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ABSTRACT

When doped into solid state transparent crystals, rare-earth ions
can have optically excited states with milliseconds coherence time
and up to six hours coherence time for hyperfine levels after being
cooled down to liquid helium temperature. This long coherence
property makes them unique as solid state material and attractive
for quantum information applications.

The rare-earth ions have narrow homogeneous linewidths on
the order of ~ kHz. When doped into a crystal, the lattice struc-
ture is slightly distorted due to the size mismatch between the
dopant and the host ions, resulting in slight differences in the lo-
cal crystal fields at the dopant sites. Therefore, the resonance
frequencies of the rare-earth ions are shifted relatively, resulting
in an inhomogeneously broadened absorption profile, typically on
the order of a few GHz. This provides the possibility of address-
ing each group of ions individually and engineering the absorption
profile for different purposes by optical pumping using a narrow
linewidth laser, and makes rare-earth-ion-doped crystals suitable
for ensemble based quantum memories.

Quantum memories are vital components for developing long-
distance quantum communication. Part of this thesis project fo-
cused on making quantum memories with high efficiency and long
storage time, especially using materials with low optical depth. To
achieve this goal, a low finesse, unsymmetrical cavity was employed
and experiments were carried out at (or close to) the impedance
matched condition. Atomic frequency comb (AFC) protocol pro-
posed for such an inhomogeneously broadened system was used to
store coherent light for a certain time. 56% overall efficiency was
achieved, and the main limiting factor for reaching even higher
efficiency was the inefficient coupling between incoming light and
the cavity mode. Other possible loss mechanisms were analyzed
as well.

Long-time, on-demand, quantum memory experiments were
conducted with the help of two efficient radio-frequency rephas-
ing pulses. Storage time was extended from microseconds to mil-
liseconds after compensating (most of) the residual earth magnetic
field in the lab. The opportunities and challenges of combing the
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cavity assistant quantum memory and the long time, on demand
quantum memory were analyzed and possible solutions were pro-
posed.

Another part of the thesis project involves slow light-based
applications in rare-earth-ion-doped crystals. The strong slow light
effect at the presence a spectral hole is due to the fact that the
light interacts with the absorbing ions outside the spectral hole off-
resonantly, and most of the light energy is stored inside the ions
as a polarization. For example, with a group velocity of 300 km/s,
99.9% of the pulse energy is stored in the ions when the pulse
propagates inside the crystal. The slower the light propagates,
the more energy is stored inside the medium. Based on this, a
frequency shifter that is capable of shifting the light frequency
of £ 4 MHz was demonstrated, and frequency shift up to GHz
was proposed. Group velocity control by a factor of 20 and pulse
compression in time by a factor of 2 were also demonstrated. The
frequency shift and group velocity of the light are solely controlled
by the external electric field, which makes them ideal for weak
light situation. The unique property of such a frequency shifter and
group velocity controller is that they could be made to accept light
from an arbitrary incoming angle and polarization, for example,
scattered light.



POPULAR SCIENCE

As humans, we learn through statistics, whether consciously or
unconsciously. We observe, search our databases for similar be-
havior, and characterize whether the phenomena match or relate
to what we already knew. This is why when it comes to quantum
mechanics, people find it difficult to accept. Because it contradicts
our common sense.

In quantum mechanics, for example, an atom could be in a su-
perposition state, which means it could be in state |0) and state |1)
simultaneously. What makes it even more puzzling is the fact that
when we want to make a measurement to see which state the atom
is in, instead of obtaining the actual state, i.e. the superposition
state, it returns only one of the states, with a certain probability,
because the superposition state collapses randomly to that state.
This is completely different from our daily experience, where, for
example, a TV is either ‘on’ (in state 1), or ‘off’ (in state 0); it
cannot be both ‘on’ and ‘off’ at the same time. Moreover, the
state it is in does not depend on whether we are watching or not.
Such behavior of the atom, though feels weird at the beginning,
has been demonstrated and verified by countless experiments over
the past century.

The quantum computer is one application that takes advantage
of the superposition, as well as the entanglement property (which
is a consequence of superposition) of quantum mechanics. So does
quantum communication which creates a secure information trans-
fer channel, where, if a third party tries to eavesdrop (measure the
quantum state being transferred), the quantum state of the infor-
mation collapses and the sender and receiver will be able to detect
it. In both quantum computation and long distance quantum com-
munication, there is a need for quantum memories, which could be
used to take in the quantum information, hold it for a certain time
and release it at a later time, with high fidelity and efficiency.

Quantum memories are essential components of mature quan-
tum computation, for example, to store intermediate computa-
tional results for a certain time, just like the classical memory to
a classical computer. They are also a vital part of the quantum
repeaters that are used in long-distance quantum information dis-
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tribution, just like the classical repeaters in classical communica-
tion. However, unlike classical memories, which use the ‘measure
and then repeat’ method to duplicate data, and classical repeaters,
which use ‘measure and amplify’ method to boost the signal, quan-
tum memories cannot measure the input data, because it collapses
the quantum information, and its efficiency has to be high because
any trace of the information that is not stored or is left inside the
memory represents a loss of information.

Obtaining high efficiency for the quantum memories requires
that the physical system used for the memory could couple strongly
to the light (on which the quantum information is encoded). How-
ever, to maintain the fragile superposition property, the memory
has to interact only weakly with the rest of the universe. These
two requirements seem to be contradictory because things that
interact strongly with light tend to be affected easily by the envi-
ronment. This could be solved by using atoms (ions) that interact
weakly with the surrounding, but use a lot of them, so-called an
ensemble of atoms (ions). In this thesis, quantum memories use
such ensembles of rare-earth ions (RE ions) doped into transpar-
ent crystals were demonstrated. The long coherence time (up to
milliseconds, which is very long on a quantum scale) of such RE
ions makes them suitable for quantum computation and quantum
memories.

Besides quantum memories, slow light effects were also studied
in such crystals. Light, as an electromagnetic wave, propagates at
a speed of ¢ = 299792458 m/s in vacuum. However, light travels
slower in a medium. One way of understanding this slowing down
effect is from the light matter interaction point of view. Inside a
material, there are numerous atoms (or ions) made of a nuclear
core and the surrounding electron cloud. When light propagates
inside a medium, its electric field displaces the electron cloud of
the atoms, causing it to oscillate. Therefore, part of the light
energy is stored inside the atom. Oscillating electrons emit light,
and the light that the electron sends out in some cases lags in
phase compared with the incoming light field. Interference between
the remaining light field and the newly emitted light field makes
the crest of the light move slightly slower. The closer the light
frequency to the resonance frequencies of the atoms, the stronger
the interaction and the larger the fraction of pulse energy stored
inside the medium. When the light propagates at less than 300
km/s, more than 99.9% of light field energy is stored inside the
medium. We use such phenomena to control the group velocity
of the light, shift the frequency of light, and narrow the cavity
linewidth when there is a slow light material enclosed in the cavity.
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INTRODUCTION

CHAPTER 1

Quantum mechanics is a well-established theory that describes the
physical laws at the atomic scale, and superposition as a funda-
mental property of a quantum system has been demonstrated and
verified. If we are brave enough to accept this premise, we will
find a lot of quantum mechanical phenomena do not seem to be
that weird anymore.

For example, in a classical computer that we rely so heavily
on, every bit has two possible states, 0 and 1 and it could only
be in one of these two states at a time. However, in a quantum
computer, the information carrier, a qubit, can be in both state
|0, state |1) and the superposition state of |0) and |1). If we have
two bits, say, control bit in state 1, and target bit in state 0, after
a so called Control-NOT operation (the XOR gate), the target bit
changes from state 0 to state 1. However, in a quantum computer,
when the control qubit is in a superposition state of |0) + |1) and
the target qubit is in state |0), the Control-NOT operation yields
the following result:

Control NOT
e d

(10) +11)) [0) (100) +[11)). (L.1)

We see that the target qubit is also in a superposition state
of being in |0) and |1) at the same time. Moreover, we cannot
write this output state as two separate qubit states; their states
are somehow linked, which is called an entanglement state. Even
if we send them far apart, one stays on Earth and the other one
goes to the Moon, for example, and if we measure the state of one
of the qubits and get the result of |0), we will immediately know
that if we measure the state of the other qubit, the output will be
|0) with certainty.

However, to maintain the superposition state, the qubit has
to keep its phase information throughout the entire computation
time. This might be difficult if the computation is very complicated
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and needs input from different stages where significant delay might
occur. One way to solve this problem is to use quantum memories,
which could store the intermediate computation result and release
it whenever the next part of the computation process needs it.

The other major application of quantum memory is the long-
distance quantum communication. To distribute the quantum in-
formation world-widely, we need a continental quantum network.
Photons, which are ideal quantum information carriers, suffer from
losses when sent through an optical fiber. To build such long dis-
tance quantum networks, quantum repeaters are needed. However,
unlike the classical repeater, which could measure the state of the
input signal, amplify it, and send it out again, the quantum re-
peater has to work differently since it is impossible to measure an
arbitrary quantum state precisely or replicate it perfectly due to
the quantum non-clone theorem [1]. Most approaches to quantum
repeaters require the use of quantum memories that could store the
quantum information of a photon until the entanglements between
all quantum repeaters are well established.

Most quantum mechanical effects happen on a microscopic
scale; however, we do see it on the macroscopic scale as well.
One of the best known examples is the laser, which is widely used
nowadays, from state-of-the-art quantum physics research to com-
puter chips fabrication, from the cutting and welding of metals to
delicate eye surgery, from the detection of gravitational waves to
supermarket bar code readers, to name but a few.

The feature that makes lasers so unique and powerful is the
coherence property of the emitted photons. All photons emitted
from the laser have the same frequency, waveform and phase. If
atoms are in phase with each other, they emit coherent light. This
coherence information is the key property used in this thesis.

1.1 A brief overview of the project

One thing about working in research is that you are not always
sure where you will land from the very beginning, because you are
heading toward an area where nobody has been before and it is
difficult to predict what you will see. This could be painful for
some people, but it is also what makes research attractive: there
are always possibilities for new discoveries, there will be a lot of
surprises along the way, and maybe one of them will be fascinating
enough to change your research direction.

The initial goal of this thesis work was to improve the efficiency
and extend the storage time of quantum memories in rare-earth-
ion-doped crystals. The first two years was focused on enhancing
quantum memory efficiency using an unsymmetrical cavity and
extending the storage time of the quantum memories. We were
able to boost the memory efficiency of a crystal from about 1% to
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56% and increase storage time from microseconds to milliseconds.
We believe there is still room for improvement.

In our experiment of the cavity assisted quantum memory, we
found an extremely interesting phenomenon: the linewidth of the
cavity mode narrowed from ~ GHz to ~ MHz, which was nothing
that we had seen before. We soon discovered that it was caused
by the slow light effect due to the engineering of the absorption
profile of the crystal. Later, my research shifted to investigating
the applications of such slow light effect in our crystals. Besides
cavity linewidth narrowing, optical frequency shifting and group
velocity control based on the slow light effect were demonstrated
as well.

1.2 Outline of the thesis

The thesis is structured as follows: Chapters 2 and 3 give the back-
ground necessary and relevant to the project, and lay the founda-
tion for understanding the experiments and discussion presented in
Chapters 4 and 5. There are two appendices, A and B, Appendix
A describes the setup used for our experiments, and Appendix
B presents a small experimental project that was useful for the
experiments we conducted in our group.

Chapter 2 describes the coherent interaction between a laser
field and a two-level atomic system, it introduces the optical Bloch
equation, the Bloch sphere and Bloch vector, which help visualize
the interaction process.

Chapter 3 presents the spectroscopic properties of the rare-
earth ions doped crystals with a focus on the properties of a par-
ticular material, Pr3+:Y,SiO5.

Chapter 4 presents three slow light related experiments in rare-
earth-ion-doped crystals: cavity linewidth narrowing, optical fre-
quency shift, and group velocity control.

Chapter 5 focused on all the quantum memory-related work,
where two-level quantum memories with the assistant of the un-
symmetrical cavity and three-level quantum memory with long
time, on-demand readout are experimentally demonstrated.

Appendix A describes the experimental setup we have in the
lab: an external laser stabilization system, a pulse shaping system,
and a helium bath cryostat.

Appendix B presents an experiment aiming at finding the zero
crossing temperature of the two external cavity in our lab.






CHAPTER 2

LIGHT MATTER INTERACTION

In this chapter, I will describe the interaction of a two-level atom
with coherent radiation. A semiclassical treatment was used, i.e.,
the light radiation field is treated as a classical electric field while
the atom is treated quantum mechanically. In Section 2.1, the
Bloch representation of an atomic state is introduced and followed
by Bloch equations that describe the coherent process when a two-
level system is driven by coherent light in Section 2.2. At the
end, two coherent transient phenomena are discussed. We will see
that the Bloch picture is an intuitive and powerful tool to help us
understand the light mater interaction process and how the state
evolves under a certain external field.

2.1 Two level system and Bloch sphere

An arbitrary state of a two-level atomic system could be written
as the superposition of the two states, ground state |1) and excited
state |2), as follows (the global phase factor of the state is ignored
since it has no observable effect [2]):

[¥) = e1]1) +ca]2) e, (2.1)

where wq is the angular frequency at which the electron cloud
oscillates and it corresponding to the energy difference between
the two states, wg = (B2 — E1)/h; ¢; and ¢y are the probability
amplitudes for finding the atom at the corresponding level and |c; |?
and |cg|? represent the probability of finding the system in state |1)
and |2) respectively. Therefore, if we sum up all the probabilities,
it has to be 1,

o124 feal? = 1, (2.2)
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Figure 2.1. The Bloch sphere and
a vector inside it describing a
state that could be characterized
by two parameters, 0, and ¢.

because the electron has to be somewhere. We could rewrite Equa-
tion (2.1) as

[¢) = cos(g) 1) + sing |2) e, (2.3)

where 6 and ¢ are real numbers. The advantage of this way of ex-
pressing the state is that the state could be visualized in a spherical
coordinate system as a vector on the unit sphere defined by the two
parameters, as shown in Figure 2.1. This is called Bloch sphere
representation, and an arbitrary state could now be represented
by a vector originating from the center and pointing to the Bloch
sphere as

R = (u,v,w). (2.4)

This is known as Bloch vector. The states |1) and |2) are now
represented by vectors pointing to the south and north poles of
the Bloch sphere, respectively. A 50/50 superposition state of |1)
and |2) corresponds to a vector at the equator plane, and the exact
position on the equator depends on the phase factor, ¢, between
these two states.

So far, the states that we have discussed are pure states, which
means that they are fully known, and the vector length is |R| =
u? + v2 + w? = 1. A state that is not fully known is called a
mixed state, it could be represented by a vector pointing inside
the Bloch sphere, i.e., the length of the vector is less than 1, and
u = v = w = 0 describes a completely mixed state.

2.2 The Bloch equations

The Bloch equations could be used to describe the time evolution of
an arbitrary atomic state under interaction with an external field.
It was first developed by Felix Boch [3] to describe the nuclear
spin state driven by radiofrequency electromagnetic fields and later
suggested by Feynman et al. that it could be adapted for use in
any two-level problems [4].

The derivation of the optical Bloch equations for an atomic
system from Schédinger equation could be found in Ref. [5]. There
are different forms of Bloch equation that are useful for different
purposes. One way of writing Bloch equation is shown below:

U= —T%u — Av + Qinw,
U= Au— T%Zv + Qpew, (2.5)
W= —Qimt — Qe — T%(w +1),
where T7 and T5 are the lifetime and coherence times of the excited
state and A = wp—w is the frequency detuning between the atomic

transition frequency, wg, and the frequency of the optical driving
field, w. Q. and €;,, are the real and imaginary parts of the
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complex Rabi frequency (£2), which describes the coupling strength
between the external field and atomic field as follows:

2 - €(t '

Q) = B2 ) _q . i, (2.6)
where €(t) is the complex amplitude of the electromagnetic field,
including the phase variations, and pj2 is the transition dipole
moment between the two states.

2.2.1 The Bloch equations in another form

Equation (2.5) is useful to calculate the evolution of the state
mathematically while it is difficult to see what is happening during
the interaction process from those equations alone. We could write
the Bloch equations in another form to obtain an intuitive picture
of the dynamic of the Bloch vector under certain external field as

: 1 1 1

R:WXR—(EU, Ev,i(w—i-l)). (2.7)
The first part of the right side of the equation shows that the Bloch
vector, R, rotates around another vector, W = (=Q,.c, Qim, A),
which contains all the parameters of the external field and rep-
resents the coupling between the light and atoms. The fre-
quency of the rotation is given by the length of the vector,
[W| = /02, + Q2 + A2 The second part describes the shrink-
ing of the Bloch vector, T} makes it shrink downwards toward the
ground state (w = —1 in this case) and T» makes it decrease in
the uv—plane toward the w—axis.

To visualize the movement of the Bloch vector on the Bloch
sphere, we consider a short time ¢ which is much shorter than the
relaxation time, 77 and 75, such that we could ignore the last term
in Equation (2.7) and assume that the external field is constant
over this time period; thus, W is constant. These lead to

d
pm (R-W)=0,. (2.8)
which means that the R - W = |R||[W|cos(5) is a constant,
where f is the angle between |R| and |[W/|. Since |R| and |W| are
both constant, then the angle between R and W, § is constant,
which means that the Bloch vector, R, spins around W on the
Bloch sphere. Figure 2.2 shows the evolution of the Bloch vector
under a certain external field.

2.2.2 Pulse area

The Rabi frequency has the unit of rad/s, which quantifies how
fast a resonant external field makes the Bloch vector spin. Thus,

Figure 2.2. The movement of
Bloch vector driven by a certain
field. Because of the detuning
between the driving field and the
resonance frequency of the atom,
the Bloch vector no longer goes to
w =1.
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Figure 2.3. The effect of a ™ pulse
drives a Bloch vector originally
pointing straight down to pointing
straight up; thus, inverse the
population from one state to the
other. If the pulse stops halfway,
the Bloch vector then ends up on
the equator plane, which
represents a 50/50 superposition
of the two states.

for a pulse with time duration of ¢, the total angle that the Bloch
vector changes due to the external field is given by

@:/0 Qe (t)dt'. (2.9)

O is called the pulse area, it is the angle through which the Bloch
vector turns. The most commonly used terms are 7/2 and 7 pulses.
For an atom, initially in its ground state driven by an on-resonance
field, a 7/2 pulse put it into a 50/50 superposition state while the
m pulse excites the atom fully to the excited state. For the same
driving field, the pulse areas are not the same for two different
transitions. This is because the different transition dipole moments
associated with the transitions result in different Rabi frequencies
for the same driving field (see Figure 2.6): thus, resulting two
different pulse areas for the same driving field. Both of these pulses
are used in the photon echo sequences discussed in Section 2.3.2.
The effect of /2 and 7 pulses acting on a ground state is shown
in Figure 2.3.

2.3 Coherent transients

The light emitted from an ensemble of atoms depends largely on
their coherence property, i.e., their phase relations. When atoms
emit incoherently, i.e., there is no phase correlation of the emitted
light from different atoms, the intensity of the emission is pro-
portional to the number of atoms; spontaneous emission is a good
example. However, when the atoms emit coherently, i.e., the phase
of the emitted light fields are the same and they interfere construc-
tively, the intensity of the emission is proportional to the number
of atoms squared. In this case, the emission is enhanced propor-
tionally to the number of atoms in the ensemble.

The coherent emission is transient in a medium where the res-
onance frequency of the emitters shift relative to each other (an
inhomogeneously broadened system), such as a Doppler-broadened
gas or rare-earth-ion-doped crystals. This is because the emitters
emit in phase for only a limited time before they dephase due to the
frequency difference. In this section, we will focus on two coherent
transient effects, free induction decay and photon echo.

2.3.1 Free induction decay

When a narrow linewidth laser coherently interact with an inhomo-
geneously bradened line, and saturate a narrow frequency interval
within it and then if the laser is suddenly switched off, the coher-
ence it build up during the interaction time evolves freely and will
give out an emission that is in the same direction of the excitation
beam while decay with time.
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The decay time of the FID, 7r;p, is probational to the coher-
ence time of the system that the laser is interacting with, and can
be written as [6]:

15
1+ sqrt(QQN Ty + 1)’

TFID — (210)
where T7 and T} are the life time and coherence time of the excited
state and € is the optical Rabi frequency. If the inhomogeneous
absorption linewidth is much wider than the Fourier width of the
exciting pulse, the duration of the FID is roughly equal to the
duration of the pulse.

2.3.2 Photon echo

A photon echo was first observed in a Ruby crystal [7], where a
burst of light was emitted at time = 7 after irradiation by two suc-
cessive Ruby-laser pulses separated by 75. The term photon echo
is suggested based on the corresponding spin echo phenomenon
observed in nuclear magnetic resonance (NMR) experiments [8].
Here we consider a photon echo process from an inhomogeneously
broadened atomic ensemble excited by a fixed frequency.

As we discussed in the last section, the short light pulse put
the atoms in a superposition state (ideally in the uv—plane) and
they are in phase at the beginning: ¢ = 0 at ¢ = 0 for all the
atoms. Then they dephase quickly from each other due to their
different oscillation frequencies. At time t12, the phase of the atom
11s ¢; = At12, where A; is the detuning between the frequency of
the excitation light and the oscillation frequency of the atom. We
send in another pulse, which should ideally be a 7 pulse, and rotate
the Bloch sphere 180° around the u—axis. This would invert the
phase evolution of the atoms at time ¢15 and the phase of atom 4
changes to ¢; = —A;t12. If we wait the same time t15, the phase
of the atom i becomes ¢; = —A;t1o + A;t12 = 0. Thus, all atoms
are in phase again and emit coherently, sending out an ‘echo’ at
time 1o after the second pulse. The emission of the photon echo
is a coherent effect; thus, the echo signal depends on the phase
memory (T3) of the atoms. The longer the waiting time, t12, the
smaller the echo. The pulse sequence for the photo echo process is
shown in Figure 2.4.

The two pulse photon echo technique has been studied exten-
sively for classical information storage due to its high bandwidth
and efficiency [9]. Unfortunately, it is not suitable for quantum
storages [10, 11]. The inversion pulse (a bright = pulse) causes
gain and spontaneous emission which contributes to the noise sig-
nal, the signal to noise ratio is too low when one tries to detect
an echo at the single photon level (however, one technique, revival
of the silenced echo (ROSE), is proposed to address this problem

12)).

12 12

Amplitude

A,

Time™

Figure 2.4. Two-pulse photon
echo sequence: The first w/2 pulse
(shown as the first blue trace)
puts the atoms in a superposition
state with the same phase and the
atoms start to emit coherently
(the emission is shown as the red
trace after the pulse). However,
since they have different
oscillation frequencies, they
dephase quickly, causing a
decrease in the emission. The
second  pulse with twice the
pulse duration and same field
amplitude as the first © pulse
(shown as the second blue pulse)
inverts the phase of all the atoms,
which will be in phase again after
a time equal to the two pulses,
Ti2, and emit an echo (shown as
the green trace).



2.3.2 Photon echo

10

Several protocols have been proposed aiming at bypassing the
second bright 7 pulse, such as controlled reversible inhomogeneous
broadening (CRIB) [13, 14], gradient echo memory (GEM) [15,
16] and atomic frequency comb (AFC) quantum memory [17-19].
The reshape could be done by external electric or magnetic field
as in CRIB and GEM or by carefully preparing a periodic comb
structure in a frequency domain with teeth separation of A, as
in AFC. If the atoms in an AFC structure are excited coherently,
they emit light when they are in phase; the first one happens at
time ¢t = %’r. The AFC quantum memory will be discussed more
in Chapter 5.



CHAPTER 3

RARE-EARTH-ION-DOPED CRYSTALS

Rare-earth elements include scandium and yttrium, as well as the
15 lanthanides, according to the International Union of Pure and
Applied Chemistry (IUPAC). Despite the name, most of the rare-
earth elements are not really rare, but they tend to occur together
in nature and are difficult to separate. The first rare-earth-element,
yttrium, was named after the village in Sweden where it was found,
Ytterby. Some of the other rare-earth elements were named in a
similar manner or after the scientists who discovered or elucidated
them. Their positions in the periodic table are shown in Figure 3.1.

The rare-earth-ion-doped crystals have attracted a lot of at-
tention in the past decade as promising candidates for quantum
computing [20-22] and quantum memories [16, 23], mainly because
of their very long coherence time for both the excited state and
ground states.

The materials used throughout the experiment presented in
this thesis are rare-earth-ion-doped crystals (REICs), Pr3+:Y,SiO5
to be more specific. In this Chapter, I will present some relevant
properties of the rare-earth-ion-doped crystals; more detailed in-
formation about such materials can be found in Ref. [24].

3.1 Energy level of rare-earth ions

The electronic structure configuration of the lanthanide elements,
with minor exceptions of La, Ce, and Gd, is [Xe]6s24f". When
doped into a solid material, they tend to lose the two 6s electrons
and one 4f electron to form trivalent ions (they can lose two elec-
trons and form divalent ions as well), called rare-earth ions (RE
ions), such as Pr3*. The trivalent lanthanide ions have a Xenon
core and the valence electrons in the 4f subshell.

Figure 3.2 shows the radial charge density as a function of the
radius, r, for the 4f, 5s, 5p, and 6s orbitals for Gd™ calculated by

11



3.1 Energy level of rare-earth ions

Figure 3.2. The radial charge
density, P?(r) as a function of
radius, r, for the 4f, 5s, 5p, 6s
orbitals of Gdt from Ref. [25].
This figure is reprinted with
permission.

12

Figure 3.1. The location of the rare-earth elements in the periodic table.

Freeman and Watson [25]; we can see that the electrons in the 4f
subshell are spatially shielded from the surrounding environment
by the outer 5s and 5p orbitals. This is similar to the other rare-
earth ions and is the reason that the surrounding environment has
such a small effect on the energy levels of the 4f-subshell.

The calculated 4f™ energy levels of the trivalent rare-earth ions
in a LaF3 crystal were first published by Dieke et.al. in 1963,
sometimes referred to as the Dieke diagram. It has been reprinted
several times. Figure 3.3 shows one version from reference [26]
with minor modifications. The energy levels of the rare-earth ions
in other host materials may shift by a few hundreds of cm™?, but
the structures are similar.

Transitions within the 4f-subshell are forbidden for free ions
since the electric dipole transition requires a change of parity.
However, when doped into a non-centrosymmetric crystal, the low
symmetry crystal field breaks the symmetry of the electron wave-
function and the transitions are weakly allowed, giving rise to a
permanent electric dipole moment (static dipole moment) of each
state [27, 28]. This is why the 4f-4f transitions have very long
coherence times and their linewidths are typically a few kHz at
cryogenic temperatures.
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3.1.1 Coherence time and homogeneous linewidth

Two different time constants are associated with one excited state:
the lifetime of the state, T7, and the coherence time of the state,
Ts. The lifetime describes how long the atom stays in the excited
state before it decays to the ground state, while the coherence
time describes how long the superposition state keeps its phase
information. The lifetime sets the upper boundary of the coherence
time, Ty < 277, since the phase information is lost if the system
decays to its ground state.

An atom in a superposition state oscillates at a frequency wy,
which depends on the energy level seBaration between the excited
state and the ground state, wy = E; 2. The energy levels of these
two states are affected by the surrounding electric field. For exam-
ple, when the spin of a close by atom flips, the field changes slightly,
shift the energy levels and altering the oscillation frequency of the
state. Since this spin flip is a random process and unknown to
us, the phase information we have about the state is not accurate
anymore. Similarly, if a nearby atom is excited from the ground
state to the excited state, the surrounding electric field changes
and causes a phase change in the system because of the permanent
electric dipole moment is different between these two states. The
loss of phase information of a state is called dephasing (decoher-
ence); if we know the cause, we can compensate for the dephasing
and increase the coherence time of the states.

When an atom in a superposition state emits a photon, the
frequency of the emitted photon will be the same as the frequency
separation of the two states. Since the energy of the two states
changes, the frequency of emitted photon will have a certain width
instead of a perfectly monochromatic emission. The frequency
width of such an emission, the homogeneous linewidth, can be
calculated from the coherence time, T according to

1

Iy = —.
h ’/TT2

(3.1)
Coherence times of up to 30 seconds have been measured in
Pr3+:Y,SiO5 for the hyperfine ground states using decoupling se-
quences (bang-bang pulses) [29]; the lifetimes of these states are
shown to be about 20 min with a small magnetic field [30]. Coher-
ence time up to six hours by employing dynamic decoupling pulses
at ZEFOZ point [31] and an extremely long lifetime of the nuclear
spin state of 23 days are measured in Eu3t:Y,SiO5. As for the
optical transitions, coherence time of 112 us at zero magnetic field
and a lifetime of 164 ps have been demonstrated in Pr®+:Y,SiOs;
the coherence time could be extended to 152 ps when applying
a field of 7.7 mT [32]; coherence times up to several milliseconds
have been measured in Eu®*:Y5SiO5 [33] and Er+:Y,SiO5 [34].
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3.1.2 Inhomogeneous linewidth

When doped into an inorganic crystal, each individual rare-earth
ion has a well-defined center frequency and a narrow homogeneous
linewidth. However, because of the size mismatch of the dopant
ions and the host ions that are substituted, the doping distorts
the crystal lattice randomly and the individual ions are located in
slightly different surroundings and feel different crystal fields. This
causes a random shift of the center frequency of the ions, resulting
in an absorption profile that is much wider than the homogeneous
linewidth, I',. This is referred to as the inhomogeneous linewidth;
Iin. Figure 3.4 illustrates how this inhomogeneous broadening
happens.

The inhomogeneous linewidth varies from crystal to crystal and
depends on many factors, such as doping concentration, crystal
quality, and external static pressure. Typically the inhomogeneous
linewidth is a few GHz [34]. For the crystal used in this thesis,
0.05% Pr3t:Y,Si0s5, the typical linewidth is 5 - 10 GHz.

Since the inhomogeneous linewidths (~ GHz) are typically 10°
times wider than the homogeneous linewidths (~ kHz), it is pos-
sible to address different ensembles of ions individually using dif-
ferent laser frequencies with narrow bandwidths, e.g., by spectral
hole burning, to be discussed in Section 3.3. This offers attractive
possibilities for data storage and quantum computing.

3.2 Hyperfine level

Even though the surroundings have little effect on the rare-earth
ions, the energy level structure of the states does depend on the
host material and the symmetry of the site in which the rare-earth
ions have replaced the host ions. For rare-earth ions with nuclear
spins greater than 1/2; the energy levels are split into hyperfine
levels by second-order hyperfine and quadrupole interactions. Typ-
ical hyperfine level splittings range from a few MHz to a few GHz.
The hyperfine structure of praseodymium (Pr®*), when doped into
Y2SiO5 at site 1 as used in this thesis, is shown in Figure 3.5. The
Pr3+ (there is only one naturally abundant isotope, 14'Pr) has nu-
clear spin of I = %, and the 2H, and D, levels each splits into
three hyperfine states with m; = ig,i%,i%, respectively. At
thermal equilibrium, all three ground states are equally populated
and can be coupled to all three excited states. Therefore, a sin-
gle radiation field drives all nine transitions at the same time in
different ensembles of ions within the inhomogeneous bandwidth
[35].

Absorption

Frequency

Figure 3.4. Illustration of the
inhomogeneous broadening; when
doped into a crystal, the
rare-earth ions randomly replace
some of the host ions; due to the
size mismatch between the dopant
ion and the host ion, the crystal
lattice is distorted, affecting the
local electric field the dopant ions
feel and shifting their resonance
frequency slightly. At the end,
even though each dopant ion
absorbs at a certain frequency, the
ensemble forms a broad
absorption profile.

[+5/2e>
4.6 MHz |:E3/28>
4.8 MHz et [£1/26>
606 nm
495 THz
[x1/2g>
10.2 MHz
[£3/2g>
17.3 MHz
[£5/2g>
Figure 3.5. HIyperﬁne structure
for the 3Hy -1 Dy transition in

Pr3t:Y5Si05 at site 1.
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Absorption

Frequency

Figure 3.6. Spectral hole burning
in a inhomogeneously broadened
absorption spectrum. Atom/ions
that absorb at specific frequencies
are burned away by a laser beam.
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3.3 Spectral hole burning

When a material with inhomogeneously broadened absorption
profile is illuminated by a laser beam with frequency 1y and a
linewidth that is narrower than the inhomogeneous linewidth of
the spectrum, certain frequency components are bleached, leading
to increased transmission at these frequencies. This is referred to
as spectral hole burning and is shown in Figure 3.6.

Consider the 3H, - Dy transition of Pr3t. Due to the differ-
ent combinations of the ground state and excited state hyperfine
levels and the inhomogeneous broadening effect, there are 9 pos-
sible transitions (from 9 groups of Pr3* ions) that have the same
transition frequency at the same time. If we have a laser with a
linewidth comparable to the homogeneous linewidth of the Pr3+
ion, we can use it to interact with Pr3* ions that have one transi-
tion (out of their nine transitions) that is resonant with the laser;
those Pr3+ ions will be excited. Since there are three ground states,
when those ions decay, they have a certain probability of relaxing
to a hyperfine state different from the one that they originally
came from, decreasing the absorption at the laser frequency. This
process is called spectral hole burning and the region with less ab-
sorption is called a spectral hole. Since there are three states that
can be excited from the same ground state, the absorption from
the state where the ions were originally to the other two excited
states will decrease as well; they are called side-holes. The other
transitions from the two ground states that now have more popula-
tions have more absorption than before and create anti-holes. The
structure of spectral holes and anti-holes could be used to study
the energy level of the hyperfine structure.

The lifetime of the spectral hole depends on how fast the hy-
perfine states relax. Since the hyperfine state has a lifetime as
long as ~ 100s for Pr3*:Y,SiOs, it is sometimes referred to as a
persistent hole.

By scanning the laser in frequency and repeating the hole burn-
ing process many times, it is possible to create a wide hole with
almost no absorption, referred to as a spectral pit. The max-
imum pit width is determined by the hyperfine splittings. For
Pr3+:Y,SiOs, the widest spectral pit we could create is 18 MHz,
which is the separation of the ground state minus the separation
of the excited state.

After the spectral pit is created, a group of ions with a selected
frequency could be burnt back into the pit by using a spectrally
narrow laser. This is referred to as peak creation; we could isolate
one group of ions from the other ions and control the phase evo-
lution of these ions precisely. Spectral hole burning (pit creation)
and peak creation are the techniques we used in this thesis; for
example, in the quantum memory project discussed in Chapter 5.
More information about what pulse parameters and sequences to
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ge +1/2 [ £3/2] £5/2
+1/2 056 | 038 | 0.06
+3/21039 |060 |0.01
+5/2 1005 |002 |093

Table 3.1: The relative oscillator strength for the Hy-'Ds transi-
tion between the ground and excited state hyperfine levels.

use for the pit, peak creation are found in Ref. [36]. A typical
spectral pit with one group of ions inside is shown in Figure 3.7.
The ions are at their |% g > state, while the three peaks correspond
to the transitions from |3g > to [§e >, |3e > and|5e >, respec-
tively. The height of the peaks depends on the oscillator strength
of the corresponding transition (see next section).

3.4 'Transition strength

Transition strength (oscillator strength) describes how easy it is to
drive a transition. A higher transition strength means the transi-
tion could be driven in a shorter time with a given amount of laser
power and that the transition has a higher absorption coefficient
and greater spontaneous emission, thus a shorter lifetime, than
transitions with lower transition strength under the same condi-
tions.

The transitions in rare-earth ions are weaker than the allowed
electronic transitions, which is why the rare-earth ions has long
lifetimes and coherence times. Typical values for the oscilla-
tor strength of rare-earth ions range from f = 1.3 x 1078 for
Eu3T:Y,Si05 [37] to f = 8 x 107° for Nd**+:YVO, [34]. The rela-
tive oscillator strength of the 3Hy - Dy transition in Pr3+:Y,SiO5
is shown in Table 3.1.

The oscillator strength is proportional to the square of the tran-
sition dipole moment [38], and the transition dipole moment, pige,
for Pr3* when doped into YSiOs, lies in the D1-D2 plane with
an angle of about 15.5° from the D2 axis, where D1, D2 (and b)
are the three principal axes of the host material Y2SiO5 [24]. Fig-
ure 3.8 shows the transition dipole moment orientation relative to
the principal axes of the host. To excite a transition, the incoming
light field has to have one component along the transition dipole
moment.

3.5 Static dipole moment and Stark effect

When atoms or ions are present in an electric field, their energy
levels shift relative to the original levels due to the interaction of
their static dipole moment with the electric field. This is called

-5 0 5 10 15
Frequency (MHz)

Figure 3.7. A typical spectral pit
with one group of ions at their %g

state in Pr3t:Y»SiO5 at site 1.

D2
Mge

D1

Figure 3.8. Transition dipole

moment of Pr3t. It almost lies in
the D1-D2 plane and has an angle

of ~ 15.5° with the D2 axis.
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6, ol 70K,

Sy Sy,

Figure 3.9. A schematic drawing
showing the different static dipole
moment orientations between the
excited and ground states (6p) for
the 3Hy -1 Dy transition in
Pr3+:Y5Si05. The magnitude of
Sp is 111.6 kHz/(V-em™1),
oriented in one of the four possible
directions, where 0 = 24.8°.
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the (DC) Stark effect, and the frequency shift is referred to as the
Stark shift.

Because the static electric dipole moment of the ground state,
iy, differs from that of the excited state, p., the resonant fre-
quency of the atoms or ions experiences a net Stark shift of in the
presence of an external electric field.

(e —py) E  Sp-E
As = W = (3.2)

where E is the applied electric field and du is the difference be-
tween the excited and ground state static dipole moments (not to
be confused with the transition dipole moment).

For Pr3+:Y,SiOs, there are four possible dp orientations for
Pr3*, as shown in Figure 3.9; all four orientations of du have
an angle of § = 12.4° relative to the b axis of the crystal; the
magnitude of dp/h is 111.6 kHz/(V-em™1) [39, 40]. If we apply
an external field along the symmetry axes of the dipole moments,
Oft1 9 3.4, i-., along the b axis of the crystal or the direction per-
pendicular to it, two effective Stark shift coefficients appear with
the same magnitude but opposite signs. As a result of this, half
of the ions with the positive Stark coefficient will be the frequency
shift from vy to v/ = vg + |As|, while the other half of the ions,
with the negative Stark coefficient, will be frequency shift from v
to v/ = vy — |As|. If the external field is applied not along the
symmetry axes, one could get four different frequency shifts.

3.6 Pr’*t:Y,SiO; and Eu?t:Y,SiO;

As discussed in Section 3.1.1, the random spin flips in the sur-
rounding atoms could cause decoherence of the rare-earth ions and
reduce the coherence time. Y3SiOjs is a good candidate for host
material due to its low nuclear magnetic momentums, which min-
imize the effect of decoherence caused by spin-flip from the host
ions. There are two inequivalent yttrium sites that the rare-earth
ions could occupy when doped into Y2SiOj5 crystal, referred to as
site 1 and site 2. The sites give rise to slightly different energy
levels in the dopant ions.

Pr3* and Eu®t are similar in many ways. Both of them are
non-Kramers’ ions (have an even number of 4f electrons after form-
ing RE3") and have non-degenerate crystal field levels. Both of
them have a nuclear spin of 5/2 and have no first-order hyperfine
splitting [44] and the second order hyperfine interaction splits each
crystal field level into three doubly degenerated hyperfine level at
zero magnetic fields. Both the 3H, - 1D, transition in Pr3* and the
"Fy - 5Dg transition in Eu3t have a long lifetime and long coher-
ence time. The "Fy - °Dy transition in Eu®* has an even longer
coherence time because both states have an angular momentum
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Pr (site 1) Pr (site 2) Ref
Noac 605.977 nm 607.934 nm 32]
T optical 164 us 222 us [32]
T optical (0 T) 114 ps 318 s 32]
T5 optical (7.7 mT) 152 ps 377 us [32]
T, hyperfine ~ 100 s ~ 100s [35]
T, hyperfine (10 mT) ~ 20 minutes - [30]
T5 hyperfine ( 80 mT) 42 s - [41]
Stark coefficient 112 kHz/(V-em™%) | 92.9 kHz/(V-cm™!) | [39]

Table 3.2: Some properties for the 2Hy - 'Dy of Pr:Y,SiO5 at liquid
helium temperatures.

