weakly
excited by the signal field. More specifically we have that [A/.| > I'c, where I'c is the linewidth
of the intermediate state.

With this approximation the coherence Py is never really established and we assume 0, FPye ~ 0.
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Applying the above arguments to our set of we obtain

0.8, = i/ 49:5s, — e, (2.48)
TE 2y, +iAy) ’

Q.| Q5 dE
67'Sgs = - |:’Ys + Z(As + A(‘) + 4 ‘ | ! C\f

(Ye +i06) ] 77 VB(ve +iAL) (2.49)

In this form the equations express important dynamics of the memory. The term with
|Q2.|? for the spin wave Sys represents a phase that is due to the ac-Stark shift of the control field.
For the equation of the signal field &, the imaginary and real part of the term (d€;)/(2(7e +iAs))
express the dispersion and absorption, respectively. A diagram for these equations, including the

detunings and energy levels, is given in Fig.

2.1.6 Doppler dephasing

and use a warm atomic ensemble for the storage of optical fields. The velocity

of each atom v in the ensemble is sampled from a Maxwell-Boltzmann distribution

m 771,1/2
1) = \f5mre o, (2.50)

where m is the mass of the atom species and T' the ensemble temperature.

Each atom can therefore be associated with a velocity class, with each velocity class v experiencing
a Doppler shift from the detuning of the optical fields AEJ’) = A, — ksv and AE”) = A, + kv
(with a different sign since control and signal are counter-propagating). The number density of an
infinitesimal velocity class v + dv is n$ ) ~ f(v)ny. Substituting this into the expression of d in

Eq. yields d(*). We call d®) the OD for velocity class v (see Sec. for detailed definition).

Summing over all velocities gives a full set of equations:

. (v) T,2,V v T,2
+iy/ L2 Q557 — awelm?

9. = (2.51)
zCgs ; 2(76 +2Ag11))
2 VA Qe
0,557 ==Y | +i(AY +AW) + % ON L ZL diﬂc&( o (252)
v A(ve +1057) v VB(ve +iAs”)

When the sequence is concluded, the control field is inactive and we have 2, = 0. Assuming
two-photon resonance, i.e., Ay = —A., we have AW AW = —(ks — k.)v = —dkv. Here we
introduced the mode mismatch 0k = k, — k..

The coherence right after the two-photon transition for read in is Ség’z). Note that the initial state
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is independent of the velocity as the spin wave has not evolved yet. The spin wave for velocity v
then evolves as

0,5 = — (3 + (AL + AL)) 509, 253

which is solved by

S{rew) = §l02)emvaT itk (2.54)

This however only gives the solution for one velocity class. In order to obtain the solution for the
ensemble, we need to weight every velocity class with the Maxwell-Boltzmann distribution, which
yields

e (5kT)2kpT

Sit?) =e e 2w §{0A), (2.55)

From this expression we can derive a useful metric: the characteristic time scale of Doppler de-

D=, /W' (2.56)

This gives the times scale for the Gaussian decay of the observed coherence \Sg(];’z) |2. The time mp

phasing

limits the storage time for large mode mismatch significantly since the coherence is decreased over

time. For the telecom [DORCA] the Doppler-limited storage time is estimated with 7p ~ 1.1 ns [21].

2.1.7 Ground state mapping

The ground state mapping is one of the two fundamentally new details in [DRAGON] (the other
being the pulsed rephasing in Sec. . The idea is to use two additional optical fields M1 and
M2, which map the coherence to a stable ground state and thereby create a new coherence Sy
between the two hyperfine ground states.
In order to use ground state mapping as a mechanism to increase the lifetime, we need to make
sure that the mapping procedure itself is not introducing any decoherence channel. The mapping
fields will be classical light fields of moderate intensity, with the M1 and M2 pulse separated by a
certain time 7,cp. The light fields are chosen to be on resonance with the atomic transitions, such
that less optical power is required for the mapping. This resonantly populates the intermediate
level (no adiabatic elimination of the intermediate state). First simulations show that the highest
mapping efficiency is achieved for a pulse separation of about 7sep, = 400 — 500 ps.

At these separations we can loose coherence via collective decay. We denote the emission of light
via collective decay as Eg. A schematic of the atomic structure with the leakage channel is shown

in Fig. This decoherence mechanism is mitigated if the atomic ensemble is dephased via
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Figure 2.1: Unwanted read out £r of the coherence during the ground state mapping.

Doppler dephasing, i.e., the collective decay is reduced due to Doppler dephasing (see Sec. .
The characteristic time scale of dephasing is 7p = \/(sz)?IkBT (derived below in Sec. , just
as the time scale for Doppler dephasing in Sec. Therefore, by mapping down a dephased
ensemble, we reduce the leakage £ and use Doppler dephasing to our advantage.

Experimentally, the ground state mapping will not have perfect mapping efficiency, i.e., a part of

the coherence is not mapped down and effectively lost.

2.1.8 Pulsed rephasing

As outlined in the introduction, also introduces a novel scheme to rephase the atomic
ensemble. Such a rephasing is required since the mode mismatch dk in is large and the
effect on the coherence correspondigly strong. With the signal wavelength at A; = 780 nm and the
control field at A\, = 1529 nm, we have 6k > 0.

The idea of pulsed rephasing is to invert the direction of phase accumulation due to Doppler de-
phasing and thereby to rephase the ensemble.

After the coherence is mapped back to the initial spin wave Sgs. By sending a m-pulse
resonant with the |s) — |d) transition, the ensemble coherence is changed to S,q and the mode
mismatch is 0k’ = k; — k. — kq. Here we implicitly assume that the w-pulse is co-propagating with
the control field.

The state |d) should be chosen in way to give 6k’ < 0, which is necessary to invert a previous phase
accumulation with dk > 0. A suitable, optically accessible state for DRAGON]in 8"Rb is therefore

|d) = |8F7/2) with Ac = 793 nm.
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Figure 2.2: Schematic of phase accumulation in pulsed rephasing. The green lines represent the
phase evolution of the coherence Sy, for different velocity classes, the violet lines the phase evolution
of Syq for the same velocity classes.

After the coherence is mapped up again at a time ¢y, the coherence Sy, accumulates phase at a rate
0k > 0. At time t; we apply the m-pulse to state |d), such that now the coherence 5,4 accumulates
phase with a rate 6k’ < 0. Depending on the ratio s := |0k’/dk|, the coherence S,q4 is mapped back

to Sys with another resonant 7-pulse at time to. After that, the memory can be read out.

The effect of the rephasing is determined by the ratio s, the previous phase accumulation and
the time spent in state |d). The optimal rephasing time t4 := to — t; is proportional to tsiore/$,
where tg0re is the total evolution time between read in process and time tg.

An idealised schematic of the phase evolution with pulsed rephasing can be seen in Fig. [2.2

The technique of pulsed rephasing can in theory reverse previous phase accumulation. However,
for optimal reversal of Doppler dephasing a certain time ¢4 is required. With this requirement on

time the memory is no longer on-demand.

With pulsed rephasing, the last novel element of IDRAGON| has been introduced. The full op-

erational sequence is depicted in Fig. [2.3]

2.1.9 Optical Bloch equations for DRAGON

We can describe the [DRAGON] protocol with the same type of [OBES as derived for [QRCAL The
difference arises from additional fields and sublevels that need to be considered.

Without the additional fields, the equations with Doppler dephasing from [ORCA| read (see Eq.
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Figure 2.3: Schematic of pulse sequence in DRAGON with GSM and pulsed rephasing. The upper
level diagrams indicate the established coherence in each step. The pulse sequence in the lower
part shows the corresponding application of pulses.
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One additional aspect of in comparison to is the ground state mapping, that is
introduced in Section As outlined, this procedure introduces the two additional light fields
M1 and M2 at resonant frequencies vy;; = 196.0240 THz and vpro = 384.2277 THz (in 3Rb).
By choosing the value vps2, we choose the ground state sublevel F' = 2 to be the ground mapping
state. However, in principle also the state F' = 1 could have been chosen.

The other novelty in [DRAGON] is the pulse rephasing, which introduces the new coherence Syq
with the rephasing state |d) and the Rabi frequency of the rephasing field 4. The rephasing field
is resonant with the transition ’4D5/2> — |8F7/2>, so we have vy = 378.1705 THz. The rephasing
state |8F7/2> has a decay rate 4.

