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Abstract

In this work | theoretically investigate and experimentally realize the storage of short light-pulses in a
ber-based atom-cavity system. Our miniaturized optical resonator — with seven times the natural atomic
linewidth and a small mode volume — simultaneously ensures a high bandwidth and operation in the
strong-coupling regime. In particular, it enables the storage of light pulses with on average one photon
and a temporal extent of less than 10 ns, which is more than a factor of two shorter than the atomic
excited state lifetime of rubidium. We obtain a storagecgncy of 8 %, consistent with both cavity
losses and the employed level scheme.

In order to improve the coupling and number of measurements for which a single atom can be recycled,
we use dipole-trap assisted, degenerate Raman sideband cooling and a further development of our
carrier-free Raman sideband cooling scheme, which permits a three-dimensional ground state population
of 70 %. The new techniques increase the measurement repetition rate by two orders of magnitude to

2 kHz. Moreover, for the rst time we achieve a Zeeman state preparation delity above 95 % in our
experiment.

On this basis, | present the deterministic generation of single photons in the near-adiabatic limit.
By shaping the control laser pulse, we do not only show that we can control the temporal waveform
of retrieved photons, but also reach a faster extraction from the cavity-coupled atom than possible in
free-space. The quantum nature of the retrieved light is veri ed by measuring a second-order correlation
function, which yields the expected antibunching. Moreover, the generation of photons in the cavity mode
with an e ciency exceeding 66 % is used as a fast hyper ne-state detection method, since our traditional,
non-destructive state detection via a probe laser is no longer applicable in a Raman con guration due
to the absence of a cycling transition. In order to realize Raman coupling between the two hyper ne
ground states, we develop a scheme for shifting the cavity resonance frequency between two hyper ne
transitions. During the scan, we are furthermore able to determine the atom-cavity coupling strength via
the vacuum Rabi splitting in each individual measurement — a useful tool for post-selection of acquired
data sets.

By employing a numerical simulation based on a full quantum-mechanical master equation, | nd
the strategy to store a coherent laser pulse with the maximum possiblerey for a given system.
Although the cavity input eld is treated classically, our simulation model is able to calculateeacies
for a pure single-photon Fock-state input. Moreover, numerical optimal control methods enable us to

nd control pulses with storage eciencies slightly above those achieved for temporally-scaled adiabatic
control pulses. For our speci ¢ system, we nally demonstrate the non-adiabatic storage of a short,
coherent light pulse.

The ability to interact with pulses of high bandwidths encourages quantum hybrid experiments with
guantum dots as single-photon sources. In this context, the stabilization of their emission frequency to an
atomic transition is required. In collaboration with the IFW Dresden, | present a technique to counteract
long-term frequency drifts by applying rate-based feedback to a strain-tunable quantum dot, which results
in frequency deviations smaller tharb®46 of its emission linewidth. By simultaneously stabilizing the
emission frequency of two quantum dots in separate cryostats, we enhance their two-photon interference
visibility in a Hong-Ou-Mandel measurement from 31 % to 41 %, which corresponds to the maximum
reachable visibility for the given emitters. Frequency-stablegient photon sources together with
atom-cavity based quantum memories may facilitate the realization of quantum networks.



Parts of this thesis have been published in the following article:

[1] M. Zopf and T. Macha, R. Keil, E. Uruiiuela, Y. Chen, W. Alt, L. Ratschbacher, F. Ding,
D. Meschede and O. G. Schmi#ftequency feedback for two-photon interference from separate
quantum dots(2018), Physical Review B8, 161302(R)
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CHAPTER 1

Introduction

bout 400 years ago, a series of German narratives addressed the absurd endeavors of citizens
living in a cticious medieval town calle&childa[2, 3]. The idea of con ning light has
seemingly inspired the imagination of the author(s): In one of the stories, the people, called
Schildbirger built a town hall without windows. The darkness inside led to accidents and
confusion. Not realizing the construction error, they maderts to collect light in buckets, cans, pots,
potato bags and even mousetraps. But emptying the vessels inside the building did not illuminate the
room — only removing the roof did.

Today, humanity has reached a point where the storage of light is no longer a ridiculous venture,
but actually pursued in scienti ¢ projects. Strictly speaking, the light itself is not conserved, but its
properties are copied by absorption and retrieved at a later point in time. This process of re-creating an
indistinguishable and therefore identical state is commonly referred to as storage, also in many aspects of
our everyday life.

Applications of light storage are found in the eld of quantum information and communicaties), [
where the quantity of light is often reduced to the level of single photons. They are the optimum mobile
carriers of quantum informatior®], which lead to the terrmying qubits. But unfortunately they are less
suitable for processind.] and storage of informatioriLfl]. Better candidates, especially for achieving
(seconds-)long storage times, are neutral atar@ [ons [13] or solid-state systemd.fl], which are
stationaryqubits. Their interconnection via communication link$] is referred to as @uantum
network[16, 17] and is the strongest motivation for the development of light-matter interfaces. The
required strong light-matter coupling can be provided by optical cavities (resondit8l.s] hey enable
the tight con nement and temporary storage of an electric eld, which enhances the interaction rate with
a medium placed at its heart. In particular, neutral-atom based quantum nodes have proven themselves
as versatile systems: Applications ranging from single-photon sout®e&(), logic gates P1, 22],
guantum memorie<B, 24] in elementary CQED network2§] to platform-comprehensive entanglement
distribution 6] have been demonstrated.

Despite on-going eorts, a severe bottleneck of long-distance communication in a quantum network
are the inevitable losses in optical berg7. Direct signal ampli cation is excluded due to tme-
cloning theorenj2g], hencequantum repeater nodg&9, 30] are needed to create, purify and swap
entanglementd1]. A potential realization out of manysp] is based on storing polarization-entangled
photon pairs emitted by semiconductor quantum dots (QDs) in ensembles of ultra-cold atoms, which
could be facilitated with an optical resonator. Two particular requirements therefore are that rst, the QD
emission frequency is compatible with an atomic transition and second, their spectral width matches the
cavity linewidth. The rst point can be addressed by frequency-tunable QD solB8€e34] which are
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referenced to an atomic standard. In order to ful Il the second criterion, the development of so-called
openresonators with high bandwidths is being pushed forwagi36]. However, the high bandwidth
means that the achievable light-matter interaction time is shortened. A compensation is possible by
increasing the light-matter coupling, for which two approaches e>63_t. First, reducing the cavity-mode
cross sectiorA ampli es the interaction ratg according tog / 1= A. Second, one can exploit

the collective enhancement provided by atomic ensembl&saibms, since the collective coupling
strength increases with N. Following this motivation, we emploljiber-based Fabry-Pérot Cavities
(FFPCs) B7] consisting of microscopic, concave mirrors machined onto the end facets of two opposed
optical bers to reduce the mode volume while still maintaining optical access to manipulate atomic
ensembles within the cavity regio8g, 39]. While high-density clouds of atoms have already been
coupled to FFPCH, 41], our focus lies on the controlled manipulation of individual atoms at low
numbers, which allows local addressirdg] or the implementation of quantum registe4s]]

In this work | present the fast storage of light pulses in a single rubidium atom coupled to a ber-based
microcavity. By developing new techniques to control the internal and external states of the atom, light
pulses shorter than the rubidium excited state lifetime are mapped into the single-photon memory. A
subsequent adiabatic read-out generates single photons with arbitrarily malleable waveforms. In order
to understand the underlying dynamics and to determine the optimum storagmey, | simulate our
system with a Lindblad master equation approach. On this basis, a specially developed, optimal-control
based pulse optimization algorithm ensures that we apply the mestige control pulses.

The ability to work with high-bandwidth photons paves the way towagdsid experimentf44] with
guantum dots as single-photon sources. The idea is to combine the advantages of individual systems,
such as the long coherence time in atomic memotidsdnd the high emission rate of QD4H]. In
order to join the diverse platforms, | will show how the tunable QD emission frequency can be stabilized
to rubidium transitions. The scheme is furthermore applied to two distant emitters simultaneously, which
opens possibilities for quantum networking with maximally-indistinguishable photons.



CHAPTER 2

A Fiber—Cavity System as a Light—Matter
Interface

avity Quantum Electrodynamics (CQED) platforms have proven to be excellent for light-
matter interfacing46], which makes them a strong candidate for quantum networks. Apart
from elementary demonstratioridq, the major challenge of realizing an eient, scalable
network with a high bandwidth remains. The latter is a strict requirement for today's most
promising single photon source$749] and is addressed by open cavities. In order to maintain a rate
of coherent interaction above their leakage and loss rates, the overlap of light and matter cross sections
needs to be maximized. A ber-based resonator greatly reduces the cavity mode waist, whileesiilgo
optical access for the numerous light elds required to trap and manipulate atomic ensembles — a strong
candidate for the collectively enhanced storage of quantum informatipd 1, 50].

Following this motivation, our group developed such a system in the past years. As the work presented
here would not have been possible without this solid, experimental basis, there is a lot to learn about our
setup that is beyond the scope of this thesis. | strongly recommend to read the work of J. Gdllégo [
insight into CQED basics, the production of ber cavities and atom trapping, state detection, transport
and coupling to a resonator.

The major modi cations to the original apparatus are described in this introductory chapter. SQettion
gives a brief overview of the experimental apparatus, followed by a more detailed list of improvements
on the stabilization of the cavity resonance and related light elds (&@@nd2.3). Two entirely new
optical setups to address transitions atlindine of rubidium and to create short coherent photon pulses
are presented in SectioAstand?2.5, respectively. In the discussion of modi cations we omit the optical
setups for both Raman lasers (cooling and storage), as they are very similar to previous realizations,

e.g. b2.

2.1 An Overview of the Experimental Apparatus

In our experiments, we use a 3D magneto-optical tEto collect a few tens of neutrd/Rb atoms

from the background gas (18 mbayj), which simultaneously cools them down t&0 K. Subsequently

they are loaded into an optical lattice which acts as an optical conveyobldetid] for transporting

atoms into the 1 mm distant cavity region, as depicted in Fig@r& A near-resonamtrobe laserat

780nm non-destructively detects the presence of an atom and stops the transport in real-time, which we
refer to afeedback transpofts1, Sec. 3.2]. By sparsely loading the trap we limit the probability of a
detection event to 70 %, such that we are sure to work with a single atom at the cavity, in most cases.
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Figure 2.1: Sidda) and top view(b) of the ber-based atom-cavity system (not to scale). Atoms are trapped

in a magneto-optical trap (MOT) outside the cavity region (FFPC). After loading them into a 1D optical lattice,
they are transported into the cavity mode, where a single one is con ned in three dimensions. The cavity region
is displayed both schematically and in an atom uorescence image taken by an EMCCD camera. The ber
dimensions are identi ed by scattered light. Along the cavity axis, cavity-resonant elds address the atoms via
the high-transmission mirror (HT), while the low-transmission mirror (LT) is reserved faesonant beams —
accepting power losses. In both cases, the light is intrinsically guided and coupled to the resonator by single-mode
bers (SM). Single-photon counting modules (SPCMs) detect the weak, re ected probe light used for atom(-state)
detection. A detailed description of all involved lasers for optical pumping, cooling and photon gerlstatamge

is found in the main text. The gure is adapted frof8] and illustrates the progress in complexity: A total of 27
beams from 9 lasers are pointed at the atoms.



2.1 An Overview of the Experimental Apparatus

Table 2.1: Relevant parameters of our cavity system, as obtained from characterization measures@nihia [

error bars correspond to either direct or propagated experimental uncertainties. The maximum atom-light coupling
rategmax is calculated for the ideal case of a single atom at the center of the cavity mode. The nesse values and
the cavity linewidth were measured when the cavity was still outside the vaci&m [

Parameter Value Extracted from

Mirrors (HT /LT)

Transmission T (126 13)513 3)ppm direct measurement
Losses (scat. and abs.) L (26 5)=25 5)ppm nesse and transmission
Cavity geometry

Length Lcav (9336 0:03)pm lock-probe beat length
Mode waist Wo (4:40 0:04)pm cavity geometry

Input mode matching HT 0:60+ 0:.02 re ection dip asymmetry
Cavity spectroscopy

Free spectral range FSR (16067 0:5)GHz cavity length

Cavity full width FWHM (50:8 1:.0) MHz sideband-modulated dip
Finesse (780 nm) F 32800 1100 FSR-FWHM ratio
Finesse (770 nm) Flock 27200 1000 FSR-FWHM ratio
Pol.-mode splitting spl (9.0 0:3) MHz Hansch-Couillaud setupT]
Lock-probe beat length doeat (3112 0:01)pm

CQED parameters

Atom-light coupling Omax=2 (1216 1:1) MHz 87Rb D»-line cycling transition
Cavity eld decay total=2 (245 0:8) MHz measured cavity linewidth
Atomic dipole decay =2 3:03 MHz rubidium natural decayf]
Single-atom cooperativity C 100 4

Furthermore, this method constitutes a preselection of the atom-cavity coupling syesigite only
atoms positioned at the center of the cavity mode will trigger a detection event.

The atom is now located at the heart of the apparatus: A ber Fabry-Pérot cavity (FERG)dscribed
in detail in [38]. One of the mirrors presents a higher transmission (HT), ensuring a highly directional
input-output channel. Weakly probing the cavity results in re ection signals from the mirror which are
detected by single-photon counting modules (SPCMs). Against expectations, the low-transmission mirror
(LT) is also put to use as an access port for optical pumping light ahi#®5As the quantization axis is
de ned by a magnetic guiding eld along the cavity axis, only in this direction pueolarized pumping
is attained. For -polarized pumping, we use linearly-polarized beams co-propagating with the lattice
beams.

The cavity is placed in the center of four aspheric lend&s= 0:5), which leads to a high degree
of optical control in our systenbP-62] compared to previous approaché&s][ They strongly focus
two pairs of counter-propagating, red-detuned dipole trap beams an®@&®ich create a 2D optical
lattice (DTx,) [64]. The perpendicular con nement is given by the intra-cavity, blue-detloeldlaser
eld [ 65-67] at 770nm (DT), which is used to stabilize the resonator length (8€9. As a result, the

1 Far o -resonant w.r.t. the cavity resonance frequency, as opposed to experiments with three resonant wagngths [
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single atom is located with sub-wavelength precision at the antinode of the cavity mode, that is set to
overlap with the node of selected hyper ne transitions of thdife of 8’Rb at 780 nm (Se@.3).

The lenses are whetted (dashed lines in Big(b) to give access to both MOT beams and a new
Raman laser beam at 7fth which is not only used for (motional-) state spectroscopy but also cools
the atoms down to the 3D motional ground state in our carrier-free Raman cooling scbi&ra8, [

69 (see Sec3.2). Spectroscopy of the Zeeman structure can be performed using resonant microwave
radiation p2].

Imaging the atoms is done with 78&n or 795nm light [70], where the latter can be useful to prevent
coherent cavity interactior8p], also in the case of optical pumping (see S24). An alternative to avoid
the in uence of the cavity is to shift its resonance frequency by several hundred MHz (se&2Bec.

After passing through the pulse shaping setup described in Sechahe pulse laser enters the cavity
resonantly as a weak coherent laser pulse, which is mapped into the atomic hyper ne ground states by a
dedicated, pulsed Raman laser propagating perpendicularly alopg DT

Finally, in Table2.1the most relevant cavity parameters are listed. They are based on characterization
measurements irb[l].

2.2 An Improved Scheme for Stabilization of the Cavity Resonance

The cavity length is stabilized to the lock laser using the well-known Pound-Drever-Hall (PDH)
method [/1]. In the previous setup con guratiobll], the lock laser itself was stabilized to a transfer
cavity [72], which in turn was referenced to the probe laser, that is locked to a Doppler-free polarization
spectroscopy/q3]. This complicatedavity lock chairhas two outstanding disadvantages: First, the cavity
resonance can only be shifted, if we shift the lock laser frequency by acousto-optic modulators (AOMS).
But the nite AOM bandwidth leads to a drop in diaction e ciency; and the loss of laser power
in uences the signal-to-noise ratio of the PDH error signal. This problem was technically circumvented
by introducing a second lock laser between the rst one and the transfer cavity. A frequesely-o
lock [74] between the two lock lasers allowed to scan the cavity length for more tha8 MHz, enough
for a detailed analysis of theacuum Rabi splittingVRS) and the Purcell eect presented ir30]. Still,
the frequency scan range was restricted by the laser power. Second, and more importantly, such a lock
chain is too long. While eects such as frequency noise propagation do nettadaily work in an
obvious way, the product of ve single lock failure probabilities does

We improve the cavity lock chain by stabilizing the lock laseran optical frequency comtj77],
which is speci ed to have a stability of better than 20 1in 1 s and 3 10 *8 in 1000 s, with an
integrated phase noise ©f100 mrad in the range 100 Hz to 2 MHzg]. Subsequently, the resonator and
the Raman laser for cooling are locked in parallel to the lock laser, reducing the chain length signi cantly,
as depicted in Figurg.2. Referencing to a frequency comb has an exciting feature: The cavity length can
be shifted considerably by scanning the lock laser across multiple comb Tié&e&1] that are spaced by
250 MHz. While the phase lock to a single comb line is realized with our custom optical phase-locked
loop (OPLL) techniqueq2, 82], the continuous tuning requires switching between two comb lines.
Hence, we have developed a technique which is presented in detéB,if84]. By simultaneously
changing the local oscillator frequency of the OPLfg | ) and the driving frequency of the in-loop

2 To give an example, the 1.5 m long transfer cavity is prone to temperature drifts and — presumably — air pressuré changes
acoustic noise upon opening and closing the lab door.

3 All 780 and 770 nm lasers in this experiment are interference- lter stabilized external cavity diode laser (IFL), developed in
our group based orYp]. Details seeT6].

4 MenloSystems FC1500-250-ULNut with a downgrade of the SYNCRO-RRE module, which ens from pending
1 Hz noise.
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Figure 2.2: An improvedavity lock chainfor cavity QED experiments. The ber cavity is stabilized via the
Pound-Drever-Hall (PDH) method to the lock laser, which is in turn referenced to an optical frequency comb via
an optical phase-locked loop (OPLL). The OPLL error signal for frequency feedback is based on an optical
beat signal, which is created at a beam splitter (BS) and detected by a photodiode (PD). The Raman laser for
spectroscopy and cooling is also phase-locked to the lock light and follows any frequency change caused by the in-
and out-of-loop AOM double passes (AOM x2) of the lock laser. An AOM for pulsing the Raman laser before
entering a polarization-maintaining (PM) optical ber is shown at the bottom. The PDH error signal is created
with the help of both an electro-optic modulator (EOM) for creating a frequency modulation and an avalanche
photodiode (APD) for detection of the lock laser re ection. The correction signal is applied to a piezo-electric
actuator (Piezo), to which the cavity is attached. Inside the light-sealed setup for single-photon detection with low
background noise (shaded area), probe and lock laser are overlapped with the help of a wide interference lIter
(WIF) and coupled into the single-mode (SM) ber spliced to the ber cavity. In general, adjustments of the laser
power are made with a combination of half-wave plate?] and polarizing beam splitter (PBS). For details on the

lock mechanisms, polarization control, photon detection and frequency Iteringpéeg7, 60]. Compare to the
previous lock con guration in$1, Fig. 2.21] and the split-oprobe lock chairfor 780 nm in Figure2.3.

AOM double passfaom), we jJump’ over a comb line without causing an abrupt change of the laser
frequency at the cavity, as long as we ensure:

fOPLL, after jump fOPLL, before jump +2 fAOM, after jump fAOM, before jump = 250 MHz

The RF frequencies are provided by Direct Digital Synthestaetsch feature continuous frequency
changes. Consequently, the duration of a jump is merely limited by the AOM rise time on the ns scale,
which is too fast for piezo-electric actuators to react. Thus the cavity can follow frequency shifts for up to
1 GHz [84], only limited by the mode-hop free range of the reference fagan additional out-of-loop
AOM is mainly used for intensity stabilization, but can also be included for frequency scanning.

We characterize the properties of the phase lock and nd 99 % of the laser power in the carrier
frequency, concluded from an optical beat signal between lock laser and comiBighéJhile this
is a good value, the limited feedback loop bandwidth gives risetgo bumpsat 1:1 MHz (present
in Fig. 3.4(b) [84]. By shortening the electronic path of the loop, values up:®MHz (absent
in Fig. 3.5(b) are achieved. As the lock laser is part of the Raman spectroscopy setup, frequency

5 Analog Devices EVAL-AD99Xvaluation boards
6 External cavity lasers with additional polarization spectroscopy feedback exhibit large tuning ranges, e.g. 105 GHz at a rate
of 11 Hz [85).



Chapter 2 A Fiber—Cavity System as a Light—Matter Interface

/2 PBS F—— = —
1 Pulse shapingl—’-Q—CL‘

PM

b - - - - d

APD  WIF
T@770 nm

...... Fiber
cavity

Light-sealed setup

r= ==
Atomic

.
spectroscopy '
b = = = - o

Spectroscopy
lock

Figure 2.3: The newprobe lock chairfor photon storage experiments. The probe laser for atom detection is
referenced to an atomic spectroscopy setup. The pulse laser is phase-locked to the probe laser frequency, which
can be shifted by several AOM double passes (AOMs x2). Not only the pulse laser, but also the attributed Raman
laser follows the probe laser due to a second phase-lock stage. The photon pulse to be stored and its corresponding
Raman pulse are created in pulse-shaping setups as explained in S€e&tidfhen pulse and probe laser are
combined at the PBS, they have a xed phase relation. Inside the light-sealed setup (shaded area), probe, pulse
and lock laser are overlapped and coupled into the SM ber spliced to the ber cavity. For details on the lock
mechanisms, polarization control, photon detection and frequency Iteringsdeé&2, 60]. Compare to the

previous lock con guration in%1, Fig. 2.21] and the split-ocavity lock chairfor 770 nm in Figure2.2.

components modulated onto its carrier frequency play an important role (se8.3édc. They can
propagate to the Raman laser itself, which follows the lock laser at a xed detuning corresponding to the
rubidium hyper ne splitting of 6:8 GHz.