Eu (site 1) Eu (site 2) Ref
Avae 579.879 nm 580.049 nm [33]
T} optical 1.9 ms 1.6 ms [33]
T optical (0 T) 1.5 ms 1.1 ms [33]
T» optical (10 mT) 2.6 ms 1.9 ms [33]
T, hyperfine 23 days 23 days [37]
T, hyperfine (0 T) 19 ms (¥1Eu) - [42]
Ty hyperfine (1.35 T) | 6 hours (**'Eu) - [31]
Stark coefficient 35 kHz/(V-em™1) | 17 kHz/(V-ccm™1) | [43]

Table 3.3: Some properties for "Fy - Dy of Eu:Y5SiO5 at liquid
helium temperatures.

of J = 0 which means there is no first-order magnetic moment,
making it less sensitive to fluctuations in the crystal field.

All the work done within the scope of this thesis used
Pr3+:Y,Si0s5, it is believed that with Eu?t:Y,SiO5 better results
could be possible, because of the longer lifetime and coherence time
in Eu?t:Y,SiOs, provided there is sufficient laser power and wide
enough modulation range of the laser, given that Eu®*:Y,SiO5 has
much lower oscillator strength and wider hyperfine splitting. Some
of the properties related to the 2Hy - ' Dy transition in Pr3+:Y,SiOs
and the “Fy - 5Dy transition in Eu®t:Y5SiO5 are summarized in
Tables 3.2 and 3.3.
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CuaprTer 4

SLOW LIGHT EFFECT RELATED
PHENOMENA

The slow light effect has attracted a lot of attention in recent
years because of its applications in the optical delay line, data
synchronization, optical communication, as well as many other
applications. It also has uses in quantum computing and quantum
communication; for example, ultraslow light would make photon-
photon interaction possible, enabling a single-photon pulse to co-
herently manipulate the quantum state of the other one [45], slow
light based quantum memories have been demonstrated [46]. Slow
light effect in rare-earth-ion-doped crystals has been studied ex-
tensively and group velocity of light down to 45 m/s has been
demonstrated in such a system [47].

This chapter focuses on the slow light effect caused by spectral
engineering of the inhomogeneous profile in rare-earth-ion-doped
crystals. The chapter is structured as follows: Section 4.1 intro-
duces the phase velocity and group velocity of light in relation to
the refractive index, Section 4.2 provides two ways of calculating
group velocity inside a spectral hole, as well as how to interpret
the slow light effect from an energy point of view. Sections 4.3, 4.4,
4.5 focus on three slow-light related phenomena: cavity linewidth
narrowing, group velocity control and pulse compression, as well as
slow-light based frequency shifting, which lead to the publications
of Papers II, IV, and III, respectively.

4.1 Phase velocity and group velocity

The speed of light in vacuum is a universal constant, ¢ =
2.99792458 x 108 m/s. When an achromatic light wave propagates
inside a material, it propagates at its phase velocity, vy, which is
slower than c. That is because the atoms inside the medium can
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Figure 4.1. The propagation of a
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be viewed as an atomic core surrounded by fast-moving electrons,
the electrons feel the force of the electric field of the light and oscil-
late together with it. This makes the atoms act like an oscillating
dipole, which sends out its own electric field. If we look at a point
far away from the medium, the integrated electric field that the
atoms send out is 90 degrees behind in phase with the driven light
field. At the end, the two electric fields add together and it seems
as though the light travels slower inside the material. This speed
is called phase velocity which could be described by the refractive
index n that depends on the property of material as v, = =; for
example, n = 1.000293 in air and n = 1.33 in water for incoming
wavelength A = 589.29 nm. The refractive index depends not only
on the material property but on the frequency of the light as well,
which is called dispersion.

Besides the phase velocity, there is another term that is often
related to the light propagation inside a medium, which is the
group velocity.

Since a perfect chromatic wave cannot be used to transmit
information because no information can be coded onto it, when we
say that an optical pulse that carries information propagates inside
a material, we are referring to a wave packet that contains many
different frequencies. The group velocity of the pulse describes the
speed at which the 'maximum’ of the light envelope is propagating,
i.e., where all the frequency components interfere constructively.
Since each frequency propagates at its own phase velocity, the
‘maximum’ of the envelope propagates at a group velocity that
could be faster or slower than the phase velocity depending on the
dispersion.

Figure 4.1 shows a schematic drawing of the propagation of an
optical pulse, the dashed dark gray line represents the propagation
of the wave packet at the group velocity, while the solid green,
blue, and orange lines represent the propagation of some of the
frequency components of this wave packet at phase velocity. The
maximum of the wave packet, as well as one crest (labeled by a
dot marker) from each of the three frequency components inside
the wave packet, are at z = 0 at t = 0, as shown in the upper part
of the figure. The maximum of the wave packet propagates to
z = 2" at time ¢t = At while the three crests propagate to z;, where
i =1,2,3, corresponding to the three frequency components. The
group velocity for the wave packet and the phase velocity for the
different frequency components are vy = z—/t = n—cg, and v, =

zi
At =
n%, respectively, where n, is the group refractive index for this
wave packet, while n; (i = 1,2,3) is the refractive index for the
three frequency components.
As discussed above, the group velocity of a light pulse through
a material can be calculated as
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Vg = n—, (41)
g
and ng is calculated by Ea L

ng=mn+v (4.2)

v’
where n is the real part of the refractive index (used to calculate
the phase velocity), which ranges for most materials from 1 to 4, v,
while the dispersion part Z—Z could be vary rapid in the vicinity of Frequency (MHz)
a material resonance. The group refractive index could be much
bigger /smaller than 1 or even negative, depending on the disper- Figure 4.2. A spectral hole with a
sion. This results in a group velocity that is much smaller/bigger  width of T' and the dispersion of

. . . . . the refractive index associated
than ¢ which we calli slova llght and fast light. The group velocity with this structure. Due to the
could even be negative, it still belongs to the fast light because a  strong dispersion inside the
negative group velocity means the peak of the pulse propagates so ~ spectral hole, the group velocity of
the pulse propagating inside the
spectral hole could be very low.

J

o

Absorption (arb. units)
o
Refractive index

fast that it comes out of a material even before it enters, sometimes
it is referred to as backward light [48, 49]. Group velocities down
to the human scale of about 17 m/s have been observed experi-
mentally in ultracold atomic gas [50] and the same scale of group
velocity has been demonstrated in rare-earth-ion-doped crystals as
well [47].

4.2 Slow light inside a spectral hole

The strong slow light effect could be achieved by making 3—2 large
and positive (large normal dispersion) through engineering the ab-
sorption profile, as mentioned above, dispersion is much stronger
in the vicinity of a material resonance. As shown in Figure 4.2,
the refractive index changes dramatically over the narrow spectral
hole region, leading to a strong slow light effect. For this spectral
hole based slow light, the group velocity v, could be estimated by
[51, 52]
27

Vg N~ (4.3)
where I is the frequency width of the transmission window and « is
the effective absorption coefficient outside the spectral hole. Thus,
we can see intuitively how the spectral hole affects the group ve-
locity, leading to the publication of Section 4.4.3, where the group
velocity of the light is controlled solely by external fields that de-
termine the width of the spectral hole.

4.2.1 Energy perspective

Another way of interpreting the slow light effect is from the energy
point of view. When a light pulse propagates forward, the elec-
tromagnetic field is moving in space and time. Since the material
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is made of atoms and molecules, the light interacts with them off-
resonantly and lifts the Bloch vectors of the atoms slightly from
their ground-state position. As a result, certain energy is stored
in the material as atomic excitation. The Bloch vectors evolve
in time, the atoms rephase at a later time and the energy stored
inside the atoms return to the light field. The stronger the inter-
action, the more energy is stored in the material and the slower
the light propagates [53-55].

For example, when a light field propagates inside the rare-
earth-ion-doped crystal, it interacts with the host material and
the doped ions at the same time, however, for the frequency re-
gion we are interested in here, the interaction of the light with the
host atoms is more or less constant, while its interaction with the
dopant ions depends heavily on the frequency of the light and the
resonance frequency of the ions. Thus, it would be useful to sep-
arate these two interactions and denote the energy density stored
inside the crystal to be the energy density stored inside the host
atoms, Upest, and the energy density stored inside the ions, Uiep,
respectively. There is another term, Uy,., denotes the energy den-
sity of the pure electromagnetic field.

Similar to Ref. [53], the energy flow across a unit cross section
inside the crystal per unit of time could be written as vg(Uyac +
Uhost + Uion ), which should be the same as the energy flow through
a unit cross section per unit time outside the crystal, cUyac. Thus,
we have

vg(UvaC + Uhost + Uion) == CUvaca (44)

C C
- Unost Uion Umed *
L+ e+ g 1+ s

Vg (4.5)
If there are no dopant ions or the frequency of light is very different
than the resonance frequency of the ions such that Uy, ~ 0, we

have vy = Huﬁ If there is no dispersion from the host material,
Thost.

we have vy = vvscand the refractive index of the material could be
written as n = 1 4 Yhost

From Equation (4%3, we could calculate that for a group veloc-
ity below 300 km/s, more than 99.9% of the total energy is stored
in the medium.

4.3 Cavity linewidth narrowing

For a Fabry-Pérot cavity, the resonance of the cavity corresponds
to the case when the incoming light field and the circulating field
inside the cavity interfere constructively, which means they are in
phase with each other. This happens when the round trip length of
the cavity fits an integer number of the wavelength, m(\/2) = L,



Slow light effect related phenomena

PD1
Cavity
Input light Bs M2 Lens crystal Lens PD2
P || | ./-
71T 1 | | |

Figure 4.3. Experimental setup used for the cavity linewidth measure-
ment. The incoming laser beam was split into two parts, one used as
a reference beam while the other was focused inside the crystal, and
detected by a photodetector (PD2). The polarization of the incoming

light was along the D2 axis of the crystal by a \/2 plate.

where m is an integer and the wavelength is A = ¢/(nv). Thus,

C

mop = . (4.6)
Differentiating Eq. 4.6 yields
i&n = ndv + vin. (4.7)

Dividing the left (right) side of Eq. 4.7 by the left (right) side of

Eq. 4.6 yields

m by on s
m 14 n

where n = n(v) is a function of frequency. Normally the relative
frequency change is much faster than the refractive index change,
dv/v > dn/n; thus, the frequency of the next cavity mode is far
away in frequency from the current one. However, in the case of
significant slow light effects n < v(dn/dv), the second term on the
right side of Eq. 4.8 is much larger than the first, and the cavity
mode spacing is determined almost completely by the dispersion,
while the effect of the relative frequency change is negligible.

The crystal we used here is a L = 6 mm, 0.05% Pr3*:Y,SiOs.
To make a cavity out of the crystal, the reflection coating was
directly deposited onto the two surfaces of the crystal. One part
of the crystal is left uncoated on both surfaces. The rest of the
crystal was coated as follows: one of the surfaces was coated with
a reflectivity of Ry = 95%, while the other surface was divided
into two parts, one coated with the same reflectivity of Ry = 95%,
the other with Ry/ = 99.7%. For investigation of the cavity mode
narrowing, we used only the matched cavity part, where R; =
Ry = 95%.

First, we measured the cavity mode spacing and cavity
linewidth at room temperature at a wavelength where there should
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Figure 4.5. Cavity transmission and the dispersion at the presence of a
spectral pit. The dark gray trace shows the estimated spectral structure
inside the cavity, the blue trace is the calculated refractive index based
on the Kramers-Kronig relation, and the orange trace shows the five
cavity modes fitted inside an 18 MHz spectral pit.

be low absorption (around 620 nm) [56]. The cavity mode spac-
ing is about dv ~ 13 GHz while the cavity linewidth is about

v =~ 1 GHz as shown in Figure 4.4, this is much wider than we ex-
pected. The cavity finesse was expected to be F' = % =61 for a
matched cavity with R = 0.95, which would give the expected cav-
ity linewidth of about 200 MHz. The main reason is the remaining
absorption inside the crystal since there was still absorption at this
wavelength and we could see the fluorescence from the ions. The
transmission does not look symmetric and the tail on the high-
frequency side is attribute to the higher order transverse modes
in the cavity, while the small extra peaks to the left of the cav-
ity modes come from the orthogonal light polarization, since the
incoming light was polarized mainly along D2 but also contained
a small D1 component, and Pr3+:Y,SiOj5 is a birefringent crystal
with np; = 1.7881, npy = 1.809 [57, 58].

Optical pumping techniques were used to burn an 18 MHz wide
spectral pit inside the ~ 9 GHz inhomogeneous absorption profile
using a method similar to the one described in [59]. The experi-
mental setup is shown in Figure 4.3, where the light propagated
along the b axis of the crystal and the incoming light polariza-
tion was rotated to be along D2 by the A\/2 plate, a photodetector
(PD2) was employed to measure the transmission through the cav-
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ity crystal. The estimated spectral pit structure is shown as the
black trace in Figure 4.5, while the blue trace shows the refrac-
tive index across the structure as calculated from the expected
pit structure. A frequency chirped pulse was used to scan over
the spectral pit, and 5 cavity modes were seen from PD2, shown
as the orange trace in Figure 4.5. The cavity mode spacing and
the linewidth were reduced to A ~ 3.5 MHz and v ~ 600 kHz
respectively. The cavity linewidth and the mode spacing were fur-
ther reduced by preparing a narrower spectral window of 1 MHz,
for example. This resulted in a much steeper dispersion curve,
which caused a stronger slow light effect and thus reduced the
cavity linewidth further to about 30 kHz, as shown in Paper II.
A reduction of the cavity linewidth of more than 10,000 was thus
demonstrated.

In some sense, the slow light effect made the 6 mm long cavity
behave like a very long cavity in the presence of a spectral hole
(~ 45 m inside an 18 MHz pit and ~ 700 m inside a 1 MHz hole).
If we send in a short pulse, we should be able to see the pulse
bounces back and forth between the mirrors. We sent in a 20 ns
long Gaussian pulse to the cavity in the presence of the 18 MHz
spectral pit, while the center frequency of the Gaussian pulse was
positioned in the center of the spectral pit. Figure 4.6 shows the
transmitted light on the photodetector (PD2). The round trip
time of the pulse is about 250 ns, which yields a group velocity
of 48 km/s while the group velocity was measured to be about 10
km/s for a 3 MHz wide spectral structure.

Investigating the cavity linewidth narrowing is of great interest
because of its wide-ranging applications. Here are a few examples.
It was demonstrated in Ref. [60] that the weak spectral component
outside the laser center frequency could be filtered away simply by
sending the laser through a rare-earth-ion-doped crystal, reducing
the laser phase noise by several tens of dB. Much narrower laser
linewidth could be achieved by combing a similar cavity technique
used here.

Spontaneous parametric down-conversion is widely used to gen-
erate entangled photon pairs and single photons. However, the
frequency of the generated photon is too wide compared with the
bandwidths of the quantum systems. One way to narrow the
linewidth is to put the periodically poled nonlinear crystal inside
a cavity. This configuration has two advantages: it enhances the
efficiency of the conversion and the bandwidth of the photon emit-
ted is the same as the cavity mode linewidth. However, the cavity
mode and the bandwidth of the photon may still be too wide for
certain applications. If a rare-earth-ion-doped crystal is combined
with such a cavity, we could make it a slow light cavity and choose
the parameters such that only one narrow cavity mode is within
the transmission window, then we could narrow the cavity mode
and the frequency width of the photon generated inside such a
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Figure 4.6. Light transmitted
through a cavity (orange solid

line) in the presence of an 18 MHz

spectral pit when a 20 ns long
pulse (dark gray dashed line) is
sent into the cavity.
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cavity to make it match well with the system. This would be ideal
if the photons generated are used for a quantum system based on
the same type of rare-earth-ion-doped crystals.

It could also be used to make high @Q cavities. The Q value
achieved in this cavity was 1.6 x 10'0 in the presence of a 1 MHz
spectral hole, while Q value up to 10'! has been measured in a crys-
talline CaFy whispering-gallery-mode (WGM) resonator, which
was carefully polished and annealed [61]. WGM cavity made of
rare-earth-ion-doped crystal with a Q value of 105 has been demon-
strated [62], and it is reasonable to believe that the Q value could
be increased by several orders of magnitude by combining with
the slow light effect. If prepared more carefully, we might obtain
a WGM cavity with an even higher Q value.

Mathematically speaking, Equation (4.6) shows that, in prin-
ciple, there are different combinations of n and v that match the
same mode number m. In our slow light cavity, the two cavity
modes to the left (right) inside the spectral pit in Figure 4.5 that
are roughly 3.5 MHz apart have the same mode number as the two
cavity modes below (above) the frequency of the inhomogeneous
absorption line that is about 13 GHz apart. Thus, the slow light
cavity described here could actually several cavity modes with the
same mode number, which is not trivial for a conventional cavity.
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4.4 Group velocity control and pulse
compression

From Equation (4.3), we can see that the group velocity changes
along with the width of the spectral hole; thus, it is possible to
actively control the group velocity of the light propagating inside
a spectral hole by control the width of the spectral hole. The hole
width could be changed by shifting the resonance frequency of the
ions by the Stark effect or the Zeeman effect, when applying an
external electric field or magnetic field. Here we control the group
velocity of light pulses via controlling the width of the hole by
using the Stark effect.

As we discussed in Section 3.5, due to the symmetry of the
electric dipole moment of the ions, there are two groups of ions
with opposite sign of their Stark coefficient in the Pr3t:Y,SiOs
crystal if an E field is applied along the b axis across the crystal
(see Figure 3.9). Thus, the resonance frequency of half of the ions
shifts to a higher frequency while that of the other half shifts to
a lower frequency by the same amount when a certain external
electric field is applied. Given a square hole structure from the
beginning as shown in Figure 4.7 (a), a certain electric field results
in a narrower hole structure, as in Figure 4.7 (b). The group
velocity is reduced as the hole width narrows. Even though the
effective absorption coefficient outside the hole is also reduced, at
the maximum by a factor of 2, while the hole width could change
much more than that. Thus, the group velocity decreases and we
can control the group velocity straightforwardly by adjusting the
strength of the electric field.

4.4.1 Crystal and E field

The crystal used in this experiment is a 10 mm x 10 mm X 6 mm
(D1 x D2 x b) 0.05% Pr3+:Y,SiOs, it has two sets of electrodes
directly deposited on its surfaces, as shown in Figure 4.8. The
electric field at the center of the crystal along the light propagation
axis simulated by COMSOL is shown in Figure 4.9. Because of the
geometry of the electrodes, the electric field along the crystal is
not quite homogeneous, it is lower at the edges and in the middle,
however, it is within 95% if the light beam is within +1 mm of the
center.

4.4.2 Experiemental setup

We used an optical setup similar to the one for the cavity line
narrowing experiment, except that the crystal is not a cavity but
has electrodes on it, as shown in Figure 4.8 and a sketch of the
setup is shown in Figure 4.10. A laser beam was split into two
parts by a 90/10 beam splitter; the weaker one was detected by
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Figure 4.7. Sketch of the spectral
structure before (a) and after (b)
the 40 V external voltage is
applied. Blue and red represent
the ions with a positive and
negative sign of Stark coefficient
respectively, while the green trace
shows the dispersion across the
spectral structure.

Figure 4.8. The crystal used to
make the frequency shifter. There
are electrodes on its surfaces.
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a Thorlabs PDB150A photodetector (PD1) used as a reference
beam to calculate the group delay of the pulse after crystal and
to calibrate the laser intensity variations while the stronger beam
was focused on the crystal and detected by another photodetector
of the same model (PD2).

A 16 MHz spectral hole was created by sweeping the laser
within + 8 MHz around the center frequency (0 MHz). However,
due to the inhomogeneity of the E field, when a certain voltage
was applied, the resonance frequency of the ions shifted differently
depending on their location, which smoothed out the sharpness
of the hole edge and induced some absorption close to the hole
edge. To compensate for this effect, the structure preparation was
optimized in the following way: 16 MHz, 8 MHz, 1 MHz and 500
kHz hole burning sequences were employed consecutively in the
presence of 0, 20, 40 and 41.5 external voltages, followed by the 16
MHz hole burning sequence at 0 V at the end until a suitable hole
structure with high transmission and sharp edge was achieved.

4.4.3 Group velocity control

We could see from Figure 4.7 that the dispersion curve for the
1 MHz hole at 40 V was much steeper than the 16 MHz hole at
0 V, which would result in a much slower group velocity for the
narrower hole, as indicated in Equation (4.3).

After the preparation process, 16 Gaussian pulses with FWHM
of 10 us and cutoff duration of 100 pus were sent into the crystal
successively at 16 different external fields (from 0 V to 42.5 V). The
group velocity was calculated for each external field by measuring
the delay between the transmitted pulses from the crystal and the
reference beams, 74, and vy = T% From Figure 4.11, we could see
that the group velocity changed from 30 km/s at 0 V to 1.5 km/s
at 42.2 V while maintaining a relative efficiency above 80%.

The slow light effect could be used as a delay line to hold the
light for certain time for data synchronization or other applica-
tions. For an ordinary delay line that could delay a pulse for a
certain time ¢, the fractional scattering loss of delaying time ¢ is
proportional to I, = 1 — e %! = 1 — ¢~ %!  where oy is the
scattering coefficient and [ is the length the pulse has propagated.
If a slow light delay line was used instead, the length of the delay
line needed for the same delay time could be greatly reduced, thus
reducing the scattering loss the light experiences during the delay
process. Moreover, the slow light group velocity control is unique
in the sense that it could be used as a tunable delay line that is
controlled solely by an electric field; in some applications it could
be an alternative to quantum memory.
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Figure 4.11. The group velocity (blue trace) and the efficiency (red
trace) at different external voltages. The higher the external voltages,
the lower the group velocity. The group velocity changed by a factor of
20 while keeping the relative efficiency at more than 80 %.

4.4.4 Pulse compression

Imagine a crystal that slows light down so much that the whole
light pulse is compressed spatially and could fit inside it. When
the light pulse is just about to exit the crystal, the slow light effect
is switched off (or reduced, such that the group velocity increases),
causing the pulse to come out much faster. The end of the pulse
would spend much less time inside the crystal than the front. As
a result, the pulse comes out of the crystal compressed in time.
A light pulse propagating inside the 16 MHz hole created ini-
tially has a group velocity of vg; = L/7 ~ 29 km/s, where 7y is
the time it takes for the light pulse to propagate through the crys-
tal. However, if an external voltage of V = 40 V is applied after
preparation of the 16 MHz spectral hole (a sketch of the structure
is shown in Figure 4.7 (b)), the pulse propagates at a group veloc-
ity of vgo &~ 6.5 km/s. In this case, a 1 ps pulse that is about 300
m in vacuum is compressed to about 6.5 mm spatially, which fits
well inside the 10 mm-long crystal. Therefore, if the pulse is sent
to the crystal at an external voltage of 40 V and the external field
is switched off just before it comes out , the pulse will be com-
pressed. We can see this effect from Figure 4.12, where the black
dashed trace is the reference of the input pulse and the blue trace

31



4.5 Frequency shifter

Intensity (a.u.)
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Figure 4.12. Pulse compression in
time. A 1 pu s-long pulse is sent
into the crystal when t = 0 (dark
gray dashed trace), transmitted
from the crystal at 1 = 350ns
when no external field is applied
(blue trace) and at o = 1.54pus
when 40 V is applied across the
crystal (green trace). However, if
the external voltage is 40 V when
the pulse enters the crystal and V
= 0 when the pulse exits the
crystal, the pulse can be
compressed in time (orange trace).
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Figure 4.13. Experimental setup used to prepare the frequency shifter
structure; the crystal has two sets of electrodes on its surfaces and the
E field is along the b axis of the crystal.

is the output pulse when no external voltage is applied such that
the pulse sees the structure shown in Figure 4.7 (a) inside the crys-
tal. The green trace is when the pulse propagates at an external
voltage of 40 V; the spectral structure is shown as in Figure 4.7
(b). The orange trace, whose duration is greatly compressed, is
when the external voltage is kept 40 V until the pulse is about
to exit, then switched off. Therefore, the structure changed from
Figure 4.7 (b) to Figure 4.7 (a) just before the pulse came out,
compressing the pulse duration.

4.5 Frequency shifter

Since the slow light effect comes from the fact that the energy of the
optical pulse is stored mainly inside the resonance centers via off-
resonant excitation inside a slow light material, as was discussed in
Section 4.2.1, if we change the frequency of the resonance centers
while the light is still inside the material, we could in principle
change the frequency of the light that comes out of the crystal.
We will demonstrate this now.

4.5.1 Specially prepared structure

To shift the frequency of the light, it is crucial that all ions in-
teracting with light off-resonantly have the same Stark coefficient.
Optical pumping and the Stark effect were used to create a region
in the frequency domain where only one such group of ions exist.
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Figure 4.13 shows a sketch of part of the experimental setup.
A laser beam was split into two parts, one focused into the crystal
for preparation and later measurement, the other further split into
two paths, one used as a reference beam to calibrate the intensity
variation and the other as a local oscillator for frequency shift
measurement. Both the experimental beam and the local oscillator
were sent to a fiber; from the beating pattern of the two beams,
one can analyze the frequency shift of the light that propagated
through the crystal.

A sketch of how the absorption profile changed during the
preparation process is shown in Figure 4.14. (a) shows that the
ions were equally populated and absorption at all frequencies was
the same at the beginning. An 18 MHz spectral pit was then cre-
ated via optical pumping, as shown in (b). An external field was
switched on; the resonant frequency of the two groups of ions Stark
shifted to higher and lower frequency respectively, which split the
spectral hole into two half holes, each half hole region containing
ions with the same Stark coefficient, as shown in (c). At the end,
optical pumping was utilized again to create a 1 MHz hole in one of
the half holes. The final structure had a 1 MHz spectral hole sur-
rounded by only one group of ions with the same Stark coefficient
as shown in (d).

4.5.2 Frequency shift of the ions and the structure

A sketch of the frequency shifter structure created is shown in Fig-
ure 4.14 (d) as the structure around 0 MHz. To see the structure
experimentally, a frequency chirped pulse with low amplitude was
sent to the crystal after preparation, as shown as the black dashed
trace in Figure 4.15. The al at the absorption center of this crys-
tal is estimated to be about 25; because of the high absorption
of the ions, it is difficult to measure the al. exactly outside the
frequency shifter structure.

Figure 4.15 (a) shows the spectral hole changes as the external
voltage changes; the size of the frequency shift of the structures
areproportional to the external voltages, just as it should be (see
above).

4.5.3 Frequency shift of light

A 1 ps-long Gaussian probe pulse originally centered at 0 MHz
was sent through the crystal to measure the frequency shift of the
light. Because of the slow light effect caused by the drastic disper-
sion in the spectral hole, it took the probe pulse 4 us to propagate
through the crystal. To measure the frequency shift of the light,
a square pulse with a frequency offset of 10 MHz relative to the
probe pulse was sent out 4 ps later as a local oscillator. Since the
crystal is optically thick for the local oscillator, only the part that
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Figure 4.14. Step by step sketch
of the absorption profile of the
ions to create the frequency
shifter. (a) before any hole
burning, (b) A 16 MHz spectral
hole was created, (c) After
application of an external electric
field, the red ions shift to lower
frequency while the blue ions shift
to higher frequency, and (d) a 1
MHz spectral hole was created at
around 0 MHz. At the end, there
is a 1 MHz spectral at 0 frequency
with only the ions with the same
Stark coefficient around it.
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Figure 4.15. (a) Readout of the
frequency shifter structure at
different external voltages; the
black dashed trace shows the
original structure, and the others
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Figure 4.17. The beating pattern
(a) and frequency of the probe
pulse (b) changes when the
external voltage changes.
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bypassed the crystal reached the fiber and met the probe pulse at
the detector. The frequency of the probe pulse can be mapped
out from the beating pattern of the two pulses. Figure 4.15 (b)
shows the frequency distribution of the light transmitted through
the crystal at different electric fields; the solid traces show the ex-
perimental data, and the dashed traces show the simulated data
from the modified Maxwell-Bloch (MB) simulator described in Sec-
tion 4.5.4. They match quite well. Comparing Figure 4.15 (a) and
(b), it is clear that the frequency of the light pulse follows the
frequency shift of the ions, both of which are proportional to the
electric field applied; this can be confirmed by the red trace in
Figure 4.18.

4.5.4 Energy distribution in the ions

A modified version of the Maxwell-Bloch (MB) model was used to
simulate the frequency shift process. The Stark effect was included
in the MB model by shifting the resonance frequency of the ions
at a certain time. Since there are two groups of ions with the
same Stark coefficient but opposite signs, the simplest approach
is to introduce two Bloch vectors (denoted 74 and 77), where,
at a particular time, 7y, the resonance frequency for 7 and 72
shifted by +Ag and —A, respectively. More detailed information
about the MB equation could be found in Paper III; the energy
distribution of the pulse just before and after the application of the
external electric field is shown in Figure 4.16 where the different
colors show the amount of energy stored in the ions, which are
normalized to the maximum energy stored inside the ions. Before
the frequency shift, the spectral hole is centered around 0 MHz and
most of the energy stored close to the hole edge and propagates
forward, while after adding the external field, the center frequency
of the ions moves to be around 3.8 MHz and the energy in the ions
follows. Thus, the emitted light from the ions shifts its frequency
as well.

4.5.5 Transient frequency shift

To see how the frequency of the light changes along with the ex-
ternal field, external voltage is applied when half the pulse prop-
agates through the crystal while the other half remains outside.
From Figure 4.17. The beating pattern for the second half of the
pulse is clearly different from the first half; from the calculated
instantaneous frequency in Figure 4.17, we see that the frequency
of the light changes along with the external voltage with a delay
of about 200 ns.
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Figure 4.16. Energy distribution in the ions just before (a) and after
(b) applying an electric field. The energy of the pulse is stored in the
ions outside the 1 MHz transmission window, and the frequency shift of
the ions shift the light frequency

4.5.6 Efficiency

The relative efficiency of the frequency shift process is calculated
by comparing the area of the transmitted pulse at different volt-
ages with the area of the probe pulse when no external voltage
% , where Energy(V) is the area
of the transmitted pulse for a specific voltage (electric field), and
Energy(V = 0) is when no external field is applied. The signal
is averaged 50 times to obtain a better signal to noise ratio. The
blue trace of Figure 4.18 shows that the relative efficiency is more
than 90% for a frequency shift less than + 3 MHz. The efficiency
drops when the frequency shift of the light becomes larger. This
is mainly because of the narrowing of the spectral structure when
a higher electric field is applied, as shown in Figure 4.15 (a). This
narrowing of the spectral hole induces absorption of the pulse en-
ergy and reduces efficiency. The efficiency of the pulse propagated
through a 1 MHz wide square hole is fundamentally limited by ab-
sorption of the Pr3*ions, since they have a homogeneous linewidth
of 1 kHz and induce absorption inside the spectral hole. However,
this absorption in principle is quite low, 2 %. This means that the
absolute efficiency of the frequency shift of the light can be quite
high if the structure is fully optimized.

is applied, i.e., e =

4.5.7 Higher frequency shift

This project demonstrated a maximum frequency shift of only
about 7 MHz; however, it should be possible to extend the fre-
quency shift to hundreds of gigahertz if a static E field is applied
to separate the two groups of ions completely. Then we could do
the hole burning and frequency shift in one group of ions; the fre-
quency shift would be proportional to the added external field and
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Figure 4.18. Frequency shift of
the probe pulse and the relative
efficiency of the frequency shift.
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free of absorption from the other group of ions. The maximum
shift is expected to be limited only by the breakdown voltage of
the crystal, which is expected to be ~ MV /cem.

One unique feature of this frequency shifter is that it is con-
trolled solely by the electric field as for the group velocity control;
thus, it is especially suitable in weak light situations, for example,
to shift the frequency of weak coherent light to match a particu-
lar quantum memory or to shift the spectra of the qubits for the
readout process [63].

Another advantage of this frequency shifter is that it could
work for scattered light if prepared properly and the acceptance
angle could be as large as 2w. It has been shown that a band-
pass filter prepared in the same material could work for light from
multiple directions and the light could be transmitted and de-
layed if it matches the passband of the filter while not delayed but
strongly attenuated if outside the passband and in the absorbing
region [64, 65]. By adding an identical crystal immediately after
the present one and rotating it around the light propagation axis
by 90° relative to the first one, it could work for light with ar-
bitrary polarization as well [66]. By using special anti-reflection
coating techniques [67], the solid acceptance angle of such a de-
vice could be close to 27; once the light is inside the crystal, it is
guided to the exit facet via total internal reflection and comes out
from the opposite surface. This would be particularly useful in
ultrasound optical tomography, assuming that light is iteratively
sent to an ultrasound focus deep inside a scattering medium using
phase conjugation mirrors [68]. However, since the light will be
shifted by the ultrasound frequency each time it passes through
the focus, one could argue that a frequency shifter, which works
for randomly scattered light as demonstrated here, that is able to
shift the light back to its original frequency will further improve
the performance of such a scheme.

4.6 Summary and outlook

The strong dispersion caused by the engineering of the inhomoge-
neous absorption profile induces the slow light effect. Three phe-
nomena related to this effect were investigated: cavity linewidth
narrowing, group velocity control and the frequency shift of an
optical pulse.

Because of the slow light effect, a 6 mm long cavity behaved
like a 700 m long cavity. Five cavity modes were observed inside
an 18 MHz transmission window at the center of the inhomoge-
neous absorption profile; cavity mode linewidth down to about 30
kHz was achieved in a 1 MHz spectral hole, while it was about
13 GHz without spectral hole burning; this makes the cavity Q
value 1.6 x 101, which is almost comparable to the highest optical
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cavity Q values demonstrated to date. It has quite a few appli-
cations, including boosting the Q value by inserting such a slow
light material inside the cavity, generation of narrow bandwidth
entanglement photon pairs for quantum information purposes, and
use of such a slow light cavity instead of a conventional FP cavity
as a reference cavity to stabilize the laser frequency. The quantum
information group has a promising, ongoing project to use such a
cavity to lock the laser frequency.

A group velocity change of a factor of 20 was achieved with
the relative efficiency of more than 80% inside a spectral hole by
tuning an external electric field. The same principle could be used
to compress the time duration of an optical pulse. This tunable
delay line might find its application as an alternative to quantum
memories for some systems due to its high efficiency and tunable
delay by using solely the electric field.

The frequency shift of about +4 MHz has been demonstrated,
and the ~ GHz frequency shift has been proposed. The frequency
shift is based on the fact that the energy of an optical pulse is
stored mainly in the medium as atomic excitation when it propa-
gates inside a slow light medium. The slower the group velocity,
the larger the fraction of energy that is stored. For a group ve-
locity less than 300 km/s, more than 99.9% of the pulse energy is
stored in the medium. This makes high-efficiency frequency shifts
possible. A frequency shift of the ions when the energy is stored in
them results in the same frequency in the light emitted from the
ions afterward. The frequency shift is proportional to the external
electric fields. It is of particular interest to use this in a waveguide
structure where the electrodes could be placed closely. Only a few
tens of volts could shift the frequency of hundreds of MHz [69]

The last two applications have potential to work for scattered
light, with random polarization and close to 27 incident angles.
Besides that, since the group velocity and frequency shift were
controlled only by an external electric field, it is particularly suit-
able for weak light fields, since no strong optical field is required
for the application. Moreover, because it is a solid crystal-based
system, it could also be integrated with other systems, which opens
the possibility of on-chip applications.
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QUANTUM MEMORIES

CHAPTER D

In classical communication and computation, we have bits as the
carriers of information; a bit can be either 0 or 1, which could
be the on or off signal of a transistor. Similarly, in the quantum
world, we have quantum bits, “qubits”, carrying the information.
The unique property of a qubit is that besides being in state 0 or 1
as the classic bits, it could be in state 0 and 1 simultaneously, which
is called superposition; this makes quantum computers much more
powerful than classical ones for certain problems. A qubit could be
represented by a single photon (for example its two polarization)
or a two-level quantum system of an ion.

A quantum memory is a device that could take in the quan-
tum information, hold it in certain way and emit it after a certain
desired time. Quantum memories could be used to store the inter-
mediate computational results of a quantum computation and are
an essential part of quantum repeaters, which are the key compo-
nents in long-distance quantum communication.

The most common way of transmitting quantum information
is to encode it onto a photon and send it through an optical fiber.
However, due to absorption and scattering loss inside the fiber,
the signal decreases exponentially as the distance increases. In
classical communication, the communication distance could be in-
creased by amplifying the signal in a repeater after propagating
a certain distance and then sending it farther away. However, in
the quantum world, there is no way of boosting a quantum su-
perposition state to extend the communication distance, due to
the no-cloning theorem [1]. Figure 5.1 shows the principle of how
quantum repeaters are used to extend the communication distance.
Each quantum repeater (also called a node, represented by the gray
circles) contains an entangled photon pair generation source (the
entangled photon pairs are denoted by e o) and a multi-mode quan-
tum memory device (denoted as green squares labeled QM). One
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Figure 5.1. A schematic drawing
of two adjacent nodes of a
simplified quantum repeater; this
way the communication length is
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photon from each photon pair is sent towards the adjacent node
via a quantum channel (most of the time, an optical fiber) while
the other one is stored in quantum memory. Photons from the two
nodes meet half way between the nodes and a Bell-state measure-
ment (BSM) that consists of a beam splitter and two single-photon
detectors is carried out. The pairwise entanglement between the
photons and respective quantum memory is swapped to the entan-
glement between the two quantum memories in the two adjacent
nodes. Thus, the entanglement is extended from L, the farthest
distance a photon can travel before it is absorbed or scattered,
to 2L. The success of BSM heralds the establishment of entan-
glement between the two quantum memories, and the lifetime of
the quantum memory has to be longer than the time it takes for
the photons to travel halfway toward the adjacent node and for
the heralding signal about the successful entanglement operation
to travel back. The atomic excitation in the quantum memories
can be converted into photons and sent to the next adjacent node
to further extend the entanglement [70]. However, this is not as
straightforward in reality; normally one needs to repeat the pro-
cess many times before the entanglement between two nodes is
successfully established. This requires even longer storage time
for the quantum memory, especially for a long chain of quantum
networks containing many quantum repeater nodes.

There are several factors to consider when building a quantum
memory device that works in reality, such as fidelity [2], band-
width, multi-mode capacity [71], efficiency, storage time and oper-
ational wavelength. Fidelity is a measure of how well the quantum
state is maintained; it can be defined as the overlap of the quantum
state wavefunction of the re-emitted photon with the input pho-
ton. High bandwidth quantum memory with multi-mode capacity
is necessary, since it improves the quantum information transmis-
sion rate. Long storage time makes long transmission distance
possible and could hold the system longer for synchronization and
the operation wavelength depends on the available transition of
the material which is used for the quantum memory. Efficiency
can be defined as the energy of the pulse that is re-emitted from
the memory relative to the energy of the pulse that is sent into
the memory. It also describes the probability that the stored in-
formation can be retrieved. High efficiency requires the photons
being stored couples strongly with the quantum memories while
the quantum memory devices interact only weakly with the rest of
the universe. This could be done by using atoms/ions that interact
only weakly with the surrounding but use a lot of them, which is
called the ensemble approach.

In this chapter, I will start with some quantum memory pro-
tocols based on ensemble of ions with the focus on the quantum
memory research conducted in Lund using atomic frequency comb
(AFC). First, a theoretical background is given about the AFC



Quantum memories

based quantum memory in Section 5.1.1 including how it works
and the maximum efficiency to expect, as well as the main advan-
tage of this technique compared with other methods. Section 5.2
introduces the impedance matched cavity and discusses why it
could benefit quantum memory efficiency while Section 5.3 focus-
ing on the two attempts towards high-efficiency quantum memory
with the assistance of a low finesse asymmetric cavity. Section 5.4
talks about long storage time quantum memory project, where two
highly efficient RF pulses were employed to compensate for the de-
phasing caused by the ground state hyperfine level inhomogeneous
broadening.

5.1 Ensemble based quantum memories

A number of quantum memory protocols have been developed
based on ensembles of ions, such as electromagnetic induced trans-
parency (EIT) [72], controlled reversible inhomogeneous broaden-
ing (CRIB) [14, 73], gradient echo memory (GEM) [16, 74], atomic
frequency comb (AFC) [17, 18] revival of silenced echo (ROSE)
[12, 75], and rephased amplified spontaneous emission (RASE)
[76, 77]. Among which, CRIB, GEM, AFC, ROSE and RASE
are photon echo based quantum memories since they all store the
incoming photon by letting it interact with the optical transition
directly, and the collective rephasing of the atomic state causes the
re-emission of the stored photon later. The AFC, CRIB and GEM
techniques will be discussed briefly in this section with the focus
on the AFC protocol.