Considering the two additional coherences Sg; and Sgq, plus the fields M1, M2 and Q4, the adjusted




26 CHAPTER 2. THEORY OF DRAGON

for the full protocol read:

+i d) chg(]g,z,v) _ d(v)g‘g‘r,z,v)

P _ 2 (2.59)
2(v, +iAL)
8z81(%7—,z,v) — 4 /d(q;)P(gzz',z,u) (260)
v QC ? ~m9*g§‘r,z,v) 1 T2 T, 2,V
87—5!(};72»“) =— |7+ Z'Ah) + #@) Ss(l'g’z’”) — Z—C(v) _ Z'Ml*P;;',z,u) _ ZQEZ ) )Séd1 )
4(ve +iA57) V8(7e +iAs™)
(2.61)
0r P = = (7o +iAR)) PE= = VAET ™ — Mty ST — idy St (2.62)
0557 =~ s A b o6
0-557" = = (ra+ial)) sk =i (a07) sl (2.64)

where we have defined

e AR =AY+ AL,
o A =AY+ A - AT,
o A=A Al A - Al

o A = AP L AW £ AW,

with AS\I/}[)l = Wp1 — Wge — lev, Ag\Z)Q = Wpr2 — Wep — kMQU and A]()U) = Wq — Wgs — kdU.

2.2 Optical depth

In the derivation of the equations of motion of the [ORCA] memory (Eq. [2.44)) we have introduced

the dimensionless quantity d, the optical depth (OD]) of the atomic ensemble. Tt is defined as

|/1'ge‘2wanL
d— 2.
2v.hege (2.65)

where we used that for the polarisation vector we have v2 = 1. The optical depth d quantifies the
strength of the light-matter interaction in an ensemble-based optical quantum memory.

For a transition with transition frequency wg and natural linewidth I' ;v of the final state, the optical
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Figure 2.4: Left: ORCA level diagram. The signal & is at Ay = 780 nm, the control . at
Ae = 776 nm. The detuning from resonance if denoted Ay and A.. Right: DRAGON level
diagram with rephasing state |d). This level diagram is similar to the ORCA diagram, but it
uses A\. = 1529 nm. Additionally, the mapping fields M1, M2 and Qg4 are introduced with their
respective detunings Aprq, Apo and Ag.

depth influences the natural absorption coefficient a. We have:

(T /2)° ) . (2.66)

on =24 (G ey
The resonance for w = wy has Lorentzian shape and the absorption scales linearly with the optical
depth. Therefore, in ORCA/DRAGON protocols, the RI/RO processes are also affected linearly
by the optical depth.
However, in warm atomic vapors, a Lorentzian profile cannot be directly observed, since the atoms
experience individual Doppler shifts in frequency. This leads to a Doppler broadening, which follows
a Gaussian shape. The convolution of Lorentzian and Gaussian yields the correct absorption profile
and is referred to as Voigt profile (see also Sec. .

The Doppler-broadened absorption ap is then given as [25|

2
ap = 2dexp [—1 (w —wo) ] , (2.67)
2 oD

where op = wo\/kpT/mc? is the width of the Doppler broadening and d is the effective optical

depth with

g = /7In(2) (?) . (2.68)

D
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The FWHM of the Doppler profile is I'p = 2v/21In20p.

The cylindrical cell in the experimental setup contains a dilute Rubidium vapour, such that we
can assume the gas to behave like an ideal gas.
The total number density is given by

133.323
ny (T) = kBT

x 107 (1), (2.69)

where Pp,(T) the temperature-dependent pressure for liquid Rubidium. We use the formula for
liquid Rubidium since the operation temperature of the memory is above the melting point of
Rubidium of 39.3 °C.

We have [26]

4529.535
Py(T) = 1588253 — === + 0.00058663 x T — 2.99138 In(T) (2.70)

This shows an exponential increase of the number density of the Rubidium vapour in the lig-
uid phase (see [26]) with temperature, and similarly the optical depth scales exponentially with

temperature. This behaviour motivates the warm operating temperatures of the memory.

2.3 Fluorescence noise in DRAGON

DRAGON is essentially a connection between a ladder and a A-structure memory. Since DRAGON
has certain features of a A-structure memory it is also susceptible to fluorescence noise (ENJ). When
mapping down, the M2 field (resonant with the transition ’55’1/27 F= 2> — |5P3/2>) can couple
unintentionally to the F = 1 ground state. This is denoted by € in Fig. which is approx.
6 GHz detuned from the transition |5Sl/2,F = 1> — ’5P3/2>. This can emit a Stokes photon
«, which populates the F' = 2 state. When mapping up again, the M2 can pick up this Stokes
excitation and populate the 5P3/; state resonantly (denoted with Q). From there we can have a
decay o/ into the state F' = 1.

In DRAGON the [EN] can be filtered out: the photon o’ would be 6 GHz detuned from the signal
photon. Using a frequency filter we can filter out this unwanted signal. As the noise photon o/

emerges right after the map up pulse M2, we could also temporally filter out the signal.
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Figure 2.5: Schematic of fluorescence noise in DRAGON for initial state F' = 1 and mapping state
F=2

2.4 Reduced collective decay via Doppler dephasing

As outlined in Section a channel of decoherence is introduced in the the [GSMI| procedure by
resonantly populating the intermediate state |5P3 /2>, which results in a leakage field £z. To avoid
this leakage, we can use the Doppler dephasing to our advantage.

Although we can understand the protection of the coherence by consulting Eq. the effect of
dephasing on the coherence can also be understood in terms of collective decay of the ensemble.
We imagine a two-level system (TLS) consisting of |s) = 5P3/, and [g) = 55,2 as excited and
ground state, respectively. Let v be the atomic rate of spontaneous emission from the excited state
and A the transition wavelength of the

The wave function of the coherence, i.e., the atomic wave function of the ensemble with N atoms

immediately after the read in process, has the form of a W-state [27]

N
1 . )
‘w> — Z eZéij ez&kmjt |]> , (2.71)
VN &
where |j) = |g1,...,8;,...,gn) is the state of a single photon excitation of atom j from ground

state |g) to the excited state |s). Again, 0k is the mode mismatch, i.e., the net momentum of the
coherence, r; is the position of atom j and wv; the velocity of atom j. Note that the ensemble is
described by an entangled W-state. This only applies if the individual emitters in the ensemble are
indistinguishable. This indistinguishability can be achieved if the ensemble emission is detected in
the far-field, i.e., the mean inter-atomic distance d is smaller than the wavelength .

It is important to note that the expectation of the excitation number operator n = ) . |i) (i| is
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always (|7 ]1p) = 1, i.e., we only have one single photon excitation in total. This assumption
breaks down if the signal field is a multi-photon pulse.

Following the analysis of super- and subradiant states in [28], we can investigate the collective
decay of the above state.

The entangled state of the ensemble at ¢t = 0 is identical to the superradiant state that is introduced

in [28]. It reads:

1S s
icke) — 1R . 2.72
[YDicke) \/N;e 17) (2.72)

We will use this non-dephased state to understand and compare the effect of dephasing on the
collective decay rate.

For an ensemble of N emitters, the collective rate of decay reads [29)

L=) T (ylofo; [v), (2.73)
2%
where I'"J captures correlated decay of atoms i, j and Uf /o; are the creation/annihilation oper-
ators of photonic excitations for atom 4.
The velocities of the atoms in the ensemble are sampled from a Maxwell-Boltzmann distribution.
That means that the velocities are symmetrically distributed around zero, i.e., equal number of
velocities classes with opposite sign.

Then, without loss of generality and assuming N is even, we can relabel the indices of the atoms

such that
>0, je€[l,N/2]
’Uj = (274)
<0, je€[N/2+1,N]
and then rename j = j + N/2. We also sort the labels such that v; = —vj. For the sake of

simplicity we will limit the analysis to one dimension.