2.3 From Cycling Transition to Lambda Con guration

In the experiments presented in this thesis, we have to work with a cavity resonant to ®verdi

hyper ne transitiongF; mei!j F%m2i of the D, line (5°S1» !  5?P3). First, we have to detect

the atoms during the feedback transport, for which a high atom-cavity coupiswgequired. Ag is
proportional to the hyper ne dipole matrix elements, we nd that¢iyeling transitiong2; 2i!j 3% 39

give the strongest couplings. In combination with the quantization axis de ned by the bias magnetic
eld, our probe laser is chosen to drive -transitiong. Consequently, with the help of a repumping laser,

a few scattering events pump the atonjo 2i, which provides a two-level system suitable for clean
state detections based on the VRS, §de Ch. 5]. The VRS in dependence of the coupling strength is
illustrated in Figure2.4. Directly detecting the atoms on tf@!j 2% transition is not possible: Even

if probe lasers with opposite circularity are used simultaneously to avoid dark states, the low coupling
strength leads to reduced re ection contrast, as the intermediate regime is approached. Consequently,
spatial positioning of the atoms is imprecise, which additionally makes it moreudi to estimate the

" The low birefringent splitting of the cavity supports circularly polarized light and thereforransitions, see3g).
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Figure 2.4: Frequency spectrum of the open, non-driven atom-cavity system as discusskdSiec| 4.1.1,

cf. Fig. 4.2]. Here, its parameters are )=2 (41;3)MHz. Left: The real and imaginary part of the complex
eigenvalue$ of the non-Hermitian Hamiltoniaflgss = Hyc i~( “Y~ + &) describe theracuum Rabi
splitting (VRS) and the atom- (black) and cavity linewidth (red) at full-width half-maximum, respectively (see also
Ch.4 for the nomenclature). Righf: ! 5 as a function of the atom-cavity coupling strengthThus by changing

the probe laser frequency, we are able to measure the VRS, from which the pamgmeteracted. At theycling
transitionwithg 2 80 MHz, we are located deep within the strong-coupling regime. Iac@n guration

we approach the intermediate regime wgtk 2 35 MHz. The reduced coupling strength, despite our cooling
techniques (see CB), is a consequence of the weaker atomic transition. For all measurements in this work, the
fast- and weak-cavity domain are irrelevant.

number of atoms by the loading €iency |oag-

As we will see in Chapte, photon storage and generation require-gype three-level atom, from
now on referred to as-con guration. In order to realize this level scheme, the cavity resonance has to
be shifted by 267 MHz48] — as well as the probe, pulse and two Raman laser frequénbvidsile the
scanning of the cavity resonance has been discussed in the previous section, the setup for simultaneous
scanning of the other lasers is shown in Figlirg@ The probe frequency is still stabilized to an atomic
spectroscopy setup, but it also serves as a reference for the pulse laser. This phase lock is then extended by
a second-stage phase lock, in which the attributed Raman laser is locked to the photon laser. Frequency-
shifting all beams is realized by multiple AOM double passes. Here, the loss in probe power is not a
problem, since for atom- and state detection we only need on averddge®%photons in the cavity.

In summary, during measurements the resonance setting has to be shifted between two set points,
which we refer to asweep If we rst shift the probe- and then the cavity lock chain, we are able to
observe half of the VRS. From the frequency-dependent probe re ection we can draw conclusions on the
coupling strength of an atom in each individual loading attempt, which is a useful tool for post-selection
of acquired data sets and referred to/&S sweep

2.4 A Reliable Laser Source for Additional Atomic Transitions

Quantum optics experiments heavily rely on the sub-MHz linewidth and long-term stability of lasers. A
signi cant improvement in this regard was the upgrade from Littrow lasers to interference- lter stabilized

8 For this to work, lock- and probe laser are frequency-tuned with AOMs and 4 locks follow - back and forth every 5 s!



Chapter 2 A Fiber—Cavity System as a Light—Matter Interface

external cavity diode lasers (IFL9J]. However, these lasers are still vulnerable to mode hops caused by
daily thermal drifts. Distributed feedback (DFB) lasers on the contraer a single-frequency operation
over several nanometers, at the cost of a limited tuning range around their center wavelnatial an
increased linewidth. The derence to standard diodes is the periodic structure of the active region itself,
which forms an interference grating that gives optical feedback. This renders an external cavity optional.

We use two 795 nm DFB lasérsounted in special housings They are implemented in the existing
setup [0], which is extended such that each laser can be pulsed and frequency-shifted independently with
the help of AOM setups. The suppression exceed$, Hispensing with the need of mechanical shutters
and thus allowing pulse times on the timescale. With a linewidth of typically.® MHz the diodes are
applicable for frequency-uncritical tasks such as MOT operation or optical pufpifige previously
unused D line (%1;2 ! 52P1;2) at 795 nm is now the main transition for the latter. Whenever we
apply Dy light, a single-photon detuning of about 215 MHz with respect to the excited state is chosen,
for which the a.c. Stark shifts of the dipole trap have to be taken into account. We have extended the
calculation in p0] based on§7, 88 and nd a shift of+21:6 MHz/mK for eachmg-sublevel ofF% = 2.1
Considering also the equally shifted ground states, the free space transition frequency has to be adjusted
by +42 MHZ/mK.

As mentioned in Sectiof.3, j2; 2i is our target state and, on the practical siddaek statewith
respect to simultaneous, -polarized pumping resonant wifi ! j 24 andjli!j 2%. The strict
requirement for pure -transitions is &-vector along the quantization axis, that is parallel to the cavity
axis. The O laser frequency cannot be resonant with both the cavity and the atoms along with the probe
laser: Since the free spectral range of the resonata6i$Hz, the closest, cavity-resonant detuning with
respect to the atom is 695 GHz. Our only chance to manipulate the atoms is a brute force approach by
entering the cavity through the LT mirror opposite to the lock- and probe laser entrance port. This requires
a laser power of 1 mW before the ber, since the LT mirror coeient of transmission i€Ll3  3) ppm
(see Table.l). Considering the SM ber NA of 0.13, we estimate the beam waist to be abowe & the
position of the atoms. Nevertheless, fotpumping a pulse length of a fews is required. From previous
free-space measurements we conclude that losses at splicings and ber in-coupling must be signi cant.
The de cit is not entirely unexpected, since UV light at 405 nm is coupled into the same ber; using the
same collimation lens. The reason is an ever-present nesse decay repogédAppendix A.2], which
is equivalent to a modi ed cavity loss rate which is introduced in Sectidn

2.5 A Setup for Short Light Pulses

A main building block for the experiments in this thesis has been the development of a pulse-shaping
setup. In order to create arbitrary, optical waveforms, the intensity of both pulse and attributed Raman
laser is modulated with a waveguide-based Mach-Zehnder electro-optical intensity modulator. The
operating principle is the following: The incident beam is split into two paths which form the arms of a
Mach-Zehnder interferometer. Each of these arms is a waveguide made from an electro-optic material,
which induces a phase change when a voltage is applied. Thus, intensity modulation occurs due to
time-varying interference of the two phase-shifted beams.

If, however, the RF electrode for changing the voltage is nhot placed symmetrically between the
waveguide channels, an opposite but unequal phase is induced. As a result, the output has a residual

9 EagleyardmodelEYP-DFB-0795-00080-1500-BFW01-0005

10 Thorlabs LM14S2nount with LD'TEC driver connection

1 Indeed we have stabilized an 894 nm DFB laser to another one in an OPLL, giving two-fold feedback to the LD current and
resulting in 92 % of the power in the carrier of the beat spectrum. The single linewidths were estimated to be around 350 kHz.

2 For F° = 3 a quadratic shift is observed, see Figbire(b)and B0].
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Figure 2.5:(a) A simpli ed setup for shaping short, coherent light pulses. A PC is used to generate RF pulse shapes
and trigger sequences, which are then released by a combination of a trigger generator and an arbitrary waveform
generator (AWG). These RF electronics drive an intensity modulator, whose output is intensity-stabilized. There is
an imperfect suppression of the light-pulse background, which we improve with a single-pass AOM for optical
switching. The triggers and pulses are recorded by a time-tagging unit and a pulse monitor. Each device shows a
stored or recorded pulse shape or pattern in a white area, to understand the pulse creation in an intuitive way. For a
full description, see main tex(b) To illustrate the AWG capabilities, we create, record (red points) and t (black

line) exponentially rising pulse shapes of 8 and 1 ns. Such a shape is e.g. useful for loading a photon into an
empty cavity P1]. How well the optical shape agrees with the expected value can be seen in Bigiae

phase modulation, which is synonymous with a frequency chirp. The size of this potentially detrimental
e ectis quanti ed by the intrinsic chirp parameteg [89]. Our device is speci ed to exhibito = 0 0:1;
and by modulating the EOM we veried 0 based on the methods i&q, 90].

The frequency chirp, if present, can also be used for the better: In atom optics experiments, chirped
pulses have e.g. been used for adiab@te)excitatio92]. In our experiments, phase adjustments of
the Raman pulse could contribute to the storageiency of photon pulses, as discussed in Sediidnl

The pulse-shaping setup is depicted in Figlifg(a)in a simpli ed way*3. A Pythonbased script
running on a PC is used to calculate the individual pulse shapes and a sequence, in which they are

13 n reality, the upper part exists twice; once for the pulse, once for the Raman laser.
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Chapter 2 A Fiber—Cavity System as a Light—Matter Interface

triggered. The data is uploaded via USB to an arbitrary waveform generator (AsJ a trigger
generator’. The AWG features a rise time of 120 ps, allowing sharp features as demonstrated in
Figure2.5(b) Two di erent pulse shapes can be stored in a register and triggered alternatingly.

Upon a sequence trigger given by the PC, the trigger generator releases a pulse pattern, which is
time-tagged with 81 ps resolution by the dhithat also records the SPCM count traces. This way,
generated photon pulse shapes can be reconstructed. Each AWG trigger results in an RF pulse, that
is sent to the intensity-modulating EGK This AC component is added to a DC component, which
is regulated by an intensity controlf€rsuch that a low EOM output is maintained outside the pulse
windows. The suppression of the transmission is limited to a factor130 in power, which is only
afactor of 12 in Rabi frequency. Therefore, single-pass AOMs are used to improve the background
level, but the window size in our implementation is restricted 80 ns P3]. For shorter windows, the
AOM pulse does not exhibit a at plateau onto which the EOM pulse is ideally placed, and also the AOM
e ciency is reduced. This is not a problem for the very weak coherent pulse to be stored, but for the
storage-assisting Raman pulse that needs up to @00f optical power it is. The RF shift caused by the
AOMs is compensated by the OPLLs in the probe lock chain. RF ampli ers allow to set the power for
two successive pulses independently, i.e. the laser power for photon storage can be scanned while the
power for photon generation is xed. All devices and RF sources are locked to an atomic reference clock
(10 MHz).

The EOMs require an optical input power of 10 mW, which is why the pfd@ laser cannot be
used as a source. Instead, we have converted the Raman laser sé@jpdrpplse and Raman laser
(Fig 2.3). Both laser frequencies thus have a xed phase relation upon arriving at the atom position.

A fraction of the pulses is monitored by a fast photodiddend a high-bandwidth oscilloscofie As
expected, the transmitted intensity after the EOM does not depend linearly on the RF amy|ibwudét
approximately follows &ir?(V)-relation, which is pre-compensated in all measurements. Finally, the
pulse is sent through PM bers to the experiment.

4 WavePond DAx1400@ip to 16 M data-point entries per segment, read by internal clock of 4 GHz

15 Rigol DG4102 supporting SCPI commands and arbitrary pulse shapes (such as a trigger sequence) up to 80 MHz.
161D Quantique ID80B-channel time-to-digital converter

17 iXblue NIR-MX800-LN-10-P-P-FA-FAith a bandwidth> 12 GHz

18 Photline MBC-DG-BT-PD

19 Thorlabs DET025AF@vith a bandwidth of 2 GHz

20 TEKTRONIX 4104vith a bandwidth of 1 GHz and a sampling rate of 5 Megasansgesnd
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CHAPTER 3

Controlling Internal and External States of a
Single Atom in an Optical Cavity

heinvestigation and application of quantum physics demands an extraordinary level of con-
trol. Without the development of cooling techniques to counteract motional state changing
mechanisms, demanding experiments such as high precision metréldgguantum logical
gates 5], the observation of optomechanicalexts P6] or the coupling of quantized states
of atomic motion to quantum states of ligi¥t7] would not have been possible. Not to mention that if an
experiment is based on scattering photons oessi from parametric heating induced by dipole trajs [
99, atom losses will greatly reduce the duty cycle.
A prominent approach to reduce the temperature of neutral atoms is evaporative coolnd it
since the mechanism is associated to atom loss, it is only applicable to large atomic ensembles. In the
previous cavity experiment, our group used cavity coolitglf-103 as a standard technique instead.
As a proof of principle, we furthermore demonstrated ground-state cooling of a single atom by both
electromagnetically induced transparency (EIT)4-106] and carrier-free Raman sideband cooliBg][
Unfortunately, the robust cavity cooling technique does not work in the regime of open resonators,
since the steady-state temperature limit is giverTiy = ~=kg [51]. As a consequence, a trapping
force that holds atoms at the temperatligg, 2 mK is required, which we cannot provide. But at
weak cavity probing, we have recently observed a lifetime-enhanciagteln Sectior8.1, we show
phenomenologically that it is based on degenerate Raman sideband c&6lfré)d evoked by the
dipole traps. With strong guiding elds as required for addressing selected Raman transitions, the
technique is no longer applicable. Additionally, the state-changimgies ever-present and interferes
with optical pumping £11]. We solve this issue by adapting and extending the carrier-free Raman
cooling scheme to three dimensions (S&€.29. Finally, we characterize the state preparation required
for photon generation and storage (S&6), demonstrating a high degree of control over the internal and
external states of a single atom coupled to the resonator.

3.1 Degenerate Raman Sideband Cooling of a Single Atom

In quantum gas experiments, laser cooling is limited by hyper ne-changing collisidii} [These
density-dependent heating mechanisms were overcome by traps in the Lamb-Dicke f€djaad

the development of degenerate Raman sideband codlidd [This technique relies on Raman trans-
itions [114] between the vibrational manifolds associated with a pair of magnetic sublevels of a xed
hyper ne ground state. Remarkably, this coupling is intrinsic to the lattice potential itself and therefore
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Figure 3.1(a) Optical elds involved in degenerate Raman sideband transitions (cf2Fip.In reality, the 860 nm

dipole traps have a small angle with respect to the cavity axis. The magnetic guiding ielelf has a controlled

tit . Optical pumping is applied along the dipole trap (780 nm) or the cavity axis (788 nm). (b) The
schematic drawing shows two dirent ways of reducing the quantized motional spaitén an approximated
harmonic trap potential with trap frequency The blue-detuned lock laser trap (770 nm) drivespolarized
two-photon transitions, whereas the red-detuned dipole traps drive a combinatiormnél . For the 860 nm

beams, the addressed potentials are not exclusively along the propagation direction, since their wave vector projects
along the cavity axis as well. Repumpers (not shown) transfer the population back tf#angis= j2; 2i, such

that Raman cooling will be constantly present if Equatiohis ful lled. In F = 1, atoms are lost due to Raman
heating and the absence of cooling.

supersedes a separate set of phase-locked lasers — a convincing argument if one is interested in simplifying
experimental setups.

To observe a cooling eect, the dipole trap beams need to be able to addressd -transitions
simultaneously, while the Zeeman splitting g in the presence of a magnetic guiding eld strength
has to match a multiplm of the trap frequency [115:

lg=m 2 (3.1)

In [107-109], the lattice consists of three coplanar laser beams, of which two are linearly polarized in
the lattice plane perpendicular to the quantization axis. The third one is elliptically polarized to enable
Raman coupling. Our situation is displayed in Fig@r&(a) We notice the cooling eect, when the
quantization axis is not collinear with the cavity axis,( 0). At the same time, the alignment of D16

in reality not perpendicular to DT as introduced in Figurg.1, but it has a small angle of 8 . For DTy,

which is orthogonal to the imaging plane, we estimate that the angle is belowA2@ result, the DTs

(with linear polarization) are no longer purelypolarized as in§0] and mg-state changing two-photon
transitions can occur.

Two examples of degenerate Raman cooling transitions, which change the approximated harmonic
oscillator state with a vibrational excitatian, are indicated in Figurd.1(b) The red-detuned, 860 nm
traps have two equivalent possibilities to chamgby m = 1. For circularly polarized traps — as
our blue-detuned, 770 nm intra-cavity dipole trap — motional state changemef 2 have been
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3.1 Degenerate Raman Sideband Cooling of a Single Atom
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Figure 3.2:(a) A measurement of the atom trapping lifetimé dependence of the Zeeman splitting g reveals
degenerate Raman cooling whenever the absolute value of the magnetic eld leads to a Zeeman level shift on the
order of the average trap frequencigs y = (350 1) kHz and ;= (224 5) kHz. (b) Measurements of the
survival probability at a xed, but tilted magnetic eld lead to drastically drent lifetimes depending on whether
optical pumping by probe light is present (yellow line) or not (red line). From a stretched-exponential t (see
Eq.3.3), 1=elifetimes (dashed, black line) of (42 1:0) sand (10 0:1) s are obtained, respectively.

reported L07]. In the rst case it is straightforward to see that an atom prepargfet mgi = j2; 2i can
undergo only four cooling cycles before it ends up in a dark state. Hence, long atom observation times
probing the cycling transition are only possible in the presence of a repytmpégr 2i and a dominantly

-polarized optical pumper (e.g. the probe g&i!j 3%), which pumps the atoms back towards the
initial state, such that many more iterations are possible until the atom is in the grounjchstade.” It
is worthwhile to point out a few subtleties involved in this scheme: Atonts in1 are heated out of the
trap inF = 1 due to the opposite sign of the Langiéactor @, = g: = 1=2). For opposite probe light
circularity, cooling is not observed at all for atomskn= 2.

Aiming to establish degenerate Raman transitions as a robust standard cooling scheme to counteract
lock laser induced heating, we measure the atom trapping lifetimdependence of the Zeeman splitting,
which is regulated by adjusting the current in Becoil [60]. The result is shown in Figuré.2(a) The
individual data points are obtained from lifetime measurements, during which all trapping and repumping
elds are present and the probe light constantly interrogates the atom's presence. Their con dence
intervals (Cls) are extracted via the bootstrapping metidd][ The error of the t f(X;¥) with n
parametery; and their one-sigma errorsy; is visualized by two enclosing curves

fr () =max f(x(yr+ yuonyanm) oty o s+ )

. (3.2)
fO)=min f(x(yr  yusooWaowm) snfyn ooy anwm ) -

As a model, we use the sum of two Gaussians, since the eld con guratien0 should lead to
projections of D} (DTy) on x (y) andz, respectively. It also takes into account that both resonances are
a ected by inhomogeneous broadening due to the distribution of atom positions in the 3D trap. At a
splitting on the order of the average trap frequencies y and ,, we expect an increase in the survival
probability. In other words, DJy are cooling independently or even in combination with each other, but
each in two dimensions. The magnetic- eld to frequency calibration has been performed with microwave
spectroscopy, which is brie y discussed in Sectibf. As a rst estimate, we obtain the trap frequencies

1 Later on, we replace both optical pumping beams with 795 nm light (Sé.
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x= y=(350 1)kHzand ;= (224 5)kHz, although one has to state that the data quality éxted
by the long measurement time per point. In Sec8ch2we obtain more accurate values via Raman
spectroscopy. A surprising outcome in Fig@ré(a)is the absence of peaks towards higher splittings,
which could be expected for an atom spending most of its tinjig;im=i = j2; +2i. However, microwave
spectroscopy shows a prevalent populatiojFimmgi = j2; 2i. One could argue that only -transitions
are involved, such thatmg = m= 2 and cooling only takes place aloagThe idea has to be discarded
as well, since we also observe areet on the survival probability of atoms in a 1D trap outside the cavity
region; so the cooling has to take place algrag well. Summarizing, despite the absence of higher-order
peaks in Figure.2(a) a trapping lifetime-enhancing process connected to degenerate Raman transitions
is identi ed and leads to cooling in all dimensions.

In Figure3.2(b), we try to maximize the cooling ect by tiltingBto = 45, which increases the

-polarization component of the DTs. At the same time, we xg =2 0:35 MHz. The error bars are
given by the Clopper-Pearson Ql1[7] in accordance with our threshold-based state detection method
described in%1, Sec. 5.2]. The data points are tted with a stretched exponential of the type

S(t)= Ae &) (3.3)

and its errors are visualized following Equatidrz. While the functionS (t) is a phenomenological
approach, it represents the global time evolution for a distribution of decay processes with independent
amplitudesA; and lifetimes ; well enough to optimize cooling parametetd $-120. When the atoms are
constantly repumped in the presence of probe light, an increasslifvival probability of (42 1.0) s

is observed. In the absence of nonstop probing, the average lifetime dropd td)1) s. In this case,

the atoms do not necessarily escape all three 4rdyos they are no longer coupling to the resonator.

The drawback of the degenerate cooling scheme withO is, that the wave vectd, of the red
dipole trap DT, is non-orthogonal to the quantization axis givenByyeading to spurious ects: On
the one hand, oresonant elds without pure-polarization give rise to higher-order energy shifts in
the magnetic sublevels, which are known as vectorial light shif?4,[122]. On the other hand, and
more importantly, with a tilted magnetic eld vector, polarization-sensitive addressing of individual
atomic transitions is impossible. For= 0 , the robust technique of -pumping by probe light transfers
a majority of the atomic population in§@; 2i. But to de ne a strong guiding eld as required for
addressing selected Raman transitions and to avoid heating processes as described3nlRgure
Zeeman splitting has to be bigger than the individual trap frequencies. Therefore, we have to establish
another cooling scheme.

3.2 Carrier-Free Raman Manipulation

Previously, resolved-sideband Raman cooling has been demonstrated in our apparatus in a 1D trap
without cavity 2, 60]. Although this approach of two running-wave Raman beams is the most common
one [L23-125, we showed that in a CQED experiment the blue detuned standing-wave dipole trap
created by lock laser light can also serve as a Raman beam. Furthermore, it allows for fundamentally
lower temperature limits due to the absence of two-photon carrier transi@@nsq. In this section, we
describe an adaption of thiarrier-free Raman manipulatioecheme in order to cool in three dimensions.

The dedicated Raman laserg) at 770 nm is phase-locked to the lock laser) as the last element
in the cavity lock chain, see Secti@m®. The frequency oset corresponds to the hyper ne splitting of

2 Lifetime measurements in a 1D trap reveal lifetimes on the order of 10 s, pointing at heagictg speci c to the cavity
region.
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Figure 3.3:(a) The circularly polarized, blue detuned dipole trap drives Raman transitions in combination with
a running-wave Raman laser propagating inxirlane. The quantization axis along the cavity is de ned by a
magnetic bias eld. Circularly polarized light at 795 nm optically pumps the afdanlllustration of resolved-
sideband Raman cooling. The single-photon detuningof3 rsg=2 4:8 THz is set by the lock laser, while

the two-photon detuning between the Raman beams is given by the trap frequereyorder to cool the atom,

we drive Raman transitions between the two well-isolated sjate®i andjl; 1i, which lower the motional state
fromjmi tojm 1i. Anincoherent repumper transfers the population bag®;ta?i, where it is in a dark state
with respect to the light elds as soon as= 0 is achieved.