5.1.1 AFC

The quantum memory research in this thesis was based on the
atomic frequency comb (AFC) protocol proposed by Afzelus et
al. in 2009 [18]. The AFC protocol is based on absorption of
light by an ensemble of ions whose optical transition is inhomo-
geneously broadened. The ensemble approach is very useful in
quantum memories due to the strong collective enhancement of
the light-matter coupling [78].

The basic idea of AFC based quantum memories is shown in
Figure 5.2, where |g) and |s) are ground state hyperfine or Zeeman
states. The optical transition |g) - |e) has a narrow homogeneous
linewidth of v and an inhomogeneous linewidth I';,, while T';,, >
~n. This transition could be spectrally shaped such that the atomic
density (as well as the absorption frequency) has a comb shape
called atomic frequency comb. The comb can be characterized by
the width of each peak §, the separation between each tooth A
and the finesse of the AFC, F = %.

The atoms are initially in their ground state; when a single
photon with FWHM of ~,, which is wider than the separation
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Figure 5.2. The principle of the
AFC quantum memory scheme.
An atomic comb structure with
peak separation of A is prepared
for the optical transition |g) - |e).
The incoming pulse with a
frequency matching this transition
would be absorbed, and
re-emitted after time t = %. A
pair of optical control fields on |e)
- |s) could be applied to the
coherently excited atoms before
the rephasing at t = % happens
and store the atomic excitation in
the long-lived spin state |s). This
enables ac long storage time and
on-demand readout of the input
pulse.
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of the AFC teeth while narrower than the FWHM of the AFC
structure, is absorbed by the atoms at time ¢ = 0, the photon is
stored as a single excitation of one atom delocalized over all the
atoms. The atomic state could be described by

|y = che"‘sjtefisz |g1...€j...9N)
J

(5.1)

where |g;), |e;) and z; represent the ground state, the excited
state, the position of atom j, k is the wavenumber of the light field,
and §; is the detuning of the atom relative to the laser frequency.
The amplitude of this excitation c¢; depends on the frequency and
spatial position of the atom, as well as the amplitude of the in-
coming electric field.

The collective atomic state could also be understood as a co-
herent superposition of a large number of AFC atoms excited by
a single photon; the light field is stored in a coherent superpo-
sition of the collective optical excitations delocalized over all the
resonant atoms in the atomic frequency comb. Those atoms are
initially in phase with each other after excitation. However, due
to the frequency detuning, they dephase quickly. If we assume
the AFC structure has very sharp peaks, the detuning d; could be
written approximately as §; = m;A, where m; are integers. Then
the collective state rephase after time t = i, which leads to a
coherent photon-echo [79] type re-emission. Figure 5.3, shows the
phase evolution of the AFC peaks after a photon is absorbed until
the re-emission of a photon.

However, the storage time of the photon is predetermined for
the protocol described above; for the complete, long storage time
and on-demand readout of the stored field, AFC scheme, the sin-
gle collective excitation in |e) could be transferred to a long-lived
ground state spin level |s) by a short optical control 7 pulse. This
will temporarily “freeze” the phase evolution of the atoms. To
retrieve the optical field, a second optical control 7 pulse could
be sent in after time T and transfer the atomic excitation back
to the excited state, |e). This resumes the phase evolution, and
the total storage time would be extended to T, + %. Even though
A is predetermined by the AFC structure, T could vary to fulfill
the on-demand requirement to the quantum memory. 7T could be
very long, limited solely by the coherence lifetime of the spin wave
if the spin transition is only homogeneous broadened. If there is
inhomogeneous broadening, the spin-echo technique such as RF
rephasing pulses [80] or composite adiabatic pulses [81] could be
used to extend the storage time.

If each peak has a certain optical depth of d = oL, where « is
the absorption coefficient of the material and L is the length of the
material, the effective absorption depth for Gaussian shape AFC
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peaks could be written as

d T _d

det = T\ T2 = F (5:2)

It has been shown for an AFC based quantum memory with a
forward readout configuration that the efficiency is limited to 54%
due to re-absorption in the sample, while it can reach 100% with
two counterpropagating control fields applied before re-emission of
the echo [18]. The efficiency of an AFC-based quantum memory
for the backward propagating mode could be written as [18]

narc = (1 — 67%)27”, (5.3)

where the first term depends on the coupling between the light

and the atoms while the second term, 7y = e ~7z 2“'(2), is the de-
phasing factor. As can be seen from this equation, a higher finesse
would yield a smaller dephasing while sacrificing some absorption
of the photon. Figure 5.4 shows the quantum memory efficiency
for different AFC finesses at different optical depths. We could see
that higher finesse is always better for a sufficiently high optical
depth.

Even though all the equations and experiments were based on
Gaussian type AFC peaks, it should be noted that a top hat type
of AFC peaks would have better efficiency than a Gaussian type
AFC peaks [82].

The main advantage of AFC-based quantum memory is the
multimode capacity of the memory. The number of modes stored
in the memory, N, using electromagnetically induced transparency
(EIT) and off-resonant Raman-type memories scales as v/d [83, 84]
while controlled reversible inhomogeneous broadening (CRIB)
scales slightly better since N ~ d [84, 85], but it is eventually
limited by the optical depth as well. However, in AFC, the mul-
timode capacity is independent of optical depth, and multimode
storage in AFC-based quantum memories has been demonstrated
experimentally at the single photon level [17].

5.1.2 CRIB and GEM

As the name indicate, in the controlled reversible inhomogeneous
broadening the dephasing caused by the inhomogeneous broaden-
ing is fully controlled and external electric field is used for this.
The main procedure is shown in Figure 5.5 and described below.

(i) Isolating one group of ions from the rest: remove all the ab-
sorbing ions within certain frequency interval and then burn
back one group of ions with a certain transition frequency.
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Figure 5.3. The phase evolution of
four AFC peaks on the equator
plane of the Block sphere from
just been excited to the emission
of the first echo.
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Figure 5.4. The efficiency of
AFC-based quantum memory at
different optical depths for
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(ii) Apply a gradient external field, e.g. electric field. The res-
onance frequencies of the ions would shift relative to each
other due to the linear Stark effect. The frequency shift is
proportional to the strength of the electric fields the ions
feel. In the end, the narrow absorption peak becomes much
broader and it is ready for light storage now.

(iii) Send in the light pulse to be stored at time ¢ = 0, which
creates the collective atomic coherence between the ground
state and the excited state. The ions are in phase at the
beginning, however they will start to accumulate different
phase depending of their detuning due to the inhomogeneous
broadening.

(iv) After certain time ¢t = 7, the sign of the electric field is
reversed, this will change the sign of the frequency shift, and
the ions starts to rephase.

(v) After the same time interval, at ¢ = 27, the ions will have
the same phase again and emits the echo signal.

The efficiency of the CRIB protocol depends on the configura-
tion of the external field. If the broadening is along the transverse
direction, that is the direction perpendicular to the pulse propa-
gation axis, the above mentioned procedure will result in an echo
emitted in the forward direction. The time of the memory is lim-
ited by the coherence time in the excited state and the maximum
efficiency is limited to 54% just like in the AFC case. Similar
to the AFC protocol, the echo could be recalled in the backward
direction with the help of two counterpropagating transfer pulses
(that would transfer the coherence to another long lived ground
state hyperfine level), the storage time could then be extended
beyond the coherence time of the excited state and the efficiency
could reach close to unity if the optical depth «L is high enough
as given by

n=(1-e)2 (5.4)

If the external electric field gradient is applied along the propa-
gation direction of the pulse (as was proposed originally by Nilsson
et al. [14]), such that different frequency component get absorbed
at different position as shown in Figure 5.6, the re-absorption of
the forward echo could be eliminated [74] and the efficiency could
approach unity in both directions [86]. However, it should be noted
that the echo recalled in the forward direction is associated with
a frequency chirp [87]. This specific realization of CRIB is often
referred to as gradient echo memory (GEM).

To date, the highest quantum memory efficiency is achieved in
GEM, with 69% efficiency in a rare-earth-ion-doped crystal [16]
and 87% efficiency in rubidium vapor [88].
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5.2 Cavity enhanced quantum memory

It can be seen from Figure 5.4 that a high optical depth is re- Ein " B
quired if one wants to obtain a high quantum memory efficiency. E (ilj
However, for some systems that are attractive otherwise, it might
be very challenging to attain high optical depth, for example, the
solid-state rare-earth-ion doped crystal. There are different ways
to increase the optical depth of the quantum memory in order to  Figure 5.7. Impedance coupling of
. . . X . a Fabry - Pérot cavity.
improve efficiency, for example, use crystals with higher doping
concentrations, increase the length of the crystal, and select ions
that have higher oscillator strength. However, one can increase
the doping concentration of the ions only to a certain level, be-
yond that, it only broaden the inhomogeneous linewidth instead
of increase the optical depth [37]. A very long crystal is incon-
venient and difficult to integrate with other quantum hardware.
Furthermore, there are not many ions to choose from. and we
would not want to exclude ions with very good coherence proper-
ties just because they have low oscillator strength.
One promising way to resolve this issue could be to enclose
the crystal by an asymmetric cavity and work on the impedance
matched condition. Impedance matching means that the transmis-
sion from the first mirror matches the loss inside the cavity (this
loss comes from the absorption of the crystal and the second mir-
ror transmission); in this case, there would not be any reflection
from the cavity. If the second mirror is highly reflective (preferably
100% reflectivity) and the crystal absorption matches the transmis-
sion of the first mirror, nothing is transmitted through the cavity
either. Thus, all energy would be absorbed by the crystal inside
the cavity in this case.

5.2.1 Impedance matched cavity

Impedance matching was first used as a term in radio frequency
electronics, where it refers to the condition that the reflected power
from the load is minimum or the power transfer to the load is
maximum. When used in an optical cavity, it means that the
light reflected from the input mirror of a cavity is minimized by
adjusting the reflectivity of the cavity mirrors, etc.

We will now consider a Fabry - Pérot cavity composed of two
mirrors, M; and My, separated by L, with reflectivity R; and Rs
respectively, as shown in Figure 5.7. In order not to lose generality,
the round-trip loss inside the cavity is set to be as 1 — Roe?*F. At
the steady state, the circulating field just inside the input mirror
of the cavity, Fci., consists of two parts (see the black spot in
Figure 5.7): the incoming field that transmitted through the input
mirror E;,t; and the circulating field after one round trip (having
passed through all the elements once inside the cavity and bounc-
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Figure 5.8. The reflected intensity as a function of the loss from the
back mirror and the intracavity loss of a cavity and the frequency of the
incoming light, normalized to the incoming intensity (see text).

ing through the two cavity mirrors) and returning to the same
2aL—'Lw—

pOiIlt, Ecirce

—2al—iw32L
Ecirc = LicircT2T1€ * e + Eintl (55)

where 11 = v/R1, t1 = /1 — R; are the reflection and transmission
coefficients for M; and ro and ¢2 are the reflection and transmis-
sion coeflicients for My. From Equation (5.5), the circulating field
inside the cavity and the transmitted field after the second mirror
can be written as,

Bty

2aszw&

Eire = (5.6)

1—rore”
Etrans = Ecirct2 (57)

The reflected field, which consists of two parts, the directly
reflected field from the front mirror F; = —r1E;, and the field
leaking out from the circulating field inside the cavity Ey =
Ecirctlrge*%‘L*i“’%; the minus sign in F; represents the 180°
phase shift of the reflected field relative to the incident field, since
the field is reflected from a boundary with a higher refractive in-
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dex. The reflected field can be expressed as,

Fren = E1 + B> (58)

Depending on the reflected field, there could be three possible
situations: under coupled, over coupled and impedance matched.
Under coupling and over coupling are when the reflected field is
dominated by the directly reflected field, F7, and the field that
leaks out from the cavity, Es, respectively. Impedance matching
is when the two fields F; and F, have the same amplitude, but
the overall reflected field is zero since they have opposite phases
and no power is reflected. They can be described by the following
equations: R > Rpe™2%L under coupled; R; < Rae 2L, over
coupled; and R; = Roe 2L, impedance matched.

Figures 5.8 shows the reflected power as a function of the in-
coming light frequency and round-trip loss inside the cavity, in-
cluding the back mirror transmittance and the absorption from
the absorbing material inside a cavity when the front mirror re-
flectivity is Ry = 0.8. g is the resonance frequency and Av = 57
is the mode spacing of the cavity. Two special cases are shown in
Figures 5.9 and 5.10, where Figure 5.9 shows the reflected intensity
as a function of light frequency for an impedance matched cavity
and Figure 5.10 shows the reflected intensity as a function of the
round-trip loss inside the cavity, 1 — Roe~2* when the light is on
resonance with the cavity. We can see the reflected intensity goes
to 0 only when the light is on resonance with the cavity and the cav-
ity is impedance matched. Further, we note that if the reflectivity
of the back mirror of the cavity is set to Re = 1 and we put one ab-
sorbing rare-earth-ion crystal inside the cavity and make sure that
the round-trip absorption of the ions is matched with first mirror
transmission, 1 — Ry = 1 — e~2%L, the cavity is still impedance
matched. Since there is no reflection or transmission from the cav-
ity, all incoming light would be absorbed by the ions. 100% energy
transfer from the photon to the ions could be achieved; a weakly
absorbing material inside an impedance matched cavity would be-
have like a highly absorbing material, which is required to obtain
high quantum memory efficiency.

5.3 Quantum memory using asymmetric low
finesse cavity

When the memory material is enclosed by an optical cavity and
the impedance matched condition is fulfilled, quantum memory
efficiency is theoretically predicted to be [89],

2(f)e” (1 - Ri)VR;

(1- ,7R1R267%)2 (5.9)
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Figure 5.9. The reflected
intensity as a function of the
frequency of the incoming light
for an impedance matched cavity,
normalized to the incoming
intensity.
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Figure 5.10. The reflected
intensity as a function of the back
mirror and intracavity loss of a
cavity and the frequency of the
incoming light, normalized to the
incoming intensity.
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Figure 5.11. The maximum

quantum memory efficiency at
different first mirror reflectivities,
R1, when ideal impedance match
is achieved for all Ry, as well as
Ro = 0.998 for finesses Fapc = 20
(blue), Fapc = 10 (red) and
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Figure 5.12. Maximum efficiency
for quantum memory at different
first mirror reflectivity when the
effective absorption depth is set to
d =0.11 and R2 = 0.99997 for
finesses Fapc = 20 (blue),

Fapc =10 (red) and Fapc =5
(vellow) respectively. The dashed
black trace shows the reflection
from the cavity. Maximum
efficiency is achieved when the
impedance matching condition is
fulfilled.
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where 77y describes the reduction in efficiency due to the fact
that the individual teeth of the frequency comb having finite width
(AFC finesse not high enough), which leads to irreversible atomic
dephasing. Figure 5.11 shows the maximum efficiency for quantum
memory at different first mirror reflectivities, R;, assuming perfect
impedance match, for different AFC finesses Fapc = 20 (blue),
Farc = 10 (red) and Fapc = 5 (yellow) respectively, while Ry
is set to Re = 0.997 which is a realistic reflectivity attainable in
practice. For an AFC finesse of F' = 10, the maximum quantum
memory efficiency is more than 90% for R; = 0.58 ~ 0.83.

In the case of high mirror reflectivities, for example, /Ry ~ 1
with € << 1, Re = 1, and when impedance matched, which is
e~2% = R, Then e 2% ~ 1 — 24 = R, and e F = lIn(Ry)|. We
could rewrite Equation (5.9) as,

n =~/ Riny = ny.

From this, we could see that memory efficiency could theoreti-
cally reach unity given sufficiently high AFC finesses even without
the counter-propagating control fields because of the constructive
interference of the echo inside the cavity when it is impedance
matched [23].

In the end, we decided to go for a crystal with reflectivity
Ry = 0.80 and Ry = 0.997. In this case, we would need a single
trip optical depth of d = 0.11 to obtain to the impedance matched
condition. For this optical depth, the maximum efficiency of the
quantum memory is a function of first mirror reflectivity and Ry =
0.997 is shown in Figure 5.12 for different AFC finesses Farpc = 20
(blue), Farc = 10 (red) and Fapc = 5 (yellow), respectively. The
dashed black trace shows the reflection. When Ry = 0.8, the cavity
is impedance matched and maximum efficiency is about 90.4% for
Farc = 10.

In this thesis, the cavity assisted quantum memory experiment
was conducted on two cavity crystals with different lengths, L; = 2
mm and Ly = 0.8 mm, where the reflection coating was directly
deposited on the two surfaces of the crystal with Ry = 0.8 and
Ry = 0.997. The finesses of the two cavities can be calculated
from

(5.10)

7T(R1 Rz)%
1— (RyiRy)2
disregarding absorption from the ions. The free spectral range are

42 GHz and 104 GHz for the 2 mm and 0.8 mm cavities respec-
tively, calculated from

Fooyw =~ (5.11)

Cc _’Ug

— = 12
I, 2L (5.12)

AvVpsr =
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The full-width-at-half-maximum (FWHM) linewidth of the cavity

mode would be calculated by PD1
Crystal
A ens cavi
(Sl/c = If;SR . (5 13) Input laser ,BS Lﬂ |_ti’
light 7 U I_I

This yields a cavity linewidth of ~ 1.5 GHz and ~ 3.7 GHz re-
spectively for these two cavities.
However, Pr3+:Y,SiO5 crystals have an inhomogeneous broad-
ening of about 5 GHz (FWHM) around 606 nm at 2 K. This broad-
. 5 . ( ) . Figure 5.13. Sketch of the setup of
ening is much smaller than the free spectral range of the cavity,  the cavity assisted quantum
and we have to be at cavity resonance with the correct absorp-  memory. A laser beam was sent
tion depth to fulfill the impedance matched condition, (as shown ©2 50/50 beam splitter. One
. R . i ” part of the beam was recorded by
in Figure 5.8) which requires that the length of the cavities are  a photodetector (PD1) as a
tunable. Thus, the two surfaces of the cavity crystals are not com-  reference to calibrate the laser
. intensity fluctuation, and the
pletely parallel but have a small wedge such that the cavity length  ,ther part was sent to the cavity
changes across the crystal. This ensures that the cavity mode  crystal for the impedance
could be tuned continuously to match the absorption of the ions ~ ™matched quantum memory
. ; : . ; measurement. The reflection of
for the impedance mating. However, to our surprise, the linewidth  the first surface of the cavity
and free spectral range of the cavity narrow by about three or-  ctystal and the AFC echo from
. . . . the quantum memory propagate
ders of magnitude in the presence of a spectral pit, as discussed  packward and 50% are reflected to
in Chapter 4. This is not detrimental to our experiment now but  another photodetector (PD2).
it posed an obstacle that we have to address if we want to create
a long time on-demand quantum memory, which will be discussed

further in Section 5.6

PD2

5.3.1 Experimental setup

Part of the experimental setup is shown in Figure 5.13 for
impedance measurement of the cavity crystal and the quantum
memory experiment. A frequency stabilized dye laser at 605.997
nm (in vacuum) was used as the light source. After passing two
AOMs (not shown in the figure), the laser beam was split into
two parts by a 50/50 beam splitter; one part was used as a ref-
erence beam to calibrate against the laser intensity variation and
was measured by a photodiode (PD1), while the other part was
focused by a lens with f = 40 cm into the cavity crystal to prepare
the spectral structure and conduct the quantum memory experi-
ment. 50% of the reflected light from the cavity crystal and the
echo signal from the memory were directed to another photodiode
(PD2). The polarization of the light was along the D2 axis of the
crystal and propagated along the b axis of the crystal. The cavity
crystal was immersed in liquid helium and cooled to 2.2 K.

5.3.2 2 mm cavity crystal quantum memory

Our first attempt for cavity assistant quantum memory used a 2
mm low finesse cylindrical cavity crystal, with reflection coating
directly deposited onto both surfaces of the crystal, with Ry = 0.8
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5.3.3 Impedance match

Figure 5.14. Interference pattern
of the 2 mm cavity crystal before
coating; photo by Mahmood
Sabooni and Samuel Tornibue
Kometa.

100

Reflection (%)

Frequency (GHz)

Figure 5.15. Impedance match
measurement on the 2 mm cavity
crystal. In the best case scenario,
only 16% of the incoming light
was directly reflected, which
means that the best coupling
efficiency we obtained was 84%.
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and Ry = 0.997 respectively. It is a 0.05% Pr®t:Y,SiOscrystal
with a diameter of 12 mm. The cavity is along the b axis of the
crystal, and the two surfaces of the crystal are not perfectly par-
allel to each other but with a small wedge. Figure 5.14 shows the
interference pattern from the two surfaces of the 2 mm cavity crys-
tal before coating; we could see that there are about 5 fringes at
606 nm, which means the difference in distance between the two
surfaces is about Ad =4 x %/m and for A = 606 nm and n = 1.8,
Ad = 670 nm, corresponding to an angle of § = 12 arcseconds.

5.3.3 Impedance match

The impedance match of the cavity was first measured without the
memory preparation, since it gave us an idea of the best coupling
and set an upper bound for the memory efficiency we could expect.
As we discussed before, to obtain the best impedance match, we
have to tune the cavity length and scan the frequency at the same
time.

An Attocube translation stage (Attocube system, ANC150)
was used to translate the crystal such that the cavity length at
the beam path could be changed. For each step, a weak Gaussian
pulse with a duration of 7 = 250 ns and repetition rate of 10 Hz
was sent to the cavity while the laser frequency slowly scanned
over an 18 GHz frequency range for ~ 6 s. The reflection from the
crystal on PD2 was calibrated by the reference on PD1. Then the
signal area (PD2/PD1) was plotted against the frequency of the
laser light. Figure 5.15 shows the best impedance match achieved
where 84% of the input light was absorbed. Maximum coupling
occurs about 45 GHz away from the inhomogeneous absorption
center (at 605.977 nm in vacuum). We believe the 16% mismatch
here is due mainly to the spatial mode mismatching because the
curvature of the mirrors does not match that of the laser beam
and the beam walk effect caused by the wedge between the two
cavity mirrors.

5.3.4 Quantum memory

With the best impedance match in mind, a spectral pit (transmis-
sion window) and four AFC peaks were created inside the crystal,
and quantum memory efficiency was measured and analyzed.
The optical transitions that of interest are shown in Figure 5.16.
To perform the quantum memory experiment, a transmission win-
dow of about 18 MHz was first prepared within the inhomogeneous
broadening, as in Ref. [59]. Due to strong dispersion over the spec-
tral pit, the cavity linewidth narrowed from ~GHz to ~MHz, as
discussed in greater detail in Chapter 4. This makes the whole
structure preparation process much more complicated and diffi-
cult to predict. After the transmission window was created, we
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could see the cavity mode inside and adjust the crystal length to
move the cavity mode to the place where we wanted the AFC
peaks to be. Four AFC peaks were then created using complex

5/2e>

hyperbolic secant pulses with chirp width of f;q:n = 70 kHz and 4.8MHz :
temporal width of ¢ty gar = 16.8 ps (more information about the eMIT _:_|3/26>
complex hyperbolic secant pulse can be found in Ref. [90]). Ions " [1/2¢>
were pumped from |1/2g) to |5/2e); from |5/2e), they would have |
the highest probability of falling down to |5/2¢) due to the high F1IRE:
branching ratio for this transition. 6059970m & :é

The same pulse was repeated ~ 50 times with a waiting time bg‘o |§
of 500 us, creating one AFC peak. The whole process was then re- s :
peated 3 times but with the center frequency of the pulses changed t [1/2g>
consecutively by A = 0.9 MHz to create other AFC peaks. Some 10.2MHz :
‘clean wrong’ pulses were employed afterwards to remove the extra —T P2
ions in between the AFC peaks, which made the peaks narrower 17.3MHz :
and yielded lower background absorption. At the end, four AFC /\ /\ /\ /\

|5/2g>

peaks with finesses of about F' ~ 9 (estimated) were created and
the cavity mode was centered in the AFC peak structure.

The AFC structure consisted only of ions on |%g>, and the
optical depth of the peak could be as high as the aLL, which is the Figure 5.16. Hyperfine splitting of
optical depth before the structure preparation in the ideal case tl}et hgr%rgld stla]ge atnd e?'(tc'ited ?tqie
if all excited states are included. However, only the ions with ?m 163r3+%Y2 Si()i.?“%i IAOI?C(’) sie
transition |3¢) - |5¢) were included, the maximum peak optical  peaks were created on the |5/2g)
depth would be 0.93aL since the branching ratio was 0.93 for this  state, and the storage pulse and
transition (see Table 3.1). The effective absorption depth for the fgf’;g;“fﬁ’éj‘;eghe states of
AFC peaks was more than 0.93/F = 0.1 times lower than without

AFC preparation (assuming an AFC finesse of 10), which makes

the impedance matching condition fulfilled at a frequency closer e
to the inhomogeneous line center after the AFC preparation than g 08 "l - _'e”cph“;
in Figure 5.15. gosf !
A weak Gaussian pulse with a duration of 7 = 250 ns matches = 4| | l|
the FWHM width of the AFC structure was sent to the crystal é’ 02 ,' |
at t = 0, and after t; = i = 1.1 ps the retrieved echo pulse was = 0 L\ .
detected by PD2, as shown in Figure 5.17. To measure memory o 1 2 3 4 =
efficiency, the crystal was flipped 180° such that the second mirror Time (us)

with Ry = 0.997 was facing the incoming Gaussian pulse and re-
flected it back to PD2 directly (the reflection is about 95% v&{hcn Ol Figure 5.17. Quantum memory
resonance and about 100% when off resonant). By comparing the  signal from the 2 mm cavity,
pulse area of the echo and the directly reflected pulse after being ~— Black dashed line, the input
K X signal to the cavity to be stored;
calibrated by the reference detector PD1, the first echo efficiency  the red solid trace, the signal on
is calculated to be about 56% while the efficiency for the same  the reflected detector (PD2). The
tal der th diti ithout it timated t first red peak is the direct
crystal under the same condition without cavity was estimated t0  Lefected light while the rest of the
be less than 1%. pealfs are the echoes. The.
Besides the first echo, we can see there are second and third igﬁfgfﬁé tﬁg gg;z echo is
echoes with combined efficiency of about 5 %. They are due to an ’
inefficient rephasing process and could be reduced with a higher
AFC finesse. The efficiency drop caused by the dephasing of the

AFC structure is about 9% (for Fapc = 9), and 24% of the incom-
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Figure 5.18. Long time, on demand quantum memory using AFC pro-
tocol. Upper part: the levels involved in the spin storage process. Lower
part: the pulse sequence for the light storage.

ing light is not absorbed by the crystal due to the spatial mismatch;
possibly the impedance matching condition is not fulfilled as well.
About 3% of the loss is due to back mirror reflectivity not being
100% and the remaining 3% could be caused by some other losses
(for example, background absorption) inside the cavity crystal.

5.4 Long time on demand quantum memories

As we discussed before, the storage time of the two-level AFC
quantum memory is predetermined, but it could be made much
longer and on-demand by using two optical control pulses to trans-
fer the state to and back from an auxiliary spin state, which is
referred as to three-level quantum memory or spin-wave storage.
The pulse sequence and the energy levels involved for the spin
wave storage are shown in Figure 5.18. After the preparation of
the AFC sturcture, the storage photon is sent in, puts the ions
to a superposition state between |g) and |e) just as in the two
level case. Before the echo comes, one bright optical = pulse (the
first green pulse) transfers all the ion in the excited state (|e)) to
another auxiliary state (Jauz), which could be a ground state hy-
perfine level in the rare-earth ions). The phase evolution of the
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excited state will then be ‘frozen’ until another bright optical =
pulse (the second green pulse) transfers everything back, then the
phase evolution continues. The total storage time will be T + %,
where T is the time separation of the two optical « pulse. In
this case, the memory efficiency is limited by the decoherence and
dephasing in the hyperfine state could be extended by a pair of
RF rephasing pulses (blue ones), and time separation of the two
RF pulses has to be the same as the sum of the time separation
of the first optical 7 pulse and the first RF pulse and the second
RF pulse to the second optical m pulse. Furthermore, Fraval et
al. show that the spin coherence time can be extended to 82 ms
by applying a specific magnetic field [91] and that using dynamic
decoupling methods can further extend the coherence time to 30 s
[29]. It seems quite promising to realize a quantum memory with
a long storage time.

In this section, I will discuss the work we did on the long storage
time quantum memory. We used a 1 mm long Pr3+:Y,SiOscrystal
to do the spin wave storage and applied two RF refocusing pulse to
increase the spin coherence time. The effect of the residual Earth
magnetic field was observed and compensated for.

For this experiment, 10 AFC peaks with separation of A = 200
kHz and ¢ ~ 80 kHz were created in the |3/2g) state after the pit
creation. The black trace in Figure 5.23 (most of it overlapping
with the red trace) shows the original AFC structure. After the
creation of the AFC peaks, a Gaussian pulse with tpy gas = 500
ns was sent in for storage. Two optical control pulses were then
employed to transfer the atomic excitation to and from a spin state
with a time separation of Ty,. Since the structure we wanted to
transfer was as wide as 2 MHz, two “sechscan” (complex hyperbolic
secant scan) pulses with a frequency width of 2.6 MHz, duration
of 2 us and tpw ga = 500 ns were used for optical transfer. The
efficiency of the echo signal was measured as a function of T, as
shown in Figure 5.19

The solid squares were the data measured experimentally; it
is a bit surprising that the first few data points for Ty, < 12
us behaved differently than we expected and it is not clear why.
We tried to fit the data for Ty, > 12 us with a Gaussian shape
inhomogeneous broadening, using the spin dephasing given by [92]

Nsw (Tsw) = e—%zmeswﬂz/an27 (5.14)

and we obtained a linewidth of 16.2 kHz, which is narrower than
the literature value of 23 kHz - 30 kHz reported in Ref. [35, 93].
This could be due to the property variations in different crystals.
The three-level efficiency at T, = 0 us was extrapolated to be
Nsw(0) = 2.75%, while the two-level efficiency measured to be
about 4%. This yielded an efficiency of about 83% for each optical
control pulse, which is not as high as the group had demonstrated
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Figure 5.19. Echo efficiency when

changing the time separation of

the two optical control pulses (the

two green pluses in Figure 5.18;
no RF pulse in this case). The
square data are experimental
data, while the solid line is the
fitted data with the spin state
linewidth v = 16.23 kHz.
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Figure 5.20. The circuit designed
to generate the RF pulses. The
crystal is placed in the middle of
the coils, and adjustable
capacitors are in parallel and
series with the coils to fine tune
the resonance frequency.

Figure 5.21. A photo of the final
circuits used for this experiment.
The crystal and coils are mounted
on the small circuit board,
inserted in the sample chamber
and cooled down to 2 K, while all
the capacitors are outside the
cryostat to fine tune the
resonance frequency since it shifts
after cooling down.
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before [22]. However, we have to consider that the frequency width
of the AFC structures was 2 MHz, and the main reason for the low
transfer efficiency was insufficient laser power for the transfer pulse
since we could not increase the time duration of the pulse. One
might obtain a higher transfer efficiency if a pinhole were added
into the light path to look only at the center of the focus inside
the crystal where the intensity is higher and more homogeneous.
Thus, this is not a fundamental limit and one could do better with
a more powerful laser.

The exponential decay of the quantum memory efficiency is due
to the inhomogeneous broadening of the hyperfine state, which is
estimated to be 16.2 kHz, as discussed above. To compensate for
this dephasing, one could apply two RF pulses tuned to be resonant
with the transition between the two hyperfine states to rephase
the ions. The RF magnetic field could be generated by a current
that runs through a coil wound around the sample, as shown in
Figure 5.20. An alternating current through a coil generates an
RF field perpendicular to the static magnetic field.

An LC circuit was designed by former PhD students in the
group with coils around the crystal and capacitors, both in par-
allel and series with it, as shown in Figure 5.20. A photo of the
circuits used for the experiment can be seen in Figure 5.21. The
coils were made by 4 turns of wires from each side of the crystal (see
Figure 5.20). The diameter of the opening for light propagation is
about 2 mm, as shown in the left photo in Figure 5.21. A circuit
simulation program (quite universal circuit simulation, QUCS) was
used to choose the capacitance and inductance to make sure the
resonance frequency of the circuit was around 10.2 MHz. After
the circuit had been made, it was tested at room temperature to
evaluate its resonance frequency and Q value. A typical waveform
reflected from the circuit is shown in Figure 5.22 . The smallest re-
flection we obtained was about 4% around 10.2 MHz, which means
the energy transfer from the source to the load was about 96% and
the linewidth of the resonance was about 0.5 MHz, which is enough
since the frequency width we would like to address is about 26 kHz.
The Q value of the circuit was about @ = i—‘} = 10.2MHz , 90

0.5MHz
The first version of the circuit was designed to have the crys-

tal, the coils and the circuit on the same circuit board. However,
when we put the crystal together with the circuit down to the
sample chamber and cooled them to 2 K, the capacity and induc-
tance changed slightly such that the resonance frequency altered
as well. To this end, the circuit was split into two parts, where
the coils and the crystal were on one circuit board and sent down
to the cryostat, while all the capacitors were connected outside
the sample chamber via a feedthrough. In this way, we could fine
tune the resonance frequency back to 10.17 MHz by tuning the
two adjustable capacitors.

The RF pulses used here were sechyp pulses with a center fre-
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quency at 10.17 MHz and a frequency width of 350 kHz. The time
duration was 60 pus, while the FWHM was 15 us. To make sure the
pulse area was correct, we read out the structure after applying
one and two RF pulses and compared the structure with the orig-
inal AFC structure. We changed the amplitude of the RF pulses
until the AFC structure after two RF pulses looked the same as the
original one, which means the RF pulses applied would correspond
to 7 pulses.

Figure 5.23 shows the readout of the structure when no RF
(Two RF, channel off), one RF (One RF, channel on), and two RF
(Two RF, channel on) pulses were applied. Ten AFC peaks was
originally created on the |3/2g) state, which is shown as the black
trace; when one RF pulse was applied, the AFC structures were
transferred from |3/2g) to the |1/2g) state. However, since RF
pulses are not selective, everything is swapped at [3/2g) to |1/2g)
and vice versa. Thus, all the AFC peaks should be transferred to
|1/2g); when we read out the structure, we were expecting to see
three AFC comb structures from the |1/2g) state, corresponding
to |1/2g) —|1/2e¢), |1/2g) — |3/2e) and |1/2g) — |5/2¢e). From the
blue trace in Figure 5.23, we could clearly see the |1/2g) — |3/2e)
and |1/2g) —|5/2¢) transition at around 5 and 10 MHz, while the
|1/2g) — |1/2€) transition was buried inside other classes of ions
and difficult to resolve (the aL was too high and the transmission
through the crystal was too low compared with the noise level, so
it is not shown in the data). If another RF pulses was applied
afterwards, the AFC combs again transferred back to its original
state, as shown by the red trace in the figure, almost identical
to the black trace. By comparing the area of the AFC peaks at
|3/2g)—|1/2¢) around 10 MHz, one RF pulse efficiency is estimated
to be about 99.7%.

The full spin-wave storage with two RF pulses to compensate
for the dephasing of the spin states was carried out afterward. The
storage time was extended much longer after we applied the RF
rephasing pulse. However, to our surprise, there were oscillations
in the echo efficiency, as shown in the blue trace in Figure 5.24.
Similar oscillation has been observed before [80], and it turns out
that it was due to the interference caused by the splitting of the hy-
perfine level by the Earth’s magnetic field. That field was around
50.20 uT, with a declination of 3°6’16” and inclination of 70°1'19”
at Malmo, Sweden, in January 2013 (the vertical component, the
north component and the east component were 47.18 uT, 17.13
puT and 0.93 pT respectively).

To compensate for the Earth’s magnetic field, we could use
Helmholtz coils, which are basically two identical circular solenoids
with radiuses R that are placed symmetrically along a common
axis with a separation of d = R. For a group of Helmholtz coils,

Normalized reflection

9 10 11 12
Frequency (MHz)

Figure 5.22. The reflected
waveform when the input signal
to the RF circuit scans from 8.3
to 12.2 MHz. The circuit has a
resonance frequency at 10.2 MHz,
and the Q value for this circuit is
about 20.
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Figure 5.24. Efficiency of the echo
before (blue) and after (orange)
compensation for the Earth’s
magnetic field.
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Figure 5.23. Readout of the AFC structure before and after applying
one and two RF transfer pulses, showing that the RF pulses were 7
pulses. By comparing the AFC peaks area before and after two RF
tran;fer pulses, the efficiency of one RF pulse was estimated to be about
99.7%.

the field at their midpoint can be calculated by

é)%“0n17
5 R

B=( (5.15)

where g = 47 x 1077 T - m/A is the permeability constant, n
is the number of turns in one coil and I is the current that runs
through the coil. We made two pairs of Helmholtz coils along the
z-axis (vertical direction) and the x-axis (light propagation direc-
tion), with n = 10, R = 0.17 m. The light propagation direction
was about 40° to the horizontal component of the Earth’s mag-
netic field. Based on an approximation, we would need a current
of I, = 0.89 A and I, = 0.32 A to compensate for the Earth’s
magnetic field on these two axes.

The echo efficiency after compensating for the biggest of the
Earth’s magnetic field is shown as the orange trace in Figure 5.24;
it seems that some magnetic field are still left, which is not surpris-
ing since there is one component along the y-axis that we didn’t
compensate for and the currents we applied on the other two axes
were not precisely measured.

Even though there were remaining issues with the residual mag-
netic field, the primary goal of this experiment, to test and opti-
mize the RF rephasing pulses, has been achieved successfully. Due
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to the tight lab schedule, we have to switch to other experiments
and maybe come back to this in a later time (in Paper VI we
developed a method to compensate for the Earth’s magnetic field
in real time for all three axes, which was quite convenient). Our
next step was to combine the cavity quantum memory with the
spin wave storage to get high efficiency and on demand readout.

5.5 Quantum memories in a 0.8 mm cavity

After demonstrating the cavity enhanced quantum memory in Sec-
tion 5.3.2, as well as the possibility of the on-demand long storage
time in another crystal in Section 5.4, we decided to go one step
further, combine these two techniques and do a spin wave storage
in a cavity crystal. In this section, I will discuss the attempt to
reach higher quantum memory efficiency, thoughts about doing a
spin wave storage in a cavity and associated challenges.

As we could see from Figure 5.17 the quantum memory data
of the 2 mm cavity crystal, the major loss of energy (about 24%)
never got into the crystal; this could have two causes. First, spa-
tial mismatch with the cavity because the curvature of the cavity
mirrors does not match the wavefront of the light. This is to be
expected since the cavity has two flat surfaces, which do not match
the curvature of the focused laser beam, and the surfaces are not
parallel but at an angle of # = 12 arcseconds, which would cause
beam walk when laser field bouncing between the mirrors. Second,
absorption of the ions still does not match the mirror reflectivity,
which is the requirement for fulfilling the impedance matched con-
dition. To further improve efficiency, we would need a better cavity
and make sure to work at the impedance matched condition.

To overcome both of these two issues at the same time, we
would need to have a perfect cavity with two mirrors at a cer-
tain curvature to support a stable Gaussian and a continuously
adjustable length. This is not easy to achieve. Besides, we would
also like to perform an on-demand quantum memory experiment
on this new crystal and apply RF rephasing 7 pulses to compen-
sate for the hyperfine state dephasing, as we did in Section 5.4;
this would require a thin crystal in order to have a sufficient and
homogeneous RF field inside the crystal.

In the end, we decided to go for a crystal of 10 mmx10 mm x0.8
mm with the same reflectivity as the 2 mm one and ideally with
the two surfaces polished to a wedge of # = 5 arcseconds, which
means the thickness change over the whole crystal is about 250
nm, corresponding to a 450 nm optical length. This way we would
be able to change more than one cavity mode if we scan across the
crystal (to make sure that we have the cavity mode covering the
AFC peaks as well as the storage pulse).