The wave function of the thermal ensemble then reads:
[eiékrj 6i5k‘1}jt |]> 4 6i5k7’;6i5kv3t |§>] (275)

[eiékrj eiékvjt |j> + eiékr_,»+N/2€i6kv_7+N/2t |‘7 + N/2>] ) (276)
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The transition element for spontaneous emission of atom i reads:

N/2
E zékrj ei5kvjt5i7j + eiﬁkrj+N/2 eiuj+N/2t5i,j+N/2] (277)

(9lo; \F

[eiékm eiékvit} ) (2.78)

Boltzmann dist. f(v) = ,/575pe? 57,
We get:
1 . .
(a7 1) = == [ (o [ (279)
/ dvf uSkm zékvt] (280)
1 iS ks (5k‘t k}BT 27TkBT
— kT — 2.81
\/Ne lexp [ \/ 27rkBT ( )
L s (5kt)2k3T
— _ plORT; _s 7 - 2 2
e [ VT (2.82)
where in the approximation we take the average Doppler phase factor.
The rate of spontaneous emission is then
L= T (lofo; [v) (2.83)
i
_ 8kt)?kpT
=D T (Ypickel 0 0} [¥picke) X exp {_(2)7713} : (2:84)

%]

The characteristic time scale of this rate reduction is 7p = , /ﬁ, just as derived for the

Doppler dephasing in Eq.

We see that for high temperatures and long evolution times the rate reduces.
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Hyperfine optical pumping

Contents
[3.1 Theory of optical pumping|. . . . . .. ... ... .. 0000 34
3.2 Atomic beam transit] . . . .. ... . o 0 oo oo oo 36
[3.3 Implementation of optical pumping| . . ... .. ... ... ... . ..., 38
[3.3.1 Spectrum calibration| . . . . . .. ... o oo 39
[3.3.2 Pulsed pumping|. . . . . . ... 40
[3.3.3 CW pumping| . . . .. ... ... 42
[3.4 Simulation of optical pumping with ElecSus . ... ... ... ...... 42
[3.4.1 Pulsed pumping|. . . . . . ... oo 44
[3:42 CWopumping] . . . . ... ... 46

The in DRAGON]is a crucial feature to overcome the lifetime limitation in [ORCA|lmemo-
ries. However, creating a coherence between the hyperfine ground states requires that the mapping
state |b) is empty before mapping to it. Otherwise the remaining atoms in |b) would mix with the
atoms of the initial coherence Sy,. This would lead to noise photons in the read out process.
Therefore, in order to depopulate the state |b), we need to apply optical pumping of the hyperfine

state.

This section introduces the theoretical framework and the idea behind optical pumping. Fur-
thermore, we investigate how the transit of atoms in and out of the pumping beam affects optical
pumping. After presenting the experimental results obtained, we conclude the section with numer-
ical investigations using the software package ElecSus.

It is important to note that another effect of pumping is the increase of optical depth. By trans-

ferring population from the mapping state |b) to the initial state |g), we effectively increase the
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optical depth via an increase in the number density of state |g). This can lead to an improvement

of memory efficiencies.

3.1 Theory of optical pumping

The method of optical pumping can be used in atomic ensembles to change the population of
energy levels. We outline this method for our purposes by using a simplified three level system.
In optical pumping, an additional light field, the pump beam, is focused on the atomic ensem-
ble. Atoms within the pump beam have a chance of being excited to higher energy levels. The
probability of this process is proportional to the Rabi frequency of the addressed transition and
therefore also directly proportional to the applied laser intensity.

The dynamics for a three level system as in Fig. are captured by a rate equation model (follow-

L]

=3
|3) = 5P3/2 4 Ej
O IO o
|| . |
Bmw)} IBm)(w ;
I I 'l' ‘-
I I " ‘|
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i i " N
5S1a y 2) = |F=2)

Figure 3.1: Simplified three level system for pumping of hyperfine level F' = 1. See Sec. for
definition of symbols.

ing [30]). The excited state decay rates 731,732 are determined from the ratio of Clebsch-Gordan
coefficients Cji, with i, k the initial and final state index. The total decay rate of the excited state
13) is y3 = 1/7 = 431 + 732, e.g., for the 8" Rb D2 line 7 = 26.25 ns. We then have [30)

c3 Ch

31
V31 = A5 A3 V3 V2= A5 A5 )3 (3.1)
C3 +C3, C3 + C3,

The idea of optical pumping is to excite atoms in an initial state, i.e., |1) or |2}, to the excited state
|3) and then let the atoms de-excite according to the branching ratio of spontaneous emission. For
many repetitions of this process, the initial state will be depopulated, as long as there is a finite
probability to decay into the other ground state.

For we want to pump the 87Rb D2 line. It is important to realise that in the state

|3) = |5P3 /2> there are several hyperfine sublevels F' = 0,1, 2,3 that can be addressed.
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For allowed electric dipole transitions we must have AF = 0,+1. That implies that pumping the
transition |1) = |551/2, F = 1> — ’5P3/2> resonantly can only populate the states ’5P3/2, F=0,1, 2>.
Similarly, pumping the transition |2) = ’551/2, F= 2> — ’5P3/2> will only lead to population in
‘5P3/2,F =1,2, 3>. The state ‘5P3/2,F = O> can only be populated from ’551/2, F= 1>, the state

‘5P3 12, B = 3> only from ’551 12, B = 2>. These states we can therefore exclude from our analysis 3

as they do not result in population transfer.
For the other states however, we find from tabulated values in [30] a branching ratio of y31 /v32 = 2.

Tt is therefore more likely for |3) to decay into |1) via spontaneous emission.

We can now formalise the rate equation model for the three level system.

Let n; be the fractional number density of atoms in state |¢) of the optically pumped population
distribution, such that )", n; = 1. Similarly, let IV; be the fractional number density of the equilib-
rium distribution, i.e., N; = g;ny /(g1 + g2), with g; the hyperfine degeneracy of state |i). Again,
ny is the number density of a volume element as defined in Sec.

The rate equation for the optically pumped atoms also depends on the rate I'g, which is the rate by
which atoms leave and enter the pump beam. This rate depends on the temperature of the atomic
ensemble and is given as 'y = 217\/1r172/ R, with pump beam radius R and Maxwell-Boltzmann

mean velocity . If the transition |1) — |3) is pumped, the equations read:

dn1

o —n1(Bizp(w) + Lo) + n3(Ba1p(w) + v31) + N1lo (3.2)

dn

7; =To(—n2 + No) + n37y32 (3-3)

dn

cTtS = n1 Bigp(w) — n3(Bsip(w) + 73 + o). (3.4)
Here By, = 60’;§Qi > l1ix|® is the Einstein coefficient for a transition i) — |k) with corre-

sponding electric dipole element |u;,|?. The spectral energy density for a monochromatic beam is
denoted p(w) .

In the steady-state (n; = 0) we find

1
"= (35)
1+ 5 fa
with saturation and pumping parameters
Bsip V32
a=—"——— [B=1+ == 3.6
Bzip+ 3+ Lo Lo (3.6)

respectively.

We see how the number density of |1) depends on the experimental parameters Bs; and T'g.
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3.2 Atomic beam transit

As outlined in the rate equations in Sec. the efficiency of optical pumping is also limited by the
movement of atoms in and out of the beam. We can simulate these dynamics and make predictions
as to how they will affect optical pumping.

The main question we want to answer is: what is the mean pumping efficiency at a random time
for atoms within the beam profile?

In the final protocol (see Fig. 7 before the memory operation is started the atomic
ensemble is optically pumped. It is the population distribution immediately after the pumping
sequence that is key for the (noise) performance of the whole protocol. We therefore need to know
what the mean pumping efficiency will be after a certain pumping time.

We will answer this question in a simplified model, by relating the pumping efficiency to the mean

exposure time of atoms to the pump beam.

Using the three level system in Fig. we discretise the pumping procedure: a pumping cy-
cle refers to the excitation of an atom to |3) and, after 7 = 26.5 ns, its de-excitation into levels |1)
or |2) with probabilities p3; or pss, respectively. We assume that the excitation from the ground
state is instantaneous (compared to the time scales of de-excitation).

Focusing on pumping the F' = 1 level, we define that the ensemble is pumped, if only 1% of the
initial population remains in /' = 1. To reach this level of depopulation, a certain number of

pumping cycles n,, is required. We find that

p?){j S 0.01 —» np = lg’gg((pgl)) (37)

The probability p3; of an excited atom to decay to the state |1) within the lifetime 7 is given by the
ratio of decay rates from spontaneous emission. From Sec. we can conclude that ps; = 0.66.
Assuming that initially the number densities of |1) and |2) are distributed as N; = g;/(g91 + g2),
we require that a sufficiently high fraction of atoms stays within the pump beam. With this we
can assure that the atomic ensemble, with which the probe is then interacting, has encountered
the required amount of pumping cycles n, for pumping level |1).

If we only consider spontaneous decay, i.e., a static atomic ensemble, we estimate n, ~ 11. Since a
de-excitation of the ensemble can only occur every 7 = 26.5 ns, we need to let the pump interact
with the ensemble for £pymp = Tn =~ 293 ns.