HE = 2 6:835 GHz plus a variable two-photon detuningThe associated optical setup is based on an
OPLL [82, 126, 127] in a similar con guration as in%$2]. While a fraction of the laser power is used for
frequency stabilization, the majority is sent to the experiment as pulses for spectroscopy or cooling. The
geometrical beam con guration for Raman cooling is displayed in Figuséa) The Raman laser is
guided under a slight angleliagonally through th&y-plane, which ensures that it has projections to
both DTy and DT,. As a repumper, we now use only ight at 795 nm, which propagates along the
guantization axis de ned by a magnetic bias eld of1.8 G (see Se@.3).

Figure3.3(b)illustrates a cooling cycle. At a Zeeman splitting of 225 MHzand =2 , we drive
Raman transitions between the two well-isolated st@te®i andjl; 1i, which lower the motional
state fromjmi tojm 1i. The virtual levelis = 3 psr=2 4:8 THz blue detuned with respect to the
probe transition. An incoherent repumper transfers the population bk @i, where it is in a dark
state with respect to the light elds as soonmas 0 is achieved.

3.2.1 Raman Spectroscopy

With the intention to characterize the trap frequengin the simplest possible con guration, we perform
Raman spectroscopy by sending the Raman laser alopddd[ This trap is adiabatically lowered as
soon as an atom is successfully transported to the cavity region and kept.ind®€ Figuré.4(a) Hence,

only motional sidebands connectedztare expected. The experimental sequence consists of degenerate
Raman cooling followed by an increase of the bias eld in order to remjavel;mi ! j 1;0;m%
transitions from the spectrum. An optional waiting time of 100 ms is used to expose the atoms to heating
e ects. Subsequently, the stile 2i is prepared by optical pumping, followed by a short spectroscopy

% The axis is shared with the MOT optics, see Figire
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Figure 3.4: Raman spectroscofig) The running-wave Raman beam is sent along,®hich is ramped down
adiabatically after the feedback transport. The intra-cavity standing wave given by the blue detuned lock laser
light acts as the second Raman eld for two-photon transitions. A ow diagram of the experimental sequence is
shown to the right. For Raman spectroscopy, the magnetic eld is increased to isolate the transitions depicted in
Figure3.3(b) For state detection and degenerate Raman cooling, it is reduced to ful Il Equiatiofin) Schematic

drawing of the expected sidebands {; 3 ;;::) along with the measured, carrier-free Raman spectra. The limited
feedback bandwidth of the lock laser OPLL gives rise to additional sidebands (black line). Without heating the
atoms (blue line), the mean motional excitation alamgmeasured to b, = (0:13 0:03), which indicates that

the degenerate Raman cooling process is capable of cooling the atoms to the ground state. With heating (red line),
the cooling sideband emerges on the right side of the absent carrier transition (black, dashed line).

pulse. The magnetic eld is reduced to its original value, allowing for cooling during the cavity-assisted
readout of the hyper ne state. The same atom is recycled for 20 iterations, during which the two-photon
detuning takes di erent values. They are nally combined in the spectrum in Figlif€b) where the

data point uncertainty is given by the Clopper-Pearson Cl. A sum of multiple Lorentzian dips is tted to
the data and the error is visualized by bands according to Equation

Since the atoms are trapped at a standing wave node of the Raman eldzaltvagelectric eld
amplitude is proportional tsin(k,2) and the resonant coupling between the spin-motional states is
described by

“mymgngme = bj NmYmY sin ;2 &R Y jrmymyij ;
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3.2 Carrier—Free Raman Manipulation

in analogy to §3]. Y = j"ih#j represents the spin raising operator, while the bare two-photon Rabi
frequency is given by p. Sincek, K, O, it follows thatsin &,z e®Y is an asymmetric function along

z. Raman transitions therefore change the symmetry of the vibrational wave function, which imposes
the selectionrulem, = 1; 3;::. Inthe Lamb-Dicke regime, the geometry of the light elds can be
expressed in rst-order terms of harmonic oscillator raisﬁﬁ@ and lowering operatofis; By:

sink2 €% &2 1,+iky (3.4
=z E))zl"'E)z +iy g, 6¥6¥+62&+6¥6y+626y ;

with the Lamb-Dicke parameter= kg P ~2Matom! trap) and kr = jK, Kyj [113. Without a trapping
potential along), we hence expect the rst and third order sidebands dhey reveal a trap frequency
of ;=485 27 kHz. In comparison to Sectidhl, we use a deeper optical lattice in order to simplify
the sideband identi cation. Since we are driving the system strongly, another set of dips shows up, which
is attributed to the OPLL servo bumps ail:3 MHz.# They mainly appear for the heating sideband of
thez direction. The depth of the dips depends on the experimental details of the Rabi spectroscopy pulse
and does not play a role in calculating the mean excitation numpalong the directiom. Assuming a
thermal equilibrium, it is given by the relation

R .
1 R’

whereR; is the ratio of cooling to heating sidebar@B]. Since in the presented spectra the sidebands
overlap, we extract the height ratio from the tted amplitudes. The mean motional excitationzkng
measured to by, = (0:13 0:03). Since the trap frequency alomgs only slightly bigger than .y, for

which the Zeeman splitting was set, we conclude that the degenerate Raman cooling process is capable of
cooling the atoms to the three-dimensional ground state. With the valag afone-dimensional ground

state populatiomy, = 151+ m,) of (885 2:7) % is found.

To observe an eect of the atom temperature on the spectrum, we introduce a waiting time before the
spectroscopy pulse, which leads to a slightly shifted, overall broader and washed-out spectrum, in which
the rise of the cooling sideband is clearly visible. In this case, the atoms leave the motional ground state
up tom, = (0:47 0:06).

m =

3.2.2 Resolved-Sideband Raman Cooling

For the nal cooling scenario, the trapping and Raman eld con guration is shown in Figls@) The
running-wave Raman component travels diagonally throughyth@ane, such that sidebands in both
red-detuned dipole traps are addressed. The experimental procedure is similar to the previous one, except
for an additional resolved-sideband Raman cooling slot before the spectroscopy, for which we switch
the value of . The optional heating is realized by driving a heating-sideband transition, which we call
Raman heatingnd which requires switchingas well. Overall, with now only a single ramp of the
magnetic eld, the sequence is much shorter and allows 122 (25) repetitions with the same, cold (hot)
atom before it is lost — meaning that a full spectrum for each cold atom can be recorded w2sin

Figure3.5(b)schematically displays the expected, additional sidebands gf Dihich are degenerate.
Here, the trap frequency, has been reduced, but if the intra-cavity trapping potential is too low, the
atom loss increases. Experimentally we nd, that a reduction to (309 9) kHz is possible, while

4We were able to increase them=01:6 MHz by reducing the length of the electrical feedback loop (cf. spectrum in
Fig. 3.5(b).
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Figure 3.5: Raman coolindga) The running-wave Raman beam is sent throughdhplane such that it projects

onto DTy. The experimental sequence is extended by a Raman cooling pulse. To avoid waiting times, we address
heating sidebands to record a spectrum for hot atoms. Since the guiding eld can now take large absolute values
during cooling, the procedure is shorter and allows for 122 iterations per atom logoljfithe motional states of

the red detuned dipole traps with equal trapping frequengies y have to be taken into account. In the presence

of Raman cooling pulses at a two-photon detunigg, = 2 0:35 MHz, the mean motional state numbers are
given bym, = (0:02 0:07) andmi, = (0:18 0:11). Details are found in the main text.

20



3.2 Carrier—Free Raman Manipulation

xy = (385 12) kHz is increased compared to the previous setting. In this trapping con guration, it is
expected that Equatioh4 segues into

sin k2 Rt k2 I +iRy Lo+ iRk (3.5)

In reality, the angles of the red dipole traps give rise to a combined potential with new eigenmodes
that are rotated by 45elative to the individual lattices, which leads to rst order sidebands alogg
incase of ;  xy. This increased dimensionality of Raman transitions in a slightly non-orthogonal
optical lattice has also been discovered by Neuethat.[59]. Therefore, in the t we do not only take

into account the expected sidebands of Equai&up to the third order along but also the rst (and
second) order sidebands aloxiy and the second order alomgvith its attributed higher order sidebands
alongx;y. The carrier transition is taken into account as well. It might be visible due to the sum of
overlapping xy-sidebands as well as the residual gravitational sag discusséé|.irdditionally, the
running-wave component of the cavity eld is limiting the carrier suppressid todF =  10%, which

is two orders of magnitude lower than in the previous high- nesse cavity, where we have observed an
even higher ratio between carrier and heating sideband.

Previously, two-dimensional ground state cooling was achieved by tuning the trap frequéfki¥ég
used a weaker, second order sideband of,hich was overlapped with the rst order cooling sideband
alongz, i.e. adjusting y = 2 , so that both directions were addressed simultaneously. As opposed to that
approach, we tune the trap frequencigand y almost into resonance, which enhances the motional
coupling and allows three-dimensional ground state cooling. We observe that the detuning for cgeling
is relatively insensitive, which allows us to address all cooling directions by setiipg 2 0:35 MHz.
The mean motional state numbers are giveripy= (0:.02 0:07) andmyy = (0:18 0:11). This
corresponds to a one-dimensional ground state populatiogof (97:8 7:1) % and a three-dimensional
one ofmgy3p = Moz mg; xy) = (698 0:2) %> In the presence of Raman heating, the motional state
numbers change o, = é1:39 0:85) andmyy = (0:15 0:16). The number alongandy is very similar
to the one obtained for the cold spectrum, which can be attributed to the clear uprising and broadening of
the respective transitions. Hence, the motional state cannot be extracted accurately from the t to the
spread data any longer.

The cooling time slots to obtain these results have been longer than high repetition rate experiments
demand (cf. sequence in S&c2.1). Problems of our scheme are, that on the one hand the far detuned
Raman elds lead to a small two-photon Rabi frequentyd

b= rR LH2 ): (3.6)

On the other hand, the atoms do not see a high intensity of Raman lightzéomze it simultaneously
traps them in a node of the eld, which is why we cannot use Equaiéto determine . However, an
estimate of , and thus the rate at which we should be able to cool can be obtained from theafrea

the sidebands according to S

Az,heating Az,cooling i (3 7)

2

1
b z tpulse
which is derived in $9]. The requirement for this approach is a small pulse area along with the
condition that the sideband area has to depend linearly on the duration of the spectroscopyiqulse
Comparing the rst spectrum (cf. Fi@.4(a) with a pulse duration of:@ ms to the cooling spectrum with

5 In a similar experiment with running-wave Raman beams, (29 % have been achievetlg.
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Chapter 3 Controlling Internal and External States of a Single Atom in an Optical Cavity

touise = 0:1 ms, we see that the area decreases by a visible amount, which strengthens the assumption that
we are in the linear regime. For the experimentally determined Lamb-Dicke facto:16 Equatior3.7

yields , 2 428kHz. Forthe rst-order sidebands alonthe Rabi frequency reduces to 58 kHz®

This result is in con ict with our observation of atom loss apart from millisecond-long cooling times
(also in B8]). A scan of the repumping power versus the lifetime leads to the optimum repumping rate
and avoids ine cient cooling to a certain extent. Notwithstanding theserts, the technique of driving

the cooling sideband longer than the decoherence time toaliue population between tlfestates is

not ideal. A better approach would be to apply alternatingly a Ramauise and a follow-up repumping

pulse P3].

A future improvement could be to use a standing-wave Raman eld inside the cavity, which is closer to
resonance and addresses thdiBe [12§. As opposed to our scheme, the atoms are not localized at the
minimum of light intensity. Another possibility is to give up on the resourcesient carrier-free Raman
cooling scheme and to address sidebands with free-space Raman beams. However, Raman cooling
presently enables interesting options, such as the minute long, free-space imaging of atoms by probing
the cavity only! More importantly, the technique allows us to apply pulsed cooling, which enables long
trapping lifetimes and punme-state preparation, as we will see in the next section.

3.3 State Preparation and Microwave Spectroscopy

In order to accurately prepare the internal state of an atom, the transitions addressed by optical pump-
ing [111] have to be selected. The ect of polarized light depends on the orientation of its propagation
direction with respect to the quantization axis of the atom. We choose to de ne this axis by applying a
magnetic eld alongz that breaks the degeneracy of the Zeeman manifold. It is createdrgensation
coils, which compensate the magnetic eld of both earth and lab equipment, e.g. the ion UMy
performing microwave (MW) spectroscopy, we identify the allowed microwave transitions shown in
Figure3.6(a) The Zeeman splitting! g between then;-levels is proportional to the absolute value of
the weak, magnetic bias elB = jBj[51] and ensures that only selected states of the Zeeman manifold
interact with each other during Raman processes (as in3S2@).

In the absence of any eld, i.e. when all external elds are entirely compens&gg, (= 0),
all microwave transitions are degenerate and state transfer is only observed for the MW frequency
corresponding to the magnetic eld insensitive transition number 4. We experimentally search for this
spectrum and subsequently calibrate the conversion of coil cugrammagnetic eld strengttB,(1,) at
the atom position. This allows to set a strong guiding eld for which the frequency of the MW transitions
is already known.

In the following, the state preparation eiency inj2; 2i is investigated, as this is the initial state
for the photon storage attempts in Sectibf The experimental sequence to prepare the state and to
measure its population is shown in Figuté(b) It consists of loading, transporting and cooling an
atom, followed by a short state preparation and microwave spectroscopy pulse befBrstdte is
detected. The pulse duration of 5 ms is chosen to wash out any coherent Rabi oscillations. In particular,
for the microwave manipulation we transport the atom &0out of the cavity region to avoid ctitious
magnetic elds, which arise from the circularly polarized lock laser eid]} This transport along Dy,
perpendicular to the conveyor belt, is executed back and forth 44 times per atom, while each time the
microwave frequencym is stepped.

6 In the previous CQED setup we measured a heating-sideband Rabi oscillation frequency3#2 0:4) kHz [63, 69].
7 It might be interesting to vary the probyéock laser frequency in order to measure the vacuum Rabi splitting in free-space
rather than by cavity re ection.
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Figure 3.6:(a) Allowed microwave transitions between the Zeeman levels of the rubidium hyper ne ground states.
In order to prevent inhomogeneous broadening of the individual transitions, the microwave pulses are applied
outside the cavity region, while the state is prepared in the 3D dipole(tiafhe sequence for optical pumping to

j2; 2i, which is needed for photon storage (see &9, uses both cooling mechanisms and an atom transport
perpendicular to the conveyor belt) The mg-pumping e ciency using circularly polarized 795 nm light is
determined by a t of three equidistant Lorentzian curves. From the relative area of the dips we obtain an estimate
for the state preparation eiency, which is given by siaie= (95:8  0:1) %. Due to its polarization, the microwave

only addresses -transitions, which is why dip 1 is a measure for the populatiomgr= 2 (and 3 formg = 1

and 0).(d) The population is depumped with 780 nm light of all polarizations. Here, the microwave is able to
drive transitions 1-6, but its polarization is unknown. The resultipgdistribution over the entiré = 1 Zeeman
manifold indicates thatn = 0; 1 have to be taken into account for our photon generation experiments (see
Sec.5.2). The data has originally been presentedai and is reprinted by courtesy of J. Gallego.
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Chapter 3 Controlling Internal and External States of a Single Atom in an Optical Cavity

Figure3.6(a)shows that in the presenceBf, 0, only a single transition addresses the population
in j2; 2i. As a consequence of our guiding eld of 1.8 G, transition 1 will be driven bymw
3 007MHz=G 18G+ yr 38MHz+ yg[58]. To ensure that the microwave pulse addresses

-transitions, we align the MW waveguide to the quantization axis. The spectrum in Bg{oe
reveals that indeed-transitions (position 2) are suppressed and the population:irr 1 is only
identi ed by transition 3 (along with population im= = 0). Reference points indicate that successful
F-pumping is achieved ir 98 % of the cases. Ther-pumping e ciency is determined by a t of
three equidistant Lorentzian curves. From the relative area of the dips we obtain an estimate for the state
preparation e ciency, which is given by stae= (95:8 0:1) %.

In order to prepare the atoms for photon generation (see5S@cwe depump the population jg; 2i
by applying cross-polarized 780 nm light alongPsuch that  and -transitions are addressed. The
resultingmg-distribution over the entiré = 1 Zeeman manifold is displayed in Figuses(d)and has
been originally presented ib]]. The di erence here is that the microwave has driven the transitions 3 to
6 equally. For depumping, we use the moreceent D, transition since the Plight only depumps the
population due to its nite polarization purity.

In conclusion, we have gained control over the internal and external states of a single atom coupled to
the optical cavity. Properly de ning the quantization axis along the resonator has enabled the preparation
of an initial state for both photon generation and storage by optical pumping techniques. The two
presented cooling mechanisms allow to work with well-coupled atoms for several seconds. To our
knowledge, it is the rst time that degenerate Raman sideband cooling is used to cool a single atom. Only
recently, the extended carrier-free Raman cooling scheme has been found independently byé@leuzner
al. and our team. With cooling — and thus tighter con nement — the average coupling strength between a
single atom and the cavity has increased signi cantly compared to the previous S&t@e€. 4.2], as
we will see in the measurements presented in Cha&ptBut in order to understand our system, we rst
focus on its theoretical description.
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CHAPTER 4

A Coherently Driven Multi-Level Atom in a
Dissipative Cavity

heoretical predictions on the behavior df-level guantum objects coupled to quantized light-
elds with n Fock states are a tough challenge for classical computers. Usually, they are
described in the density-matrix formalism, which requires to solvemintial equations with
(n N)? dimensional matrices. It was not without reason that quantum systems themselves
were proposed to simulate quantum, many-body phenontedi&().

However, a classical computing approach is still possible if we reduce the complexity of our system.
The preparations in Chapt@mwere based on this approach: We cooled the atoms to their motional ground
state and initialized them in a well-de ned Zeeman state, which is isolated by a strong guiding eld. The
latter also ensures a high purity for addressing polarization-sensitive transitions. As a consequence, the
dynamics of our system can be approximated by a four-level atom coupled to a two polarization modes
of an optical resonator.

This chapter is devoted to the development of a simulation which describes our experiments in the
chapters to come in a simpli ed, yet qualitatively accurate way. In Sectibnwe develop a model,
which allows us to predict the evolution of three states and a single cavity mode at any point in time in
order to understand underlying processes and to give an estimate ofdfeney of storing or generating
a photon in this idealized system. In Chapieve will discuss pulse sequences for photon storage in
such a -con guration. In contrast, a realistic description of our system is given by a four-level atom
coupled to two resonator modes, which leads tedent dynamics (Sed.?2).

Both models are implemented in a numerical simulation based on a full guantum-mechanical master
equation, which is described in Sectidr8. We discuss our very own pulse optimization algorithm,
which is used in the next chapter to explain the shape of generated photons.

4.1 The Evolution of an Open Quantum System

First, we start with the more intuitive scenario of a closed system: The well-known Jaynes-Cummings
Hamiltonian [L31] describes the interaction between two atomic levels and a quantized mode of an
electromagnetic eld. We extend this model to a three-level atom with two ground fgatesand

one excited statgl, where only the transition frongi ! j e with frequency ,, is resonant with the
cavity [105. The Hamiltonian of this atom-cavity system consists of several parts:

Hic = Ha+ Hc + Hint;
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whereH, and H, are the separate Hamiltonians of atom and cavity mode, whiledescribes the
interaction.

We treat the atom-photon interaction in both dipole- and rotating-wave approximations, and simplify
the individual Hamiltonians by putting the dynamics in the frame of the pulse and Raman laser with
frequencied ,r. The atom energy in the presence of a single-photon deturg=! o ! 5 with
respect to the excited state and a two-photon detunig pa ! r ! 5 With respect to the ground
statejgsi is given by: A

Ha= ~ pa "ee ~ ‘g (4.1)

We introduce the raising and lowering operatoi@z jlinkjand | = jkihlj which describe the excitation
and de-excitation of the atomic spin, respectively.

The energy of the cavity eld can be expressed in analogy to the spectrum of a harmonic oscillator by
Fock state§0i ; :::;jni. The creation- and annihilation operaté@'sanda add or remove a photon from the
cavity mode ¢, so that its energy for zero pulse-cavity detuning. = ! ¢ ! 4 pa= ca pa=0
reads:

He= ~ pc @8=0:

The interaction term describes the coupling between the atomic dipole and the electric eld of the
cavity mode, which occurs with the Rabi frequency 2
Hint=i~0 "%l “ged : (4.2)
_We extend this model by two coherent, time-dependent driving terms, for which the overall Hamiltonian
H(t) is given by
H(t) = Hyc+ Hq(t) ; (4.3)

with the driving Hamiltonian

Ha(t) = i~¥ Aéle “ge +~E() @ +a (4.4)
The rst term with (t) stands for the control laser in a-con guration and addresses the atomic
transition which is o-resonant with respect to the cavity. The second term populates the cavity mode
according to the driving streng(t).

Without dissipative processes, i.e. the interaction of our system with the environment, we cannot
control the ground state population of our system, as is intuitively clear from Equdtiéasnd4.2:
Any excitations brought into the system would lead to in nite oscillations between the states. The
environmental states on the other hand are unknown, so we introduce the density matrix formalism to
trace them out and to 'open' our system to loss channels. The Schrédinger equation is replaced by the

master equationlf32], which describes the density matrixof our closed system at any point in time:
~ i h. & 1 oas A
a:LA: = H,A +CACy é CCyA"'ACCy . (45)

The Liouvillian super-operatdf contains both the coherent dynamics given by EquatiGand the
Lindblad terms attributed to the decay and loss channels, which are speci ed by the collapse d@perator

~ P p— . p———
C= 21 geet 22 get 2ima: (4.6)
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Figure 4.1: Abstract sketch illustrating all parameters our simulations depends)@nthree-level atom with

two ground statef;»i and one excited stajei is placed inside a resonator and coherently driven by the pulse

and Raman laser (cf. Fig.3) with the respective Rabi frequencieg;2. Both cavity and pulse laser have a

single-photon detuningc.a = p-a With respect to the excited state. A resonant Raman condition is found for a

two-photon detuning. The system has decay channels, of whiththe transmission rate of the HT mirror and
loss IS the absorption and scattering loss rate at the mirrors along with the undesired transmission of the LT mirror.