A special crystal holder was designed to conduct the on-demand

z translation
stage

X translation
stage

Crystal

— Coil stands

Figure 5.25. The holder designed
for the 0.8 mm cavity crystal with
the ability to carry out three level
spin storage and compensate for
the dephasing of the spin levels.
It is capable of scanning the
crystal both vertically and
horizontally using two Attocubes
(along the z and x axes).
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5.5 Quantum memories in a 0.8 mm cavity

Figure 5.26. Interference pattern
from the 0.8 mm crystal before
(a) and after polish (b).
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Figure 5.27. The coating on the

two surfaces of the 0.8 mm cavity
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Figure 5.28. Impedance match
measurement on the 0.8 mm
cavity crystal. The reflection
signal goes down to 5%, which
means the coupling efficiency is

95%.
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quantum memory experiment on the crystal shown in Figure 5.25.
With this design, it was possible to scan the whole cavity to get
to the impedance match condition. The crystal is shown as the
dark green part and mounted on two Attocube translation stages:
one used to scan the crystal in a vertical direction (to vary the
crystal length), and the other to scan the crystal horizontally to
move the crystal sideways and enable us to work with either the
wedge part or the microcavity part. The upper part of the holder,
contains the Attocubes and the crystal, hangs from the top, while
the lower part, consist two dark gray stands before and after the
crystal is used to support the coils to generate the RF field, sits
on the bottom plate of the holder. The laser beam propagates
through the small hole marked as a red circle. This arrangement
makes it possible to have the coils fixed while adjusting the laser
beam and scanning the crystal independently.

The crystal, ordered from Scientific Materials Corporation, had
a wedge of about 25 arcseconds initially, which was way too much
for our purposes. It was sent to LightMachinery for a better polish.
Since the crystal was big and we were aware that the coupling to
the wedged part would never be perfect, we decided to make three
microcavities, one surface is flat and the other surface with a radius
of curvature of R ~ 0.7 mm, which corresponds to a beam radius
of about 50 um. These three microcavities have slightly different
cavity lengths (I, + 70nmandl + 140nm). It is not guaranteed
that we could obtain perfect impedance match since the cavity
length is fixed. Although it cannot be changed continuously, these
three microcavities provide at least an opportunity to investigate
perfect spatial light coupling and possible impedance match at the
same time. Figure 5.26 shows the interference pattern from the
two surfaces of the 0.8 mm crystal before (a) and after (b) polish.
We can see that the thickness difference across the crystal is much
smaller after polish and three microcavities are on the left side of
the crystal, as can be seen from Figure 5.26 (b).

The crystal was then sent to Optida for coating; the reflectiv-
ities are 80 % and 99.8 % for the front and back surfaces respec-
tively. The coating was designed such that there are three parts
(either the front surface, rear surface or neither surface is coated)
close to one edge of the crystal, the rest of the crystal are fully
coated. This design makes it possible to investigate the coating
properties from on each surface and the properties of the bare
crystal.

The first attempt focused on testing the impedance match of
the cavity, as was done for the 2 mm cavity crystal. It turned out
that we could reach 95% of cavity coupling even at the wedged
part, as shown in Figure 5.28. The optimum impedance match
was found at about 65 GHz from the inhomogeneous absorption
center.

A spectral pit and four AFC peaks were prepared with similar
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parameters as used for the 2 mm cavity crystal. Figure 5.29 shows
the AFC structure prepared on the |5/2¢g) state of the crystal in
the region where no coating is on either side of the crystal sur-
faces. We have A = 0.9 MHz and § = 90 kHz (see Figure 5.2),
which yields an AFC finesse of Farc =~ 10. A Gaussian pulse with
trwam = 250 ns and frequency match |5/2g) — |5/2¢e) was sent
to the cavity; the direct reflection and the echo after ¢t = i =1.1
pus was observed in the reflected detector, as shown in Figure 5.30.
Comparing it with the echo we obtained for the 2 mm cavity crys-
tal in Figure 5.17, it is obvious that the ratio between the echo and
the directly reflected light is much higher for this cavity (3.38 VS
2.45). However, the estimated memory efficiency was only around
40-50% in this crystal, which means that some energy coupled into
the cavity was not emitted back via echo but lost somewhere.

A great deal of effort was devoted to finding out why we did not
obtain higher efficiency while the echo was obviously much higher
than the reflected input light. We suspect some loss mechanisms
were in the cavity apart from absorption of the Pr3*ions. Thus, we
tune the laser to around 615 nm, which is 10 nm from the inhomo-
geneous absorption, such that there should not be any absorption
from the Pr3tions at 2 K and the bulk loss of host crystal is not
expected to be higher than 7 x 10~ %cm ™1 [94].

Since we achieved a decent quantum memory efficiency in the
2 mm cavity crystal but failed in this 0.8 mm cavity crystal, we
started to investigate the extra polishing process only for this 0.8
mm crystal. It was polished by aluminum oxide particles about
50 nm in size using the fluid jet polishing technique; according to
the technician, the polishing process may leave some residue in
the material. The surface roughness is normally about 1 nm for
this method; however, it depends on the hardness of the crystal
and how much material needs to be removed. We had the tech-
nician from LightMachinery measure the surface roughness with
their white light ZYGO (a white light interferometer system for
surface characterization) and it turned out that the RMS surface
roughness was about 3 nm with quite a few pit and dirt particles
on the surfaces, could be under, inside or on top of the coating.
A typical image from the measurement is shown in Figure 5.32
(a) and the surface height variation across the middle line in the
image is shown in (b). The surface RMS roughness is about 3 nm;
the black dots are big dirt particles that were removed.

The total integrated scatter (TIS) from a surface with RMS
roughness d for incoming light wavelength A\ could be calculated
from the following equation [95],

TIS =1— e (397, (5.16)
Given an RMS surface roughness of about d = 3 mm for A = 606
nm light, the total integrated scattering is 0.385% on each surface
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Figure 5.29. AFC structure of the
0.8 mm crystal when running at
the transparent part with the
same parameters as used with
cavity.
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Figure 5.30. Signal on the
photodetector 2 (PD2). The first
peak is the directly reflected part
of the input light to be stored,
while the second one is the echo
from the AFC memory. The ratio
between the first echo and the
direct reflection is 3.38, which is
much better than what we
obtained for the 2 mm cavity
crystal.
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Figure 5.31. Maximum AFC
quantum memory efficiency in an
impedance matched cavity with
(scattering) loss on the surfaces.

Figure 5.32. The surface
roughness measurement data from
LightMachinery. (a) shows the
image of one part of the crystal
surfaces; the black dots are big
dirt) particles that were removed
from the data. (b) shows the
height variation of the middle line
across the image. The RMS
surface roughness is about 3 nm
on this crystal.
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of the cavity, which makes the intra-cavity round-trip loss about
0.77%.

We modified Equation (5.9) to include a round-trip scattering
loss s to the equation by replacing Ry with Ro(1—s); the maximum
efficiency for an impedance matched cavity with A = 0.9 MHz
and F' = 10 is shown in Figure 5.31. From our calculation, the
efficiency drop caused by this surface roughness is about 8.4%,
which does not explain all of the loss; there must be other loss
that is not clear to us yet.

Since the two-level quantum efficiency is much less than we
would expect and we failed to identify all the reasons for the
low efficiency, we did not proceed to the spin wave storage in the
impedance matched cavity. My suggestion to other PhD students
who might want to pursue this research would be to investigate
how well one could prepare a spectral pit in the presence of the
cavity mode, how much background absorption comes from the
pit, how much background absorption is between the AFC peaks
as the first step, identify the possible sources of the extra loss and
try to minimize them. If possible, a simulation of how the cavity
mode changes during the optical pumping process, how efficient
the optical pumping pulse is when the frequency is on resonance
and out of resonance with the cavity, the standing wave effect in-
side the cavity and how it affects the quantum memory would help
us understand the whole process much better.

5.6 Conclusion and outlook

So far, we have demonstrated the cavity enhanced quantum mem-
ory efficiency at (close to) the impedance matched condition. We
demonstrated that our RF rephase pulses for the long time quan-
tum memory are quite efficient. However, we were not able to
show the spin wave storage in an impedance matched cavity. 1
would like to mention a few issues in case similar work is done
in the cavity in the future. One challenge of this project is that
due to the slow light effect caused by the strong dispersion across
the transmission window inside the crystal, the cavity modes are
only about few MHz while the optical control pulses and storage
pulse are 10.2 MHz apart. This means that if we tune the cavity
mode over the storage pulse to obtain impedance matching, the
control pulses (at 10 MHz) are out of resonance with the cavity
and the transfer efficiency is really low due to poor coupling with
the cavity. Quantum memory efficiency would be low as well.
One possible way to solve this problem is to broaden the cav-
ity linewidth such that it covers both frequencies. From Equa-
tion (5.13), it seems that this could be achieved either by lowering
the reflectivity of the first mirror, which reduces the finesse of the
cavity (Ry should still be as high as possible in order to obtain



Quantum memories

high efficiency for the memory), or by increasing the mode spacing
which, in principle could be done by increasing the group veloc-
ity of the light inside the spectral pit or by reducing the cavity
length. However, the second method would not really work, as the
first mirror reflectivity sets the effective absorption depth of the
cavity that bounds the absorption coefficient and the cavity length
together and the absorption coefficient affects the group velocity

=
3

—

Cavity linewidth (MHz)
-

of the pulse. To have an idea of how they affect each other, let’s O T Ty os o 1
start with a simple estimation. First mirtor reflectivity, R |
The group velocity inside a spectral pit can be approximated
with equation [51]
ol Figure 5.33. Cavity linewidth
vg = —, (5.17) inside a pit when the impedance
« match condition is fulfilled. It is

where T is the spectral width of the transmission window and  affected only by the first mirror
o' is the absorption coefficient immediately outside the spectral reflectivity, Ra.
transmission window. When the impedance matched condition is
fulfilled, 1 — Ry = 1 — %L = 1 — e~ 22L/Farc where ol is the
peak absorption depth of the AFC peaks and & is the effective
absorption coefficient of the AFC peaks, as we discussed earlier.
In the ideal case, a could reach 0.93¢ if the ions with |5/2g)- |5/2€)
transition matching this frequency are all burned back there. In
reality, @ could be much lower than 0.93¢/. Here we just assume
a = Nd/, where N is a positive number smaller than 0.93 for
later calculation. Thus, when the impedance matched condition

is fulfilled, we have L = —fFarc - The Equation (5.12) can be
written as: 9r NT
JN— ] T (5.18)

2L~ Farpc|in(R1)|’

which shows that the cavity mode spacing is affected only by the
first mirror reflectivity, the finesse of the AFC peaks and the width
of the spectral pit and cannot be changed by the length of the
cavity.

Combining these two equations with Equations (5.11), (5.12)
and (5.17), assuming Ry = 1, Equation (5.13) can be written as

AVFSR _ 2NP(1 - Rlé)

- . (5.19)
cav FAFC |ZTL(R1)|R14

oV, =

It seems that the cavity linewidth is affected only by the first
mirror reflectivity, the finesse of the AFC peaks and the width of
the spectral pit. The length of the cavity does not change the cav-
ity linewidth, since the free spectral range and the finesse of the
cavity are connected via the impedance matching condition. Fig-
ure 5.33 shows the cavity linewidth inside a spectral pit at different
first mirror reflectivities, assuming perfect impedance matching to
the AFC structures (I' = 18MHz , Fapc = 10 and N = 0.5 for this
plot). For first mirror reflectivity R; > 0.3, the cavity linewidth
stays almost the same.
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Figure 5.34. Cavity free spectral
range when impedance match
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This is a very rough calculation, but it shows that it is not that
simple to broaden the linewidth of the cavity to make it cover both
the storage frequency and the optical control pulse frequency at
the same time. It could be changed only slightly by modifying the
cavity reflectivity.

An alternative approach is to adjust the cavity free spectral
range inside the pit to about 10.2 MHz such that one mode matches
the storage frequency and the next one matches the control pulse
frequency. As we discussed earlier, the free spectral range of the
cavity is (for a given finesse of the AFC peaks and a given width
of the spectral pit) affected only by the first mirror reflectivity, as
shown in Equation (5.18). Figure 5.34 shows that two cavity modes
could cover both frequencies for a mirror reflectivity of about Ry =
0.57 with Fapc = 10 and N = 0.5.

However, the problem is that, since the storage and control
pulses are at different cavity modes, the circulating field from the
optical control pulses would have one more node than that from the
storage pulse due to the standing wave pattern inside the FP cav-
ity, which might lead to low transfer efficiency at some places. This
brings up the option of using a whispering gallery mode (WGM)
cavity, since the effective reflectivity of the WGM cavity could be
adjusted there and the field inside the cavity is a traveling wave
instead of a standing wave.

The third possibility is send the optical control pulse from the
side of the crystal. This way we avoid the problem of mode match-
ing both the control and storage pulse at the same time and there
will not be any node in the transfer efficiency. The drawback is that
the area of the control pulse has to be big enough to cover the whole
cavity length along the light propagation direction, which would
require a much higher laser intensity to ensure efficient transfer of
the atomic excitation.

There are other possibilities. For example, if instead of de-
positing the cavity mirrors directly onto the crystal surfaces, one
could use two separate mirrors and put the crystal in between
them (or one mirror on the crystal and the other on a separated
mirror outside the cryostat) such that the storage pulse still at the
cavity mode while the control pulse is sent to the crystal with a
small angle relative to the cavity mode and overlaps with the stor-
age pulse on the crystal. This is what Jobez et al. tried in Ref.
[96] with 53% two-level storage efficiency at 2 ps storage time and
12% three-level storage efficiency for 16 us storage time. However,
there one struggles with cavity stability and the mode overlap of
the control pulse and the storage pulse.



EXPERIMENTAL SYSTEM

APPENDIX A

To manipulate the state of the ions, we need a light source with
a frequency that matches the resonance frequency of the ions and
that has a long coherence time. Thanks to former and current
members of the group, the whole system was fairly well established
when I started and works well most of the time. You could find a
very good description and overview of the system in Refs. [97-99].
I will review the experimental system briefly to make this thesis
complete and easier to understand.

A.1 The light source

The laser used for this thesis project is a ring cavity dye laser
(Coherent 699-21) pumped by a 6W neodymium laser at 532 nm
(Verdi V6). The dye used is Rhodamine 6G, which has an emission
spectrum that covers both the 3Hy - D, transition at 606 nm
of Pr3t:Y,SiO5 and the “Fy - °Dy transition around 580 nm of
Eu’t:Y,Si05. With all the components inserted and optimized, it
could yield a maximum output of about 1 W at 580 nm and 600
mW at 606 nm.

The dye laser comes with an internal cavity to stabilize the
frequency to a linewidth of 1 MHz (about 500 kHz most of the
time if everything works well). This means that the laser light has
a coherence time of about one microsecond, which is much shorter
than that of Pr3* (150 us [32]) and Eu* (2.6 ms [33]). Thus, we
need an external locking system to accurately manipulate the state
of the ions during their coherence time. If properly adjusted, we
could scan the laser 30 GHz without mode hop using the control
box, i.e., by tilting a galvo-mounted glass plate sitting in Brewster
angle at the laser cavity.
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A.1.1 External stabilization system

The Pound-Driver-Hall (PDH) technique is widely used to stabilize
the frequency of laser by locking it to a stable cavity [100, 101]. It is
employed here to lock our laser to an external Fabry-Pérot cavity
made of low thermal expansion glass inside a cavity; the target
linewidth of the laser with the external locking is 10 Hz. The
advantage of the PDH locking is the fast response; it decouples
the intensity fluctuation and frequency noise of the laser.

There is a really good introduction paper about PDH locking
technique in Ref. [102], here I will offer only a conceptual descrip-
tion of how it works, for example, when there is a fast error in the
laser beam.

For an impedance matched cavity at steady state, the cavity
transmission is the same as the incoming light; the reflection from
the first cavity mirror is zero because the field leaking out from the
first mirror and the direct reflection of the incoming light cancel
each other. If there is a fast phase change (frequency change) on
the incoming laser beam, it takes as long as 7. to see it in the
reflection, where 7, is the cavity field build-up time. However, we
could see this change immediately from the reflected light since
the directly reflected light field changes its phase right away and
the field that leaks out of the cavity stays the same; the net field
from these two will no longer be 0; the phase and intensity of this
overall field contains all information of the error signal.

However, we cannot measure the phase of this error signal of
the reflected light directly since the laser frequency is around 500
THz and no detector is fast enough for this. The easiest way to
measure the frequency (phase) of this error signal is to beat it with
a reference beam that is slightly shifted in frequency. This could
be done by inserting an electro-optical modulator (EOM) in the
laser beam before it enters the cavity. If the EOM is driven by a
modulation signal at frequency w,,, the light field after the EOM
can be written as

E :Eoe—i[wt+msin(wmt)],
%Jo(m)Eoe_iwt
+ Jp (m)Eoefi(“’Jr“’m)t — Ji(m)Ege™@mwmt

+ higher order terms,

(A1)

where w is the frequency of the light, w,, is the modulation
frequency, Ey is the amplitude of the incoming E-field, m is the
modulation index that depends on the amplitude of the modulat-
ing field, and J,,(m) are Bessel functions. When the modulation
index is small, we could ignore the higher order terms, the field
would be an overlapped field with a carrier and two sidebands at
frequencies of w, w + wy, and w — w,,, respectively.
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If the modulation frequency is high enough compared with the
cavity linewidth, the two sidebands will be almost completely out
of resonance with the cavity when the carrier is on resonance with
and coupled into the cavity. The reflected fields constitute three
components as well, the two sidebands that are 180° phase shifted
compared with the incoming field and the field on the carrier fre-
quency that contains the error signal we are interested in.

When the reflected fields are detected by a photodetector, it
sees the beating of these three fields at the modulation frequency,
W, 1.€., the frequency difference between the carrier and the side-
bands and twice the modulation frequency, 2w,,, the beating signal
from the two carriers. Since we are interested in the field only at
the carrier frequency, we could pick the signal at the modulation
frequency out by a mixer with a reference signal from the same
source that sends out the modulation signal to the EOM.

A frequency mixer is a device that takes in two inputs, nor-
mally one of them is the signal we are interested in, and the other
one is the reference signal which is generally referred to as a local
oscillator. The mixer produces new signals at the sum and differ-
ence frequencies of these two input fields. In this case, since the
signal field and the local oscillator are at the same frequency, we
obtain a DC signal (if the phases of the two signals are matched,
otherwise some odd-looking error signals [103]) and a signal that
oscillates at twice the modulation frequency. We could pick the
DC signal up by a low pass filter and use it to compensate for the
error in the laser. This was done by sending this DC signal to an
EOM that sits inside the laser cavity after proper amplification.

The laser was locked to a spectral hole of the crystal initially
[97, 98], where the frequency at which the laser could be locked
is limited by the inhomogeneous linewidth of the crystal, since we
cannot lock the laser if there is low absorption. To make the locking
more flexible, an external Fabry-Pérot cavity made of low thermal
expansion glass is used instead of the crystal [99]. However, the FP
cavity has a free spectral range of about 3.3 GHz, which means that
if we do not do anything, we could lock the laser only at discrete
frequencies that are 3.3 GHz apart. To overcome this problem,
we inserted a double pass AOM into the optical pass to shift the
laser frequency. The center frequency of the AOM is about 1.1
GHz with a scanning range of about 1.5 GHz (double pass). This
allows us to lock almost any frequency if we could use both the
+1 and -1 order of the diffracted beam. However, currently we
are only using the +1 order, which means we might not able to
lock the laser at any arbitrary frequency; but it is good enough for
present purposes.

Figure A.1 shows a simplified sketch of the laser system, includ-
ing an external laser stabilization system, and the pulse shaping
system that will be discussed in the next section.

After coming out of the dye laser cavity, the laser light was sent
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Figure A.1. Simplified sketch of the dye laser system. See text for more
information

through a polarization maintaining fiber to clean up the spatial
mode. Then it was split into two parts by a glass plate, about 2%
of the light is directed to the stabilization system. The Faraday
isolator after the double pass AOM 3 is used to block any light that
is reflected back to the laser cavity, and the EOM is driven by a
direct digital synthesizer (DDS) to modulate the light at about
50 MHz. The mode after the EOM is a bit elongated; a single
mode polarization maintaining fiber is used to clean the mode,
and a A/2 plate is used before the fiber to match the polarization
of the light with the polarization direction of the fiber. Another
A/2 plate is used to rotate the polarization of the light such that
it matches one direction of the polarization beam splitter. Before
entering the FP cavity that sits inside a vacuum chamber, the
light was changed from linear polarization of circular polarization
by a A/4 plate, such that the reflected light after passing through
the A/4 plate twice could have a linear polarization perpendicular
to the light before the A/4 plate, and it will be directed on a
low noise photodetector (P1) to generate the error signal. The
signal transmitted through the cavity is split into two parts and
detected by another photon detector (PD2) and a CCD camera,
which record the transmitted light intensity and mode structure
respectively.

The detected signal is mixed with the same modulation signal
at a mixer, and the DC signal is picked up by a low pass filter and
sent to an EOM and the control system of the laser after proper
application.



Experimental system

A.1.2 Pulse-shaping system

To manipulate the state of the ions, we need to control the shape,
frequency, phase and time duration of the light pulse with a high
degree of precision. However, the light comes out of the dye laser
is a continuous beam. Thus, we need a pulse shaping system to
modulate the frequency and amplitude of the laser light which is
done using AOMs.

As can be seen in Figure A.1, we use two AOMs for pulse
shaping, one in a double pass configuration (to eliminate the spa-
tial movement of the beam at different frequency) and the other in
a single pass configuration. The double pass AOM (AOM 1) has a
center frequency of 200 MHz and is capable of scanning 200 MHz
(in double pass) in frequency, while the single pass AOM (AOM
2) has a center frequency of 360 MHz; the first order diffraction
was sent through a single mode fiber to the experiment.

Both AOMs are controlled by an arbitrary waveform generator
(Tektronix AWG5H20). The arbitrary waveform generator has two
output channels, channel 1 and channel 2, which go to AOM1 and
AOM2 respectively. It is capable of sending out two TTL signals
associated with each channel, which could be used to synchronize
other devices during the experiment.

A.2 The cryostat

In order to achieve long coherence time of the rare-earth ions, we
need to lower the temperature to about liquid helium tempera-
ture, and a liquid helium bath cryostat from Oxford Instruments
(Spectromag SM400) was used for this purpose. The crystal is im-
mersed in the liquid helium; to avoid helium bubbles, the sample
chamber is pumped to around 45 mbar and kept around 2.17 K.
At this temperature, helium becomes superfluid and exhibits infi-
nite thermal conductivity. The cryostat has four optical windows
that permit access to the crystal from different directions. This
cryostat is also equipped with superconducting magnets that allow
delivery of a field up to 8 T along one direction.
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ZERO CROSSING TEMPERATURE
MEASUREMENT

To manipulate the quantum state of the ions for quantum mem-
ories and quantum computing, we need lasers that have good co-
herence properties, better than the coherence time of the ions that
they interact with, which means that the linewidth of the lasers
should be narrower than the homogeneous linewidth of the ions.
Furthermore, it should be stable over the time that operations are
carried out in order to address the same single ion and process
data on it. To fulfill these requirements, we need to stabilize our
lasers to an external frequency reference; Fabry-Pérot cavities (FP
cavities) are good candidates for this purpose [100, 104]. Besides
quantum information, stabilized lasers are a key component of op-
tical atomic clocks [105], detection of gravitational waves [106] and
precision tests of relativity [107]. The fractional frequency stabil-
ity of the laser is limited by the fractional optical length stability
of the FP cavity, which is fundamentally limited by the Brown-
ian motion of the atom and molecular of the cavity material. A
great deal of effort was devoted to reducing the thermal noise of
the FP cavities: for example, choosing materials with low thermal
expansion coefficients and operating the cavity at its zero crossing
temperature (where the thermal expansion of the material is 0 to
the first order).

To date, the most stable laser with frequency stability of
4 x 1077 for integration times between 0.8 s and a few tens of
seconds has been demonstrated using high-finesse, single-crystal
silicon FP cavities cooled to 124 K which is their zero crossing
temperature [108]. In this chapter, I describe the experiment we
conducted to measure the zero crossing temperature of our two
FP cavities, which are used to lock our lasers and investigate their
stability. That was the only time the experiment was conducted
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by the group; even though we are happy with the laser stability we
have right now, we may need to come back later to measure the
cavity parameters more precisely for further improvement. Thus,
this chapter was written with the aim of providing a head start for
a PhD student who follows up on this project.

B.1 Laser stabilized to a Fabry-Pérot cavity

If a laser is stabilized to an FP cavity, we can see what is affecting
the stability of the laser by the following equations.
The resonance frequency, v, of an FP cavity can be written as:
Nc
V= _— B.1

2nL (B.1)
where N is an integer known as mode order, ¢ is the speed of light
in vacuum, and n and L are the refractive index and the length of
the FP cavity respectively. If we assume there is no dispersion in
the FP cavity, the resonance frequency changes as the variation of
the cavity length can be written as,

NcAL

Av = _W. (B2)

From Equations (B.1) and (B.2), we obtain,

Av AL
v L

It is clear that for a laser locked against an FP cavity, the
frequency stability of the laser is coupled to the fractional length
stability of the cavity.

To attain a frequency stability of 10714, (5 Hz for our 606nm
laser) using a 5 cm long cavity, the length variation has to be less
than 5 fm, which is roughly the radius of a nucleus. Several factors
can influence the length variation of a cavity: temperature varia-
tion, pressure variation, acoustic vibration, mechanical vibration
and the inevitable Brownian motion of the atoms in the mirrors.
Among which, the fundamental limit of how stable the length of a
cavity could be is the Brownian motion of the atoms [109], while
the other factors can potentially be reduced in various ways:

(B.3)

(i) Put the cavity onto an active isolation platform, design the
cavity geometry and mount it carefully such that the me-
chanical vibrations from the environment are isolated effec-
tively.

(ii) Put the cavity inside a vacuum chamber and keep the pres-
sure low (< 10~ mbar ). This not only protects the cavity
from acoustic vibration but also gives a much more stable
temperature and pressure control, which minimizes any re-
fractive index fluctuation.
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(iii) Active temperature stabilization control to minimize the
length variation due to temperature fluctuation.

To further reduce the length variation of the cavity, the cavity
could be made out of materials with low thermal expansion coef-
ficient, for example, ultra low expansion (ULE) glasses (or some
other low expansion glass such as ZERODUR or CLEARCERAM-
Z). These materials have a zero crossing temperature at around
room temperature such that to the first order the length of the
material does not change.

In our lab, we lock our lasers, one dye laser operating at 580-
606 nm and one diode laser operating at around 370 nm, to two
FP cavities respectively, and use all the above-mentioned methods
to stabilize the locking cavity as much as possible. Both of those
cavities use ultra low expansion (ULE) glass from Corning as a
spacer with two cavity mirrors in optical contact with the ends.
However, they have slightly different geometry designs, which will
be described briefly below. A more detailed description of cavity
parameters and mounting techniques can be found in [110] for the
370 cavity and [111] for the 606 cavity used here.

B.1.1 The 606 cavity

We will briefly describe the geometry of the 606 cavity used to lock
the 606 nm laser in order to understand the later discussion better.
As shown in Figure B.1, the cavity spacer has a spherical shape
with one hole drilled through it for the laser light to pass; the cav-
ity mirrors are in optical contact with the spacer at the two ends of
the hole. The mirror substrates are made of fused silica with ULE
compensation rings in optical contact with the back of the mirror
substrates to minimize the mirror deformation [111, 112]. Another
hole on the spacer perpendicular to the cavity is used for pumping
vacuum inside it. The cavity spacer was mounted on a holder made
from invar, which is nickel-iron alloy with a very low thermal ex-
pansion coefficient (1.3 ppm/K) in the temperature range for which
the cavity is used. A great deal of effort was devoted to designing
and mounting the cavity for satisfactory stability [113]. To mini-
mize heat transfer from the surroundings to the cavity, three layers
of aluminum heat shields are placed between the vacuum chamber
and cavity with holes at the bottom of the heat shields to facilitate
the vacuum pump. The Peltier element is placed underneath the
radiation shield, while the temperature sensor is located inside the
radiation shields and at the bottom of the vacuum chamber. A
CAD model of the heat shield and the spacer mounted inside the
vacuum chamber mode by former student Adam Wiman is shown
in Figure B.1; more detailed information about this cavity can be
found in Ref. [111].

Figure B.1. CAD model of the
606 cavity and the heat shields
inside the vacuum chamber.
Three layers of aluminum heat
shield are used to protect the
cavity from fluctuations of the
incident heat radiation of the
environment (made by Adam
Wiman).
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Figure B.2. (a) A photo of the
370 cavity; the cylindrical cavity
spacer is made of ULE glass with
one hole drilled along its axis for
light propagation and a second
one drilled perpendicularly for
pumping vacuum. The two cavity
mirrors are in optical contact with
the end surfaces of the cylindrical
spacer. (b) A photo of the vacuum
chamber with the radiation shield,
TECs, and the cavity mounted.
(Photos by Yan Ying.)
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B.1.2 The 370 cavity

The 370 cavity has a different design: a 55 mm long cylindrical
shaped spacer is used instead of a spherical one. The mirrors are
in optical contact with the end surfaces of the spacer. The cavity
is suspended inside a copper radiation shield by spring wires, the
outer surface of the radiation shield is gold-coated, which decrease
the thermal transfer rate with the environment and improve the
thermal stability of the cavity. The copper radiation shield sits on
top of four TECs, which are mounted onto the copper adapters
glued to the inner wall of the vacuum chamber. The gold coating
makes the radiation shield more robust against the potential envi-
ronmental temperature change, and the 4 TECs that are in contact
with the radiation shield can compensate the possible tempera-
ture change and keep the cavity temperature stable. The vacuum
chamber is more compact than the other 606 cavity: only 3 mm
between the radiation shield and the vacuum chamber, which is
the same distance the cavity spacer. Photos of the 370 cavity and
the vacuum chamber assembly are shown in Figure B.2 (a) and (b)
respectively. The temperature sensor for this cavity sits in one of
the dents on the inside of the copper radiation shield.

The mirrors are high reflection coated both around 370 nm and
in the range of 575 - 615 nm, allowing us to couple our dye laser
to this cavity to measure the zero crossing temperatures of both
cavities and analyze their relative stability. There are more details
about the 370 cavity design in Chapter 5 of Ref. [110].

B.1.3 ULE glass

As mentioned earlier, one issue that affects the long-term stabil-
ity of the cavities is the thermal expansion of the cavity spacer
due to temperature variations over time. Different types of spacer
materials are developed with very low thermal expansion coeffi-
cients, some even showing zero thermal expansion around room
temperature. The one made by Corning is called ultra low ex-
pansion (ULE) glass. ULE is a Titania doped silicate glass with
the unique characteristic that its coefficient of thermal expansion
(CTE) is very close to 0 ppb/K around room temperature (0+30
ppb/°from 5 °to 35 °, with 95% confidence level, ULE Corning
Code 7972 Ultra Low Expansion Glass) and zero at the zero cross-
ing temperature, denoted by 7.

Figure B.3 shows the CTE and thermal expansion of the ULE
glass versus temperature. At around 20 °, the thermal expansion of
the piece of glass tested is zero and the instantaneous CTE crosses
zero at this temperature. Even though 7T is normally below room
temperature, it varies from boule to boule, heavily dependent on
the external stress in the glass [112]. The aim of this experiment
is to determine the zero crossing temperature of the two cavity
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Figure B.3. Thermal expansion and its coefficient AL/L of a piece of
ULE glass from Corning.

spacers used in our cavities for later reference and estimate their
stability over temperature variations.

B.2 Zero crossing temperature measurement

It is estimated that the thermal expansion of the ULE glass has
quadratic dependence over the temperature [114], which can be
described by the following equation,

AL

T = oT —T.)? (B.4)

According to Equation (B.3), the resonance frequency of the
cavity spacer at certain temperature T could then be written as,

V = v+ Av = v, — B(Ts — T.)? (B.5)
where 8 = av,.. Moreover,
dv' = -2B(Ts — T.) (B.6)

which can be used to calculate the frequency stability of the cavity
at different temperatures. If we could vary the temperature of the
spacer and measure the resonance frequency of the cavity at the
same time, we could map out the zero crossing temperature in a
straightforward manner. However, we do not have a temperature
sensor at the cavity spacer, and the only places we could measure
the temperature are the places where we have our sensors, both
of them are away from the spacer. We could make a scientific
estimate of the spacer temperature by the following heat transfer
equations.

If the temperature of the radiation shield is different from the
cavity spacer, the rate of heat flow between them is:
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AQ/At = AKAT [z = AK (T, — Ty)/x, (B.7)

where AQ is the heat transferred over the time At; AT is the
temperature difference between the radiation shield and the cavity
spacer; A is the surface area of the cavity spacer; K is the thermal
conductivity factor of the medium between the radiation shield
and the spacer (vacuum in our case); x is the distance between the
radiation shield and the cavity spacer; and T;.; and T are the tem-
perature of the radiation shield and the cavity spacer respectively.
Assuming the cavity spacer has a mass of m and heat capacity of
C, the temperature change of the spacer is ATy, where

AQ
AT, = —=
° mC

(B.8)
From Equations (B.7) and (B.8), the temperature change of
the cavity spacer can be written as:
dT, —AKAT/z 1

7:*1}971; B.
dt mC' TS( ’ ) (B.9)

where 75 = g;%{c is the time constant of the cavity spacer.

Thus, if we change the temperature change of the cavity and
record the reading from the sensor and the resonance frequency
change of the cavity, we could fit the data by Equations (B.5) and
(B.9); it is possible to map out the zero crossing temperature, the
time constant, the coefficient of thermal expansion and the actual
temperature of the spacer to calculate the frequency stability of
the cavity at different temperature from Equation (B.6).

B.2.1 Setup

To measure the zero crossing temperature and estimate the sta-
bility of the cavities, we need a reference to compare with. A
stabilized laser is a very good candidate for this purpose.

Our lab has two cavities and a laser stabilized against the 606
cavity. It is natural to use the stabilized laser to measure the rel-
ative frequency shift of the cavities when the temperature of one
of them changes while that of the other one is fixed if the laser
is coupled to both of them at the same time. If we assume that
the resonance frequency change is due solely to the temperature
change of the cavity, we could map out the zero crossing tempera-
ture of both cavities, as discussed at the end of the last section. A
simplified sketch of our experimental setup is shown in Figure B.4.
One part of the laser beam, beam path 1, is used for laser sta-
bilization (illustrated by the shaded area). The laser is locked to
one of the cavity modes of the 606 cavity, which is also used for all
other experiments presented in this thesis. The other part of the
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Figure B.4. A simplified sketch of the cavity zero crossing temperature
measurement. The beam pathl of a 606 dye-laser is used to lock the
laser to a ULE cavity (606 cavity). The laser was first sent through a
double pass AOM (AOM1), which works at around 1.1 GHz, and sent
to an EOM. The EOM was controlled by the RF signal from a DDS; it
could add a phase modulation to the laser light to induce two frequency
components (sidebands) 50 MHz from the center frequency of the laser
(carrier). After passing through a polarizing beam splitter, the linearly
polarized light was made circularly polarized by means of a A\/4 wave
plate and coupled into a FP cavity. The transmitted light intensity
was recorded by a photo detector (PD1) and the mode structure was
monitored via a CCD camera (CCD1). The reflected beam was rotated
back to linearly polarized light after passing through the \/4 wave plate,
but the polarization was with 90 degrees relative to the incoming laser
light, so it would be reflected to a photo detector (PD3) by the polarizing
beam splitter. Since both the sidebands and the carrier are reflected,
the detector measures the beating frequency at 50 MHz (beating from
carrier and sidebands) and 100 MHz (beating from the two sidebands).
It was then sent to a mixer, where it was compared with the reference
signal, the 50 MHz RF signal that is phase locked to the signal sent
to the EOM. We obtained a DC signal and another one at twice the
modulation frequency; the DC signal was picked up by a low pass filter
as an error signal and sent to the laser cavity after amplification to
correct any frequency or phase errors. More information about the
locking cavity can be found in Appendix A. The path 2 was sent to a
double pass AOM (AOM?2) and coupled to the 370 cavity after a fiber;
the transmission and the transmitted mode structures were recorded.
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Figure B.6. Transmission from
the 370 cavity when scanning the
laser frequency. The blue trace is
the raw data from experiment and
the orange one is the Lorentzian

fitting; the linewidth of the
transmitted light is about 100
kHz at this wavelength.
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Figure B.5. The 370 cavity response when a temperature change
was made. The orange trace is the temperature reading from the sensor
while the green one is the cavity spacer temperature estimated using the
fitting parameters listed in the figure. The red and blue traces are the
center frequencies of the cavity transmission experimentally measured
and fitted respectively.

laser beam, beam path 2, was directed to the 370 cavity after pass-
ing through a double pass AOM (AOM2) with center frequency of
about 200 MHz, which is controlled by another homemade DDS
(DDS2) capable of scanning 100 MHz with a step size of 5 Hz in
2 seconds. The transmitted light was recorded by a photo detec-
tor (PD2); the mode structure can be seen from the CCD camera
(CCD2). Since both cavities have a free spectral range of approx-
imately 3 GHz (about 3.3 GHz for the 606 cavity and 2.7 GHz
for 370 cavity), a 1.1 GHz double pass AOM (AOM1) was used to
make sure the laser was resonant with both cavities simultaneously.

Before starting the measurement, the laser was locked to the
606 cavity and the temperatures were fixed at 17°and 11.5°for
the 606 cavity and the 370 cavity respectively for days to make
sure the cavity temperatures were at equilibrium. The 606 cavity
temperature was then kept the same while the setting point of the
370 cavity temperature controller was changed from 11.5°to 30°.
The transmitted light from the 370 cavity was recorded and a
Lorentzian curve was fitted to the transmission signal. The center
frequency and linewidth of the Lorentzian fitting were saved for
later analysis. A typical transmission curve of the 370 cavity is
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Figure B.7. The resonance frequency change of the 370 cavity at
different temperatures. 0 MHz corresponds to the center frequency of
the cavity when it is at its zero crossing temperature.

shown in Figure B.6; the linewidth of the cavity transmission is
about 100 kHz at this wavelength, 606 nm, which yields a cavity
finesse of about 27 000.

About 5 hours later, the turning point of the frequency was
observed, which means that the cavity had passed its zero crossing
temperature; we continued to measured for about 15 hours un-
til the resonance frequency of the cavity stopped changing, which
means that the cavity had reached the set temperature. All the
saved data (time, resonance frequencies of the cavity, tempera-
tures of the sensor) were then used as input to a simulation pro-
gram based on Equations (B.9) and (B.5), which tried to estimate
the zero crossing temperature of the cavity T, the time constant
of the heat transfer 3, the offset frequency v. and the estimated
temperature of the spacer T5.

The experimental and simulated data are plotted together in
Figure B.5, where the red and blue are the experimental center fre-
quency of the 370 cavity resonance and the fitted center frequency,
using the parameters listed in the figure and Equations (B.9) and
(B.5). The simulation returned a zero crossing temperature for
the 370 cavity at T, =25.1°and a time constant of 7 = 4 hours.

Figure B.7 shows the resonance frequency change of the 370
cavity at different temperatures using the simulated parameters

7
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shown in Figure B.5. The 0 MHz corresponds to the center of
the resonance frequency when the cavity is at its zero crossing
temperature. The sensitivity of the resonance frequency of the
cavity at a certain temperature can be easily estimated. Using
Equation (B.6), it can be calculated that if the cavity is 1°off from
its zero crossing temperature, the frequency drift is 750 Hz/mK.

B.2.2 The 606 cavity

After determining the zero crossing temperature of the 370 cav-
ity, the 370 cavity was set to that temperature, 25.1°, and the
606 cavity was set to 30°; they were left for one day until their
temperatures stabilized. A temperature step was then made on
the 606 cavity. Since the laser was locked on that cavity, the
laser frequency changed along with that of the cavity spacer; we
could measure the frequency shift by looking at the transmitted
frequency change of the 370 cavity. Since the 370 cavity was set
to its zero crossing temperature, its absolute resonance frequency
should be more or less constant; a frequency shift of A f measured
on the 370 cavity would actually mean a frequency shift of —Af
on the 606 cavity caused by the temperature change. Thus, if we
use the measured frequency change of Af to fit the 606 cavity, it
should have the opposite sign of £ as the 370 cavity, which means
the opening of the quadratic curve should be facing upwards in-
stead of downwards as in the case of the 370 cavity.

The zero crossing temperature of the 606 cavity is much lower
than we had expected; we did not observe any turning point of
the frequency shift until the cavity temperature of the 606 cavity
was around 8°. The laser unlocked a couple of times during data
acquisition, so we had to cut away some data points when the laser
was unlocked and replace them with linear interpolation before
running the simulation.

