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Abstract

Quantum memory (QM) is a subject of increased scientific and technological interest due to the accelerated
development of quantum networks and quantum computing. Electromagnetically induced transparency (EIT)
conducted on hot atoms offers a technologically relatively simple implementation of quantum memory, thus being
very promising for future scalability and mass production. This seminar focuses on the theoretical background of
EIT based QM and its application to our ongoing research at Laboratory for cold atoms at Jozef Stefan Institute.
In our experiment we study EIT in a cesium vapor at room temperature, where the ground, excited, and storage
states of cesium atoms form a three-level A system. We have so far successfully demonstrated storage of light for
few us. We are exploring various parameters (e. g. buffer gas pressure, temperature, magnetic field, polarization,
etc.) in order to improve our QM'’s storage time.



1 Introduction: Why do we need quantum memory?

In quantum computing, a qubit (abbreviation of quantum bit) is a basic unit of quantum information.
A qubit is a two-state quantum-mechanical system. Two good examples are the spin of the electron in
which the two levels can be taken as spin up and spin down; or the polarization of a single photon in
which the two spin states (left-handed and the right-handed circular polarization) can also be measured
as horizontal and vertical linear polarization [1, 2].

Quantum communication is the exchange of qubits between multiple participants. A practical appli-
cation of this is quantum cryptography. The most well-known security protocol in quantum cryptography
is quantum key distribution (QKD). It enables two parties to produce a shared random secret key known
only to them. This key can then be used with any chosen encryption algorithm to encrypt (and decrypt) a
message, which can then be transmitted over a standard communication channel. If a hypothetical third
party attempts to intercept the quantum information, they would perform a quantum measurement,
causing the wave function carrying the information to collapse. Communicating parties would recognize
this as a significant enough difference between the sent and received information, adjusting the encryp-
tion key exchange accordingly, thus keeping communication ultimately safe [3, 4] Consequently, quantum
communications are exceptionally secure compared to classical methods, and significant investments are
being made worldwide in their development. Since early 2000’s up until now there have been multiple
implementations realized in Europe, USA and Asia [4].

However, quantum communication is no exception to (omnipresent) attenuation, hence losses due to
photon absorption within optical fibers and quantum decoherence allow reliable transmission only over
limited distances [5]. For arbitrarily long distances, intermediate stations, known as trusted nodes, are
necessary to split these distances into short enough segments on which QKD still works well. At these
points, quantum information is, due to current technology limitations, temporarily converted into classical
information, which represents a weak point in the communication line. This issue could be solved with
quantum repeaters. Unlike trusted nodes, these devices store qubits, maintaining the quantum nature of
information at all times. An essential component of quantum repeater is therefore a quantum memory,
a device that can temporarily store quantum states and retrieve them at later time, which finally brings
us to our topic.

2 Quantum memory

2.1 Definition

Quantum memory is a device that enables the storage of quantum information and its later retrieval (See
Figure 1). An informational qubit is prepared using a particle with two distinct quantum states. The
main challenge in building such a device is the collapse of the wave function after measurement is made,
hence no measurements can be performed on the qubit itself. Instead, its information must be directly
transferred to matter using specific physical phenomena [6, 7]. With this in mind, let us now take a
detailed look into what quantum memories should be, could be, and what they currently are.

2.2 Requirements

There are many different approaches to quantum memory implementation, therefore there is a need for
a system of standard parameters, through which we can then compare this different approaches. The
following parameters are the main assessment criteria of a quantum memory:

e Fidelity (F) quantifies how closely the retrieved quantum state matches the input state. It can
be a good measure of how quantum a memory really is [8].

» Efficiency ( ) represents the energy ratio between retrieved and input states. To minimize addi-
tional transmission losses, efficiency should approach 100%.

* Memory time ( ) - or storage time - refers to the duration over which a quantum state remains
faithfully stored, with decoherence limiting storage time and affecting both fidelity and efliciency.
In practical quantum communication schemes, memory times ranging from tens of milliseconds to
a few seconds are required, depending on the protocol and the length of the communication link.
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Figure 1: General concept of a quantum memory. (a) At time t = 0, a qubit arrives at the memory
into which it is transferred. (b) The qubit remains stored in the memory for an arbitrary time. (c) At
a later time t%, when the user “pushes a button”, the quantum state is released out of the memory. If
the storage time t¥ exceeds the memory lifetime , then parameters of QM start to deteriorate. Adapted
from [0].

e Multimode capacity denotes the number of elementary quantum states a memory can store in
parallel, enhancing the speed and efficiency of quantum communication protocols.

* Wavelength of fiber-optics quantum communications. Memories should ideally operate at telecom
wavelengths (= 1:3 to 1:5 m), though quantum interfaces can convert photons between telecom
and visible wavelengths.

e Bandwidth of quantum memory. It describes spectral width of photons that a quantum memory
is able to store. In general wider bandwidths are desired, but in practice they are always limited
depending on different QM approaches.