The excited state decay 2 = 2( 1+ ») re-populates both ground stat€ls) To simulate our measurements,

a four-level atom coupled to two -polarized cavity modes is required. We extend the previous model with an

additional ground statigsi of equal energy ajgpi. It is coupled to the excited state witg2 A new branching

ratio = ‘l’+ (2’+ 3 has to be taken into account. (c) and(d), both models are compared: We consider an atom

in the statgg,i andh&@¥ai = 1 att = 0 and let the systems evolve coherently in the absence of decay processes

(closed system). Wit = "~ 2=3¢° = 2 34 MHz, we observe the expected Rabi oscillations at a rgs2 2

for the -con guration, whereas in th&gipod con gurationthe population oscillates betwegpni andjgsi, since

® o

27



Chapter 4 A Coherently Driven Multi—-Level Atom in a Dissipative Cavity

The transmission ratethrough the HT mirror and the unwanted damping of the eld due to absorption,
scattering at the mirrors and leakage through the LT mirror at f@tform the total cavity loss rate

total = losst . The excited state decay 2 to both ground states is considered with independent
rates 1, such that = 1+ ». An abstract sketch involving all parameters introduced until now is
shown in Figuret.1(a)

The conversion of modes on the outside of a resonator to modes on the inside is commonly treated by
theinput-output formalisn133 134]. For mapping a weak coherent pulse with electric eld probability
amplitude y(t) into the atom, we have to express the driving té&ift) in terms of ;,(t) which contains
on averages photons: P— p
Et)= 2 "ns in(): (4.7)

Here, we have considered tha{(t) has a temporal shape of lengthto which it is normalized such that
j in(j?dt = 1, and a mean number of photams

In summary, we have developed a model, which describes the temporal evolution of an idealized,
three-level atom coupled to a resonator, including losses as well as driven excitations from the outside.
We can extract information, e.g. about the average intra-cavity photon nimsbE¥ai at any point
in time. In the case of single-photon generation, the simulation provides predictioB&)fer 0. In
Section6.1.2we solve Equatiod.5to investigate the eciency of coherent-pulse storage in dependence
of its various parameters. Foe T, the system reaches a steady staté € 0), which allows us to
de ne the storage eciency storageby the atomic state population jaui :

—_ 9101 _ hAélglAglgli .

storage— Ne = Ns . (4.8)
Leaving the regime of weak coherent pulses with on average one phaten 1), we explore the
dynamics of true single-photon Fock-state storage by simulations in thenlimit0. Remarkably, the
results for sioragethen correspond exactly to the predictionsif, 134: In the adiabatic storage regime
of TC 1, the storage eciency is limited to:

C
= 4.9
max C+1l ( )

whereC = € is the cooperativity parameter.

In [137)], the - to our knowledge most recent - model to describe single-photon storage is unnecessarily
complex, as it involves the coupling of several electromagnetic modes inside and outside the resonator.
Besides collecting atomic population due to excited state decgyis @n auxiliary state outside the
three-level atorfy the main new aspect of that work is an analysis of the drop iciency caused by
parasitic losseg |os9). In this situation, a new limit is found:

0o _ C°

= = 4.10
max + IOSSCO+ 1 ( )

whereC? = % is the loss-modi ed cooperativity. Folpss, O, we obtain e ciencies according

to 4.10as welf. But in our model, i gg T eelSconserved, which is a more realistic case.

1 without explanation, but a bene t would be the ability to quantify the free-space loss.
2 Indirectly visible in Figures.2(b) where gporageis compared for and ioa.
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4.2 A Four—Level Atom Coupled to Two Cavity Modes

In our experiment, we are not dealing with a, but atripod con guration [13§: The mediating excited
state is coupled to both cavity modes (cf. Fig5.1(b). This means an additional statgi of equal
energy aggyi has to be taken into account, as shown in Figuf€b) The corresponding operators acting
on the photon number in the second cavity modeb4r@ndb. Thus we have to update the Hamiltonian
in Equatiord.2 and the collapse operator in Equati®i to

A~

0 _—; ~ A ~ A . 0 ~ n -
Hine =1~9 $oel gzeay +1~g égeb gseby
and _q - q - _ o b )

= 2 met 25 get 23 get 2wmdt 2 ioalb;

with the new coupling strengt and an adjusted branching ratio of the excited state decagsd ‘1’;2.

In reality, there are more levels to decay to, but their respective transitions strengths are weak, such that
we may neglect them. Additionally, the excited state population under coherent driving is very small at
any time and ot i

To illustrate the dierence in the dynamics, we consider an atom in the gzitandréYai = 1 at
t = 0 and let the systems evolve coherently in the absence of decay processes. The coupling strengths
are chosen to match the special cgse j2% 19. Figure4.1(c)shows the expected energy exchange
between cavity moda and the excited stajel at a rate =2 . For the additional level and mode, the
population starts to oscillate between the two st@ggsandjgsi (Fig. 4.1(d). Sinceg® > g, there is
always population left ifgyi . The excited state still gets populated, but the Rabi frequency is higher at
cost of the contrast. As a consequence, theiency of coherent manipulations based on the excited
state population will suer, e.g. the - ip storage of short photon pulse435. At the same time, a
tripod con guration opens new possibilities, since every photon generation attempt creates entanglement
between the emitted photon and the magnetic sublevels of the atom, which is e.g. useful for teleportation
experiments 139 or the generation of entanglement betweenedéent platformsZ36]. In [14Q, the
properties of such a system are investigated and the creation of two-mode Schrddinger-cat states in the
cavity is proposed.

The cooperativity paramet& is de ned for a single atom-cavity coupling rate only, and in our
example above one can see that the energy-exchange rate between atom and cavity modes has increased
by a factor of 1:5. We are not aware of any generalized rate depending amd g®, so for any
tripod-based calculation @ we give the lower-bound cooperativity value by considering thegately.

4.3 Simulating our System: Numerical tools and optimization
methods

Exact analytical solutions to the master equatiohare only possible in special cases. In general,

a numerical approach is the easier choice. We@s@&iP (v4.1), theQuantum Toolbox in Python

(v3.5) [141, 142 to facilitate the process of setting up state vectors, time-(in)dependent Hamiltonians
and(super-)operatorand to solve Equatiod.5with the in-built functionmesolve Based on an ordinary

di erential equation solver, it evolves the density matrix and returns a time-binned array of expectation
values for a list of operators. The calculation is based on the absence of correlations between system
and environment (separability), a weak interaction with the environment such that it does not change
upon interaction with the system (Born approximation), much faster dynamics in the environment
i.e. 'no memory' (Markov approximation) and the negligence of fast rotating terms in the interaction
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picture (secular approximation).

Searching for the highest storage @ency, we implement optimal control techniquéd . QuTiP
also dedicates a part of its codeQuantum Optimal Control set of functions implementinghopped
RAndom Basi§CRAB) [144] and GRadient Ascent Pulse Engineerif@RAPE) [L45 algorithms for
pulse optimizatioA These techniques are based on standard optimization methods of which many are
already implemented iRython e.g. theBroyden—Fletcher—Goldfarb—Shanatgorithm (BFGS). While
it is straightforward to set up a problem, the interpretation of results given by QuTiP sometimes is not.
For us it turned out to be more practical to develop our own optimal control scheme, which is used to t
obtained pulse shapes (Sé2.2 and to search for the highest transfer probability ($et.3.

We call itBasin hOpping Pulse OptimizatigBOPO). Basin-hoppinglf4€ is a stochastic algorithm
which is similar to the well-knowsimulated Annealin@SA) algorithm. It is a meta-heuristic, probab-
ilistic technique, which tries to determine the global minimum of a cost function in a large parameter
space by accepting also worse solutions. As opposed to gradient-based search algorithms, it is less liable
to ending up in a local minimum.

The algorithm iterates through cycles composed of random perturbation of the parameters, local
optimization by a routine to be speci ed and acceptance or rejection of the paramefdoastd on
the cost function value. We apply tidelder-Mead methofil47], also known aslownhill simplex
method for the local optimization. Based on the concept of simplices, it approximates local optima by
evaluating cost values along tRet+ 1 points of a volume and introducing variations such that the cost
value decreases.

We determine the optimal storage parameters with a cost funCtigngede ned as:

X X
Cstorage= 1 storage ~;~ + C T C.; (4.11)
j k

where™ is a time-array of amplitudes, that is interpolated before handingmtegsolveand each entry

j Is constrained b . Likewise, the corresponding two-photon detuningse treated and limited
by C,. Using a set of interpolated amplitudes is far more reasonable than the common approach of
using Fourier components, as it reduces the parameter space signi cantly. A problem of E¢uktisn
that single ; entries are likely to take non-zero, divergent values without signi cantly improving the
storage e ciency. They are identi ed by solving Equatienswith = =o. If sioragedO€s not decrease
below a certain threshold, the valug will be set to zero. The same procedure is repeateddsr The
underlying idea is that single, less relevant amplitude points are not supposed to make use of the entire
dynamic range of the pulse modulator. In this case, the important features would be compressed to a
low-transmission window, for which distortions of the waveform are observed (cf5Ei(R).

If we are interested in the interpretation of generated single-photon pulse shapes, we use a t model
based on the cost functi®etrievai

Cretrieval = Nlexp(t) Mo N (t; 5 (1); ; Qais) (4.12)

where the average photon numiné) given by the simulation depends on the mean value=of 4
and the driving Rabi frequency(t) and its pulse delay . The experimentally determined variation in
coupling strengths is implemented as a distributigg, over which we average along with the drent
initial mg ground statesn is scaled withng in order to reduce the derence ofi(t) and the measured
average detector couris,y(t). Once the simulation nds the parameters to recr@ajgt), we can
estimate the eciency of photon generation by,g, in the steady state.

% 1n [137], GRAPE was used for pulse optimization.
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CHAPTER D

Deterministic Generation and Shaping of Single
Photons

hegeneration of single photons has been studied on a variety of platfarfis An important

gure of merit is the rate, at which photons are delivered. Here, theient collection of a

considerable fraction of the created photons plays a crucial role and often leads to the approach

of enclosing the emitter by a resonat@#p-151]*. Miniature ber-cavities with their intrinsic
coupling between light-guiding glass ber and resonator mode are an excellent choice and have been
combined with well-known solid-state emitters such as nitrogen-vacancy cehf&slp4], carbon
nanotubes]55 and quantum dotslp6, 157]. As a proof of principle, we have demonstrated that — under
continuous illumination — our system delivers single photons as @&IH1].

Of high interest is the triggered generation of single photons along with a controlled waveform, which
can facilitate information processing or enhance the storage probability of the generated photons in
another medium15§. Shaping of single photons was rst shown in an ion-trap cavity systefd][
and has advanced up to the point where time-bin entanglerh&dtih the form of photonic qubits,
qutrits and ququads has been realize@]. In Section5.1, the basics for single-photon production are
presented. Subsequently, we show that we do not only control the shape of triggered, single photons,
but also reach a faster extraction of photons from the cavity-coupled atom than possible in free-space
(Sec.5.2.2. The quantum nature of the emitted light is demonstrated in a Hanbury Brown-Twiss (HBT)
experiment 161] and presented in Sectidn2.3

The observed eciency is discussed in Sectién2.4 Since we cannot access the cavity-based, non-
destructive state detectiof]] ina -con guration, we employ the photon generation as a method of
fast state detection to determine the photon storaggesncy in Sectiorb.2.

5.1 The Atom—Cavity System as a Source of Single Photons

A direct and simple -photon emission into the cavity modes is already triggered by a pulsed,
polarized laser with &-vector perpendicular to the cavity and quantization axis, as shown in the
schematic Figur&é.1(a) In this case, the wave-packet envelope is xed and given by the temporal shape
of the cavity eld decay 167. For more sophisticated shapes, the atomic population has to undergo a
vacuum-Stimulated Raman Adiabatic Pass@@&TIRAP) [L63 164, for which a -con guration is
required, such that all involved stati@s ;jF% fulll jF F9 1. The choice of levels resonant with the
cavity has an impact on the maximum generatiortiency: For example, thedine can outperform the

1 An alternative, less ecient way is to use high aperture lens objectives (HALOs), with e.g. a 12 % collecticiercy [152.
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(C) (b)

50:50 BS Fl=3  ——— =
%—----6---.--’.& SPCM 2
1> Single i > MM W (VRS) sweep
photons +*
P l6) , F'=2 ] Boa™ B
JF'= o
SPCM 1 g T 780 nm
[925), F=2 = -
State preparation ) ) Q < 6.8 GHz
Py Time-tagging lgn) , F=1
unit s
Raman read pulse mp -3-2-10 1 2 3

81 ps

75 ms 75 ms ~1.5s | 400 ms| 20 ms

MOT Lattice | Feedback
loading | loading | transport

0 m
SUEEJ Atom

Cool ISVl check

| Deg. Raman cooling Raman cooling
B/ BI =
. 1s 0.1 s o
State '
preparation o
1 9x |

Figure 5.1:(a) The atomic state is prepared by short optical pumping pulses (red) along the conveyor belt (cf.
Fig. 2.1). Subsequently, Raman read pulsggray) generates a photon in the cavity mode in a vSTIRAP process.
With a certain probability (Se&.2.4), the photon leaks through the HT mirror and is detected by one out of two
SPCMs in a Hanbury Brown-Twiss con guration. The time-tagging unit allows to reconstruct pulse shapes and
to verify the single-photon emission of the triggered photon generatiyri.evel scheme of’Rb for photon
generation on th®; line, including Zeeman and AC Stark shifts, whereby the latter are caused Jpy BS
indicated by faint arrows, the atomjii = 1i has several possibilities of emitting into the two cavity mogesg’

(red and orange) when driven by a Raman lasér a tripod con guration. The nomenclature from Chaptéds

shown as well(c) Flow diagram of the experimental sequence for photon generation. The loops sum up to 500
generation attempts per 3 s sequence time. Tleetive duty cycle is limited by the atom loading procedure and
the cooling e ciency, but within the actual pulsing window the photon-production ratedkHz.

D1 line [19], where the strongest—corrbo_atible coupling transition jgi!j 19. We usg2i!j 29 instead,

which is in themg-average weaker by 2, but allows to address the strongest cycling transition, which
we need to measure the atom-cavity coupling strength. In addition, we choose to couple the hyper ne
ground states via a virtual level that ig.a = c¢a= 2 90 MHz blue-detuned with respect to the
excited stat¢F® = 2i. This is not necessarily required for the generation process, but for photon storage
experiments this setting helps to suppress the incoherent storage component.

Ina -con guration, the shape of the control laser pulse de nes the temporal envelope of the generated
photon. As discussed in Sectidr?, the presence of two cavity modes — both accessible dueto ! g—
prevents a clean-con guration. Instead, the coupled levels form a tripod. While this has mxEon the
photon generation eciency, the obtained shape is no longer fully congruent with the expected one, for
which the control laser pulse is designed. Since the deviations turn out to be marginal and compensable
by adjustments of the control Rabi frequency, we discuss and derive pulses from this approach despite
the mismatch. Another encouraging argument is, that in the adiabatic generation regime, the pulse length
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T is much longer than the cavity damping timle (1= (o)), Which ensures thd = 1 is depopulated.

The nal me-state is of minor relevance, since we aim to generate photons of inde nite polarization.
Furthermore, we have to take into account a total of 3x2 possibilities of emitting a photon into one of

the two cavity modes, which is shown in the level scheme in Figuté) This leads to variations of the

dipole matrix elements, which has to be considered in a simulation of the system.

5.2 Shaping Single Photons

The STIRAP technique is well-established. While numerous reviews discuss applications, recommended
references are the recent, comprehensive tutorial given by Bruce Siéaf@nd the review of Vitanov

et. al.[13§. For our system, the most crucial bene ts of this technique are rst, the ability to shape the
cavity photon(sh by designing the temporal amplitude of the Raman read pulgeand second, the

high e ciency with which the mechanism converts a single photon of the laser beam to a single photon
in the cavity by following adark atom- eld statgDi, which prevents occupation (i :

jDi (t) = cos#(t)jgi;ni  sin#(t)jo;n+ 1i ;
where#(t) is the mixing angle de ned by

tan#(t) = —pL:
20 n+1
The adiabatic condition is ful lled if cavity and driving laser providgB(n+1) 1andj Tj 1,
respectively. A more practical condition, agt) is usually not the limiting parameter, is adapted
from [139:
TC® 1 (5.1)

whereCis the loss-modi ed cooperativity as discussed in Sectidn This inequality is easily ful lled
for either appropriate (long) pulse lengths or a system in the strong coupling regime (or even more
intuitively: T to}al; g ). In these cases, generation@encies close to unity are expected. We face
the strong coupling regime at its border, as indicated in FiguteThus a minor excited state population
can occur and lead to scattering of photons into free-space. Part of the generated photons leave through
the HT mirror and become a traveling-wave photgp (see Sec5.2.4. A reasonable choice for the
pulse lengthT are 100 ns, leading to the lower bound valug® = 18. This leaves the question: How
dowe nd (t) such that a desired electric eld shapgy, ge{t) is obtained?

One possibility is to nd a simple, analytic solution based on the Schrdodinger equation for an atom-
cavity system under assumption of population conservafiéfi] For an estimated eciency close to
unity, (t) is analytically calculated from a set of coupled equations:

_ out, de;{t)
Cy, = _ﬁz——
Ce = l Cy, (t) + Cy, (t)
g z,
an®) =1  edt) gt . 2 edt)+2  gg(t9 dt’

(t) = %91 (t) .

Ce() oD
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whereci(t) and i(t) = ci(t)c, (t) are the probability amplitude and population of the statespectively
(nomenclature see CH).

The second option is to explditne reversal symmetryhich holds true in the regime of adiabatic
state transfer. This can be understood in terms of a passive beam-splitter-like transformation, in which
the mapping from a certain input to an output mode — including the atomic states — is consiéyed [
167]. A more intuitive example is given by the loading of a photon into an empty, single-sided cajty [
168: Only if the resonator is ' lled' with an exponentially rising pulse, i.e. the time reversal of the
cavity decay, the eld directly re ected at the entrance mirror and the eld leaking out of the cavity will
interfere destructively at any point in time. As a consequence, the cavity mode will be populated most
e ciently.

Following the time-reversal approach, in ordegeneratea photon of shapegyt, 4e{t), we reverse the
temporal envelope of p(t) which is required testorea photon of the shape,y:, qe{t). The discussion of
the origin of p(t) is postponed to Sectighl1.l, where we introduce several ways of calculating the
driving Rabi frequency for photon storage.

To calculate the p(t), we used =2 3 MHz, the measured value ofi = 2 41 MHz and a
Boupling strength ofjy = 2 34 MHz, which originates from the VRS measurement and is scaled by

1=6to match thg2; 2i!j 2% 1i transition. The single-photon detuning of = 2 90 MHz has
been heuristically implemented as described in Sediariand is set taking the dipole-trap light shifts
into account.

5.2.1 Measurement Sequence and Repetition Rate

The experimental procedure starts by loading a single atom into the cavity trapping regigrs (70 %),
determining its coupling strength to the resonator and cooling it to the motional ground state. Then, the
trigger generator (Seé.5) releases a short sequence of ve state preparatiojisinli (Sec.3.3), each
one followed by a = 100 ns longRaman read pulse The loops visible in Figuré.1(c)are a result
of optimizing the sequence for the highest possible atom survival, which is on the order of 40 % due to
the limited Raman cooling eciency. Along with the atom loading procedure, we end up having 1000
generation attempts per 3 s, which corresponds to a rate2dfHz in the actual pulsing window. Rates
of 1 MHz have been shown for a much shorter window of 18¢160, hampered by an atomic fountain
as a source of atoms. In ion-cavity systems, the superior trapping conditions lead to impressive 100 kHz
rates over 90 minl49. Provided that the cooling scheme is improved as discussed in S&cfidhthis
rate is a realistic expectation for our system as well, with a production time limited by the background
pressure.

The generated photon stream is split by a 50:50 beam splitter and guided to two ber-coupled SPCMs.
Their detection signals are recorded by the time-tagging unit mentioned in Sdijavhich allows
to correlate the sum of detection events with the time-tagging trigger in order to obtain the pulse shape.
A correlation of the detection events between the two channels is used to check for a single-photon
signature.

5.2.2 A Sine-Squared Shape and a Triple—Peak Pulse

We aim to generate photons with a simple target envelope given by

out, dedt) / Sinz( t=T) (5.2)

2 In the context of a memory, the Raman laseites andreadsthe information.
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Figure 5.2: Generation of single photons with a temporal envelope given by a sine squared as in Baiakibn
pulse shapes are 5o_rmalize{d) We compare the calculated Rabi frequengy(t) (dashed, gray line) with the
measured o(t) / | (solid, gray line). For the given parameters angy(t), we simulate the -system and nd

a good agreement between the resulting intra-cavity photon num¥&r(solid, red line) and the desired intensity
prole  out dedt) z (dashed, red line). A small kink towards the end of the pulse is caused by the heuristically
implemented single-photon detuning in Equation6.1 The occupation probability; of the involved atomic
levels is shown below and gives insight into the dynam{t$.The reconstructed, experimental photon shape

out, ext) 2 (black) di ers from the desired shape. The error bars are given by the square root of the number of
detected photons. To this day, the deformation cannot be explained by our tripod-con guration based simulation
and a t (solid, red line) as described in Equatiéri2 The t parameters are displayed above and a detailed
discussion is found in the main text. Below, the system dynamics obtained from the t are shown. For comparison,
a simulation (dashed, red line) based on the parameters from (a) is shown as well (éf.7fi¢c) In a VRS
sweep, we determine the individual atom-coupling streggtir each sequence repetition. The distribution of
values is shown with a Gaussian t and Ton dence intervals. Each value still has to be scaled @y6 to
match thg2; 2i!j 2% 1i transition. As discussed in the main text, a speci ed range of coupling strengths
(highlighted area) is used for post-selection in (d) and for an accurate implementagiamair simulation in (b),
where the displayed data has not been post-selefdgdhe cross-correlatioggz) of detected photons according
to Equations.5revealsg®(0) = (122  6:5) %, if post-selection witly 2 [70,80] 2 MHz is applied. In this
case, only single atoms are present. As our correlation is Iimitg@%g@) (136 0:1) % by detector dark-
and background counts, the measurement con rms that our system indeed delivers single photons. Another pulse
shaping attempt is presented in Fig6ré.
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and a more complex, modulated outline
out, dedt) / SI( t=T) si®( 2t=T): (5.3)

R
Both are normalized such that oy, dedt) 2dt = 1 and restricted to 2 [0; T]. From the calculated

o(t), we obtain the peak Rabi frequency. Since o/ I, we simply need to adjust the CW power
for the xed beam waist of 30 m.

Using the pulse shaping setup and a separate SPCM, we compare the normalized shapes of both
measured and calculated Rabi frequenciggyt) and p(t) in Figures5.2(a) 5.3(af. The generated
pulses follow very closely the desired contour, and only for lower transmission values of the intensity
modulator the pre-compensation fails (see S€8). In the most important region along the slohabe
shapes are in excellent agreement.