Figure B.8 shows one of the experimental data recordings where
the temperature of the 606 cavity was changed from 7.2°to 8.5°and
after about 20 hours, it was changed back to 6.5°. This way, we
were sweeping the cavity temperature to pass the zero crossing
temperature twice. The red trace is the experimental frequency
shift, while the blue one is the simulated curve using the parame-
ters listed in the figure; we could clearly see a mismatch between
the two curves, partly due to the spike at the beginning. As dis-
cussed earlier, the quadratic response of the resonance frequency
versus frequency should be facing upwards for the 606 cavity; how-
ever, the spike on the frequency curve at the beginning when the
temperature of the cavity was set to 8.5°from 7.2°shows an oppo-
site response from the spacer. This spike might be caused by the
response from the cavity mirror coating, as observed in Ref. [114].
The change in frequency is about 140 kHz; according to Equa-
tion (B.3), this corresponded to a length change of 1.4 x 107!
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Figure B.8. The temperature of the 606 cavity was changed from 7.2°to
8.5°and then to 6.5°again. The red curve is the change of resonance
frequency caused by the temperature change, and the orange trace is
the temperature at the sensor point inside the 606 cavity. The blue and
green traces are the simulated frequency change and spacer temperature
using the parameters listed in the figure.

over the 1.6 K temperature change. This corresponds to a mirror
coating with a thickness of 20 4 m and a thermal expansion co-
efficient of 0.44 x 1076 /K. An expansion of the spike is shown in
Figure B.9

Besides the first spike, there was some slow frequency drift even
when the cavity was at a fixed temperature: for example, at 8.5
°between hours 10 and 20, and at 6.5 °after hour 35. However,
the resonance frequency drifts upwards at 8.5 °and downwards at
6.5°. The drift is on the order of 10 kHz/hour. The existence of
the first spike and the drift affect the simulated parameter; thus,
we tried to just fit the data when the cavity passed its zero crossing
temperature the second time, as shown in Figure B.10; this one
seems to fit quite well.

The resonance frequency change of the 606 cavity is plotted in
Figure B.11 using the same parameters as in Figure B.10. The 0
MHz is the resonance frequency of the cavity at its zero crossing
temperature. It can be calculated that if the cavity is 1°off from
its zero crossing temperature, the frequency drift is 1 kHz/mK.

Frequency shift (MHz)
Temperature (°

5 10
Time (h)

Figure B.10. The 606 cavity
response and the simulated
response when the temperature
was changed from 8.5°to 6.5°.
The black curve is the change of
resonance frequency caused by the
temperature change, and the
orange trace is the temperature at
the sensor point inside the 606
cavity. The blue and green traces
are the simulated frequency
change and spacer temperature
using the parameters listed in the
figure.
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Figure B.11.  The resonance frequency change of the 606 cavity at
different temperatures, where the 0 MHz corresponds to the resonance
frequency when the cavity is at its zero crossing temperature.

B.3 Residual frequency drift

As discussed above, one reason for the mismatch between the ex-
perimental data and our simulated data is the frequency drift in
the system even when temperatures should be stable for both cavi-
ties. The drift is on the order of 9 kHz/hour (2.5 Hz/s); we are not
sure what caused the drift. Below I listed some possible reasons
for the frequency drift.

(i) Aging of the cavity spacer.

The ULE that makes the cavity spacer is still glass. The
atoms and molecules inside glass are out of equilibrium and
not in their lowest energy state. Thus, glasses age, which
means that their physical properties change over time when
they try to regain their equilibrium state, which has to be
taken into consideration in applications like glass fibers and
optical components made out of glass [115]. In our case,
the length of the ULE cavity spacer changes over time and
induces a resonance frequency shift of the cavity. It has been
shown for another cavity that the frequency drift caused by
the aging of the glass is about 60 mHz/s [116]. However, our
drift was more like 2-3 Hz/s, which is two orders higher than
the drift caused by pure glass aging.
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(ii) Temperature change due to the room temperature variation.

The lab is temperature stabilized at around 23.5 °; however,
we did not monitor the temperature around the cavity to
see how stable it was. It is possible that the room tempera-
ture increased in the daytime during data acquisition; thus,
even though the temperature around the sensor was stable,
the large volume of the cavity compartment suggests that
the temperature of the spacer might have increased slightly.
Since we are about 1 K away from the zero crossing temper-
ature, the frequency drift was about 1 kHz/mK such that if
the temperature of the spacer changed by 10 mK in an hour,
it should be enough to explain the drift observed in the fre-
quency change. Furthermore, the frequency drifts upwards
when the cavity is about 8.5°and downwards when the cavity
is about 6.5°. If the spacer temperature increases slightly rel-
ative to the sensor temperature, this is what we would expect
since the zero crossing temperature of the cavity is around
7.8°. When the temperature is at 8.5°, the resonance fre-
quency increases while the temperature increases; when the
cavity temperature is around 6.5°, the resonance frequency
decreases while the cavity temperature increases.

Apart from all the drift and the spike in Figure B.8, the fact
that the two minimum frequencies of the cavity shifted by about 50
kHz is still difficult to explain. Because the minimum frequencies
occur when the cavity reaches its zero crossing temperature, the
cavity should have the same length for those two incidents. In
principle, this can be explained by the drift of the other cavity;
for example, the 370 cavity drifted 50 kHz over the two incidents.
However, the temperature variation is only about 0.02 K during
the two incidents, as seen in Figure B.12.

To explain the 50 kHz drift we observed in the measurement,
we would need either a temperature change of 0.5 K when the
370 cavity is set to its zero crossing temperature or a temperature
change is 0.02 K when the cavity temperature is about 4 °off from
its zero expansion temperature. We do not believe that either one
is true, which leaves the reason for the frequency drift unknown.

B.4 Conclusion and outlook

We have measured the zero crossing temperatures of the 606 and
370 cavities to be around 7.8°and 25.1°with £0.2 °accuracy.

The big difference in the zero crossing temperature of these two
cavities may be caused by the deformation of the mirror of the 606
cavity because of the different thermal coefficient of the mirror
and the spacer [112]. Unfortunately, some drift in the system is
unknown; due to lack of experimental time, we were not able to
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Figure B.12. The frequency change of the 606 cavity and the temper-
ature of the 370 cavity when the 606 cavity temperature was changed.

investigate this problem further to obtain more precise zero cross-
ing temperatures. For future reference to address this problem, it
would be good to have another temperature sensor close to the two
cavities to make sure the environmental temperature around the
cavity does not change too much during the measurement if further
measurement will be carried out. It would be useful to figure out
where the drift comes from and try to make the same measurement
again to obtain more precise zero crossing temperatures for both
cavities. An alternative way of determining the zero crossing tem-
perature could be to measure a few points around the zero crossing
temperature, and interpolate the zero crossing temperature from
those data points as in Ref. [114], provided that the problem of
the frequency drift in the system is addressed properly.
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Efficient quantum memory using a weakly
absorbing sample

M. Sabooni, Q. Li, S. Kroll and L. Rippe.

Phys. Rev. Lett. 110, 133604 (2013).

In this paper we demonstrated the best storage and retrieval
efficiency (56%) based on the AFC protocol so far. It was
achieved with the assistance of a low finesse, unsymmetrical
cavity, and by working at the impedance matched condition.
The cavity assistant quantum memory reduces the require-
ment of high optical depth for high memory efficiency and
opens the possibility of using materials with excellent coher-
ent properties but low optical depth, such as Eu?t:Y,SiOs5.
I participated in all the experiments and was involved in all
the discussions about the data analysis and the manuscript.

Spectral engineering of slow light, cavity line
narrowing, and pulse compression

M. Sabooni, Q. Li, R. K. Mohan, L. Rippe and S. Kroll.
Phys. Rev. Lett. 111, 183602 (2013).

Because of the slow light effect induced by the sharp disper-
sion across the spectral hole prepared inside a rare-earth-ion-
doped crystal, the cavity mode spacing, as well as the cavity
linewidth were narrowed by more than 4 orders of magni-
tude and the Q value of the cavity was increased by the same
orders. This was two orders of magnitude larger than pre-
viously demonstrated. We argue that extraordinarily high
Q cavities could be achieved by this technique, especially in
a whispering gallery mode cavity, and a laser locked to the
narrow cavity mode of such a slow light cavity might reach
exceptional stability.

I performed all the experiments together with Mahmood Sa-
booni and was involved in all the discussions about the data
analysis and the manuscript.
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Slow-light-based optical frequency shifter

Q. Li, Y. Bao, A. Thuresson, A. Nilsson, L. Rippe and
S. Kroll.

Phys. Rev. A 93, 043832 (2016)

Synopsis of paper selected for online display of APS
Physics.

A solid state optical frequency shifter was demonstrated.
The frequency of light was shifted by + 4 MHz experimen-
tally, and the possibility of obtaining a frequency shift of
~ GHz was discussed. The frequency shift was achieved
through the combination of the slow light effect and the
DC Stark effect; the frequency shift was proportional to
the strength of the external electric field. Such a frequency
shifter could be made to work for light with arbitrary polar-
ization and the solid acceptance angle could be close to 27.
I participated in the planning and designing of the experi-
ment, and carried out all the experiments. I came up with
the idea of separating the two groups of ions for the experi-
ment and I evaluated all the data. I wrote the manuscript.

Using electric fields for pulse compression and
group-velocity control

Q. Li, A. Kinos, A. Thuresson, L. Rippe and S. Kroll.
Phys. Rev. A 95, 032104 (2017)

Synopsis of paper selected for online display of APS
Physics.

In this paper, we demonstrated a device that was capable of
controlling the group velocity of a light pulse by a factor of
20 with a relative efficiency better than 80% and little distor-
tion. The group velocity was fully controlled by the external
electric field via the DC Stark effect. We also showed that,
with the same principle, such a device could also be used to
compress the pulse in time. A factor of 2 pulse compression
in time was demonstrated.

I participated in the planning and all the experiments, eval-
uated the data and wrote the manuscript.
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Development and characterization of high
suppression and high tendue narrowband spectral
filters

A. Kinos, Q. Li, L. Rippe and S. Kroll.

Applied optics 55, 10442 (2016).

A narrow-band (~ 0.5 MHz) spectral filter with high suppres-
sion (53.4 £ 0.7 dB at 1.25 MHz from the center) was de-
veloped in Pr3+:Y,SiO5 targeting applications of ultrasound
optical tomography (UOT). Simulations were performed to
better understand absorption/suppression as a function of
the incident angle and light polarization in such an absorb-
ing, birefringent material.

I participated in most of the experimental work, was involved
in the discussions for simulations and data analysis, as well
as the manuscript.

Fast all-optical nuclear spin echo technique based
on EIT

A. Walther, A. N. Nilsson, Q. Li, L. Rippe and S. Kroll.
Eur. Phys. J. D 70, 166 (2016).

In this paper, an all-optical Raman spin echo technique using
electromagnetically induced transparency (EIT) was demon-
strated. The technique could be applied to a mixed state
without prior preparation. Two applications were demon-
strated and the potential applications were discussed.

I participated in parts of the experiment and was involved
in the discussions about the manuscript.
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A light-storage experiment with a total (storage and retrieval) efficiency n = 56% is carried out by
enclosing a sample, with a single-pass absorption of 10%, in an impedance-matched cavity. The
experiment is carried out using the atomic frequency comb (AFC) technique in a praseodymium-doped
crystal (0.05%Pr3":Y,SiOs) and the cavity is created by depositing reflection coatings directly onto the
crystal surfaces. The AFC technique has previously by far demonstrated the highest multimode capacity
of all quantum memory concepts tested experimentally. We claim that the present work shows that it is
realistic to create efficient, on-demand, long storage time AFC memories.

DOI: 10.1103/PhysRevLett.110.133604

A quantum memory that has the ability to map onto,
store in, and later retrieve the quantum state of light from
matter is an important building block in quantum informa-
tion processing [1]. Quantum memories are expected to
become vital elements for long distance quantum key
distribution [2,3]. Quantum computing based on linear
optics schemes [4], signal synchronization in optical quan-
tum processing [5,6], the implementation of a deterministic
single-photon source [7], and precision measurements
based on mapping of the quantum properties of an optical
state to an atomic ensemble [8] are other applications
of quantum memories. For most of the applications
mentioned, high performance will be required in terms
of high efficiency [9,10], on-demand readout, long storage
time [11,12], multimode storage capacity [13,14], and
broad bandwidth [15].

Many protocols have been proposed to realize an effi-
cient quantum memory; these include electromagnetically
induced transparency (EIT) [16], off-resonant Raman inter-
actions [17], controlled reversible inhomogeneous broad-
ening (CRIB) [18-20], gradient echo memory (GEM) [21],
and atomic frequency combs (AFC) [22]. The most impres-
sive storage and retrieval efficiencies so far, 87% [9] and
69% [10], were achieved in hot atomic vapor and rare-earth
doped crystals, respectively, using the GEM technique.
Additionally, 43% storage and retrieval efficiency using
EIT in a hot Rb vapor [23] and 35% using AFC in a rare-
earth doped crystal [24] were attained.

The AFC technique [22] is employed in this Letter
because the number of (temporal) modes that can be stored
in a sample is independent of the optical depth (d) of the
storage material, in contrast to other quantum memory
approaches. An AFC structure consists of a set of (artifi-
cially created) narrow absorbing peaks with equidistant
frequency spacing A and uniform peak width y (see the
inset in Fig. 3). An input (storage) field (at time r = 0) that
spectrally overlaps the AFC structure will be absorbed and
leave the absorbers (in our case the Pr ions) in a super-
position state [22]. If the coherence time is long compared

0031-9007/ 13/110(13)/133604(5)
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to 1/A, a collective emission due to constructive interfer-
ence (similar as for the modes in a mode-locked laser)
will occur at time fo, = 1/A.

High storage and retrieval efficiency is one of the main
targets of quantum memories and this relies on strong
coupling between light and matter [1]. One approach for
studying light-matter interaction is based on the high
finesse cavity-enhanced interaction of light with a single
atom [25,26]. Another alternative for increasing the cou-
pling efficiency of a quantum interface between light and
matter is using an optically thick free space atomic
ensemble [1]. In this Letter, we combine the advantages
of both approaches to implement an efficient quantum
interface in a weakly absorbing solid state medium [27].
Within the ensemble approach several experimental real-
izations from room-temperature alkali gases [28], to alkali
atoms cooled and trapped at temperature of a few tens or
hundreds of microkelvin [29] have been investigated.
Among the ensemble-based approaches impurity centers
in a solid state crystal is a powerful alternative for quantum
memories because of the absence of atomic movement.

The objective of this Letter is to demonstrate a quantum
memory with high storage and retrieval efficiency, with the
added benefit of being achievable in a weakly absorbing
medium. Another benefit is the short crystal length (2 mm),
and small physical storage volume (< mm?). This can
simplify the implementation of long-term storage in the
hyperfine levels, as will be further discussed at the end of
the Letter. For an AFC memory with no cavity and with
emission in the forward direction, the maximum theoreti-
cal efficiency is limited to 54% [22]. Our work is based on
the proposals in Refs. [30,31], where it is shown that close
to unity storage and retrieval efficiency can be obtained,
using an atomic ensemble in an impedance-matched cav-
ity. A cavity can be impedance matched, by having the
absorption per cavity round trip (1 — e~2¢%) equal to the
transmission of the input coupling mirror (1 — R1), while
the back mirror is 100% reflecting, which gives R1 =
e 2eL where a is the absorption coefficient and L is the

© 2013 American Physical Society

105



Efficient quantum memory using a weakly absorbing sample

106

PRL 110, 133604 (2013)

PHYSICAL REVIEW LETTERS

week ending
29 MARCH 2013

length of the optical memory material. For this impedance-
matching condition, all light sent to the cavity will be
absorbed in the absorbing sample inside the cavity and
no light is reflected.

The storage cavity is made up of a 2 mm long
0.05% Pr3*:Y,Si0Os crystal; see Fig. 1. To reduce the
complexity of the alignment and reduce losses, the crystal
surfaces are reflection coated directly, rather than using
separate mirrors. The two cavity crystal surfaces are not
exactly parallel as shown in Fig. 1 (§ = 10 arcsec). Part of
the incoming field Ein will be reflected (E,eﬂ) at the first
mirror surface (R1), see Fig. 1. The field leaking out
through R1 from the cavity, Eleak, is coherently added to
E",eﬂ such that Em“ = E,en + Eleﬂk. At the impedance-
matched condition, Emﬂ and E,cuk differ in phase by 7
and have the same amplitude | E,q |=| Ejeq |. This means
that the light intensity at the reflection detector (PD3)
should ideally vanishes if this condition is satisfied.

The cavity crystal (impedance matching) was first tested
without memory preparation. The effective cavity length
can be optimized by translating the cavity perpendicular to
the beam propagation direction. Here a sub-um accuracy
(Attocube system, ANCz150) translation stage was used.
Then, a weak Gaussian pulse (7pwiy = 250 ns) with a

5 3 1

|i z‘> |*z‘> [£3) ®
484 | 459 1019 | 17.30
MHz | MHz | A, =605.977 nm | MHz MHz

1) |43,) |45
l£3e) ‘*z"> |*zg>

FIG. 1 (color online). (a) Part of the experimental setup.
A frequency stabilized (< 1 kHz linewidth) dye laser at A, =
605.977 nm is employed as light source. A 50/50 beam splitter
splits off part of the input light onto a photo diode (PD1), to
calibrate against variations in the input light intensity. Two other
photo diodes monitor the transmitted (PD2) and the reflected
(PD3) light from the cavity. The cavity length along the b axis is
L =2 mm and the crystal diameter in the (D,, D,) plane is
12 mm. b, D|, and D, are principal axes of the crystal [46].
A beam waist of about 100 wm is created at the crystal center
via a lens with f =400 mm. A half-wave plate (A/2) is
employed to align the polarization direction to a principal axis
of the cavity crystal, which is immersed in liquid helium at
2.1 K. The input and output facet of the crystal has R1 = 80%
and R2 = 99.7% reflectivity. A small part of the cavity crystal is
left uncoated for measurements without a cavity effect. (b) The
hyperfine splitting of the ground |g) and excited |e) state of the
3H4 —1 D, transition of site I in Pr3*:Y,SiOs [38].

small pulse area and repetition rate of 10 Hz was injected
into the cavity while the laser frequency was slowly
scanned during ~6s across the inhomogeneous Pr ion
absorption line. To find the best impedance-matched point,
the cavity crystal was translated in small steps perpendicu-
lar to the beam direction. For each step a 18 GHz laser
scan was carried out. The calibrated reflected part of the
input pulse (PD3/PDI) is plotted versus the frequency
offset from the Pr**:Y,SiOs; inhomogeneous line center
in Fig. 2, for the position where the highest absorption was
obtained. This measurement shows that a maximum of
about 84% of the input energy could be absorbed. This
occurred about 45 GHz above the inhomogeneous broad-
ening center frequency. This will set an upper limit for the
achievable storage and retrieval efficiency in the present
setup. Due to the absorption tailoring during the memory
preparation (to be discussed below), the impedance-
matching condition will be fulfilled closer to the inhomo-
geneous line center in the actual storage experiment, but
the measurement establish the losses caused by spatial
mode mismatching. In addition, in the present setup the
dye laser is frequency stabilized against a Fabry-Pérot
cavity using the Pound-Drever-Hall (PDH) locking tech-
nique [32,33]. This provide more freedom for locking the
laser frequency further away from the inhomogeneous
profile center compared to our earlier work [34] where
stabilization based on hole burning was used. This has a

100 P
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FIG. 2 (color online). The normalized reflected signal
(PD3/PD1) is plotted against the frequency offset from the
Pr’*:Y,SiO5 inhomogeneous line center. The crystal was trans-
lated perpendicular to the input beam (see Fig. 1) and the graph
is a frequency scan for the position that gave the best impedance
matching. At the impedance-matching condition the reflected
light detected at PD3 should vanish. The best impedance-
matched condition without memory preparation (i.e., spectral
manipulation by the absorption profile, see text) was a reflection
of 16% (84% absorption), which was measured about 45 GHz
above the inhomogeneous broadening center frequency that is
located at 0 GHz in this figure.
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large influence on improving the impedance-matching
condition.

To demonstrate a quantum memory based on the
AFC protocol, first, a transparent (nonabsorbing) spectral
transmission window within the Pr ion absorption profile
was created using optical pumping. An accurate descrip-
tion of the pulse sequences required for creating such a
transparency window, which henceforth is called a spectral
pit, is given in Ref. [24]. Because of the strong dispersion
created by the spectral pit [35], the cavity free spectral
range (FSR) and the cavity linewidth are reduced by 3—4
orders of magnitude [36]. The reduction can be understood

as follows. The cavity FSR is Av,poq, = 5% % [37] where ¢,
B

is speed of light in the vacuum, L is the cavity length, and
ng is the group refractive index. n, = n,(v) + V‘j%”) and
n,(v) is the real refractive index as a function of frequency
v. In case of no or constant absorption, the dispersion term
is negligible compared to the real refractive index
(n,(v) > V‘I"‘;—‘(,”)). The FSR of this cavity with no absorb-
ing material is about 40 GHz. In the presence of sharp

dn.)y 5 dramatic

transmission  structures (n,(v) < v <

reduction of the cavity FSR and the cavity linewidth can
occur. In our case 1/% > 1000n,(v) and the reduction is
>3 orders of magnitude at the center of the inhomogene-
ous line. A more detailed description of the cavity FSR
reduction is given in Refs. [34,36]. Translating the crystal
perpendicular to the beam propagation direction will move
the cavity transmission within the spectral pit due to the
small wedge on the crystal.

After preparing the transparent (nonabsorbing) spectral
transmission window, each AFC peak is created using a
complex hyperbolic secant pulse (sechyp for short) with
chirp width fy;qn = 70 kHz [38] and temporal width
trwam = 16.8 us [38]. This pulse excites ions from
| £1g)— | £3e) state [see Fig. 1(a)]. From the | = 3e)
state, Pr ions will decay mostly to the | = §g) due to the
high branching ratio for the | +3e) > | = 3 g) transition
[39]. This pulse is repeated several (~ 50) times with a
waiting time of 500 us between each pulse. This process
creates one AFC peak. Repeating this procedure with a
consecutive change of center frequency of the sechyp
pulse by A will create the other AFC peaks. The finesse
of the AFC structure with peak width y and peak separa-
tion A will be Fypc = %

As we discussed earlier, the absorption engineering of
the Pr ions inside the cavity will directly affect the cavity
modes via strong dispersion. Therefore, measuring the
AFC structure properties in the cavity case is challenging.
In order to at least to some extent estimate the AFC
structure properties, the coating of a small part of the cavity
crystal is removed, and the same preparation as for the
memory is performed in this part. The remaining coating
could affect the precision of this measurement through the
cavity dispersion effect. The trace in Fig. 3 is recorded

3,0

25
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FIG. 3 (color online). The absorption profile created through
the optical pumping process is shown. This measurement is done
in a small part of the cavity crystal where the coating was
removed. From the Pr inhomogeneous absorption profile, four
AFC peaks, all absorbing on the | = %g) = %e) transition,
are created. The spectral content of the storage pulse is shown
schematically in the inset by the red dashed line across the AFC
structure, which has peak width y and peak separation A. The
finesse of the AFC structure is Fapc = %

using a weak readout beam that is frequency chirped at a
rate of 10 kHz/ us across the frequency region of the AFC
structure. The overall spectral structure is complicated
and a detailed discussion of the spectrum is beyond the
scope of the present Letter. The inset in Fig. 3 shows the
spectral content of the storage pulse relative to the four
AFC peaks. The cavity transmission linewidth is tuned to
be at least as wide as the whole prepared AFC structure
[34]. In this case it was = 11 MHz wide.

The input pulse is stored using the | +3g) — | £3e)
transition for ions initially in state | * %g). A Gaussian
pulse with a duration of 7wy = 250 ns and small pulse
area is employed as a storage pulse. The frequency of the
storage pulse is tuned to the center frequency of an AFC
structure with a peak separation A = 0.9 MHz. The
retrieved echo pulse is detected at detector PD3 after
1.1 ws as shown with black solid line in Fig. 4. In addition,
multiple echoes are detected at times 2.2 us and 3.3 us
which are probably due to multiple rephasing of the
ensemble.

In order to assess the storage and retrieval efficiency, the
intensity of the input storage pulse at the cavity crystal
should be measured. To this end, the cavity crystal was
turned ~180° such that the input storage pulse impinged
on the R2 = 99.7% mirror, with no pit and peak creation
active. In this way the input storage pulse is (almost
completely) reflected and the signal on PD3, after calibrat-
ing using PDI, can be used as a reference value for the
storage pulse input intensity, as shown by a red dashed line
in Fig. 4. The pulse area of the first echo at =~ 1.1 us
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FIG. 4 (color online). The input storage pulse as a reference
detected at PD3 (see text) is shown as a red dashed line. The
retrieved echo pulse is detected at detector PD3 after 1.1 us as
shown with the black solid line. The area of the echo pulse at
1.1 us divided by the reference signal pulse area gives a storage
and retrieval efficiency of the memory of 7 = 56%.

divided by the reference signal pulse area gives a storage
and retrieval efficiency of the memory of 7 = 56% (four
independent measurements gave values ranging from
55.5% to 56.8%). The leakage through the cavity detected
on PD2 (see Fig. 1) during the storage is almost negligible
(= 1% of the storage pulse).

The present result is lower than the best storage and
retrieval efficiency achieved elsewhere [9,10]; however, it
is the highest storage and retrieval efficiency based on the
AFC protocol, which is presently the best multimode
quantum state storage protocol [40], also in the cavity
configuration [31]. The source of losses in the current setup
can be estimated as about 16% related to the impedance
mismatching, 5% associated with the multiple echoes,
about 1% from transmission through the cavity, about
10% linked to the AFC finesse dephasing factor, and the
rest possibly related to the crystal background absorption.
By addressing these losses the efficiency could be
improved. We estimate that the efficiency under the same
conditions as in this experiment for a crystal in a single-
pass configuration would be <1% [34]. Therefore the
cavity configuration shows a significant enhancement
compared to the bare crystal.

In order to obtain on-demand and long-term storage
based on the AFC protocol [22], the ground-excited state
superposition should be transferred to, and then brought
back from, a spin-level superposition between two of the
ground states [41]. The dephasing due to the spin state
inhomogeneous broadening can be suppressed using
radio-frequency (rf) spin-echo techniques. In addition,
even longer (> 60s) storage time is possible by utilizing
zero first-order Zeeman (ZEFOZ) shift [42] and spin-echo
techniques to suppress slow variations of the spin transition
frequencies [11,12]. Quantum memories in a smaller

physical volumes requires significantly lower rf power.
Although the present result is 13% lower than the highest
rare-earth crystal efficiency results so far [10], it is
obtained in a crystal that is 10 times shorter. This may in
practice significantly simplify long time, high efficiency
spin storage, since too large volumes will require excessive
rf powers to compensate for the spin inhomogeneous
broadening. In addition, efficient quantum memories in a
weakly absorbing media opens up the possibility of utiliz-
ing materials with low optical depth but good coherence
properties (e.g., Eu**:Y,SiOs [43]).

In summary, we have demonstrated a quantum memory
with 7 = 56% storage and retrieval efficiency based on the
AFC protocol. This is done in a weakly absorbing medium
and short crystal length (2 mm) by utilizing an impedance-
matched cavity configuration. This achievement, in addi-
tion to the storage and recall of weak coherent optical
pulses [14,44], spin-wave storage demonstration [41], the
best multimode quantum memory [13,14], and storage of
entanglement [15,45] increases the possibility of creating
an efficient, on-demand, long storage time, and multimode
quantum memory based on the AFC protocol in the future.
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More than 4 orders of magnitude of cavity-linewidth narrowing in a rare-earth-ion-doped crystal
cavity, emanating from strong intracavity dispersion caused by off-resonant interaction with dopant ions,
is demonstrated. The dispersion profiles are engineered using optical pumping techniques creating
significant semipermanent but reprogrammable changes of the rare-earth absorption profiles. Several
cavity modes are shown within the spectral transmission window. Several possible applications of this

phenomenon are discussed.

DOI: 10.1103/PhysRevLett.111.183602

Cavity-linewidth narrowing has been suggested to have
great potential in many different areas such as laser stabi-
lization [1,2], high-resolution spectroscopy [2], enhanced
light matter interaction, and compressed optical energy [3].
We show more than 4 orders of magnitude of cavity-
linewidth narrowing, which, to the best of our knowledge,
is more than 2 orders of magnitude larger than demon-
strated with other techniques. Previously, 10 to 20 times
linewidth narrowing has been shown using electromagnetic
induced transparency [4-6], and recently, 2 orders of mag-
nitude were shown using coherent population oscillation in
combination with a cavity dispersive effect [7]. We also
demonstrate several cavity modes within the slow light
transmission window, something which we are not aware
of having been demonstrated using electromagnetic in-
duced transparency or coherent population oscillation.
The present results are obtained using spectral hole burning
in rare-earth-ion-doped crystals [8-10], and we discuss the
properties and potential of slow light structures created
with this method in these materials.

In this Letter, a cavity formed by depositing mirrors
directly onto a praseodymium doped Y,SiOs crystal and
(near) persistent spectral hole burning is employed to create
a very strong dispersion. A sharp dispersion slope reduces
the photon group velocity and therefore increases the effec-
tive photon lifetime in the cavity compared to a nondisper-
sive cavity (some times referred to as a cold cavity [11]).

Generally, the mode spacing in a Fabry-Perot cavity Av
is given by [11]

c 1 c 1 v,(v)

Av=— ——=———=

T2 nw) 2Ln+wl 2L

, 1)

where ¢ is the speed of light in vacuum, » is the light
frequency, n is the real part of the index of refraction (for
the phase velocity), v,() is the group velocity, and n,(»)
is the index of refraction for the group velocity. For the
present work, it is useful to briefly analyze the mode
spacing relation.

0031-9007/13/111(18)/183602(5)
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The resonance condition for a Fabry-Perot cavity of
length L may be expressed as m(A/2) = L, where m is
an integer and the wavelength A = ¢/(nv). Thus,

c
mi = nw. (2)

Differentiating Eq. (2) gives

ﬁﬁm =ndv + vén. A3)
Dividing the left- (right-) hand side of Eq. (3) with the
left- (right-) hand side of Eq. (2) yields

om _ dv  on

m 14 n

) “)

where n = n(v) is a function of frequency. Normally, when
the frequency is changed, §v/v > &n/n, but in the case of
significant slow light effects, n << v(dn/dv), and the sec-
ond term on the right-hand side in Eq. (4) is much larger
than the first. Thus, the cavity mode spacing is basically
completely determined by the dispersion, while the impact
of the relative change in the frequency is negligible. Below,
it is shown how we modify the cavity absorption to enter
this regime where the Fabry-Perot cavity mode spacing is
completely determined by the frequency dispersion.

First, we examine the cavity transmission far away from
the absorbing inhomogeneous Pr ion transition (nondisper-
sive cavity). The crystal cavity is = 6 mm long, the reflec-
tivity was specified to R; = R, = 95%, and Y,SiOs has a
real index of refraction of n = 1.8. The cavity mode spac-
ing for this crystal is Avyogispersive = 13 GHz, and the
transmission peak linewidth is Svyongispersive = 1 GHz.
A frequency scan across two cavity modes is shown in
Fig. 1(a). The reason for the comparatively large cavity
linewidth (low finesse) could be due to improper matching
to the spatial cavity mode [12,13]. We expect that the high
frequency wing of the cavity modes is due to higher order
transverse modes in the cavity. The small extra peak to the
left of the modes is the cavity mode for the orthogonal

© 2013 American Physical Society
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FIG. 1 (color online). (a) Nondispersive cavity transmission
spectrum. (b) Cavity transmission spectrum (red trace) and the
best guess for the absorption profile around the = 18 MHz
spectral hole (black trace) inside the cavity. The corresponding
real refractive index n calculated from the black-trace absorption
profile is shown as a blue trace. (c) Cavity transmission spectrum
for the absorption profile in a ~1 MHz spectral hole.

polarization. The Y,SiOs crystal is birefringent, and cavity
modes for the two polarizations along the two principal
axes will be displaced relative to each other [14]. Both
modes are seen because the input polarization has a small
angle relative to the D, (principal) axes [see Fig. 2(b)].
Second, persistent spectral hole burning is employed to
manipulate the ion absorption distribution in the inhomo-
geneously broadened (~ 9 GHz) *H,-' D, transition of the

/

Mirror below
incoming beam

SM fiber

Mode cleaning

D2

&—v"
Dy

FIG. 2 (color online). Experimental setup. (a) The hyperfine
splitting of the 3H,-'D, transition of site I Pr’*: Y,SiOs is
shown [33,34]. (b) A double-pass AOM is employed to tailor
the optical pulses out of the continuous output from a narrow
(< kHz) linewidth laser. A PD monitors the light transmitted
through the cavity. The specified reflectivity of the crystal input
and output facets is R; = R, = 95%. Dy, D,, and b show the
crystal principal axis orientations.

0.05% doped Pr3*: Y,SiOs crystal. A frequency stabilized
dye laser [15,16] at A, = 605.976 nm is used to remove
the absorbing ions within an 18 MHz wide spectral region
[black trace, Fig. 1(b)] by a series of laser pulses. The laser
pulses optically pump the ions to the excited state, from
where they decay back to one of the hyperfine ground
levels [see Fig. 2(a)]. A typical value for the ground state
hyperfine population decay is ~40 s, while it could be
40 min in a weak magnetic field (= 0.01 T) [17] and
several weeks for other rare-earth-ion-doped crystals
[18]. A detailed description of the procedure for creating
a spectral transmission window can be found in Ref. [19].
An arbitrary-waveform-generator controlled double-pass
acousto-optic modulator (AOM), which can tailor the light
amplitude, phase, and frequency [see Fig. 2(b)] is used to
form the necessary laser pulses. As is shown in Fig. 1(b),
the modified ion absorption profile (black trace) has close
to zero absorption within about 18 MHz. The absorption
profile is taken in a part of the 6 mm crystal which is not
reflection coated, i.e., outside the cavity. In this way, the
frequency resolved absorption measurement can be
recorded without being affected by the cavity mode struc-
ture. Admittedly, this can only be seen as an estimate of the
absorption structure inside the cavity. Previously, we have
measured the absorption L in a 1 mm crystal of the same
dopant concentration to be approximately equal to 2. The
left axis in Fig. 1(b) has been scaled to be consistent with
this value. In order to verify that absorption and scattering
losses are indeed small in the 18 MHz transmission win-
dow, we compared the transmission through the crystal
(without the cavity) in the black-trace spectral transmission
region in Fig. 1(b), with the transmission through the
crystal when the laser is detuned by about 4 nm from the
9 GHz inhomogeneous line center. It was not possible to
detect a difference between the transmission in the 18 MHz

183602-2
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transmission region and when the laser was detuned about
4 nm (~ 4 THz) away from the absorption line. From this,
we estimate that any absorption in the slow light trans-
mission window is in any case below <0.1 dB/cm. The
bulk loss in Y,SiOs has previously been estimated to
<0.003 dB/cm [20].

Experimental line narrowing data are shown in Figs. 1(b)
and 1(c). In Fig. 1(b), there are five cavity transmission
peaks within the =~ 18 MHz transparent spectral region.
The spectral width of the cavity transmission is reduced
from 8V pongispersive =~ 1 GHz in the nondispersive cavity
case [Fig. 1(a)] to §vgigpersive = 600 kHz in the dispersive
cavity case. In Fig. 1(c), the transmission window is about a
MHz, yielding a steeper dispersion curve, and the cavity
linewidth is about 30 kHz, i.e., a reduction of about 30 000
relative to the nondispersive cavity linewidth. At the same
time, the cavity mode spacing has decreased from 13 GHz
to about 220 kHz (factor of 60 000).

Equation (1) shows that it is possible to control the
cavity mode spacing by controlling the group refractive
index n,(v). The (real part of the) refractive index can be
calculated from the ion absorption frequency distribution
a(v) via the Kramers-Kronig relations. This will give the
dispersion and group refractive index. The refractive index
as calculated from the absorption (black line) is shown by
the blue line in Fig. 1(b). As shown in Fig. 1, the cavity
mode spacing and cavity linewidth can be controllably
varied over several orders of magnitude by engineering
the ion absorption frequency distribution.

Although spectral hole burning based slow light
structures have been discussed previously [8,9] and slow
light structures in general have been analyzed extensively,
e.g., Ref. [21] and references therein, we think it could be
relevant to discuss the properties and potential of the
absorption structuring techniques shown here. Because of
the cavity-linewidth narrowing, the 6 mm long cavity can
have a longitudinal mode spacing of =~ 220 kHz, which in
vacuum would correspond to that of a = 700 m long
cavity. The transversal part of the mode, however, still
behaves as that of a 6 mm long cavity, which means
that it is possible to combine a narrow beam with fairly
even beam size with a small cavity mode spacing. The
longitudinal and transversal cavity mode behaviors are
thus decoupled by more than 4 orders of magnitude.

In order to further examine the cavity properties, a short
pulse was sent into the cavity. The solid red trace in Fig. 3(a)
shows the light transmitted to the photodiode (PD) for a 20 ns
long input pulse (black dashed trace, centered at time ¢ = 0).
With an 18 MHz slow light transmission window, the 6 m
long pulse is compressed to about 2.5 mm and bounces back
and forth in the cavity with some light leaking out after each
round trip. Figure 3(b) shows the corresponding data with a
3 MHz transmission window where the cavity round trip time
is increased to well over a microsecond. The group velocity
v, is approximately given by [8,10]

1,0F
—— Input (a)
—— Transmission
E]
L3
2
o5t
c
7}
2
£
00 ‘r/\\w..-/"'\m.::r\
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£
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15 20
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FIG. 3 (color online). Transmitted light to a PD (a) when a
20 ns long pulse (black trace, centered at time 7 = 0) is sent into
the cavity in the presence of the =~ 18 MHz spectral hole and
(b) when a 1 us long pulse (black trace, centered at time 1 = 0)
is sent into the cavity in the presence of the = 3 MHz spectral
hole. Both signals are normalized.

v, =" ®)

where I is the spectral width of the transmission window and
« is the absorption coefficient immediately outside the spec-
tral transmission window (i.e., the effective absorption depth
of the transmission window). In general, e.g., Ref. [9], the
time-bandwidth product TB for any slow light structure of
this type of length / approximately is

TB:LF:Q—Z. (6)

Thus, the bandwidth is determined by the transmission win-
dow I', which readily can be changed by a new optical
pumping sequence. The group velocity is then determined
by the absorption coefficient of the surrounding structure
which, for a given crystal, can most easily be changed by
moving the transmission window to different positions
within the inhomogeneous line. The further out from the
line center, the higher the group velocity. Finally, the time
delay is then set by the crystal length. It is noteworthy that all
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these parameters can be varied independently, which offers
a good opportunity to test, for example, the nonlinear
enhancement effects due to slow light in a well controlled
environment. As an example, a TB = 10 for I' = 1 MHz,
a =~ 50 cm™!, and / = 12 mm is reported in Ref. [22].

Potential applications of controlled spectral engineering
of slow light structures in cavities will now be discussed.
The fact that the lifetime of a light pulse in the cavity and
the cavity Q value increase by several orders of magnitude
is interesting because whispering gallery mode rare-earth
crystal resonators with Q values in the 10° range have been
demonstrated [23], and Q values up to 10'° are predicted
[23]. These numbers could potentially be enhanced by 4
orders of magnitude by modifying the absorption profiles
by optical pumping, as is done here. Also, the loss rate
due to scattering in the cavity could be strongly reduced.
For example, if the fractional scattering loss I for a pulse
spending time 7 in the cavity is proportional to 1 — ¢~ %,
where a is the scattering coefficient and [/, is the length
traversed by the pulse, then we obtain I, = 1 — el =
1 — e~ %%, where v, is the group velocity. Thus, if we
would like to delay light by a given time ¢, a material with a
low group velocity can strongly reduce scattering losses. In
general, these types of slow light effects can be interesting
for solid state materials that, as compared to vacuum or
gas, will normally experience larger scattering.

It is also possible to dynamically tune the speed of light
propagating through the material using an electric field. In
noncentrosymmetric sites, the rare-earth ions have a per-
manent electric dipole moment which is different in the
ground and excited states. This means that the ion transi-
tion frequency is shifted by an external electric field [24],
an effect which, e.g., has been used when creating high
efficiency quantum memories in these materials [25] or to
move the transmission window in frequency [26]. Electric
fields can equally well be used to change the width of the
spectral transmission window [27] which changes the
index of refraction. The group velocity can in this way
readily be modulated at tens of MHz rates. As can be seen
from Fig. 3, this rate can be much faster than the time it
takes for the pulse to propagate through the cavity. Thus, it
may be interesting to investigate the possibility to adiabati-
cally tune the wavelength inside the cavity by modifying
the refractive index, as is done in photonic crystal cavities,
e.g., Ref. [28], but now on a time scale which differs by 6
orders of magnitude.