* Signal-to-noise ratio - Quantum memories often use auxiliary bright beams alongside single-
photon signals, requiring strict noise suppression to preserve the quantum nature of the signal.
Excess noise can obscure the “gquantumness” of stored information [6].

Individual QM systems are usually optimized for a few of these parameters, but presently there are none,
that can simultaneously optimize all of them. From here on, we will mainly focus on storage time
parameter, since this parameter is currently the limiting factor of most of QM implementations.

2.3 Quantum memory protocols

Before focusing on the one of most promising mechanisms — electromagnetically induced transparency
(EIT), let us first list different types of QM approaches that are currently being investigated.

The first and simplest idea for QM would of course be long enough fiber loop, where an incoming
photon is redirected into the delay loop using a switch and is later released. However, this approach
does not yield sufficient efficiency, mostly due to reflection and transmission losses of the various optical
components [9].



Quantum memories can be roughly categorized into two main types: single quantum emitter-based and
ensemble-based approaches. These categories differ in the physical substrates used for storing quantum
information and the protocols that enable the mapping of quantum states onto these substrates [6].

Single quantum emitter-based memories store information in isolated quantum systems. These
systems are ideal for fundamental quantum experiments and specific applications like high-fidelity qubit
storage and long-distance entanglement. Existing protocols are:

* Single atoms in cavities: Optically trapped single atoms in cavities have been used to demon-
strate the storage of polarization qubits [10] and the generation of matter-matter entanglement.

e Individual trapped ions: Individually addressable ions exhibit long coherence times and enable
qubit teleportation and photon-to-ion state mapping with 95% fidelity but low efficiency [11].

e Nitrogen-vacancy centers in diamonds: Nitrogen-vacancy centers (NVC) are naturally oc-
curing or engineered defects in bulk diamond exhibiting rich quantum properties. They enable
photon-spin entanglement, state transfer to nuclear spins with millisecond coherence times, and
long-distance entanglement between NVCs. Disadvantageous for these applications is the long
radiative lifetime of the NVC and the strong phonon sideband in its emission spectrum [12].

e Quantum dots: They are semiconductor particles (a few nanometres in size) with optical and
electronic properties that differ from those of larger particles due to quantum mechanical effects.
They are being studied as potential QM systems [13].

Ensemble-based memories use collective properties of many particles to store quantum states.
These systems support multimode storage and offer a variety of very different protocols:

e Cold or ultra-cold atomic gases: They were earliest media used for light storage. Very pure
gases of alkali atoms are prepared via laser cooling at various temperatures, from a few mK in
magneto-optical traps to K in dipole traps and even in the nK range in Bose-Einstein condensates
(BEC). This protocol also constitutes the main research interest at Laboratory for cold atoms (IJS),
where storage time of more than 400 s was achieved using magneto-optical trap [14].

e Hot atomic vapors: Here hot refers to temperature range above 300 K, which mostly implies
room temperature gases, which enable EIT and Raman-based protocols, showing quantum behavior
in optical storage experiments despite higher temperatures. This type of QM is much easier to
implement, since there is no need for laser cooling. It represents main topic of interest of this
seminar.

* Rare-earth-doped crystals: These materials can experience extremely long coherence times at
cryogenic temperatures. They are therefore studied as versatile light storage media. EIT-based
light storage in a crystal has been shown, shortly after it was performed on atomic vapors.

e Microcavity coupled NVC ensembles: Theoretical proposal suggests that NV centers in dia-
mond could also be used as a medium for an ensemble-based memory [6].

2.4 Decoherence

Decoherence, the loss of quantum coherence, is the primary obstacle for quantum memories and quantum
information systems. It is the phenomenon that primarily limits storage times. While eigenstates of
observables are relatively stable, superpositions of such states are fragile due to phase blurring over time.
This process transforms pure quantum states into classical (non-quantum) mixture states, rendering them
useless for quantum purposes. Overcoming decoherence and controlling its sources is a critical focus in
quantum memory research. Despite its challenges, research is showing promising indications of finding
systems where quantum states can persist for extended durations [15].

In our case, when considering ensemble-based memories, inhomogeneities will cause different atoms
(at different positions or with different velocities) to evolve with uncorrelated individual phase factors.
Since the re-emission process happens as a collective in-phase emission from all the atoms, an uncontrolled
dephasing will oppose to this desirable collective re-emission. [7, 0]

From our own lab experiences we can state, that overcoming decoherence and controlling its sources
is a crucial challenge in quantum memory research. In hot atoms QM, we try to reduce it by adding



the right amount of buffer gas to the cells and so limit the motion of atoms. In some cases the choice
of coating of the cell walls also plays a role as it affects interactions of atoms with the cell walls during
collisions. Most commonly used substances are paraffin or alkene coating.