We simulate a three-level atom with the aforementioned parameters and time-dependent driving
elds to verify that our simulation is capable of producing the expected shapes of the output photon.
We compare the evolution of the intra-cavity photon nuntédi (t) with the desired intensity pro le

out, dedt) At any point in time they are proportional, since the eld leaks out of the cavity at the rate

out dedt) = 2 HVAi(t): (5.4)

Besides a minor delay, the most prominent feature is an additional kink at the end of the pulses,
better visible for the fast modulation. It originates from the single-photon detuning and its heuristic
implementation. The formalism, according to which we design the pulses, was originally intended for

o = 0. In this case, the simulated pulse perfectly follows the desired shape. Another aspect of the
simulation is that we are able to understand the dynamics between the three atomic levels: The excited
state population is theoretically negligible and a smooth transfer jiginto jg,i takes place.

The measured generated pulsest, exdt) 2 are shown in FigureS.2(b) 5.3(b) We immediately see
the deviation from the target outline which manifests in a broadening and, for the adiabatic generation,
in a kink towards the end. For the fast retrieval in Figbrg(b), we pick the center peak to calculate
the I=e-time of the rising slope, since it bears the best contrast. We obtaid5 ns, which is faster
than the excited state decay time constant 26:2 ns 58] by a factor of 2. In other words, the photon
extraction is faster than in a free-space scenario and ultimately limited by the cavity intensity-damping
time constant of (2 ota)) = 1:9 ns.

In order to understand the discrepancy of the shape, we use Eqddtizio t the data as explained in
Sectiord.3. The simulated system is a four-level atom coupled to a resonator with two polarization modes
a( *;gandb( ;. Asfree tparameters we leave the Rabi frequency amplitude of the Raman pulse

t , its delay and the single-photon detuning. The scaled coupling strengdfi includes the measured
distribution shown in FigureS.2(c) 5.3(c)andg’is derived by the ratio of the respective transition
strengths. Some of the measurgedalues exceed the calculated maximum single-atom coupling strength
ofg 120 2 MHz (see Table.1), which means that a small two-atom contribution has to be considered
in the number of produced photons (Se2.3.

Since in the experiment we manipulate a real atom which can initially populatenasyate, we
average over a set of three branches as shown in Figlife)in order to describe it theoretically. The
respective transition strengths and excited state decay ratios are taken into account. This approach is

3 For the sake of completeness, | always mention both gures for general statements, but regarding one of them while reading
the main text is su cient.
4 See explanation in Se6.1.1
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Figure 5.3: Generation of single photons with a temporal envelope given by a modulation as in EfuBadin

pulse shapes are 5o_rmalize{d) We compare the calculated Rabi frequengy(t) (dashed, gray line) with the
measured p(t) / | (solid, gray line). For the given parameters ang(t), we simulate the -system and nd

a good agreement between the resulting intra-cavity photon nuri¥#r(solid, red line) and the desired intensity
prole out dedt) 2 (dashed, red line). A small kink towards the end of the pulse is caused by the heuristically
implemented single-photon detuning in Equation6.1 The occupation probability; of the involved atomic
levels is shown below and gives insight into the dynam{b$.The reconstructed, experimental photon shape

out, exft) 2 (black) di ers from the desired shape. The error bars are given by the square root of the number of
detected photons. To this day, the deformation cannot be explained by our tripod-con guration based simulation
and a t (solid, red line) as described in Equatiéri2 The t parameters are displayed above and a detailed
discussion is found in the main text. Below, the system dynamics obtained from the t are shown. For comparison,
a simulation (dashed, red line) based on the parameters from (a) is shown as well. An interesting aspect of this
shape is the — not yet limited =dtime constant, at which we modulate the Rabo frequency and thus the photon.
With < 125 ns, it is shorter than the excited state decay time constant26:2 ns (8] by a factor of 2 (cf.
purple, dashed line)c) In a VRS sweep, we determine the individual atom-coupling stregfh each sequence
repetition. Theﬁiistribution of values is shown with a Gaussian t anct@én dence intervals. Each value still has
to be scaled by 1=6to match thg2; 2i!j 2% 1i transition. As discussed in the main text, the information can
be used for post-selection and for an accurate implementatigimasur simulation in (b). Here, the displayed data
has not been post-selectdd) A cross-correlatiorg(cz) of detected photons according to Equatioh Two-atom
contributions are present and the amount of data is icgent for post-selection. A detailed discussion of the
single-photon character is found in Secti®2.3 Another pulse shaping attempt is presented in Figuee
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valid considering the atom has to start in one of the three subspaces and is at any time also restricted to
it — this heavily reduces the computational load for our simulation.

With our model, we have not yet been able to explain the observed curve. To this point, we can
exclude an in uence of the excited staté$= 1 and 3, timing jitters of the pulses, inseient EOM
suppression, a drift of o on long timescales by regarding only initial and nal measurement tPaees
drift on short timescales by averaging only the rst and last 50 attempts over the traces and a 'washing
out' by distributions of g, go andor . In [20], post-selection on the coupling strength has been
suggested. We have tried selecting onlydghelue for which (t) is designed, but there has not been any
clear in uence on the shape. This also means, that the contribution of two-atom cases has no signi cant
e ect on the shape. Moreover, a simulation for the assumed valyeanid the designed (t) actually
predicts a much faster read-out, which is nicely visible in Figug$b) This behavior is expected, since
the overall cavity coupling is enhanced with two modes. Instead, we see that the pulse is broadened,
suggesting an overall lower atom-cavity coupling and driving Rabi frequency.

Assuming that our intensity modulator has a residual phase shift component which causes a frequency
chirp of (t), we have modi ed the simulation by introducing the time-dependent single-photon detuning

. 1d0.
0=3 0= g

with a chirp parameterg as discussed in Sectiégn5and BY]. For o > 1, the shapes mainly become
narrower, since state transfer only occurs close to a two-photon resonance. FOrl, as speci ed by
the manufacturer, the ect has been barely visible. Furthermore, two-photon detunings in a range of a
few tens of MHz have not had any considerable&, as expected for a high-bandwidth cavity.
The temporal occupation of both cavity modes is identical (except for the amplitude), so even if
polarization-dependent detection eiencies were present, there would be no in uence on the shape.
Only an unjusti ed assumption of two discrete values @f over which we average, ts to the data.
The reason is obvious considering Fig&&(b} First we read out in the beginning, second at the
end, such that overall the ratio between side- and center peaks is reduced. We are not aware of any
experimental aspect that justi es this assumption and conclude by pointing out that the unexpected
behavior of generated photon pulse envelopes is also unclari ed in another experiment with a similar
theoretical frameworkl69. However, in Sectiors.2we generate pulses on resonance, i.e. wigh = 0,
and are perfectly able to explain the shape.

5.2.3 A Quantum of Light

A prominent process to generate single photons is spontaneous parametric down-conversion of a pump
photon with high energy into a pair of photons of lower energy. In this process, the pump power as well
as the length of the non-linear medium can lead to multi-photon emiskith [However, in our tripod

con guration the probability of receiving more than one photon per read pulse and emitter is practically
zero, since the excitation laser frequency is far-detuned from the emission frequency. But in order to
identify the presence of more than one atom, it is interesting to regard the normalized cross-correlation
ggz)( X) between photon detections in SPCM 1 and 2. If the individual SPCMageesints in the 100 ns
generation windowx, ggz) is de ned as:

L) cax+ X |

(2) =
g (X = m  hey(X)i hea(X)i

(5.5)

5 As a reminder; a singlrace uses the same atom for 58@emptgo generate a photon.
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5.2 Shaping Single Photons

wheremis the average number of coincidences for, 0.

In Figures5.2(d), 5.3(d), we show the detection coincidences for a shift @fwindows along with
the Poissonian error given by the number of coincidences. At 0, the dip is expected to reach
zero for a perfect single-photon sourd& [, 172, but it is usually limited by the dark count rates of
the SPCMs and by Raman-scattered lock laser light. These tect®are combined into the rates
Xg, = (3:00 0:03) keps andkg, = (1:20 0:01) kcps in order to give the estimate

retrieval Xd; + Xd,
retrieva2 * Xd;  retrievaF2 + Xd,

gfjgg(O) = (136 0:1) %:;
which is derived from Equatio.5for equal SPCM detection eciencies and the probability of detecting

a photon per triggered pulseieva = (2.3  0:1) %. For allg-values in Figuré.2(c)we nd g(cz)(O) =

(20:9 3:4) %, which means the contrast is not background limited, but most likely constrained by a small
two-atom compone#fit In order to Iter the spurious events, we post-select the datg ©§70; 80]

2 MHz (highlighted in Fig5.2(c). As can be seen from Figue2(d) the valueg®(0) = (122 6:5) %

is then closer to the background limit, as expected. The bottleneck for giving pﬁé(@ estimates is

the number of measurements — in Figaré(d)the measurement time is shorter, therefore the correlation

is shown for allg-values. The outcome of these measurements suggests that relying on the pre-selection
by the feedback transport might not be stient, if we aim to work with a single atom. Also, only

in combination with further measurement techniques such as the cross-correlation we can identify the
single-atom coupling strengths in their measured distribution.

5.2.4 Photon Generation Ef ciency

As already mentioned, the probability of detecting a photon per triggered pulggiisa = (2.3 0:1)%.
This number contains the underlying eiency of generating a photon inside the cavity mog&eration
which can be traced back by calibrating the state preparatiaescy siae the relative transmission
through the HT mirror 4t, the spatial mode-matching between cavity and bg, the losses in the
optical path path and the SPCM detection eiency ges.

_ retrieval .
generation™ : (5.6)

state HT mm path det

Optical pumping via thé, line has a probability of sia.e = (80 10) % to prepare the atoms in
the initial state. This is a consequence of the fast repetition rate for which the experiment was built,
without knowledge about the nal limitation due to insgient cooling. As discussed in Sectidri, the
input-output coupling depends on the cavity linewidthrrom a transmission measurement of the HT
mirror and B7], we derive:

FSR

Tyt = 16 2 MHz;

with Tyt;  rsrlisted in Table2.1 Along with the measured bandwidth Qfi = 41 2 MHz, this
means signi cant losses 0fpss= 25 2 MHz are present and lead tgr = = ot = (39 1) %.

The mode matching eciency has been measured 88[to be m = (60 2) %. This leaves only the
optical path, which we calibrated for the measurement8#htp be pah= (38 13) %, and the SPCM

6 In this discussion, we omit the additional in uence of thes0 ns detector dead time, since the probability of detecting
both photons and background counts in the 100 ns windows is very small. As a side remark, after-pulsing of the detectors
also plays a role. In accordance with measured probabilities3adrid 03 %, we detect a dead-time limited number of 19
two-fold photon events in a single SPCM for the measurement in Figdre

39



Chapter 5 Deterministic Generation and Shaping of Single Photons

guantum e ciency of g4et= (50 5) %.

Combining all of these numbers, we obtaaneration= (66:4 25:2) %, which covers the expected
value given byC%HC%+ 1) = 90 % with its error margin mostly due to the uncertain patttiency. To
retrieve the probability of generating a photon at gjbnerationin turn has to be divided b@~<CC+ 1).
Whereby one must keep in mind that the expectediency is de ned for a three-level atom, as discussed
in Section4.2. R; )

The e ciency of generating a photon in the cavity mode also correspongs tQut, det) - dt (see
Eqg.5.4), and could be obtained from the simulation by a t to the experimental data. The atomic state
transfer between the ground states gives the probability of generating a photon at all, including scattering
into free-space. The ratio of both numbers could give an estimate for the Purcell factor in the tripod
con guration.

In conclusion, we achieved a deterministic generation of single photons and estimated the generation
e ciency, which is particularly useful for the photon storage process, in which success is indicated by
a retrieved photon. This can also be used as a method of fast state deté¢8pim[which a probe
photon is energetically converted into a detection photon. By controlling the temporal envelope of the
read pulse, we control the shape of the emitted photon and achieve an extraction speed beyond the
free-space scenario. Since we are not yet able to fully predict the outcome by our simulation, a next
step would be to repeat the measurements and to record more data, such that a combinateyerdf di
post-selection methods is possible, e.g. a restrictiapvaflues and regarding only the rst 50 attempts
simultaneously. If the origin of the distortion cannot be identi ed, desired shapes will still be obtained
by iterative, measurement-based adjustments to the control pulse. For resonant photon generation, as
performed in Sectiof.2, the output shape can be perfectly explained.

In order to boost the overall detection probabilityyieva, We are currently working on new ber
cavities withGRaded-INdexGRIN) lenses that promise a mode-matchingceency near unity174).
Simultaneously, we will investigate the nesse degradation discusséd.iippendix A.2] to reduce the
cavity losses|qss Along with small improvements in the optical path anaency of (eyieva™> 10 %
should ultimately be feasible.
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CHAPTER O

Light—Pulse Storage in Atom—Cavity Systems

ver the past decade, the storage of light pulses in atomic systems has been shown for ultra-
cold [175-179 and ambient temperature gas&é8(]. The demonstration of single-atom
guantum memories for polarization qubits encoded in weak, coherent pulses has been
pursued as well43, 24, 181]; even down to the level of single photorzy] 182. While
these experiments constitute impressive results, the prestigious goal of storing photons emitted by
guantum dots in order to exploit cross-platform bene ts (seelthas not been achieved yé33.

A rst step towards such aybrid experimenhas been the direct photonic coupling of an ion-cavity
system with a quantum dofL84]. In order to overcome the bandwidth mismatch between the two
systems, the properties of the laser were imprinted on the photonic emission by working in the Heitler
regime [L85. However, this means that the single photons are no longer deterministically triggered. A
better approach for the ecient storage of high-bandwidth photons is the usage of an open cavity with a
su ciently large coupling strength beyond the intermediate regiges(2otal [51]) - like the one
employed for the presented experiments.

In order to fully absorb an input light pulse, the temporal envelope of the storage-assisting control
laser has to be matched to its shap@€. For designing the control pulse, we rst consider the more
intuitive adiabatic regime and introduce two analytic approaches to nd the correct time-varying Rabi
frequency (t) ina -con guration (Sec6.1.]). In Section6.1.2 we use our previously introduced
simulation framework to show the dependence of the storagdgemcy on various pulse parameters. At
the same time, we nd and develop two numerical approaches to optin{izén the fast storage regime,
where the pulse length approaches the cavity eld decay time. One of them relies on the recurring trend
of optimal control(Sec.6.1.3. As a last theoretical remark, the question whether the storage has a
signi cant coherent component is answered in Secidn4

At the end of this chapter, we experimentally demonstrate the control laser-assisted storage of a short
coherent pulse at the single-photon level (Seg). Furthermore, we compare the measured storage
e ciencies for di erent control-pulse parameters with the theoretical expectation.

6.1 Adiabatic and Fast Storage in a Lambda Con guration

In this section, we start with reviewing and extending two prominent storage protocols based on adiabatic
transfer in a -con guration, for whichT C° 1 has to be ful lled (cf. Eg.5.1). For short input

pulses, we nd that a temporal compression of the write pulse and subsequent parameter scans using
our simulation (see CHl) lead to a storage eciency comparable to that obtained by optimal control
techniques. All simulations use the measured parameters of our syste(my;i.¢= 2 (34; 3) MHz,
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Chapter 6 Light—Pulse Storage in Atom—Cavity Systems

whereqy is the weakest coupling strength of the allowdnei!j 2%m; 1i transitions. For now,
=2 25 MHzis assumetl In the discussion of the expected eiencies, the cavity losses are included
with 0ss= 2 16 MHz, such thatigt is once more 2 41 MHz.

6.1.1 Adiabatic Storage Schemes

Dilley et al. proposed an analytical method for nding the control pulse Rabi frequersdy) required

to capture a single photon of arbitrary temporal shape with an atom coupled to a single-sided optical
cavity [136, 187], which is based on the approachioipedance matchind8g: At any pointin time, the
photon re ection on the input mirror (HT) has to be zero. This is expressed in terms of the input-output
formalism [L33, which Dilley et al. implement in the master equation of the coupled atom-cavity system

in matrix form:

Car 0 i p=2
Ce I p=2 1 o .
out 0 0

wherer is the re ectivity of the HT mirror and; denotes again the probability amplitude of the state
in(t) is the running-wave probability amplitude of the electric eld of the photon and normalized

according to Equatiod.7. We heuristically added the single-photon deturing and the cavity losses
loss t0 the original Equation (5) in1[36. From Equatiorn6.1 the analytical expression for the Rabi

frequency

i Ce(t) + ( o+i )Ce(t) GoCg,(t)

p(t) =2 ) (6.2)
with 0
Co,(t) = 'énZ:
Ce('[)=i in(t) ( B;SQ in(t)
Y z,

aa(®= 0 ge) ed)* o in(to) ? 2 ee(to) dt°

is obtained. Here, they introduce the populatig(t) = ci(t)c, (t) of the state 2 gi1;0,;e. They nd

aa: () is given by the continuity balance and by t&king population loss into account. On resonance,
Cg, (1) is real and Equatiof.2is solvable withcg, (t) = ©  g,4,(t). The main e ect of introducing o, 0
is the expected increase in the required driving strength and the necessity of an average two-photon
detuning , 0, which we will discuss later on.

In Equation6.2, physically realistic, nite photons and thus Raman pulses within an int¢@yal] are
considered. The photons may start&moothly with ;,(0) = ,(0) = 0189, but the second derivative
might be non-zero. As a consequence, Equatidryields p(0) cg,(0), 0. From g, (t) it follows
that this is only possible for an arti cial initial population jg;i — otherwise the write pulse diverges.
énother problem in this derivation of is that any excited state decay reduces the total atomic population

i ii» which is prevented in our simulation by including decay channels back to the ground states (cf.
Eq.4.6).

For aT = 100 ns long, sine squared-shaped input pujsg) given by Equatiorb.2and ¢ = joss= 0,

1 In Section6.2we will see that the value in our experiment is actually lower.
2lna -con guration, the appropriate choice is given pyj C° adapted from135.
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Figure 6.1: Comparison of pulse sequences for adiabatic storage of B00 ns long, coherent pulse with a mean
photon numbens = 1 and a temporal envelope given by a sine squared as in Eq&afiofihe simulations are
performed for a -con guration, see Chaptet. (a) The approach of Dillet al. is based on impedance matching.
The typical counter-intuitive order, in which the write pulsg (gray) arrives before the incoming photop
(orange), is obtained from Equatié2. The pulses are normalized and the system parameters are displayed above.
(b) The plot showing the occupation probabilities of the internal atomic statésown, green, purple) and the
cavity mode&¥ai (red) reveals a negligible excited state population and a storageecy of siorage= 57 % for

a coherent input pulse with a mean photon numberef 1. This e ciency also corresponds tg,g, (t = 100ns).
Furthermore, 57 % is the maximum possible state transfer for our cooperdiyiGorshkovet al. derive g by
adiabatic elimination of the excited state. The analytic solution includes a single-photon detgnirdy which
requires a time-dependent adjustment of the two-photon detur{isige). The storage eciency of 55 % is not
reduced by truncating both amplitud€d) Similar dynamics as in (b) are obtained.

we obtain p(t) as displayed in Figuré.1(a) For our system parameters, the initial, false state population
of o= 0:5% is chosen too small, leading tg;(0) , 0. However, as seen in the simulated dynamics of
the atomic states below (Fi§.1(b), the storage takes place during the falling slope of the write pulse.
The actual value of the Rabi frequencytat O is less critical, as long as it is rising ta while the

pulse enter§ In STIRAP theory, there is a three-stage description of a process driven by pulses of nite
support L91]. Here, the prior and post interval do not play an important role compared to the interaction
interval, in which the light and Raman pulse overlap the most.

The simulation reveals another aspect: As desired, the excited state populat®negligible. The
storage e ciency for a coherent pulse with a mean photon nunmges 1 is storage= 57 %, which
constitutes the optimum for our cavity parameters. The probali{tyto nd n photons in a coherent
pulse is ]

ns!ls .
n -’

P
Thus the probability of having one or more photons is calculated toﬁt_)gP(n) =1 P((0)=63%.

P(n)=e (6.3)

% In experiments, the control eld is mostly ramped adiabatically down and up for storage and retrieval, respex3jvied[
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Chapter 6 Light—Pulse Storage in Atom—Cavity Systems

This has to be multiplied by?,., = 90 % as given by Equatiof. 10, which nally results in 57 %. In
fact, in the single-photon limits! 0 (see Sect.1), the simulation fully agrees with the eiency of
95 % reported in1349.

A drawback of impedance matching is, that major losses due to excited state population are accepted,
which negatively aects the transfer delity between the two ground states. To avoid this problem,
Gorshkovet al. nd the optimum pulse by adiabatic elimination of the excited sjateln [135, they
obtain the expression

o= 49 to o in® d ohEe 210+ 2
2 (1+C) N (9Rde
z T

h(t; T) = o(t%9 2 dt%°:
t

We inserth(t; T) into the expression for g(t) and take both the natural logarithm and time derivative to
obtain the complex dierential equation

— in(t) D in(t)2 % : 0 2
=0 im(t) 2" nopaen 0 2avops 3 0 69
= n) o) i M)

In order to solve Equatiofi.4we choose to re-write g(t) in terms of real ( g rdt)) and imaginary part
( .m(t)), which leads to a set of two coupled @rential equations:

GRd) = in() Grd)+2 GRrdl) Gim()

5 ) (6.5)
Gim® = in(t) cml) GRel) cim(®)” ;
with
= 0 "
We nd the solution to Equatios.5numerically, while a congruent analytic expressi@@{] is given by:
o) = §1+ C)+i o - in(t) o i o2 (1+C)] In R;tj (R0 (6.6)
2 @+0) ) o de

Equation6.6does not only tell us the amplitugles(t)j of the write pulse, but also its time-dependent
two-photon detuning (t) = d%arg( c()): In the presence of a large single-photon detuning and
signi cantly di erent Rabi frequencies of Raman and light pulse, the optimum condition for population
transfer is no longer given by a two-photon detuning of z&&o]. Some state transfer concepts, such as
Stark-Chirped Rapid Adiabatic Passa@&CRAP)[L97 and Stark-Induced Adiabatic Raman Passage
(SARP) [L93 even rely on this eect and try to induce a.c. Stark shifts on purpose.