Low phase noise and very narrow linewidth laser systems
have wide ranging applications as stable frequency refer-
ences and sources. A passive laser line narrowing technique
based on spectral hole burning was demonstrated recently.
Selective filtering of weak spectral components outside the
laser center frequency by transmitting the laser beam
through a highly absorbing spectral hole burning material
resulted in phase noise suppression by several tens of dB
outside the central laser frequency [29]. Using the cavity

line narrowing techniques presented in this Letter, trans-
mission windows narrower than the sub-kHz homogeneous
lines of the material can be obtained. Further, the region
outside the transmission window would be nontransparent,
but light outside the center frequency is now reflected
instead of being absorbed, which has several advantages.

Spontaneous parametric down-conversion is widely
used in quantum optics and quantum information science
as a source for entangled photon pairs and as single photon
sources. It is often desirable to generate entangled photons
with a very narrow bandwidth, for example, to match the
bandwidth of an optical quantum memory or the band-
width of an optical transition [30,31]. Photons with narrow
bandwidth can be generated by cavity-enhanced sponta-
neous down-conversion, where a periodically poled
nonlinear crystal is enclosed inside a cavity [32]. A rare-
earth-ion-doped slow light cavity could be combined with a
periodically poled nonlinear crystal. A single narrow cavity
transmission peak could be created within the spectral
transmission window of the rare-earth-ion-doped cavity
crystal. Since the rare-earth-ion inhomogeneous absorption
peak can be hundreds of gigahertz wide, this constitutes the
only transparent region.

The present cavity has the unusual property of support-
ing several modes with equal wavelength but with different
frequencies. From Eq. (2), it can be seen that for any mode
number m, mathematically there is an infinite number of
combinations of » and n which will fulfil the equation. The
present cavity indeed has more than one mode supported
for certain mode numbers. For instance, in Fig. 1(b), the
two first (last) modes, which are about 4 MHz apart, have
the same mode number as the two cavity modes just below
(above) the rare-earth absorption line, which are separated
by about 13 GHz.

In conclusion, we have shown more than 4 orders of
magnitude cavity-linewidth narrowing caused by off-
resonant interaction with praseodymium ions doped in an
inorganic crystal. Several cavity modes are shown within
the 18 MHz slow light transmission window. The crystal
can readily be reprogrammed by optical pumping or dy-
namically tuned by external electric fields to yield other
cavity linewidths or light group velocities. It is suggested
that the combination of slow light structures and whisper-
ing galley modes in rare-earth crystal resonators might give
exceptionally high-cavity Q values.
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‘We demonstrate experimentally and theoretically a controllable way of shifting the frequency of an optical pulse
by using a combination of spectral hole burning, slow light effect, and linear Stark effect in a rare-earth-ion-doped
crystal. We claim that the solid angle of acceptance of a frequency shift structure can be close to 2;r, which means
that the frequency shifter could work not only for optical pulses propagating in a specific spatial mode but also
for randomly scattered light. As the frequency shift is controlled solely by an external electric field, it works also
for weak coherent light fields and can be used, for example, as a frequency shifter for quantum memory devices

in quantum communication.

DOI: 10.1103/PhysRevA.93.043832

I. INTRODUCTION

Changing the passband of a filter changes its frequency
response, that is, it changes which frequency components from
a signal can pass through the filter. Here we demonstrate that
itis possible to change the frequency of an optical signal when
the passband of a filter is dynamically changed while light
propagates through it.

Manipulation of the frequency of light during propagation
was first proposed and experimentally demonstrated by dy-
namically changing the refractive index of the medium for a
light pulse propagating inside a photonic crystal cavity [1-3].
Later, it was realized in a photonic crystal waveguide by
the aid of slow light effects [4,5]. The physical mechanism
behind those frequency conversion processes can be seen as the
adiabatic tuning of an oscillator, which is basically analogous
to the classical phenomenon of sliding a finger along a guitar
string after it has been plucked or tuning a cavity by moving
the end mirror of the cavity. The refractive index changes were
achieved at the presence of another strong optical field, and
the relative frequency shift was proportional to the relative
refractive index change, Av/v = —An/n. However, in the
present work, a different physical mechanism for a frequency
shift is demonstrated.

Previously, a spectral filter prepared in a rare-earth-ion-
doped crystal with an on-off ratio of about ~60 dB has
been experimentally demonstrated [6]. This work showed that
the passband of the filter can be dynamically changed by
combining spectral hole burning with a linear Stark effect
[6]. A filter prepared in such a crystal by spectral hole burning
induces sharp dispersion across the spectral hole, and hence
the group velocity of an optical pulse propagating inside
the crystal will be greatly slowed down and the pulse will
be compressed spatially [7-10]. Further study reveals that,
in contrast to the structural slow light effect [4,5,11,12],
the slow light effect caused by spectral engineering of the
absorption profile originates from the reversible energy storage
between the light and the absorbing ions in the medium via
off-resonant interaction [11,13-16]. The energy of the input
pulse is distributed between the polarization of the ions, Upeq,

“qian.li@fysik.lth.se
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and the electromagnetic field, Uey, in the material, and the
group velocity of the pulse, v, can be written as [15,16]

c/n

vy = o
1+ Uned/ Uem
where n is the refractive index of the medium and c is the
speed of light in a vacuum. Therefore, the group velocity
of the pulse decreases with the increase of the fraction of
energy accumulated in the medium. In the case of extreme
slow light effects, almost all energy will be temporarily stored
in the medium in the form of ion polarization. The ions will
depolarize and the energy will be returned back to light field
when the pulse exits the material. Hence, by manipulating the
resonance frequency of the ions (using the linear Stark effect,
for example) during the light propagation inside the crystal,
the frequency of the optical pulse exiting the crystal can be
changed.

To verify this concept, a ~1-MHz band-pass filter where
all the ions in the surrounding 18-MHz region have the
same sign of the Stark effect (which is called a frequency
shifter or frequency shift filter) is prepared in a 10-mm-long
Pr’*:Y,Si0s crystal, as shown in Fig. 1. A 1-us-long pulse
with a frequency distribution matching the passband of the
filter is sent into the crystal. It propagates with a reduced speed
of ¢/120 000 and is spatially compressed to 2.5 mm inside the
crystal. According to Eq. (1), more than 99.9% of the pulse
energy is in the form of ion polarization when the light pulse
propagates inside the crystal [15]. An external electric field is
switched on while the entire pulse is inside the crystal, shifting
the resonance frequency of the ions by an amount of As and
the pulse exiting the crystal will then also have its frequency
shifted by As. The frequency shift is linearly proportional to
the electric field applied. Since the pulse is propagating inside
the transmission window of the filter, the loss can be kept very
low. Furthermore, by using two crystals oriented 90° relative to
each other [17] and preparing the spectral structure throughout
the entire crystals, the filter could work for any spatial input
mode, including scattered, randomly polarized light [9]. The
solid acceptance angle of such a frequency shift filter could
basically be 27, as described later.

Another interesting feature of the present frequency shift
control is that there is no strong optical field involved during the

©2016 American Physical Society
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FIG. 1. Frequency shift filter structure. Blue represents ions with
positive sign of the Stark effect while red represents the ions with
negative sign of the Stark coefficient. The material has been prepared
such that all ions within the +9-MHz region have the same sign of
their Stark coefficient.

frequency shift process as compared to the methods mentioned
above [2-5]. The frequency shift is purely controlled by
an external electric field applied onto the crystal, which
means that it is suitable for being integrated into strongly
background-sensitive single-photon applications. Therefore, it
can be used as a highly efficient frequency shifter in quantum
communication, for example, for quantum memories, if the
incoming photon does not match the frequency of the quantum
memory device.

II. EXPERIMENT

The experiment was performed in a 10 x 10 x 6 mm
(crystal axes D1 x D2 x b) Pr’*:Y,SiOs crystal with 0.05%

(a) KPDl
.

PHYSICAL REVIEW A 93, 043832 (2016)

doping concentration and the frequency shift filter structure
was prepared using a *Hy -' D, transition at 2 K. This transition
has an inhomogeneous linewidth of ~5 GHz centered at
605.977 nm [18,19]. The lifetime of the spectral hole (filter)
is about 100 s and can be extended to ~30 min at the presence
of a weak magnetic field (0.01 T) [20]. The experimental
setup is shown in Fig. 2(a). A laser beam with wavelength
of 605.977 nm (0 MHz in the following description) from a
stabilized Coherent 699-21 ring dye laser polarized along the
D2 axis of the crystal was split into two parts by a 90/10 beam
splitter, where the stronger beam was focused onto the crystal
for all the preparation and characterization of the filter and the
weaker one was further split in two. One beam was sent to a
photodetector (PD1) as a reference to calibrate the intensity
fluctuations of the laser and the other one was used as a local
oscillator for the heterodyne detection measurement. The light
beams passing through the crystal and the local oscillator were
overlapped on a beam splitter and sent through an optical fiber
and detected by a photodetector (PD2).

For Pr*t, the permanent electric dipole moment of the
ground state differs from that of the excited state. Therefore,
applying an external electric field, E, will Stark shift the
resonant frequency of the ions, compare, e.g., Ref. [21], from
Vo to v’ = vy + As, where

Asz(uc—ug)»Ezw'E! @

h h

where E is the applied electric field; u, and . are the
electric dipole moments for the ground state and excited state,
respectively; and §u is the difference between the excited-
and ground-state dipole moments. There are four possible
S orientations for Pr’*, as shown in Fig. 2 (b); all four
orientations of du have an angle of 6 = 12.4° relative to
the b axis of the crystal, and the magnitude of Su/h is
111.6 kHz/(V cm™") [21]. The E field is applied along the
b axis and because of the symmetry of the u and E field,
there will be two effective Stark coefficients for Pr’*, with the

(b)

BS Mirror
/ &pul "\o| 6/ 62
Input laser Lens Le
light BS .
> BS
e,
D1
PD D2 8u3 6 na

Fiber 7
Mirror b (E)

FIG. 2. (a) Experimental setup. Laser light polarized along the D2 axis of the crystal is divided into two beams by a 90/10 beam splitter
(BS), where the stronger beam is focused to the center of the crystal while the weaker one is further split into two (one part is used as a reference
beam to calibrate the intensity fluctuation of the laser and the other one is used as a local oscillator to beat with the delayed transmitted probe
beam). Both the transmitted beam and the local oscillator are sent into a single mode fiber for the beating signal detection. (b) The permanent
electric dipole moment difference between exited state and ground state of the Pr’* (8p1,2,3,4) relative to the electric field applied (E). The
electric field is along the b axis of the crystal and the angle between the dipole moment difference and the electric field is 6 = 12.4° for all the

4 possible §p.
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same amplitude but opposite signs. When an external voltage is
applied across the crystal, half of the ions, those with a positive
Stark coefficient, will shift to higher frequencies while the rest
will shift to lower frequencies.

Optical pumping together with an electric-field-induced
Stark shift were used to prepare the filter structure. In the
end a ~1-MHz band-pass filter surrounded only by ions with
a positive sign of the Start coefficient was prepared over an
18-MHz region in the center of the inhomogeneous profile. A
sketch of the final filter structure can be found in Fig. 1. More
information about how this structure was created can be found
in the Appendix.

III. SIMULATION

A modified version of the Maxwell-Bloch (MB) equations
for a two-level system [22—24] is used to include a Stark shift
where the resonance frequency of 50% of the ions are shifted to
higher frequencies while the rest of the ions are shifted an equal
amount to lower frequencies when an electric field is applied.
A simple and efficient way to simulate this effect is to introduce
two Bloch vectors (denoted 7* and 7%), for the two different
ion groups with opposite signs of their Stark coefficient, at
each frequency and position, instead of the traditional single
Bloch vector. At a particular time, 7y, the resonance frequency
for 74 and 75 is shifted by +A, and — A, respectively. The
modified MB equations are then expressed as:

d’f A A ’xA
d'r =—[A+ A0 —1)lry — Qir! — 7 3)
drd rA
d; =[A+ AO@T — )lrd + 2, — T# “
2
dr# 1472
d; = SZ,vr;4 - Q,vrf — T z (@)
drB rB
d: = —[A — AO(T — ro)])'f - Q,-rf - 7; (6)
drB rB
d'T‘ =[A-AO@ -l +Qrf == (D
2
dr® 1+r%
d’; =rf-arf - T]’\ , ®)
o, a +oo +00
= ﬁ(/ ghrida +/ gﬂrfdA), )
z o —o0
dQ +oc +o0
== _ﬂ</ grida +/ g”rfdA), (10)
z 27 \J - —cc

where 74 = (r»f, r;,‘, r;‘), 7B :(rf, rf, r:B), gA, and gB are
the spectral profiles (including the transmission windows) for
74 and 7P, respectively; , and ©; are the real and imaginary
Rabi frequencies; A is the detuning; 7 is retarded time; z' is the
position in the one-dimensional crystal; « is the absorption
coefficient; 7} and T are the decay constants for the lifetime
and coherence of the excited state, respectively; and © is the
Heaviside step function which is used to describe the shift in
frequency when the electric field is turned on at time 7p. Any
function properly describing the frequency shift of the ions
due to the change of the electric field could be used instead of
the Heaviside function.

PHYSICAL REVIEW A 93, 043832 (2016)

IV. RESULTS AND DISCUSSION

After the structure preparation, a frequency chirped pulse
with a chirp rate of 1 kHz/us was sent into the crystal
to map out the structure of the frequency shift filter. The
intensity of this pulse was reduced until optical repumping
of the ions was too small to affect the spectral structure.
The black trace in Fig. 3(a) shows the initially created filter
structure. Since the ions around the filter all have a positive
sign of the Stark coefficient, the passband of the filter will
shift to higher frequencies when a positive external voltage is
applied, and vice versa, as can be seen in Fig. 3(a). The filter
becomes narrower when higher voltages are applied onto the
crystal, especially on the frequency side further away from zero
frequency. There could be three possible reasons for this. One
is the inhomogeneity of the electric field (Appendix) along the
pulse propagation direction, which causes the frequency shift
of the ions to differ slightly. While most of the ions shift the
same amount in frequency, some ions shift less. Another reason
is that the ions with the opposite signs of the Stark coefficient
move closer to the filter as higher voltages are applied and,
since the ions have a Lorentzian absorption profile, there will
be some absorption caused by these ions. Both of these two
effects will make the filter narrower with higher electric field
and have larger effect on the frequency edge that is further
away from the zero frequency. The third possible reason is
that the E field applied is not exactly along the b axis of the
crystal, so the projection of u of the selected ion onto the E
field is no longer the same. Therefore, when a certain E field

-15V——-5V —/— 0V ——5V —15V

@

ol

=)

| FFT Intensity (arb. units)

IS
|
©

-2 = 0 1 2 3 4
Frequency (MHz)

FIG. 3. (a) The passband position of the frequency shift filter
when different voltages are applied. The black trace is for the
filter created originally. When different voltages are applied across
the crystal, the resonance frequency of the ions outside the filter
shifts, and therefore the passband of the filter changes accordingly.
(b) Frequency distribution of the transmitted pulse for different
voltages, measured experimentally (solid traces) and simulated
theoretically (dashed traces). The incoming probe pulse is at 0 MHz
(605.977 nm), and different voltages are applied when the incoming
pulse is completely inside the crystal. The frequency shift of the
transmitted pulse follows the shift of the filter and is proportional to
the external voltage applied.
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is applied, half of the ions will be shifted more than the rest
of the ions. Since this misalignment has the same effect on
both side of the hole structure, it seems unlikely to be the main
reason here.

Having the frequency shift filter prepared, a 1-us-long
Gaussian pulse with the center frequency at 0 MHz was sent
into the crystal. Due to the off-resonant interaction between
the optical pulse and the absorbing ions outside the filter, the
group velocity of the probe pulse is slowed down to about
2500 m/s and it takes about 4 s for the pulse to pass through
the crystal. According to Eq. (1), with this group velocity,
more than 99.9% of the pulse energy is stored in the form
of ion polarization when the pulse is inside the crystal. An
external voltage is applied to shift the resonance frequency of
the ions and the frequency of the transmitted pulse will shift as
a consequence. Heterodyne detection was used to measure the
frequency of the transmitted pulse. The solid curves in Fig. 3(b)
shows the frequency distribution of the transmitted pulses for
different voltages measured experimentally, while the dashed
curves are from the theoretical simulation for the same process.
The black trace is for the case where no external voltage is
applied, and hence no shift is observed. A Stark coefficient
of 116.7 kHz/V /cm is used in the simulation, which fits well
with the literature value reported previously [21,25]. Since the
frequency shift of the pulse originates from the frequency shift
of the ions as the energy of the pulse is stored in the ions during
the propagation inside the crystal, it is quite intuitive that the
frequency shift of the pulse goes together with the frequency
shift of the filter.

To illustrate the frequency shift process inside the crystal,
the energy distribution just before and after the frequency shift
is shown in Fig. 4, where the dark red color represents where
most of the energy is stored while the dark blue shows that no
energy is stored at that frequency and position (a full video of
the energy flow in the crystal during the pulse propagation can
be found in the Supplemental Material to this article [26]). The
energy distribution is calculated by multiplying the number of
ions at a specific frequency and position by the probability
of them being excited and is represented by different color. It
can be seen from Fig. 4(a) that the empty ~1-MHz channel
around 0 MHz is the transmission window originally created,
and even though the input pulse itself only contains energy
within the ~1-MHz passband, the energy of the pulse is
stored in the ions outside the passband. After applying an

(@)qo 1 (B)yo

1
8 0.8 8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
1 5 0 -1 5 0

1012 3 4 012 3 4
Frequency (MHz) Frequency (MHz)

FIG. 4. The energy distribution in the ions just before (a) and after
(b) applying electric field. The energy of the pulse is stored in the
ions outside the ~1-MHz transmission window, and the frequency
shift of the ions will shift the light frequency.
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FIG. 5. (a) Beating pattern from the transmitted pulse after the
crystal and the reference beam. The electric field is switched on
at time ¢ = 0, as indicated by the dash-dotted line. The change of
beating frequency illustrates that the frequency of the transmitted
pulse is changed. (b) The instantaneous frequency calculated from
the beating frequency of the transmitted beam (red dashed line) is
plotted together with the external voltage (blue solid line) applied
onto the crystal, and the frequency shift follows the voltage change.

electric field, all the ions are shifted 3.8 MHz, as shown in
Fig. 4(b), which will give a light pulse at a new frequency in the
end.

To further study the frequency shift process experimentally,
an external electric field was applied when half of the optical
pulse had exited the crystal while the other half is still inside.
As can be seen from the beating pattern in Fig. 5(a), the
phase evolution of the beating pattern changes as the electric
field is switched on, and the first and second half of beating
pattern have different frequencies, which shows that there is a
frequency shift of the transmitted pulse after the electric field
is switched on. The instant frequency of the transmitted pulse
is calculated as described in Refs. [27,28] and plotted together
with the applied voltage as shown in Fig. 5(b). The frequency
shift follows the voltage applied and the switch on time of the
frequency shift filter is about 200 ns, limited by the rise time
of the external voltage. It can be confirmed from the red trace
of Fig. 6 that the frequency shift of the transmitted pulse is
proportional to the external voltage applied and can be well
controlled electrically.

Finally, we study the efficiency of the frequency shift
process. The relative efficiency, i.e., e = W;m where
E(V) is the energy of the transmitted pulse for a specific
voltage (electric field). To this end, the transmitted, frequency
shifted pulse from the filter was averaged 50 times and
measured directly by PD2, and the local oscillator beam was
blocked (see Fig. 2). The relative efficiency was calculated by
comparing the pulse area of the averaged transmitted pulse at
different voltages with the case where no voltage is applied.
The result is shown as the blue trace in Fig. 6. For a frequency
shift of less than £3 MHz (applied voltage £17 V), the relative
efficiency is above 90%. The larger the frequency shift, the
lower the efficiency. This can be explained by the narrowing
of the filter structure after applying the electric field as shown

043832-4
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FIG. 6. Frequency shift of the transmitted pulse (red) and relative
efficiency of the frequency shift (blue) for different voltages applied.

in Fig. 3. The narrowing after the frequency shift induces
absorption for the outer frequency components of the light
and causes the decrease in efficiency.

If we assume that the main loss inside the 1-MHz filter
comes from the off-resonance excitation of the ions outside the
hole and that the optical depth outside the hole is 20 for this
case (estimated from Refs. [10,19,29]), then the fundamental
limit on how much absorption remains in the middle of a
1-MHz inverse top-hat distribution of Pr** jons, which have
a homogeneous linewidth of 1 kHz, can be calculated to be
~2%. However, such low loss has not been experimentally
demonstrated for a similar case [6].

Currently, the frequency shift is about =4 MHz in this
experiment and is limited by our choice of hole burning
technique and the existence of the two groups of Pr’* with
different signs of their Stark coefficient. If shifted further,
then there will be absorption from ions with opposite signs of
their Stark shift. Nevertheless, one can go beyond this limit.
For example, by preparing another spectral hole at twice the
desired frequency shift, the frequency shift can be extended to
hundreds of MHz. As shown in Fig. 7(a), besides the frequency
shift filter prepared at zero frequency, another wide hole is
created at 200 MHz. Applying an E field can shift the red ions
—100 MHz while shifting the blue ions +100 MHz. In the
end, the frequency shift filter at 0 MHz and the spectral hole
at 200 MHz will overlap at 100 MHz, as shown in Fig. 7(b).
Therefore, the optical pulse propagating inside the crystal can
be shifted from 0 to 100 MHz in this way. We propose that
the loss during the frequency shift process can be estimated
as follows. Looking at Fig. 7(a), the “blue” ions which are
polarized by the input pulse will need to shift towards a higher
frequency until they meet the spectral hole from the “red” ions
at the 100-MHz position [Fig. 7(b)]. During the shift from zero
to 100 MHz before they reach the red spectral hole, the pulse
in the blue transmission window can be absorbed by the “red”
ions between 10 and 90 MHz [Fig. 7(a) and 7(b)]. The losses
during this process will be

nAl1— efu/2><L', (11)
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FIG. 7. Ways to make larger frequency shift. The red color stands
for the ions with negative Stark coefficient while the blue ones are
ions with positive Stark shift. (a) A frequency shift filter structure at
0 MHz and another spectral hole at 200 MHz away. (b) After applying
a certain E field, the frequency shift filter moves to 100 MHz. Using
this method the frequency shift of an optical pulse could be hundreds
of MHz. (c) The black dashed line is the original absorption profile
with FWHM of 5 GHz. A static E field can completely separate the
ions with different signs of their Stark coefficient. The frequency shift
filter will be prepared by simple hole burning in one group of these
ions. The width of the spectral hole is exaggerated here. (d) Applying
an additional E field will shift the ions as well as light propagating
inside the medium up to hundreds of GHz.

where L' = v, T is the distance in the crystal that the pulse
propagates during the electric field switching time, T';

_2nT

KR

is the group velocity; I' is the width of the filter transmission

window; and «/2 is the absorption coefficient of half of the

ions. In Eq. (11) «/2 is the “red” ion absorption while in

Eq. (12) /2 is the “blue” ion absorption. Inserting Eq. (12) in
Eq. (11), we get

12)

nal—e T, (13)

The loss is only affected by the width of the filter and the
switch-on time of the voltage. For I' = 1 MHz, a loss about
3% per 5 ns switching time would be achieved. So the loss can
be kept low if the field switch-on is fast enough. This way, the
frequency shift is only limited by the frequency range of the
laser used for the structure creation.

Moreover, one can extend the frequency shift range still
further by applying a large E field to completely separate
the ions with opposite sign of their Stark coefficients. In
this way, the absorption from the other group of ions can be
completely eliminated, and will no longer affect the efficiency
for the frequency shift process. For instance, for a 20-xm-thick
waveguide made of Pr’*:Y,SiOs, a static field of 100 V will be
sufficient to separate the absorbing Pr’* with different signs of
Stark coefficient 10 GHz apart (the inhomogeneous linewidth
is about 5 GHz), as shown in Fig. 7(c). Then, by doing the
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straightforward hole burning in one group of ions together
with the Stark effect, frequency shifts up to a couple of hundred
GHz can be achieved, see Fig. 7(d). In this case, the frequency
shift can reach hundreds of gigahertz and is only limited by the
breakdown voltage of the crystal (~MV /cm). Note that here
the homogeneity of the E field along the light propagation
direction has to be good enough to not smear out the hole
structure.

A band-pass filter can be prepared throughout the entire
crystal if the preparation beam covers or scans the whole
crystal [9]. It has been shown that a filter prepared in this way
will work for light entering the crystal from multiple directions.
The light will be transmitted and delayed if its frequency is
within the passband and strongly attenuated otherwise [9].
By using special antireflection coating techniques, the input
light can be coupled into the crystal very effectively, even
with a high incidence angle [30,31]. Once inside the crystal,
the light will be guided to the exit facet via total internal
reflection (the refractive index for the crystal is n =~ 1.8).
Therefore, the solid angle of acceptance of such a filter could
be close to 2. In the present demonstration, the input light
is polarized along the D2 axis of the crystal since this is the
axis with maximum slow light effect (energy storage). For
light entering the crystal polarized perpendicular to the D2
axis the slow light effect would be so small that the light just
passes through before there is time to change the electric field
and the frequency shift cannot be achieved. This polarization
restriction can be eliminated by adding an identical crystal
right after the present one rotated around the light propagation
axis (D1) by 90° relative to the first one [17]. A frequency
shift filter made of two identical crystals and the same spectral
structure prepared in the entirety of both crystals should
be able to shift the frequency of light in any spatial mode
and any polarization, including randomly scattered light. In
ultrasound optical tomography, where light can be focused
at an ultrasound focus deep inside a scattering medium using
phase conjugation, it has been shown that the ratio between the
light intensity in the focus and the background intensity can
be increased by iteratively letting light passing in between the
focal point and phase conjugate mirrors [32]. However, since
the light will be diffracted and frequency shifted, each time it
passes through the ultrasound focus, a frequency shifter, which
works for randomly scattered light as demonstrated here, that
is able to shift the light back to its original frequency will
further improve the performance of such a scheme.

V. CONCLUSION

In conclusion, we demonstrate a voltage- (electric field)
controlled optical frequency shift device capable of shifting
the frequency of a light pulse by ~1 MHz/(V/mm). The
device is based on creating a narrow semipermanent transmis-
sion window in frequency in a rare-earth-ion-doped crystal
absorption line using optical pumping. This causes strong
slow light effects (group velocities of a few thousand m/s)
for light propagating in this transmission window. At these
slow group velocities the energy of an propagating optical
pulse is mainly stored as optical polarization of the ions in
the material. By Stark shifting these ions, the frequency of
the light pulse is shifted. The demonstrated frequency shifting
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range is +4 MHz and the fractional pulse energy loss when
applying the frequency shift is in the few to 10% range. It
is proposed how the frequency range of these shifts could
be extended to be limited only by the breakdown voltage of
the crystal (~1 MV/cm) yielding a frequency shift limit of
around 100 GHz. Based on related work [9,17], it is argued
that these frequency shifters should have a solid acceptance
angle close to 27 and thus could be used also for scattered
light. As the frequency shift is controlled solely by an external
electric field and does not involve any additional optical pulses,
these frequency shifters can be especially suitable in weak
light situation, for example, to match the frequency of weak
coherent light to a particular quantum memory frequency or
to shift the spectra of the qubits for the readout process [33].
Additionally, it has a potential to be integrated with other
devices, which could open up on-chip applications.
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APPENDIX
1. Structure preparation

For the frequency shifter to work, it is critical that the
absorbing ions right outside the filter should have the same
sign of their Stark coefficient. However, in Pt :Y,SiOs, there
are four possible static dipole orientations, distributed (in the
D2-b plane) 12.4° away from b axis [Fig. 2(b)]. For an electric
field applied along the b axis, this yields two overall Stark
coefficients, with the same magnitude but opposite sign. To
make the frequency shifter structure shown in Fig. I, the
ions with different signs of their Stark coefficient have to
be separated. This is done by combining the hole burning
technique together with the Stark effect during the structure
preparation process.

The sketch of a step by step absorption profile is shown
in Fig. 8, where the red represents the ions with a negative
sign of their Stark coefficient while the blue represents the
ions with a positive sign of their Stark coefficient relative to
the E field. An external voltage of 88 V was applied prior
to any preparation, shifting the blue ions 16 MHz and the
red ones —16 MHz; the absorption profile of the interested
frequency range is shown in Fig. 8(a). Then an 18-MHz-wide
hole was prepared using the optical pumping scheme described
in our previous paper [8,19]. The resulting absorption profile
is shown in Fig. 8(b). The external field was switched off, the
ions will shift back to their original position, the left two “half
holes” at 0 MHz and —32 MHz, shown in Fig. 8(c), so at
the region of 0 & 9 MHz only the ions with a positive sign of
their Stark shift exist. Last, the laser frequency was scanned
+500 kHz around 0 MHz. In the end, a ~1-MHz narrow hole
was created with the surrounding ions within 18 MHz that have
the same sign from which their Stark coefficient was created.
This is the frequency shifter (frequency shift filter) and it is
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FIG. 8. Absorption profile of the ions during the preparation of
the frequency shift filter. The blue and red represent absorption from
ions with a positive and negative sign, respectively, of their Stark
coefficient. (a) The original absorption profile when V = 88 V. (b)
A hole of about 18 MHz was prepared by spectral hole burning
when V = 88 V. (c) The 18-MHz hole is split in two when V = 0.
(d) Another 1-MHz narrow hole is burnt at around 0 frequency. The
1-MHz hole which only surrounded by ions with the same sign of the
Stark coefficient within the 18-MHz region is called the frequency
shift filter (frequency shifter).

shown as the structure around 0 MHz in Fig. 8(d). When an
external voltage is applied, the frequency shift of the ~1-MHz
hole will be proportional to the E field.
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FIG. 9. (a) The 6-mm-thick crystal with electrodes used in the
experiment. Two sets of electrodes were directly deposited onto the
top and bottom surfaces of the crystal with a 0.5-mm gap between
them. (b) The electric field along the light propagation axis at the
center of the crystal (red) 1 mm away (green) and 2 mm away (blue)
from the center. As can be seen, there is a spatial field inhomogeneity
which is especially pronounced when close to the electrode surfaces.

2. Electric field

Two sets of electrodes were directly deposited onto the top
and bottom surfaces of the crystal with a 0.5-mm gap between
the two sets of electrodes, as shown in Fig. 9(a). Because of the
two pairs of electrodes separated by a gap on each of the two
surfaces, the E field in the crystal will be nonuniform when
an external voltage is applied across the crystal. Hence the
amount of Stark shift will differ slightly for ions in different
spatial positions. The E field as a function of position along
the light propagation path is shown in Fig. 9(b) about 0.2%
inhomogeneity is shown in the center of the crystal along the
light propagation path, it becomes more nonuniform when
away from the center. The light propagation was close to the
center in the experiment to get a better uniformity of the E
field.
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In this article, we experimentally demonstrate a way of controlling the group velocity of an optical pulse by
using a combination of spectral hole burning, the slow-light effect, and the linear Stark effect in a rare-earth-
ion—doped crystal. The group velocity can be changed continuously by a factor of 20 without significant pulse
distortion or absorption of the pulse energy. With a similar technique, an optical pulse can also be compressed in
time. Theoretical simulations were developed to simulate the group-velocity control and the pulse compression
processes. The group velocity as well as the pulse reshaping are solely controlled by external voltages which
makes it promising in quantum information and quantum communication processes. It is also proposed that the
group velocity can be changed even more in an Er-doped crystal while at the same time having a transmission

band matching the telecommunication wavelength.

DOI: 10.1103/PhysRevA.95.032104

I. INTRODUCTION

Controlling the group velocity of light has attracted more
and more attention due to its potential application in data
synchronization, tunable optical buffer in optical commu-
nication [1], optical information processing, and optical
switching [2]. To date, various techniques of controlling
the group velocity of a pulse have been studied, such as
electromagnetic-induced transparency (EIT) [3,4], coherent
population oscillation (CPO) [5], stimulated Raman scattering
(SRS) [6], and stimulated Brillouin scattering (SBS) [7].
More recently, group-velocity control was demonstrated in
silicon-based resonators [8,9], with the target for on-chip
application. However, the delay there is only typically in the
range of hundreds of picoseconds. One major drawback of the
above-mentioned methods for group-velocity control is their
needs of a simultaneous optical pump beam which might in-
troduce some background noise to the system, which could be
especially detrimental in background-sensitive single-photon
applications. It was experimentally demonstrated that the
optical pulse delay can be controlled by using transient spectral
hole burning at different magnetic fields [10]. However, the
requirement of recreating the transient spectral hole for each
specific group velocity makes it less feasible in practice. In
this article, we present a technique where one spectral hole
was prepared and the group velocity of an optical pulse can be
solely controlled by an electric field. This is a desired feature
when working with weak-light situations; for example, in
quantum information and quantum communication processes.

Our technique of controlling the group velocity of an optical
pulse uses the combination of spectral hole burning induced
slow-light effect and Stark effect and can be described as
follows: A 16 MHz spectral hole was prepared in the center
of the inhomogeneous broadening of a rare-earth-ion—-doped
crystal, with the goal of making the edges of the hole as sharp as
possible. A principle sketch of the final hole structure together
with the real part of the refractive index is shown in Fig. 1(a).
The blue and red colors represent ions with positive and
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negative Stark coefficients, respectively. If a voltage is applied
across the crystal, the resonance frequencies of the “blue” and
“red” ions will shift in different directions, which leads to a
narrower hole. The change of the hole width is proportional
to the applied external voltage since the frequency shift of
the ions is proportional to the applied voltage according to the
linear Stark shift. For an applied voltage of 40 V, a sketch of the
new structure, as well as the real part of the refractive index,
are shown in Fig. 1(b), where in the vicinity of the left side of
the hole there are only “blue ions,” while in the vicinity of the
right side of the hole there are only “red ions.” The dispersion
across the transmission window is much steeper than that in
Fig. 1(a). This causes the group velocity of an optical pulse to
be much slower when propagating in the transmission window
shown in Fig. 1(b) than when propagating in a transmission
window as shown in Fig. 1(a) [see Eqgs. (1) and (3) in Sec. II
for further information).

‘When a 10-us-long pulse with a Gaussian frequency profile
is sent into the crystal, the group velocity of the pulse could
be changed continuously by a factor of 20 by changing the
external voltages applied across the crystal, and the group
velocity decreases monotonically as the external field is
increased. Furthermore, an optical pulse can be reshaped by
changing the hole width while the pulse is still inside the
crystal. A 1-us-long pulse was sent into the crystal at the
presence of an external voltage of 40 V, which corresponds to a
hole width of about 1 MHz. The group velocity of the pulse was
small enough that almost the entire pulse was accommodated
in the crystal. The electric field was then decreased rapidly,
increasing the group velocity. In this way the first part of the
pulse propagated a longer distance inside the crystal with a
slower speed than the later part of the pulse, which caused
the pulse transmitted from the crystal to be compressed in
time. Another way of pulse shortening by sudden increase
of the amplitude of the coupling field in an EIT scheme was
proposed by Shakhmuratov et al. [11]. The drawback of the
scheme is the necessity of the strong optical coupling field,
which brings extra optical noise to the process.

Although the present experimental demonstration was
carried out in Pr:Y,SiOs, it can be used in other rare-
earth-ion—doped materials where spectral hole burning is

©2017 American Physical Society
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FIG. 1. A simplified sketch of the absorption structure, as well as
the dispersion of the refractive index, where the red and blue color
represents ions with opposite sign of their Stark coefficients while the
black line shows the overall absorption. The green trace shows the real
part of the refractive index over the frequency range, where n stands
for the refractive index of the host material and in this case ny = 1.8.
(a) The original 16 MHz hole, no external voltages applied. (b) The
1 MHz spectral hole structure when an external voltage of 40 V is
applied. The width of the hole as well as the slope of the dispersion
changes as the external voltage is changed, which in return changes
the group velocity.

possible and Stark or Zeeman effects can be applied to
change the hole width. For example, in Er-doped crystals (e.g.,
Er:Y,SiOs). Er ions have an optical transition around 1.5 pem,
at the telecommunication wavelength, where the fiber loss is
minimum. The Stark coefficient is about 20 kHz/(V/cm) in
Er:YAIO; [12], and 25kHz/(V/cm) in Er:LiNbO; [13]. The
ground-state hyperfine splitting for Er ions is much wider than
that of Pr ions [14,15], a spectral hole of 575 MHz can be
prepared in Er:Y,SiOs according to the hyperfine splittings
provided in Ref. [16]. Since the tuning range of the group
velocity is only limited by the widest hole width that can be
created and the external voltages applied, the tuning range of
the group velocity can be much larger in Er than that in Pr.

II. GROUP VELOCITY

The group velocity v, of an optical pulse can be calculated
via the following equation:

c

= dn
n+vg

(€]

Ve
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where c is the speed of light in vacuum, » is the real part
of the refractive index (for the phase velocity), and v is the
frequency of the light pulse. When an optical pulse propagates
inside a dispersive medium, in our case inside a narrow
transmission window, the real part of the refractive index can
change dramatically; therefore, v (%‘ can be much higher than n
itself, which in the present experiments can decrease the group
velocity by four or five orders of magnitude [17,18].

Another way of interpreting the group-velocity reduction
is from the light-matter interaction perspective. As shown in
Refs. [19-21] (note that in Refs. [20,21], the assumption is
made that the material has a refractive index of n = 1), the
group velocity can be expressed as a temporal energy storage
process of the optical pulse energy in the absorbing ions via
off-resonance interaction,

c/n
V, = s 2a
RS @

where U, is the energy density accumulated in the excitation
of the off-resonant centers and U., is the energy density of the
electromagnetic field propagating with phase velocity c¢/n in
the medium in the absence of dispersion. The equation shows
that, the more energy is temporarily stored in the resonance
centers, the lower the group velocity of the light.

In fact, the refractive index n also originates from the
off-resonant interaction but between light and the host ma-
terial. Therefore, when light propagates inside a nondispersive
medium, the energy density U.p, also contains two parts: one
is the energy density of the pure electromagnetic wave, Uyqc,
and another one is the energy density accumulated in the
host atom, Upeg. Similar as in Ref. [19], the energy flow
across a unit cross section inside the crystal per unit time
is Vg(Uvac + Unost + U), which should be the same as the
energy flow through a unit cross section per unit time outside
the crystal, cUy,c. Then the group velocity can be expressed
as

c
Vo = , (2b)
fol g gt
hence,
— ¢ 2
Ve = T (20)

Usac

where Uped = Unost + U, is the energy density accumulated in
the medium which contains the effect from the host atoms and
the resonant centers. In the case of no dispersion, the group
velocity equals the phase velocity and we get n = 1 + %
Thus the higher the refractive index is, the stronger is the
interaction between the light and the material, hence the more
energy is stored inside the material. To verify this, we can take
a nondispersive material with refractive index of n, assume
that we have a light beam with a certain amplitude and normal
incidence that enters a material with refractive index of n from
vacuum. By comparing the energy density inside and outside
the material (denoted Ujysige and Uy,, respectively) from the
boundary condition, we get Ujnsige = nUyqc. If we make the
same analogy as Courtens did in Ref. [19] that the energy
density inside a material can be written as Uinside = Umed +
Uyye, we get thatn = 1 + l{,"—‘;“ ‘We note that Eq. (2a) is based
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on the assumption that the dispersion is due only to resonance
centers other than the host material, while Eq. (2c¢) is suitable
for any general case. That is with and without dispersion and
where the dispersion can come from the host atoms or other
resonance centers in the material or from both. Therefore,
when an optical pulse enters a medium, a certain portion of
the pulse energy is stored in the off-resonant ions (atoms) of the
medium, and the Bloch vectors of these ions (atoms) are lifted
up slightly from their ground-state position. These ions will
rephase at a later time, their Bloch vectors will point straight
down again and the energy is returned back to the optical field.
Intuitively, one can imagine that this process causes the light
to propagate slower inside the medium.

In the case where the group-velocity reduction is mainly
caused by the spectral hole burning in an absorption profile
such as our case here, the group velocity v, can be approxi-
mately calculated by [17,22,23],

27T

Vo RN ——, 3)

a
where I" is the width of the transmission window and « is the

absorption coefficient outside the transmission window.