3 Electromagnetically induced transparency

One of the most promising mechanisms for quantum memory implementation is electromagnetically
induced transparency (EIT). As name suggests it occurs in some media when a light beam that should
normally be absorbed, is instead transmitted. Light propagating in an EIT medium experiences an
extremely reduced group velocity. To store a light pulse using EIT, its group velocity is adiabadically
reduced to zero while it propagates inside the medium. This process transfers the quantum state of the
light pulse into an atomic coherence [6]. EIT is the destructive quantum interference of two light fields in
a three-level atomic energy structure. There are three possible configurations for a three-level structure
known as lambda (A), vee (V) and ladder, respectively, as shown in Figure 2. We will focus only on the
lambda configuration, as it is the one most commonly used for implementing quantum memory and is
also the one we are using with 133Cs in our experiment (see Chapter 4.1).
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Figure 2: Three possible configuration of EIT, (a) lambda, (b) vee and (c) ladder. Adapted from [7].

Let us take a closer look at energy level description of this phenomena. We will name three levels that
form a A system: ground jgi, excited jei, and storage jsi. The atomic ensemble is illuminated with two
lasers: a weak signal (also called probe) beam with a wavelength corresponding to the transition between
jgi and jel, and a strong control (also called coupling or pump) beam corresponding to the transition
between jel and jsi.

In the A configuration, the transition between the two lower energy states, jgi and jsi, is dipole-
forbidden, allowing atoms to remain in these states for extended periods. Both states have allowed
transitions to an excited state, jei. To modify the propagation of a signal beam coupling jgi and jel,
a strong control beam is applied between jsi and jei. Fach field is resonant with the respective atomic
transitions and is absorbed when applied individually. However, when both beams are present, they
quantumly interfere destructively, preventing excitation to jei, and thus neither beam is absorbed [7].
Essentially, this is a two-photon process from jgi to jsi via jei).

When we want to retrieve the photon, we turn the control beam back on, and the atom transitions from
the state jsi via jel to the ground state, emitting a photon with the same energy as the signal photon,
which we proclaim as stored light. Although this explanation is intuitive and explains how energy of
photon is conserved it does not explain how quantum information of photons (that is polarization etc.)
is copied onto atom ensemble [6, 16].

3.1 Slow light

Let us now try to understand, how light is actually slowed.
From complex refractive index n = n’ + in®, using the Kramers-Kronig relations, we obtain the real
part of refractive index [7] as

n°:1+%Re (1); (1)

indicating that the real part of the electric susceptibility, (1), determines the refractive and reflective
properties of light. Additionally, the imaginary part of the susceptibility is proportional to the absorption



in the medium, thus merely increasing the refractive index cannot signi cantly slow down light, as higher
values of n cause substantial absorption. However, there exists a special regime where this issue can
be circumvented: we prepare the same con guration as in the previous section (a three-level energy
con guration illuminated by two beams). Intuitively, absorption in the medium can occur when only
one beam is active, but when both beams are active simultaneously, no atom can be in the excited state
jei. As a result, light cannot be absorbed, and the medium becomes transparent. This phenomenon can
be described quantitatively through the expression for the linear susceptibility when the control beam is
strong and its intensity is constant. By combining the Kramers-Kronig relations with the theory of Rabi
oscillations and dressed states, derivation [6, 7] yields
1y = o2 gs + ! .

=N T (v )7 2
where 4s and ¢e are the decoherence rates for the transitionggi ! j si andjgi!j ei respectively, where
inour case ¢s ! 0, due to forbidden transition between these statesg is the atom- eld coupling constant
(which is dependent only on properties of atomic energy levels and independent of light propertiesN is
the number of atoms in the ensemble, is the Rabi frequency of the control beam (withj j? proportional
to the control beam intensity), and ! is the frequency detuning between the signal and control beam
resonance (in resonance holds = 0) [6, 7, 16]. Figure 3 shows the graphs of the real and imaginary
components of the susceptibility obtained from Equation 2.

(2)

Figure 3: Linear susceptibility spectrum (in arbitrary units) of the EIT medium ( 45! 0) for a signal
beam. Real part of the susceptibility characterizes refractive properties and imaginary part characterizes
absorption. Adapted from [6].

We observe that! = 0 corresponds to the zero value of the imaginary part of (! ), which means that
a narrow window of transparency appears, where light is not absorbed. In the same interval, the refractive
index n° (see Equation 1) has a very steep frequency dependence. Let us now recall the equations for
the phase velocity of the wave (the speed of propagation of wavefronts) and for the group velocity of the
wave (the speed of propagation of wave packets) [17]
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where ¢ is the speed of light in vacuum,n is the refractive index and! is the frequency of light. If the
refractive index does not change with frequency, the two velocities are the same. When the refractive
index changes with respect to the frequency, then the group velocity will be smaller than phase velocity.
In the case of a very steep change, the group velocity will be greatly reduced. We note that in the
narrow window around ! = 0 the group velocity can become signi cantly smaller than ¢, due to the steep
frequency dependence of the refractive index in the denominator. As we have seemY! ) is very steep
in this range. Let us now evaluate derivative%—rfJ from Equations (1) and (2) and plug it in Equation 4
along with n° evaluated from (Equation 1). This gives us
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