Figure6.1(c)shows the pulse shapes obtained for the previous parameters, but with a single-photon
detuning of g =2 90 MHz, suchthat ¢ > . Towardst = 0, the pulse diverges, but the in nite
part can be truncated without ecting the transfet.We arbitrarily limit ¢ to a peak Rabi frequency

4 Note that the phase has to be unwrapped before taking the time derivative.
5 So the exact value of g and p are uncritical aroundl 0.
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Figure 6.2: We heuristically implemented a single-photon detuninig Equation6.1. Here, we calculate p for

xed values g=0(@)and o=2 90MHz(b). As aconsequence, the peak value increasegto2 106 MHz.
Using this pulse design, we simulate the storageiency in dependence of variable detuningand (see
Eq.4.1). We observe that in the second case an average two-photon detunirgdf 9 MHz is required. At the
same time, the maximum transfer is 53 %. When taking the cavity loggeisito account as well, the transfer is
reduced by the factor®,,,= max t0 36 %, see Equations9, 4.10in Sectiord.1 This is shown in a separate plot

in (b), where sorageis plotted against the write pulse amplitude. A vertical line indicates the maximum storage
e ciency.

0=2 100 MHz with a maximum two-photon detuning=2 85 MHz. The time-varying (t) is
implemented by giving the static Hamiltonian in Equatibfh an explicit time-dependence. The resultant
dynamics of the three-level atom are very similar to the previous case; a storagmey of 55 % is
reached (Fig6.1(d).

As a last remark, in Equatio 6 cavity losses are included by substituti@gvith C°[137).

In summary, we have reviewed two analytical methods to obtain the optimum storage pulse in the
adiabatic regime. The approach based on excited-state elimination treats the case of non-zero single-
photon detuning and suggests both time-varying amplitugét) and two-photon detuning(t). We
already mentioned in Sectidh5that the hereto equivalent phase modulation of the Raman pulse could
be realized by exploiting the residual frequency chirp of a pulse modulator. In fact, the similar shape of

(t) and the intensity pro l§ j? is likely to make a positive contribution. But in our experiment, we can
only control the laser intensity. Therefore we use our simulation and numerically search for an optimum,
static , which can be implemented through the OPLL between pulse and Raman laser. As of now, we
choose to follow the impedance-matching approach of Ditegl,, since it gives equal results for! 0
and does not require truncating the amplitude. We desigft) for o=2 (0;90) MHz and calculate
the storage eciency in dependence of, for both cases. The result fop = 0 is shown in Figuré.2(a)

As expected, at= g we obtain the previous eciency. Figures.2(b)for =2 90 MHz shows that
the transfer success will not fall below 53 %, if the averagesetto =2 9 MHz —which means that
the loss in e ciency here compared to the one using a sophisticated svigap only 2 %.

An estimate for the expected value ofan also be obtained by the @irential light shift ¢ [126]
caused by the pulses. Comparing Equatidhto the classical description of the three-level STIRAP
process 194, we nd that thepumpRabi frequency is given byd3, which allows us to expresg; as:

2 (290)?
4 9
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Chapter 6 Light—Pulse Storage in Atom—Cavity Systems

In our case, the time-varying Rabi frequencies lead to light shifts withif 21.3; 31] MHz, in agreement
with the average value we found simulating the system. Another mefléagidllows to estimate the
center of the two-photon detuning interval directly:

2 cos( 9 é

¢ 8 o 8 2

0
with _
2
0= Zcos!? éié:

rms

(6.7)

Here, msis the rms value of both Rabi frequencies angthe average Rabi frequency of the write
pulse. From Equatior6.7we get . 2 7:2 MHz.

Cavity losses have a detrimentalext. Part of the photon is no longer coherently mapped into the
atom, but lost due to scattering and absorption on the mirror coating. Fégi(t®illustrates the storage
e ciency with and without losses as a function of the write pulse amplitude. In the presengg tifie
transfer is reduced by the factcﬁmxz max 10 36 %, see Equations9and4.10in Section4. L

6.1.2 Storage Ef ciency in and beyond the Adiabatic Regime

The cavity losses are accurately determined by recording the empty cavity spectrum, while the single-
photon detuning is indirectly measurable by characterizing the a.c. Stark shifts via the trap frequency (see
Sec.3.2.2. The atom-cavity coupling strengtly is measured in VRS sweeps. Consequently, we treat
these quantities as being well-known and derive a strategy for obtaining the maximum stocigyecy

in the multidimensional parameter space given by the residual contributing factors: The write pulse delay

, the two-photon detuningand the photons per input pulee To demonstrate that those parameters
cannot be regarded independently, opposing to what is sometimesi@ifhere simulate the transfer
probability as the write pulse amplitude and one of those parameters are varied, while all others are kept
at constant values, which grant maximum storageiency.

In the adiabatic regime, we usey(t) and vary the delay between write and input pulse. Figuséa)
con rms our previous observation that the key aspect of the pulse shape is the falling slope. If the control
laser is switched on too early, the loss in transfer can be compensated to a certain extent by increasing
the amplitude of the pulse. As a side remark, the special case of simultaneously terminating pulses is
pursued iffractional STIRARprotocols, e.g. to create coherent superpositi@a3][

The parametersand p(t) are connected similarly: The pulse causes a light shift, which needs to
be compensated (Fig.3(b). The region of high e ciency is sharply de ned and given by the spectral
properties of the input pulse — the longerthe sharper the two-photon resonance.

In our single-sided system, experimental techniques to calibrate the photon number peg prise
non-applicable, since the cavity transmission is not accesdibk 199. Monitoring the re ection of
near-adiabatic pulses, we cannot distinguish between light which was directly re ected on the HT mirror
and light that leaks out of the resonator. Therefore, we have to detenqibyeobserving the saturation
of thetransfer e ciency yansferfOr many input photons. As a reminder, thi®rage e ciencywe are
really interested in, still has to be normalized by the number of photons retrospectively (se8)Eq.
so when dealing witms , 1, the two terms have to be distinguished. During a storage attempt of a
pulse containing more than one photon on average, the probability of not having a photon is reduced
(see Eq6.3) and cavity losses are overcome. Also decay from the excited state can lead back to the
initial state, from where the atom can interact with the pulse again, increasing the chance of transfer.
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Figure 6.3: The storage and, fay, 1, transfer e ciency as a function of the write pulse amplitude &axthe

write pulse delay , (b) the two-photon detuning and(c) the photons per input pulse. The amplitude is

given in multiples of the peak valuey of  in 6.1(a) All of these simulations are performed in the adiabatic

limit with T = 100 ns.(d),(e) and(f) show the dependency for short pulses vilithe 10 ns. In particular, we
temporally compressp calculated for o = 0. The maximum e ciency in eachl = 10 ns 2-D map can now be
experimentallyfound by two independent, one-dimensional scans, e.gs afd write pulse amplitude, which
makes it possible to calibrate the average photon number per input pulse. A detailed description is found in the
main text.
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Chapter 6 Light—Pulse Storage in Atom—Cavity Systems

In any case, if the write pulse is absent (i.e;(t) = 0), the incoherent transfer will be much smaller
than the coherent one, for any mean photon number we simulate. A more detailed discussion is found in
Section6.1.4 Furthermore, Figuré.3(c)shows thahs can only be obtained, if p(t) is perfectly known.

So far, we have seen that the knowledge of all control-pulse and system parameters is crucial for
achieving high storage eciencies. Unfortunately, some of them are not easily found experimentally,
since a two-dimensional map of the transferaiency has to be measured, e.g. to con rm the number of
input photons. We will see in the following that the fast storage regime, e.g. with pul3es 4D ns
duration, provides a solution. Although(t) can no longer be obtained from Equati®g, any short pulse
of that length can be entered in the simulation to investigate tkeetef the pulse parameters. As a rst
idea, we choose to simply compresg(t) as calculated for g = joss= 0, having in mind thaT C° is
still greater than one. The resulting pulse with shape(t) is used to repeat all dependency-investigating
simulations.

In Figure6.3(d)we see that both an adiabatic and-pulse component contribute to the storage
e ciency. The latter uses the energy exchange between cavity eld and atom in order to map the excited
state population frore to the target statjg,i [135. For increasing write pulse amplitudes, we observe
revivals which we attribute to Rabi oscillations. Besides, the counter-intuitive pulse order as common for
STIRAP processes is no longer the mostient sequence. Instead, the intuitive order, in which the light
pulse is followed by the Raman pulse leads to the highest storagiercy. This pattern is also realized
in the adiabatic regime by tH&STIRAPmMechanism, in which population transfer relies on adiabatic
following of a bright stateZ00Q.

The short pulse is not only less sensitive fdut it also leads to the possibility of nding the optimum
storage e ciency experimentally by rst scanning the write pulse amplitude and second the two-photon
detuning (Fig6.3(e). Thus, only two one-dimensional scans are required instead of the full 2-D map in
case oflT = 100 ns. We see in Figu@3(f) that the same kind of decoupling takes place for the mean
photon number per input pulse, which will allow usto md = 1.

In summary, the simulation provides a robust strategy to determine the optimum storeigaey
for non-adiabatic pulses experimentally. We have to de ne as many parameters as possible in advance.
In order to set the delay between the two pulses, we calibrate the optical path length: The Raman pulse
entering perpendicular to the cavity axis is shone onto the ber tip directly. Part of the light is scattered
into the cavity ber and the time between pulse trigger and arrival at the SPCMs is measured. Likewise,
the coherent pulse to be stored is sent to theasonant cavity, which results in total re ection at the input
mirror, from where it shares the path of the scattered Raman light. We can determine the delay between
both events with a precision of less than half a nanosecond. The two-photon detanthgorresponds
to the carrier transition in our Raman spectra (see ¥i. The remaining unclear parameters are thus
the write pulse amplitude ang, which we can nd by two independent one-dimensional scans. Thereby,
the initial guess fong is given by re ecting the input pulse on the HT mirror and considering the path and
detection e ciency discussed in Sectidn2.4 The start point for sweeping the Raman driving strength
is based on measuring the CW peak transmission of the EOM. Its power is measured before the optical
entrance port of the vacuum chamber, and the beam area is estimated from an EMCCD camera image (cf.
Fig. 2.1), which then allows to estimate the Rabi frequency.

6.1.3 Enhancing the Ef ciency of Fast Storage by Optimal Control

The simple compression of a write pulse calculated for @dint temporal regime might not deliver the
highest storage eciency for short input pulses. Therefore, as a second method, we use an optimal control
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Figure 6.4: Comparison of pulse sequences in the fast storage regime, viher&@ns long, coherent pulse with

a mean photon numbeg = 1 and a temporal envelope given by a sine squared as in Eqiafismapped into

the atomic ground state@) The rst approach is based on temporal compression. As the storage process becomes
non-adiabatic, the pulse order changes agd (gray) follows i, (orange).(b) The plot showing the occupation
probabilities of the internal atomic stategs (brown, green, purple) and the cavity mdd&ai (red) reveals a

signi cant excited state population, which is coherently mapped,t. A storage e ciency of sorage= 27 %

is achieved (cf. Fig6.3(d,e). (c) As a second approach, we employ optimal control techniques and BOPO (see
Sec.4.3) to maximize the state transfer. Only when taking a time-dependent two-photon detuning (blue) into
account, we increase the eiency to 30 %/(d) The dynamics are similar, but the excited state build-up is slightly

favored.

(OC) approach to maximize the state trans&¥]]. The idea is also found in a previous experiment,
where an optimization relying on successive time-reversal iterations to shaipgtihpulse for storage
in an EIT medium 202 was demonstrated.pg. Obviously, this approach does not help providing a
memory for arbitrarily shaped input pulses, e.g. with the natural decay envelope of the quantum dot
emission. Using our BOPO method (see SE8) and Equatiort.11, we thus search for the best temporal
shape of the Raman Rabi frequencyopo(t) to store a pulse of the previous shape.
We nd that in the adiabatic limit, the control pulse shape alternates betwgéand ¢(t) during the
optimization process, which con rms that the STIRAP scheme delivers the optimal pulse sed@djce |
In the fast storage regime, the OC pulse amplitude does not provide a signi cant improvement with
respect to the pulse compression shown in Figurga,b) But in combination with an optimized,
time-dependent(t), the storage eciency increases from 27 to 30 %, as displayed in Figud¢c,d) We
have to keep in mind, that this dérence in e ciency becomes more pronounced when regarding the
single-photon liming ! 0.
To our knowledge, such an investigation of the storageiency beyond the adiabatic limit and in
the presence of a single-photon detuning has not been pursued yety £, concurrent eorts to
exploit optimal control lead to impractical pulse shapes. As discussed in SdcHdnitial parts of
the pulse found in]37] can most likely be truncated. Although they are probably the best numerical
solution, the discussion of the underlying physics is questionable. The divergent pulse is seen as a means
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Figure 6.5: Whether the storage is a coherent process or not can be quanti ed by the coherent storage component
¢ (dashed line) given in Equatidh8. In the presence (brown) or absence (purple) of the Raman write pulse, the

evolution of ¢ and the ground state populatiogg, (solid line) during the storage process is shoya).In the

adiabatic limit, the storage eciency is 36 % vs. 1%, while; = 90 %. (b) For short pulses, the transfer is 27 % vs.

3%, while . increases to 93 %. In both cases, losses through the excited state are kept small, resulting in coherent

storage.

of impedance matching to maximize the transmission at the HT mirror, but it is almost fully switched
o when the photon arrives. A similar numerical artifact was present in Figgd(e)att = 2 ns, but its
suppression reduced the eiency by insigni cant 008 %.

Especially for p(t), the dynamics in Figuré.4(b) resemble a mixture of an adiabatic transfer
between g,g, Using the cavity population and a coherent mappingeefo 4,4, Similarto a -pulse. In
Figure6.4(d) the excited state build-up is slightly favored. It would be interesting to investigate, how the
storage e ciency for the analytical solutions by Gorshketal., which propose a-pulse only, di ers
from the one obtained in our work. However, since we cannot conftpand since we are interested in
showing the e ciency as a function of the aforementioned parameters, we stick to the solution given by
compressed pulsesp c.

6.1.4 Estimating the Coherent Storage Component

In the context of (atomic ensemble) quantum memories, a crucial requirement is the coherent state
transfer between the incident eld state and the atomic ground state superposition. An experimental
approach to verify its success relies on exploiting the de ned phase of the incoming pulse. By sending a
second input pulse of variable phase during the Raman read pulse, interference fringes are observed in
the retrieval e ciency [L9(. For technical reasons, the method is not yet accessible in this work, so we
derive the expected coherent storage component

c— ‘ﬁ% (6.8)
9191 9202

from our simulation. For both discussed scenarios, the target state populggoand . are shown

in Figure6.5. In the presence of the control eld(t) = p(t), an input pulse o = 100 ns duration

is mapped with an optimized eciency of 36 % and . = 90 %. Without the write pulse, part of the
population is still transferred incoherently witkorage= 1 %. In the fast storage regime, the transfer

is 27 % vs. 3%, while ¢ increases to 93 %. In the adiabatic limit, a high degree of coherent storage is
expected for our system, in which the cavity dampinggf and the strong atom-cavity coupling

g keep the excited state population small at any point in time. In the fast storage regime, the excited

6 Not to mention that experiments are not even able to resolve thisetice.
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state population is built up, but transferred to the ground state in a time window much shorter than the
excited state lifetime. Thus in both cases, the losses through the excited state are kept small.

6.2 Fast Storage of Pulses in a Tripod Con guration

In the previous sections, we have developed a strategy to achieve the optimum storage of short light
pulses in a -con guration. For our experiment the theoretical description is very similar but a few
alterations have to be considered. First, the level structure represents a tripod, in which the chosen
initial statej2; 2i is coupled to two cavity modes as discussed in Sectiohand5.1 As depicted in
Figure6.6(a) part of the population is transferredj&0i by the coherent interaction of the two cavity
modesg andg®. As a consequence of this con guration, the optimum transfgt;toli is found for

o= = 0. Second, the value ofin the previous simulations considers only a single input-output
port and is chosen to exceed the cavity losses — in reality, for our resonator the opposite scenario is the
case. The value of = 2 16 MHz for the HT mirror has been determined in Sectioh.4 As the
impedance matching between incoming photon and cavity depends onwesexpect an overall loss in
storage e ciency for the previously discussed, non-adiabatic pulse length=ofl0 ns (sincef C°  1).
Moreover, with oss= 2 25 MHz a signi cant amount of the photons is lost.

The coherent input light pulse shares its optical path with the probe light, as shown in Eig{ire
Here, a 97:3 beam splitter ensures that generated photons are detecieatly. The control laser for
storage and generation is sent alongs[@$ write and read pulses, respectively. The overall sequence
in Figure6.6(c)is very similar to the one for photon generation (cf. Fgl(c), though here state
preparation is performed by sending [yht along the cavity (see Se8.3). Each photon storage attempt
consists of cooling, state preparation and synchronized Raman write and input puigesn@d in,
respectively). After a storage time of ¥, which is simply chosen to exceed the pulse duration by two
orders of magnitude, a Raman read pulse generates a photon as discussed inZChHapieder to
use this process to infer the storageogency, we read out the photon in the adiabatic regime, but on
resonance as well. All steps considered, the repetition rate during the storage part of the sequence is up
to 1.5 kHz. An exemplary, complete data trace for a single atom, recorded by the SPCMs, is shown in
Figure6.6(d)with 1 ms binning.

For an o -resonant cavity ,.. 0, Figure6.7(a)displays the normalized detection events for an

input pulse i, exp2 with on averag@sexp = 2:1 photons being re ected othe HT mirror. For each data

point, the error bars correspond to the Poissonian error. With the cavity on resonance, we perform three
di erent experiments: The rst consists of the full storage protocol, the second is without a write pulse
and thus indicates the incoherent state transfer caused by optical pumping due to the input pulse and the
third uses neither write nor input pulse, which constitutes a measure of false state preparation. From the
ratio of the integrated detection counts, we obtain a coherent storage component &) (%8 while

our simulation predicted 95 % according to Equatiof.8. Remarkably, the generated photon shape is
now explicable by our simulation — for slightly dérent system parameters than assumed. The t based

on Equation.12is successful for a reduced coupling strengtly of= 0:7 go. The origin of the now
excellent agreement between theory and experiment is not yet entirely clear, but it could be connected
to the single-photon detuning of = 0, which forms a cleaner tripod system than in Chaptéihe

level con guration with its two cavity modes is also the reason for the shorter output-pulse length of
T 80 ns, although we aimed for 100 ns (cf. Fig2(b)).

" Technical advancements over the past months could also contribute, e.g. improvements on the pulse suppression by
positioning the EOM pulses at the very end of the AOM windows.
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Figure 6.6:(a) Photon storage in a tripod con guration. An atom prepare;in 2i is not e ciently transferred to

j1; 1i by the write pulse (gray), since the coherent interaction with two polarization cavity mggdeg(red

and light orange) maps part of the populatioi2®i. Subsequent photon generation with a read pulse indicates
successful storage. Our simulation predicts the highest storagercies for o = = 0. (b) The weak coherent

laser pulse shares its path with the probe light. A 97:3 beam splitter (BS) ensures low losses for generated photons.
The initial Zeeman state is prepared usinglight (orange).(c) Flow diagram of the experimental sequence for
photon storage. The loops sum up to 1000 storage attempts per 4 s sequence time. Within the actual pulsing
window the rate is up to:B kHz. (d) A typical measurement trace for the sequence in (c) (andFlgc). The
atom-cavity system is probed with a weak laser and the cavity re ection is recorded by both SPCMs. The summed
photon detection events are binned with 1 ms. In the photon storage window, the bins mainly contain background
counts (Raman-scattered lock laser light, SPCM dark counts). The presence of an atom (feedback transport, atom
check) is indicated by a detected count rate &0 kcps. Note that during the VRS sweep, the probe light almost
becomes resonant with the atom-cavity systen3@ kcps).
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Figure 6.7:(a) The input pulse i, exp2 is re ected o the HT mirror (o -resonant cavity). Correlating the SPCM
counts with the pulse trigger reveals the sine squared shapé.@xgf T = 10 ns duration (black, solid line). For
comparison, the atomic excited state decay with a time constagtoR6:2 ns 8] is shown (purple, dashed line).

In the photon storage experiment, the write pulsg; (gray, solid line) is applied with a delay of#ns to realize

the intuitive pulse order required for optimal, non-adiabatic storage. After a storage time o Raman read

pulse e (gray, solid line) generates a photon after the full storage protocol (black dots), from the incoherently
transferred population in the absence of a write pulse (blue dots) and due to false initial state preparation (green
dots), from which we infer a coherent storage component of (39%, details see main text. A successful t based

on Equationt.12(red, solid line) indicates an atom-cavity coupling strengtgof 2 22 MHz. (b) Simultaneous

t of one photon-number, two write-pulse amplitude and one pulse-delay scan to the transfeney simulation

of our system, with the relevant parameters listed above. The error bars indicate the standard deviation of the mean
value. From the t, we extract the storage eiency swprage= (8:2 0:9) % for a coherent input pulse with an
average photon number nf = 1. Points towards higher write pulse amplitudes (gray) have been excluded from

the t. A detailed description is found in the main text.
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In order to determine the storage eiency, we follow the approach found in Secti®ri.2and simulate
our system for its parametefS: ; ; 10ss ) =2 (22 16;25;3) MHz and an atom ifj2; 2i. In both
the simulation and the experiment, the intuitive pulse order is realized with a delad § Avhich is the
optimum delay for the originally measured atom-cavity coupling strength oB2 MHz. For the actual
value of 2 22 MHz — and future storage attempts —= 6 ns is the best setting. Since our simulation
only considers impedance matching and assumes perfect spatial mode-matching, in the following our
calibration of the photons per pulse in the experiment compensatetee Sec5.2.4). The photon
numbers are set by monitoring the-oesonant cavity re ection and counting the photons per pulse with
the SPCMs.

In our experiment, we rst scan the peak Rabi frequeneyy, of the write pulse, while a pulse
containing on averagesexp = 10 photons is stored. The measurement is repeatatfos = 1. As can
be seen from the simulation in Figuse7 (b}, a clear peak in the transfer eiency is identi ed. Thus, at
themeasurednaximum, we vary the mean number of photons contained in the input pulse while keeping
the amplitude of p¢ xed. Also, for ngexp = 1 and the same p c we change the relative delay exp
between input and write pulse. In all cases, transfeciencies given by

retrieval

transfer, exp—
state generaton HT mm path det

are measured (cf. E§.6). Here, (errievaliS the probability of detecting a photon after a triggered storage
and generation 100pstate= (95:8 0:1) % is the state preparation eiency discussed in Secti@3and

the other factors are listed in Sectibr?.4except for the on-resonance generatiorcency generation
which is assumed to reach its maximally possible value of

c &
Co+1 gzt * total

= (80 5) %:

This assumption is legitimate for two reasons: First, the quantities entering the formula are obtained from
our previous t and the robust cavity bandwidth measurement. Second, we have increased the Raman
power during the read-out to prevent residual populatiof in 1. This can be seen in Figuée7(a)

where the generated light-pulse duration is actually shorter than the read pulse.