Taking into account the effect of temperature, radius of the pump beam and atom movement
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changes the situation. This can best be seen by simulating the movement of atoms in and out of
the pump beam. For this we sample a number of N atoms, initialise them with random positions
within and without a circle of radius R and velocities drawn from a Maxwell-Boltzmann distribution
at temperature T

A schematic of how the atoms evolve w.r.t. the pump beam is shown in Fig. Any random

3007 1 Pump beam 300 1 Pump beam
e 1
150 1501
5 — 5
— —
~1501 ~1507 ’
e
-3001
-3001
300 -150 0 150 300 300 —-150 0 150 300
X (um) X (um)

Figure 3.2: Evolution of atoms with R = 100 pm and 7' = 350 K. The atoms that are initially
inside the pump beam are in blue, the atoms initially outside in orange. The left part shows the
positions after initialisation, the right part shows the positions after evolution of ¢,,mp. The black
arrows indicate the time evolution.

atom has to be exposed to the pump beam for at least ¢,,m,, in order to depopulate the hyperfine
state F' = 1. By tracking the motion of the simulated particles and their exposure to the beam,
we can obtain an exposure time for each atom and hence a mean exposure time of all atoms in the
beam profile at a given time.

If we let the system evolve for exactly tpyump With R = 100 pm and 7" = 350 K, we find an average
exposure to the pump beam of 7.;, ~ 250 ns. From this we can conclude that the average pumping
efficiency of the ensemble is 77 = 0.85. The evolution of average exposure corresponding to Fig.
is shown in Fig.

This simple analysis gives us an idea of the time scales of pumping and the effects of temperature
and pump beam radius. The obtained time scale ¢pymp has to be compared to the time scale of
re-thermalisation of the hyperfine ground states. Since the transition between the hyperfine states
F =1 and F = 2 is dipole-forbidden and the excited state is energetically separated by hundreds
of THz, the only relaxation mechanism is spin relaxation via collisions. As the vapour cell contains
only a dilute 8”Rb gas, we assume to be in the ballistic collision regime. The rate of collisions is

given as

Yeoll = NV (T)J’Dv (38)
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Figure 3.3: Average exposure of atoms within the pump profile as function of time. The exposure
time of atoms that were initialised inside the beam is shown in the blue graph, the exposure time
of atoms that were initially outside the beam in orange. The green line shows the average exposure
for both green and orange dots at a specific time.

where ny (T') is the number density at temperature T', o is the scattering cross-section and v is the
average relative velocity of the atoms in the ensemble. Using the vapour pressure for the liquid
phase, 0 = 8 x 1071 m? and v ~ 300 ms~! (for 7' = 60 °C) we get Yeon &~ 200 Hz. Conservatively
we can therefore assume a relaxation time for optical pumping of &~ 1 ms. Note that this time scale
is much larger than any other dynamics of the memory. We can therefore ignore the relaxation for

a memory with short storage time.

3.3 Implementation of optical pumping

In the particular case of DRAGON] in 87Rb, we need to empty the hyperfine state F = 2 or
F =1 of ‘55’1 /2>. This requires a light field on resonance with the relevant transition, i.e.,
Vp—o = 384.2278 THz or vp—, = 384.2346 THz. The source of the pumping field can either be a
pulsed or CW laser, each leading to a different effect of pumping.

Pumping is performed on an atomic ensemble in a cylindrical vapour cell containing 87Rb with
traces of 8°Rb (around 2%). Furthermore, we install a reference cell, which contains the natural
abundance composition of the two Rubidium isotopes 8’Rb and 8°Rb. The reference cell will be
used for spectrum calibration only, no memory operation is performed here.

The experimental setups of ORCA and DRAGON are discussed in Sec. [f.1.1]and[£.1.3] respectively.

Here we present the experimental results of optical pumping.
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3.3.1 Spectrum calibration

The effect of optical pumping is investigated by performing non-Doppler-resolved spectroscopy for
87TRb. However, to benchmark any effects of pumping and especially to calibrate the frequency
axis of the obtained spectrum, a reference spectrum is required.

Such a reference spectrum was obtained by installing a reference vapour cell, which contains the
natural abundance composition of Rubidium, i.e., 8"Rb (27.8%) and 8°Rb (72.2%), and is kept at
room temperature.

The advantage of the reference spectrum is that it remains constant and four absorption dips for
the ground states are clearly visible. The reference spectrum obtained from measurements on a
photo diode and processed on an oscilloscope (Keysight InfiniiVision DSOX6004A) can be seen in

Fig. The frequency axis has been normalised to be relative to the 8Rb D2 line transition at

0.022 -
g 0.020
&)
en
s
2 0.018

0.016 Reference cell

*  Dips 85RD, F3
42 0 3 i 6
Frequency (GHz)

Figure 3.4: Spectrum of reference cell containing Rubidium in natural abundance. The hyperfine
states corresponding to each absorption dip are annotated.

v = 384.2304 THz, i.e., the transition of F = 2 in 8"Rb is set to —2.563 GHz.

All reference spectra are obtained by scanning a CW source (Toptica DL pro) around the D2
transition at v = 384.2304 THz over a certain frequency range. Optimally, the laser sweep is linear
in frequency, meaning that there is a fixed conversion between time and frequency. However, we
find this not to be the case. A calibration of the frequency axis using the spectrum of a reference
cell is therefore necessary. The well known frequencies of the absorption profile in the natural
abundance reference cell are used to fit a relation between time of the laser sweep and frequency.

More details on the method are given in Section
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Figure 3.5: Transmission spectra of the vapour cell with different pump powers taken from oscil-
loscope data. Note that due to data calibration the transmission is normalised differently.

3.3.2 Pulsed pumping

Optical pumping can be performed using a pulsed Ti:Sapph laser. Here we pump the state F' =1,
i.e., the laser is tuned to v, = vp—; = 384.2346 THz. As

Fig. shows results for temperature T' = 39 °C, a pump frequency v, = 384.2344 THz, a diam-
eter at pump beam waist of d, = 300 pm and different intensities of the pump beam. The signal
light field is centered around v = 384.2304 THz and sweeps £10 GHz. The signal beam intensity
was attenuated to 4pW with a diameter at beam waist of dy = 250 pm.

An interesting feature of pulsed pumping is the spectral decomposition of the pumping beam.
This can already be seen in Fig. and is enhanced for better visibility in Fig. [3.6 Due to the
short temporal profile of the pulses, the light contains various spectral components. The visible
frequency comb in Fig. shows the spectrum composition of the pulse. This is clearly visible
for low intensities as in Fig. but can also be observed for other intensities.

As outlined before, another important factor for the pumping efficiency is the temperature of the
vapour. While Fig. [3.5] shows spectra for T' ~ 40 °C, Fig. shows the normalised transmission
spectrum for T ~ 75 °C. The pump beam diameter is still d,, = 300 pm and the signal ds = 250 pm.
With the vapour at higher temperatures, higher velocity classes are populated and the detrimental
effect of Doppler shifts to optical pumping is enhanced. The effect of pumping is visibly smaller.
By switching to frequencies close to v, = vp—y = 384.2278 THz we can also perform optical pump-

ing on F' = 2 and depopulate this level. The effect of pumping for F' = 2 can be seen in Fig. 3.7
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Figure 3.6: Transmission spectrum for pumped region for I = 2 mW.
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Figure 3.7: Transmission spectra for optically pumping a) F' =1 and b) F = 2.

In order to reduce the required power of the pump beam, we can adjust the relative sizes of
pump and signal beams. By exchanging the lenses of the pump telescope (see Sec. for more
detail), the pump diameter was increased to d, = 400 pm, while the signal was maintained at
ds = 250 pm. The effect of this change can be seen in Fig. Comparing Fig. with Fig.
the effect of adjusted beam size is evident: we can achieve higher efficiency with less power.
We can understand this effect in the context of atom transit as introduced in Sec. B2l As we
increase the size of the pump beam, the average exposure to pumping of atoms within the signal

beam increases.
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Figure 3.8: Transmission spectrum for optically pumping F' = 1 with I = 100 mW and T ~ 40 °C

3.3.3 CW pumping

Optical pumping can also be achieved using a CW light source for pumping. Here we used a
Toptica DFB pro at v, = 384.2344 THz. A characteristic spectrum with CW pumping is given
in Fig. This also clearly demonstrates the difference between pulsed and CW light: due to
the reduced linewidth of the CW light, the pumping efficiency is strongly reduced for frequencies
further away from the pumping frequency. This is an effect of the Doppler shift of the atoms and
is the disadvantage of CW pumping. The advantage is that the pumping efficiency at the pumping
transition is much larger since the power spectral density is focused more strongly around the
pumping transition.