Equations (1)-(3) can all be used to describe the group
velocity but they emphasize different aspects. Equation (1)
is the formula to calculate the group velocity when one
knows the dispersion, while Egs. (2b) and (2c) are ways
to interpret the physical process of group velocity for the
so-called material slow-light case [18,19,24]. Equation (3)
provides an approximate but convenient estimate of the group
velocity inside a spectral hole and is especially useful in our
case here for making the first estimate of the tunability of
the group velocity since it is proportional to the width of
the transmission window and inversely proportional to the
absorption coefficient. It is then straightforward to see that the
tunablity of the group velocity is proportional to the tuning

range of the transmission window.

III. EXPERIMENT

The experiment was performed on a 6 x 10 x 10 mm?
(crystal axes b x D1 x D2), 0.05%-doped Pr:Y,SiOs crystal
at ~2 K. The top and bottom surfaces of the crystal were coated
with two sets of gold electrodes indicated as the red and black
lines on the crystal in Fig. 2(a) (a photo of the crystal can be
found in the appendix of Ref. [18]). The energy levels involved
in this experiment belong to the *H,-'D; transition centered
around 605.978 nm with an inhomogeneous broadening of
about 5 GHz and a homogeneous broadening of about 3 kHz.
The hyperfine lifetime of the Pr*" ion ground-state levels is
about 100 s and can be extended to about 30 min at the presence
of a weak (0.01 T) magnetic field [25].

A simplified setup is shown in Fig. 2(a), where a laser
beam from a frequency-stabilized Coherent 699-21 ring dye
laser tuned to the center of the inhomogeneous broadening was
split into two parts by a 90/10 beam splitter, where the stronger
beam was focused onto the center of the crystal and used for
the spectral structure preparation and characterization and then
measured by a photodetector (PD2) [26], while the weaker one
was directly measured by another photodetector (PD1) and
used as a reference beam to calibrate intensity variations.
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FIG. 2. Experimental setup. Laser light polarized along the D2
axis of the crystal is divided into two beams by a 90/10 beam splitter
(BS), where the stronger beam is focused and directed along the center
line of the crystal and recorded by a photodetector (PD2) while the
weaker one is recorded by another photodetector (PD1) and used as a
reference beam to calibrate any intensity fluctuations of the laser. (b)
The permanent electric-dipole-moment difference between excited
state and ground state of the Pr'™ (§u1, 82, 813, §ud) relative to
the electric field applied (E). The electric field is along the b axis of
the crystal and the magnitude of the projection of the dipole moment
difference onto the electric field direction is the same for all the four
possible §p (6 = 12.4°).

The permanent electric-dipole moment of the ground state
is different from that of the excited state for Pr’** ions and there
are four possible orientations for the dipole-moment difference
[18,27]. When an external voltage is applied across the crystal,
the resonance frequency of the ions will be Stark shifted by
Ay, where

sp-E |dplcos(@) AV

Ay = = + 5 X “4)
where /i is the reduced Planck constant, §p is the difference
between the excited- and ground-state dipole moments for
Pr’* ions, E is the electric field across the crystal (along the
b axis), 0 is the angle between the electric field and éu, AV
is the difference in the electric potential between the top and
bottom electrodes, and d is the distance between these two
electrodes which in our experiment is 6 mm. The four possible
8w of Pr** are oriented at an angle of 6 = 12.4° relative to
the b axis of the crystal, as shown in Fig. 2(b). The magnitude
of §u/h is about 111.6 kHz/(V/cm) [27]. Since the E field
is applied along the b axis and because of the symmetry of
811, there will be two effective Stark coefficients for Pr** with
the same magnitude but opposite signs. At the presence of a
certain electric field, the resonance frequency of half of the
ions, those with positive Stark coefficient (referred as blue
ions), will shift to higher frequencies while the rest of the ions,
those with negative Stark coefficient (referred to as red ions),
will shift to lower frequencies.

Originally, a 16 MHz square transmission window was
created by using optical pumping. However, due to the
inhomogeneity of the E field inside the crystal (see the
appendix in Ref. [18]) and the possible small mismatch of
the electric field with the b axis of the crystal, when an electric
field is applied to change the hole width, different ions see
a slightly different electric field and shift slightly different
amount in frequency, which smears out the sharpness of the
hole edge and induces some absorption close to the edge of
the hole. To compensate for this effect, the actual hole burning
sequence was optimized in the following way, 16 MHz, 8 MHz,
1 MHz, and 500 kHz hole burning sequences were employed
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consecutively in the presence of 0, 20, 40, and 41.5 V external
voltages, followed by the same 16 MHz hole burning at 0 V in
the end. This process is repeated 50 times until a hole with high
transmittance and sharp edges was achieved. The sharpness of
the hole was optimized by sending a frequency-chirped readout
pulse after the hole creation and examine the coherent beating
signal at the first hole edge. The higher the beating amplitude,
the sharper the hole edge. The Rabi frequency of the hole
burning sequence was kept low to avoid any power broadening
and instantaneous spectral diffusion [28,29] in order to make
the hole edge as sharp as possible. The whole process took
about half a minute, so a 0.01 T magnetic field was applied
to decrease the hyperfine relaxation rate such that the hole did
not degrade much during the preparation process. A simplified
sketch of the final hole structure as well as the structure at the
presence of an external voltage of 40 V together with the real
part of the refractive index can be found in Fig. 1.

IV. RESULT AND DISCUSSION
A. Group-velocity control

After the structure preparation, 16 Gaussian pulses, each
with a full width at half maximum (FWHM) of 10 us
and a cutoff duration of 100 s, were sent into the crystal
successively while the external voltage applied across the
crystal was increased monotonically for each probe pulse
from 0 to 42.5 V. A part of the incoming pulse (reference
beam) and the transmitted pulse were measured by PD1 and
PD2 shown in Fig. 2(a). By comparing the time delay of the
transmitted signal and the reference beam, the group velocity
of the optical pulses can be calculated for each electric field.
The relative efficiency was calculated by comparing the area
of the transmitted pulse at different electric fields with the
area of the transmitted pulse with no external voltage (widest
hole) after correction using the reference beam signal. The
measurement was repeated 150 times and the result is shown
in Fig. 3, where the dot represents the average value for

Vg (km/s)

Relative efficiency (%)

. . 20
“ a5 a2 a5
Voltage (V)

0 5 10 15 20 25 30 35 40
Voltage (V)

FIG. 3. The group velocity (blue) and the relative transmission
efficiency (red) at different external voltages. The group velocity can
be changed by a factor of 20 while keeping the relative efficiency
more than 80%.
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each voltage and the bars associated with the dots are one
standard deviation away from the average. The gray area was
zoomed in as an inset. The group velocity of the probe pulse
changed from 30 to 1.5 km/s (when external voltages were
changed from 0 to 42.2 V) while still having more than 80%
relative transmittance. Beyond this, the absorption increases
dramatically as the hole width becomes comparable to the
frequency width of the pulse. 1 km/s was achieved with about
50% transmittance.

‘We can interpret the reduction of the group velocity from
the three aspects that were discussed in Sec. II. From Eq. (1),
it is clear that the steeper the dispersion, the slower the group
velocity. When an external voltage is applied across the crystal
the hole becomes narrower, and the slope of the dispersion
becomes steeper as shown in Fig. 1. Hence v% becomes much
bigger, which decreases v, greatly.

As revealed from Eq. (2c), the more energy stored in the
medium, the slower the group velocity of the light. When
the hole becomes narrower, the resonant frequency of the
absorbing ions are much closer to the probe frequency;
therefore, the off-resonance interaction between the light
and the ions becomes much stronger, which leads to more
energy stored in the off-resonant ions and the group velocity
decreases. For the 16 MHz hole, with group velocity of
v, = 30 km/s, according to Eq. (2c), the fraction of energy
temporally stored in the crystal is 99.98%, while for a group
velocity of v, = 1.5 km/s, the fraction of energy stored in the
crystal is 99.9991%.

‘We can easily estimate the tunability of the group velocity of
the structure from Eq. (3), when the width of the hole changes
from 16 MHz (0 V) to 0.25 MHz (estimated experimental
hole width at the bottom of the hole at 42.2 V), a reduction
of a factor of 0% X % = 32 should be achieved (the % comes
from the fact that the absorption coefficient just outside the
hole changes by a factor of two for these two structures;
see Fig. 1). However, experimentally we only get a factor of
20 in group-velocity reduction, which is probably due to the
decrease in the sharpness of the hole edge, so even though the
window of full transmission is only 0.25 MHz, the full width
at half maximum of the hole is actually much wider than
that.

Concerning the absolute efficiency, it has been shown
previously that the remaining absorption inside a 18 MHz
spectral hole of a Pr:Y,SiOs crystal with the same doping
concentration as in the present experiment can be less than
0.1dB/cm [17]. In our case this will correspond to an absolute
transmission efficiency of higher than 97% for the 16 MHz
spectral hole. We can then renormalize the relative efficiency
according to this number to estimate the absolute efficiency
for each group velocity.

In principle, as shown in Eq. (3), the tunability of the
group velocity is only limited by the tunable range of the
spectral hole width. Therefore, it could be greatly expanded
if a much wider hole can be prepared from the beginning.
For example, in Er:Y,SiOs, a spectral hole that is 575 MHz
can be prepared given the hyperfine structures of the ground
and excited states [16]. Therefore instead of a factor of 20
demonstrated here, a factor of 600 could be achieved ideally.
Besides this, the absolute group velocity can be changed by
changing the absorption coefficient at the hole edges and this
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can be easily changed by changing the laser frequency to the
side of the inhomogeneous absorption profile for the structure
preparation process (or changing to another crystal with higher
or lower absorption coefficient). The closer to the center of the
absorption, the lower group velocity one can get while keeping
the same tunability.
The bandwidth-delay product BD for such a slow-light
structure can be approximately calculated by [21]
L al
BD=—T~_—, (5)
\A 2
where L is the length of the crystal. Since the absorption coef-
ficient can easily be changed by going to another wavelength
and the length of the crystal can be altered according to the
purpose of the application, the bandwidth-delay product can
therefore be easily changed. A more detailed discussion can
be found in Refs. [17,30].

B. Pulse compression

Group-velocity control can also be used to reshape an
optical pulse in time. After the creation of the 16 MHz hole
[structure shown in Fig. 1(a)], a 1-us-long pulse was sent into
the crystal at time ¢ = 0, shown as the black dashed trace in
Fig. 4. When no voltage is applied, the pulse comes out of the
crystal at time 7; = 350 ns, shown as the blue trace, and the
group velocity of the pulse is v,; = L/7; & 29 km/s, while
when the pulse enters the crystal in the presence of an external
voltage of 40 V [structure shown as in Fig. 1(b)], it propagates
with a much lower group velocity, v, &~ 6.5 km/s, and comes
out of the crystal at 7, = 1.54 us, shown as the green trace in
Fig. 4.

Because of the low group velocity when 40 V was applied
across the crystal, the 1-us-long light pulse was strongly
compressed, from a length of 300 m long in air to about 6 mm

= = input_ref
——Trans compressed
= Trans, 16 MHz hole
—Trans, 1 MHz hole

Intensity (a.u.)

Time (us)

FIG. 4. Pulse compression. Dashed black trace is the reference
incoming pulse, the blue trace is for 0 V, the dark green trace is for
40 V, and the red trace is for 40 V changed to 0 V just before the
pulse is about to exit the crystal.
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inside the crystal. Therefore, almost the entire pulse can be
accommodated inside the crystal. If the external voltage is
switched off when the pulse is just about to exit, then the
first part of the pulse will go through the entire crystal with a
group velocity of vy, = L/72, while the last part of the pulse
will initially propagate with group velocity v, and change
to a group velocity of vy, after the E field is switched off.
Therefore, the last part of the pulse spends much shorter time
inside the crystal and the pulse will be compressed in time;
shown as the red trace in Fig. 4.

A possible way to estimate how much a pulse can be
compressed in time might be to assume that the pulse
propagates with a group velocity of v, at first, the pulse length
is | = v, and the crystal is long enough to accommodate
the whole pulse length. If the group velocity is changed to v,
instantaneously just when the first part of the pulse is about to
exit, it takes T’ = [ /v, for the last part of the pulse to exit the
crystal. Therefore, a pulse initially with a duration of v will
be changed to 7/ = %r Therefore, the compression factor,
defined to be the ratio of the duration of the original pulse to the
duration of the compressed pulse in time, would be 5 = %
Hence, the bigger the ratio of the two group velocities, the
more the pulse can be compressed. In reality, the electric field
cannot be changed instantaneously, so the compression factor
will be smaller. However, the compression factor will always
be :%f, if the whole pulse is inside the crystal during the time
while the E field is changed.

If we look at the pulse compression process from the energy
density point of view, the pulse first propagate in a structure
as in Fig. 1(b), where the group velocity is low, the energy of
the optical pulse is mainly stored in the nearby off-resonant
ions. When the electric field is decreased, those ions will shift
outwards relative to the hole center, constitute a wider hole,
and emit light at another frequency, so the pulse coming out
would have a wider frequency distribution compared with the
pulse sent in. The wider frequency span may be viewed as
enabling a pulse compression in time.

A relevant quantity about the pulse compression is the
efficiency of the compression process, which can be calculated
by comparing the pulse area of the compressed pulse with that
of the uncompressed pulse from Fig. 4. If the transmitted
energy for a 16 MHz hole (blue trace) is set to 100%, then
the transmitted energy for the 1 MHz hole is about 96.6%
while the energy transmitted for the compressed pulse is about
66%. To evaluate the energy loss during the pulse compression
process, a Maxwell-Bloch simulation was performed, and the
detailed information about the simulation can be found in
the simulation section of Ref. [18]. Two different simulations
were carried out for comparison. Case I corresponds to the
actual experiment when a 1 ps pulse is sent into the 1 MHz
transmission window as shown in Fig. 1(b). Before the pulse
exits, the E field is switched off and the transmission window
changes to 16 MHz, just as shown in Fig. 1(a). In this case,
if we look at the right-hand side of the hole structure there
only exists red ions before the field changes so the energy will
mainly be stored in the red ions, while the red and blue ions
overlap after switching off the E field. Therefore, when light
was re-emitted by the red ions, it might be resonantly absorbed
by the blue ions. We expect this will cause some energy loss.
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FIG. 5. Pulse compression efficiency as a function of E field
switch off time. The black circles are from simulation case I while
the blue stars are from simulation case II. See main text for the
description of the two cas

Therefore, case Il is simulating a similar situation but on the
right side of the hole all the ions are red ions while on the
left side of the hole all the ions are blue ions as the structure
shown in Fig. 1(b) if the top half part is neglected. For this
simulation, there will consequently never be any overlap of
the resonance frequency of the two groups of ions. Hence by
comparing these two cases, the energy loss due to the overlap in
resonance frequency of the two groups of ions can be mapped
out.

The simulated efficiency of the pulse compression process
as a function of the switch-off time of the E field can be found
in Fig. 5. It shows that, the slower the E field is switched off,
the higher is the efficiency and when the E field is switched off
almost instantaneously, the energy loss is 40.5% for case I and
55% for case II, respectively. The 15% lower efficiency in case
I can be attributed to the overlap of the two groups of ions (red
and blue) as discussed above. However, even for case Il where
the ions never overlap with each other, the efficiency is still
only 55% when the E field is switched off rapidly and this is
probably due to the fact that the energy distribution of the 1 us
pulse propagating inside a 1 MHz hole and a 1/16-us-long
pulse (theoretical estimation of the FWHM of the compressed
pulse according to the discussion above) propagating inside
a 16 MHz hole are quite different as shown in Fig. 6. When
the E field is switched off almost instantaneously, the ions will
Stark shift to another resonance frequency accordingly and the
hole changes from 1 to 16 MHz. However, the resulting energy
distribution does not match the 16 MHz structure; therefore,
the rephasing process will not be complete and it is reasonable
to assume that some energy would be lost due to this. As can
be seen from Fig. 5, when the E field is switched more slowly
the energy loss due to this effect decrease for both simulation
cases.

In case I, if the E field is switched off in 200 ns, the
relative efficiency one can reach is around 79% while in our
experiment, only 66% was achieved. This could be due to
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FIG. 6. The energy distribution of optical pulses propagate inside
different hole structures. (a) A 1 us pulse in a 1 MHz hole and (b)
a1/16 us pulse in a 16 MHz hole. The color represents the relative
energy stored in the ions calculated from the normalized angle of
the ions’ Bloch vector when optical pulses are propagating in the
material. The maximum scale of 1 represents the maximum angle of
the ions’ Bloch vector relative to the w axis (in this simulation, for
an input pulse area of 7/20 this maximum angle is 2.56°), while 0
indicates that the ions’ Bloch vector is pointing straight down, which
means no energy is stored. The bigger the angle, the more the energy
is stored in the ion. As can be seen, the energy is much more confined
in frequency for a 1 us pulse propagating in the 1 MHz hole.

absorption by ions remaining in the hole. As can be seen from
Fig. 3, there is a specific absorption for each voltage when the
pulse propagates inside the hole. For an applied voltage of 35 V,
the transmission loss is about 10%. This could be minimized
by further optimizing the structure preparation process.

In principle this technique can be used to stretch the pulse in
time as well by having a higher group velocity at the beginning
and then change to a lower one. However, this would require
a crystal that is long enough to fit the entire pulse when it
propagates at a higher group velocity, therefore it is practically
more difficult to implement. Nevertheless, one might be able
to do this with a multipass beam arrangement in a crystal or in
a slow-light cavity [17].

V. CONCLUSION

In conclusion, we demonstrate a device in which the group
velocity of an optical pulse can be changed continuously by a
factor of 20 solely by applying an external electric field. The
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energy loss of the transmitted pulse is kept below 20% over
the whole group-velocity-tuning range. The device can also
be used to reshape and compress the pulse. The maximum
compression of a pulse depends on the ratio of the maximum
and minimum group velocity with which the pulse propa-
gates inside the crystal. The device is based on creating a
semipermanent transmission window in the absorption line of
a rare-earth—doped crystal using optical pumping. By Stark
shifting the resonance frequency of the ions, the structure
of the transmission window as well as the dispersion of
the refractive index across the transmission window will be
changed, hence the group velocity of the pulse propagating
inside the transmission window will be changed accordingly.
It is proposed that the tunable range of the group velocity
can be further extended in other rare-earth—doped crystals,
such as Er**-doped crystals. Because the group velocity is
controlled purely by an external electric field and does not
require any additional optical pulses, it can be especially useful
in weak-light situations. For example, in quantum information
and quantum communication processes. Moreover, since it is
a solid-state device it can be integrated with other devices and
could open up the way for on-chip applications.
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APPENDIX

As can be seen from the inset of Fig. 3, the error bars for
the relative efficiency become much bigger when the applied
voltages are higher than 42 V (which corresponds to a hole
width of less than 300 kHz). This is attributed to the 50 Hz
noise in the high-voltage amplifier used for this experiment.
As discussed before, the Stark shift of the ions is linearly
proportional to the applied external field. The variation in the
voltages applied to the crystal will cause variation in the Stark
shift of the ions, which will affect the preparation process of
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FIG. 7. The correlation of the group velocity and the relative
efficiency at different external voltages.

the hole structure as well as the hole width when probing.
When the width of the hole is comparable to the frequency
spread of the optical pulse, a small fluctuation in the hole
width can cause a dramatic change in the transmission as
it changes exponentially with the number of ions inside the
frequency width of the pulse. Therefore, the relative error for
the transmission is much higher when the hole width is really
narrow.

Since the fluctuation in the efficiency is caused by the
fluctuation in the hole width, i.e., a lower efficiency is due
to a narrower hole width. According to Eq. (3), a narrower
hole width gives a lower group velocity as well. Therefore, the
group velocity and the relative efficiency should be correlated
to each other. This can be verified from Fig. 7 which shows the
group velocity and relative efficiency of all 150 measurements
when the applied voltages are higher than 41.6 V (i.e., hole
width narrower than 500 kHz). It shows that, when the relative
efficiency is higher than 20%, the group velocity is positively
correlated with the relative efficiency, so that the lower the
relative efficiency, the lower the group velocity. However,
when the relative efficiency drops below 20%, the group
velocity and the relative efficiency shows an anticorrelation.
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applicable for areas such as quantum memories, self-filtering of laser frequencies, and other applications relying
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1. INTRODUCTION

ReCCnt interest in rare‘eartll Spectral ﬁl[el’s baSCd on hOIC burn‘
ing have been seen in quantum memories [1], self-filtering of
laser frequencies [2], and ultrasound optical tomography
(UOT) [3]. These filters are exceptionally narrowband, which
gives a strong time delay, meaning that time gating can be used
to further increase the potency of the filter. These filters also
have the benefit of working for arbitrary input directions
(as opposed to, e.g., a Fabry—Pérot cavity), which can be
important for certain applications; here we will in particular
consider UOT.

Anomalies, such as tumors or low blood oxygenation in or-
gans, surrounded by healthy tissue can be difficult to examine,
especially if located deep within the body. Early noninvasive
imaging of such anomalies can help in the diagnosis process
of patients [3].

Several methods exist to date that try to fulfill this ambition.
Ultrasound probing techniques, for example, have good spatial
resolution even deep inside scattering media but lack the
molecular contrast provided by optical light [4]. On the other
hand, optical light has difficulties penetrating deep inside
highly scattering media, such as the body, while maintaining
spatial resolution. UOT is a method utilizing the benefits of
both worlds, see Fig. 1(a). The ultrasound focus provides a spa-
tially narrow region with varying local density, which, due to
the acousto-optic effect, diffracts optical light. The diffracted
light is in this process frequency-shifted by the ultrasound

1559-128X/16/3610442-07 Journal © 2016 Optical Society of America

frequency, typically in the 1-100 MHz range. However, the
ultrasound absorption coefficient is 0.3 dB/(cm - MHz) [7]
and limits the usable ultrasound frequency range for UOT.
By examining only the frequency-shifted light, a high spatial
resolution can be achieved, in addition to the good contrast
benefit of the optical light [8,9].

One major obstacle that needs to be overcome in the UOT
technique is the low intensity of frequency-shifted light com-
pared with the rest of the randomly scattered light. This intensity
difference, for example, depends on the ratio of volume occupied
by the ultrasound and the total sample volume as well as how
deep inside the scattering media the ultrasound pulse is located.
Additionally, the frequency-shifted light will exit the medium in
random directions emanating from a large surface area, thereby
requiring high étendue analysis if a reasonable fraction of the
frequency-shifted light should be collected [see Fig. 1(a)].

By utilizing narrowband spectral filters, the unshifted light
can be suppressed while transmitting most of the shifted light.
Good suppression filters can therefore be used in UOT to
achieve a high signal-to-background ratio deep inside the tissue.
A high étendue filter with 60 dB suppression might be enough
to reach the depth of the human heart [3]. High étendue, high
suppression filters can be created in rare-earth-ion-doped crys-
tals, where hole burning and slow light effects [10] can give
suppressions of several orders of magnitude for unshifted light
with respect to shifted light, within the frequency range of a few
MHz required by UOT [9].
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(a) Ultrasound optical tomography  (b) Transition dipole
moment
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Fig. 1. (a) Schematic view of ultrasound optical tomography
(UOT). An ultrasound pulse with frequency fg is sent into the
scattering tissue. Once this pulse has reached the desired location,
a laser pulse with frequency £, is sent in. Some laser light will dif-
fract off the ultrasound pulse and create sidebands with frequencies
fraser £ fus (only the negative sideband is shown in the figure).
Emanating from a large surface area, with random polarization and
direction, the light passes through a spectral filter that strongly sup-
presses the light at £ and f}. . + fys, while it transmits most of
the light with frequency f),.., - fus. This light can now be analyzed
obraining a high spatial resolution (given by the ultrasound pulse).
(b) Transition dipole moment direction in Pr’*:Y,SiOs, tilted
74.6 deg from the D; axis toward the D, axis [5,6].

The highest suppression value achieved to date in these crys-
tals is around 60 dB suppression for light shifted 10.2 MHz
[11], and predictions of even higher suppression have been
made [11,12]. Even though this suppression might be large
enough for UOT, the ultrasound frequency, and therefore
the frequency shift of the light, preferably should be in the
1-2 MHz range, as the ultrasound absorption coefficient is
lower for lower frequencies. In this manuscript, experiments
on narrowband spectral filters have reached 53.4 £0.7 dB
suppression for light shifted only 1.25 MHz.

The present study also more generally investigates high ab-
sorption processes inside these anisotropic spectral filter crystals
by performing simulations based on an existing light propaga-
tion model [13]. Building on this approach, the light suppres-
sion as a function of incidence angle to the crystal is studied as
well as the use of time gating. The crystal examined presently is
a Pr’*:Y,SiOs crystal, which has its transition dipole moment
lying in the D;-D, plane, as can be seen in Fig. 1(b).

By increasing the knowledge of spectral filtering in rare-
carth-ion-doped crystals and thereby potentially improving
the suppression of these filters, UOT techniques will in the
future be able to probe deeper inside tissue in a noninvasive
manner.

2. HIGH ETENDUE SIMULATIONS

To simulate high étendue beam propagation and investigate the
filter suppression as a function of incidence angle, the theoreti-
cal framework put forth in [13] was used to simulate light
propagating through a crystal. By defining the incidence angle
and electric field for an incoming plane wave, the simulation
calculates the total reflection and transmission through the
crystal, including multiple reflections at the surfaces.

Because a spatial beam and temporal pulse can be con-
structed from a linear combination of plane waves, one can
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perform the simulation several times and sum up the results
with weights corresponding to the Fourier transform of any
desired spatial and temporal profile. This is performed in
the simulations presented in Section 5, where a Gaussian-
shaped beam profile was used in both transverse spatial
dimensions as well as in the temporal dimension.

Even though the method assumes homogeneity of the material
in the transverse spatial directions (x—y plane) and also in time, in
time it can be inhomogeneous in the direction of the normal to
the front surface (z direction), and the absorption also can vary as
a function of the light frequency. Therefore, the method can be
used, not only for high étendue simulations but also for, e.g.,
propagation  through spectral holes, materials consecutively
stacked after one another, and examination of slow light effects.

3. EXPERIMENTAL SETUP

To analyze high suppression spectral filters in rare-carth-ion-
doped crystals, a frequency-stable laser and a high dynamic
range detection setup are required. Therefore, the experimental
setup seen in Fig. 2 was constructed. The incoming stabilized
laser light, at 606 nm (495 THz), can be frequency-shifted us-
ing an acousto-optic modulator (AOM, model AA.ST.200/
B100/A0.5-VIS) in a double pass configuration and is used
for hole burning and probe pulse creation (described in,
e.g., [16]). A beam expander (not shown in the figure) is used
to collimate the beam size to 1 mm, which is the size used
throughout the setup. A low reflectivity beam splitter directs
part of the input beam before entering the cryostat to a refer-
ence detector PD1 (Thorlabs PDB150A) and is used to cali-
brate for intensity fluctuations. The beam propagates along
the D direction of the crystal, and the polarization is aligned
along the principal axis with the strongest absorption (the D,
axis [5,6]) using a half-wave plate. Following this, a linear polar-
izer is used to improve the polarization purity, i.e., remove as
much as possible any unwanted polarization component (in
this case along the 4 axis). After propagating through the crys-
tal, which sits inside a liquid helium bath cryostat at 2 K, the
polarization component of the transmitted light that is to be
analyzed is selected by a second linear polarizer.

To cover the large dynamic range of probe intensities ob-
tained by propagating either inside or outside a spectral hole,
the light falls upon a beam splitter after which two detectors are
placed: PD2 (Thorlabs PDB150A) and PD3 (Hamamatsu
PMT R943-02). To correlate the measurements of the two
detectors, a signal can be used, as long as it is sufficiently
strong/weak for the Thorlabs/Hamamatsu detectors to be able
to record it while still not damaging them. This signal should
give the same power, after the transmission and reflectance of
the beam splitter are taken into account, and the two detectors
can therefore be calibrated to each other.

A 10 mm long Pr?* :Y,SiO5 crystal with a doping concen-
tration of 0.05% was used. A 10 mT magnetic field was applied
over the D, axis of the crystal to increase the spectral hole
lifetime [17].

A frequency scanning pulse with a scan range of 0.5 MHz,
total duration of 120 ps, and low Rabi frequency (estimated to
be around 1-2 kHz) was repeatedly sent into the crystal
2100 times to create a sharp-edged spectral hole with high
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Schematic setup: Top view
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Fig. 2. Simplified experimental setup. A stabilized coherent 699-21 ring dye laser, together with an acousto-optic modulator (AOM) in a double
pass configuration, is used for the spectral hole burning and probe pulse creation [14,15]. Photodetector 1 (PD1) is used as a reference detector to
calibrate for laser intensity fluctuations. A half-wave plate and a polarizer before the cryostat are used to adjust the incoming polarization, while a
polarizer after the cryostat is used to analyze the polarization. A 10 mm long 0.05% doped Pr3*:Y,SiOs crystal sits in a liquid helium bath cryostat at

2 K. Its axes are oriented as shown in the figure. PD2 and PD3 are low and high sensitive photodetectors, chosen to cover the large dynamic range of

the transmitted probe intensities.

transmission in the center. High repetition, low Rabi frequency
pulses are used to minimize the effects of instantaneous spectral
diffusion [18].

Following this, 25 Gaussian probe pulses with a full width at
half-maximum (FWHM) of 3 ps (unless stated otherwise) were
sent into the center of the spectral hole, assigned the relative
frequency of 0 MHz, to analyze the transmission properties
of the profile. Afterward, still using the same structure, another
25 pulses were sent in at a detuning of 1.25 MHz (unless stated
otherwise) compared with the center of the spectral hole to
probe the high absorption. To make sure the structure was
not significantly altered by the probe pulses, another 25 probes
were sent inside followed by yet another 25 outside the spectral
hole, making a total of 100 probe pulses for a single hole burn-
ing sequence. The probe pulses were separated by 200 ps, with
a delay of 0.2 s between each set of 25 pulses to give the
mechanical shutter, which was used to protect the light sensi-
tive PMT detector from damage, time to open and close.

Finally, after the probing was completed, 200 frequency
scanning pulses, reset pulses, were sent in at alternately positive
and negative detuning compared with the hole center to shuffle
the absorbing ions back toward the center and erase the hole.
These pulses, with a duration of 250 ps and maximum laser
power, were scanning at 37 MHz centered at 31.8 MHz
and -32.8 MHz, respectively.

4. EXPERIMENTAL RESULTS

As previously mentioned, UOT light will emanate from a large
surface area with a random direction and polarization. A high
étendue filter will therefore collect much more light compared
with a low étendue filter. Consequently, a spectral hole profile
that exists spatially over the entire rare-carth-ion-doped crystal
is required, and because this has previously been demonstrated
by using a large beam and burning the entire crystal from the
side [9], the present experiments are performed at normal in-
cidence, both for burning of the spectral hole and probing.
Furthermore, due to the high index of refraction of the crystal
(n~1.8) compared with the surrounding liquid helium
(n ~ 1), Snell’s law, combined with total internal reflection, en-
sures that any light that propagates into the crystal through the
front surface area will exit through the back surface area,
regardless of crystal length.

A schematic absorption profile (solid blue line) and the spec-
tral distributions of the incoming probe pulses (duration 3 pis),

]
g
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- = ~Inside 0 MHz
* Outside 1.25 MHz
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w
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o
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n
o

o

Relative frequency [MHz]
Fig. 3. Schematic absorption profile along D, (solid blue line), with

a maximum absorption coefficient of 47 cm™' [5], is shown, together
with the frequency distributions of the incoming probe pulses (dura-
tion 3 ps) inside (dashed green line) and outside (dotted purple line)
the spectral hole. The probe distributions are plotted against a
vertical axis with arbitrary units.

both when propagating inside (0 MHz, dashed green line) and
outside (1.25 MHz, dotted purple line) the hole, respectively,
are shown in Fig. 3. Even though the hole burning pulse was
scanning 0.5 MHz, the spectral hole it creates will be slightly
wider. Therefore, the FWHM is estimated to 0.7 MHz and is
shown in the figure.

Following the experimental methodology explained in
Section 3, an example of the detected signals inside (0 MHz)
and outside (1.25 MHz) the spectral hole can be seen in Fig. 4.
The incoming polarization was horizontally aligned with D,,
and the polarizer after the cryostat also was along the D, axis
for Figs. 4(a) and 4(b), while it was aligned with the 4 axis for
Fig. 4(c). As explained in Section 3, the probing consisted of
four sets of 25 probe pulses each. The four sets taken with the
second polarizer aligned with D, [seen in Figs. 4(a) and 4(b)]
are detected in the order of blue, red, green, and purple. Each
data presented are the mean and the standard deviation of the
mean. The signals are calibrated with respect to each other,
both in regards to the beam splitter splitting (that depends
on polarization), the shot-to-shot intensity variation (calibrated
by using a reference detector situated before the cryostat), and
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Fig. 4. Example of detected probe signals inside (0 MHz) and out-
side (1.25 MHz) the spectral hole, for an input pulse sent in at 0 ps.
The polarizer before the cryostat was aligned with D,, and the polar-
izer after the cryostat was aligned with D, for Figs. (a) and (b) and
aligned with & for Fig. (c). All graphs use the same y-axis scale.
The darker line shows the mean while the slightly brighter area shows
the standard deviation of the mean [overlapping with the darker line
for most points, except for Fig. (b) between 11-17 ps]. The time gat-
ing used in Fig. 5 is performed between the black lines (11-15 ps).

for different detector collection efficiency. Last, the data are
normalized so that the maximum transmission amplitude in-
side the spectral hole is one.

As can be seen, a slow light delay of around 13 s is achieved
when propagating inside the spectral hole. When propagating
outside the hole, there are two components of the D, light, one
that is not delayed, and one that is delayed similarly to the pulse
traveling inside the spectral hole. The origin of the delayed
component might be due to leakage of the probe pulse into
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the spectral hole, which suggests that the spectral width of
the probe is larger than expected for a temporal Gaussian with
a FWHM of 3 ps. It might be broadened in the pulse creation
using the AOM, for example, due to a digitized RF signal, or it
may be that our laser has a low intensity background that is
broad in frequency [2]. The delayed component is lower when
probing 10.2 MHz detuned from the spectral hole, which
agrees with the leakage hypothesis stated above.

The b component measured inside the spectral hole is, un-
surprisingly, much lower than the D, component and is not
shown here. Contrary, the & component when probing outside
the spectral hole, seen in Fig. 4(c), was found to be much larger
(roughly a factor of 50) than the D, component. We expect to
have a small 4 component because the linear polarizer placed
before the cryostat has an extinction ratio of 10~, correspond-
ing to a polarization angle of 0.18 deg from D,. If the & com-
ponent, seen in Fig. 4(c), can be explained by a misalignment of
the incoming polarization it would be 0.8 deg off (correspond-
ing to an extinction ratio of 2 - 104). This increased misalign-
ment of the incoming polarization might be explained by the
beam having to travel through two cryostat windows before
reaching the crystal. However, because the transmission inside
the spectral hole is almost purely D,, the & component outside
the hole can easily be filtered out using a linear polarizer.
Another option to increase the total suppression is to use
two filter crystals rotated 90 deg with respect to each other
around the D; axis, causing the & component of the first crystal
to reside along the D, component of the second crystal [19].
Using the latter technique, good suppression is attainable re-
gardless of the incoming light polarization, which is beneficial
for UOT. Additionally, the & component is not delayed and can
therefore be eliminated by time gating.

To calculate the suppression of the transmitted light outside
compared with inside the hole, the D, signal is summed up
between the two black vertical lines (at 11 and 15 ps), as seen
in Fig. 4; the suppression values shown in Fig. 5 are the time
gated D, values.

A suppression trend was measured when the detuning for
probing outside the hole was fixed ac 1 MHz and the probe
FWHM duration changed, which can be seen in Fig. 5(a).
The suppression is monotonically increasing as a function of
increased duration. This can be fully explained because the fre-
quency distribution width of the probe pulse becomes wider

(a) Supp asa of (b) asa of
8% 554
c c
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Fig. 5. Intensity suppression as a function of (a) probe FWHM duration, for a fixed detuning of 1 MHz when probing outside the spectral hole,
and (b) probe detuning, for a fixed probe duration of 3 ps. Calculated by dividing the D, signal area inside with the D, signal area outside the spectral
hole, in both cases time gated between the two vertical black lines (11-15 ys), as shown in the example in Fig. 4. The red cross data are using the first
two sets of probe pulses, while the purple circle data are using the last two sets. The error bars show one standard deviation of the mean.
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with decreasing duration, which leads to increased and de-
creased absorption for the pulse propagating inside and outside
the spectral hole, respectively (see Fig. 3). A FWHM value of
3 ps was chosen as a compromise of suppression and resolution
because the shorter the pulse duration is, the less time the ultra-
sound pulse has to move, meaning a higher spatial resolution
of UOT.

A similar suppression trend but now changing the detuning
of the probe outside the spectral hole can be seen in Fig. 5(b),
where the probe duration was kept fixed at 3 ps. As can be seen,
the intensity suppression flattens out at a detuning of around
1.25 MHz, where it has reached a suppression of around
53.4 £ 0.7 dB. Additionally, another measurement where
the light was detuned 10.2 MHz was taken, which gave a sup-
pression of 63.2 & 0.6 dB, similar to what has been achieved
previously at the same detuning [11].

The probing performed in the experiments shown so far has
an estimated Rabi frequency of 25 kHz. Changing the probe
Rabi frequency from 5-55 kHz gave similar suppression values
(within £2 dB).

5. SIMULATION RESULTS

To estimate the potential suppression of the filter in an actual
UOT experiment, where the incoming light has an arbitrary
input direction and polarization, an investigation of the absorp-
tion/suppression as a function of incidence angle and polariza-
tion direction was carried out. Several plane wave simulations
where light propagates through the crystal were performed,
and the results were summed up so that a spatial beam was
achieved in both transverse directions; this was performed when
propagating inside as well as outside the spectral hole. In these

Side view

S
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Fig. 6. Schematic view of the incidence angles 6 and ¢, located in
the horizontal and vertical planes, respectively. The outgoing polari-
zation components are using the same color notation as in Fig. 7.
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simulations, which are based on the methods described in [13],
the crystal was oriented in the same way as in the experiments,
i.e., propagation occurred along the D axis with D, as the hori-
zontal and & as the vertical axis. However, in contrast with the
experiments, in the simulation the incidence angle was varied
from the normal incidence case, as seen in Fig. 6. A Gaussian
probe pulse with a FWHM of 1 mm in both transverse spatial
dimensions and a FWHM of 3 ps was used in the simulations.

In Fig. 7, the transmittance of light propagating outside
(1.25 MHz) the spectral hole is shown for different input an-
gles. The transmission is split into components along the trans-
verse (D, and #) and normal (D) directions of the crystal
surface. These can be seen in the blue solid (D,), red dashed
(), and purple dotted (D)) lines. In Fig. 7(a) the spatial angle,
0, is changed in the horizontal D,-D; plane, while ¢ is
changing in the vertical 4-D; plane for Fig. 7(b) [see Fig. 6
for a schematic view of the incidence angles].

As can be seen, light of all three polarization components
exist in the crystal. This can be understood because an oscil-
lating dipole will radiate light in almost all directions, and
the electric field it generates will be perpendicular to these
propagation directions. However, the ions are only phase
matched in the propagation direction of the incoming light.
The simulation uses several plane wave calculations with
slightly different incoming angles to build up a spatial beam
that propagates through the crystal; therefore, the result at,
e.g., 0 deg incidence angle is not the same as if a plane wave
would have propagated at normal incidence. Thus the interfer-
ence from all the ions will, as the simulation exists of a sum of
plane waves with (slightly) different input directions, for a gen-
eral incidence angle create an electric field with components
along all polarization directions (although some of them will
be very small), which can be seen in Fig. 7.

Even though the transmission is rapidly increasing when
deviating from 0 deg incidence angle in Fig. 7, the transmission
is still relatively low for all incidence angles simulated.