The recorded eciencies of all four scari$ are simultaneously tted to our simulated maps using the
model

transfer = transfer, exp+ 0

and a method similar to those described in Secfi@ A wrong estimation of the losses along the optical
path andor an error in the estimation of the photon generatiortiency is corrected by, while the

0 set gisindicating e ects such as imperfect state preparation. At the same time, the estimated Rabi
frequency of the Raman laser is corrected with and the photon number wifly while a timing error is

8 Note that the density matrix for a tripod system with 19 Fock states per cavity mode is extremely large. As a consequence,
the resolution in Figuré.7(b)is reduced in comparison to previous simulations.

9 The F-state preparation eciency (Sec3.3) could be used to determingenerationvia the measurement with absent write and
input pulses, but in our case it is &ted with large errors.

10 Note that they have been recorded in independent measurements over a time period of one week, which points at a high
reproducibility of the presented measurements.

11 Necessary because of false estimations of path losses and beam size, or due to a sprgatbosty.
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taken into account with the et o: .
0= O;exp
Ns =N Ngexp

= expt o0

For the combined tin Figures.7(b) we obtain™ = (0:8 0:1), o= (0:5 0:1) %, T = 07 01),

o= (0:6 0:2) ns and most importantliy = (1:1 0:1), which con rms that we are accurate in our
estimation of the mean photon number per pulse. Peak Rabi frequencies aboveg (s = 10) and
45 o (ns=1) are neglected in the t. The signi cant deviation in eiency might be explained by a
two-photon Rabi frequency distribution due to dirent atom positions in the 3D dipole trap. Also, it
could be related to an incoherent storage contribution that scales with the number of input photons, since
the peak-to-deviation ratio in the two measurements changes. As a next step to resolve this issue, more
data should be recorded to make use of our post-selection capability.

Nevertheless, for low photon numbers the deviation from the expected parameters is remarkably small.
Hence, the storage eiency for a spatially mode-matched coherent pulse with an average photon number
ns = 1is found to be storage= (8:2 0:9) %, while theoretically we expect®%. Post-selection on
the atom-cavity coupling strength of well-con ned atoms should lead to the observation of up to 12 %
e ciency. If one is interested in the eiency of storing a photon impinging on the HT mirror, the value
has to be multiplied bymm  0:6. The results can be compared to other atom-cavity systems, although
one has to keep in mind that the losses and average coupling strength are not given in de@jlthe [
storage e ciency for a 2 s long pulse is given as 5% (up to 77 % expectéd), while in [190], for
an input duration 200 ns a value of 3 % is found (up to 98 % expect&l. In comparison, we do
not only obtain e ciencies that almost reach the predicted value, but also store light pulses which are
temporally shorter by more than a factor of 40, which is even shorter than the time constant of the atomic
excited-state decay. We fully understand the origin of the measuretdpcies and are nally able to
give the overall quantum memory €iency of our system, which is

memory = storage ﬁ']m HT  generation= (0:9 0:1) %: (6.9)

Here, we have to keep in mind that the input state has not yet been recreated, since both photon statistics
and temporal envelope of the light pulse are altered.

In conclusion, we have coherently stored a weak, sine-square shaped pulse with on average one
spatially mode-matched photon and less thiar 10 ns duration in our atom-cavity system. The
e ciency of srage= (8:2 0:9) % is close to the expected value for our high-bandwidth cavity and a
tripod con guration. The storage process exhibits a coherent componen8@®6, which is crucial for
the phase-sensitive storage of photons in atomic ensembles. Our simulation describes the dependency on
write pulse parameters accurately, which allows to adjust the pulse settings for optimal storage in the
next experiments. In the near term, the main focus should lie on improving the con nement of atoms to
increase the atom-cavity coupling strength. Furthermore, foican guration, the expected storage
e ciency increases by almost a factor of 2, which suggests to change the employed level scheme. In
the long run, the implementation of low-loss resonators with higher bandwidths in combination with an
increase of the light-matter interaction by placing atomic ensembles within the cavity mode will improve
the storage eciency signi cantly. This will also allow to demonstrate the storage of even shorter pulses.
Consequently, real single photon sources, such as quantum dots, can provide the input eld. Therefore,

12 Assuming a loss-free, single-sided cavity and the given atom-cavity coupling strengths.
13 Both mirrors are used for input-output coupling.
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in the next chapter we make a step towards realizing hybrid experiments involving a quantum dot by
showing how they can be referenced to atomic transitions.
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CHAPTER [

Frequency—Stabilizing Quantum Dots to Atomic
Transitions

miconductorguantum dots (QDs) are promising building blocks for photonic quantum com-

puting [204], quantum communicatior2p5, 206 and applications in distributed quantum net-

works [207]. With recent e orts, not only are QDs able to emit high-quality single phot@QsSt

210 and entangled photon pair$46, 211-215), they also match optical transitions in neut-
ral atoms P16-218. These constitute important elements in envisioned quantum repez@ e
‘quantum hybrid systems'[80, 183.

Interfacing the two platforms requires a stable emission frequency of the QD, which is sensitive to sev-
eral external perturbations, including temperat@® 220 as well as electricj21-223, magnetic 12,
224 and strain elds p25-227]. While these phenomena lead to spectral wandering of the QD emission
over long timescales, they also provide means to ne-tune and match the emission frequencies using
active frequency feedback3, 34, 229.

In our collaboration with the research group of Prof. Oliver G. Schmidt at the IFW Dresden, we
simultaneously stabilize the emission frequency of two separate QDs via strain tuning of the host
substratesq25, 229. For this purpose, a rubidium-based Faraday Iter serves as an absolute frequency
standard for distant nodes and acts as a tunable frequency discriminator at atomic transitions of rubidium,
a prominent quantum memory candidatd][ The frequency-stabilized emitters thus become suitable
single-photon sources for our ber-based atom-cavity system which provides the high bandwidth needed
to interact with short light pulses (as discussed in §hOur e cient feedback scheme, for which only
a weak photon ux is necessary, along with the introduction of a common and reproducible standard,
paves the way towards quantum networks with distributed, indistinguishable solid-state erijjtters [

In this chapter, we brie y introduce quantum dots as single photon sources and characterize the spectral
guality of their emission, before we look at their experimental implementation in more detail’/($ec.
Then, the frequency discriminator (S&c2.1) and the rate-based feedback technique (%&c2 are
explained. Subsequently, the feedback quality is analyzed {S2§. As a benchmark, we show
an improved long-term two-photon interference (TPI) visibility of the frequency-stabilized QDs in a
Hong-Ou-Mandel experimen2]9, 230-237 (Sec.7.3). The presented results are adapted frépapd
constitute a signi cant step towards our goal to obtain deterministic and stable coupling of single photons
to rubidium-based quantum memaories.

57



Chapter 7 Frequency-Stabilizing Quantum Dots to Atomic Transitions

7.1 A Brief Introduction to Quantum Dots

A quantum dot is a small solid-state structure which allows the three-dimensional con nement of charge
carriers on the order of their de Broglie wavelength (typically several nm). The associated quantization of
motion results in discrete energy levels, which is why QDs are sometimes referred to as ‘'arti cial atoms'.
These discrete states, along with the Pauli principle, make them ideal, on demand sources of pure single
photons without multi-photon components. In order to trigger the emission, an electron is excited to a
higher level and leaves a hole behind. This bound state is called an exciton. Depending on the lifetime of
the excited state and optical selection rules, the pair recombines under the emission of a photon.

Other competitors, such as atom-cavity syste&i} r spontaneous parametric down-conversion
sources 233 o er advantages in terms of coherence, but their emission rate and brightness cannot
compete with those of QDglp]. Another advantage is the integrability and scalability of solid-state
technologies.

The GaAgAlGaAs QD samples in this work are grown by solid-source molecular beam epitaxy and
in situ Al droplet etching, which leads to the formation of nano-holes with high symmetry. The holes
are subsequently lled with GaAs and overgrown by AlGaAs, which results in a variety of isolated QDs
(Fig. 7.1(b), of which many emit close to the rubidium Bransitions P16. Then, several QD-containing
nanomembranes are obtained using wet chemical etching and are bonded to a piezoelectric actuator
(0.3 mm PMN-PT) via a ip-chip transfer proces&dy. Precise emission wavelength control is achieved
by applying a voltage to the actuator.

The QD samples (QD1 & 2) are placed in two separate He crydstbtsK to avoid thermal excitation
of phonons. A Ti:sapphire laser with 3 ps pulse length and 76 MHz repetition rate is fed through a
grating-based pulse-shaping setup for spectral narrowing. The light is then used to excite both QDs to the
biexciton state (XX) with a resonant two-photospulse P36, which ensures precise temporal control
over the emission as it is required for TPl measurements. The ne-structure spitohthe exciton
state (X) leads to two cross-polarized XX decay channels, which are followed by the respective X decay,
see Figurer.1(c)[237). For symmetric dots or, more general, symmetric electron wave functions in
orthogonal directions, the ne-structure splitting vanishes. As a consequence, the which-path information
is erased and entangled photon-pair emission is obse®iét [

For the best control over the photon emission, we chose the XX photons and use strain tuning to make
them compatible with th®, line of rubidium at 795 nm. Additionally, we select only one XX channel
by polarization ltering. The respective emission spectra of both QDs are shown in Fidu(

In order to calculate the expected Faraday Iter transmission (6&cl) and photon indistinguishab-
ilities (Sec.7.3) the emission of both QDs is characterized. Fluorescence decay measurements reveal
lifetimes ofTiQDl) = (155 1) ps andTiQDz) = (187 1) ps. Using a Michelson interferometer,
the coherence timé&, and thus the Lorentzian linewidthof the emitted photons is determinezBR
239. QD1 exhibits values of {°°Y = (153 1) ps and (@D = (2:08 0:01) GHz, and QD2 of

T2 = (123 4) psand P2 = (259 0:08) GHz.
7.2 Frequency Stabilization of a Single—Photon Source
In this section, we introduce the building blocks for frequency-stabilizing a single-photon source step-

by-step. A Faraday lter is used as an atomic reference for frequency discrimination, and the amount
of transmitted photons in a given time interval is used to determine deviations from a frequency set

1 E.g. electrical triggering of single photons has already been demonst?ad [
2 A ow-cryostat as shown in Figurg&.1(a)(CryoVac KONT) and a closed cycle cryostattfocube AttoDRY 1100
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7.2 Frequency Stabilization of a Single—Photon Source

Figure 7.1(a) Photograph of a GaA&IGaAs QD containing nano-membrane on a piezo-electric actuator. The
copper baseplate beneath the sample is connected to the cold nger of the helium- ow cryostat. A solid immersion
lens (top) in combination with a high-NA objective (bottom) allows for single-dot addressing aciére photon
collection. The black fragments are as-grown reference samples (wafer pigmesjomic force microscope
(AFM) image of nano-holes in AlGaAs, which are to be lled with GaAs and capped with another layer of
AlGaAs [216. The obtained quantum dots have a lateral extent below 100 nm. The QD densi§1f m?

allows to select one out of thousands for a measureni@m two-photon excitation scheme resonantly addresses
the biexciton state (XX), which decays via the exciton state (X) by emitting two consecutive photons (XX and
X). The ne-structure splittings of the X state leads to two cross-polarized XX-X decay channels (H an@)/).
Emission spectra of two separate GaN&aAs QDs, whose XX emission frequencies are tuned in resonance with
the rubidium O transition using piezo-induced strain elds. The scattered excitation laser is partially suppressed
using notch Iters. The data in (b) was kindly provided by Robert Keil.
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Chapter 7 Frequency-Stabilizing Quantum Dots to Atomic Transitions

Figure 7.2: Experimental setup for two-photon interference (TPI) between separate, frequency-stabilized quantum
dots (QDs). A pulsed Ti:sapphire laser resonantly excites the XX state of QD1 and QD2, positioned in separate
cryostats at 4 K. Grating-based spectral Itering (SF) is applied to reduce the laser linewidth. A ber-integrated,
tunable delay adjusts the excitation to match arrival times of XX photons at the subsequent TPI setup. Both QDs
are mounted on piezo-electric actuators for strain-induced emission frequency control. In each setup, the XX
photons are collected using a confocal microscope, with the addition of a solid immersion lens (SIL) for enhanced
extraction and a half-wave plate (HWP) and polarizer (Pol) for polarization Itering. A fraction of the signal is
branched o by a HWP and a polarizing beam splitter (PBS) and sent through a Faraday lter setup. It consists of a
heated, natural-abundance rubidium vapor cell in a longitudinal magnetic eld, enclosed by two crossed polarizers.
A coil current supply and a temperature controller enable tuning of the Iter transmission features (S€é)Fig.

The transmitted XX photons are detected by single-photon counting modules (SPCMs) 1 & 2 as signal inputs
R(t) for two digital proportional-integral (PI) controllers. Feedback voltaggsare generated and applied to

the piezoelectric actuators for QD frequency stabilization. An additional Rb vapor cell in the signal arm of QD1
permits characterization of frequency drifts independent of the Faraday Iter. The remaining XX photon streams
are sent to the TPI setup, consisting of a beam splitter (BS), monochromators (MCs) and SPCMs 3 & 4. A HWP in
one input arm is used to set the photon (in)distinguishability with respect to the polarization state.

point. This allows to apply a correction signal via strain-tuning of the QD host material, resulting in a
stabilized emitter frequency. The whole setup is displayed schematically in Fidlitdere, we focus
on the components required for feedback, while the TPl measurement and the corresponding setup part is
described in Section.3,

It is worth to emphasize that not only QDs, but any single-photon source emitting at an atomic
transition frequency may be stabilized with our feedback approach based on atomic line Itering and rate
estimation.

7.2.1 The Faraday Filter as an Atomic Reference

The signal for frequency discrimination is provided by the Faradagce Light traveling through a
dispersive atomic vapor will experience a polarization rotation, if a dc magnetic eld is applied parallel
to the propagation direction and if the frequency of the light is close to an atomic transition. Adding
crossed polarizers before and after the vapor cell ensures that only the narrow frequency bands with a
90 polarization rotation are transmitted with a high@ency. Such a setup is referred to dsasaaday
Anomalous Dispersion Optical FiltdFADOF) [240, 241].

Using a narrow-band laser at 795 nm, in Figur8 we illustrate the dierence between simple
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7.2 Frequency Stabilization of a Single—Photon Source

Figure 7.3: A weak, narrow-band laser is used to charactézn absorption spectrum al) a Faraday Iter
spectrum, for which only an additional, crossed polarizer (Pol) before the photodiode (PD) has been introduced.
Both spectra are measured in the presence of a magnetic égof40:2 mT. The ts (red lines) are carried out

with the softwareElecSug242. The detuning is given with respect to the weighted line center of the rubidium D
transitions. In the absence of a el@{= 0 mT) the expected transmission is also shown (dashed, black lines).

absorption spectroscopy (a) and Faraday Itering (b). The latter depends on both temp€rahae
axially-applied magnetic eldBy. These settings in uence the transmission level as well as the overall
spectrum in terms of peak positions and widths. In combination with spectrally broad emitters, having
only two high-transmission features becomes advantageous, as we will see inFigure

The magnetic eld is generated by a homemade coil, which encloses the Rubidium vapor cell.
Temperature adjustments are realized by a heating strip around the cell that avoids building up a magnetic
eld (see schematic Iter in Figur€'.2). Since Joule heating by the coil also contributes to the overall
temperature, we counteract this sideset by regulated water cooling. To a certain extent the dissipated
heat is desirable: A higher temperature leads to a higher lter transmission. However, the temperature
cannot be set arbitrarily high; we are limited to 85. Then rubidium condensation occurs at the vapor
cell windows, since the core temperature of the cell becomes higher than the window temperature.
Figure7.4(a)shows the resulting drop in Iter transmission for:20nT and 85 C.2

To compare measured Faraday Iter spectra for giBgandT settings with the expected ones, we
use the softwar&lecSug242 to calibrate the conversion from coil current to magnetic eld and, more
importantly, the absolute frequency axiecSusalculates the electric susceptibility of alkali-metal
vapors P44 to predict their absorptive and dispersive properties. The model includsdsesuch as
dipole-dipole induced linewidth broadeninggg and axial magnetic elds347). The software is based
on Python(v2.7) and has a GUI which simpli es data tting, for which we leave free parameters for
By, additional broadening and the incident angle of polarization, whereas e.g. cell length and isotope
abundance are xed. From the parameter scan in Figutewve conclude that the recorded temperatures
at the sensors close to the windows are not re ecting the actual temperature at the core of the cell, as for
high magnetic elds the transmission is lower and the feature width higher than expected. This points at

% To point out a more extreme case: Starting d@20 C [243, absorption processes referred to as ‘curing' take pladd][
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Figure 7.4:(a) Filter transmission as a function of set temperafli@nd applied magnetic eldy. The lled

circles are measured transmission values for the leftmost peak in the Faraday Iter transmission (5&€tFig.

The expected values are interpolated and displayed in the backgi@)ithe width of the peak, which we call
thelock feature in dependence of the same parameters as in (a). We observe that despite the recorded temperatures
at the sensors close to the cell windows, Joule heating of the magnetic eld coil causes an even higher core
temperature, which results in lower transmissions (rubidium condensation) and higher feature widths than expected
(Bx = 40:2 mT). (c) Frequency tunability of the central point on the falling lock-feature slope around rubidium
transitions (cf. set pointin Fig. 7.5(b). Besides the coarse tuning via the temperature, tuning the magnetic
eld allows to shift the transmission peak of the lIter, and thus the frequency set point of the stabilized emitter,
accurately to a desired frequency near an atomic hyper ne resonance of the rubigdiime B with 246 MHz/mT.

As a convenient side &ct, the width of the transmission peak changes witB #Hz/mT and can be adjusted to

match the linewidth of the QD.

the aforementioned condensation of rubidium.
After understanding the working principle of the lter and its characterization using a laser, we now
look at the transmission properties of the photon stream emitted by a QD. As depicted inFiyare
part of each emission is directed to the Iter. The expected transmidsigris given by a convolution of
a narrow-band, weak laser transmissignwith the broader spectral emission pro f¢ ) of the QD,
that is obtained from a coherence time measurement using a Michelson interferometérs(&ip.

Too()=(Tc f)():

Figure7.5(b)shows the expected curve Dfp, along with the measured frequency-tuned transmission

of QD2. For a transmission peak close to the desired set frequendhe slope aroundsgServes as

the error signal for frequency stabilization. Changes in frequency are directly translated to a variation of
the FADOF transmission.

The coarse set point is chosen by the appropriate isotope abundance of rubidium. The set point of the
stabilized frequencyset shown in Figurer.5(b)has been selected for interfacing the XX photons with
theF = 2 to FO= 1; 2 hyper ne transitions of the Pline of 8’Rb (¥S1» ! 5%P1=) only. In this case, a
natural isotope abundance is required. If one is interested in addréssirigto F° = 1; 2 instead, a pure
85Rb vapor cell is the right choice, as can be simulated straightforwardBAéttSus The settings for
transitions at the Bline (780 nm) are found likewisg.

Further adjustments to the set point are possible using the set temperature of the lter, se& bigire

4 Experiments involving th&Rb isotope could also address efg= 3 to F®= 2;3 at 795 nm using a puféRb vapor cell,
while F = 2 to F®= 2; 3 would be technically challenging due to a fairly low Iter transmission at the appropriate set point,
which is at the beginning of a slope.
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7.2 Frequency Stabilization of a Single—Photon Source

Figure 7.5(a) The coherencg®( ) of XX photons emitted by QD2 is measured using a Michelson interferometer.
From a t (dashed, black line) to its absolute value we extract the coherencé’ﬁ?ﬁ@ = (123 4)psandthusa
Lorentzian linewidth of (202 = (259 0:08) GHz, which has to be taken into account in the spectral emission

pro le f( ) of QD2.(b) Faraday- lter transmission spectra measured with a weak, narrow-band laser (solid, black
line) and with the frequency-tuned QD2 (red line). A convolution of the laser transmissiorf (vjtlof QD2

(dashed, black line) is used to model the QD transmission. The detuning is given with respect to the weighted line
center of the rubidium Ptransitions. The set point for the TPl measurement (Fig. with the reference photon

rateRset = R( sep) IS highlighted. Frequency deviations are detected according to Equatio®nly relatively

weak photon streams (here: 6000 photons per second) are required to stabilize the frequency. The vapor cell was
kept at a temperature of 8& and the magnetic eld was set to 40 n(€) Rubidium hyper ne transitiong& ! F°

are addressed by coarse adjustments of the set tempeFfaamek ne-tuning of the magnetic eldy. For di erent
temperatures anBy = 29.5 mT, the maximum set point slopes are marked, along with the windows over which the
slope decreases by less than 10 %. Stabilizing the frequency to other atomic resonances is discussed in the main
text.

For ner tuning, the magnetic eld is sucient, as shown in Figuré.4(c) Simultaneously, the width of
the transmission peak can be adjusted to match the linewidth of the QD.

In conclusion, we nd that the Faraday lIter delivers a reliable set point for any desired wavelength
that addressé¥Rb D-line transitions, including expedient detunings. Furthermore, in any interfacing
experiment, the hyper ne transition of use is most likely xed, such that an intermediate exchange of
isotopes is obsolete.

7.2.2 Single—Photon Based Feedback Algorithm

The SPCM photon detection raRge: = R( sef) Serves as the reference for frequency feedback. The rate
R(t) of photon events at the SPCM can be written as:

RO =R(®) T ool (1) Rep; (7.1)

which depends on the time-varying center frequer(€yof the QD's spectral emission pro le and its
emission raté&gp. By inverting Equatiory.1, the instantaneous frequency deviation from the set point

) () setcan be determined, using the observed detectiorR@feln practice, deviations from
the set point are kept small by the feedback loop and the linearized relation:

1

dr
d set

R; (7.2)

Q.
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Chapter 7 Frequency-Stabilizing Quantum Dots to Atomic Transitions

with  R=R(t) Rsetprovides a good approximation.

In order to obtain an error signal for feedback, a simple, empirical algorithm is implemented to estimate
the underlying scattering rate at any point in time. Motivated by the fact that photon events lying further
in the past convey less information and should thus be given lower weight with time, an exponential
smoothing lter is chosen to estimate the count i&g. The digital implementation is similar to a rst
order low pass Iter and described by the pseudo-code:

Restimaten+1 = Restimaten d+ B i

where B = 1, if a photon arrived
0; else;

with the decremerdl = e oce™ e and the incremerit= (1  d)= cycle. Here, cycleand ier denote the

cycle time of the digital loop and the chosen integration time of the lter, respectively. Instead of using a

discrete averaging windovi2Rg], our algorithm represents an in nite impulse response lIter and thus

features a smooth frequency response.