For CW pumping, the pumping efficiency is vastly different for atoms in different velocity classes
and gives a characteristic W-shape in the pumping region. This will be a problem when estimating

the pumping efficiency of the whole ensemble, which is addressed in more detail in Sec. [3.4.2]

3.4 Simulation of optical pumping with FElecSus

The ElecSus software package [31] aims to extract various parameters from absorption spectra of
weakly probed Alkali vapours.
This is achieved by fitting the complex electric susceptibility y; for different transitions ¢ of the

atomic species at hand:
B cfdzNa

X (A) th

V(A). (3.9)
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Figure 3.9: Transmission spectrum for CW pumping of F =1 with I = 14 mW and T ~ 40 °C

The frequency detuning axis is A (detuning w.r.t. the D2 transition » = 384.2304 THz), the
number density N, (for one magnetic hyperfine sublevel), the relative line strength of a transition
is included in the Clebsch-Gordan coefficients ¢; and d is the reduced dipole matrix element. The
functional form of the susceptibility is given by the Voigt function V/(A). The Voigt function results
from the convolution of a Gaussian and Lorentzian function. It takes into account the forms of
homogeneous (Lorentzian) and inhomogeneous (Gaussian, Doppler) broadening.

The number density of a hyperfine mpg sublevel is given by

Finv

N, = TS (3.10)

where F' is the isotopic fraction and the denominator denotes the hyperfine degeneracy of the
ground state, with I the nuclear spin of the isotopic species. Hence every mp level in the ground
state has equal number density associated. The total number density ny can be obtained via

ny = va/RT

In its original form the ElecSus package hinges upon the assumption that the probe laser in-
tensity is in the weak probe regime, i.e., no substantial population transfer of the hyperfine states.
This assumption is systematically violated when optical pumping is performed.

Therefore, it is essential to extend the ElecSus code such that population shift is taken into ac-
count.

We can model a population shift by adjusting the relative line strength of the transitions. The
idea is to add a parameter p that modulates the Clebsch-Gordan (CGl) coefficients ¢; for different

hyperfine states selectively.
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Before any population transfer via optical pumping occurs, we initialise p = 0, i.e., each hyperfine
state is weighted equally with no population shift.

In this framework we can interpret the pumping of a hyperfine state, e.g. F' = 1, as a change of
the transition strength of the possible transitions in the D2 line via the parameter p.
Mathematically this is equivalent to a shift in hyperfine populations N7 and Ns, for F = 1 and

F = 2, respectively. We can then write the susceptibility in the presence of population transfer as:

g1 2 2 g2 2 2
“(1 d*N, (1 — d*N,
. 607?, . 607:L
i, F'=1 i, F=2
g1 2 12 92 2 72
2d2 N “d= N
=y GENLG A 4 > GNay p), (3.12)
iro of i P

As the total number of atoms in the ensemble is assumed to remain constant, we must have
91N1 + g2N2 = g1 Ng + g2 Ng = ny, with Ny = (14+p/g1)Na, Na = (1 —p/g2) N, and ny the total
number density of atoms.

The fraction of atoms in the hyperfine state F' = 1 of the ground state manifold of 87Rb after a

population transfer via pumping has occured is given by

_ g1 V1 _ g1(1+p/g1)
giN1+g2No  g1(1+p/g91) +92(1 4+ p/g2)’

r1(p) (3.13)

such that for p = 0 we obtain the initial equilibrium ratio of r; = 3/8 = 0.38. Note that the initial
ratio is not 0.5. This follows from the assumption of uniform population of the mp states (see Eq.
. The fraction is experimentally accessible by measuring the absorption dips in the atomic
spectrum. More precisely, in the adjusted FElecSus code we can directly fit the parameter p, which
determines the ratio r(p).

The pumping efficiency for optical pumping of the transition |5Sl/2,F = 1> — ‘5P3/2> is then

defined as n,(p) = 1 — r1(p)/r1(0).

3.4.1 Pulsed pumping

The performance of ElecSus for extraction of pumping efficiencies works best for pulsed pumping.
The reason for that is the broad spectral range of the pulse that results in almost uniform pumping
efficiency among the velocity classes. A more detailed investigation into pulsed pumping is given
in Sec.

The effect of pumping is most prominent for low temperatures. This follows from the movement

of atoms and the limited extent of the pumping beam (see Sec. .
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Figs. to[3.10d|show the absorption spectra for different pumping intensities at £ = 1 together
with the fitting residuals of the ElecSus fit and the achieved pumping efficiency np—;.

An important observation in this context is the saturation intensity for the pump beam: the
difference in pumping efficiencies for I = 270 mW and I = 2 mW is less than 10%, whereas the

applied intensities are vastly different.

The deviations of the fit are lower than 5% for high intensities but can reach up to 10% for

I =2 mW. The main reason for that is the calibration of the frequency axis: a slight offset of the

fitted spectrum to the data results in large deviations.
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(c) Absorption spectrum with FElecSus fit. Pumping
intensity I = 60 mW. Extracted pumping efficiency
nrp=1 = 0.977.
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Figure 3.10: Data for pulsed pumping of level F' =1 for T' ~ 40 °C. In each sub-figure the upper
graph is the fitted spectrum, the lower graph shows the fitting residuals.

Switching the pumping transition to |5Sl 2, F' = 2> — |5P3 /2> should not give different estimations
for the pumping efficiencies since the reduced dipole element d is the same as for {551 /2, F = 1> —

|5P3/2>. The efficiency should depend on the pumping intensity in the same way as for the
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transition ’551/2, F= 1> — ’5P3/2>. We can see that this indeed holds in Fig.

In fact, we can expect better pumping performance for pumping the F = 2 state. This follows

from Sec. there is a higher chance to decay into F' = 1 from the excited state and therefore
depopulating F' = 2 should be faster and more efficient.
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Figure 3.11: Fit and data for pulsed pumping of level F' = 2 for T' ~ 40 °C with I = 230 mW.
The extracted pumping efficiency is np—o = 0.989.

3.4.2 CW pumping

If we pump the atomic ensemble with a CW source of limited linewidth, the different velocity
classes are not as broadly addressed as for a pulsed source. That means that the pumping inten-
sity is focused on only a small number of velocity classes with small Doppler shift.

This leads to a characteristic shape of the pumped spectrum (see Sec. for more examples).
As the modified version of ElecSus assumes equal pumping of each atom in the ensemble, the fit
must necessarily deviate from the real picture. This can best be seen in Fig. We can clearly
see how in this case the ElecSus fit does not capture the qualitative shape in the pumping region.
This is also captured in the large relative residuals between spectrum and fit.

However, we can overcome this issue by creating a mapping, which relates the normalised transmis-
sion to pumping efficiency. The necessary assumption here is that at zero transmission, i.e., total
absorption, the pumping efficiency is negligible. This approximation is valid for low temperatures
(T =~ 40 °C), but fails for higher temperatures. The reason for that is the increased optical depth
for high temperatures, which results in total absorption even for non-negligible pumping.
Assuming that at full absorption there is no deviation from the equilibrium population, the dis-
tance of the pumped absorption profile to the non-pumped absorption profile is proportional to

pumping efficiency. Using FElecSus, we can generate a mapping, which relates this distance in
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Figure 3.12: Fit and data for CW pumping of level F =1 for T ~ 40 °C with I = 14 mW.The
extracted pumping efficiency is np—o = 0.977.
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Figure 3.13: Efficiency map for transmission spectrum. a) The spectrum around pumping transi-
tion with and without pumping is obtained. b) Using ElecSus, the distance from total absorption
is mapped to pumping efficiency.

transmission to pumping efficiencies. This is shown in Fig. By using such a map we can
convert the transmission spectrum in Fig. into corresponding pumping efficiencies.

The x-axis in Fig. is in frequency, but by deconstructing the Doppler shift from the F' =1
transition frequency (dotted blue line in Fig. into velocity classes, we obtain Fig.
The obtained shape of the pumping efficiency as a function of velocity resembles as Gaussian
distribution centered around the pumping frequency. This is to be expected, since the velocity
distribution parallel to the beam (transversal movement does not lead to a Doppler shift) is a
Maxwell-Boltzmann distribution mirrored at v = 0. This Gaussian distribution is centered around
v = 0 with a standard deviation of ¢ = \/m.