Up undil this point the incoming polarization has been
chosen to be either s- or p-polarized light when changing
the angle, but in the general case the incoming polarization
is a combination of both. Because the simulation does not have
any antireflection coating of the surfaces, the reflection of the
s- and p-polarization components will differ according to the

(b) Vertical plane
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Fig. 7. Transmittance when probing outside (1.25 MHz) the spectral hole, split up into transverse (blue solid line for D, and red dashed line for
b) and normal (purple dotted line for D) directions to the crystal surface. The spatial angle 6 is changed in the horizontal D,-D; plane, and ¢ is
changed in the vertical 6-D; plane, as seen in Fig. 6, for Figs. (a) and (b), respectively.
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Fig. 8. Intensity suppression of light detuned (1.25 MHz) relative to centered (0 MHz) with respect to the spectral hole. (a) Incidence angle 6
changes in the horizontal plane. (b) Angle ¢ changes in the vertical plane. The angles are defined as seen in Fig. 6. The blue solid line shows the
suppression when the incoming polarization is perfectly horizontally aligned, while in the red solid line the polarization purity is 7= = 107,

I

corresponding to a polarization angle of 0.18 deg. By time gating the transmission, the dashed curves are obtained for the two different polarization
purity cases (the time gating was performed between 7-9 ps, as this gave the best suppression in the simulations).

Fresnel reflection. Therefore, the polarization orientation of the
electric field just inside the crystal may differ from the polari-
zation just outside the crystal. Hence, a polarization outside the
crystal aligned purely in the horizontal D,-D; plane will not for
a general incidence angle be purely aligned in the horizontal
plane just inside the crystal; instead it also will have a vertical
polarization component. Because this vertical component is
along the 4 principal axis, the overall transmission will be
greatly increased. Fortunately, there are several ways this effect
can be eliminated; here we will present three ways. First, by
adjusting the incoming polarization orientation one can com-
pensate for the difference in s and p Fresnel reflections and still
get a low transmission similar to the ones shown in Figs. 7(a)
and 7(b). Second, by using an antireflection coated crystal, the
effect can be at least partly canceled. Finally, by using two
crossed crystals, i.c., with their D, and 4 axes interchanged,
placed in contact with each other, the transmission should
be low regardless of incoming polarization.

By comparing the simulation results of a pulse propagating
outside (shown in Fig. 7) and inside the spectral hole, one can
calculate the overall suppression of the spectral filter. This can
be seen in Fig. 8, both when the incoming polarization is per-
fectly along D, and when it is tilted by 0.18 deg corresponding
to the polarization purity of the polarizer used in our current
setup. As expected, when the polarization angle is tilted so that
the & component is 10~ compared with the D, component
(0.18 deg), the suppression is also in that order. However, be-
cause this component has a negligible slow light delay, a high
suppression can still be achieved by time gating, as seen from
the dashed red line. It is, however, not as large as the suppres-
sion achieved when the polarization is perfectly along D,. We
also note that the dependence on incidence angle has now
almost completely vanished, and the suppression is still large,
showing that the spectral filter would work as a high étendue
filter.

Disregarding the large experimental 4 component, we
also can notice that the simulation shows that it is possible
to reach much higher suppression values than we were able
to achieve experimentally. However, one should note that
the simulation uses absorption coefficients of ap, = 47 cm™!,

ap, = 3.6 em™!, and @, = 0 cm™!, and even though these

values have been measured experimentally [5], it is possible that
the absorption coefficient of crystals varies [20]. New simula-
tions, performed with the absorption values only half of those
mentioned above, show that the maximum suppression (nor-
mal incidence with a polarization along D,) is still high, around
100 dB compared with the previous case with 130 dB. This
indicates, as explained in [6], that contrary to what one would
intuitively believe, the suppression or absorption in dB does not
always scale linearly with the absorption coefficient or length of
the crystal.

The main reason for the discrepancy between the suppres-
sion in simulations compared with experiments is most likely
the leakage of the probe pulse light through the spectral hole, as
explained in Section 4. However, other potential reasons for a
lower suppression in experiments exist, e.g., the crystal cutting
procedure can have errors in the alignment of the principal axes
of the crystal to the actual sides of the crystal, so that, even
when the incoming beam is perfectly normal to the front sur-
face of the crystal, it actually deviates from the principal axes.
Additionally, the experimental alignment might not be at per-
fect normal incidence. Another experimental difficulty is that of
creating a narrow spectral hole with sharp absorption edges that
is homogeneous throughout the entire crystal.

Because the random polarization of the UOT light requires
filters that are insensitive to the incoming polarization, a single
rare-earth-ion-doped crystal filter is not suitable, as it will at-
tenuate the & polarization component of the light much less
than the D, component. However, as mentioned previously,
two consecutive rare-earth-ion-doped crystal filters with their
D, and b axes interchanged can be used to suppress all
incoming light regardless of polarization [19].

6. CONCLUSION

Using spectral hole burning techniques together with slow light
delay, a suppression of 53.4 £ 0.7 dB was achieved for a 3 ps
FWHM Gaussian probe pulse shifted 1.25 MHz compared
with a pulse in the center of the spectral hole (0 MHz).
Higher suppression values were obtained when pulses with
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longer duration or higher detuning were used. Currently, the
limiting factor to achieve higher suppression is the light leaking
through the spectral hole when probing outside the hole be-
cause it was delayed similarly as the light transmitted inside
the spectral hole, which makes time gating ineffective.
Therefore, to further improve the performance of these filters,
the origin of the leakage light has to be investigated.

The current work also uses an existing wave propagation
method [13] to simulate the étendue of high suppression spec-
tral hole filters. It is found that a relatively high suppression can
be achieved even when the incoming spatial angle is changed
from the normal incidence case. Furthermore, we note that a
poor incoming polarization purity might limit the suppression
reached, but by using time gating or two crossed crystals this
limit can be overcome. Another potential solution, not inves-
tigated here, would be to use ceramic samples of similar
materials because the transition dipole moment of different
ions would be randomly rotated throughout the sample
[21]. Ceramic samples also have the benefit of light traveling
longer inside the material than in a crystal.

As the knowledge of absorption processes in rare-carth-
ion-doped crystals and their dependence on polarization and
propagation direction increases, the potential to construct spec-
tral filters with high suppression values improves. As previously
stated, this is important for applications such as UOT.
Furthermore, narrowband spectral filtering has other potential
applications areas, including, but not limited to, quantum
memories [1], which are a crucial component in quantum
repeaters; devices that can be used for setting up a global quan-
tum communication network [22,23]; and self-filtering of
laser frequencies, where the use of the nonlinear spectral hole
burning process in rare-carth-ion-doped crystals can be used to
suppress phase noise and side modes [2].
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Abstract. We demonstrate an all-optical Raman spin echo technique, using electromagnetically induced
transparency (EIT) to create the pulses required for a spin echo sequence: initialization, pi-rotation, and
readout. The first pulse of the sequence induces coherence directly from a mixed state, and the technique is
used to measure the nuclear spin coherence of an inhomogeneously broadened ensemble of rare-earth ions
(Pr**) in a crystal. The rephasing pi-rotation is shown to offer an advantage of combining the rephasing
action with the operation of a phase gate, particularly useful in e.g. dynamic decoupling sequences. In
contrast to many previous experiments the sequence does not require any preparatory hole burning, which
greatly shortens the total duration of the sequence. The effect of the different pulses is characterized
by quantum state tomography and compared with simulations. We demonstrate two applications of the
technique: compensating the magnetic field across our sample by monitoring 75 reductions from stray
magnetic fields, and measuring coherence times at temperatures up to 11 K, where standard preparation
techniques are difficult to implement. We explore the potential of the technique, in particular for systems

with much shorter T%, and other possible applications.

1 Introduction

Quantum technology holds great promise for the future,
where several specific applications offer paradigmatic im-
provements far beyond what is possible using only clas-
sical systems. This includes, communication [1], encryp-
tion [2], simulations of other quantum systems such as
molecules for medicine development [3] and full quantum
computation [4]. To enable quantum aspects of technol-
ogy it is necessary to control the coherence properties of
matter, but today such control are in most cases limited
to very restricted environments protecting the sensitive
quantum states using cryogenic cooling or ultra high vac-
uum systems. For practical technological scalability how-
ever, it is clearly desirable to search for systems where
coherence properties survive in ambient conditions. Very
few such systems have been found, mostly related to de-
fects in e.g. diamond [5] or silicon [6]. It is important to
search for other systems that also take advantage of special
benefits like the ultra-long coherence times of rare-earth
ions [7]. Optical interactions with the spins are desirable
for several reasons such as higher spatial resolution, bet-
ter integration with other technology, and also capabil-
ity of giving unique advantages related to three-level sys-
tem. However, even though it has been known since the
40’s that coherence properties of certain nuclear spins sur-
vive remarkably well in ambient conditions [8], optical spin
measurements and manipulations in non-ideal conditions
remain a difficult challenge.

% e-mail: andreas.walther@fysik.1lth.se

Here, we demonstrate an all-optical technique based
on electromagnetically induced transparency (EIT), which
measures the coherence properties of a long-lived nuclear
spin system. Even above liquid helium temperatures where
the optical coherence is very rapidly destroyed, the nu-
clear spin is shown to remain coherent. The system is ini-
tialized from a mixed state by transient EIT pulses with
a duration of approximately T'1 opt/100, which could be
shortened even further as discussed in Section 4.4. This is
much faster than previous similar techniques based on co-
herent population trapping (CPT) [9], since CPT require
several optical lifetimes for decay. We acknowledge that
similar techniques have been used in the past, e.g. non-
collinearly in Pr [10] and with detunings in Tm [11], and
here we use a simpler version without detunings and in
a collinear arrangement. It is shown that the EIT pulses
create superposition states directly from mixed states and
this is characterized by quantum state tomography (QST).
The EIT framework is used to derive a versatile rephas-
ing pulse scheme, utilizing the three-level mechanic of the
optical interaction of the spin qubits.

For the QST we use an ensemble qubit of rare-earth
ions, and it is interesting to note that pulse parame-
ters can be chosen such that the entire inhomogeneous
optical width of the ensemble (170 kHz) is included in
the EIT state. A full spin echo sequence of EIT pulses
is implemented and demonstrated in two explicit ex-
amples: (i) cancellation of a dephasing mechanism by
compensation of the earth’s magnetic field and (ii) mea-
surement of the nuclear spin Ty of Pr3+:Y,SiOs for tem-
peratures up to 11 K. The main limitation of the technique

151



Fast all-optical nuclear spin echo technique based on EIT

152

Page 2 of 9

10) > le) 11) = lez)

10) — lez) Il)ﬁ le)

Frequency (MHz)

Fig. 1. (a) Level structure of the Pr** ion. The levels |0), [1)
and |e) form the chosen A-system on which the EIT pulses op-
erate. All transitions used in the population estimation during
the experiments are visible in (b) and the EIT transitions have
been marked with an orange arrow.

is the optical 75 in relation to the EIT pulse duration. Our
particular setup is limited by optical laser power, but we
discuss extensions of our scheme to other systems where ei-
ther higher optical power via pulsed lasers or other atomic
species with larger optical oscillator strength can enable
all-optical nuclear spin measurements over a broad range
of optical Ty’s.

2 Theory

Consider a A-type system such as the one depicted in
Figure la, where several levels exist but three are cho-
sen for the EIT scheme. The existence of a bright and a
dark state will now be briefly derived, but see e.g. [12]
for a more detailed description. In Pr3* the two involved
transitions, |0) — |e) and |1) — |e) have different dipole
moments, fio/1, but we can assume that the correspond-
ing laser electric fields, &1, can be chosen such that
the Rabi frequencies are the same for both transitions,
2 = g1 -Eoy1/h. The interaction part of the Hamiltonian
can then be written

Hipne = 182 (Je) (0] + |e) (1]) + c.c. 1)

‘We now define an orthogonal basis set for the ground state
levels, expressed in the computational one, given by:

1B) = L, (0) + 1)
{\D>:; (10) ~ 1)) @

where the density matrix of each is given by p =
[1) (#|. The coupling between each of those ground su-
perposition states and the excited state via the inter-
action Hamiltonian are now: (e| Hin |B) = v2h§2 and
(e| Hint |D) = 0. We see that the coupling is increased
for the |B) state which is called bright, and the coupling

is zero for the |D) state which is thus called dark. This
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special type of interaction can be used to create a super-
position state between the ground state levels even when
they start in a mixed state. The density matrix of a fully
mixed state can be written in the bright/dark basis as half
of a contribution from each

Pmized = 1/2p3 +1/2pp. (3)

If a bi-chromatic m-pulse resonant with the A-levels is now
applied to the mixed state, the effect is that the bright
component is excited while the dark component is left
untouched:

Protal = 1/2pe +1/2pp = pgrounda = 1/2pp (4)

where the last equality is obtained by selecting the ground
state levels e.g. with respect to another excited state such
as |e2) (although it does not have trace equal to one and
is thus technically not a density matrix, it is illustrative
to use it as such in this case). For the experiments pre-
sented here the state 1/2pp represents a sufficient induced
coherence, since it is enough for a signal from a spin echo
sequence with a very high amplitude. This is a very ef-
ficient spin polarization operation as the duration of the
full process is only that of the excited state m-pulse, which
can be very short if the Rabi frequency is high enough. For
other types of experiments however, one can go one step
further, since the excited state population can in princi-
ple be detected, e.g. by observing the emission from this
level'. This can then be used to herald a projection onto
either the excited state or pp, and in the latter case a pure
superposition state have been achieved.

Even though the above descriptions use optical
T-pulses, because the ground states are left in a super-
position state, the operation is effectively a m/2-pulse on
the nuclear spin, i.e. it implements the first pulse in the
full spin echo sequence (see Fig. 2b). In order to complete
the spin echo sequence and compensate for the hyperfine
inhomogeneous broadening, we need a spin echo 7-pulse,
which can be explained in a manner similar to that in ref-
erence [10]. In words, the first waiting time, 7/2, gives a
dephasing of the initial Dark state, such that the result-
ing state can be expressed as a linear combination of the
Bright and Dark state (since they form a basis). A full
2m-pulse is then applied to the new Bright state compo-
nent, which has the effect of introducing a 7 phase shift,
i.e. it flips the Bright component. Since the state has been
flipped another waiting time, 7/2, now rotates the state
back to the original, completing the spin echo sequence.

However, we go one step further and investigate a gen-
eral case, where one of the bi-chromatic components of the
spin 7-pulse is shifted an angle ¢ with respect to the ini-
tial 7r/2-pulse. The effect of this is derived in Appendix A,
showing an interesting result that the rephasing occurs at
an angle of 2¢ with respect to the original Dark state.

! Note that the excited state level can also be detected in
a much better way by coupling the ion to a readout ion via
a dipole blockade effect, e.g. as described in reference [13]. In
this scheme the excited state readout could in principle still be
performed much faster than the excited state lifetime.
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Fig. 2. (a) Simplified experimental setup. The bi-chromatic
pulses are created in a single pass acousto-optic modulator
(AOM). (b) The spin echo pulse sequence together with the
A-system showing which transitions are active for each pulse.
In the readout step, only one of the frequencies is active, and a
beating is produced on the difference frequency if the nuclear
spin state is still coherent.

Since any state on the equator plane can be reached by
this general rephasing operation it constitutes a combi-
nation of the rephasing action with an arbitrary phase
gate. This could be particularly convenient in dynamic
decoupling schemes [14], where rephasing pulses are con-
tinuously applied and the ability to combine gates with
the rephasing pulses can both save precious time in the
sequence and simplify the rephasing timings, since they
do not have to be extended to include another pulse in
between.

To verify the operation of the sequence, optimize the
pulse parameters, and to obtain the scaling for the se-
quence, a simulation based on the optical Bloch equations
was made. A three-level system (see e.g. [15]), was sim-
ulated numerically, using detunings on both the optical
levels and the nuclear spin levels to take the inhomoge-
neous distributions into account. In Figures 3a and 3b the
path of the two components of a mixed ground state is
shown, when an EIT 7/2-pulse and an EIT 7-pulse is ap-
plied respectively. This figure and the simulations will be
discussed further in Sections 4.1 and 4.4.

3 Experimental setup

Experiments have been performed on a Pr3+:Y,S8iO5 crys-
tal with 0.05% doping concentration, cooled to about 2 K
in a liquid bath cryostat. The level-structure of an indi-
vidual Pr®* ion is shown in Figure la, where each tran-
sition has about 3 kHz optical homogeneous linewidth,
but where the ensemble of all Pr3* ions in the crystal
has an optical inhomogeneous width of about 5 GHz.
The inhomogeneous width of the nuclear spin levels is
about 20 kHz. In Section 4.1, where the effect of the
EIT-pulses is characterized by quantum state tomogra-
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Table 1. Pulse parameters for the spin echo sequence. The
indices refer to the respective transition as noted in Figure 2b.
Note that the optical Rabi frequencies, §2, of the components
are only approximate, since the final spin echo sequence si-
multaneously address Pr transitions to different excited states.
The angles, ¢, are phase shifts applied to the different fre-
quency components to control the rotation directions (see
Appendix A).

Pulse Duration
/2 2 ps
™ 2 us

Q1 0 Pre Poe
250/v2 kHz 250/v2kHz 0 0
500/v2 kHz 500/v2kHz w/2 0

phy, the spectral profile has first been prepared by creat-
ing an empty pit containing peaks corresponding to ions
in either the [0) or the |1) ground state (the two peaks
to the left and the two peaks to the right, respectively, in
Fig. 1b). The optical width of the peaks is about 170 kHz
and such structures can be created using the holeburning
techniques described e.g. in reference [16,17]. It is ensured
that the EIT pulses address the full width of the peaks by
selecting a pulse duration of the pulses of 2 us such that
the corresponding bandwidth, 6 fy, ~ 1/7t4yr, matches
the peak width. Note that a high fidelity for a chosen en-
semble of ions can only be achieved if all pulses in the
sequence address the same frequency distribution of ions,
and thus all pulses must have the same duration. There-
fore the pulse area of the 7-pulse is increased by having
twice the Rabi frequency, rather than twice the duration
(see Fig. 2b).

In total, the pulse sequence used during the
experiments is summarized in Table 1.

Note that the Rabi frequencies, (2, given in the table
are only approximate and meant to represent the total
Rabi frequency (21 = /27, + (22,) at the atoms cor-
responding to optical m- and 27-pulses respectively. The
tomography experiment is controlled such that a Rabi fre-
quency can be defined, but for the final spin echo sequence,
several Pr transitions are involved that have different os-
cillator strengths, making the Rabi frequencies different.
Our crystal also had a fairly high absorption, aL > 1,
and to compensate for the power drop across the crystal
higher Rabi frequencies were used in this case.

A simplified experimental setup is shown in Figure 2a.
Here, the laser source at 606 nm (495 THz) is stabilized
to a target linewidth of 10 Hz and although the coherence
created by the EIT pulses does not require a stable laser
it is advantageous to ensure that the same ions are always
addressed during an experiment. The bi-chromatic pulses
contain frequencies separated by the hyperfine splitting
in Pr¥®* at 10.2 MHz, and are created by a single pass
acousto-optic modulator (AOM) with a center frequency
of 360 MHz driven by an arbitrary waveform genecrator
with a 1 GS/s sampling rate. After the AOM the two
frequency components are ensured to overlap by coupling
them into a single-mode fiber before the Pr crystal. The
detector is a photo diode connected to a LeCroy HRO
66Zi oscilloscope, with a segmented memory capacity as
is utilized in some of the experiments described in the next
section.
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c) Experimental QST

Fig. 3. (a) and (b) shows optical Bloch simulations of the paths for the two ground state components (computational basis) of
an unprepared starting state subject to the bichromatic pulses. In (c) the experimental results of the quantum state tomography
is displayed, where the blue circle represents the maximum attainable coherence. In both the simulated and the experimental
parts the arrows corresponding to (1) is the state after the w/2-pulse; (2) is the state after initialization with a different phase
and (3) shows (1) after an additional EIT ground state rephasing m-pulse has been applied.

The amount of light deflected by the AOM for a given
RF power has been calibrated to the particular laser focus
at the crystal sample, allowing each of the bi-chromatic
pulse components to be created with an individually spec-
ified Rabi frequency. In addition, the optical phase of each
component can also be individually set, where the phase
difference between the components decide the phase of the
created superposition state, which is shown in Figure 3c.
As can be seen in part b of Figure 2 the 7/2- and m-pulse in
the spin echo sequence are bi-chromatic pulses while the fi-
nal readout pulse that reveals the spin echo is a single color
pulse. If ground state coherence remains in the system at
the time, 7, then a readout pulse transfers the component
|0) — |e), which leads to an excited state coherence at
|1) — |e). This creates interference with the simultaneous
readout pulse and causes a beat note at 10.2 MHz, with
an amplitude corresponding to the amount of nuclear spin
coherence left after time 7.

4 Results and discussion

The results section is divided into four different parts, first
the EIT pulses are characterized experimentally, then we
present two uses for our technique, and finally we discuss
limitations to the technique and scalability to other sys-
tems, based on theoretical simulations.

4.1 Characterization with quantum state tomography

In order to show that a single EIT pulse with a duration
much shorter than the excited state lifetime can create a
superposition state from a fully mixed state, we charac-
terize our pulses using quantum state tomography (QST).
Even though the final spin echo sequence can be applied

without any prior preparation, we use holeburning tech-
niques to prepare isolated peaks inside an otherwise empty
spectral pit (as described in Refs. [16,17]), for these char-
acterization experiments. Such peaks are shown in Fig-
ure 1b, where the two large peaks to the left are both
transitions from the |0) ground state, and the two right-
most peaks are both transitions from the |1) state.

The effect of the pulses in the spin echo sequence is
simulated, with the results visualized in Figure 3. If the
starting state has not been previously prepared, then it
has equal components from both the two ground states
and can be described as a fully mixed state (in both the
computational basis as well as the Bright/Dark state ba-
sis). In the figure, two paths are shown corresponding to
the two different ground state components separately, as
they are affected by the same pulses. In Figure 3a the ini-
tialization paths from the spin m/2-pulse are shown, and
the two arrows show the final state after this pulse, which
represents the 1/2pp state as given by equation (4). In
Figure 3b the paths of the components from the initial-
ized state as they are affected by the spin 7-pulse are
shown. Keep in mind that the reason why the two dif-
ferent ground states end up in the same final state is be-
cause of the involvement of the third level, |e), through the
bi-chromatic pulses, and note that this third level is not
shown in the Bloch spheres in Figure 3. In our work, the
m-pulse also contained an extra 7/2 phase shift on the high
frequency component. This has no impact on the rephas-
ing action, as it does not matter which optical 27-path the
Bright state components are cycled through. It does how-
ever change the final spin state as we show in Appendix
A and with this choice of phase the rephasing occurs op-
posite to the starting state as shown in Figure 3b, similar
to the optical version of the echo sequence.

In order to perform QST we must first be able to esti-
mate the population in each of the available states, visible
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in Figure 1. This is done using a least square fitting proce-
dure simultaneous for all states (although, the uppermost
excited state, |es), is never involved and is thus assumed
to be zero). The full quantum state density matrix can
be reconstructed from the population data, corresponding
to measurements with three different preceding operations
that each reveal the projection onto the three axes of the
Bloch sphere:

I+tx(Xp)X +tx(Yp)Y +tr(Zp)Z
p= 9 . (5)
The three quantities tr(Xp) etc. are obtained experimen-
tally and correspond to the population differences in each
of the three measurement cases respectively and X, Y,
Z are the three Pauli matrices (for more details see e.g.
Nielsen and Chuang [18]). Quantum state fidelities can
then be obtained by comparing the experimental density
matrix to the target ones (e.g. 1/2pp).

In Figure 3¢ the reconstruction from a QST in three
different cases is shown. The three states are (1) EIT ini-
tialization to the x-axis; (2) EIT initialization to the y-axis
by adding 90° to one of the bi-chromatic components;
and (3) the initialization as in (1) followed by a rephasing
EIT m-pulse. In the initialization, half of the population
is lost to the excited state and if we do not perform any
projective detection of this population then the maximum
fidelity we can achieve is 75%. This maximum amount of
coherence is represented in the figure as a blue circle with
radius 1/2. The qubit fidelities compared to the target
states for the three cases are 70%, 68% and 67% respec-
tively, which is remarkable when considering the fact that
the qubit is an inhomogeneously broadened ensemble of
ions. Each ion has an optical frequency width of 3 kHz,
whereas the whole ensemble is 170 kHz wide. In contrast
to many previous EIT experiments where the feature is
narrow, we have here demonstrated spectrally broad EIT
pulses, and the high fidelities indicate that the EIT effect
is indeed applied to most of the population distribution.

In contrast to previous experiments with similar tech-
niques [10,11], where only the final echo light output could
be used for optimization, we have here also demonstrated
the ability to optimize the atomic states directly, via QST.
This allows each pulse to be optimized individually, and
in addition this distinction is particularly important when
considering that these EIT pulses can also be used for
more general fast optical manipulation of spin qubits. For
instance, the 7w rephasing pulse can be combined with a
phase gate as shown in Appendix A, which is particularly
useful for dynamic decoupling schemes. This is also appli-
cable to pure state qubits obtained e.g. by projection or
initialized through other means such as the much longer
CPT pulses.

One can also note that the main loss of fidelity (com-
pared to the target state) is not due to loss of coher-
ence (arrow length in figure), but rather due to being
off the target phase angle, especially for state (3) after
the m-pulse. The arrows in Figure 3¢ were a result of an
average of 25 experiments, indicating that the remaining
phase angle is a systematic effect. The reason for this is
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not known exactly, but one can suspect some experimen-
tal parameters, e.g. the two EIT components having un-
equal Rabi frequencies. The effect of this was tested in
simulations, and it was found that with unequal Rabi fre-
quencies, there is indeed a phase error after the m-pulse
with respect to the target state. However, one would have
to assume that also the initializing 7/2-pulse have the
same Rabi ratio but in this case the simulations no longer
support the observed data for cases (1) and (3) simultane-
ously. Even though other parameters were also tested we
found no conclusive explanation for this behavior, which
will require further study.

It is important to point out though, that the strength
of the spin echo signal, i.e. the amplitude of the beat note,
does not depend on the phase angle of the final state, but
only the amplitude of the coherence, i.e. the arrow length
projected on the equator plane. A phase error will simply
shift the phase of the beat note by a constant amount,
without reducing the amplitude. The fidelities however,
are comparisons to specific target density matrices and do
depend on the phase, therefore suggesting that the poten-
tial spin echo signal strength is actually greater than the
QST fidelities imply.

4.2 Magnetic field comp

It has been investigated recently that the presence of
small magnetic fields such as the earth’s magnetic field
can greatly impact the coherence properties of the nu-
clear spin states [19]. The reason is that even for a small
splitting of the hyperfine levels, 0 f, distributing the quan-
tum state over different levels will cause them to beat
with each other at a timescale given by 1/4f. The EIT
spin echo sequence can be used to compensate this split-
ting in real time, making it a practical lab technique. For
Pri+:Y,8i05, the strongest magnetic g-factor has been
measured to be 12 kHz/100 pT [20], and although there
may exist stray magnetic fields in our cryostat, we be-
lieve that in the present experiments the earth’s mag-
netic field gives the largest contribution to the splitting. In
Lund, where the experiments were carried out, the verti-
cal component of the earth’s magnetic field is dominant at
about 50 T, which then gives a splitting of about 6 kHz.
The expected nuclear spin 7% is about 500 us [21], but
such a splitting would give a beat minimum after 85 ys,
drastically limiting the coherence properties.

In order to compensate for magnetic fields in any spa-
tial direction, three pairs of Helmholtz coils with 10 turns
each and a radius of 10 cm, was added to the setup. A fast
update rate of the experiment was achieved and depend
on two things, the fast EIT sequence, and the ability to
use a segmented memory on an oscilloscope. A chain of
30 spin echo sequences with increasing wait time, 7, was
pre-programmed into the memory of an arbitrary wave-
form generator. An oscilloscope with a segmented memory
was then used to store only the readout pulses, carrying
the resulting beating, in each spin echo sequence. A master
trigger was used at the start of the whole chain, followed
by secondary triggers at each readout pulse. This enables
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Fig. 4. Coherence decay curves for the nuclear spin vs. the
magnetic field in the vertical direction, which was the most
sensitive one in our setup. The two other directions were kept at
compensated values. The longest (and smoothest) decay occurs
at a compensation field of about 50 pT, which corresponds to
the local vertical component of the earth’s magnetic field.

high temporal resolution capable of resolving the beat-
ing, while at the same time allowing the results from the
full chain to be stored simultaneously in the memory. The
data was analyzed in real time, extracting the 10.2 MHz
beat amplitude using a Fourier algorithm, allowing a full
30 point T, decay curve to be displayed at a 1 Hz update
rate. This enabled real time tuning of the coil currents
in order to compensate for the background magnetic field
components in all three directions. The update rate was
in our case mostly limited by the oscilloscope master trig-
ger rate, since the spin echo sequence itself plus scramble
pulses at the end to reset holeburning effects, requires only
150 ms to run the 30 points in a set.

In Figure 4 the result of coherence decay curves at
2 K, for 20 different vertical magnetic field levels is shown,
taken while the magnetic field in the two other directions
were compensated. The values of the magnetic field axis in
the figure is obtained by estimating the field produced by
an applied current to our Helmholtz configuration. This
estimation gives a compensation in the vertical direction
of about 50 pT, which matches the earth’s magnetic field
component in this direction. Off the compensation point,
the beatings due to the quantum interference between
the split hyperfine states are clearly visible. The oscilla-
tion frequency matches the one expected from the sizes of
the splittings well, and the fully compensated curve also
matches the expected T5 value well. However, some ef-
fects of excitation induced dephasing is observed, and this
is discussed in more detail in the next section.

4.3 High temperature nuclear spin T,

Above temperatures of approximately 5 K the coherence
time, Tb, of the optical transitions decreases very rapidly
as a function of temperature, Ty o 1/T7, due to non-
resonant two-phonon interactions [22]. It is known that the
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Fig. 5. Coherence time of the nuclear spin as a function of
temperature in two cases in (a), with and without holeburning
before the EIT sequence. The difference between the two curves
is discussed in the text. In (b) the signal level of the Raman
beating is shown as a function of temperature, predictably de-
creasing as the optical linewidth increases. For both figures,
the error bars correspond to a 95% confidence interval.

nuclear spin coherence of Prt does not follow this rapid
decay, although the difficulty of preparing a spin polar-
ization when the optical line is broad has limited previous
measurements up to only 6 K [21]. To extend this we apply
a spin echo sequence with our EIT pulses. The combina-
tion of EIT interactions being naturally less affected by
optical fluctuations and a sensitive Raman beating mea-
surement enables us to obtain signals up to 11 K, corre-
sponding to optical linewidths (11/6)7 = 70 times broader
than previous measurements.

Figure 5 shows the temperature dependence of the co-
herence time and beating amplitude respectively. Each
point in the figures is evaluated from an average of 25 de-
cay curves similar to the one at 50 T displayed in Fig-
ure 4. From such averages, each with 30 different delay
times, exponential decay functions with three different pa-
rameters were fitted: amplitude, 75 and a general offset.
The error bars represents the uncertainty of the fitting es-
timation of those parameters, and correspond to a 95%
confidence interval.

The lowest point in the figure at 4 K is taken with the
sample submerged in a liquid helium bath, but all other
points are taken with cooling through a helium gas flow
otherwise in vacuum. The temperature on the z-axis is the
one reported by the cryostat, which has previously been
verified by a probe mounted directly at the sample. As can
be seen in Figure 5b, the signal level of the Raman beating
decreases strongly with temperature after about 6 K as
expected, due to the optical broadening. After about 8 K
it is no longer possible to do spectral holeburning and
the signal has decreased about two orders of magnitude.
Related to this, we see that the T5 curve in a) displays
some curious features, which are now discussed.
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The blue curve represents measurements by the EIT
spin echo sequence alone on an unprepared sample, while
the red curve represents the case when the spin echo se-
quence was preceded by a preparatory holeburning pulse
emptying a 2 MHz absorption region at a frequency cor-
responding to the |0) — |e) transition of the A-system.
‘While this does not affect the action of the EIT sequence
itself, it reduces the total amount of ions involved in the
experiment, which can remove dephasing caused by other
excited ions. Two processes could explain this behavior,
either instantaneous spectral diffusion (ISD) from opti-
cally excited ions affecting the nuclear spin states, or non-
equilibrium resonant phonons. Such phonons are created
when the optically excited state decay down to a different,
and more probable, Stark level, which then decays down
to the ground state by releasing phonons that can be res-
onantly absorbed by the nuclear spin states, destroying
their coherence [23]. Effects from the standard ISD de-
phasing can normally be mitigated by reducing the exci-
tation power of the laser, however in this case we have used
EIT pulses with a Rabi frequency set to match a 7 pulse
area on the optical transition. If this would be a concern,
one could avoid these mechanisms e.g. by using a sample
with lower doping concentration or go further out to the
edge of the inhomogeneous profile, where the same exci-
tation power would excite fewer ions. The behavior after
8 K where the two curves overlap, is due to the fact that
when holeburning is no longer possible the same results
should be obtained for both sequences. This also indicates
that the apparent decrease of the T during the tempera-
ture range 6—8 K is not due to an actual decrease of the
spin T but rather increased dephasing from larger optical
excitation. Therefore, we can conclude that as far up in
temperature as we can measure, the nuclear spin is not
destroyed by thermal effects but remains coherent.

4.4 Scaling to other systems

Even though we have only demonstrated this technique
in the particular case of Pr3+:Y,SiO5, we argue that it
can be applied generally over a broad range of systems. In
order to determine the limiting factors, optical Bloch sim-
ulations for different em parameters were performed.
It was found that the signal strength of the Raman beating
remains constant until the optical coherence time becomes
shorter than the duration of the excitation EIT pulse. In
Eu* systems e.g., where the starting linewidth is more
narrow this occurs at much higher temperatures. From
the relation between 75 and temperature given in refer-
ence [24] it is estimated that it is feasible to reach above
20 K. This would enable the very recent measurements
of reference [25] to be implemented all-optically by the
method used in the present work.

Outside of rare-earth systems, atomic vapors are also
considered for quantum memories, and these systems often
involve optical excitations that are dipole allowed, giving
much shorter excited state lifetimes in the order of tens
of ns, but at the same time having much higher oscillator
strengths, allowing 7-pulses with a much shorter duration.
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Fig. 6. Fidelity of the nuclear spin that is left at the end of the
EIT spin echo sequence as a function of the optical 75 of the
system from simulations. Note that without a projective mea-
surement tracing out the excited state as discussed in Section 2,
the maximum fidelity is 0.75. Since any amount of coherence
is enough to achieve a signal from a spin echo sequence, the
result shows viability of the method down to at least 100 ps.

This enables our method to work for systems with a broad
range of 75 times, as we will now analyze in more detail.

Quite generally, the Rabi frequency is directly propor-
tional to the transition dipole moment, p, which in turn
causes the duration of a 7-pulse to be inversely propor-
tional to it: 7% oc 1/p. At the same time, T of a transition
is upper limited by 274, which is inversely proportional to
the square of the transition dipole moment, i.e.: Ty oc 1/p?
(see e.g. [26]). Combining these two relations gives

Ty < \/Ty. (6)

If we take as a simple assumption that the achievable laser
intensity is roughly constant for different time scales, then
the signal level of the EIT sequence can be simulated for
different time scales given the constraints of equation (6).
In Figure 6 we have plotted the achievable nuclear spin
fidelity (without projective measurements) when limited
by a laser intensity similar to the one in our experiments,
which is approximately 100 mW focused to a spot with
about 70 pm diameter. The simulations show that the
cutoff in this figure for lower times occur when the op-
tical T» becomes shorter than the duration of the EIT
pulses, where the duration is set by the desire to reach
a 7 pulse area using the available intensity.

While high fidelity spin polarization is achievable as
long as the optical T5 times is above 10 ns, obtaining a
signal from a spin echo sequence can be achieved as long as
there is some amount of coherence induced in the system.
This allows the the EIT spin echo method to be used down
to about 100 ps, which covers most, if not all, systems that
could be interesting for quantum information purposes.

However, keep in mind that this result contains the
simple restriction of constant laser intensity. When tar-
geting system with short lifetimes, pulsed lasers are often
available that can deliver much higher peak intensities,
which will further extend the scheme. A special case of
this may be when short pulsed lasers are used to target
A-systems where the laser is not bi-chromatic but two of
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the levels are covered by the inherently broad (but still
phase coherent) spectrum of the pulse. In this case, an EIT
superposition can also be initiated [27] and used as a co-
herence probe. Although, the readout mechanism would
have to be different than the beating used here, e.g. a
rotation onto the population of the states.

5 Conclusions

We have described and experimentally demonstrated a
fast and efficient all-optical spin echo technique to gen-
erate a coherent ground state spin superposition from a
mixed state. The method is based on EIT and is partic-
ularly useful e.g. in higher temperature settings or when
short and fast sequences are needed. The created dark
superposition states have been characterized by quantum
state tomography and demonstrations of the spin echo se-
quence has been performed for two selected cases. Firstly,
an accurate and real time compensation of the background
magnetic field components in all three directions. Sec-
ondly, the nuclear spin Ty of Pr’** was measured by all-
optical means up to a temperature of 11 K. Comparisons
to simulations show this to be limited by the optical power
of the laser. Possibilities to further extend this by means
of e.g. pulsed lasers were discussed. The method can be
used in a wide variety of systems, since even though the
optical 75 must be longer than the pulse duration, the
useful regime was shown to be achievable in most cases.
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Appendix

‘We now derive a general case of the rephasing mechanism
of an EIT-based m-pulse. As mentioned in the main text,
the Bright and Dark states are described by (following
the vector notation of Nielse and Chuang [28], without
normalization to keep it brief and clear):

1 1
D) = [71] 1B) = H : (A1)

Eur. Phys. J. D (2016) 70: 166

Changes and rotations that only affect the equator-plane
of the Bloch sphere representation, i.e. the phase of states,
can then be described by a rotation matrix (Sect. 4.2 of

Ref. [28]): »
e~0/2 0 :|

o e (A2)

no - |
After the initial pulse of the spin echo sequence, all ground
state population is in the Dark state, and due to the in-
homogeneous distribution of our ensemble this state will
experience a dephasing due to a detuning, d:

o—i6/2

) gephasea = Bo(6) - D) = [_em. /2} S @3
Since the Bright and Dark state represents a basis for the
Bloch sphere, the new dephased state can be expressed
as a linear combination of |B) and |D) components. How-
ever, the original choice of phase angle for what consti-
tutes Bright and Dark state respectively is arbitrary and
just corresponds to our reference frame. Any two vectors
on the equator plane pointing in opposite directions cor-
responds to a Bright/Dark basis for a bi-chromatic light
field with an associated phase relation between the fre-
quency components. Such a basis can be obtained by a
rotation of the original Bright/Dark basis by an arbitrary
angle, ¢:

e—i%/2
D), = B:(6) D) = LW]

e—i%/2

eid/2 |

We intend to exploit this point, by choosing a new
phase angle between the bi-chromatic components for our
rephasing pulse compared to the initial 7/2-pulse (see
Tab. 1). To easily describe the operation of the rephas-

ing pulse we express the state in equation (A.3) as linear
components of the rotated basis:

(A4)
B}y = Ra(8)|B) =

D) gephasea = @1D) o +0|B), 00 5 (A.5)

i.e. we solve the set of equations:

e—i6/2 e—i0/2 e—i0/2
= b s A6
_id/2 ¢ _id/2 + cid/2 (A.6)
where the coefficients a and b are required to be complex.
The solution is given by:
o= é (eﬂo’/zew/z + em’/zeﬂo/z)

(A7)

b=1 (6715/2610/2 _ 615/267@/2) )

The spin 7-pulse can be implemented by an optical
2m-pulse, since a full rotation between two of the levels
in a A-type scheme causes a 7 phase shift on the rotated
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state, which is the Bright state here. The new state can
thus be described:

—i(¢—0/2)
¢ } (A.8)

@), =a|D), o —b|B),o = [761(0—6/2)

In the final step of a spin echo sequence, a waiting time
equal to the time it was allowed to dephase before occurs.
During this time the state rephases by a rotation in the
same direction and by the same amount as earlier:

e~
Phgnancs = B0 00, =[] (a9)

Here we see that a rephasing always occurs (4 is canceled
out), but the final state is shifted by an angle of 2¢, i.e.
twice the angle of the m-pulse components. This result
represents an interesting opportunity since it allows the
rephasing pulse to be combined with an arbitrary phase
gate operation, as discussed in Section 2.

In the special case of ¢ = 0, we see that the rephasing
occurs at our original Dark state:

1
‘W>'r'ephuaell,¢:0 = [,1} . (A.IO)

In our experiments evaluated by the quantum state to-
mography in Figure 3c, we make use of another special
case with ¢ = 90°:

1
[P, ephased.pmgoe = {1] . (A.11)

This is opposite to the starting state (neglecting the global
phase factor) and is similar to the case of the optical
photon echo sequence rephasing.
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