There are two important aspects for rate-based frequency estimations: The rst one is the correct
detection of variations in the scattering r&@) from the stochastic train of photon detection events
observed by the SPCM. We measure the free-running QD frequency-noise power spectral déasjties [
on the rateR(t) to determine the frequency at which the QEf dnoise is exceeded by detection shot noise.
Then the feedback bandwidth of the control system is set to a frequency well below (sé&Eg).

The second aspect is the distinction between rate variations due to frequency drifts and due to intensity
changes in the QD emission. The latter could be compensated by adjusting tReyaith respect to
a rate measurement before the Faraday Iter. Another possibility is creating a dispersive error signal
by taking the di erence of the orthogonal circular components of the lter transmissid@ [ In our
experiment, QD intensity uctuations due to sample drifts are taken into account by selecting data
windows in which the count rate after the TPI setup is stable.

The rate estimation algorithm as well as a subsequent standard digital proportional-integral (P1)
controller are implemented oneld programmable gate arrayFPGA)°® usingLabVIEW[249. The
generated correction signal is sent to the strain-tuning piezoelectric actuator beneath the QD via a
high-voltage ampli er. Due t@iezo creepa certain set voltage on the piezoelectric actuator does not
result in a constant strain in the QD membrane. The strain slightly changes over time and therefore
results in a frequency drift, which is compensated by the implemented stabilization.

7.2.3 Characterization of the Feedback Quality

For locking the QD emission frequencies, small count rates of Belyyp1 = 3600 cps andRsetop2 =

1500 cps are used. Figures(a)shows the frequency drift of QD1 for the frequency-locked and free-
running case over a duration ®f= 40 min. It is determined by measuring the photon transmission
through a separate, heated rubidium vapor cell (see/E2y.which constitutes an out-of-loop measure-
ment of the frequency drift. Frequency-stabilization leads to a constant frequency within a deviation of
< 30 MHz®, which is less than 1.5 % of the linewidths of the QDI GHz). In the free-running case, the
frequency detuning (t) increases over time, following a logarithmic law known for the displacement

5 National Instrun}?nts NI PXI-7842&ard

® Calculated using 2 N to exclude the detection shot noidéis the average count number f08.5 s binning times and
n IS the corresponding standard deviation.
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7.2 Frequency Stabilization of a Single—Photon Source

Figure 7.6:(a) Relative emission-frequency drift over time for QD1 in frequency-locked and free-running state,
obtained by an out-of-loop measurement of the transmission through a separate Rb vapor cell. In the stabilized
state the frequency is kept constant within a deviation of less than 30 MHz, which is below 1.5 % of the emission
linewidth. The free-running state reveals a frequency drift dysidmo creepwhich is tted by a logarithmic
function. (b) The relative intensity nois8gy of the free-running quantum dot emission (solid, blue line) after
the out-of-loop frequency discriminator is calculated according to Equéatiband allows to determine the
maximum possible feedback bandwidth (BW), which is the intersection polQfwith the shot noise level
(SNL) (dashed, blue line). The point at which the frequency-locked emiSsign(solid, red line) is no longer

lower than the free-runnin§g,y indicates the chosen feedback bandwidth (dashed, red (g)e)heoretically
expected evolution of the TPI visibility (t) considering the frequency drift shown in (a). We use the experimentally
determined lifetimed; and coherence timés of the two separate QDs to modéft). While the visibility stays
constant in the frequency-locked case (red line), for free-running QDs it dropsvgut = 0 min) = 40 % to

Viee(t = 100min) = 25 % (dashed, blue line). The solid blue line represents the time-averaged visibility with a
coincidence integration window of 40 min as used for the experiment in Figi(e)

change due to piezo creepd(:

M= o 1+ |0g10('[ to) :

Here, o denotes the frequency detuning 1 minute after a certain voltage is applied to the piezo at a time
to, and describes the rate of the piezo creep, which depends on the applied voltage and the piezo load.
The displayed data in Figurg6(a)is in good agreement with the model.

As a next step, we use the traceNbinned photon detection evensto determine the frequencies
of the underlying uctuations and drifts. They can only be detected up to the point, at which the photon
detection shot noise starts dominating the relative intensity noise (RIN). For a given colRtrate t,
this shot noise level (SNL) is given by:

2
SNL= — 7.3
R (7.3)
in analogy to the shot noise for electric currents.

We determine the shot noise-limited bandwidth by rst calculating the power spectral d&ggty)
from the count rate uctuations in the time domain:

1 _h
Sma)=#p ?Ejmon ;
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whereE denotes the expectation value and!") is the truncated Fourier transform given by:
Z 5
()= x(t)e "ldt:
0

Using! = 2 f and the discretization of the time varialbl§ this expression can be re-written as:

1Y = N 2ifn t
frt)=" xg, ) e
n=0 =X
and | | “
)'ZT K = AT E = t Xn € 2 ill\t(
t N T =0
=DFTk[x] t;

with k= %; :::% 1 being the Fourier components. Thus the power spectral density is given by:

2

A k i .
S (| ) — XT “tN — JDFTk [Xn]JZ ( t)2 .
XX\ * T T .
To obtain the relative intensity noise (RIN), one needs to normalize by the average count sumber —
hxni 2 (12
S DFTk = t .
Srin(! ) = o = : (7.4)

For di erent temporal lengthE of the photon trace and binning sizesas well as intensities, in the
limit of high frequencies, Equation.4 has to lead to the SNL given by Equatidrs.

The Sg)n in Figurer.6(b)shows an £f behavior which leads to an intersection point with the SNL.
This crossing indicates that a feedback bandwidth higher than 300 mHz would add additional noise to
the quantum dot emission frequency. At the set poilR@fop2, depicted in Figuré.5(b), we choose
30 mHz by adjusting the digital Pl parameters — one order of magnitude smaller than the limit. In
Figure7.6(b) this can be seen at the point, where the frequency-locked emission no longer exhibits less
noise than the free-running one (for an extrapolated equal SNL).

To conclude, the feedback bandwidth is determined by the amount of photons branchad o
frequency discrimination. The brighter a single photon source is, the more frequency noise can be
suppressed. While narrowing the spectral emission pré(lg is rather unfeasible, our available rate
of photons for frequency stabilization is saient to generate an ideal frequency overlap between the
two photon streams, as we will see in the next section. It is important to point out that the bandwidth
is not limited by our feedback scheme, but mainly by the available rate of photons. Quantum dots in
general have shown emission rates of up to several tens of Megadgrt¥\ith extremely high rates, the
limitation in our approach is given by the piezo-electric actuators which are able to react to modulations
up to the kHz regime.

" This step is necessary, since we numerically calculate the Fourier transformation with the SciPy module in Python.
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7.3 Two—Photon Interference from Separate Quantum Dots

In this chapter we show an improved long-term two-photon interference (TPI) visibility of two frequency-
stabilized QDs in a Hong-Ou-Mandel experintfenBefore we actually compare the visibility for
stabilized and free-running emission, we estimate the ideally expected TPI visibility. In Sédtibie
lifetimes of the XX statél'; and the coherence timd@s of the respective photons have been determined

for both QDs that are used in this last experiment. We calculate the respective photon indistinguishabilities
| = T,=(2T4) [253, which arel@PD) = (494 0:5) % andI@P2 = (329 1:1) %. The obtained
values indicate a presence of internal dephasing processéise QDs which degrade the photon
indistinguishability. The latter also sets an upper limit to the achievable TPI visibility for interfering
photons from the two separate dots. The visibilitys calculated by719:

1+ o+ 4+

12 1t
; 7.5
1t 2 (2 )2+ ( 1+ 2+ [+ )4 (7:9)

with = 1=T§QD') denoting the radiative decay rate and= (2=T§QD') i) the pure dephasing rate for
the di erent QDsi(=1,2). The frequency detuning between the photon streams from QD1 and QD2
is speci ed by . Interfering photons of identical frequency# 0) results in a maximum visibility of
V = 40 %, while > 0 reduces the visibility.

We use Equatiof.5to calculate the theoretical TPI interference visibility for the locked and free-
running QDs, taking the experimental parameters of the QD photons into account. Figfiaeshows
the expected visibility over time, assuming a frequency drift between the two QD emission frequencies
as observed in Figure.6(a) Perfect frequency stability results in the maximum achievable visibility of
V = 40 %, while for the measured piezo creep the theoretically expected visibility dréfps 25 % at
t =100 min. This expected visibility is comparable to other QD based TPI experin&t8s232, 255.
However, it has been shown that in principle visibilities as high as 98% can be obtained, e.g. by using
charge-tunable QD device831]. For quantum repeater applications, photon indistinguishabilities of
99% are ultimately required®pf. As we present in the following, the maximum visibility — together
with tunability to an atomic transition — is only accessible usingient frequency feedback.

In order to experimentally verify an improved long-term visibility under frequency stabilization, we
compare the TPI of photons from two separate QDs in the frequency-locked and free-running state. Each
QD emission is coupled into a single-mode ber, delivering a photon rakyef 30 kcps. One part of
each single-photon stream is sent to the TPI setup. It consists of a 50:50 non-polarizing beam splitter (BS),
followed by monochromators for further background suppression and single-photon counting modules
(SPCMs) in each output arm, see Figur2 If photons with equal properties (frequency, polarization,
spatio-temporal mode structure) impinge on a 50:50 beam splitter (BS) at the same time, the probability
amplitudes for simultaneous transmission and re ection interfere destructively, such that only pairwise
propagation after the BS is possible (Fig7(a). Equal rates at the BS input ports ensure a maximum
peak at zero delay in the crossed polarizations case. For the HOM measurement, we have rates of 5 kcps
per QD available.

For stabilized QDs, Figur@.7(b)shows the normalized coincidences of photons in the two beam
splitter output ports versus the delay timbetween the recorded events. The polarization state between
the interfering photons is controlled by a half-wave plate. The interference visigilgycalculated by

8 HOM interference has also been shown for single photons provided by atomic sy2tinsnid SPDC sourcef57.
%1t is not clear what causes them, it could be related to charge noise in the vicinity of the QDs or spectral jittering due to

charge trapsg54].
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Figure 7.7:(a) Schematic illustration of the expected outcome of a Hong-Ou-Mandel experiment in the cases of
frequency-stabilized and free-running QD emission. If photons with equal properties (frequency, polarization,
spatio-temporal mode structure) impinge on a 50:50 beam splitter (BS) at the same time, the probability amplitudes
for simultaneous transmission and re ection interfere destructively, such that only pairwise propagation after the BS
is possible (b) Two-photon interference measurement between two frequency-stabilized, separate QDs, showing
the normalized coincidences versus the delay timEhe black curve corresponds to perpendicular polarizations

of the photons arriving at the BS. The red curve for parallel polarizations depicts a clear reduction of coincidences
at 0. Aninterference visibility oMok = (41  5) % is obtained. A similar measurement of the visibility with
free-running QDs (not shown) resultsVee = (31 7) %. (c) Measurement of the interference visibility over

time for both free-running and frequency-locked QDs. Each data point corresponds to the coincidences obtained
for the previous 40 min. The shaded areas are the respective uncertainties based on Poisson counting statistics. At
any measurement time the visibility is higher for frequency-locked QDs than for free-running QDs.

evaluating the peak aredg for parallel andA, for perpendicular polarizations of photons impinging on
the beam splitter at = 0:
A Ac

A,

A clear Hong-Ou-Mandel dip is observed, yielding an interference visibilityjgk = (41 5) %
after dark count correction of the SPCM&éspcms = 104 cpsRycspema = 134 cps). The visibility
agrees well with the expected value\of= 40 % in Figure7.6(c) Afterwards, a measurement with
free-running QDs is performed. The visibility in that case decreaségto= (31 7) %, due to piezo
creep and other emission frequency perturbations. For ideal quantum emitters the ratio of the peak at
= 0 compared to the neighboring peaks equalsfOr perpendicular photon polarizations and low
emission rates. For perfectly bright sources with one photon per trigger pulse, this ratio would increase
to 2=3. The origin of these numbers can be understood if all detection cases including the possibility
of photon absences are scaled with the probability of having a photon at the BS input port at all. In our
case, by comparing the detection rate of 5 kcps with the excitation rate of 76 MHz, we are allocated
to the dark emitter limit and expect 0.5. Here, a lower ratio is observed, which can be attributed to
blinking'® of the QD emissiong09, 257]. Recorded intensity traces of the photon streams indicate that
there is no blinking on long timescales (milliseconds to hours). In order to observe blinking at shorter
timescales, the second-order autocorrelatigfié ) are measured for both QDs, using an HBT setup.
The result, as shown iri[ 254], shows a signi cant bunching at small delay times, which is a signature
of blinking of the QD emission. Fitting a bi-exponential results in characteristic blinking timescales of

V =

10 wWhich can be understood as a high-frequency imbalancing of the emission rates, see previous discussion.
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791 = 332 ns and(?°? = 27 ns, to which the frequency stabilization is insensitive. The blinking
e ect can be attributed e.g. to the dark excitonic sta&][

To further compare the two cases of TPI with and without frequency feedback, the interference
visibility is measured as a function of time, as shown in Figorgc) Each respective data point
corresponds to the coincidences obtained within the previous 40 min. Hence, the integration window is
gradually shifted through the total measurement time of 87 min. The shaded areas display the respective
uncertainties due to Poissonian counting statistics. In the locked and free-running case, both QDs were
frequency-matched &t=0 min. In the free-running case, frequency changes in the QD emission within
the rstintegration window reduce the visibility for the rst data points already (cf. Fig(c).

In conclusion, we have veri ed that active frequency feedback solely based on measurements of the
emitted single photons is an attractive solution to maintain long-term indistinguishability of photons from
separate solid-state emitters. The rubidium-based Faraday lenrsca common, absolute frequency
reference for distant nodes in a quantum network. Furthermore, matching atomic transitions is desirable
for atom-based quantum memories as potential elements in quantum repeaters. Low lIter losses and
an e cient rate-estimation algorithm ensure areetive frequency stabilization. Although we are only
using a small fraction of the photon ux, frequency uctuations are suppressed to a negligible fraction of
the emission linewidth. While we have shown that the frequency of emitted photons can be kept at a
set point around rubidium transitions, their bandwidth is still a problem that has to be solved in order
to combine the two platforms eciently. Here, the sample growth plays an important raked. Also
internal dephasing processes have to be kept at a minimum to ensure transform-limited line@idths [

69






CHAPTER 8

Outlook

n this thesis | presented the storage of short light pulses in a CQED system consisting of a rubidium
atom coupled to a high-bandwidth ber Fabry-Pérot resonator. The strong light-matter interaction
enables input-pulse durations shorter than the excited state lifetime of the atomic species. The
subsequent generation of a single photon with a controllable temporal waveform does not only

witness the successful preceding storage, but in principle also creates an entangled state between the
internal state of the atom and the polarization of the generated photon. This is a consequence of the tripod
con guration, in which the system is prepared. While for memory applicationssgstem is preferred,
this scheme oers interesting possibilities for entanglement distribution, as we will see in this chapter.
The ability to interact with photons of short duration furthermore encourages hybrid experiments
involving semiconductor quantum dots, for which we have already demonstrated frequency-stabilization
of the QD emission to atomic transitions][ The bandwidth mismatch between the two platforms
is currently being resolved by the growth of quantum dot samples with lifetime-limited emission and
optical resonators with high bandwidths — like the one employed in the presented experiments. Moreover,
making use of GRIN lenses and reducing the losses due to scattering and absorption, an overall boost in
guantum memory eciency is to be expected.

Towards Hybrid Quantum Networks

The rapidly expanding eld of quantum hybrid systems aims at the development of practical technologies
that overcome the limitations imposed by a single platform, e.g. QDs are producing single photons
at remarkable ratep1], but their applicability as a quantum memory is still discuss&&P[ 263.

Atomic systems, on the other hand, are approaching storage times of half a sedongrm my
personal point of view, this shows that our eld has to make a transition from separate laboratories to
collaboration networks or research centers, in whictedént systems — or at least our knowledge about
them — can be combined. Fascinating examples for hybrid experiments include the entanglement of
successive atom-cavity photons in a photonic cBg], the interaction between a single trapped ion and
resonant, heralded single photons from an entangled-photon source based on spontaneous parametric
down-conversion (SPDC)1BZ and a semiconductor—atomic interface for slowing down single photons
emitted by a quantum dok 5.

In that line, | will propose two long-term goals that could be realized in our current fruitful collaboration
with the group of O. Schmidt: The storage of a quantum-dot photon in an atomic ensemble and
entanglement swapping betweereal and anarti cial atom. But also our CQED system on its own
0 ers interesting possibilities, such as the dissipative entanglement of two &66pstfie possible
implementation of which has already been discusse#ih [
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Chapter 8 Outlook

Storage of Even Shorter Light Pulses in an Atomic Ensemble

We have reduced the discrepancy between the bandwidths of our chosen atomic species and a short light
pulse by interfacing both via an impedance matching element — namely our open cavity. But its linewidth
low-pass lters shorter i.e. spectrally broader pulses. So how can we provide a moienéquantum
memory in the presence of a bandwidth mismatch? Before exchanging the resonator itsefawstith a
cavity [184], we can try tBi_mprove the storage eiency, for which we have two major options: First,

the light-matter coupling N g can be increased by employing ensembleN atoms. An incoming

photon will be mapped into a coherent superposition of any out of the atoms being transferred to the
target ground state, creating a so-calBidke statd267, 26g. In other terms, with an increase gf

the transfer to the excited state, from where we can map to the target ground state, happens faster than
the cavity eld decay. Thus fog , the photon is captured with a higher probability than in the
presented measurements with . A promising technique to place tens of atoms into the optical lattice
within the cavity mode is based on spatial atomic ensemble compre&&i€rahd has been realized in

the prior experimentd0]. Without compression, we have already observed more than 6 atoms in the
cavity region p1]. Second, and more importantly, a clearsystem should be realized by making the
cavity resonant with thidi | j 19 transition and preparing the atoms in the sjatéi [23]. This can be
achieved by optical pumping withlight, which unfortunately bears the risk of heating the atoms and
requires improving our cooling method.

Realizingjl; 0i as an initial state also enables the storage of quantum information encoded in the
polarization of a light pulse. Depending on whether it drives thieor the -transition, the atom is
transferred tg2; +1i orj2; 1i, as depicted in Figurg.1(a) The storage delity is obtained by a full
guantum state tomographg1d, for which we have already built a setupq1].

Even without encoding quantum information in the incoming pulse, the storage of shorter coherent
pulses — or even true single photons — will be a signi cant step towards the interconnectior adrdi
platforms.

Entanglement Swapping with Real and Arti cial Atoms

A prerequisite for my following proposal is the emission of entangled-photon pairs, as it is the case
for a vanishing spin-related ne-structure splitting (FSS) between the intermediate exciton 3idies [
Unfortunately, as soon as the exciton frequency is stabilized to a rubidium transition according to our
scheme, the FSS is altered due to the applied strain eld. We therefore propose to split the (bi)exciton
emission according to its polarization and to use two orthogonal degrees of freedom to stabilize the
frequency and the FSSmultaneously272. This could be done by two independent control loops with
signi cantly di erent bandwidths or with two orthogonal degrees of freedom for feedback, as available
in anisotropic strain-tuning platform&27.

Alternatively, a QD which is naturally emitting close to rubidium lines and does not have to be tuned
over a wide wavelength range has to be chosen. The group of O. Schmidt has recently reported on the
emission of entangled photon pairs around thdile [254]. Fine-tuning of the frequency has been
possible via the temperature, which does na@ the FSS.

The exciton photon can either be used for storage experiments with polarization-encoded quantum
information, or for entangling the atom with the biexciton photon (via entanglement swapping) at a
wavelength, that is "alien’ to rubidium — i.e. atom-photon entanglement, that could not be created with
our system alone. Furthermore, this can be understood as a proof-of-principle demonstration of quantum
frequency conversior2[/3 from 780 to 7816 nm [254]. However, for entanglement distribution in
guantum networks, the common focus is on state-of-the-art ber technologies at telecom bands. The
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Figure 8.1:(a) Polarization-dependent storage of a light pulse in an atomic ensemble. As opposed to the scheme in
Figure6.6(a) the atoms have to be initializedjity Oi to realize a clean -system, in which polarization-encoded
qubits can be storedb) Entanglement swapping with a real and an arti cial atom (QD) in a hybrid experiment. In
atripod con guration (see Figh.1(b) photon generation creates entanglement between the atom-cavity photon and
the atomiamg-statesAqom and Baom (EQ. 8.1). Biexciton (XX) and exciton (X) photons emitted by the quantum

dot are entangled as well (E§.2, see Fig.7.1(c). A dichroic mirror is used to separate X and XX, while the
guarter-wave plate (QWP) transforms circular to linear polarizations. A Bell measurement is performed with the
exciton and cavity photons, using a 50:50 beam splitter (BS) and polarizing beam splitters (PBS) according to
the Innsbruck detection scheni&/’f. The state in Equatio.3is created when a coincidence is detected by the
SPCMs (two examples shown). The illustration considgrsionandHy which projects the entangled state onto

JAatomVxx .

wavelength conversion of an entangled photon can be realized by quantum frequency down-conversion
to the C-band at 1560 nn274] to nally realize an atomic quantum memory entangled with an outgoing
telecom photon.

The idea for the experiment is graphically sketched in Figui€b) A photon is generated by applying
a control pulse to the atom preparedin0i. This results in a circularly polarized photon, which is
transformed to the H,V-basis by a quarter-wave plate, resulting in the entangled atom-photon state

1 . - .
'ﬁ_z JHphotorPatom! + [VphotorBatom! (8.1)

whereAgom and Baom are Zeeman states the atom is transferred to. At the same time, the biexciton
cascade of the QD is triggered, delivering polarization-entangled photons in the H,V-basis:

. . 1 . o .
 %oxxi = P> (IHxHxxi + [VxVxxi) : (8.2)

Both cavity and QD photon are sent to a 50:50 beam splitter, where a Bell measurgitgist performed
and unambiguously detects the Bell states This event indicates the creation of the entangled state

1 . - .
‘ﬁé (AatomVxxi + [BatomVxxi) : (8.3)
While the biexciton photon can be directly analyzed with respect to its polarization, the atomic state has

to be read out by applying ang-state selective-pulse which transfers the population e.g. frégom
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Chapter 8 Outlook

back toF = 1. A subsequent, second photon generation attempt will only be successful, if the atom has

been in the statéyom Finally, this means that the entanglement-swapping success is con rmed by a
4-fold coincidence.
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