As expected, we find the highest pumping efficiencies for velocities around v = 0, because for

static atoms the laser is closest to resonance with the pumping transition. However, one impor-




48 CHAPTER 3. HYPERFINE OPTICAL PUMPING

tant information is not included in Fig. the pumping efficiencies are not weighted with the
velocity distribution. This information is crucial to determine the effective pumping efficiency in
the ensemble since the velocity classes are not uniformly populated. By multiplying the efficiencies
of the velocity classes with their corresponding probabilities, we obtain the cumulative pumping
efficiency. This is shown in Fig. [3.14bl Here the x-axis shows the minimum pumping efficiency
7np and the y-axis the number density, i.e., the fraction of atoms that are pumped with at least
np. For example (see red cross in Fig. 7 roughly 35% of the atoms are pumped with at least
np = 0.99. We can also extract the mean pumping efficiency 7, of the atoms from Fig. For
the shown parameters we have fp—; = 0.98244, i.e., the average atom in the ensemble is pumped
with more than 98.2%.

This will be useful information to determine e.g. the extent of fluorescence noise in

(Sec. due to residual ground state population of state |b).
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Figure 3.14: Data for CW pumping with I = 15 mW and 7" = 40 °C.
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The experimental path to establish the protocol entails various different investiga-
tions. Before any of the characteristic functions of can be implemented, we need to
establish
In order to be used for later, we use a version of where the signal is at
As =~ 780 nm and the control at A, =~ 1529 nm. This configuration of light fields is the re-
verse of the telecom presented in .

As discussed in Sec. and to extend to we need to add light fields for
and rephasing. Unfortunately, these lasers have not been delivered within the time frame of

the project to conclude the experimental implementation of [GSM| and rephasing.
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Therefore, this section only outlines the experimental steps that have been taken to realise the full

IDRAGON] protocol.

4.1 Setup

Both[ORCA|and [DRAGON]|require setups that can be installed on an optical table. As we operate
the memory in a warm state, no cryogenics are required. Therefore, beside the light field generation,
all required parts fit onto a medium size area on a stabilised optical table.

This section introduces the experimental setups for both [ORCAl and [DRAGON]

4.1.1 ORCA

The experimental setup for the base function of [ORCA]is depicted in Fig.

The signal light field is generated in a Ti:Sapph laser (Spectra-Physics Tsunami), which outputs
a Gaussian pulse with FWHM of approx. 300 ps every 7, ~ 12.5 ns at vy = 384.2223 THz.
On the other end, the control field is generated by a CW laser at v. = 196.0286 THz (santec
TSL-510). Note that with this combination of frequencies we excite the two-photon transition
|5S1)2, F =2) — [4D55).

Using an electro-optical modulator (EOM)]) (iXblue MXER-LN-10), we modulate the control light
such that we obtain Gaussian pulses of approx. 300 ps FWHM. In order to reach sufficient pulse
energies for the two-photon absorption in the read-in process, the control pulses after the [EOM]
are amplified by an erbium-doped fiber amplifier (EDEA) (PriTel LNHP-33) (see Sec. [4.1.4] for
more details).

The memory cell is a transparent glass cylinder of length L = 13 c¢m filled with 8'Rb (> 98%)
and ®°Rb (< 2%). The cell windows are AR-coated (anti-reflective), i.e. high transmittivity for
the signal frequency. We can determine the exact isotopic composition of the gas in the cell by
referring to ElecSus simulations (see Sec. . The temperature of the cell is controlled via heating
coils around the cylinder. Similar to the Rubidium fraction, the exact temperature of the gas can
be extracted from FlecSus simulations and fitting to the absorption spectrum.

In order to fine-tune the polarisation and intensities at the optical table, we introduce a set of \/2-
and \/4-waveplates (see Fig. [4.1)).

Both signal and control light fields are focused by suitable lenses to the centre of the cell. For the

signal we introduce two B-coated convex lenses with a focal length of f; = 250 mm. This results
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in a beam diameter at the centre of the cell of ds ~ 250 pm. The lenses for the signal beam are
also chosen in a way to produce a Rayleigh length zi that is larger than the length of the cell L.
This guarantees small change of the beam diameter in the interaction region of the memory. Since
the signal is later detected, the second lens is required to convert the signal beam again into a
collimated beam for coupling into optical fiber.

In order to maximise the read-in efficiency both control and signal beams should overlap at the
centre of the cell. The control beam is focused to a diameter of d. ~ 300 pm by using a single

C-coated lens with f. = 400 mm.

Any read-out signal is coupled into a fibre and detected by an array of superconductor-nanowire
single photon detector (SNSPD)s (Photon Spot Cryospot 4). The detectors are cooled to about

700 mK and are located in a separate room.
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Figure 4.1: Installed ORCA setup

4.1.2 Pulse generation and synchronisation

An important factor of the read-in efficiency is the temporal overlap of control and signal pulses.
In order to achieve this, the pulse repetition of the signal and the pulse generation of control pulses
by the arbitrary waveform generator (AWG)) ( Tektroniz AWG70001A) are linked.

The separation of signal pulses 75 is controlled via a function generator (Keysight 33600A), which

generates sinusoidal wave at a frequency v,y = 1/75 ~ 80 MHz and serves as a reference sig-
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nal for the Ti:Sapph laser. At the same time, the same function generator creates at signal at
Uref = Vpef/8 with a rectangular shape. This signal is fed as a reference signal to the [AWG]

The input to the [AWG]is a computer-generated waveform, i.e., a 1D array of values, that is gener-
ated and sent to the [AWG] via Ethernet. The length of each waveform is set to 1950 ns. Without
the reception of a reference signal from the waveform generator, the [AWG] outputs waveform after
waveform. However, for our purposes, the pulses of control and signal need to temporally overlap.
A precise timing of the begin of each waveform is therefore necessary.

Furthermore, the initialisation of pulses needs to be reproducible, i.e., the relative position of a con-
trol pulse w.r.t. a signal pulse should not change. The Ti:Sapph is synchronised to the repetition
rate provided by the function generator using an internal lock-to-clock module. The[AWG] observes
a tenth of this frequency from the secondary output of the function generator, about 10 MHz. We
set the [AWG] such that upon reception of the rising edge of the rectangular reference function
the waveform is played. The waveform is then played until the next reference event appears. This
also justifies the choice of rectangular pulses for the reference: the rising edge of the rectangular
pulse has infinite slope at the voltage trigger level, compared to a finite slope of a sinusoidal rising
edge. If there is a fluctuation in the trigger level of the [AWG] an experimental imprecision that we
suspect, the sinusoidal reference signal will lead to fluctuation in the initialisation of a waveform.
Setting up the generation of control pulses in the outlined way, we are able to initialise pulses in

a reproducible way and can guarantee temporal overlap with the signal pulses.

4.1.3 DRAGON

As already pointed out, a full implementation of [DRAGON] during this project was not possible
due to delayed arrival of crucial components. Therefore, the setup presented here only shows the

installed preliminary version of [DRAGON!

Compared to [ORCA] (as shown in Fig. , the addition for [DRAGON]| mainly consist in the

installation for optical pumping.

4.1.4 EDFA

A crucial experimental instrument for both [ORCA] and [DRAGON] is the [EDEAl The [EDEA] can
amplify signals by puming Erbium dopants in a fiber. Amplification is achieved via stimulated

emission of light at the signal frequency. Due to the energy level structure of Erbium, most [EDFAk
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Figure 4.3: EDFA input intensity with (a) the amplified output and (b) the gain profile. The
current is set to Agpra = 500 mA.

amplify in the telecom C-band.

In the setup depicted in Fig. and the [EDEFA] is used to amplify the pulsed control light
coming from the This is necessary to achieve high pulse powers, which are required for
[RI/RQ efficiencies in the memory. The amplification is controlled via the [EDFA| current Igppa .

An important feature of fiber-doped amplification is the gain saturation for high input intensities.
A characterisation of the gain profile and saturation for the [EDEA] in use is shown in Fig.

and As we can see, the amplification drops quickly with input intensity.
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Amplification of the CW background

The [EDEA] is interfaced with the which outputs the pulse sequence of the control light.
The [EOM] carves pulses from the control CW light by alternating between high and low trans-
mission, reaching maximum and minimum intensities EOM,.x and EOMyi,, respectively. Due
to technical limitations, every has a finite extinction ratio, defined by the ratio rgom =
EOM nax/EOMpyin. In this setup, we measured rgonm &~ 2500. The main factor for a finite extinc-
tion ratio is a non-zero value of EOMip.

This implies that in between pulses there will still be transmission through the For a perfect
the transmission in between pulses would be zero.

This leakage is referred to as the CW background. Since the [EDFA] is ignorant about the pulse
sequence, this CW background is also amplified. This leads to unwanted CW background light in

the memory and is characterised in Section [4.2.2]

4.2 Operation of the memory

After the experimental setup has been introduced in the previous section, we here present the
performance of memory operations.
This includes a characterisation of pulse energies, an estimation of the effect of CW background

on memory efficiencies and the full operation of the memory, i.e., read-in and read-out processes.

4.2.1 Pulse energy characterisation

When it comes to the efficiency of the memory, the pulse energies for RIland [ROl control pulses play
a key role. Higher pulse energies for the[RI/ROlpulses will increase [RI/[RO]efficiencies, respectively.
However, the efficiencies saturate at some point and effects of the ac-Stark shift become important

[21) (see Sec. [4.3).

For DRAGON/ORCA, the control pulse powers are determined by a set of parameters.

1. [EDFA] current Igpra: the [EDFAl current determines the general amplification of pulses,
but also of the CW background (see Sec. [4.1.4). As we show in Sec. a current of
500 mA shows the best trade-off between CW amplification and pulse energies. All following

measurements use Igppa = 500 mA.
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2. RI/ROl amplitudes on [AWG] cry/ro: the amplitudes of both pulses control their relative
pulse energies and are determined on the [AWGl The amplitudes are normalised s.t. an
amplitude of cry/ro = 1 corresponds to the maximum voltage output of the AW (at

+0.25 V). We therefore choose cgy/ro € [0,1].

3. Pulse separation 7,.,: the separation between each pulse pair. This separation also influ-
ences the pulse power via the non-linear amplification behaviour of the [EDFAl We choose

Tsep € [50,200] ns.

Due to the non-linear amplification of the [EDFA] the choice of parameters can not be considered
independently, i.e., the choice of amplitudes will affect the effective pulse power. For example,
increasing cro while maintaining cgry results in a reduction of pulse power, although the
amplitude has not been changed.

In order to take these interdependencies into account, we present a heatmap of pulse energies for
a range of separations Ty, € {50, 100,150,200} ns and amplitudes cgi/ro € {1/v10,...,1}. The
data is obtained by detecting the control pulses before entering the memory cell. The pulse energies
for [RIl are shown in Fig. the pulse energies for in

We can clearly see how the the pulse energies of [RI//RO| depend on each other. As expected, an
increase in [RI] pulse energy comes at a cost of reduced pulse energy.

From the presented mapping of pulse energies we cannot conclude a systematic amplification
principle of the [EDFAl In order to understand how the [EDEFA] amplifies a certain sequence of
pulses, we need to take into account the transient state of the Erbium dopants in the fiber. The
amplification of the [EDFA] is based on stimulated emission, which requires population inversion
beforehand. In the amplification of pulses we therefore need to take into account the time to
repump.

These considerations are beyond the scope of this work. However, we can treat the [EDEA] as

a black box and use the phenomenological behaviour of the amplification that is shown in the

heatmaps in Fig. [1.4] and [4.5]

4.2.2 CW background characterisation

For the estimation of the CW background it is necessary to do a similar analysis as in Sec. £.2.1]
Since the gain of the [EDFAI changes with input power, the CW background will be different for
different configurations of the pulse energies.

We show the CW background in mW for 7., = 50 ns in Fig. The highest background intensity
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Figure 4.4: RI pulse energies for different pulse separations. The x-axis and y-axis show the RI
and RO amplitudes, respectively, i.e., 10 denotes an amplitude of 1/4/10. The color bar denotes
the pulse energies in pJ.

is measured for cgr/ro = 1/v/10. This is as expected, as for this configuration the input power
into the [EDEFAlis lowest and the amplification of the static background therefore is highest.
The CW background for other longer separations is higher for every configuration of amplitudes

again because of the above mechanism.

4.2.3 CW leakage readout

In the discussion about memory operation in Section [4.2] the underlying assumption was that in

the absence of light pulses no other light field was present. This is an assumption that no longer
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Figure 4.5: RO pulse energies for different pulse separations. The x-axis and y-axis show the RI
and RO amplitudes, respectively, i.e., 10 denotes an amplitude of 1/4/10. The color bar denotes
the pulse energies in pJ.
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Figure 4.6: CW background intensity in mW for 50 ns separation. The x-axis and y-axis show
the RI and RO amplitudes, respectively, i.e., 10 denotes an amplitude of 1/4/10. The color bar
denotes the CW backround power in mW.

holds if there is a CW background. This will change the dynamics of the memory.

As explained in Sec. the amplification of the control pulses introduces unwanted CW light
in between the pulses. This CW background couples the spin wave Sy, again to the signal light
field &£, and hence leads to read out of the memory.

In order to investigate the effect of such CW background on the readout, we engineer the waveform
and the[EDFA]lto vary the CW background while keeping all other parameters for read out approx.
identical.

In the measurements we present in Tab. we generated only the[RI pulse with approx. constant
pulse energy. The idea is to create a comparable spin wave while varying the CW background.

The CW background is measured via the CW power Powy .

Tsep (HS) IE'DFA (mA) €pulse (PJ) PCW NRI
50 180 150.0 4.11 | 0.4771
100 140 152.0 2.71 | 0.5473
150 120 156.0 2.14 | 0.5511
200 110 152.0 1.72 | 0.5524

Table 4.1: Measurements for CW leakage investigation. s, is the separation between [RI] pulses,
Igpra is the EDFA current, €,y5¢ is the estimated energy per pulse, Poy the CW power and ng;
the [RI] efficiency.

As Tab. shows, for a separation of 7s¢p, = 50 ns we get more than twice the intensity for the

CW background compared to a separation 7y, = 200 ns, while the [RI efficiency and [RI power
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stay approximately constant.

To determine the read out from CW background qualitatively, we investigate the shape of the
detected signal for the measurements in Tab.

In Fig. |71;7| we see the detection events on the SNSPDs when signal and control pulses overlap,
i.e., when signal is read in. The obvious difference in the displayed graphs is the height, which
corresponds to the different read in pulse power. A high read in power results in high read in
efficiency and hence a lower peak due to stronger absorption in the RI process.

If after read in there is no read out pulse sent into the cell, as it is in this case, no further signal
should be detected. However, if there is a strong CW background we expect detection events after
the read in. More precisely, we expect that the tail (see enlarged detail in Fig. looks different
for different CW background powers.

Investigating the tail we conclude that on the timescales accessible in these measurements no dis-
cernible effect of readout via CW leakage occurs. The different traces converge to the dark count

detection level within a time of approx. 200 ps. We conclude that read out through CW leakage
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Figure 4.7: Detection of signal for read in for different separations 7s.p. The inlay shows a zoom
of the right tail of the various traces.

of the control field poses no threat to read out efficiency for storage times on the order of few ns.

From the conducted experiments we can not infer how this changes for larger storage times.

4.2.4 Retrieval of stored signals

The previous section dealt with experimental details in preparation for the actual memory opera-
tion. Here we will present first results of [RI] and and discuss the performance of the memory.
Again, the presented results are not yet results for the full protocol. What we show
here is rather the telecom memory, onto which further functionalities of will be

added. As no rephasing is installed in the setup, the phase mismatch §k will not be reverted and
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we expect only short lifetimes of the memory.

Measuring the memory performance requires the temporal overlay of the control pulse and
the weak signal pulse, and the later control pulse to retrieve signal. The interplay of the
optical fields with the atomic field of the memory is described in Sec. and

The signal field is detected with a as detailed in Sec. In Fig. we present the
detected signal (blue curves) together with the input signal (orange curves) for different [RI/ROI
pulse energies.

Fig. illustrates how the efficiencies depend on pulse energies: as we decrease the [RIl pulse
energy we observe a decrease in [R]] efficiency. However, we do not observe a similar behaviour for
the Although the pulse energy is increased, we do not observe an increase in nro. As
we will explain and show in Sec. due to energy dependent terms in the [OBEE, the relation

between pulse energy and efficiencies is not linear.

4.3 Simulation of optical Bloch equations

Using the that are described in some extent in Sec. for we can simulate the
operation of the memory. The simulations serve as a sanity check of the experimental results
from detection events at the [ENSPDE, but also allow us to make predictions and choose param-
eters. If both the shape of the detected signal and the estimated efficiencies of experiment and
simulation are close, the outlined theory describes the experimental reality well and no conceptual
aspect of the memory is omitted. This is important if we want to use the theoretical framework to
expand the experimental implementation and explore different parameter regimes. In the follow-

ing we use and extend the simulation package MEVeS, which has been developed in the[PQJ| group.

Inspecting Egs. [2.51] and we identify a few variables that can be tuned experimentally
and are key parameters for the simulations. A detailed explanation of how these parameters are

estimated and used in the simulations is provided in the following subsections.

4.3.1 Control Rabi frequency

The Rabi frequency €2, of the control field is defined in Eq. For the[RIl pulse it directly affects

the two-photon absorption in the read in process, for the [RO| pulse it influences the [RO) efficiency.
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Figure 4.8: Storage and retrieval detection for 1.5 ns storage time with pulse energies €r;/ro and
BRI total and [RQ efficiencies nrr, n and nro, respectively. Vapour cell at T' ~ 66 °C. The red
shaded region indicates the integration region for the read out efficiency.

Experimentally we control the (2. via the pulse amplitude crr/ro in the [AWG] waveform for the
[RI/ROI control pulses, respectively.

We are not able to directly extract €2.. Instead we have to calculate the frequency from experimental
values for the control pulse energies egr/ro and the radius R of the control beam in the cell.
The Rabi frequency 2. for pulse energy €, control beam radius R and temporal control profile

E.(t) is is derived from

€ = U dt 2060h2(E£€(:))2 TR’ (4.1)

E.(t) = E.(t)\/¢/eo (4.2)
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Here d.; = 4.604 x 1072 Cm [32] is the reduced dipole element for the telecom transition of
the control field, i.e., for the transition ‘5P3/2> — |4D5/2>. It is important to point out that in
the current implementation of the control field is at a telecom wavelength and not the
signal, as it is for the telecom The reduced dipole element for the control field in telecom
[ORCAl for 8"Rb is dge = 3.583 x 1072 Cm [26] for the transition |55;/2) — |5P52). In[DRAGON
we therefore need less control field pulse energies to achieve the same Rabi frequencies.

From the above equations we also see that the Rabi frequency is inversely proportional to the

radius and proportional to the pulse energy.

4.3.2 Optical depth

The determines the strength of light-matter interaction and affects both H/m efficiencies.
This is evident in the for and where we see that the is an important
parameter to couple the spin wave to the signal light field (see Egs. and .

The ensemble temperature is the experimental parameter that determines the optical depth d (see
Sec. . However, since only temperature measurements on the cylindrical surface are possible,
the effective temperature of the vapour will be different. A more precise estimation of the ensemble
temperature can be obtained from spectrum fitting using ElecSus (see Sec. .

For the simulations, only the number density for atoms that are addressed by the signal field makes
up the optical depth. Therefore, the numerical value for the optical depth as obtained from Eq.
only takes a fraction of the full number density in thermal equilibrium N;(T) into account,
where ¢ indicates the hyperfine state F' = 1,2. The population of the magnetic substates mpg is

uniformly distributed, such that we have

Ny(T) = m g+ . ny (T), (4.4)

where g; is the degeneracy of the hyperfine state |5Sl/27 F= z> and ny (T) the total number den-
sity of a volume element at temperature T (following Sec. .

The ratio of atoms that participate in the signal transition therefore depends on the transition that
is chosen for the signal field. Focusing on a signal field driving the transition |5Sl /2, F = 2> —
|5P5/2), we have Na(T) = 2ny(T). This reduction of the which is due to a reduced partici-

pation of atoms in the ensemble, needs to be taken into account in the simulations.
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4.3.3 Frequency detuning

The detuning of signal and control field A, . from the intermediate state reduce the transition
strength of read in and read out processes. In particular, one can show that if the linewidth I',
(including homogeneous and inhomogeneous broadening) of the intermediate state is much smaller
than the detuning A from the transition frequency, i.e., A > I, the effective reduced dipole
element reads [26]

1
dess? = 1(ller]| ) (4.5)

In experiments and simulations we keep the detuning fixed to approximately 6 GHz by choosing

the signal and control field frequencies accordingly.

4.3.4 Simulation of storage and retrieval

Using the same values for R, the optical depth d and the pulse energies €gr/ro as in the experi-
ments in Fig. we are able to reproduce the experimental findings using the simulation of the
Bloch equations of the memory. This is shown in Fig.

A direct comparison of the efficiencies and signal field leakage shows high consistency between
simulation and experiment. However, there are some notable deviations.

First, we can observe an increased width of the intensity shapes in the experiment in Fig. This
increased width can be attributed to the limited time resolution of the photon detection device
(Swabian TimeTagger). More precisely it is due to a time jitter of about +100 ps in the data
acquisition device of the SNSPDEk. This washes out features on small time scales and the general
shape appears more like a Gaussian.

Second, the efficiency in the simulation deviates from the experimental estimate by a few per-
cent. This can be explained by the temporal overlap of control and signal for the read in process
and the resulting spatial shape of the created coherence Sgs.

The shape of the coherence, which is determined by the energy of the control pulse and its
temporal overlay with the signal pulse, is the main factor for the efficiency.

We illustrate this relation by simulating the memory for different temporal offsets §7 between the
signal and control pulses for RI. Varying the offset will change the shape of the coherence and
thereby also the retrieval of light from the coherence. This can be seen in Fig. The corre-

sponding depiction of the pulse overlays can be found in Fig. in Appendix [A]
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Figure 4.9: Simulation of signal and signal leakage for 1.5 ns storage time with pulse energies
€rr/ro and [RI total and efficiencies gy, 7 and nro, respectively. Vapour cell at T =~ 66 °C.
The red shaded region indicates the integration region for RI, the purple shaded region the RO
region.

We see that the highest efficiencies are achieved for a delayed control pulse (red and light red
traces). However, for these offsets the [RIl efficiency is also consistently smaller.

Focusing on the efficiencies, we see that there is an oscillation with increasing pulse power.
This oscillation is similar for the different offsets §7. One explanation for the oscillation is that
the read out pulse generates light that is read in again. Depending on the energy of the pulse,
the retrieved light from the coherence can interfere more constructively or destructively.

A reason for the difference in efficiencies between experiment and simulation might be due to
these oscillations. If the parameters are slightly different, a different efficiency is obtained due

to the oscillations.

Another remarkable feature is the saturation in the [RIl efficiency with increasing [RIl pulse en-
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ergy. As the energy increases, the frequency detuning due to the ac-Stark shift becomes stronger.
At some point, the effect of a detuning from the transition is stronger than the effect of higher

pulse energy. Hence we observe an optimum for the pulse energies.
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Figure 4.10: Simulation of the memory with RI and RO efficiencies as a function of RI and RO
pulse energies. Red, light red, black, cyan and blue indicate an offset of 7 = 0.2 ns, 7 = 0.1 ns,
07 =0 ns, 7 = —0.1 ns and 67 = —0.2 ns, respectively.
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Conclusions

This thesis introduced and discussed the various aspects of a novel [DRCA}based memory platform,
the protocol. To this end, different experimental, numerical and theoretical questions
have been introduced and addressed.

has the ability to increase the lifetime of protocols by order of magnitudes by
mapping the coherence to a stable ground state. Furthermore, we can control the Doppler dephas-
ing with a pulsed rephasing mechanism.

However, the rephasing section also makes on-demand retrieval more complicated. A compromise
regarding the advantages and disadvantages of DRAGON] has to be made for each specific appli-
cation.

Nonetheless, allows us to explore the long lifetime performance of protocols.

In the future it will be interesting to explore how precise shaping of the control pulses affects the

efficiencies. So far the analysis was limited to Gaussian pulses.

This project succeeded in implementing the basic function of  DRAGON| and to progress the theo-
retical and numerical understanding of the platform. However, due to the temporal limitation of

the project and the lack of crucial components, no final operation of[DRAGON]|could be presented.
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Figure B.1: Integration of photon counts for two full Piezo scans (2 ms). The upper graph shows
the interference of the early and late pulse, the middle the transmission of the early pulse and the
lower graph the transmission of the late pulse.
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